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Natural antioxidants are the plants- and other living
organism-derived compounds with a strong potential to
inhibit oxidative stress by controlling the formation of free
radicals, scavenging the free radicals, interrupting the free
radical-mediated chain reactions, and preventing the lipid
peroxidation process. Thus, natural antioxidants have poten-
tial to balance the irregulated oxidative stress and to restore
the cellular homeostasis. Therefore, natural antioxidants
can decrease the deleterious effects of various oxidative
stress-induced pathological conditions. The practice of using
crude natural plant products to treat multiple diseases is
ancestrally going on for thousands of years without or with
the knowledge of their active antioxidant molecules well
before the development of modern medicine with synthetic
drugs and antioxidants. Indeed, after careful preclinical and
clinical studies, most of the plant products have now been
shown to act as potential therapeutic agents in preventing
various human pathologies such as diabetes, aging, neurolog-
ical, cardiovascular, and cancer. Furthermore, increase in the
technical advancements made possible to identify vital active
ingredients from the natural sources and develop them as
potential therapeutic agents. Nowadays, an increase in the
awareness of a healthy lifestyle has resulted in everyday
consumption of nutritionally rich antioxidant organic natu-
ral food products over synthetic and processed foods which
could restore our body’s ability to fight against various kinds
of stresses, infections, and related pathologies. Therefore,
identification and development of novel antioxidants from

nature could be beneficial in limiting the deleterious effects
of oxidative stress in different pathological conditions.
With this goal, we brought this special issue that reports
the past and current research focused on identifying as
well as understanding the mechanistic role of various anti-
oxidants from the natural sources with a potential for
future therapeutic development.

This special issue on “Therapeutic Potential of Natural
Antioxidants” compiles 27 exceptional scientific manuscripts
including eighteen research articles and nine review articles,
which provide comprehensive evidence demonstrating the
therapeutic significance of natural antioxidants in various
pathological conditions.

The nine review articles of this issue describe the
therapeutic potential of various natural antioxidants, possible
mechanisms of action, and role in controlling oxidative
stress-induced inflammatory signaling and pathologies. The
review article by J. Kocot et al. nicely described the role of
natural honey bees products specifically propolis, bee pollen,
and royal jelly in counteracting the oxidative stress in various
human diseases and mechanism of action. Further, in this
excellent review article, authors have highlighted the influ-
ence of bee species, geographical location, and extraction
methods on the composition of the bee product as well as
their effectiveness as therapeutic agents. Similarly, S. Ahmed
et al. in-depth discussed molecular mechanisms through
which honey exhibits several medicinal and health benefits.
Specifically, they discussed various cell signaling pathways
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that lead to apoptosis, proliferation, and regulation of
inflammatory response. Another interesting review article
by A. Baptista et al. has addressed antimicrobial and antiox-
idant properties of cashew (Anacardium occidentale), cajui
(Anacardium microcarpum), and pequi (Caryocar brasi-
liense). This review described the analysis of data from a
database of published studies on these compounds. Their
report suggests that most of the studied species have shown
significant antioxidant and antimicrobial properties.

The review article by M.Wojcik et al. described how anti-
oxidative and anti-inflammatory properties of ancestrally
well-known plant product curcumin beneficial for treating
diabetes and cancer. In this article, authors have done an out-
standing job in describing the current research on molecular
signaling pathways through which curcumin exerted its anti-
cancer and antidiabetic activities and discussed the necessity
of its further therapeutic development.

Polyphenols naturally found in the fruits and vegetables
have been shown to exhibit pleiotropic health benefits in
preventing various human diseases such as diabetes, cancer,
asthma, and cardiovascular. An excellent review article by
S. Li et al. discussed how various polyphenols isolated from
multiple natural sources help in the prevention of liver
diseases. Further, they discussed the possible mechanisms
of actions through which these natural polyphenols decrease
liver diseases in vitro and in vivo animal models and clinical
studies. Similarly, plant flavonoids with their potential anti-
oxidative and anti-inflammatory actions prevent a number
of diseases including diabetes, cancer, and cardiovascular.
Recent investigations also suggest their beneficial role in
depressive disorders. L. Hritcu et al. nicely reviewed various
antidepressant flavonoids and their antioxidant potential.
They further discussed the mechanism of action of flavo-
noids and how they combat the oxidative stress-induced
depressive diseases. Ginseng is a natural plant product widely
used in Asian countries for its anticancer and immunomod-
ulatory activities. Q. Zheng et al. have discussed the role of
ginsenoside Rb1, a major pharmacological extract from
ginseng, in myocardial infarction. The review based on a
meta-analysis of published information from scientific data-
bases indicate that ginsenoside Rb1 possess cardioprotective
actions in acute myocardial infarction largely due to its anti-
oxidative, anti-inflammatory, and antiapoptotic properties
and suggest that it could be an ideal candidate for further
development for use in cardiovascular complications. In the
same contest of cardiovascular complications, J. Tian et al.
have discussed the role of various herbal medicines in dia-
betic cardiomyopathy. Specifically, they discussed the role
and mechanism of actions of various natural flavonoids and
others such as triptolide, curcumin, Ginkgo biloba extract,
resveratrol, astragalus polysaccharides, Salvia miltiorrhiza,
and ginseng. A final review article by X. Su et al. has
described anticancer activities of sulforaphane, a natural
antioxidant derived from cruciferous vegetables. Specifically,
they discussed the role of sulforaphane in Nrf2 activation and
its mediated antioxidative pathways. They have also
described how this natural antioxidant reverses epigenetic
alterations in cancers by targeting DNA methyltransferases,
histone diacetyltransferases, and noncoding RNAs.

The research article by X. Liu et al. investigates the
effect of isoliquiritigenin, a natural flavonoid compound
derived from the herb licorice root, in the prevention of
mild and acute pancreatitis in mouse models. Specifically,
in caerulein-induced mild pancreatitis and L-arginine-
induced acute pancreatitis mouse models, treatment of isoli-
quiritigenin shows significant beneficial effects. This study
suggests that by inhibiting the oxidative stress and modulat-
ing the Nrf2/HO-1 pathways, isoliquiritigenin could prevent
acute pancreatitis. Article by J. Benites et al. has reported
anti-Helicobacter pylori activities of a series of 2- and 3-
phenylaminojuglone-based substances prepared from
juglone (extract of the husk of walnut fruit). They identified
a most active compound 2-((3,4,5-trimethoxyphenyl)a-
mino)-5-hydroxynaphthalene-1,4-dione 7 has potential anti-
bacterial activity at low concentration. In another study by
S.-H. Cha et al. reports protective effects of diphlorethohy-
droxycarmalol (DPHC), a polyphenol isolated from edible
seaweed (Ishige okamurae) on methylglyoxal-induced oxi-
dative stress in human embryonic kidney cells. They have
also shown that DPHC increases the activation of Nrf2
transcription factor and expression of antioxidative
enzymes. Further, DPHC also decreases the formation of
advanced glycation end products and increases glyoxalase-
1. These results suggest that DPHC could be developed
further as potential therapeutic agent for the prevention of
diabetic nephropathy.

A research report by I. Castellano et al. has demonstrated
how anti-inflammatory activities of ovothiol A, a natural
antioxidant isolated from sea urchin eggs, prevents
hyperglycemia-induced endothelial dysfunction. They have
shown that ovothiol A prevents TNF-alpha-induced mono-
cyte adhesion to the human umbilical vascular endothelial
cell (HUVEC), reactive oxygen, and nitrogen species and
increases NO bioavailability. These results suggest a potential
therapeutic use of this compound for the prevention of car-
diovascular complications associated with the endothelial
dysfunction. In the same lines, H. Sonowal et al. also reported
how anti-inflammatory actions of Vialinin A, a p-terphenyl
compound derived from Chinese edible mushroom T.
terrestris and T. vialis, prevents endothelial dysfunction
and neovascularization in vitro and in vivomodels. Explicitly,
they have shown that Vialinin A prevents VEGF-induced
oxidative stress signals that activate NF-κB mediated inflam-
matory response in HUVECs. They have also demonstrated
that in a mouse model of Matrigel plug assay, Vialinin A
prevents the formation of new blood vessels. These studies
suggest that Vialinin A exhibits potent antioxidative and
antiangiogenic properties.

Studies by A. Micali et al. demonstrated the protective
effects of flavocoxid, a natural antioxidative flavonoid, on
cadmium-induced renal toxicity. Specifically, they have
shown that flavocoxid prevents cadmium-induced urea
nitrogen and creatinine, iNOS, MMP-9, and pERK 1/2
expression. They have also demonstrated that this flavonoid
preserved the glomerular and tubular structural and ultra-
structural changes in cadmium-induced renal tissues in mice.
These studies indicate protective effects of flavocoxid on
cadmium-induced organ toxicities. The research article by
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Y. Xiang et al. investigates how quassinoid brusatol, isolated
from the Brucea javanica plant, increases the chemothera-
peutic efficacy of gemcitabine in pancreatic cancer. Brusatol
prevents the growth of pancreatic cancer cells in culture as
well as in nude mice xenograft models. Precisely, they have
shown that brusatol inhibits Nrf2-mediated antioxidative
pathways and increases reactive oxygen species (ROS). The
results provide some evidence that brusatol could be used
as an adjuvant therapy along with gemcitabine in preventing
pancreatic cancer. Similarly, another study by L. Cheng et al.
demonstrates that resveratrol increases the chemotherapeu-
tic efficacy of gemcitabine in pancreatic cancer cells. This
study indicates that resveratrol inhibits the expression of
NAF-1 and increases ROS and Nrf2 signaling.

The article by H. Wu et al. determined the effect of
resveratrol in promoting angiogenesis of endothelial pro-
genitor cells (EPCs). They have shown that antioxidant
actions of resveratrol suppressed the syndecan 4 shedding
and increased tube formation of late EPCs via syndecan
4/Akt/eNOS pathway. M. Lee et al. reported the anti-
inflammatory effects of black ginger (Kaempferia parvi-
flora) on solar UV light irradiation-induced damage on
mouse skin tissue. They have shown that this plant extract
prevents UV-induced oxidative stress, expression of COX-2
and activation of MAPK signaling. This studies also found
gallic acid, apigenin, and tangeretin as the major polyphenols
in the extract. Another research study by R. Liu et al. demon-
strated antioral cancer efficacy of melatonin. They have
shown that melatonin inhibits the proliferation and apopto-
tic resistance of the oral cancer cells by regulating the ROS/
Akt/cyclin D1/PCNA/Bcl-2/Bax signals. Another research
article by D. Zhang et al. demonstrated a potent antioxidant
activity of echinacoside, a phenylethanoid glycoside isolated
from Herba Cistanches. In this study, BALB/c mice and
HaCaT cells were pretreated with echinacoside followed by
UVB exposure. They found that echinacoside prevents the
skin injury, oxidative stress, DNA damage, and apoptosis
caused by UVB exposure and also normalized the protein
levels of ATR, p53, PIAS3, hnRNP K, PARP, and XPA. This
report provides significance of this natural antioxidant in the
prevention of UVB-induced DNA damage of the skin.

D. K. Yang and S.-J. Kim have reported protective effects
of cucurbitacin I, a triterpenoid natural antioxidant, on
hydrogen peroxide-induced H9c2 cardiomyoblast cytotoxic-
ity. Specifically, this study demonstrates that cucurbitacin I
prevents H2O2-induced oxidative stress, restores mitochon-
drial functions, and inhibits apoptotic response in H9c2 cells.
Further, it also blocked the H2O2-induced activation of
extracellular signal-regulated kinase 1/2, c-Jun N-terminal
kinase, and p38 MAPK. This report provides an excellent
evidence of how this natural antioxidant could exhibit a pro-
tective effect on oxidant-induced cardiac injury. L. Zhang
et al. in their research article examined the effects of flavo-
noids extracted from Citrus aurantium in controlling the
osteosarcoma progression. Results indicate that naringenin
not naringin and hesperetin inhibited the growth of MG-63
cells which seems to be due to the potent antioxidant action
of naringenin as compared to others. Most importantly, a
small-scale clinical study using 95 osteosarcoma patients

treated with naringenin showed a significant decrease in the
osteosarcoma volume and their reoccurrence in a two-year
follow-up. These studies provide concluding evidence for
the therapeutic development of this natural antioxidant.

Another interesting research article by C. Guan et al.
reports the immunosuppressive effect of antroquinonol, a
ubiquinone derivative from the mushroom Antrodia cam-
phorata, on CD8+ T cell proliferation and activation resist
to depigmentation induced by hydrogen peroxide. They have
antroquinonol that inhibits proliferation of CD8+ T cells by
suppressing the production of cytokines IL-2 and IFN-γ
and T cell activation markers CD69 and CD137 in vitro. Fur-
ther, antroquinonol decreased hydrogen peroxide-induced
CD8+ T cell infiltration in mice skin inhibited the production
of IL-2 and IFN-γ and reduced the expression of CXCL10
and CXCR3. Thus, this study reports a novel immunomodu-
latory role of a natural antioxidant, antroquinonol. C. M. dos
Santos et al. have investigated the chemical composition of
the geopropolis of Melipona quadrifasciata anthidioides.
They have shown antioxidant, antimutagenic, anti-inflam-
matory, and antimicrobial activities of these compositions.
In another study, V. T. Chagas et al. also characterized the
chemical composition of polyphenol-rich extracts of Syzy-
gium cumini leaves. Specifically, they identified antidiabetic
effects of these compounds in alloxan-induced diabetes in
rats. Their results suggest that this plant extract could prevent
antidiabetic activities by preventing the lipoxygenase activity
and stimulating pancreatic insulin-secreting beta cells.
Another study by U. P. dos Santos et al. characterized the
lipophilic antioxidants and fatty acids from Hancornia
speciosa leaves. Further, they examined the antidiabetic
effects of ethanolic extract of H. speciosa extracts in diabetic
Wister rats. Additionally, they have also examined microbio-
logical quality and safety of H. speciosa leaves as well as anti-
oxidant and antimutagenic activities.

It is evident from these papers that natural antioxidants
play a major role in stabilizing the oxidative stress deregu-
lated critical cellular pathways involved in the pathophysiol-
ogy of a number of pathological disorders. Most of the
articles reported a novel role of natural antioxidants in dis-
ease prevention and suggested potential future therapeutic
development. The current change in the healthy lifestyle
advocates search for more natural antioxidants with strong
therapeutic potential which can eventually replace with some
synthetic drugs with unwanted side effects. Thus, identifica-
tion and development of natural antioxidants not only play
an essential role in the prevention or therapy of human dis-
eases but also interrupt any adversity that disrupts normal
human health.
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Hancornia speciosaGomes is a fruit tree, commonly known as the mangaba tree, which is widespread throughout Brazil. The leaves
of this plant are used in traditional medicine for medicinal purposes. Thus, the objective of this study was to perform a
physicochemical characterization, identify the lipophilic antioxidants and fatty acids, and determine the microbiological quality
and safety of H. speciosa leaves. In addition, the antioxidant, antimutagenic, and inhibitory activities of the ethanolic extract of
H. speciosa leaves (EEHS) against enzymes related to neurodegenerative diseases, inflammation, obesity, and diabetes were
investigated. Furthermore, this study aimed at assessing the in vivo effects of the EEHS on the glycemia of normoglycemic and
diabetic Wistar rats. Physicochemical characterization was performed by colorimetry and gas-liquid chromatography with flame
ionization detection (GC-FID). The total number of colonies of aerobic mesophiles, molds, and yeasts was determined. The total
coliforms and Escherichia coli were counted using the SimPlates kit, and sulphite-reducing Clostridium spores were quantified
using the sulphite-polymyxin-sulfadiazine agar method. Salmonella spp. were detected using the 1-2 Test. The antioxidant activity
of the EEHS was measured by its inhibition of 2,2′-azobis(2-amidinopropane) dihydrochloride- (AAPH-) induced oxidative
hemolysis of human erythrocytes. The antimutagenic activity was determined using the Ames test. The acetylcholinesterase,
butyrylcholinesterase, tyrosinase, hyaluronidase, lipase, α-amylase, and α-glycosidase enzyme-inhibiting activities were assessed
and compared with commercial controls. The in vivo effects of the EEHS were assessed using the oral glucose tolerance test in
normoglycemic Wistar rats and measuring the blood glucose levels in diabetic rats. The results demonstrated physical-chemical
parameters of microbiological quality and safety in the leaves of H. speciosa, as well as antioxidant and antimutagenic activities
and inhibition of enzymes related to neurodegenerative diseases, inflammation, obesity, and diabetes. In in vivo assays, it was
shown that the normoglycemic rats challenged with glucose overload show significantly decreased blood glucose levels when
treated with the EEHS. Taken together, the results ensure the microbiological quality and safety as well as showing the contents of
carotenoids and polyunsaturated fatty acids of H. speciosa leaves. Additionally, the antioxidant, antimutagenic, anti-inflammatory,
anti-Alzheimer’s disease, anti-Parkinson’s disease, antiobesity, and antihyperglycemic activities of the EEHS were demonstrated.

1. Introduction

In different cultures worldwide, medicinal plants are used for
therapeutic purposes. Although the microbiological quality

of these materials is still rarely discussed, it is essential
to achieve the expected pharmacological outcomes. Plant
materials for medicinal purposes need to have acceptable
microbial contamination levels and no deterioration or
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pathogenic microorganisms [1]. These basic criteria must be
assessed and followed to obtain plant samples with quality,
safety, and therapeutic efficacy [2, 3].

In Brazil, several plants are used in traditional medicine,
including Hancornia speciosa Gomes (H. speciosa). This fruit
tree, commonly known as the mangaba tree, belongs to
the Apocynaceae family, and its leaves are sold as tea
[4]. This species is native to Brazil and is found in the
Amazonia, Caatinga, and Atlantic forests as well as the
Cerrado (Brazilian savannah) biomes.

The antioxidant, antimicrobial, cytotoxic [4], anti-
inflammatory [5, 6], wound-healing [6], vasodilation
[7, 8], antihypertensive [9, 10], antidiabetic [11], and
acetylcholinesterase-inhibiting [12] activities of H. speciosa
leaves have been described. Previously reported phytochem-
ical studies with H. speciosa leaf extracts showed a complex
chemical composition. The identified chemical constitu-
ents that were related to the biological activities include
L-(+)-bornesitol, quinic acid, chlorogenic acid, and
kaempferol, quercetin, isoquercetin, rutin, and catechin
flavonoids [4, 5, 11, 13, 14]. Recently, Bastos et al. [15]
identified other phenolic compounds, including caffeic
acid, protocatechuic acid isomers, epicatechin, quercetin
isomers, type-B and type-C procyanidins, coumaroylquinic
acid isomers, phlorizin, phloretin, eriodictyol, luteolin, and
apigenin. Natural extracts and phenolic derivatives with
pharmacological potential may serve as a safe and cost-
effective treatment strategy as an alternative to synthetic
drugs [16–19].

Plants are sources of biologically active compounds that
are used by approximately 80% of the world’s population,
either as tea or as pharmaceutical drugs [20]. Furthermore,
natural products or derivatives play a key role in the process
of the development and discovery of new compounds or
drugs [21]. Over the past three decades, drugs developed
from natural products have been prominent because among
the drugs available for treatment, 50% for Alzheimer’s dis-
ease, 8% for Parkinson’s disease, 27% for inflammation,
16% for obesity, and 57% for diabetes are derived directly
or indirectly from natural products [21].

Thus, the objective of this study was to perform a
physicochemical characterization, identify the lipophilic
antioxidants and fatty acids, and determine the microbio-
logical quality and safety of H. speciosa leaves. In addition,
the antioxidant, antimutagenic, and inhibitory activities
against enzymes related to neurodegenerative diseases,
inflammation, obesity, and diabetes of the ethanolic extract
of H. speciosa leaves (EEHS) were investigated. Further-
more, this study aimed to assess the in vivo effects of the
EEHS on the glycemia of normoglycemic and diabetic
Wistar rats.

2. Materials and Methods

2.1. Plant Material and Ethanol Extract Preparation. H. spe-
ciosa leaves were collected after identifying the plant and
receiving permission from the Brazilian Biodiversity Autho-
rization and Information System (Sistema de Autorização e
Informação em Biodiversidade, SISBIO; number 54470-1).

The plant material was collected in Dourados, Mato Grosso
do Sul State (21° 59′ 41′′ south and 55° 19′ 24′′ west), Brazil,
dried in a convection oven at a temperature of 45± 5°C, and
ground in a Wiley knife mill. A voucher specimen was
deposited in the herbarium of the Federal University of
Grande Dourados, Mato Grosso do Sul State, Brazil, under
record number 4774. The extract was prepared by macerat-
ing the plant material in 96% ethanol (1 : 10, w/v). The
mixture was kept at room temperature for 14 days. Subse-
quently, the extract was filtered, concentrated in a rotary
evaporator under vacuum (Gehaka, São Paulo, SP, Brazil),
and freeze-dried. The EEHS had a final yield of 28% and
was stored at −20°C in the dark. The flavonoids rutin,
catechin, and isoquercetin, previously identified in the
EEHS by high-performance liquid chromatography with
diode-array detection-tandem mass spectrometry (HPLC-
DAD-MS/MS) [4] and used in this study, were purchased
from Sigma-Aldrich.

2.2. Physicochemical Analysis

2.2.1. Ash Content. The method used to determine the ash
content of H. speciosa leaves consisted of desiccating
250mg of leaf samples. The test was performed in triplicate,
and the result is expressed as g/100 g of sample [22].

2.2.2. Total Protein Content. The protein content was deter-
mined using the Kjeldahl method (230-Kjeltec Analyzer,
Foss Tecator, Höganäs, Sweden), as described by Nogueira
et al. [23]. The protein concentration was determined by
multiplying the value of the total nitrogen by the factor 5.75
(P protein =N nitrogen × 5 75). The test was performed in
triplicate, and the result is expressed as g/100 g of sample.

2.2.3. Total Lipids. The crude fat was determined by gravim-
etry after extraction with petroleum ether using an automatic
Soxtec device (FOSS, Soxtec™ 2050, Höganäs, Sweden) [22].
The test was performed in triplicate, and the result is
expressed as g/100 g of sample.

2.2.4. Carbohydrates and Energy. The carbohydrate content
of the sample was calculated by the following difference:
100− (g proteins + g lipids + g ash). The total energy was
calculated using the following equation: energy (kcal) = 4×
(g proteins + g carbohydrates) + 9× (g lipids). The tests were
performed in triplicate, and the results are expressed as
g/100 g of sample for carbohydrates and as kcal/100 g of
sample for energy.

2.2.5. Lipophilic Antioxidants. The lipophilic antioxidants
β-carotene, lycopene, and chlorophyll a and b were deter-
mined using dried and powdered leaf samples (150mg)
vigorously stirred in 10mL of an acetone-hexane mixture
(4 : 6, v/v) for 1min and filtered through a Whatman®
Grade 4 qualitative filter paper. The absorbance of the
filtrate was measured at 453, 505, 645, and 663nm. The
β-carotene, lycopene, and chlorophyll a and b contents
were calculated using the following equations: β-carotene
(mg/100mL)= 0.216×A663–1.220×A645− 0.304×A505 +
0.452×A453; lycopene (mg/100mL) = −0.0458×A663 +
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0.204×A645 + 0.304×A505− 0.0452×A453; chlorophyll
a (mg/100mL)= 0.99×A663− 0.0989×A645; and chloro-
phyll b (mg/100mL)=−0.328×A663+ 1.77×A645. The
results are expressed as mg/100 g of sample [23].

2.2.6. Fatty Acid Composition. The total lipids extracted from
dried and powdered leaf samples of H. speciosa were
subjected to transesterification with 2.5mL of methanol,
1.25mL of sulfuric acid, and 1.25mL of toluene (2 : 1 : 1 ratio
(v/v)) for at least 12 h in a water bath at 50°C and 160 rpm.
After this period, 3mL of deionized water and 3mL of diethyl
ether were added. The mixture was stirred and left to stand
until phase separation. The upper phase of fatty acid methyl
esters (FAMEs) was recovered using an anhydrous sodium
sulfate microcolumn and transferred to a glass vial using a
0.2μm Millipore nylon filter before injection into the device
[24]. The sample FAMEs were determined by gas chroma-
tography with flame-ionization detection (GC-FID) in a
capillary column of the DANI GC 1000 chromatograph
(Izasa, Barcelona, Spain), which is equipped with a split/
splitless injector, a flame ionization detector, and a
Macherey-Nagel column (30m× 0.32mm ID× 0.25μm df).
The initial temperature of the column was 50°C for 2min,
followed by a 30°C/min increase until 125°C, a 5°C/min
increase until 160°C, a 20°C/min increase to 180°C, and a
3°C/min increase until 200°C. Lastly, the temperature was
increased at 20°C/min until the limit of 220°C, where it was
held for 15min. The total analysis time was 35.16min. The
gas (hydrogen) was maintained at a flow rate of 4.0mL/min
(0.61 bar) at 50°C. The injection (1 : 40) was performed at
220°C. For each analysis, 1μL of sample was injected into
the GC. The fatty acids were identified by comparing the
retention times of the peaks of standard FAMEs (Supelco
37 Component FAMEmix) with those of the sample FAMEs.
The results were processed using CSW 1.7 software (DataA-
pex 1.7, Prague, Czech Republic), and the data are expressed
as the relative percentage of each fatty acid.

2.3. Microbiological Tests. The following parameters were
assessed: mesophilic microorganisms, molds, yeasts, total
coliforms, Escherichia coli, sulphite-reducing Clostridium
spores, and Salmonella spp. All microbiological tests were
performed in triplicate.

2.3.1. Sample Preparation. The samples were prepared as
previously described by Gomes et al. [25]. For this, 25 g
of dried and powdered leaves of H. speciosa were
aseptically weighed and homogenized using Stomacher
Lab-Blender (Seward type 400, London, UK) for 3 minutes
with 225mL of sterile peptone physiological saline solution
(0.1% peptone +0.85% NaCl in sterile deionized water,
pH=7.0± 0.05). After 24 hours, serial dilutions were
prepared from this homogenate (initial dilution) with the
same sterile diluents that were used for quantification of
the different microorganisms.

2.3.2. Total Mesophilic Count. The mesophilic aerobic micro-
organisms were counted by adding 1mL of each dilution of
the leaves of H. speciosa to plate count agar (PCA) media
(Himedia, Mumbai, India), in accordance with Portuguese

law 3788 [26]. Microbial counts are expressed as colony-
forming units per gram (cfu/g) of sample.

2.3.3. Mold and Yeast Counts.Molds and yeasts were counted
by adding 1mL of the dilution of the leaves of H. speciosa
in yeast peptone dextrose agar (PDA) media (Himedia,
Mumbai, India) incubated at 25°C for 5 days [27]. Micro-
bial counts are expressed as colony-forming units per
gram (cfu/g) of sample.

2.3.4. Staphylococcus aureus Count. Staphylococcus aureus
(S. aureus) was quantified according to protocol NP
4400-1 [28]. Serial dilutions of the leaves of H. speciosa
were inoculated in Baird-Parker broth with egg yolk tellu-
rite emulsion (Himedia) for 24 h (37°C). Subsequently,
three to five typical colonies were selected to control for
the presence of coagulase and catalase. Microbial counts
are expressed as cfu/g of sample.

2.3.5. Total Coliform and Escherichia coli Counts. The total
coliform and Escherichia coli (E. coli) were counted using
the SimPlate method [29], according to the manufacturer’s
instructions and procedures.

For this, 1mL aliquots of the serial dilutions of the leaves
of H. speciosa were mixed with 9mL of a blue solution
supplied by the manufacturer and dispensed into the center
of the SimPlate device. The SimPlate has undergone slight
rotations to disperse the sample and remove the air bubbles.
Samples were incubated at 37± 1°C for 24 to 48 h. The
positive count of total coliforms was based on the change in
color from blue to pink, and the positive count of E. coli
was based on the change in color and UV fluorescence. Coli-
forms and E. coli were quantified by counting the number of
positive wells, followed by the correlation with the conver-
sion table, and the results are expressed as cfu/g of sample.

2.3.6. Enumeration of Sulphite-Reducing Clostridium Spores.
To the enumeration of sulphite-reducing Clostridium spores,
0.1, 1, 5, and 10mL aliquots of the initial dilution were added
to empty tubes, which were heated to 80°C for 5min and
incubated with iron sulphite agar (ISA) media [30] in anaer-
obic conditions at 37°C for 5 days. The results are determined
based on the enumeration of sulphite-reducing Clostridium
spores in 0.01 g of sample and expressed as cfu/g of sample.

2.3.7. Salmonella spp. Detection. Salmonella spp. were
detected using the immunodiffusion 1-2 test [29]. The test
was performed by adding 100μL of sample (initial dilution)
preenriched in buffered peptone water and 50μL of specific
antibody included in the test kit. To confirm immunoband
formation, the test samples were read after 16 to 20 h of
incubation at 37°C.

2.4. Antioxidant Activity Assessment

2.4.1. Preparation of Human Erythrocyte Suspensions. The
protocol of human peripheral blood collection was
approved by the Research Ethics Committee (Comitê de
Ética em Pesquisa (CEP)) of the University Centre of the
Grande Dourados (Centro Universitário da Grande Dour-
ados), Brazil (process CEP number 123/12). Peripheral
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blood was collected from healthy human donors after they
signed the informed consent form. The samples were
transferred into tubes with sodium citrate as an anticoag-
ulant and centrifuged at 1500 rpm for 10min at 4°C to
separate the hemocomponents. Blood plasma and the thin
layer of leukocytes were removed. The erythrocytes were
washed three times with phosphate-buffered saline (PBS,
pH=7.4) and centrifuged at 1500 rpm for 10min at 4°C
in each washing. Lastly, a 2% hematocrit suspension was
prepared in PBS.

2.4.2. Antihemolytic Activity. The assays were conducted
with an erythrocyte suspension (2%) preincubated at
37°C for 30 minutes with 20μg/mL EEHS or with the
flavonoid rutin, catechin, or isoquercetin individually, sol-
ubilized in dimethyl sulfoxide (DMSO; final concentration
up to 0.08%). After this period, 50mM 2,2′-azobis(2-ami-
dinopropane) dihydrochloride (AAPH) solution was added
to the groups subjected to hemolysis induction. This mix-
ture was incubated at 37°C for 4 h with frequent stirring.
Erythrocytes incubated with PBS, the extract, and flavo-
noids only were used as negative controls. After every
60min of incubation, the samples were centrifuged at
4000 rpm for 10min, and an aliquot was collected from the
supernatant, followed by dilution in PBS. Then, the samples
were read at 545 nm. The percentage of hemolysis was calcu-
lated using the formula A/B × 100, where A represents the
sample absorbance and B represents the total hemolysis
(erythrocytes incubated in distilled water). The assays were
performed in triplicate. Percentage values were set for the
third hour of incubation. The percentage of inhibition of
hemolysis as a function of the sample concentration was also
determined from the concentration-response curve.

2.5. Antimutagenic Activity. The antimutagenic activity was
assessed using the Ames test, with some modifications [31].
Two strains were used for the assay, Salmonella typhimurium
TA98 and TA100, genetically modified with a mutation in the
histidine operator gene, which causes the strains to grow in a
histidine-dependent manner. The activities of the direct muta-
gens sodium azide (SAZ) and 4-nitroquinoline 1-oxide
(4NQO) and the indirect mutagen aflatoxin (AFB1) were
assessed. The rates of inhibition of the mutagenic activity
induced by the EEHS (5–15μg/mL) and flavonoids (0.1–
0.5μg/mL) were calculated using the following equation: rate
of inhibition % = A − B /A × 100, where A is the number
of revertants in the presence of mutagens and B is the
number of revertants in the presence of mutagens and
samples after subtracting the number of spontaneous rever-
tants. Values>80% viable cells were considered nontoxic
compared with the negative control viability. The antimuta-
genic effect was considered moderate when the inhibitory
effect ranged from 25 to 40% and high when it was greater
than 40%. Effects lower than 25% were considered irrelevant
and were disregarded.

2.6. Enzyme-Inhibiting Activity Assessment

2.6.1. Cholinesterase-Inhibiting Activity. The acetylthiocholi-
nesterase- (AChE-) and butyrylthiocholinesterase- (BChE-)

inhibiting activities were assessed based on the spectrophoto-
metric method described by Senol et al. [32] using acetylthio-
choline and butyrylthiocholine as substrates. Aliquots of
50μL of the EEHS or flavonoids (200–700μg/mL) diluted
in EtOH/buffered phosphate (0.1mM, pH=8) were incu-
bated with 25μL acetylcholinesterase (AChE) from Elec-
trophorus electricus (Type-VI, EC 3.1.1.7, Sigma-Aldrich,
USA) and 125μL of 5,5′-dithiobis (2-nitrobenzoic acid)
(0.01M) (DTNB, Sigma-Aldrich, USA) for 15minutes at
25°C. The same procedure was performed to evaluate the
activity of butyrylcholinesterase (BChE) from horse serum
(EC 3.1.1.8, Sigma-Aldrich, USA). Subsequently, the reac-
tions were initiated with the addition of 25μL of the
substrates acetylthiocholine iodide and butyrylthiocholine
chloride (0.075M, Sigma-Aldrich, USA), respectively,
diluted in EtOH/phosphate buffer (0.1mM, pH=8). The
hydrolysis of substrates was monitored by the formation
of the yellow 5-thio-2-nitrobenzoate anion as a result of
the reaction with the 5,5′-dithiobis(2-nitrobenzoic acid)
(0.01M) (DTNB, Sigma-Aldrich, EUA) at 412 nm. All tests
were performed in triplicate. Eserine (0.001–0.01μg/mL)
(Sigma-Aldrich, USA) was used as a reference compound.
The percentages of AChE/BChE enzyme inhibition were
determined comparing the reaction rates of the samples
compared with the blank (ethanol in phosphate buffer
(0.1mM, pH=8)) using the following formula: E − S /
E × 100, where E is the enzymatic activity without test
samples and S is the enzymatic activity with test samples.
The IC50 values were calculated.

2.6.2. Tyrosinase-Inhibiting Activity. The tyrosinase-
inhibiting activity was assessed using the method described
by Orhan and Khan [33], with some modifications. Aliquots
of 25μL of the EEHS or flavonoids (50–1000μg/mL) were
mixed with 40μL of the tyrosinase solution (EC 1.14.1.8.1,
30U mushroom tyrosinase, Sigma-Aldrich, 200U/mL) and
100μL of buffer phosphate solution (pH6.8) in a 96-well
microplate, incubated for 15min at 37°C. Subsequently,
40μL of L-DOPA (3,4-dihydroxy-L-phenylalanine) was
added to the mixture which was incubated for 10min at
37°C. The reading of the absorbance was performed at
492 nm. Kojic acid (2.5–20μg/mL) was used as the refer-
ence compound.

All tests were performed in triplicate. The percentage
of tyrosinase inhibition was calculated using the follow-
ing formula: % inhibition = [(blank absorbance− sample
absorbance)/blank absorbance]× 100. The IC50 values
were calculated.

2.6.3. Hyaluronidase-Inhibiting Activity. The assay was
performed as described by Ling et al. [34], with some
modifications. For this, a mixture of 80U of the enzyme
hyaluronidase in 100μL of 20mM sodium phosphate buffer
and 25μL of EEHS or flavonoids (35μg/mL) dissolved in
25% (v/v) DMSO was incubated for 10min at 37°C. After-
wards, 100μL of hyaluronic acid (0.03% in 300mM sodium
phosphate buffer, pH5.35) was added and incubated for
45min at 37°C. The undigested hyaluronic acid was precipi-
tated with 1mL of acidic albumin solution (0.1% bovine
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albumin in 24mM sodium acetate and 79mM acetic acid at
pH3.75). Posteriorly, the samples were incubated at room
temperature for 10min. The reading of the absorbance was
performed at 600 nm. Absorbance in the absence of enzyme
was used as a reference for maximal inhibition. Epigallocate-
chin (35μg/mL) was used as the reference compound. The
tests were performed in triplicate. The inhibitory activity of
the test sample was calculated using the following formula:
inhibition % = At test sample /Aref reference sample × 100.

2.6.4. α-Amylase-Inhibiting Activity. The α-amylase-inhibiting
activity was assessed as described by Gao et al. [35]. Blue
starch (Sigma-Aldrich; 2.0mg) was used as the substrate in
50mM Tri-HCl buffer at a pH of 6.9 containing 10mM
CaCl2 and boiled for 5min at 100°C. Then, the starch azure
solution was preincubated for 10min at 37 C. The samples
of the EEHS or flavonoids (20–100μg/mL) were dissolved
in 25% DMSO, and 200μL of porcine pancreatic a-amylase
solution (Sigma-Aldrich, A-6255; 2.0U/mL; 50mM Tri-
HCl buffer containing 10mM CaCl2, pH6.9) was added into
each assay. The reaction was carried out at 37°C for 10min
and stopped by adding 0.5mL of 50% acetic acid. The reac-
tion mixture was then centrifuged at 2000 rpm for 5min at
4°C. The absorbance of the supernatant at 595nm was
measured. Acarbose (20–100μg/mL) was used as the refer-
ence compound. The tests were performed in triplicate. The
α-amylase-inhibiting activity was calculated using the
following formula: %inhibition = Ac+ − Ac− − As − Ab /
Ac+ − Ac− × 100, where Ac+ is the activity in the presence
of 100% enzyme (solvent with enzyme), Ac− is the activity in
the presence of 0% enzyme (solvent without enzyme), As is
the enzyme-inhibiting activity of the test sample (sample
with enzyme), and Ab is the blank (test sample without
enzyme). The IC50 values were calculated.

2.6.5. α-Glucosidase-Inhibiting Activity. The α-glucosidase-
inhibiting activity was assessed according to Mayur et al.
[36], with minor modifications. The reaction mixture
contained 50μL of 0.1M phosphate buffer (pH7.0), 25μL
of 0.5mM 4-nitrophenyl α-D-glucopyranoside, 10μL of the
EEHS or flavonoids (25–85μg/mL), and 25μL of α-glucosi-
dase solution (0.2 unit/mL). The mixture was then incubated
at 37°C for 30min, and the reaction was terminated by
adding 100μL of 0.2M sodium carbonate solution. The
enzymatic hydrolysis of substrate was monitored through
the amount of p-nitrophenol released in the reaction mixture
at 410nm. Individual blanks were prepared for correcting
background absorbance, being the enzymes replaced by
0.1M phosphate buffer (pH7.0). In controls, the plant
extract or flavonoids were replaced by methanol. Acarbose
(25–85μg/mL) was used as a positive control. The inhibi-
tion percentage of α-glucosidase was calculated through
the formula: % inhibition = [1− (sample absorbance/control
absorbance)]× 100. The IC50 values were compared;
analyses were carried out in triplicate.

2.6.6. Lipase-Inhibiting Activity. The porcine pancreatic
lipase (PPL) (type II-inhibiting, Sigma-Aldrich) activity was
assessed using the spectrophotometric method described by

Roh and Jung [37]. EEHS or flavonoids (final concentra-
tions of 2.5–35μg/mL) were preincubated with PPL
(1mg/mL) for 1 h in a potassium phosphate buffer
(0.1mM, pH7.2, 0.1% Tween 80) at 30°C before assaying
the PPL activity. 0.1μL p-nitrofenil Butirato (Sigma-
Aldrich) was then added as a substrate. After incubation
at 30°C for 5min, the amount of p-nitrophenol released
in the reaction was measured at 405nm using a UV-
visible spectrophotometer. The activity of the negative
control (DMSO) was also evaluated with and without an
inhibitor. All tests were performed in triplicate. Orlistat
(0.003–0.01μg/mL) was used as the reference compound.
The PPL-inhibiting activity was calculated using the
following formula: inhibitory activity % = 100 − B − b /
A − a × 100 , where A is the activity without an inhibi-
tor, a is the negative control without an inhibitor, B is
the activity with an inhibitor, and b is the negative con-
trol with an inhibitor. The IC50 values were calculated.

2.7. In Vivo Studies

2.7.1. Animals. All experimental procedures with animals
were submitted to and approved by the Ethics Committee
on Animal Use of the University of Brasília (permission-
UnBDOC number 47926/2010) and conducted in accor-
dance with the norms of the National Council for the Control
of Animal Experimentation (Conselho Nacional de Experi-
mentação Animal (CONCEA)). 120-day-old adult male
Wistar rats were obtained from the animal house of the
School of Biological and Environmental Sciences, Federal
University of Grande Dourados, Mato Grosso do Sul State,
Brazil. The animals were kept in polyethylene boxes at 22
± 2°C and in a controlled light-dark cycle (12/12 h). All
animals were fed ad libitum.

2.7.2. Oral Glucose Tolerance Test in Normoglycemic Wistar
Rats. The oral glucose tolerance test (OGTT) was performed
after 12 hours of fasting in adult 120-day-old male normogly-
cemic Wistar rats. The animals were challenged with glucose
overload by oral gavage (2 g/kg body mass). After 30 minutes,
the vehicle control dimethyl sulfoxide (6% DMSO) and
EEHS (200 and 400mg/kg body mass) treatments were
performed. Rat glycemia was measured at 0, 30, 60, 120,
and 180min after delivering the glucose overload according
to Aragão et al. [38] using the Accu-Chek Active (Roche)
blood glucose meter and disposable strips.

2.7.3. Diabetes Induction. Diabetes was induced in adult
120-day-old male Wistar rats with a single intraperitoneal
injection of alloxan monohydrate (120mg/kg body mass)
dissolved in 0.9% sterile saline, as described by Aragão
et al. [38], with some modifications. Blood glucose levels
were determined 96 h after the induction of diabetes using
a portable Accu-Chek (Abbott) blood glucose meter and
disposable strips. The animals with hyperglycemia (blood
glucose levels higher than 200mg/dL) were separated for
further study.

2.7.4. Glycemic Assessment in Diabetic Wistar Rats. The treat-
ment and glycemic assessment of diabetic male Wistar rats
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were performed according to Aragão et al. [38], with some
modifications. The blood glucose levels of diabetic rats
submitted to acute and chronic treatment (28 days) were
measured during fasting at time zero, and they were subse-
quently administered with the doses of vehicle control 6%
DMSO, EEHS (200mg/kg body mass), and metformin
(120mg/kg body mass). The blood glucose levels of the rats
were measured at times of 0, 30, 60, 120, and 180min using
the Accu-Chek Active (Roche) blood glucose meter and
disposable strips.

2.8. Statistical Analysis. The data are expressed as the
mean± standard error of the mean (SEM) and were ana-
lyzed to assess significant differences between groups. One-
way analysis of variance was used for the total composition
of FAMEs as well as antihemolytic, enzyme-inhibiting, and
antimutagenic activities. Differences were determined using
the multiple comparison Tukey test for the results of the total
composition of FAMEs and antihemolytic activity. Dunnett’s
multiple comparison test was used to assess differences in
enzyme inhibition and antimutagenicity assays. The t-test
was used in the in vivo experiments to assess differences
between groups. All data were obtained using the Software
GraphPad Prism 5. Results were considered significant
when ∗P < 0 05 or †P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001
or ###P < 0 001.

3. Results

3.1. Physicochemical Parameters. Physicochemical parame-
ters, including the mineral (ash), protein, total lipid, and car-
bohydrate contents as well as the energy value of H. speciosa
leaves, are outlined in Table 1.

3.2. Lipophilic Antioxidants. Chlorophyll a and β-carotene
were the predominant antioxidants, with 1.33± 0.03 and
0.55± 0.01mg/100 g of sample, respectively. Conversely, the
concentration of chlorophyll b was 0.42± 0.02mg/100 g,
and the concentration of lycopene was 0.070± 0.01mg/100 g.

3.3. Profile of Fatty Acid Methyl Esters. After total lipid
extraction from H. speciosa leaves, the profiles of FAMEs
were analyzed by gas chromatography (Figure 1(a)). The α-
linolenic acid (C18:3n3) was the predominant fatty acid
identified in the sample, followed by palmitic (C16:0) and
linoleic (C18:2n6) acids. In addition to these three fatty
acids, 19 other compounds were identified and quantified
(Figure 1(b)). The sample had a higher percentage of poly-
unsaturated fatty acids (PUFAs) (48.82%), followed by
saturated fatty acids (SFAs) (39.19%) and monounsatu-
rated fatty acids (MUFAs) (11.86%) (Figure 1(c)). The
PUFAs/SFAs and n-6/n-3 ratios assessed were 1.25 and
3.37, respectively.

3.4. Microbiological Quality and Safety. The results from the
microbiological quality and safety analysis of H. speciosa
leaves are outlined in Table 2.

3.5. Antihemolytic Activity. Figure 2 shows the results of the
protective activities of the EEHS (59.59± 1.42%), rutin

(29.67± 2.11%), catechin (23.67± 1.97%), and isoquercetin
(20.97± 1.38%) against AAPH-induced hemolysis.

3.6. Antimutagenic Activity. The results from the study of the
antimutagenic potentials of the EEHS, rutin, catechin, and
isoquercetin are outlined in Table 3. In all of the EEHS
concentrations tested (5–15μg/mL), a high antimutagenic
activity was observed in the Salmonella typhimurium
TA98 and TA100 strains exposed to different mutagens
with (S9+) and without (S9−) metabolic activation. Among
the flavonoids, rutin (0.1–0.25μg/mL) showed moderate
antimutagenic activity in the Salmonella typhimurium
TA98 strain without metabolic activation.

3.7. Enzyme-Inhibiting Activity

3.7.1. Cholinesterase-Inhibiting Activity. Table 4 shows that
the EEHS had higher AChE-inhibiting activity than isoquer-
cetin (2.0 times), rutin (1.7 times), and catechin (1.5 times)
and lower activity than eserine (reference AChE inhibitor).
The EEHS showed higher BChE-inhibiting activity than
isoquercetin (1.8 times), catechin (1.6 times), and rutin (1.4
times) and lower activity than eserine (reference BChE
inhibitor) (Table 4).

3.7.2. Tyrosinase-Inhibiting Activity. The EEHS showed
4.3-, 3.8-, and 3.7-fold higher tyrosinase-inhibiting activity
than catechin, isoquercetin, and rutin, respectively (Table 4).
The tyrosinase-inhibiting activities of all compounds were
lower than that of the reference inhibitor kojic acid
(Table 4).

3.7.3. Hyaluronidase-Inhibiting Activity. The EEHS showed
1.8-fold higher hyaluronidase-inhibiting activity than rutin
and catechin and 2.6-fold higher activity than isoquercetin
(Table 4). However, the hyaluronidase-inhibiting activities
of the EEHS and flavonoids were lower than that of the
reference compound, epigallocatechin (EGC) (Table 4).

3.7.4. Pancreatic Lipase-Inhibiting Activity. Table 4 shows
that the EEHS had higher pancreatic lipase-inhibiting
activity than isoquercetin (8.1 times), catechin (7.4 times),
and rutin (5.2 times) and lower activity than that of orlistat
(reference inhibitor of pancreatic lipase).

3.7.5. α-Amylase- and α-Glucosidase-Inhibiting Activities.
Table 4 shows that the EEHS had higher α-amylase-

Table 1: Physicochemical characterization of Hancornia speciosa
leaf samples.

Physicochemical characterization Results/100 g

Ash 2.2± 0.0123 g
Protein 14.7± 0.1811 g
Lipid 0.14± 0.0006 g
Sugars 82.9± 0.0174 g
Energy 392.0± 0.049 kcal
Values are expressed as the mean ± SEM of experiments performed in
triplicate.
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inhibiting activity than rutin (2.2 times), isoquercetin (2.0
times), catechin (1.4 times) and the reference inhibitor acar-
bose (1.9 times). The assessment of the α-amylase-inhibiting
activity of flavonoids in comparison with the reference
compound acarbose showed that catechin had a higher
activity than acarbose (Table 4). The EEHS showed higher
α-glucosidase-inhibiting activity than rutin (2.4 times),
catechin (2.2 times), isoquercetin (1.7 times), and acarbose
(1.6 times) (Table 4).

3.8. In Vivo Studies

3.8.1. Oral Glucose Tolerance Test in Normoglycemic Wistar
Rats. Figure 3 shows that the normoglycemic rats challenged
with glucose overload show significantly decreased blood
glucose levels when treated with the EEHS (200mg/kg).

3.8.2. Glycemic Assessment in Diabetic Wistar Rats. In
the assay with diabetic rats with glycemia higher than
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Figure 1: (a) Chromatographic fatty acid profile of Hancornia speciosa leaf samples. (b) Chemical composition of fatty acid methyl esters
(FAMEs): caprylic acid (C8:0), capric acid (C10:0), lauric acid (C12:0), tridecanooic acid (C13:0), myristic acid (C14:0), myristoleic acid
(C14:1), pentadecanoic (C15:0), palmitic acid (C16:0), palmitoleic acid (C16:1), heptadecanoic acid (C17:0), cis-10-heptadecanoic acid
(C17:1), stearic acid (C18:0), oleic acid (C18:1n9c+t), linoleic acid (C18:2n6c), α-linolenic acid (C18:3n3), arachidic acid (C20:0), cis-11-
eicosenoic acid (C20:1), cis-11,14-eicosadienoic acid (C20:2), heneicosanoic acid (C21:0), behenic acid (C22:0), tricosanoic acid (C23:0),
and nervonic acid (C24:1). (c) Total composition of saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), and
polyunsaturated fatty acids (PUFAs) of Hancornia speciosa leaf samples. Values are expressed as the mean± SEM of three independent
experiments performed in duplicate. †P < 0 05 compared with the SFA group versus the PUFA group; ###P < 0 001 compared with the
MUFA group versus the PUFA and SFA groups; and ∗∗∗P < 0 001 compared with the PUFA group versus the MUFA groups.

7Oxidative Medicine and Cellular Longevity



400mg/dL and without glucose overload, no decreases
in the blood glucose levels were observed after acute
(Figure 4(a)) and chronic (Figure 4(b)) treatments with the
EEHS (200mg/kg). Only the experimental group metformin
(MET, 120mg/kg) showed decreased blood glucose levels
(Figures 4(a) and 4(b)).

4. Discussion

Brazil has different biomes with high biological diversity and
native species, which are often used as medicinal plants.
Studying the pharmacological properties of these plants used
in traditional medicine ensures its scientific record and
strengthens the traditional knowledge accumulated over
centuries. Among these plants, H. speciosa has been
described as a highly versatile species. This plant is tradition-
ally used to treat various diseases and has a high economic
and biotechnological potential for drug development because
its leaves and other parts are sold as tea [4, 39].

Despite the proven therapeutic effect, the increase in the
consumption of natural products has become a public health
problem because low-quality products without validation of
raw material safety and efficiency may be purchased [3].
Natural products may contain a large number of fungi and
bacteria; these microorganisms are usually from the soil,
which is the natural microbiota or even introduced during
inappropriate handling of harvest, drying, and storage of
these products (WHO, 2007). In this sense, several studies
have been carried out with the purpose of assuring the quality
and microbiological safety of medicinal plants [40–42].
Although the European Community legislation does not have
defined microbiological standards for aromatic dry plants,
the World Health Organization (WHO), the European Spice
Association (ESA), and the Codex Code of Hygienic Practice
specify that aromatic dry plants need to have acceptable
microbial contamination levels and absence of pathogenic
microorganisms, such as Salmonella sp. and Clostridium sp.
[2, 43, 44]. Thus, this study aimed to ensure that the raw
material used is of high quality and safe for consumption by
testing the microbiological quality and safety of H. speciosa
leaves, which are in accordance with current standards
established by the World Health Organization for products
intended for human consumption [2].

After the initial quality and safety assessment as well as
physicochemical analysis, including the quantification of
the total lipids extracted from H. speciosa leaves, different
fatty acids were identified. Among the fatty acids, α-linolenic
acid (polyunsaturated omega-3), considered an essential fatty
acid only obtained from the diet [45], was the predominant
fatty acid found in H. speciosa leaves, followed by palmitic
(saturated) and linoleic (polyunsaturated omega-6) acids.
Moreover, the PUFAs/SFAs and n-6/n-3 fatty acid ratios cal-
culated indicate good nutritional quality, including health
benefits [46]. α-Linolenic acid cannot be synthesized by
humans; however, dietary α-linolenic acid is the precursor
of eicosapentaenoic and docosahexaenoic acids, which are
anti-inflammatory eicosanoids [47, 48].

Furthermore, the quantification of natural antioxidants,
including lipophilic antioxidants as well as the total phenols
and flavonoids in natural products, provides key parameters
to assess the quality and biological potential of herbal prod-
ucts [49]. In this study, the lipophilic antioxidants chloro-
phyll a and b, β-carotene, and lycopene were identified and
quantified in H. speciosa leaves. The main carotenoids
include the hydrocarbons β-carotene and lycopene [50].
The great interest in these nutrients results from their biolog-
ical and physiological functions [51]. Some carotenoids, in
addition to vitamin A (retinol) precursors, have antioxidant
properties and improve the immune response [52]. More-
over, a previous study by Santos et al. [4] with the EEHS
reported higher concentrations of total phenols than those
described for H. speciosa fruit extracts [53].

Phenolic compounds are hydrogen donors capable of
directly removing free radicals and reducing oxidative dam-
age [4, 54, 55]. Extracts from medicinal plants with phenols
and flavonoids, including H. speciosa, are described for their
ability to activate endogenous antioxidant systems and to
inhibit lipid peroxidation in human erythrocytes [4, 56, 57].
Accordingly, the flavonoids rutin, catechin, and isoquercetin,
previously identified by Santos et al. [4] in the EEHS, showed
antioxidant activity in this study, which was confirmed by the
protection against human erythrocyte hemolysis resulting
from lipid peroxidation. However, the results showed a pos-
sible synergistic effect between components of the extract
because the EEHS showed a higher antihemolytic activity
than the flavonoids alone. Peroxyl radicals promote hemoly-
sis by oxidizing lipids and proteins of the cell membrane [58].
In vitro and in vivo studies show that natural extracts and
flavonoids have antioxidant activity by inhibiting lipid
peroxidation in the erythrocytes and cardiomyocytes of rats
subjected to oxidative stress [4, 59, 60]. The protection
against lipid peroxidation promoted by the test samples
may be associated with the direct peroxyl radical scavenging
activity or with the activation of enzymatic antioxidant
mechanisms, such as glutathione, catalase, and superoxide
dismutase [56, 58].

Accordingly, endogenous intracellular antioxidant path-
ways naturally protect the human body from the frequent
contact with mutagenic agents. These structures stabilize
highly reactive species that damage deoxyribonucleic acid
(DNA) [61]. However, natural defense mechanisms may
not suffice, thus highlighting the importance of investigating

Table 2: Microbiological analysis of Hancornia speciosa leaf
samples.

Microbiological analysis Results

Aerobic mesophiles 6.25× 104 ± 0.45 cfu/g
Molds and yeast 6.82× 103 ± 0.18 cfu/g
Total coliforms 12.4× 103 ± 0.40 cfu/g
Escherichia coli <1 cfu/g
Sulphite-reducing Clostridia Absent

Salmonella spp. Absent

Staphylococcus aureus <10 cfu/g
Values are expressed as the mean ± SEM of experiments performed
in triplicate.
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exogenous antioxidant compounds with antimutagenic
activity [62].

The Ames test has been recommended to assess the
antimutagenic effects of several natural molecules, including
plant compounds. This assay can detect frameshift or mis-
sense mutations [63]. The EEHS showed antimutagenic
activity when Salmonella typhimurium TA98 and TA100
strains were exposed to the direct mutagens 4-NO, a sub-
stitution agent that primarily acts on guanine (G) residues,
inducing transitions from guanine-cytosine (GC) to
adenine-thymine (AT) [64], and SAZ, which induces

mutagenesis through the production of the DNA-
interacting metabolite L-azidoalanine, inducing transitions
from GC to AT [65]. Moreover, the EEHS showed anti-
mutagenic activity when S. typhimurium TA98 and
TA100 strains were exposed to the indirect mutagen
AFB1, a toxin that stimulates the release of free radicals,
thereby triggering chromosomal aberrations [66]. Among
the flavonoids, rutin showed moderate antimutagenic
activity when S. typhimurium TA98 strains were exposed
to 4-NO. A study using the Ames test suggests that flavo-
noids may show antimutagenic effects through different
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Figure 2: Antihemolytic activities of the ethanolic extract fromHancornia speciosa leaves (EEHS) (20 μg/mL) and the flavonoids rutin (Rut),
catechin (Cat), and isoquercetin (Isoq) (20 μg/mL) against 50mM AAPH-induced hemolysis. Values are expressed as the mean± SEM of
experiments performed in triplicate. ∗∗∗P < 0 001 when the EEHS group is compared with the rutin, catechin, and isoquercetin groups.

Table 3: Antimutagenic activities of the ethanolic extract from Hancornia speciosa leaves (EEHS), rutin (Rut), catechin (Cat), and
isoquercetin (Isoq) in Salmonella typhimurium TA98 and TA100 strains.

S9− S9+ S9− S9+

μg/mL TA 98
No revertants

(%)
TA 98

No revertants
(%)

TA 100
No revertants

(%)
TA 100

No revertants
(%)

NC 39.0 ± 3.2 — 50.3± 3.8 — 63.3 ± 2.6 — 46.7± 2.4 —

4-NO 3 198.6± 4.6 0 — — — — — —

SAZ 3 — — — — 256.7± 2.9 0 — —

AFB1 3 — — 231.0± 6.6 0 — — 236.3± 5.9 0

EEHS

5 35.0± 2.1∗∗∗ 82.3± 0.6 18.6 ± 0.9∗∗∗ 92.3 ± 0.3 95.0± 2.9∗∗∗ 63.0 ± 1.0 75.0± 2.9∗∗∗ 68.0± 1.5

10 11.3± 2.3∗∗∗ 94.0± 1.7 8.0± 1.1∗∗∗ 96.7 ± 0.3 70.7± 2.3∗∗∗ 72.3 ± 0.9 57.3± 4.3∗∗∗ 75.7± 1.4

15 7.7± 1.20∗∗∗ 96.0± 0.6 5.6± 0.3∗∗∗ 97.6 ± 0.3 44.0± 3.8∗∗∗ 82.7 ± 1.2 36.0± 3.6∗∗∗ 84.7± 1.3

Rut

0.1 136.0± 5.5∗∗∗ 31.3± 4.1 231.3± 4.1 −0.04 ± 0.01 269.7± 4.7 −0.05 ± 0.01 254.7± 5.2 0.01 ± 0.01
0.25 148.3± 0.9∗∗∗ 25.3± 1.2 248.6± 2.0 −0.07 ± 0.01 285.7± 2.9 −0.11 ± 0.04 269.3± 0.6 −0.05± 0.01

0.5 175.0± 2.9 12.3± 0.6 >300 — 285.7± 0.9 −0.39± 0.5 275.3± 2.9 0.07 ± 0.01

Cat

0.1 211.0± 6.08 −0.06± 0.01 240.0± 7.1 −0.04 ± 0.01 284.7± 1.4 −0.11 ± 0.03 285.0± 3.6 −0.11± 0.01

0.25 240.0± 7.63 −20.6 ± 2.2 272.3± 3.6 −18.0 ± 3.5 289.3± 2.2 −0.12 ± 0.02 280.3± 4.8 −0.09± 0.01

0.5 >300 — >300 — 291.0± 5.5 −0.06± 0.1 284.7± 6.8 −0.11± 0.02

Isoq

0.1 195.6± 5.0 0.01± 0.01 201.0± 4.3 0.1± 0.01 273.3± 3.3 −0.06 ± 0.01 281.0± 7.4 0.05 ± 0.06
0.25 >300 — 245.3± 6.6 −0.06 ± 0.01 284.3± 2.2 −0.31 ± 0.33 279.3± 5.8 −0.09± 0.02

0.5 >300 — >300 — 289.0± 2.8 −0.12 ± 0.04 282.3± 4.3 −0.37± 0.03

Salmonella typhimurium TA98 and TA100 strains (CFUs) exposed to the direct mutagens 4-nitroquinoline-1-oxide (4-NO) and sodium azide (SAZ) without
metabolic activation (S9−). Salmonella typhimurium TA98 and TA100 (CFUs) strains exposed to the indirect mutagen aflatoxin B1 (AFB1) with metabolic
activation (S9+, microsomal activation system: microsomal fraction of rat liver homogenate). Values are expressed as the mean ± SEM of the experiment
performed in triplicate. ∗∗∗P < 0 001 when the means of the treated groups are compared with the 4-NO (TA98/without S9), SAZ (TA100/without S9), and
AFB1 (TA98 and TA100 with S9) groups. —: unvalued.
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mechanisms, including scavenging bacterial mutagens,
interacting with mutagenic reactive intermediates and
affecting microsomal enzymes [67]. However, flavonoids
may also show dual concentration-dependent effects, either
mutagenic or antimutagenic [68]. Thus, the antimutagenic
activity of the extract and rutin could be related to the
antioxidant activity because other studies have reported
that antioxidant compounds are related to the antimuta-
genic activity [69, 70].

The ability of flavonoids to reduce oxidative stress is also
related to the decreased risk associated with neurodegenera-
tive diseases [71]. In this context, medicinal plants and phe-
nolic derivatives have been recognized for their inhibitory
activities against enzymes involved in neurodegenerative
diseases [70–72]. Alzheimer’s disease is a degenerative and
progressive disease and is the form of dementia most
commonly found among elderly people [73]. This disease is

characterized by the presence of β-amyloid plaques with
neurofibrillary complications and the degeneration or atro-
phy of cholinergic neurons [74, 75]. The loss of cholinergic
neurons results in the reduced availability of the cholinergic
neurotransmitter acetylcholine, leading to impaired cogni-
tion in Alzheimer’s disease [76]. However, the level of this
neurotransmitter can be increased in the brain by inhibiting
the activity of cholinesterases, enzymes that break down ace-
tylcholine [77]. In this context, AChE and BChE inhibitors
are used to increase the synaptic levels of acetylcholine,
which is considered the main disease treatment approach
[78]. The increase in acetylcholine levels improves the
communication between nerve cells that use it as the only
neurotransmitter [79]. Other in vitro studies using the
flavonoids rutin and quercetin reported findings on the
AChE- and BChE-inhibiting activities [72, 80]. In vivo
phenolic and flavonoid derivatives, such as rutin and querce-
tin, also show AChE- and BChE-inhibiting activities and
improve the cognitive abilities of animals, including those
subjected to neurotoxicity [81, 82]. Furthermore, a molecular
coupling study has shown the hydrophobic interactions and
strong hydrogen bonds between quercetin and the enzymes
AChE and BChE, thus proposing this mechanism as the basis
for the enzyme-inhibiting activity [83].

The activity of tyrosinase, another enzyme related to
neurodegenerative diseases, was inhibited by the H. speciosa
extract and flavonoids. Tyrosinase is a polyphenol oxidase
enzyme involved in the synthesis of melanin (skin and hair)
and neuromelanin [84], and it is considered a key target in
the search for new drugs against Parkinson’s disease [72].
This neurodegenerative disease results from the deficiency
of dopaminergic neurons [84]. Studies suggest that tyrosi-
nase plays a role in the formation of reactive species that
oxidize dopamine, which triggers the production of more
reactive oxygen species leading to neuronal death [85, 86].
Furthermore, the increase in lipid peroxidation in the
brains of patients with Parkinson’s disease has been
reported [87, 88].

Table 4: Acetylcholinesterase- (AChE-), butyrylcholinesterase- (BChE-), tyrosinase-, hyaluronidase-, pancreatic lipase-, α-amylase-, and
α-glucosidase-inhibiting activities of the ethanolic extract from Hancornia speciosa leaves (EEHS), rutin (Rut), catechin (Cat), and
isoquercetin (Isoq).

AChE BchE Tyrosinase Hyaluronidase Pancreatic lipase α-Amylase α-Glucosidase
IC50 (μg/mL) IC50 (μg/mL) IC50 (μg/mL) % (μg/mL) IC50 (μg/mL) IC50 (μg/mL) IC50 (μg/mL)

EEHS 257.2± 10.8∗∗∗ 190.3± 9.8∗∗∗ 159.4± 2.4∗∗∗ 22.5± 1.6∗∗∗ 3.3± 0.3∗∗∗ 35.8± 2.9∗∗∗ 31.6± 1.5∗∗∗

Rut 437.6± 9.9 272.9± 8.8 583.2± 12.9 12.3± 0.9 17.2± 0.9 77.9± 0.6 74.9± 2.3
Cat 379.0± 8.4 312.6± 6.7 679.2± 11.8 12.3± 0.8 24.5± 0.6 50.3± 2.6∗∗ 68.4± 1.6
Isoq 527.8± 12.1 342.8± 7.6 610.7± 7.1 8.8± 0.8 26.7± 1.6 73.2± 1.5 54.9± 2.3
Eserine 0.005± 0.001 0.037± 0.003 — — — — —

Kojic ac. — — 6.5± 0.5 — — — —

EGC — — — 97.9± 0.8 — — —

Orlistat — — — — 0.016± 0.02 — —

Acarbose — — — — — 67.5± 1.5 49.7± 2.1
Values are expressed as the mean (μg/mL), IC50, and percentage ± SEM of experiments performed in triplicate. ∗∗∗P < 0 001 when comparing the treatment
groups with the acarbose control groups, epigallocatechin (EGC). ∗∗P < 0 01 compared with the catechin group versus the rutin, isoquercetin, and control
groups (acarbose). ∗∗∗P < 0 001 compared with the EEHS group versus the rutin, catechin, isoquercetin, and control groups (eserine, kojic acid, ECG:
epigallocatechin, orlistat, or acarbose).
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Figure 3: Oral glucose tolerance test in normoglycemic Wistar rats
subjected to treatment with the control and ethanolic extract of
Hancornia speciosa leaves (EEHS) at 200 and 400mg/kg. Times
assessed: 0, 30, 60, 120, and 180min. Values are expressed as the
mean± SEM, n = 5. ∗∗P < 0 01 and ∗P < 0 05 when comparing
treatment groups with the control group.
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In addition to those activities, tyrosinase also plays an
enzymatic role in fruit and vegetable browning and skin
hyperpigmentation [89]. Accordingly, tyrosinase inhibitors
are mainly used as chemical agents to reduce food browning
and human skin hyperpigmentation [90, 91]. Although
melanogenesis is mainly responsible for skin coloration and
the protection of skin against sun-related lesions, abnormal
skin hyperpigmentation causes serious esthetic problems
[92]. Kojic acid, a chemical product commonly used for skin
whitening, has health adverse effects, including cytotoxic and
mutagenic effects [93]. Therefore, compounds derived from
natural products have become the alternative to those
products, including flavonoids, which have stood out as
inhibitors of this enzyme. Flavonoids are used to suppress

melanogenesis in dermatological diseases associated with
skin hyperpigmentation [94]. The assessment of tyrosinase
inhibition by the EEHS and flavonoids observed in this study
may be related to direct interaction with tyrosinase because
flavonoids, including the derivative quercetin, interact with
the enzyme forming a flavonoid-copper-enzyme complex,
according to Kim et al. [90].

In addition to neurodegenerative diseases and skin hyper-
pigmentation, inflammatory processes are also involved in
the origin of other diseases [75].

In this context, H. speciosa has been used in traditional
medicine to treat inflammatory diseases [95]. In vitro and
in vivo studies with extracts from the plant and flavonoids
isolated from its extracts have shown anti-inflammatory
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Figure 4: Glycemic curve without glucose overload in diabetic Wistar rats subjected to acute (a) and chronic (b) treatments with the control,
EEHS (200mg/kg) and metformin (MET, 120mg/kg). Times tested: 0, 30, 60, 120, and 180min. Values are expressed as the mean± SEM,
n = 5. ∗∗P < 0 01 and ∗P < 0 05 when comparing treatment groups with the control group.
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activity through various mechanisms, including the
inhibition of the enzymes nitric oxide synthase (iNOS)
and cyclooxygenase-2 (COX-2), the proinflammatory
transcriptional factor NF-κB, and the inflammatory cyto-
kines interleukin 6 (IL-6) and tumor necrosis factor alpha
(TNF-α) [5, 6, 96–98].

Many commercially available anti-inflammatory drugs
have harmful side effects. Therefore, the search for new ther-
apies is extremely important [98]. Hyaluronidase-inhibiting
compounds may be used as anti-inflammatory drugs [99].
The hyaluronidase enzymatic activity not only promotes
chemokine and cytokine induction but may also degrade
hyaluronic acid [99, 100]. Studies show that the high-
molecular-weight hyaluronic acid has an anti-inflammatory
activity, whereas its low-molecular-weight degradation
products are potent proinflammatory molecules [101].
Hyaluronic acid is the main component of the extracellular
matrix and is considered one of the main molecules involved
in the tissue regeneration process. The activity of hyaluronic
acid and its degradation products have been related to
inflammation, cell migration, and angiogenesis through
modulation of specific receptors [102]. Some of the conse-
quences of hyaluronic acid degradation resulting from the
activity of the enzyme hyaluronidase are bone loss, inflam-
mation, and pain [103].

Another diseased related to inflammation is obesity
[104]. Obesity is defined as excess weight [105]. Some of
the drug alternatives to treat obesity are related to the inhibi-
tion of enzymes involved in fat digestion and absorption
[106]. Dietary fat digestion is necessary for its absorption,
and such a process occurs through lipid hydrolysis resulting
from lipase activity, thereby releasing fatty acids and glycerol
[107]. The inhibition of pancreatic lipase, the main enzyme
responsible for triglyceride digestion, is a strategy to reduce
fat absorption and control weight that may decrease obesity
[19]. In this context, many medicinal plants and phenolic
derivatives have lipase-inhibiting activity [16–19]. H. spe-
ciosa is commonly used to treat obesity [108], and in this
study, the EEHS showed higher lipase-inhibiting activity in
the pancreas than flavonoids and a lower activity to orlistat,
a potent commercial inhibitor of this enzyme. These results
suggest that the EEHS and the flavonoids tested in this study
promote interaction with the lipase enzyme because, as
reported by a study, flavonoids, including rutin and quercetin
derivatives, interact with lipase forming a flavonoid-enzyme
complex, primarily through hydrophobic and hydrophilic
bonds, thereby decreasing or inhibiting the activity of the
enzyme [109].

Furthermore, obese patients have a high risk of develop-
ing diseases, including type 2 diabetes, the most prevalent
form of the disease [105, 110]. Type 2 diabetes mellitus is a
complex metabolic disease characterized by hyperglycemia
resulting from increased insulin resistance [111, 112].

Decreasing postprandial hyperglycemia in patients with
type 2 diabetes has been considered the most common
therapeutic approach for disease control. Furthermore, this
treatment reduces the risk of developing comorbidities and
complications, including oxidative stress, obesity, and
cardiovascular diseases [113]. This decrease may be achieved

by inhibiting the enzymes involved in dietary glucose release,
including the enzymes α-amylase and α-glucosidase [107].
Pancreatic α-amylase breaks down starch molecules [114],
and intestinal α-glucosidase catalyzes the final step of the
digestion of starch and disaccharides into glucose for absorp-
tion [115]. Therefore, α-amylase and α-glucosidase inhibitors
decrease the postprandial blood glucose levels of diabetic
patients [116].

Accordingly, the EEHS, rutin, catechin, and isoquercetin
inhibit the enzyme α-amylase, and the enzyme-inhibiting
activities of the EEHS and catechin are higher than that of
the commercial drug acarbose. The EEHS, rutin, catechin,
and isoquercetin also showed α-glucosidase-inhibiting
activity, although only the EEHS-induced α-glucosidase-
inhibiting activity was higher than that of acarbose. Thus,
these results demonstrate the high antidiabetic potential of
the extracts and flavonoids tested because they had higher
inhibitory activities than the commercial drug sold to treat
diabetes. In addition, previous studies with ethanolic leaf
extracts from H. speciosa and the flavonoid rutin, the main
compound present in the EEHS that was tested in this study,
have reported α-glucosidase-inhibiting activity as well as
in vitro and in vivo control of the blood glucose levels [11].
Thus, the EEHS-induced α-amylase and α-glucosidase
inhibition is a possible mechanism for the reduction of blood
glucose levels by the EEHS in animals subjected to glucose
overload because diabetic animals showed no improvement
in the insulin sensitivity of these animals when compared
with treatment with the insulin sensitizer metformin. There-
fore, the in vitro and in vivo findings of this study confirm the
role of the EEHS in controlling postprandial hyperglycemia.

Taken together, the results ensure the microbiological
quality and safety of H. speciosa leaves, and carotenoids
and polyunsaturated fatty acids in the leaves were also iden-
tified. In addition, the antioxidant, antimutagenic, anti-
inflammatory, anti-Alzheimer’s disease, anti-Parkinson’s
disease, antiobesity, and antihyperglycemic activities of the
EEHS were identified.
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Syzygium cumini (L.) Skeels has been reported to exert anti-inflammatory and cardiometabolic activities due to its high content of
polyphenols. We characterized the chemical composition and assessed the antidiabetic effects of a novel polyphenol-rich extract
(PESc) obtained from S. cumini leaf. Rats were injected with alloxan (150mg/kg, ip, ALX group) and followed up for 7 days.
Some were orally treated with PESc (50mg/kg/day) for 7 days before and after diabetes induction (ALX-PP) or only for 7 days
after alloxan injection (ALX-P). ALX-P and ALX-PP decreased fasting glycemia in 37 and 43%, respectively, as compared to
ALX. Triglycerides and total cholesterol serum levels were also significantly reduced in comparison to ALX. PESc presented
high polyphenol concentration (71.78± 8.57 GAE/100 g), with flavonoid content of 8.21± 0.42 QE/100 g. Upon HPLC-MS/MS
and MS/MS studies, five main polyphenols—gallic acid, quercetin, myricetin, and its derivatives—were identified. Myricetin was
predominant (192.70± 16.50μg/mg PESc), followed by measurable amounts of gallic acid (11.15± 0.90μg/mg PESc) and
quercetin (4.72± 0.06μg/mg PESc). Kinetic assessment of total antioxidant capacity revealed PESc high potency, since
maximum response was reached within 5min reaction time in a concentration-dependent manner. Specific antioxidant activity
of PESc was assessed against both DPPH• and ABTS•+, showing strong activity (IC50: 3.88± 1.09 and 5.98± 1.19 μg/mL, resp.).
PESc also inhibited lipoxygenase activity (IC50: 27.63± 8.47), confirming its antioxidant activity also on biologically relevant
radicals. Finally, PESc induced insulin secretion by directly stimulating INS-1E β cells in the absence of any cytotoxic effect.
Overall, our results support that PESc is a potent antioxidant phytocomplex with potential pharmacological use as a preventive
antidiabetic natural product.

1. Introduction

Hyperglycemia induces oxidative stress by producing
mitochondrial dysfunction and stress of the endoplasmic
reticulum. Oxidative stress, in turn, is involved in the devel-
opment and progression of type 1 diabetes [1]. Reactive oxy-
gen species cause endothelial lesions that are of fundamental

importance for macro- and microvesicular complications of
diabetes. In addition, oxidative stress also causes damage to
pancreatic β cells by activating the autoimmune response
in genetically susceptible individuals [2]. Exogenous antiox-
idants obtained from medicinal plants can neutralize such
reactive species and, consequently, their deleterious effects
evidenced in diabetes [3].
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Syzygium cumini (L.) Skeels (S. cumini) is a tree from the
Indian subcontinent [4] that was brought to Western coun-
tries in the mid-nineteenth century, where it started to be
used as antidiabetic agent even before the discovery of insulin
[5]. This plant species is denominated with a variety of names,
Syzygium jambolanum (Lam.) DC, Eugenia jambolana Lam.,
Eugenia cumini (L.) Druce, andMyrtus cumini L., and widely
spread in several countries, including Brazil. It is popularly
known as jambolão, jambolan, java plum, black plum, Indian
blackberry, jaman, jambu, and jambul [6].

Polyphenols are phytochemicals that have been reported
to exert healthy benefits [7]. Epidemiological studies show
that consuming polyphenol-rich diets is inversely associated
with the development of cardiometabolic and neurodegener-
ative diseases, as well as cancer [8]. S. cumini is phytochemi-
cally composed of compounds such as hydrolysable tannins,
flavonoids, anthocyanins, terpenes, and aliphatic acids [6].
Different parts of S. cumini have different compositions but
all share a high content of polyphenols [9]. Both fruit and
flowers are enriched in anthocyanins as cyanidin, delphini-
din, peonidin, pelargonidin, petunidin, and malvidin [10].
The seed contains rutin and quercetin, and leaves have
important secondary metabolites such as kaempferol, quer-
cetin, myricetin, and their glycosides [3].

Many important biological activities have been described
for S. cumini such as hypoglycemic, hypolipidemic, anti-
inflammatory, cardioprotective, antibacterial, hepatoprotec-
tive, antineoplastic, and antiallergic activities [6, 9]. In fact,
a significant antihyperglycemic activity in patients adminis-
tered with S. cumini leaf extract has been previously reported,
with this effect being ascribed to the inhibition of the adeno-
sine deaminase protein [11]. Our group reported that S.
cumini has a variety of polyphenols, including flavonoids,
phenolic acids, and tannins, widely distributed in different
parts of the plant being potentially protective against cardio-
metabolic diseases [3]. More recently, we showed that the
hydroethanolic extract of S. cumini leaf improved the meta-
bolic profile of monosodium L-glutamate- (MSG-) induced
obese rats, especially by reverting triglyceride accumulation
in both liver and serum [12].

Evidence in the literature suggests that the antihypergly-
cemic activity of S. cumini can be attributed to the antioxi-
dant properties of flavonoids such as quercetin and rutin,
which have been identified in S. cumini leaf [9]. Thus, in
the present report, we took advantage of alloxan-induced
diabetic rats, a well-known oxidative stress animal model
[13], to characterize the antidiabetic effects of a novel
polyphenol-rich extract from S. cumini leaf (PESc). Further-
more, main compounds within the enriched extract were
identified and chemically characterized as an attempt to
correlate them with PESc antioxidant activity in vitro and
its insulinagogue actions.

2. Materials and Methods

2.1. Chemical Reagents. All reagents and solvents were of
analytical grade. The DPPH• (2,2-diphenyl-1-picryl-hydra-
zyl-1), ABTS•+ (2,2′-azinobis-(3-ethylbenzthiazoline sulfonic
acid-6)), quercetin, gallic acid, potassium ferricyanide, ferric

chloride, sodium dodecyl sulfate, and hydrochloric acid were
obtained from Sigma Chemical Co. (St. Louis, MO, USA).
Formic acid and acetonitrile were purchased from Merck
(Darmstadt, Germany). Any other solvent used was of
HPLC grade.

2.2. Botanical Material. Leaves from S. cumini plants were
collected during September 2012 from specimens located at
the campus of the Federal University of Maranhão (São Luís,
Maranhão, Brazil). An exsiccated sample of the plant species
was identified and stored at the Herbarium of Maranhão
(MAR) under the register number 4574.

2.3. Sample Preparation. Preparation of the polyphenolic-
rich extract (PESc) was performed as previously described
with modifications [14]. Briefly, 300 g of powdered dried
leaves was extracted by maceration with ethanol : water
(70 : 30, v/v) under constant stirring at 25°C and filtered after
24 hours. This procedure was repeated twice, totaling three
extractions. Extracts were then combined and centrifuged
at 3500 rpm for 10 minutes at room temperature. The super-
natant was concentrated in a rotary evaporator at 38°C to
obtain the hydroethanolic extract (HESc). HESc was parti-
tioned with chloroform (1 : 1 v/v; 3x), with subsequent parti-
tion of the aqueous phase with ethyl acetate (1: 1 v/v; 3x). The
ethyl acetate fraction was concentrated under vacuum and
lyophilized, yielding a polyphenol-enriched extract (PESc).

2.4. In Vivo Model of Alloxan-Induced Diabetes. To perform
in vivo studies using the PESc, male Wistar Hannover rats
(Rattus norvegicus) of 60 days were used. Rats were hosted
in polypropylene boxes, in a maximum of 5 animals per
box, maintained at 21± 2°C, 12h light/dark cycles with food
and water ad libitum. After adaptation to these conditions
for a week, rats were randomly divided into three groups,
and at day 7, all of them received a single ip injection of
alloxan (150mg/kg; Sigma Chem. Co., St. Louis, USA) after
12 hours of fast to induce diabetes [13, 15]. To prevent a fatal
hypoglycemic state due to a fast release of insulin, the ani-
mals received 10% glucose in water for 12 h and food
included an hour after alloxan injection. The three groups
at day 7 were divided as follows: (i) ALX: rats who received
alloxan at day 7 and then did not receive any other treatment
than NaCl 0.9 g/L (1mL/kg/d, n = 9); (ii) ALX-P: rats who
received alloxan at day 7 and then 50mg/kg/d PESc by
gavage (n = 14) until the animals were euthanized; and (iii)
ALX-PP: rats who received from day 0 50mg/kg/day PESc
by gavage (n = 14) and continued receiving the extract after
the injection of alloxan. All the protocols used in this paper
were approved by the institutional Ethical Committee on
Animal Use (CEUA-UFMA), under ruling number 016/13.
During the 14 days of treatment, the rats were weighted every
day. Blood glucose levels were determined at days 1, 4, 7, 10,
and 14 after overnight fasting, and periphery blood was col-
lected by puncture of the caudal vein to determine glycemic
levels using a blood glucose test strip (Accu-Chek Active,
Roche Diagnostics, Mannheim, Germany).

2.5. Analysis of Lipid Profile and Triglyceride/Glucose Ratio.
At day 14, the animals were overnight fasted and
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anesthetized and blood was collected from aorta puncture
and used for triglyceride (TG) and total cholesterol (TC)
determination. The serum levels of these lipids were deter-
mined by enzymatic commercial kits [16]. Insulin sensitiv-
ity was inferred by determining the triglyceride/glucose
index (TyG) in accordance with the following calculation:
TyG = Ln TG mg/dL × glucose mg/dL /2 [17].

2.6. Quantification of Total Phenols and Flavonoids. Total
phenolic content was determined as described elsewhere
[18]. Briefly, 100μL of PESc in 96% ethanol was mixed
with 630μL of deionized water, 20μL of HCl 1M,
150μL of 1% K3[Fe(CN)6], 50μL of 1% sodium dodecyl
sulfate (SDS), and 50μL of 0.2% FeCl3·6H2O. Samples
were vortexed and allowed to stand at room temperature
for 30 minutes. The polyphenol content of PESc was
determined by absorbance at 750nm using a UV-VIS
spectrophotometer (SP-2000 UV Spectrum); quantitation
was performed using a gallic acid calibration curve. Results
were expressed as gallic acid equivalents in grams per 100 g
of dry extract (GAE/100 g).

In addition, flavonoid concentration was determined
according to the previous method with modifications [19].
200μL of 1mg/mL samples in methanol was incubated with
5% aluminum chloride (1/1, v/v) and reached a final volume
of 2mL with methanol. The reaction mixture was incubated
for 30 minutes at room temperature and protected from
light. Flavonoids were determined spectrophotometrically
at 425nm in a UV-VIS spectrophotometer (SP-1105, Spec-
trum) and quantified using a calibration curve with querce-
tin. Results are expressed as quercetin equivalents per 100 g
of dry extract (QE/100 g). Both procedures were repeated at
least four times in separate experiments.

2.7. Isolation and Identification of Polyphenols by HPLC-MS/
MS. Chemical characterization of polyphenolic compounds
present in PESc was performed by HPLC-MS/MS analysis.
Polyphenols were separated using a quaternary pump HPLC
(Agilent 1260), and separation was performed in an analyti-
cal Phenomenex Luna C18 column (250× 4.6mm, 5μm).
Before the run, extracts were filtered (0.45μM, Millipore)
and dissolved in the same solvent used for extraction. The
solvent system consisted of H2O/0.1% formic acid (solvent
A) and acetonitrile/0.1% formic acid (solvent B) according
to the following elution gradient at 5% B (0–1min) and 5–
30% B (1–30min) and reequilibrated to initial conditions.
The flow rate was 1mL/min, and the column was maintained
at 35°C [20]. From PESc, different fractions were collected
and the solvent was evaporated and resuspended in methanol
for MS/MS characterization. Mass spectrometry chemical
characterization of polyphenols present in PESc was done
by using a triple quadrupole ion trap QTRAP 4500 (AB Sciex,
Framingham, MA). Samples were characterized in the nega-
tive mode with electrospray ionization (ESI) of the samples.
Using purified standards, parameters for each compound
were obtained by injecting samples at a flow rate of 10μL/
min, a declustering potential (DP) of −70 eV, and a desolva-
tion temperature of 350°C. For fragmentation analysis, the
collision energy (CE) used was between −25 and −37 eV.

HPLC-ESI-MS/MS of PESc was performed in the negative
ion mode using the multiple reaction monitoring (MRM)
scan mode. For LC-MS/MS experiments, the following
parameters were used at the mass spectrometer DP of
−100V, CE of −25 to −37 eV, and a desolvation temperature
of 550°C. The MRM transitions used were m/z 169/125 for
gallic acid; m/z 317/271, m/z 317/151, and m/z 317/179, for
myricetin; m/z 463/316, m/z 463/151, m/z 463/179, m/z
449/316, m/z 449/271, and m/z 449/179 for glycosylated
derivatives of myricetin; and 301/151 and m/z 301/179 for
quercetin [21, 22]. Analysis and processing of the obtained
data were performed using the Analyst 1.6.1 software
(Applied Biosystems, Framingham, MA).

2.8. Quantification of Main Polyphenols Identified in PESc.
Using standards of gallic acid, myricetin, and quercetin, cal-
ibration curves by HPLC-UV were made. Standards and
PESc separation and analysis were performed using a quater-
nary pump HPLC (Dionex UltiMate 3000) with an autosam-
pler and a diode array detector. Detection of the different
standards and the polyphenols present in PESc was done at
254 nm, 292nm, 354nm, and 375 nmwhile chromatographic
conditions were the same for LC-MS/MS studies. For quanti-
fication purposes, gallic acid and myricetin calibration curves
were done at 254nm while that of quercetin was quantified at
375 nm [23, 24].

2.9. Analysis of Antioxidant Activity

2.9.1. Scavenging of DPPH•. The antioxidant activity was
evaluated by incubating 100μL of PESc with 1900μL of a
methanolic solution of DPPH• (25μg/mL) leading to a final
extract concentration of 0.25–20μg/mL. The antioxidant
activity was measured spectrophotometrically at 515nm
[25]. DPPH•was prepared just before the beginning of exper-
iment and kept in an amber bottle. The percentage of inhibi-
tion was calculated according to

Inhibition =
A control –A sample

A control
× 100, 1

where A is the absorbance. IC50 (effective concentration for
50% inhibition of preformed radical) was determined by
nonlinear regression.

2.9.2. Scavenging of ABTS•+. The ABTS solution was prepared
in water and potassium persulfate and kept in the dark for 16
hours before testing for the complete oxidation of ABTS and
the generation of the highly stable chromophore cation radi-
cal 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS•+) [26]. The ABTS•+ solution was diluted with abso-
lute ethanol until the absorbance at 734nm reached 0.7
± 0.02. Readings were performed by reacting 1–20μg/mL of
PESc with the ABTS•+ solution. All studies were performed
at least in triplicate monitoring the decrease in absorbance
for 10min; results reported corresponded to the % of remain-
ing chromophores compared to conditions in the absence of
antioxidants. The IC50 values were determined as previously.

2.10. Analysis of Lipoxygenase Activity. Lipoxygenase (LOX)
activity was measured spectrophotometrically at 234nm
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[27]. The reaction was performed in 100mM borate buffer
pH9 at 25°C in the presence of 100μM arachidonic acid
(AA) prepared in 0.4% deoxycholate. The reaction was initi-
ated with the addition of AA to the enzyme, and the
increase in absorbance at 234nm was monitored for 5
minutes under continuous stirring against a blank sample.
Enzyme activity was determined from the initial linear
slope. To analyze the effects of PESc on LOX, either the
extract or the pure standards were added 2 minutes before
enzyme activity was initiated. In all cases, specific LOX
activity was determined by previously quantifying the
amount of protein used in each experiment. Protein con-
tent was determined spectrophotometrically at 595 nm
using the Bradford method, with BSA as standard [28].
The results shown were reported as the remaining specific
LOX activity compared to the condition in the absence of
extract or standard.

2.11. INS-1E β Cell Culture and Cell Proliferation Assay. INS-
1E β cells were cultured in a humidified atmosphere (95%)
containing 5% CO2 in complete RPMI 1640 medium
(Sigma-Aldrich, Canada). These were supplemented with
1mM sodium pyruvate, 50mM 2-mercaptoethanol, 1mM
L-glutamine, 5% inactivated fetal calf serum (HyClone,
Logan, UT), and 1U/mL and 1mg/mL of penicillin and strep-
tomycin, respectively (Sigma-Aldrich, Canada). To deter-
mine cell proliferation, INS-1E β cells were seeded at 2× 105
cells/well density and incubated with PESc at increasing con-
centrations (1–1000μg/mL) for 48 hours at 37°C. After the
incubation period, BrdU solution (10μM) was added for
another 4 hours. DNA incorporation by BrdU was measured
through colorimetric assay and carried out as per the manu-
facturer (Roche Diagnostics, Mannheim, Germany).

2.12. Glucose-Stimulated Insulin Secretion in INS-1E β Cells.
INS-1E β cells were cultured as the abovementioned. To
examine PESc effects on insulin secretion in vitro, a freshly
diluted and filtered PESc solution was incubated at 100 and
1000μg/mL for 4 hours in a 96-well plate seeded with
2× 105 cells/well INS-1E β cells at 37°C. The medium was
then washed twice with PBS and replaced by glucose-free
Krebs-Ringer bicarbonate HEPES (KRBH) buffer (135mM
NaCl, 3.6mM KCl, 5mM NaHCO3, 1.5mM CaCl2, 0.5mM
NaH2PO4, 0.5mM MgCl2, 1.5mM CaCl2, 10mM HEPES,
and 0.1% BSA, pH7.4) for 1 hour. Then, 2.8mM glucose
was added to KRBH for 30min, washed with PBS, and incu-
bated for 2 hours with 3.3 or 16.5mM glucose KRBH. Finally,
supernatants were collected and stored at −20°C until analy-
sis. Insulin was measured with an ultrasensitive rat insulin
ELISA kit and all procedures carried out as per the manufac-
turer (Crystal Chem Inc., USA).

2.13. Statistical Analysis. The results were expressed as mean
± standard error of the means with values of at least three
independent experiments and analyzed with GraphPad
Prism® (version 5.0). Statistical analyses were performed
by Student’s t-test or analysis of variance (ANOVA)
followed by Tukey posttest. Differences were significant
when p ≤ 0 05.

3. Results

3.1. PESc Reduction of Alloxan-Induced Hyperglycemia. We
evaluated the protective effects of PESc in an in vivo oxidative
stress-induced diabetic rat model (Figure 1). Diabetic state
was induced by the oxidative environment exerted by the ip
injection of alloxan at day 7 [13]. When animals were
weighted, rats who received PESc from day 0 (ALX-PP)
showed body weight loss from 350.10± 7.48 g to 325±
7.69 g before alloxan injection at day 7 (Figure 1(a)). Neither
ALX nor ALX-P groups showed a decrease in body weight
during the first 7 days (Figure 1(a)). Importantly, glycemia
was lower at days 4 and 7 in ALX-PP as compared to ALX
and ALX-P, suggesting a hypoglycemic activity of the extract
(Figure 1(b)). As expected, alloxan promoted body weight
loss on all groups, though ALX-PP data suggest a lower slope
of body weight decrease when compared to the other two
groups (Figure 1(a)). Upon alloxan administration, fasting
glucose levels measured in ALX rats at day 14 were 3.5-fold
higher than those at day 7 (346.33± 27.89mg/dL versus
98.22± 4.66mg/dL, Figure 1(b)). For groups receiving PESc,
fasting glucose levels verified at day 14 were strongly
decreased in 37% for ALX-P and 43% for the ALX-PP group,
as compared to the ALX group (221.64± 38.30mg/dL for
ALX-P and 197.92± 38.54mg/dL for ALX-PP, Figure 1(b)).

3.2. PESc Prevents Insulin Resistance on Alloxan-Treated
Rats. Administration of PESc lowered serum TG levels,
reaching a maximum decrease of 63% on ALX-PP and 49%
in ALX-P when compared to ALX (Figure 1(c)). Similar
effects were observed for TC determinations which were
reduced from 47.18± 7.97mg/dL on ALX rats to 29.10±
3.09mg/dL and 29.96± 3.53mg/dL on ALX-P and ALX-PP,
respectively (Figure 1(d)). Using fasting glucose and TC
levels at day 14, we calculated the TyG index, which sug-
gested decreased hepatic insulin resistance in ALX-P and
ALX-PP, since TyG values were significantly reduced by
18% and 23%, respectively.

3.3. Total Antioxidant Capacity of PESc. Levels of polyphe-
nols and flavonoids in PESc were determined spectrophoto-
metrically, reaching values of 71.78± 8.57 GAE/100 g and
8.21± 0.42 QE/100 g, respectively. Due to the observed pro-
tection in an oxidative stress-mediated model of pancreatic
damage, we next analyzed the total antioxidant potency of
PESc by using the DPPH• method (Figure 2). Since PESc
reached the maximum scavenging effect before 5 minutes, it
can be considered as having high antioxidant potency, with
a concentration-dependent effect (Figure 2).

3.4. Identification of Polyphenols by HPLC-MS/MS. Once
antioxidant capacity was verified, we moved to the chem-
ical identification and characterization of compounds pres-
ent in PESc which could be responsible for such activity
(Figure 3). Figure 3(a) shows the chromatographic elution
profile of PESc with MS/MS detection. We were able to
isolate, collect, and identify five peaks (named 1 to 5)
whose structure and identity were obtained by mass spec-
trometry studies (Figures 3(b)–3(f)). MS/MS spectra of
peak 1 showed the presence of the molecular negative
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Figure 1: Effects of PESc in an in vivo diabetic model. Male Wistar rats (black squares, ALX, n = 9) were treated with PESc (50mg/kg/
d) from day 7 (blue squares, ALX-P, n = 14) or from day 0 (red triangles, ALX-PP, n = 14). At day 7, all animals received an injection
of alloxan (150mg/kg, ip) to induce diabetes as explained in the Materials and Methods section. During the experimental procedures,
changes in body weight (a), serum blood glucose (b), triglycerides (c), and total cholesterol (d) levels were determined. In addition, the
TyG index (e) was obtained from data in (c) and (d). Results shown correspond to the mean± SEM; ∗p < 0 05 versus ALX and #p < 0 05
versus ALX-P.
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Figure 2: Kinetics of DPPH. radical consumption after addition of polyphenol-rich extract (PESc). PESc (0.62–5μg/mL) was incubated with
DPPH. and the reaction monitored for 10 minutes to determine the maximum antioxidant activity. After 5 minutes, maximal effect was
reached at all the concentrations tested as shown by the vertical dashed line.
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Figure 3: Continued.

6 Oxidative Medicine and Cellular Longevity



ion ([M–H]−; m/z 169) which fragmented into an ion of
m/z 125 (Figure 3(b)), characteristic of gallic acid [29].
The spectrum obtained was identical to the one obtained
using a pure standard of gallic acid (not shown). Peaks 2
and 3, in accordance to their MS/MS spectra, were sug-
gested to be myricetin derivatives (Figures 3(c) and 3(d)).
Peak 2 exhibited a [M–H]− of m/z 449 with a fragmenta-
tion pattern accordingly to myricetin-3-α-arabinopyrano-
side mainly formed by the presence of m/z 317, m/z 271,
and m/z 179 ions (Figure 3(c)). The MS/MS spectrum
presented in Figure 3(d) exhibited a [M–H]− of m/z 463
which suggested the presence of myricetin deoxyhexoside
whose aglycone has been detected from the fragment of
m/z 317 [21]. Comparing with the available standard, peak
4 corresponded to myricetin due to its chromatographic
retention time in addition to the MS/MS analysis (m/z
317 and fragments with m/z 179 and m/z 151;
Figure 3(e)). The final compound characterized was quer-
cetin, whose spectra presented a [M–H]− of m/z 301 and
fragments of m/z 179 and m/z 151 (Figure 3(f)). Finally,
we quantified gallic acid, myricetin, and quercetin in PESc
(Table 1). Myricetin was the most abundant flavonoid,
accounting for nearly 20% of total PESc mass. Altogether,
these data characterize the polyphenol content of PESc
with abundancy of myricetin, gallic acid, and quercetin.

3.5. Antioxidant Activity of the Polyphenolic Compounds of
PESc. Since PESc is rich in myricetin and other flavonoids,
we next analyzed the antioxidant activity of PESc in compar-
ison to gallic acid, myricetin, and quercetin standards by
using DPPH• (Figure 4(a)) and ABTS•+ (Figure 4(b)) assays.
As previously determined, antioxidant reactions were
followed for up to five minutes. For the DPPH•method, PESc
showed an IC50 similar to that measured for quercetin and
gallic acid and two times lower than that for myricetin
(Figure 4(c)). Using the ABTS method (Figure 4(b)), PESc
presented an antioxidant activity at least ten times lower than
pure standards (Figure 4(c)).

3.6. Inhibition of 12/15 Lipoxygenase Activity. LOX is a
biologically relevant enzyme widely present in plants and
mammals that catalyzes the oxidation of unsaturated fatty
acids, that is, AA and linoleic acid. By following changes in
absorbance at 234nm, we analyzed the capacity of either
PESc and/or the standards to inhibit 12/15 LOX activity
(Figure 5). Both myricetin (Figure 5(a)) and PESc
(Figure 5(b)) were able to inhibit 12/15 LOX activity in a
concentration-dependent manner in a process that was
enhanced by the supplementation of PESc with myricetin
(Figures 5(b) and 5(c)). Neither gallic acid nor quercetin
inhibited 12/15 LOX activity (data not shown).
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Figure 3: LC-MS/MS analysis of PESc polyphenol content. RP-HPLC-MS/MS chromatographic profile of PESc (a) was obtained. PESc was
analyzed by MS/MS using the MRM method. Gallic acid was detected by using m/z 169/125, m/z 169/97, and m/z 169/79. For myricetin,
MRM transitions corresponded to m/z 317/271, m/z 317/151, and m/z 317/179 while for glycosylated forms of myricetin m/z 449/316, m/
z 449/271, and m/z 449/179. Finally, quercetin was followed by the m/z 301/151 and m/z 301/179. Chemical identification of the structure
of the compounds present in PESc was analyzed by mass spectrometry. Representative structures and fragmentation patters of gallic acid
(b); myricetin-3-α-arabinopyranoside (c), myricetin deoxyhexoside (d), myricetin (e), and quercetin (f) are shown. Data is representative
of at least three independent experiments.
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3.7. Cell Proliferation and Insulin Secretion. Due to the bene-
ficial effects of PESc on alloxan-induced diabetes and its
potent antioxidant activity, we determined whether this
extract would have any effect on in vitro INS-1E β cell culture
proliferation and insulin secretion. After 48 hours of incuba-
tion, PESc did not compromise cell proliferation up to
100μg/mL, as measured by BrdU incorporation to DNA
(Figure 6(a)). At 1000μg/mL, PESc incubation abolished cell
proliferation probably due to an extremely high concentra-
tion. Importantly, acute incubation of 100μg/mL PESc
induced a 4-fold increase in basal insulin secretion and a 2-
fold increase in 16.7mM glucose-stimulated insulin secretion
(Figure 6(b)). Altogether, these results provide evidence that
the positive effects of PESc seen in vivo are not only due to its
antioxidant capacity, but may also be a consequence of
increased insulin secretion by β cells.

4. Discussion

The present study strengthens the chemical and pharmaco-
logical knowledge of the phytochemical composition of S.
cumini leaf as well as its applicability in complementary
management of cardiometabolic disorders. Data herein
described show that PESc, a novel polyphenol-rich extract

prepared from S. cumini leaf, presented a protective effect
on a model of oxidative stress-induced diabetes. These
effects were possibly due to PESc potent antioxidant capac-
ity, demonstrated by a prominent ability to scavenge DPPH•

and more importantly to inhibit the biologically relevant
12/15 LOX enzyme. Chemical characterization evidenced
abundance of gallic acid, quercetin, and myricetin deriva-
tives. Moreover, PESc induced insulin secretion by INS-
1E β cells, without affecting cell proliferation at potentially
therapeutic concentrations.

Alloxan produces a diabetic state through the accumula-
tion of reactive oxygen species on pancreatic β cells causing
detrimental effects since β cells have incipient antioxidant
defense [13]. Upon alloxan injection, all rats presented a
marked increase in fasting serum glucose levels consequent
to the pancreatic oxidative damage. However, rats from
ALX-P and ALX-PP groups had significantly lower increases
than those from the ALX group, depicting the ability of PESc
to attenuate alloxan-induced diabetes regardless of when
PESc was administered. Accordingly, PESc administration
reduced fasting serum levels of TG and TC in both ALX-P
and ALX-PP groups, an effect further assessed by the
improved hepatic insulin sensitivity inferred from TyG index
calculation. These findings are in line with our previous
report of the dual effect of a hydroethanolic extract from S.
cumini leaf on insulin secretion and peripheral insulin sensi-
tivity of MSG-obese rats [12]. Studies carried out with S.
cumini seed extract in HepG2 cells [14] and liver from
streptozotocin-induced diabetic rats [30] showed hypolipid-
emic effects, which were attributed to increased PPARγ activ-
ity and expression. Importantly, myricetin, a flavonoid
widely distributed through S. cumini tree, has been shown
to improve insulin sensitivity [31] and promote hepatic lipid
oxidation by increasing PPARα expression in the liver [32].
Nevertheless, the protective effect of PESc could also come
from a direct improvement of cellular redox balance, similar
to the islet-regenerative potential shown for a purified frac-
tion of S. cumini seeds in streptozotocin-induced diabetic
mice [33]. Therefore, here we showed that acute PESc admin-
istration before or after diabetes induction was sufficient to
attenuate diabetic state.

To investigate whether PESc in vivo effects were due to its
antioxidant activities, we first characterized PESc polypheno-
lic content. PESc presented a polyphenol content 3-fold
higher than that of HESc [12] and virtually even higher than
those reported for different extracts prepared from S. cumini
seeds [34]. In fact, values reported by Arun et al. [34] may be
overestimated, since they were obtained using the Folin-
Ciocalteu method, which also quantifies nonphenolic com-
pounds such as aromatic amino acids, sugars, ascorbic acid,
and organic acids, the reason why it is no longer advised
for total phenol quantification [18]. LC-MS/MS studies of
PESc allowed us to identify and quantitate the com-
pounds gallic acid, myricetin, and quercetin, showing that
approximately 30% of PESc total mass was made of these
three compounds. As expected for an RP chromatogra-
phy, gallic acid eluted first whereas quercetin was the last
compound to elute from the column, explained by different
polarities between compounds [35].

Table 1: Quantification of main polyphenols identified in PESc.

Compounds Structure
μg/mg of
PESc

Gallic acid
OH

CH2

HO

HO
OH

11.15± 0.90

Myricetin OHO

OH O

OH

OH

OH

OH 192.70± 16.50

Quercetin OHO

OH O

OH

OH

OH

4.72 ± 0.06

Gallic acid (AUC254nm = 624.40 [GA] + 17.25), myricetin (AUC254nm = 132.90
[MYR] + 26.34), and quercetin (AUC375nm = 1110.10 [QUER]− 36.42) were
quantified by HPLC-UV. The retention times for those peaks used for
quantitation purposes for each compound were previously identified by MS/
MS as shown in Figure 3. Results are reported per mg of PESc and
correspond to the mean ± SD from three different batches.
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Antioxidant capacity of S. cumini leaf has been for-
merly shown for hydroethanolic [12] and aqueous [36]
extracts, whereas PESc apparently present higher capacity.
Both quercetin and gallic acid showed similar scavenging
capacity of DPPH• compared to the extract, while myrice-
tin presented higher IC50. The low IC50 found for PESc on
DPPH• assay corroborates the novelty of PESc, since there
is no data on literature describing such results for a S.
cumini extract. In fact, PESc scavenging capacity is at least
three times higher than those described in different reports
[37, 38]. For ABTS•+ assay, the standards showed a stron-
ger antioxidant activity when compared to PESc. Despite
this, as far as we know, PESc showed the lowest IC50
against ABTS•+ for a S. cumini extract described thus far
[39, 40]. ABTS•+ is reactive through both hydrophilic
and hydrophobic radicals while DPPH• assay is performed
in organic solvents where hydrophobic radicals reduce the
radical [41]. As expressed before for their chromatographic
behavior, polarity of the tested polyphenols is different,
supporting the distinct lipophilicity and reactivity of the
compounds present in PESc [36]. In addition, it has been
reported that flavonoids exert different antioxidant proper-
ties due to the localization of hydroxyl groups at C-3 and
C-3′ on flavonoid B ring [42]. Steric impediments were

also suggested to impact the reactivity of gallic acid, quer-
cetin, and myricetin with different oxidant models [42],
which can also explain the different activities seen against
DPPH• and ABTS•+.

Since our antioxidant capacity studies used nonbiologi-
cally relevant oxidants, we next decided to assess PESc action
on the enzymatic lipid-derived oxidation of AA by 12/15
LOX, whose signaling pathway encompasses a variety of cel-
lular pro- and anti-inflammatory mediators, such as hydro-
peroxyeicosatetraenoic or hydroxyeicosatetraenoic acids,
leukotrienes, and lipoxins [43]. Moreover, the catalytic
mechanism of AA oxidation by LOX involves the formation
of a lipid-derived radical, which can be sequestered or
reduced by the biologically active polyphenols present in
PESc. PESc could concentration-dependently inhibit LOX
activity, an effect further enhanced upon addition of 0.5μg/
mL myricetin, leading to a 35% reduction in IC50. A similar
additive effect for quercetin supplementation was obtained
only at concentrations 20-fold higher than that used for myr-
icetin (data not shown). Moreover, gallic acid was unable to
exert inhibition of enzymatic activity (data not shown). Thus,
PESc inhibition of 12/15 LOX improves our understanding
on the mechanisms of action of both extract and its constitu-
ent polyphenolic compounds.
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Figure 4: Antioxidant activity of PESc. The antioxidant capacity of PESc as well as the pure standards was determined by using DPPH (a) and
ABTS (b) assays. In both cases, the concentration of extract or fractions leading to a decrease of 50% of initial activity (IC50) was determined
(c). Data shown are representative of at least three independent experiments, performed by triplicate for each condition, and expressed as the
mean± SEM.
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Figure 6: Cell proliferation and insulin release induced by PESc. Cell proliferation was determined by BrdU incorporation to DNA, whereas
insulin levels were determined by commercial ELISA kit—both described in the Materials and Methods section. (a) Cell proliferation after 48
hours of incubation with or w/o PESc. Results expressed as relative to w/o PESc condition. (A) p < 0 05 versus w/o PESc and (B) p < 0 05
versus all. n = 9 per group. (b) Glucose-stimulated insulin secretion (GSIS) in INS-1E insulinoma cells incubated with 100 or 1000μg/mL
PESc for 4 hours at 37°C. (A) p < 0 05 versus w/o PESc; (B) p < 0 05 versus PESc 100μg/mL; (C) p < 0 05 versus PESc 1000μg/mL. n = 8
per group. All data were analyzed by one-way ANOVA followed by Tukey posttest and presented as mean± SEM.
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Figure 5: Inhibition of LOX by PESc. Lipoxygenase activity was followed by formation of conjugated dienes at 234 nm
(ε= 2.5× 10−4M−1·cm−1). Activity was determined from the initial linear slope of changes in absorbance. Enzyme protein concentration
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Given the beneficial effects of PESc on an oxidative stress-
induced diabetes model, coupled with its antioxidant activi-
ties in vitro, we sought to further understand the extract’s
effect on β cell culture. Importantly, PESc did not interfere
with cell proliferation up to 100μg/mL, while promoting a
potent insulinagogue effect, at both basal and glucose-
stimulated conditions. These effects support the restoration
of islet architecture, as well as the glucose-insulin axis seen
on ALX-P and most evidently on ALX-PP animals, compara-
ble to effects described for S. cumini seed extract on
streptozotocin-induced diabetic mice [33]. In addition, it is
known that 12/15 LOX is highly relevant in β cell insulin
secretion, both at physiologic [44] and diabetic conditions
[45]. Thus, by inhibiting 12/15 LOX, PESc might improve
insulin secretion directly on β cells, even though other mech-
anisms cannot be ruled out. Notwithstanding, 12/15 LOX is
also relevant in a broader setting of cardiovascular disease,
for instance by promoting thrombus formation in vivo [46],
which enlarges PESc potentiality as an interesting new tool
to treat and prevent thromboembolic outcomes associated
to metabolic disorders.

5. Conclusions

In conclusion, our study showed the in vitro and in vivo anti-
oxidant activities of PESc obtained from S. cumini leaf in
addition to the chemical characterization and identification
of its main polyphenolic compounds, which could be respon-
sible for the observed actions. Our findings support that myr-
icetin, quercetin, and gallic acid compose a phytocomplex,
with poorly understood synergistic mechanisms of action.
Nevertheless, the strong attenuation of oxidative stress-
derived metabolic outcomes observed in vivo using such a
low dose of PESc definitely reinforces the potential use of this
novel polyphenol-enriched extract from S. cumini leaf as a
source of antidiabetic natural products.
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Sulforaphane (SFN), a compound derived from cruciferous vegetables that has been shown to be safe and nontoxic, with minimal/
no side effects, has been extensively studied due to its numerous bioactivities, such as anticancer and antioxidant activities. SFN
exerts its anticancer effects by modulating key signaling pathways and genes involved in the induction of apoptosis, cell cycle
arrest, and inhibition of angiogenesis. SFN also upregulates a series of cytoprotective genes by activating nuclear factor
erythroid-2- (NF-E2-) related factor 2 (Nrf2), a critical transcription factor activated in response to oxidative stress; Nrf2
activation is also involved in the cancer-preventive effects of SFN. Accumulating evidence supports that epigenetic modification
is an important factor in carcinogenesis and cancer progression, as epigenetic alterations often contribute to the inhibition of
tumor-suppressor genes and the activation of oncogenes, which enables cells to acquire cancer-promoting properties. Studies on
the mechanisms underlying the anticancer effects of SFN have shown that SFN can reverse such epigenetic alterations in cancers
by targeting DNA methyltransferases (DNMTs), histone deacetyltransferases (HDACs), and noncoding RNAs. Therefore, in this
review, we will discuss the anticancer activities of SFN and its mechanisms, with a particular emphasis on epigenetic
modifications, including epigenetic reactivation of Nrf2.

1. Introduction

Numerous studies have suggested that high dietary intake of
cruciferous vegetables is correlated with a low risk of cancer
[1]. The anticancer activity of cruciferous vegetables has been
mainly attributed to isothiocyanates, which are a product of
myrosinase-mediated glucosinolate degradation. Sulforaph-
ane (SFN) is a naturally occurring isothiocyanate derived
from the consumption of cruciferous vegetables, such as
broccoli, cabbage, and kale. Because of its efficacy, safety,
nontoxicity, lack of side effects, and low cost, bioactive SFN
is widely recognized as a promising chemopreventive agent
with effects against many kinds of cancers, such as cervical
[2], breast [3], and bladder cancer [4]; renal cell carcinoma
(RCC) [5]; non-small-cell lung cancer (NSCLC) [6]; and
colon and prostate cancers [7]. SFN has also been reported

to improve the efficacy of low-dose cisplatin (CDDP), a
commonly used chemotherapeutic drug [8].

Studies on the mechanisms underlying the anticancer
activities of SFN indicate that its regulatory effects on the
tumor cell cycle, apoptosis, and angiogenesis are mediated
by modulation of the related signaling pathways and genes.
Cell cycle analysis showed that SFN caused G2/M phase
arrest leading to inhibition of tumor proliferation/growth,
which was associated with downregulation of cyclin B1 [2]
and cyclin D1 genes [9], as well as increased protein levels
of p21WAF1/CIP1 (an inhibitor of cyclin-dependent kinases)
[9]. SFN also increased the expression of the proapoptotic
protein Bax and decreased expression of the antiapoptotic
protein Bcl-x to induce apoptosis in cancer cells [10]. By
suppressing the expression and activity of hypoxia inducible
factor-1α (HIF-1α) and vascular endothelial growth factor
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(VEGF), SFN inhibited the angiogenesis and metastasis of
ovarian and colon cancers [11, 12].

SFN was also reported to be a strong activator of
nuclear factor erythroid-2 (NF-E2-) related factor 2
(Nrf2). It is well known that long-term exposure to oxida-
tive stress is an important carcinogenesis-promoting factor
that induces DNA damage, mutations, and inflammation
[13]. Nrf2 is a critical transcription factor in the antioxi-
dant stress response. Activation of Nrf2 by SFN induced
the expression of a battery of cytoprotective genes with
anticarcinogenesis activities [14–16]. Those Nrf2-mediated
cytoprotective genes include the antioxidants and phase
II enzymes, such as NAD(P)H:quinone oxidoreductase-1
(NQO1), heme oxygenase 1 (HO-1), catalase, glutamate-
cysteine ligase (GCL), glutathione S transferase (GST),
UDP-glucuronosyltransferases (UGT), epoxide hydrolase,
and superoxide dismutase (SOD). A number of studies
revealed that the effects of SFN on Nrf2 and its downstream
cytoprotective genes are through modification of Keap1
cysteine residues [17]; activation of mitogen-activated
protein kinase (MAPK), phosphatidylinositol 3-kinase
(PI3K), and protein kinase C (PKC) pathways; and epigenetic
modifications, which resulted in the phosphorylation,
nuclear accumulation, and increased transcription and
stability of Nrf2 [18–21].

In recent years, the epigenetic mechanisms underlying
the anticancer effects of SFN have received increasing atten-
tion [22]. Epigenetic modification refers to the heritable
changes in gene expression that do not affect the DNA
sequence itself. In mammals, epigenetic modifications
mainly include DNA methylation, histone modifications
(acetylation, phosphorylation, and methylation), and non-
coding RNA regulation. Epigenetic changes are reversible
and can readily respond to natural bioactive dietary com-
pounds [23], such as SFN. SFN was shown to regulate the
gene activation or silencing involved in cancer through
epigenetic modifications [22]. Therefore, in this review, we
present the anticancer activities of SFN and its epigenetic
mechanisms, including epigenetic reactivation of Nrf2. This
information will help facilitate the discovery and develop-
ment of novel anticancer drugs.

2. Epigenetics and Cancer

In the classic view, cancer results from genetic alterations
including mutations, insertions, deletions, copy number
gains, recombination, genomic instability, and single-
nucleotide polymorphisms (SNPs) [24, 25]. The mutations
of tumor suppressor genes and/or oncogenes contribute to
the loss of normal function or gain of abnormal expression
in cancers. For example, mutations of tumor suppressors of
P53 and PTEN (phosphatase and tensin homolog deleted
on chromosome ten) or BRCA 1/2 (crucial proteins involved
in homologous recombination) were associated with colorec-
tal [26–28], breast, and ovarian cancer [29, 30]. In addition,
TP53 and CTNNB1 (encoding β-catenin) exhibited point
mutations and small deletions in hepatocellular carcinoma
[31]. However, emerging evidence indicates that cancer can
occur without a change in the nucleotide sequence, through

so-called epigenetic alterations. In fact, a combinational
crosstalk between genetic and epigenetic alterations has been
observed in cancer development, progression, and recurrence
[32]. Both gene mutations and epigenetic alterations can be
caused by exposure to various environmental factors, such
as dietary components, smoke, and chemicals.

Epigenetic dysregulation, such as increased activity of
histone deacetyltransferases (HDACs) and DNA methyl-
transferases (DNMTs) and changes in noncoding RNA
expression, may lead to alterations in the transcription
and expression of genes involved in the regulation of cell
proliferation and differentiation, cell cycle, and apoptosis
[32–37]. The present studies indicated that the level of
HDAC5 expression was increased in human glioma and
hepatocellular carcinoma, which promoted the proliferation
of tumor cells via upregulating Six 1 (Sineoculis homeobox
homolog 1) and Notch 1, respectively [38, 39]. A combina-
tion of HDAC and DNMT inhibitors contributed to cell cycle
arrest in the G2/M phase and suppressed the growth of endo-
metrial cancer through downregulation of Bcl-2 [37]. There
are also multiple studies on miRNAs involved in regulating
cell activities. For example, the upregulation of miR-96 and
miR-153 promoted proliferation and colony formation of
human prostate cancer cells [35, 36]. Evidence suggests that
half of the tumor-suppressor genes are often inactivated via
epigenetic, rather than genetic, mechanisms in sporadic
cancers [23]. In addition, alterations in epigenetic processes
mostly activate oncogenes, which enable cells to acquire
cancer-promoting properties, such as uncontrolled prolifera-
tion, escape from apoptosis, and invasiveness. Accumulating
evidence has suggested that targeting epigenetic modifica-
tions is a potent strategy for cancer prevention [23].

3. Epigenetic Mechanisms Underlying the
Preventive Effects of SFN on Cancer

3.1. Histone Acetylation and Phosphorylation.Histone acetyl-
transferase (HAT) acetylates histones by adding acetyl
groups to lysine residues in the N-terminal tail; this facilitates
gene transcription by relaxing the chromatin structure to
allow the transcription machinery to access the DNA.
Conversely, HDACs repress transcription by removing acetyl
groups. Many malignant neoplasms are characterized by
increased expression and activity of HDACs. HDAC overex-
pression and overactivity are closely associated with tran-
scriptional repression of the tumor-suppressor genes that
are responsible for dysregulation of cell cycle, proliferation,
differentiation, and apoptosis in malignances [23, 40, 41].

The food-based compound SFN, which is considered to
be a HDAC inhibitor, has been shown to exert cancer pre-
ventive effects [22, 40, 41]. Treatment of various cancers,
such as prostate [42], colon [43], and lung cancer [44], with
SFN attenuated cell growth through inhibition of HDACs,
accompanied by an increase in global or local histone
acetylation. Moreover, SFN-mediated inhibition of HDACs
contributed to reactivation of the tumor suppressor gene
p21 and the proapoptotic protein Bax. In the LnCaP and
PC-3 prostate cancer cell lines, 15μM SFN treatment caused
reexpression of p21WAF1/CIP1 due to reduced expression of
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class I and II HDACs and subsequent increases in acetylated
histone H3 and H4 levels at the p21WAF1/CIP1 promoter,
which resulted in cell cycle arrest [42]. Interestingly, SFN also
upregulated transcription of the Bax gene to induce apopto-
sis in prostate cancer cells by accelerating acetylation of
histone H4 at the Bax promoter [45]. Similar changes in
p21 and Bax reactivation, resulting from inhibition of
HDACs and upregulation of acetylated histone H3 and H4,
were observed in SFN-treated lung cancer cell lines and
tumor tissues [44]. Ultimately, SFN with different concentra-
tions (in vitro 15μM, in vivo 9mM/mice/day) suppressed
lung cancer growth in vitro and in vivo [44].

Additionally, HDACs can affect DNA damage and repair
by altering the acetylation status of c-terminal-binding
protein interacting protein (CtIP), a critical DNA repair pro-
tein [46]. In human colon cancer cells, coincident with inhi-
bition of HDAC3 activity, SFN induced DNA damage and
cell apoptosis via upregulation of CtIP acetylation and its
subsequent degradation [43]. However, evidence for a direct
interaction between HDACs and CtIP is lacking.

Inhibitory effects of SFN on HDACs were also observed
in vivo [44, 47, 48]. In these studies, ingestion of SFN reduced
the volume of prostate, breast, and lung tumors, accompa-
nied by enhanced global histone acetylation and reduced
HDAC activity [44, 47]. In human subjects, consumption of
SFN-rich broccoli sprouts induced acetylation of histone
H3 and H4, which was mainly attributed to inhibition of
HDAC activity in circulating peripheral blood mononuclear
cells (PBMCs) [48, 49].

The discrepancy in the concentration-effect relationship
from in vitro to in vivo is a significant problem in the studies
of natural phytochemicals, like SFN. To achieve the effective
inhibition of HDAC activity, it was reported that the concen-
tration of SFN used in vitro experiments was from 3 to
15μM, a single oral dose of 10μmol in mice, and 68 g broc-
coli sprouts in human [50]. An important factor determining
the discrepancies is the conversion of glucosinolate to SFN by
myrosinase-mediated hydrolysis. Isothiocyanate SFN was
stored in broccoli sprouts as the precursor parent compound
of glucosinolate, which was hydrolyzed to isothiocyanate by
myrosinases released from the plants when raw vegetables
were chopped, cut, or chewed, or by other myrosinase
enzymes present in our gut [51, 52]. Therefore, mammalian
tissues and cells in vitro cannot convert glucosinolate to
SFN due to loss of endogenous myrosinase activity. However,
glucosinolate is indeed converted to SFN by the myrosinases
existing in gut microbial flora of animals and humans
in vivo. Moreover, the bioavailability of SFN was about
six times more than glucosinolates, which indicated the
minimal conversion [53]. As an example, SFN at a concen-
tration around 10μM effectively inhibited HDAC activity
in mouse colonic mucosa in vivo, and humans would con-
sume about 106 g/day of broccoli sprouts to achieve similar
plasma levels [54]. Altogether, the content of myrosinase in
plants and variability of gut microbial flora are key factors
of determining the discrepancies in the bioavailability of
SFN from in vitro to in vivo.

In addition to acetylation modification, histones also
undergo phosphorylation. A previous study demonstrated

that increased phosphorylation of histone H1 is positively
correlated with bladder cancer carcinogenesis and pro-
gression [55]. SFN reduced histone H1 phosphorylation
by enhancing protein phosphatase 1β and 2A (PP1β
and PP2A).

Collectively, these findings suggest that SFNmay exert its
anticancer effects through inhibition of HDACs and
enhancement of phosphatases.

3.2. DNA Methylation. DNA methylation is an important
epigenetic modification, mainly occurring within CPG
islands in gene promoter regions. The establishment and
maintenance of DNAmethylation patterns requires the func-
tion of several DNA methyltransferases (DNMTs), which
catalyze DNA methylation reactions, including DNMT1,
which maintains methylation, and DNMT3a and DNMT3b,
which catalyze de novo methylation [56]. Aberrant DNA
methylation, such as promoter hypermethylation or hypo-
methylation, can lead to inactivation or activation of
specific genes involved in tumorigenesis or progression,
respectively. Aberrant DNA methylation is a reversible
process and is often caused by the overexpression of
DNMTs [57]. Therefore, DNMTs have become attractive
targets for cancer chemoprevention.

Growing evidence indicates that SFN is a potential
modulator of DNA methylation in cancer development and
progression [22, 23, 40, 41]. As previously described, the
expression levels of DNMTs, primarily DNMT1, 3a, and
3b, are decreased in SFN-treated breast, prostate, and cervical
cancer cells [58–60]. Furthermore, the inhibitory effects of
SFN on DNMTs can restore the expression and activation
of silenced or repressed genes in cancer cells via promoter
demethylation. Silencing of the cell cycle regulatory gene
cyclin D2 by promoter hypermethylation was reported to
be positively correlated with prostate cancer progression,
and restoration of cyclin D2 expression induced cancer cell
death [59]. An experiment with LNCap prostate cancer cells
showed that SFN treatment reduced the expression of
DNMT1 and 3b, resulting in a decrease in the global DNA
methylation profile and cyclin D2 promoter methylation
[59]. In addition, exposure of breast cancer cells to 10μM
SFN reduced DNMT1 expression, which was accompanied
by elevated expression of P21, the tumor suppressor phos-
phatase and tensin homologue (PTEN), and retinoic acid
receptor beta 2 (RARbeta2) due to promoter demethylation
[61]. Importantly, combining anticancer drugs, such as clo-
farabine (ClF) and withaferin A (WA), with SFN enhanced
their anticancer effects, as reflected in the stronger growth
arrest and apoptosis of cancer cells [61, 62]. Another study,
using the same breast cancer cells, aimed at assessing the
effects of SFN on human telomerase reverse transcriptase
(hTERT), the catalytic regulatory subunit of telomerase.
The results showed that SFN, at a dosage of 10μM, induced
inhibition of DNMT1 and DNMT3a causing site-specific
CpG demethylation in the first exon of the hTERT gene,
thereby facilitating binding of the CTCF transcription
repressor and hTERT repression [58]. This downregulation
of hTERT expression promoted apoptosis in the breast
cancer cells [58].
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In the human cervical cancer cell line HeLa, SFN
concentration significantly upregulated the expression of
the tumor suppressor genes RARβ, CDH1, DAPK1, and
GSTP1, as well as the expression of the proapoptosis pro-
tein Bax through inhibition of DNMT3b activity in a time-
dependent manner, leading to the induction of cell cycle
arrest and apoptosis [60].

The above results show that SFN functions as a cancer
chemopreventive agent by modulating the expression of
tumor-related genes through DNA methylation modifica-
tion. Further studies in animal models of cancer are
required to confirm and enhance the understanding of
SFN on DNA methylation.

3.3. Regulation of Noncoding RNAs. A noncoding RNA
(ncRNA) is an RNA molecule that functions without being
translated into a protein. Abundant and functionally impor-
tant ncRNAs include transfer RNAs and ribosomal RNAs, as
well as small RNAs, such as microRNAs (miRNAs) and long
ncRNAs (lncRNAs).

miRNAs are approximately 22 nucleotides in length
and bind to complementary sites in the 3′-UTR of target
messenger RNAs (mRNAs), leading to posttranscriptional
repression or degradation [63]. miRNAs are negative regu-
lators of target genes, and several miRNAs have been
shown to be involved in the regulation of tumor cell
proliferation, apoptosis, invasion, and metastasis. In addi-
tion, miRNA dysregulation has been shown to play an
essential role in the development and progression of
various cancers [64].

Several miRNAs, such as miR200c, miR-616-5p, and
microRNA-21 (miR-21), have been shown to be targets of
SFN in some human cancers [6, 65–67]. It is noteworthy that
cancer stem cells (CSCs) are considered to be the driving
force of carcinogenesis in oral squamous cell carcinoma
(OSCC). In one study, miR200c targeting of Bmi1 was shown
to be involved in the regulation of cancer stemness in OSCC-
CSCs, including their self-renewal and tumor initiation prop-
erties [65]. SFN treatment (20μM) impaired cancer stemness
by inducing the tumor-suppressive miRNA miR200c, which
subsequently inhibited the migration, invasion, and clono-
genicity of OSCC-CSCs in mouse models [65]. In addition
to its effect on CSCs, SFN enhanced temozolomide-induced
glioblastoma cell apoptosis [67] and reduced the viability
and induced apoptosis of colon cancer cells [66] through
downregulation of miR-21. In addition, SFN may specifically
target miR616-5p to suppress the metastasis of non-small-
cell lung cancer (NSCLC) cells [6]. Another study showed
that miR-616-5p levels were increased in tissue samples of
late-stage NSCLC, as well as three human NSCLC cell lines
(H1299, 95C, and 95D) [6]. SFN downregulated miR-616-
5p levels, which was accompanied by inactivation of the
GSK3β/β-catenin pathway and inhibition of EMT to prevent
NSCLC recurrence and metastasis [6].

lncRNAs are transcripts longer than 200 nucleotides that
function as crucial regulators of gene transcription through
their association with chromatin remodeling complexes
[68]. Their aberrant expression endows cells with tumor ini-
tiation, high proliferation, and metastasis abilities [68].

Studies on the effects of SFN on lncRNAs are limited.
However, a recent study showed that the lncRNA
LINC01116 was upregulated in the human prostate cancer
cell lines LNCaP and PC-3, and this upregulation was
decreased by SFN (15μM), which was accompanied by inhi-
bition of proliferation [69].

These studies suggest SFN as a promising chemopre-
ventive agent and demonstrate that its anticancer effects
partially involve epigenetic mechanisms, which are sum-
marized in Table 1.

4. The Keap1/Nrf2 Antioxidant Pathway and Its
Epigenetic Modification

4.1. The Keap1/Nrf2 Antioxidant Pathway and Cancer. Car-
cinogenesis is often associated with long-term exposure to
oxidative stress resulting from the overproduction of high
reactive oxygen species (ROS) and/or the impairment of the
antioxidation system [70]. Nuclear factor erythroid-2- (NF-
E2-) related factor 2 (Nrf2) is best known as a key transcrip-
tion factor regulating the expression of antioxidant and
detoxification genes, such as heme oxygenase-1 (HO-1),
NAD(P)H:quinone oxidoreductase-1 (NQO1), and glutathi-
one S-transferases (GST) [70]. A proposed model of Keap1-
Nrf2 interaction is as follows: Under basal conditions, Nrf2
binds to its repressor Keap1 in the cytoplasm and subse-
quently undergoes proteasomal degradation via ubiquitina-
tion. Under oxidative stress, Nrf2 dissociates from Keap1
and then translocates to the nucleus. Intranuclear Nrf2 binds
with the small protein Maf to antioxidant response element
(ARE) sequences on target gene promoters, which drives
the transcription of cytoprotective genes and provides pro-
tection against oxidative stress [71] (Figure 1).

Nrf2 has been traditionally regarded as a tumor suppres-
sor. Low expression of cytoprotective genes, due to inactiva-
tion of Nrf2, has been shown to be related to tumor
formation and progression. For example, Nrf2-deficient mice
showed dramatically increased susceptibility to carcinogens
and elevated lung metastasis, which was accompanied by
increased ROS levels [72, 73]. The incidence, multiplicity,
and size of colorectal tumors were increased in Nrf2-knock-
out mice [74]. Moreover, there are multiple studies describ-
ing the beneficial effects of Nrf2 activation in cancer
chemoprevention [75]. These results suggest that activation
of Nrf2 may be an important strategy in cancer prevention.

However, recent studies demonstrate that Nrf2 protects
the survival of normal as well as cancer cells. The constitutive
activation of Nrf2 creates an advantageous environment that
favors the survival of malignant cells by preventing them
from oxidative stress, chemotherapeutic drugs, and radio-
therapy. This phenomenon has been called the “dark side
of Nrf2.” The elevated Nrf2 expression induced by Keap1
mutation has been found in lung, gallbladder, liver [76],
and prostate cancers [77], as well as malignant melanoma
[78]. Moreover, the overexpression of Nrf2 contributed to
clinical drug resistance and tumor growth, which was associ-
ated with poor prognosis of patients with cancer [77–80].
Additionally, inhibition of Nrf2 sensitized DU-145 prostate
cancer cells to chemotherapeutic drugs, such as cisplatin

4 Oxidative Medicine and Cellular Longevity



and etoposide, and enhanced radiotherapy responsiveness
[77]. These findings suggest that Nrf2 has a dual role in can-
cer development and therapy. Based on a body of studies, it
seems that transient activation of Nrf2 in normal cells (where
the Nrf2-Keap1 axis is intact) is protective; however, consti-
tutive activation of Nrf2 (mutation of Keap1) promotes the
survival and progression of malignant cells.

4.2. Epigenetic Modification of Nrf2 in Cancer Prevention. It
has been shown that SFN induces Nrf2 to upregulate expres-
sion of its target genes, including antioxidant genes and

phase II detoxification enzymes, to prevent carcinogenesis
[14]. SFN not only modifies Keap1 cysteine residues, result-
ing in Nrf2 activation, but also restores Nrf2 expression
through epigenetic mechanisms, including inhibition of
DNMTs and HDACs [17, 20, 21]. In TRAMP C1 prostate
cancer cells, it was reported that Nrf2 and its target gene
NQO1 were significantly decreased, resulting in extensive
oxidative stress and DNA damage. SFN treatment upregu-
lated the expression of Nrf2 and NQO1 by inhibiting
DNMTs (DNMT1 and DNMT3a) and HDACs (HDAC1,
HDAC4, HDAC5, and HDAC7) [20], which reduced the

Table 1: The epigenetic regulation of sulforaphane (SFN) in cancer.

Epigenetic mechanisms Cancer types Epigenetic functions
Target genes/

proteins
Anticancer
effects

References

Histone acetylation

Prostate cancer cells
(LnCaP and PC-3) and
PC-3 cell xenografts

Inhibition of class I
and II HDACs

Reactivation of
p21 and Bax

Cell cycle arrest and
apoptosis↑

[42, 45, 49]

Colon cancer cells
(HCT116)

Inhibition of HDAC3

CtIP: a critical DNA
repair protein DNA damage and

apoptosis↑
[43]

Acetylation of CtIP
and its degradation

Lung cancer cells
(A549 and H1299) and
A549 cell xenografts

Inhibition of HDAC
activity

Reactivation of
p21 and Bax

Cell growth↓
[44]

Apoptosis↑

Histone phosphorylation

Bladder cancer cells
(RT4, J82, and UMUC3)

and UMUC3 cell
xenografts

Inhibition of histone
H1 phosphorylation

Increased
PP1β and

PP2A phosphatase

Carcinogenesis
and progression↓

[55]

DNA methylation

Prostate cancer cells
(LNCap)

Decreased expression of
DNMT1 and 3b

Restoration of
cyclin D2

Cancer cell death↑ [59]

Human breast cancer
cells (MCF-7 and
MDA-MB-231)

Inhibition of
DNMT1 expression

Restoration of
P21, PTEN, and

RARbeta2

Cell growth arrest
and apoptosis↑

[61]

Human breast cancer
cells (MCF-7 and
MDA-MB-231)

Decrease in DNMT1
and 3a expression and

activity

Downregulation of
hTERT expression

Apoptosis↑ [58]

Cervical cancer
cells (HeLa)

Inhibition of
DNMT3b activity

Upregulation of
RARβ, CDH1,
DAPK1 and Bax

Cell cycle arrest
and apoptosis↑

[60]

Noncoding RNA
regulation

Oral squamous
carcinoma cells

(SAS and GNM); cancer
stem cell xenografts
(SAS and GNM)

Induction of
miR-200c

Suppression of
Bmi1

Cell migration,
invasiveness, and

growth↓
[65]

95D and H1299 cells and
in vivo xenografts

Downregulation of
miR-616-5p

Inactivation of the
GSK3β/β-catenin

pathway

EMT and
metastasis↓

[6]

Human glioma cell lines
(H4, SNB19, LN229, and
U251) and colorectal

cancer cells

Downregulation of
miR 21

Inhibition of the
Wnt/β-catenin

pathway

Apoptosis↑

[66, 67]
Cell viability↓

Prostate cancer cells
(LNCaP and PC-3)

Decreased expression of
the lncRNA LINC01116

Cell proliferation↓ [69]

CPG demethylation and
histone acetylation at the
Nrf2 promoter

Mouse skin epidermal
JB6 (JB6 P+) cells and

prostate cancer
(TRAMP C1) cells

Inhibition of DNMT1,
3a, and 3b and

HDAC1–5 and HDAC7

The reactivation of
Nrf2

Cell transformation
and development↓

[20, 21]
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methylation level of CpGs and increased histone 3 acetyla-
tion at the Nrf2 promoter. It was also observed that
reactivation of Nrf2 and its target genes by SFN, via
downregulation of CpG methylation at Nrf2, significantly
inhibited TPA-induced JB6 P+ cellular transformation, with
concomitant attenuation of the expression of DNMTs
(DNMT1, DNMT3a, and DNMT3b) and HDACs (HDAC1,
HDAC2, HDAC3, and HDAC4) [21] (Figure 1 and Table 1).

In addition, other natural phytochemicals of Nrf2
agonist, such as curcumin, 3,3′-diindolylmethane (DIM), Z-
Ligustilide, apigenin, or Tanshinone IIA, have displayed the
anticancer effect through epigenetic modification of Nrf2
[81–85]. For instance, curcumin, DIM, or Z-Ligustilide
demethylated the CpGs in the Nrf2 promoter and reactivated
Nrf2 in the prostate of TRAMPmice and TRAMP C1 cells by
the inhibition of DNMTs. Moreover, the hypermethylation
of the Nrf2 promoter could be reduced by apigenin or
Tanshinone IIA in mouse skin epidermal JB6 P+ cells. Addi-
tionally, human prostate cancer cells treated with 5-aza/TSA
(DNMT/HDAC inhibitor) restored the expression of Nrf2
[86]. These findings suggest that epigenetic restoration of
Nrf2 may be an important strategy in cancer prevention.

5. The Clinical Studies and Future Perspectives

Human clinical studies have supported the chemopreventive
effects of SFN on carcinogenesis. Firstly, several clinical trials
evaluated the safety and tolerance of SFN at the doses

employed. Two clinical phase I studies showed that broccoli
sprout extracts containing SFN were well tolerated and
caused no significant adverse effects (toxicities) when admin-
istered orally by healthy volunteers at a dose of 15μM for 7
days or women with breast cancer received 200μmol of on
average 50min prior to the surgery [87, 88]. A recent phase
II clinical study on men with recurrent prostate cancer also
confirms the safety of SFN [89]. In addition, another study
assessed the clinical effectiveness of SFN in the patients with
advanced pancreatic ductal adenocarcinoma (PDA). The
data indicated that 90mg/day of active SFN effectively inhib-
ited tumor growth and increased the sensitivity of cancer
cells to chemotherapeutics [90]. In human subjects, con-
sumption of SFN-rich broccoli sprouts significantly inhibited
HDAC activity in PBMCs [48, 49]. These clinical studies
further suggest SFN as a promising anticancer agent and its
potential epigenetic mechanisms.

Based on the above-mentioned studies, it is clear that the
dietary compound SFN, which has little or no adverse side
effects, exerts anticancer activities through multiple mecha-
nisms, including epigenetic regulation. Thus, daily consump-
tion of cruciferous vegetables rich in SFN is not only a
healthy diet choice but also an effective chemopreventive
strategy. SFN, as an inducer of Nrf2, shows the capacity to
reactivate Nrf2 expression and its target cytoprotective genes
to prevent carcinogenesis through epigenetic mechanisms,
namely, CPG demethylation and histone acetylation of the
Nrf2 promoter, via inhibition of DNMTs and HDACs. These
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Figure 1: The Keap1/Nrf2 pathway and its epigenetic modification by SFN. Under basal conditions, Keap1 binds to Nrf2 in the cytoplasm,
which promotes its proteasomal degradation via ubiquitination. Under oxidative stress, Nrf2 dissociates from Keap1 and then translocates
into the nucleus and binds with the small protein Maf at ARE sequences in the promoter regions of target genes. This drives the
expression of several cytoprotective genes, such as HO-1, NQO1, and SOD. In TRAMP C1 prostate cancer cells, SFN can inhibit the
expression and activity of enzymes involved in epigenetic regulation, including DNMT1 and 3a, as well as HDAC1, 4, 5, and 7. Significant
inhibition of DNMT1, DNMT3a/b, and HDAC1, 2, 3, and 4 has also been observed in TPA-induced mouse skin JB6 P+ cells treated by
SFN, which reduces the CpG methylation and elevates histone acetylation of the Nrf2 promoter. Ultimately, epigenetic regulation by SFN
promotes the transcription of Nrf2 and its subsequent nuclear translocation and activation.
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studies have prompted us to propose epigenetic restoration
of Nrf2 by SFN as an important strategy against oxidative
damage-related diseases, including cancer, which may
provide new research directions and preventive approaches
for oxidative damage-related diseases.
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Honeybees products comprise of numerous substances, including propolis, bee pollen, and royal jelly, which have long been known
for their medicinal and health-promoting properties. Their wide biological effects have been known and used since antiquity. Bee
products are considered to be a potential source of natural antioxidants such as flavonoids, phenolic acids, or terpenoids.
Nowadays, the still growing concern in natural substances capable of counteracting the effects of oxidative stress underlying the
pathogenesis of numerous diseases, such as neurodegenerative disorders, cancer, diabetes, and atherosclerosis, as well as negative
effects of different harmful factors and drugs, is being observed. Having regarded the importance of acquiring drugs from
natural sources, this review is aimed at updating the current state of knowledge of antioxidant capacity of selected bee products,
namely, propolis, bee pollen, and royal jelly, and of their potential antioxidant-related therapeutic applications. Moreover, the
particular attention has been attributed to the understanding of the mechanisms underlying antioxidant properties of bee
products. The influence of bee species, plant origin, geographic location, and seasonality as well as type of extraction solutions
on the composition of bee products extracts were also discussed.

1. Introduction

Bee products like propolis, bee wax, pollen, royal jelly, as well
as honey had been known and used even in antiquity and the
Middle Ages. For example, in ancient China, bee pollen was
applied as a cosmetic agent contributing to skin whitening.
At present, these substances are applied in a branchof comple-
mentary andalternativemedicine—apitherapy.Moreover, the
interest in their use as agents in the cure of cancers, neurode-
generative, cardiovascular, and gastrointestinal tract diseases
as well as the treatment of wounds and burns has still been
growing [1–10].

Bee products are considered to be a potential source
of natural antioxidants capable of counteracting the
effects of oxidative stress underlying the pathogenesis of
numerous diseases.

In general, the compounds possessing phenolic character,
which belong to substances expressing ability to scavenge
free radicals, are mainly responsible for bee products’

antioxidant capacity [11–14]. They comprise of two main
groups of compounds—flavonoids and phenolic acids [15].

Flavonoids are plant derivatives of polyphenolic structure
comprising several subgroups like flavones, flavonols, flava-
nones flavanonols, flavanols (catechins), anthocyanins, and
chalcones, as well as isoflavones and neoflavonoids. The best
known subgroups are the compounds containing benzo-γ-
pyrone skeleton. Flavonoids often occur in the form of glyco-
sides, in which they play a role of aglycones connected by a
glycosidic bondwith a carbohydrate group [15–17]. The pres-
ence of phenol groups in the molecules of flavonoids imparts
them the antiradical activity all the more because the radicals
formed during scavenging are resonance stabilized [16]. The
examples offlavonoids and their glycosides found in bee prod-
ucts are presented in Figure 1.

The phenolic acids are compounds possessing carboxylic
and phenol groups. Recently, a growing concern in their pos-
sible application for human health protection has been
observed, considering their antioxidant activities including
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the prevention of oxidation processes and generation of oxy-
gen species as well as chelating prooxidative metals [18]. The
examples of phenolic acids and their derivatives found in bee
products are presented in Figure 2.

To compounds without phenolic character being respon-
sible for the antioxidant capacity of propolis (especially
Brazilian one) belong amyrins [19, 20]. α- and β-amyrins

belong to triterpenoids of plant origin. They have been
reported to exhibit numerous beneficial properties including
antiapoptotic, antioxidant, anti-inflammatory, and antifibro-
tic as well as gastro- and hepatoprotective effects. Studies
have revealed the possible application of β-amyrin in Parkin-
son’s disease therapy [21, 22]. The examples of amyrins
found in bee propolis are presented in Figure 3.
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Figure 1: The examples of flavonoids and their glycosides detected in bee products. Quercetin, naringenin, isorhamnetin, and kaempferol:
detected in propolis, bee pollen, royal jelly; galangin and pinocembrin: detected in propolis and bee pollen; pinobanksin: detected in
propolis and royal jelly; luteolin, apigenin, and rutin: detected in propolis, bee pollen, and royal jelly; catechin and delphinidin: detected in
bee pollen; daidzein: detected in propolis [29, 32, 74, 78, 83, 103].
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Considering the antioxidant activity of royal jelly
hydroxy dicarboxylic fatty acids with 8–12 carbon atoms in
the chain and their derivatives is worth mentioning. The
major fatty acid is 10-hydroxydecanoic acid (10-HDA)
whose presence has not been reported in any other natural
raw material or even in any other product of apiculture
[23]. Other carboxylic acids included in RJ are

10-hydroxy-2-decenoic acid (10H2DA) and sebacic acid
(SA) [24] (Figure 4).

In scientific research, propolis and bee pollen extracts
are used instead of the raw substance due to the fact that
they contain higher amounts of bioactive components [2].
However, the application of solvents of different polarities
affects the composition of the obtained extracts as the
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Figure 2: The examples of phenolic acids and their derivatives found in bee products: (a) benzoic acid derivatives and (b) cinnamic acid
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components of bee products possess diverse structures,
and while hydrophilic ones are better soluble in polar sol-
vents like alcohols, those with hydrophobic properties
exhibit greater affinity to nonpolar solvents like hydrocar-
bons. The properties of the extract depend strongly not
only on the solvent used but also on extraction conditions,
that is, time and temperature as well [13, 25].

Having regarded the importance of acquiring drugs from
natural sources, this review is aimed at updating the current
state of the knowledge of antioxidant capacity of the selected
bee products, namely, propolis, bee pollen, and royal jelly,
and of their possible medical applications as natural sub-
stances capable of counteracting the effects of oxidative stress
underlying pathogenesis of numerous diseases, such as
neurodegenerative disorders, cardiovascular diseases, diabe-
tes, and cancer, as well as negative effects of different harmful
factors and drugs. Moreover, particular attention has been
attributed to the understanding of the mechanisms underly-
ing possible antioxidant properties of bee products. The
influence of bee species, plant origin, geographic location,
and seasonality, as well as type of extraction solutions on
the composition of bee products extracts were all discussed.

2. Propolis: “Bee Glue”

Propolis, generally known as the “bee glue,” is a resinous
mixture that honey bees produce by mixing their saliva con-
taining certain enzymes and beeswax with exudate gathered
mainly from leaf and flower buds, stems, and bark cracks of
numerous species of trees. The word propolis is derived from
two Greek words pro and polis, which mean “defense” and
“city” or “community,” respectively. Bees use it mainly as a
sealant and a disinfecting material. Propolis is used for seal-
ing holes and cracks, smoothing the inner surface, and
retaining internal temperature of the beehive as well as for
preventing weathering (e.g., it is used for decreasing the size
of the outlet opening during periods of cold weather) and
invasion of predators [3, 26]. Due to its antimicrobial activity,
it also contributes to an aseptic internal environment and is
used to cover (“mummify”— to prevent decay) the body of
dead pests that have invaded the hives (e.g., shrews and
mice), which are too big to be removed outside [19].

2.1. Composition of Propolis. Raw propolis is typically com-
posed of 50–60% of resins and balms (including phenolic
compounds), 30–40% of waxes and fatty acids, 5–10% of
essential oils, 5% of pollen, and about 5% of other substances
including amino acids, micronutrients, and vitamins
(thiamin, riboflavin, pyridoxine, C, and E) [20, 27]. Accord-
ing to the literature data, more than 300 compounds belong-
ing to polyphenols, terpenoids, steroids, sugars, amino acids,
and others have been identified in propolis [3, 28].

Propolis from the temperate zone all over the world
(Europe, nontropic regions of Asia, North America, and
continental Australia) is classified as the poplar type prop-
olis since it originates mainly from the bud exudates of
Populus spp., most often P. nigra L. The main biologically
active components of this type of propolis are flavonoids
(flavones and flavanones), phenolic acids (cinnamic acid),
and their esters [27–29]. Birch propolis, found in Russia,
originates from Betula verrucosa Ehrh. and similarly con-
tains flavones and flavonols (but not the same as in poplar
propolis) [29]. Mediterranean propolis is characteristic of
subtropic regions like Greece, Greek islands, Sicily, Malta,
Cyprus, Croatia, and Algeria. It originates mainly from
the resin of Cupressus sempervirens (commonly known as
the Mediterranean or Italian cypress) and is characterized
by relatively high amounts of diterpenes [28, 29]. In trop-
ical zones, in turn, several types of propolis derived from
many different sources have been identified. For example,
in Brazil, there are 13 different types of propolis including
green, red, and brown ones, whose main sources are
Baccharis dracunculifolia, Dalbergia ecastaphyllum [30],
and Hyptis divaricata, respectively. The most popular is
the green one, which owes its color to the chlorophyll
occurring in young tissues and nonexpanded leaves of B.
dracunculifolia and collected by the bees [31]. This type of
propolis is rich in derivatives of phenylpropanoids (e.g., arte-
pillin C) and diterpenes, whereas flavonoids occur in small
amounts [29]. The red propolis is characterized by the
presence of numerous flavonoids (formononetin, liquiriti-
genin, pinobanksin-3-acetate, pinobanksin, luteolin, rutin,
quercetin, pinocembrin, daidzein, and isoliquiritigenin),
which are found in the resinous exudates from the surface of
D. ecastaphyllum [30, 32]. This type of propolis is also charac-
teristic of Cuba and Mexico [33]. The brown propolis is
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mainly produced in northeastern Brazil from H. divaricata
[31]. Other examples of tropical propolis include the one orig-
inating from resin exuded by the flowers ofClusia sp. found in
Cuba and Venezuela—with its main constituents being deriv-
atives of benzophenones—and “Pacific” propolis originating
from the tropical tree Macaranga tanarius found on Pacific
Ocean tropical islands (Taiwan, Okinawa, and Indonesia),
which chemical makers are C-prenylflavanones [29, 33].

2.2. Relationships between the Antioxidant Capacity of
Propolis and Its Composition. Antioxidant properties of prop-
olis have been fully investigated and proven with the use of
DPPH, ABTS+, FRAP, and ORAC methods [3, 19, 20, 29, 31,
34–38]. In the same in vitro studies, the antioxidant capacity
of propolis extracts was found to be similar to that of the syn-
thetic antioxidant butylated hydroxytoluene or ascorbic acid
[4, 20]. Importantly, the antioxidant capacity of propolis is
dependent on its content, but the studies aiming at finding
the distinct relationships between these two parameters are
not consistent [3, 35, 36]. In general, according to the literature
data, the total phenolic content of propolis extracts ranged
from about 30 to 200mg of gallic acid equivalents (GAE)/g
of dry weight, and the flavonoid content ranged from about
30 to 70mg of quercetin equivalents (QE)/g, whereas DPPH
free radical-scavenging activity ranged from about 20 to 190
μg/mL [3, 19, 20, 31, 35, 36, 38]. The phenolic compounds,
but the different ones than the flavonoids, are believed to be
responsible for the antioxidant activity of Brazilian propolis.
According to Zhang et al. [36], 3,4,5-tricaffeoylquinic acid,
3,5-dicaffeoylquinic acid, 4,5-dicaffeoylquinic acid, and arte-
pillinC seem tobe responsible for the strong antioxidant activ-
ity of Brazilian green propolis. Unlike in the case of Brazilian
propolis, the antioxidant activity of poplar propolis appears
to be largely influenced by both total polyphenol and total fla-
vonoid contents [3, 34, 38]. The results obtained byFabris et al.
[39] indicated that European (Italy and Russia) propolis sam-
ples had similar polyphenolic composition and consequently
similar antioxidant activity,whileBrazilianpropolis possessed
lower polyphenolic amount and thus antioxidant properties.
In general, there seems to be a big problem with the standard-
izationof propolis composition—this results from the fact that
this is highly dependent on many factors, such as bee species,
plant origin, geographic location, temperature variation,
and seasonality, as well as storage conditions [3, 19, 20,
27, 31, 36, 40]. Recently, for example, Bonamigo et al. [19,
20] have studied the antioxidant activity of the ethanol extract
of Brazilian propolis samples (collected from the same region)
depending on bees’ species, Scaptotrigona depilis, Melipona
quadrifasciata anthidioides, Plebeiadroryana, and Apis melli-
fera.The studied samples were shown to differ in composition
as well as in both free radical-scavenging activity and ability to
inhibit lipid peroxidation. In general, propolis obtained from
A. mellifera revealed the highest activity. Calegari et al. [40],
in turn, found that Brazilian propolis samples produced in
bothMarch and April showed a difference in color and higher
content of total phenolic compounds as well as antioxidant
capacity than those produced in May and June, which indi-
cated that the chemical composition of propolis depended
on the month of production—this effect can be explained by

variations in temperature. The researchers also reported that
bees’ colonies, which received food supplementation every
three days throughout the year, displayed significantly higher
total phenolic and flavonoids content as well as antioxidant
capacity than those bereaved of this supplementation [40].

Moreover, both the chemical composition and biological
properties of propolis extracts are highly dependent on the
type of solvents used for the extraction [3, 31, 34]. The most
commonly used solvent for the extraction of propolis is aque-
ous ethanol (particularly at concentration of 70–75%),
followed by others, such as ethyl ether, water, methanol, hex-
ane, and chloroform. Sun et al. [3] showed that extraction
yields (the ratio of the weight of the dry extract to the weight
of the raw extract) of Beijing propolis ranged from 1.8% to
51% and exhibited the tendency to increase along with the
enhancement of the ethanol concentration. The total polyphe-
nol and total flavonoid content distinctly varied and ranged
from 6.68 to 164.20mg GAE/g and 4.07 to 282.83mg of rutin
equivalents (RE)/g, respectively, and the highest concentra-
tion was observed in 75% ethanol solvents, a little bit lower
in 95% and 100% ethanol solvents and the lowest one in water
solution. The 75% extract also demonstrated the highest anti-
oxidant capacity measured by DPPH, ABTS, FRAP, oxygen
radical absorbance capacity (ORAC), and cell antioxidant
activity (CAA) methods. In general, polar solvents allow
obtaining better antioxidant properties than the nonpoplar
ones. However, considerable differences were observed even
in the case of the application of solvents of similar polarity or
the same solvent for the extraction of different types of propo-
lis samples [31], pointing to the possible influence of other
parameters as well as the impact of the molecular structure
of solvents. Bittencourt et al. [31], for example, showed that
that partition with dichloromethane enhanced the extraction
of antioxidant compounds, especially in brown propolis,
whereas partition with hexane significantly decreased their
amount in green propolis extract (Table 1).

Importantly, despite numerous differences in its com-
position, propolis extract always possesses antioxidant
properties. Even the aqueous extracts of propolis were
shown to display antioxidant capacity in cell culture and
animal studies [9, 12].

2.3. Antioxidant Effect of Propolis in Human Studies.Most of
the studies regarding antioxidant properties of propolis have
been performed on cell culture or animals. In the available lit-
erature, there are only a few studies investigating the antiox-
idant effect of propolis in humans.

Mujica et al. [44] evaluated the effects of the oral admin-
istration (twice daily, 15 drops each time, 90 days) of com-
mercially available propolis solution (Beepolis®) on the
oxidative status and lipid profile in a human population in
Chile. The 90-day propolis supplementation resulted in a
67% decrease in the amount of thiobarbituric acid reactive
substances (TBARS; lipid peroxidation derivative products)
and 175% increase in reduced glutathione (GSH) level com-
pared to the baseline. Net changes of both studied parameters
were significantly higher in propolis supplemented group
than those observed in the placebo group. Moreover, an
increase in the HDL concentration on the 90th day of
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Table 1: The results of the research on the dependence between the solvent used for the extraction and the antioxidant properties of the
obtained propolis and bee pollen extracts.

Source Type of bee products The used solvents
The dependence between the used

extraction solvent and the properties of
the obtained extract

Bittencourt
et al. [31]

Green and brown Brazilian propolis

Ethanol (95%) extraction, evaporation,
and dissolving in 80% ethanol and then

partitioning with hexane or
dichloromethane.

Antioxidant activity showed
considerable differences depending on
the used solvent and propolis type.

In DPPH assay, the strongest
antioxidant activity was found in

dichloromethane and ethanol extracts of
green propolis as well as

dichloromethane extract of brown
propolis with the IC50 values at least two

times less than in the other cases,
namely, in hexane extract of brown
propolis, ethanol extract of brown

propolis, and hexane extract of green
propolis.

Narimane
et al. [34]

Algerian propolis collected from Beni
Belaid, Jijel (northeast of Algeria)

CH2Cl2-MeOH (1 : 1, v/v) extraction
followed by MeOH-H2O (70 : 30, v/v)
one, concentrating and dissolving in
boiling water. Then the water solution
underwent successive extraction by

using of chloroform, ethyl acetate, and
n-butanol.

The DPPH, ABTS, FRAP, and CUPRAC
methods were applied to determine

antioxidant activity.
The ethyl acetate and n-butanol extracts
proved to be the most effective ones.

Sun et al. [3] Beijing propolis
Water, 25%, 50%, 75%, 95%, and 100%

ethanol.

The 75% extract demonstrated the
highest antioxidant capacity measured
by DPPH, ABTS, FRAP, ORAC, and

CAA methods.

LeBlanc et al.
[11]

Six pollen types (mesquite, yucca,
palm, terpentine bush, mimosa, and
chenopod) collected in Arizona
between March and November

Water, methanol, ethanol, propanol,
2-propanol, acetone,

dimethylformamide, and acetonitrile.

Antioxidant activity showed
considerable differences depending on

the used solvent.
In FRAP assay, methanol and

dimethylformamide extracts displayed
the greatest activity values, whereas

those obtained with the application of
acetonitrile displayed the lowest ones.
Acetone extracts were also found to

possess low activity in the case of most
types of bee pollen.

Similar results were obtained with using
DPPH assay.

Silva et al.
[41]

Pollen loads collected from Melipona
rufiventris (stingless bees) colonies in

Brazil

Fractional extraction with subsequent
using of ethanol, n-hexane, and ethyl

acetate.

The DPPH method was applied to
determine antioxidant activity.

The ethyl acetate extract proved to be the
most effective one.

The ethanol extract showed much less
(more than six times) efficiency, whereas
the capacity of the hexane extract was

slight (practically inactive).

Chantarudee
et al. [42]

Bee pollen collected in Thailand in the
summer (June), its main component
being identified as pollen of corn

(Z. mays L.)

Subsequent application of 80%
methanol, dichloromethane, and

hexane.

The antioxidant activity of the obtained
extracts was estimated by DPPH assay.

The hexane extract proved to be
completely inactive, whereas that

obtained with using dichloromethane
showed the best antioxidant properties,
comparable even with the reference

antioxidant—ascorbic acid.
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propolis supplementation compared to the baseline value
was observed. The authors concluded that propolis supple-
mentation appeared to have positive effects on oxidative sta-
tus and the improvement of HDL and may thus reduce the
risk of cardiovascular events.

Jasprica et al. [45], in turn, investigated the issue of thepos-
sible influence of 30-day supplementation with commercially
available powdered propolis extract (a total daily dose offlavo-
noids was 48.75mg) on antioxidant enzymes such as superox-
ide dismutase (SOD), glutathione peroxidase (GPx), catalase
(CAT), and a lipid peroxidation marker—malondialdehyde
(MDA)—in healthy individuals. In the male group, after 15
days of propolis treatment, a 23.2% decrease in MDA level
was observed, whereas after 30 days, a 20.9% increase in
SOD activity was found. Interestingly, MDA concentration
in the end of treatment was similar to the baseline value. The
propolis treatment had no effect on any of the studied param-
eters inwomen (n = 15). The authors concluded that the effect
of propolis was both time and gender dependent and sug-
gested a possibility of existence of only the transitory effect of
propolis ingestion on lipid peroxidation.

The effect of Brazilian green propolis supplementation on
antioxidant status in patients with type 2 diabetes mellitus
(T2DM) was studied by Zhao et al. [46]. The propolis admin-
istration (900mg/day, 18 weeks) was associated with an
increase in serum levels of GSH and total polyphenols and
reduction in serum carbonyls (protein oxidation markers)
as well as lactate dehydrogenase activity. Moreover, the Bra-
zilian green propolis group revealed a decreased TNF-α
serum level and significantly increased IL-1β and IL-6 sera
levels. However, the propolis treatment did not affect serum
glucose, glycosylated hemoglobin, insulin, aldose reductase,
or adiponectin. The above results indicate that propolis
affects the oxidative stress in type 2 diabetic patients but
not the parameters of diabetes.

2.4. Neuroprotective Effects of Propolis. Since mitochondrial
damage and oxidative stress are critical events in neurode-
generation, in recent years, it has been suggested that antiox-
idant properties of the constituents of propolis may
contribute to its neuroprotective effects. The effect of water-
extracted brown propolis (WEBPs), from two regions of Iran,
against cerebral ischemia-induced oxidative injury in a
mouse model of stroke was studied by Bazmandegan et al.
[9]. Regardless of the region of origin or the used doses,
WEBP treatment resulted in a significant restoration of

antioxidant enzymes activity and a decrease in both lipid per-
oxidation and the infarct volume, compared to the control
group. Moreover, the treatment was associated with an
improvement of neurological deficits measured with the
Bederson scale and sensorimotor function measured with
sticky removal tape test (Table 2). In another study per-
formed on SH-SY5Y cells [47], it was found that the pretreat-
ment with Brazilian green propolis reduced the H2O2-
induced mitochondria-derived intracellular reactive oxygen
species (ROS) generation as well as 8-oxo-2′-deoxyguanosine
(8-oxo-dG, theDNAoxidative damagemarker) immunofluo-
rescence signal intensity. Propolis was also shown to increase
the expression of the critical factors of synapse efficacy,
brain-derived neurotrophic factor (BDNF), and activity-
regulated cytoskeleton-associated protein (Arc). The obtained
outcomes allowed the authors to suggest that propolis displays
protective abilities against neurodegenerative damage, related
to cognitive impairment caused by Alzheimer’s disease or
aging, via its antioxidant action (Table 2). This seems to be
consistent with the results obtained by Nanaware et al. [48],
who studied the neuroprotective activity of the macerated
ethanolic extract of Indian propolis (MEEP) in rat model of
Alzheimer’s disease. MEEP significantly reversed the cogni-
tive impairment of β amyloid-induced rats, which, among
other things, was associated with increased antioxidant and
decreased MDA levels. In addition, MEEP administration
resulted in dose-dependent acetylcholinesterase inhibition,
increased brainmonoamine level, and improvedmemory def-
icits (assessed by increased BDNF level), which suggested that
multiple mechanisms might be involved in that neuroprotec-
tive effect of propolis (Table 2).

The potential underlying mechanism of the neuropro-
tective effects of propolis or its compounds was studied
by Jin et al. [6], Barros Silva et al. [7] and de Oliveira
et al. [49].

Jin et al. [6] reported that pinocembrin, one of the most
abundant flavonoids in propolis, inhibited 6-hydroxydopa-
mine- (6-OHDA-) induced oxidative stress. Pinocembrin
pretreatment induced the translocation of nuclear factor ery-
throid 2-related factor 2 (Nrf2) to the nucleus in a concentra-
tion- and time-dependent manner as well as the subsequent
expression of antioxidant response element- (ARE-) medi-
ated antioxidant genes encoding heme oxygenase-1 (HO-1)
and γ-glutamylcysteine synthetase (γ-GCS). Nrf2 is known
to play a key role in the adaptive response to oxidative and
electrophilic stresses as well as maintaining the cellular

Table 1: Continued.

Source Type of bee products The used solvents
The dependence between the used

extraction solvent and the properties of
the obtained extract

Maruyama
et al. [43]

Bee pollen from Cistus sp. of Spanish
origin. Bee pollen from Brassica sp. of

Chinese origin
Water and 95% ethanol

In rats with induced hind paw edema,
the oral administration of bee pollen
water extract had practically no effect,
while ethanol extract displayed the

greatest effectiveness in the inhibition of
paw edema.
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Table 2: The protective effects of propolis against prooxidant action of different harmful factors.

Source Toxic or harmful factor
Harmful effects of an

applied factor
The type of propolis and the way

of application
Effects of propolis
coadministration

Neuroprotective
effect of propolis

Bazmandegan
et al. [9]

Cerebral ischemia-
induced oxidative injury
in a mouse model of

stroke

↑ MDA
↑ SOD and SOD/GPx

ratio
↓ GPx in brain

Water-extracted Iran brown
propolis; from two regions of
Iran; 100 and 200mg/kg; i.p. at
48, 24, and 1 h before and 4 h
after the induction of ischemia

↓ MDA
↓ SOD and SOD/GPx ratio

↑ GPx∗∗ in brain

Ni et al. [47]

H2O2-induced
neurotoxicity, human

neuroblastoma SH-SY5Y
cells (100 μM for 4 h or

1 h for ROS)

↑ ROS in mitochondria
↑ 8-oxo-dG, the DNA

oxidative damage marker
↓ Cell viability

Methanol extract of Brazilian
green propolis, 10 μg/mL

pretreatment for 2 h (or 1 h for
ROS)

↓ ROS in mitochondria
↓ 8-oxo-dG

↑ Cell viability

Nanaware et al.
[48]

β-Amyloid 25–35-
induced Alzheimer’s
disease model in rats,
(10 μg/rat injected

bilaterally)

↓ SOD, GSH, CAT, NO
↑ MDA in brain

Macerated ethanolic extract of
Indian propolis; 100, 200, and

300mg/kg b.w., p.o.
(posttreatment after 14 days); 21

days

↑ SOD, GSH, CAT, NO
↓ MDA in brain

All doses were effective; the
effect slightly increased with

increasing dose

Jin et al. [6]

6-Hydroxydopamine-
induced oxidative stress
in human neuroblastoma
SH-SY5Y cells (50 μM for

24 h)

↑ ROS
↑ MDA
↓ SOD

↓ Bcl-2/Bax ratio

Pinocembrin; 1, 5, and 25 μM
pretreatment for 4 hours

↓ ROS∗∗

↓ MDA∗∗

↑ SOD∗∗

↑ Bcl-2/Bax ratio∗∗

↑ Nrf2 translocation∗∗

↑ HO-1 and γ-GCS
expression∗∗

de Oliveira et al.
[49]

Paraquat-induced
neurotoxicity in SH-SY5Y
cells (100 μM, 24 hours)

↑ O2
−• production, lipid

peroxidation, protein
carbonylation, and
protein nitration in

mitochondrial
membranes

↓ Thiol content in
mitochondrial
membranes

↓ GSH in mitochondria

Pinocembrin; 25 μM
pretreatment for 4 hours

↓ O2
−• production, lipid

peroxidation, protein
carbonylation, protein

nitration, as well as oxidation
of thiol groups in

mitochondrial membranes
↑ Thiol content in

mitochondrial membranes
↑ GSH in mitochondrial

membranes
↑ Erk1/2-Nrf2 axis

↑ GCLM, GCLC, GSH, and
HO-1

Barros Silva et al.
[7]

6-OHD-induced
dopaminergic neuronal
loss in rats, (3 μL, 8mg/

mL, s.i.)

↑ Hydrogen peroxide in
striatum

↑ Cu, Fe, Mn, and Zn in
brain

Caffeic acid phenethyl ester
(CAPE); 10μM/kg, i.p.,
cotreatment for 5 days

↓ Hydrogen peroxide in
striatum

↓ Cu, Fe, Mn, and Zn in brain

Mahmoud et al.
[50]

K2CrO4-induced
neurotoxicity in rats,

(2mg/kg b.w. for 30 days,
i.p.)

↑ MDA and NO
↓ SOD, GPx, and GSH in

cerebrum
↑ JAK2, STAT3, and
SOCS3 mRNA and
protein in cerebrum

CAPE 20mg/kg b.w.
cotreatment for 30 days, orally

↓ MDA and NO
↑ SOD, GPx, and GSH in

cerebrum
↓ JAK2, STAT3, and SOCS3

mRNA and protein in
cerebrum

Propolis role in
mitigation of
chemotherapy
side effect

Kumari et al.
[51]

Mitomycin C-induced
testicular toxicity in male
mice, (8mg/kg b.w., i.p.,

single dose)

↑ MDA
↓ GSH, SOD, and CAT in

testicular cells

Hydroethanolic extract of
Indian propolis pretreatment

(1 h prior) 400mg/kg, i.p., single
dose

↓ MDA
↑ GSH and CAT in testicular

cells
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Table 2: Continued.

Source Toxic or harmful factor
Harmful effects of an

applied factor
The type of propolis and the way

of application
Effects of propolis
coadministration

Alyane et al. [5]

Doxorubicin-induced
toxicity in rat heat

mitochondria, (20mg/kg
b.w., i.p., single dose)

↑ Mitochondrial MDA
↓ RCR (respiratory chain

ratio) and P/O ratio
↑ O2

− (evaluated in vitro)

Propolis extract pretreatment
with 100mg/kg/day, p.o. for

four days prior

↓ Mitochondrial MDA
↑ RCR (respiratory chain

ratio) and P/O ratio
↓ O2

− (evaluated in vitro)

Propolis as a
modulator of
cardiovascular
disease markers

Salmas et al. [52]

Nω-nitro-L-arginine
methyl ester- (L-NAME-)
induced hypertension in
rats, (40mg/kg b.w.; i.p.

for 28 days)

↓ TAS, PON1
↑ TOS, ADMA, and NF-

κB

Propolis CAPE
coadministration: propolis:

200mg/kg/d; 28 days, by gavage;
CAPE: 50μM/kg/d; 14 days, i.p.

↑ TAS
↑ PON1—only propolis

↓ TOS, ADMA
↓ NF-κB—only propolis

Ahmed et al.
[53]

Isoproterenol-induced
myocardial infarction in
rats, (85mg/kg injection
for 2 days—on the 29th

and 30th days)

↓ SOD, GPx, GRx, and
GST in myocardium

↑ TBARS in myocardium

Malaysian propolis ethanol
extract, pretreatment with

100mg/kg/day, orally, 30 days

↑ GPx, GRx, and GST in
myocardium

↓ TBARS in myocardium

Sun et al. [54]

H2O2-induced rat
cardiomyocytes (H9c2)

oxidative injury, (700 μM,
6 h)

↑ MDA
↓ SOD and GPx

CAPE, benzyl caffeate, and
cinnamyl caffeate pretreatment
with 1, 5, and 10μM for 12 h

↓MDA—doses of 5 and 10μM
↑ SOD and GPx—doses of 5

and 10μM

El-Awady et al.
[58]

High glucose-induced
vascular endothelial

dysfunction, isolated rat
aorta, (44mM for 3 hours)

↑ TBARS in rat aorta
↓ SOD and GSH in rat

aorta

Propolis extract pretreatment
400μg/mL, 30min prior

↓ TBARS in rat aorta
↑ SOD and GSH in rat aorta

Propolis as
protective agent
against
prooxidants’
toxicity

Yonar et al. [59]

Trichlorfon-induced
oxidative stress in fish,
environmental exposure,
11 and 22mg/L, 14 days

↑ MDA in the liver,
kidney, and gill

↓ GSH, SOD, CAT, and
GPx in the liver, kidney

and gill

Propolis cotreatment 10mg/kg
of fish weight, 14 days

↓ MDA in the liver, kidney,
and gill

↑GSH, SOD, CAT, and GPx in
the liver, kidney, and gill

Ferreira et al.
[12]

Tebuconazole-induced
oxidative stress in fish,
environmental exposure

(0.88mg/L)

↑ MDA and carbonyl
protein in brain, liver, and

kidney
↑ GST in liver
↓ GST in brain

↑ CAT in kidney and
brain

↓ SOD in liver

Propolis; 0.01, 0.05, and 0.1 g/L

↓ MDA and carbonyl protein
in brain, liver and kidney
↑ GST in brain, liver∗∗ and

kidney
↑ CAT in liver∗∗

↓ CAT in kidney∗∗ and brain
↑ SOD in liver

Aksu et al. [60]

Paracetamol- (PRC-)
induced reproductive

toxicity in rats, (500mg/
kg b.w., by oral gavage)

↓ SOD, CAT, GPx, and
GSH in testicular tissue
↑MDA in testicular tissue

Chrysin; pretreatment with
25mg/kg and 50mg/kg b.w., by

oral gavage, 7 days

↑ GSH, CAT∗∗, GPx∗∗, SOD
(only the higher dose) in

testicular tissue
↓ MDA in testicular tissue

Manzolii et al.
[61]

Methylmercury-induced
oxidative stress (30 μg/kg
b.w., by gavage, 45 days)

↓ GSH in blood
Chrysin; cotreatment (0.10, 1.0,
and 10mg/kg b.w., by gavage, 45

days)
↑ GSH in blood

Saito et al. [62]
UVA irradiation, human
skin fibroblast cells—NB1-

RGB (10 J/cm2)
↑ HO-1 expression

Brazilian green propolis; 3, 10,
or 30 μg/mL 3,5-di-O-

caffeoylquinic acid, 3,4-di-O-
caffeoylquinic acid, and

chlorogenic acid; 1 or 3 μg/mL

↑ HO-1 expression
↑Nrf2 nuclear translocation to

the nuclei (only propolis
extract was studied)
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self-defense. Under physiological condition, Nrf2 is local-
ized in the cytosol and is associated with its negative reg-
ulator, Kelch-like ECH-associated protein 1 (Keap1). In
response to oxidative/electrophilic stimuli, Nrf2 dissociates
from Keap1 and translocates to the nucleus, where it
forms a heterodimer with its obligatory partner Maf and
then binds to the ARE sequence to activate transcription
of genes encoding a large number of antioxidative and
electrophile detoxification enzymes including HO-1 and
γ-GCS. Pinocembrin also reduced the 6-OHDA-induced
cell viability loss and apoptotic rate and partially inhibited
the reduction of the Bcl-2 (an apoptosis inhibitor) to Bax
(an apoptosis promoter) ratio following 6-OHDA treat-
ment. The treatment of SH-SY5Y cells with the small
interfering RNA (siRNA) directed against Nrf2 (Nrf2-
siRNA) abolished pinocembrin-induced HO-1 and γ-GCS
expression and its protective effects, which suggests that
pinocembrin is protective against Parkinson’s disease-
related neurotoxin 6-OHDA through Nrf2/ARE pathway
(Table 2). De Oliveira et al. [49] confirmed that pinocem-
brin exerted mitochondrial and cellular protection by the
activation of the extracellular signal-regulated kinase 1/2-
nuclear factor erythroid 2-related factor (Erk1/2-Nrf2)
signaling pathway, since the inhibition of Erk1/2 or the
silencing of Nrf2 abrogated these effects. Erk1/2 protein

kinase is an activator of Nrf2. The researchers showed
that pinocembrin pretreatment inhibited paraquat-
induced lipid peroxidation, protein carbonylation, protein
nitration, as well as the oxidation of thiol groups in the
membranes of mitochondria of SH-SY5Y cells. Moreover,
it activated the translocation of Nrf2 and increased the level
of glutamate-cysteine ligase regulatory subunit (GCLM),
glutamate-cysteine ligase catalytic subunit (GCLC), GSH,
and HO-1. GCLM and GCLC are, respectively, regulatory
and catalytic subunits of glutamate cysteine ligase—an
enzyme which catalyzes the first and rate-limiting step in
the production of the cellular antioxidant GSH. The above
effects were blocked or inhibited with the Erk1/2 protein
kinase inhibitor PD98059 or Nrf2 siRNA (Table 2).

The neuroprotective effect of another compound abun-
dant in propolis, namely, caffeic acid phenethyl ester (CAPE),
against 6-OHDA-induced dopaminergic neuronal loss in
rats, was studied by Barros Silva et al. [7]. The cotreatment
with CAPE decreased the hydrogen peroxide production in
brain striatum homogenates. CAPE was also capable of
scavenging ROS by neutralizing the unpaired electrons of
DPPH but did not affect 4-hydroxy-2,2,6,6-tetramethylpiper-
idine-N-oxyl (TEMPOL, a stable nitroxyl antioxidant) in
brain-affected areas. Additionally, CAPE protected against
6-OHDA-induced increase of metal levels (Cu, Fe, Mn, and

Table 2: Continued.

Source Toxic or harmful factor
Harmful effects of an

applied factor
The type of propolis and the way

of application
Effects of propolis
coadministration

Cao et al. [63]

H2O2-induced oxidative
stress, mouse L929
fibroblast cell lines,

(600 μM H2O, 12 hours)

↑ ROS
↓ Cell viability

Ethanol extract of Chinese
propolis; pretreatment with 5,
7.5, and 10μg/mL per 3 hours

prior

↓ ROS∗∗

↑ Cell viability∗∗

↑ HO-1, GCLM, and GCLC at
mRNA level (the highest dose

was studied)
↑ HO-1 and GCLM at protein
level (the highest dose was

studied)

Arabameri et al.
[64]

Maternal separation-
induced stress, the

neonatal rats, separated 6
hours per day, 15 days

↑ MDA in ovarian tissue
↓ SOD, GPx, and FRAP in

ovarian tissue

Iranian propolis; cotreatment
50, 100, or 200mg/kg b.w.; 15

days

↓ MDA∗∗ in ovarian tissue
↑ SOD∗∗, GPx, and FRAP∗∗ in

ovarian tissue
All three doses exerted a

positive effect, but the most
effective was 200mg/kg

Zhang et al. [66]

H2O2-induced oxidative
stress, RAW264.7 cells,
300 μM for 13 hours

↑ Intracellular ROS
Two ethanol extracts of Chinese
propolis, pretreatment for 0.5

hour before
↓ Intracellular ROS

RAW264.7 cells not
subjected to any factor

————
Two ethanol extracts of Chinese

propolis

↓ Intracellular ROS
↑HO-1, GCLM, and TrxR1 on
both the mRNA∗∗ and protein

levels∗∗

The most effective for HO-1

ADMA: asymmetric dimethylarginine; Bax: Bcl-2-related ovarian killer protein; Bcl-2: B-cell lymphoma 2; CAT: catalase; GCLC: glutamate-cysteine ligase
catalytic subunit; GCLM: glutamate-cysteine ligase regulatory subunit; Erk 1/2: extracellular signal-regulated kinase ½, FRAP: ferric reducing ability; GPx:
glutathione peroxidase; GRx: glutathione reductase; GSH: reduced glutathione; GST: glutathione reductase; HO-1: heme oxygenase-1; JAK 2: Janus kinase 2;
MDA: malondialdehyde; NF-κB: nuclear factor kappa B; Nrf2: nuclear factor erythroid 2-related factor 2 (Nrf2); NO: nitric oxide; 8-oxo-2′-deoxyguanosine,
P/O: phosphate/oxygen ratio; PON1: paraoxonase; RCR: respiratory control ratio; ROS: reactive oxygen species; STAT3: signal transducer and activator of
transcription 3; SOCS3: suppressor of cytokine signaling 3; SOD: superoxide dismutase; TAS: total antioxidant status; TBARS: thiobarbituric acid reactive
substances; TOS: total oxidant status; TrxR1: thioredoxin reductase 1; γ-GCS: γ-glutamylcysteine synthetase. ↓: decrease; ↑: increase; ∗∗the effect depended
on used dose.
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Zn) as well as inhibitedmitochondrial permeability transition
(MPT), a mediator of neuronal death that triggers cyto-
chrome c release and caspase-3 activation, and this effect
was not associated with mitochondrial dysfunction. The
authors concluded that basing on the obtained findings and
its ability to cross the blood-brain barrier, CAPE could be a
promising compound to treat Parkinson’s and other neuro-
degenerative diseases (Table 2). Mahmoud et al. [50] demon-
strated, in turn, that CAPE protected the brain against
hexavalent chromium toxicity by preventing oxidative/nitro-
sative stress as well as modulating the JAK/STAT signaling
pathway in rats. The researchers suggested that oxidative
stress along with inflammation caused by Cr(VI) could
directly activate the JAK/STAT signaling pathway in the
cerebrum of rats, which was confirmed by increased JAK2
mRNA and protein expression and consequently STAT3
mRNA and protein phosphorylation in the cerebrum of
Cr(VI)-induced rats. CAPE, in turn, by mitigating oxida-
tive/nitrosative stress, downregulated JAK2/STAT3 signal-
ing, which was also proved by a significant decrease in both
JAK2 and STAT3 mRNA and protein levels in CAPE-
treated group (Table 2).

2.5. Propolis Role in Mitigation of Chemotherapy Side Effect.
In the literature, there are also studies aiming to determine
propolis as a potential natural antioxidant to mitigate side
effect of chemotherapy. Mitomycin C, cisplatin, and doxoru-
bicin are recognised anticancer drugs used along with radia-
tion or surgery. Unfortunately, their administration may
cause diverse side effects, leading to considerable injury of
organs and subsequently worsening life conditions. Some
aspects of this harmful effect have been attributed to inducing
oxidative damage.

Kumari et al. [4] showed that the hydroethanolic extract
of Indian propolis (HEIP) displayed the protective effect
against mitomycin C- (MMC-) induced genotoxicity and
cytotoxicity which could be, at least partially, mediated via
free radical-scavenging activity and inhibitory effect on lipid
peroxidation. The potential geno- and cytotoxic effects of
MMC in the bone marrow was manifested by a significant
increase in the frequency of micronculeated cells and the
percentage of apoptotic cells as well as the reduction in
polychromatic erythrocyte (PCE) to normochromatic eryth-
rocytes (NCE) ratio (P/N ratio) compared to the control
group. However, MMC-induced toxic effects were signifi-
cantly recovered by pretreatment with HEIP with the opti-
mum dose being 400mg/kg. In addition, HEIP possessed a
considerable DPPH radical-scavenging activity (increasing
along with an increase in HEIP concentration), and it exhib-
ited almost such effectiveness as the standard use of ascorbic
acid. HEIP was also found to possess the total antioxidant
activity (evaluated by method based on the principle of
reduction of molybdenum) and exhibited free radical-
scavenging activity in FRAP measurement, but in this case,
the results were not comparable with those obtained
for ascorbic acid. Moreover, HEIP was shown to possess
a substantial lipid peroxidation inhibitory activity, but
again, it was also not as effective as the reference
standard—Trolox (Table 2).

As chemotherapy is known to have fertility-related side
effects, in the next study, Kumari et al. [51] investigated the
effect of HEIP on MMC-induced testicular toxicity. The anti-
oxidant effects of HEIP were assessed by measuring antioxi-
dant/oxidant biomarkers in testicular tissue homogenate.
MMC treatment resulted in long-term oxidative stress,
whereas a single dose preadministration of HEIP was able
to attenuate it to a certain degree—a significant decrease in
MDA level and an insignificant elevation of GSH level and
CAT activity were observed. MMC administration also led
to a reduction in testicular function (testis weight, sperm
count, sperm motility, and spermatozoa with normal head
morphology) in a dose-dependent manner, which was allevi-
ated by HEIP pretreatment (Table 2).

Alyane et al. [5], in turn, demonstrated that the propolis
extract pretreatment substantially attenuated the peroxida-
tive damage in the heart mitochondria following the injec-
tion of an acute dose of doxorubicin. Propolis led to a
significant reduction in mitochondrial MDA formation
and production of superoxide anion, as well as the restora-
tion of respiratory control ratio (RCR—state III respiration/
state IV respiration; indicates the tightness of the coupling
between respiration and phosphorylation) and phosphate/
oxygen ratio (P/O ratio; refers to the amount of ATP
produced from the movement of two electrons through a
defined electron transport chain. Additionally, a decreased
rate and amplitude of mitochondrial swelling were observed
(Table 2).

2.6. Propolis’ Ability to Modulate Cardiovascular Disease
Markers. The antioxidant properties of propolis have also
been suggested to be responsible for its ability to modulate
cardiovascular disease markers. Salmas et al. [52], for
example, reported that oxidative alterations occurring in
the kidney tissue of chronic hypertensive rats might be pre-
vented via propolis, CAPE, as well as pollen administration.
In the kidney tissue of Nω-nitro-L-arginine methyl ester-
(L-NAME-) induced hypertensive rats, total antioxidant
status (TAS) and paraoxonase (PON1, an important antiox-
idant preventing the oxidation of low-density lipoproteins)
activity, were significantly decreased, whereas total oxidant
status (TOS), asymmetric dimethylarginine (ADMA, an
endogenous inhibitor of NO synthase), and nuclear factor
kappa B (NF-κB, regulated by intracellular redox state) were
significantly increased. However, the coadministration of
propolis, CAPE, and pollen restored all the disturbed param-
eters with the propolis samples being the most effective
following by pollen and CAPE (Table 2).

Ahmed et al. [53], in turn, showed that Malaysian prop-
olis (MP) pretreatment ameliorated the negative effects of
isoproterenol-induced myocardial infarction in rats. MP
exhibited high total antioxidant activity determined by both
DPPH and FRAP assays. The isoproterenol administration
resulted in significantly elevated lipid peroxides and reduced
activities of cellular antioxidant defense enzymes in the myo-
cardium. Moreover, it caused a significant increase in serum
cardiac marker enzymes (creatinine kinase-MB, aspartate
transaminase, lactate dehydrogenase, and alanine transami-
nase) and cardiac troponin I levels as well as altered serum
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lipid profiles. However, the pretreatment of ischemic rats
with MP suppressed the above biochemical parameters as
well as improved histopathological findings, suggesting the
protective effect of MP against ISO-induced ischemia via its
direct cytotoxic radical-scavenging activities and possibly
via the inhibition of lipid peroxidation (Table 2).

The protective effect of six active compounds of Chinese
propolis on H2O2-induced rat cardiomyocytes (H9c2) oxida-
tive injury was also studied [54]. All tested compounds dem-
onstrated significant cytoprotective activities; however
CAPE, benzyl caffeate (BZC), and cinnamyl caffeate (CNC)
exerted stronger effects than chrysin, pinobanksin, and 3,4-
dimethoxycinnamic acid (DMCA). CAPE, BZC, and CHC
increased H9c2 cellular antioxidant potential (by decreasing
MDA level and increasing SOD and GPx activities),
decreased intracellular calcium ion level, and prevented cell
apoptosis (Table 2).

The protective effects of ethanol extract of propolis (EEP)
against injury induced by oxidized low-density lipoprotein
(ox-LDL) in human umbilical vein endothelial cells
(HUVECs) were studied by Fang et al. [55]. An atherogenic
role of ox-LDL in the progression of atherosclerotic cardio-
vascular disease is well known. EEP pretreatment amelio-
rated the ox-LDL-induced oxidative stress by reducing
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase activation, ROS, and MDA generation as well as ele-
vating antioxidant enzyme activities. In addition, EEP
reduced ox-LDL uptake by HUVECs and attenuated ox-
LDL-upregulated expression of lectin-like oxidized low-
density lipoprotein receptor-1 (LOX-1—a critical molecule
responsible for ox-LDL uptake by endothelial cells) both at
the mRNA and at protein levels [56]. Moreover, EEP in a
dose-dependent manner protected against the decrease in
cell viability as well as the increase in lactate dehydrogenase
(LDH) release, caspase-3 activation, and apoptosis induced
by ox-LDL. The obtained outcomes allowed the authors to
conclude that EEP appeared to protect HUVECs from ox-
LDL-induced injury via, at least partially, the modulation of
LOX-1-mediated oxidative stress.

Tian et al. [57] proved that the ethanol extract of propolis
might protect macrophages from ox-LDL-induced apoptosis
and the underlying mechanism at least partially involved its
ability to suppress the CD36-mediated ox-LDL intake and
the subsequent activation of the endoplasmic reticulum
(ER) stress-C/EBP homologous protein (CHOP) pathway;
it significantly suppressed the phosphorylation of double-
stranded RNA-activated protein kinase-like ER kinase
(PERK) and eukaryotic translation initiation factor 2α
(eIF2α) as well as the upregulation of glucose regulated pro-
tein 78 (GRP78) and the proapoptotic protein CHOP.

El-Awady et al. [58], in turn, reported that propolis
could protect against high glucose-induced vascular endo-
thelial dysfunction via decreasing oxidative stress in iso-
lated rat aorta. Incubation of aortic rings with propolis
extract prevented high glucose-induced the impairment
of phenylephrine-induced contraction and acetylcholine-
induced relaxation. Additionally, a SOD activity and GSH
concentration increase as well as a decrease in MDA level
were observed (Table 2).

2.7. Propolis as the Protective Agent against Prooxidants’
Toxicity. Antioxidant properties of propolis encouraged the
research concerning its application as an agent preventing
or alleviating harmful oxidative processes caused by various
factors, like trichlorfon, tebuconazole, paracetamol, methyl-
mercury, or UV irradiation.

The beneficial effect of propolis on trichlorfon-induced
prooxidant/antioxidant and haematological parameters
alterations in carp Cyprinus carpio was stated [59]. Fish
were exposed to sublethal concentrations of trichlorfon—a
toxic pesticide commonly used in aquaculture to eliminate
fish parasites, and propolis was administered simulta-
neously. The treatment with propolis caused the alleviation
of trichlorfon-induced negative alterations in the haemato-
logical parameters (red and white blood cell counts, hae-
moglobin concentration, haematocrit, erythrocyte indices,
mean corpuscular volume, mean corpuscular haemoglobin,
and mean corpuscular haemoglobin concentration) as well
as oxidant markers (MDA, GSH, SOD, CAT, and GPx) in
the liver, kidney, and gill samples (Table 2). Ferreira et al.
[12], in turn, showed that bee products, such as propolis,
bee pollen, royal jelly, and honey, prevented and/or
reversed tissue (brain, liver, and kidney) oxidative damage
induced by tebuconazole (an agrochemical fungicide) in
fish by increasing the enzymatic activities of SOD, CAT,
and glutathione-S-transferase (GST) and decreasing lipid
peroxidation (Table 2).

Aksu et al. [60] investigated the effect of chrysin (CR,
a flavonoid occurring in propolis) pretreatment against
paracetamol- (PRC-) induced reproductive toxicity in
male. The treatment with PRC resulted in reduced sperm
motility, antioxidant enzymes activity (SOD, CAT, and
GPx), and GSH level, as well as increased dead sperm rate,
abnormal sperm cell rate, apoptosis, and MDA level in
testicular tissue. CR was found to mitigate the above
effects in a dose-dependent manner with the higher dose
being more effective. The authors concluded that the pos-
sible protection mechanism might be dependent on the
antioxidant activity of CR (Table 2). A protective effect
of chrysin against methylmercury-induced genotoxicity
and oxidative stress was also studied by Manzolli et al.
[61]. The cotreatment with chrysin resulted in the restora-
tion of GSH level, and it decreased the formation of
comets in leukocytes and hepatocytes (Table 2).

Saito et al. [62], in turn, demonstrated that Brazilian
green propolis and its three main constituents (3,5-di-O-
caffeoylquinic acid, 3,4-di-O-caffeoylquinic acid, and chloro-
genic acid) increased theHO-1 (hemeoxygenase1) expression
and accelerated Nrf2 nuclear translocation after UVA irradia-
tion (the major cause of human skin aging) in human skin
fibroblast cells (NB1-RGB).

Propolis has also been suggested to be useful for improv-
ing wound healing, which is possibly owed to its antioxidant
activity (Table 2). Cao et al. [63] investigated the protective
effects of the ethanol extract of Chinese propolis (EECP)
against H2O2-induced oxidative stress in mouse L929 fibro-
blast cell lines. EECP not only showed significant protective
effects against H2O2-stimulated L929 cell death but also
reduced the decline of collagen mRNA expression in a
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significant way. Moreover, EECP induced the expression of
antioxidant-related genes, such as HO-1 (encoding heme
oxygenase 1), GCLM (encoding glutamate-cysteine ligase
regulatory subunit), and GCLC (encoding glutamate-
cysteine ligase catalytic subunit) at both mRNA and protein
levels in skin fibroblasts (Table 2). Heme oxygenase-1 breaks
down heme to carbon monoxide, iron ions, and biliverdin,
which is subsequently reduced to bilirubin. Both biliverdin
and bilirubin are potent antioxidant agents.

Arabameri et al. [64] proved that the Iranian propolis
could significantly prevent oxidative stress (by alleviating
the changes in ferric-reducing antioxidant power, SOD,
GPx, and MDA) as well as histopathological changes (the
number of ovarian follicles, oocytes, and oocytes diameter)
in the ovaries of the neonatal rat following maternal separa-
tion stress (infants were separated from their mothers 6
hours per day). All three applied doses exerted positive effect,
but the most effective was the dose of 200mg/kg (Table 2).
Mişe Yonar et al. [65], in turn, investigated the effect of die-
tary propolis on the number and size of pleopodal egg and
oxidative/antioxidant status of freshwater crayfish. Dietary
propolis supplementation resulted in a significant decrease
in MDA level and CAT and GPx activities as well as a signif-
icant increase in SOD activity in hepatopancreas and ovar-
ium. The pleopodal egg number produced per gram of the
body weight and total pleopodal egg number significantly
increased, whereas the pleopodal egg size significantly
decreased following propolis administration. The authors
suggested that the reduced activity of CAT and GSH-Px fol-
lowing propolis supplementation could have resulted from
the inhibition of superoxide radical formation by the dietary
propolis and concluded that propolis improved efficiency in
the crayfish and reduced the oxidative stress under controlled
hatchery conditions.

Zhang et al. [66] demonstrated that ethanol extracts of
Chinese propolis (EECP) could reduce the intracellular
ROS level not only in the H2O2-induced RAW264.7 cells
but also in normal RAW264.7 cell (not subjected to any
factor). This suggested that propolis could be capable of
reducing oxidative stress generated not only under patho-
logical but also under physiological conditions. Similar to
Cao et al. [63], the authors found that EECP in a time-
and dose-dependent manner elevated the expression of
antioxidant genes such as HO-1, GCLM, and thioredoxin
reductase 1 (TrxR1) on both the mRNA and protein levels
(Table 2). TrxR, along with NADPH and thioredoxin, is a
component of thioredoxin (Trx) system that creates a key
antioxidant system as defense against oxidative stress
through the disulfide reductase activity, regulating protein
dithiol/disulfide balance [67]. Since EECP also increased
expressions of phosphorylated Erk and the nucleus trans-
location of Nrf2, the researchers suggested that propolis
might modulate the expression of HO-1, TrxR1, and
GCLM via Erk kinase/Nrf2 signal pathway.

2.8. Propolis as a Cosmetics Additive. Propolis was also stud-
ied with regard to its potential application in cosmetics. The
research revealed that it can act as a sunscreen agent [68] and
could be used as an ingredient of sunscreen cosmetics [69].

Gismondi et al. [70] studied its usage as an agent-protecting
essential oil, added to sunscreens with the aim of preventing
cytotoxic and proradical effects of their components, against
damage caused by UV radiation. Lavandula angustifolia
Miller essential oil samples, pure or added with 30% ethanol
propolis solution at a dose of 1%, were subjected to UV radi-
ation. UV exposure depleted the antioxidant activity of
essential oil (DPPH, ABTS, and FRAP assay). Propolis sup-
plementation not only prevented this effect but also consider-
ably increased this parameter in both exposed and
nonexposed samples. Those promising results were con-
firmed by experiment performed on highly metastatic
murine B16-F10 melanoma cells. The addition of essential
oil samples to culture media caused an increase in cellular
GPx, SOD, and CAT activity, but in the case of UV-
exposed one, this effect was much less or even slight. How-
ever, additional propolis prevented the deterioration of oil
properties by UV radiation,as in this case, the results
obtained in both oil+propolis+UV and oil+propolis treat-
ments were generally not lower that in the case of essential
oil alone.

3. Bee Pollen

Bee pollen is produced from plant flower pollen, which is col-
lected by bees and mixed with nectar or the salivary gland
secretion of the insects. In such form, it is transported, placed
on the hind legs, to hives. Then flightless bees mix it with
their saliva and pack into honeycombs, covered with a mix-
ture of wax and honey. Under such conditions, the anaerobic
fermentation proceeds with the formation of lactic acid, serv-
ing as a preservative. The substance, produced in this way,
makes a source of nutrients for both adult bees and larvae.
The beekeepers collect bee pollen using traps that enable to
separate pellets from insects’ legs [71–74].

Pollen food energy is rather high; for instance, bee pollen
produced by Apis mellifera, collected in Thailand and con-
taining mainly corn pollen, showed its value to be as much
as 397.16 kcal/100 g [42]. In 22 samples of bee pollens col-
lected in Portugal, the obtained values ranged from 396.4 to
411.1 kcal/100 g [75]. It is even named “only perfectly com-
plete food” [75] or “the life-giving dust” [76].

3.1. Bee Pollen Composition. The components of bee pollen
comprise of a great number of different substances includ-
ing nutrients (proteins, carbohydrates, and lipids), amino
acids (bee pollen is a rich source of leucine, isoleucine,
and valine—branched, exogenous amino acids), fatty acids
and their esters, vitamins (carotenoids, B, E, H, and folic acid),
minerals (macro- and microelements), as well as phenolic
organic compounds—flavonoids, phenolic acids, and their
derivatives [2, 15, 42, 75, 77–83]. Additionally, the presence
of different organic acids (oxalic, tartaric, malic, citric, succi-
nic, acetic, lactic, and gluconic)was found, the latter exhibiting
the highest concentration. Among inorganic components
macroelements (sodium, potassium, calcium, and magne-
sium), microelements (iron, zinc, manganese, and copper) as
well as some other metals (chromium, aluminium, strontium,
tin, nickel, and vanadium)were detected. The content differed
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considerably in some cases, depending on the source region
and plants, particularly as for gluconic acid, potassium, cal-
cium, iron, manganese, and zinc [79].

Numerous studies concerning bee pollen included the
determination of their detailed composition, particularly
considering the biologically active compounds. The following
flavonoids and their derivatives were identified as compo-
nents of rape (Brassica campestris L.) bee pollen: quercetin,
naringenin, kaempferol, and isorhamnetin as well as rutin
and 3-O-glucosides of quercetin and kaempferol [83]. In
the bee pollen from Cistus sp. of Spanish origin, in turn,
kaempferol, kaempferol-3-glucoside, quercitin, quercetin-7-
rhamnoside, and isorhamnetin were found [43], whereas in
Croatian Cystus incanus L. bee pollen, galangin, kaempferol,
chrysin, and pinocembrin were detected [78]. In some sam-
ples, the presence of herbacetin, myricetin, tricetin, luteolin,
and 3-O-methylquercetin was proved [84]. In Egyptian bee
pollen, quercetin, rutin, catechin, epicatechin, kaempferol,
apigenin, naringenin, and luteolin were identified [74]. The
glucosides of the following anthocyanins, delphinidin, petu-
nidinm, and malvidin were found in bee pollen collected in
Spain [85]. According to Silva et al. the analysis of pollen
loads collected by stingless bees Melipona rufiventris
revealed the presence of different flavonoids, including
dihydroquercetin, luteolin, quercetin, isorhamnetin, and
isorhamnetin glucoside (isorhamnetin-3-O-(6″-O-E-p-cou-
maroyl)-β-D-glucopyranoside), which was detected in bee
pollen for the first time [41].

As for phenolic acids on average, they constitute up to
0.19% of bee pollen and comprise of the derivatives of ben-
zoic, cinnamic, and phenylacetic acids. Gallic acid (3,4,5-tri-
hydroxybenzoic acid) is characterized by a great antioxidant
activity [15].

Among the constituents of bee pollen, the following phe-
nolic acids and their esters were reported to be identified:
benzoic acid derivatives—p-hydroxybenzoic acid, gallic acid,
syringic acid, vanilic acid, and protocatechuic acid—as well
as cinnamic acid derivatives—p-coumaric acid, ferulic acid,
caffeic acid, and their glycerol esters. Other more compli-
cated derivatives like rosmarinic acid dihexoside as well as
amide derivatives of hydroxycinnamic and ferulic acids were
also found [14, 41, 71, 74, 77, 86].

3.2. Relationships between the Antioxidant Capacity of Bee
Pollen and Its Composition. Bee pollen antioxidant properties
have been investigated in many in vitro studies using DPPH,
ABTS+, and FRAP methods. It is well known that the antiox-
idant capacity of bee pollen is dependent on its content. But
the numerous studies, which have been carried out with the
aim of determining the composition and properties of differ-
ent bee pollen samples, proved a considerable diversity of the
obtained results. Some studies have shown a strong positive
correlation between the total content of phenolic compounds
and antioxidant capacity of bee pollen [79, 81], whereas
others found no considerable relationships [71]. In the next
study [87], in turn, not phenolic compounds but phenylpro-
panoid content was found to be correlated with the total anti-
oxidant activity measured by the inhibition of linoleic acid
peroxidation. According to Sousa et al. [85], in turn,

flavonols may act as both antioxidants and prooxidants in
their reduced and oxidized forms, respectively, whereas
anthocyanins act as prooxidants. It has also been found that
both content and properties of bee pollen are dependent on
the kind of its plant source as well as the conditions of the
plants growing like soil or climate. The time of harvesting
creates an additional factor affecting these properties [2, 75,
76, 79, 80]. The potential influence of some kind of treatment
(freezing as well as freezing and subsequent dehydratation)
on the content and properties of bee pollen was also reported.
While the chemical composition was not affected by freezing
or freezing and subsequent drying, the antioxidant activity
was enhanced by freezing and additional drying. The
researchers attributed the observed effects to a moisture
decrease, leading to antioxidants concentration [71]. The dif-
ferences in polyphenolic compounds, in total as well as par-
ticular types, were also found, showing considerable
dispersion, for example, LeBlanc et al. [11] reported that
mimosa bee pollen contained 34.85mg/g of polyphenolics
expressed as gallic acid equivalents, while in the yucca one,
only 19.48mg/g, and in the palm one, 15.91mg/g were found.
The flavonol content in Pyrus communis bee pollen was found
to be 1349mg/100 g, but in the Lamium purpureum one, it
reached only 171 g/100 g [87]. In different samples of bee pol-
len collected in northeastern Brazil in the period of nine
months (January–November), flavonoid profiles were found
to differ, depending on the time of harvesting and the predom-
inant pollen type [81].

Similar to the case of propolis, the research has shown that
the typeof the extraction solventusedmayaffect theproperties
of the pollen extract to a considerable degree (Table 1). This is
connected with different solubilities of particular components
of beepollen in solvents of diverse polarities. Itwasproved that
the applicationofnonpolar solvents resulted in extracts of very
low antioxidant activity, whereas the polar ones allowed
obtaining the better antioxidant properties. However, consid-
erable differences were observed even in the case of the appli-
cation of solvents of similar polarity [11, 41, 42]. The optimal
condition for bee pollen extraction was studied by Kim et al.
[13]. In their experiment, the total extract obtained by extrac-
tion with 80% methanol (twice) was then successively parti-
tioned using solvents of different polarities: n-hexane,
dichloromethane, ethyl acetate, and n-butanol. Ethyl acetate
and n-butanol fractions exhibited the greatest activity, so in
the next step, the optimal conditions of extraction were
estimated by response surface methodology using the Box-
Behnken design (BBD) with three-level three-factor. The
variables were ethyl acetate concentration in methanol, tem-
perature, and time. The solvent concentration proved to
exhibit the greatest impact, and the optimal parameters were
established as follows: 69.6% ethyl acetate in methanol,
10.0°C and 24.2 h. The calculated values were confirmed
experimentally, as the extract obtained under the theoretically
estimated conditions showed the antioxidant activity and
tyrosinase inhibition very similar to those predicted by statis-
tical methods [13]. The dependence of extract properties on
the used extraction solvent was also confirmed in the animal
research. In rats with induced hind paw edema, the oral
administration of bee pollen bulk showed mild suppressing
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properties, and water extract had practically no effect, while
ethanol extract displayed the greatest effectiveness [43].

3.3. Bee Pollen Role in Mitigation of Chemotherapy Side
Effect. Bee pollen has been found both to alleviate the deteri-
oration of antioxidant barrier and instead of nad to inhibit
lipid peroxidation process following chemotherapy.

Huang et al. [88] found that the intraperitoneal treat-
ment with cisplatin resulted in the extensive deterioration
of liver and kidney functions. This harmful effect involved
a significant increase in the concentration of a lipid perox-
idation marker MDA and iNOS as well as a well-marked
depletion of activities of chosen antioxidant enzymes.
However, the additional intragastrical pretreatment with
Schisandra chinensis bee pollen was able to alleviate these
effects in a dose-dependent way. The additional evidence
for the antioxidant influence of bee pollen was the com-
parison of the described results with the effects observed
in animals treated according to the same design with cis-
platin and an acknowledged antioxidant vitamin—ascorbic
acid—whose impact was comparable with that observed
for bee pollen (Table 3). The relationships between antiox-
idant properties and protective influence of bee pollen
against cisplatin were also confirmed by Tohamy et al.
[89]. In a study performed on cisplatin-exposed male
mice, distinct symptoms of oxidative stress in organs (kid-
ney, liver, and testis) were observed as the lipid peroxida-
tion process was greatly intensified, while CAT activity
and GSH concentration markedly depressed. However,
the oral coadministration of Egyptian bee pollen water
extract significantly alleviated prooxidant changes. More-
over, bee pollen alone decreased neither CAT nor GSH
and distinctly inhibited lipid peroxidation in the kidney
and testes. As the studied organs show a great vulnerabil-
ity to the toxic action of cisplatin, the obtained results
made the authors suggest the potential effectiveness of
bee pollen at alleviating cisplatin-induced side effects. It
seems to be worth noticing that in this case, the bee pollen
proved to be effective even when administered after cis-
platin application. The experiment performed by scientists
from Malaysia supported the abovementioned findings.
According to the authors, the methanol extract of bee pol-
len of Malaysian stingless bee (Lepidotrigona terminata (L.
terminata)), displaying a distinct, dose-dependent antioxi-
dant activity, was also effective for the antiproliferation
of cells. Such an effect was observed in the case of both
cancer (MCF-7) and normal (L929) ones with the IC50
value being much lower for cancer cells. Then the effect
of cisplatin alone and in cotreatment with bee pollen
extract was studied on MCF-7 cells. Cell proliferation
was distinctly inhibited by cisplatin, and additional bee
pollen revealed a potentializing influence on cisplatin
action. In the next stage, the analysis of the influence of
bee pollen and cisplatin combination on MCF-7 cell line
was performed using CompuSyn software to evaluate if
these agents work in an antagonistic, synergic, or additive
way. The statistical analysis allowed the authors to suggest
that these two substances acted in synergistic way. In
conclusion, the researchers suggested the possibility of

the application of the studied bee pollen, capable of
aiming at potentiating the effectiveness of the therapy
and allowing the decrease of the dose of chemoprotective
drugs [90] (Table 3).

3.4. Bee Pollen as a Protective Agent against Prooxidants’
Toxicity. Antioxidant properties of bee pollen encouraged
the research concerning its application as an agent prevent-
ing or alleviating harmful oxidative processes occurring in
organisms or caused by different factors. The performed
studies included interesting, diverse issues and resulted in
considerably promising findings.

Turkish scientists investigated bee pollen as a protective
agent against carbon tetrachloride hepatotoxicity. The results
were additionally compared with those obtained for silibinin,
an active component of silymarin (a plant-origin substance
used in hepatic disorder cure). All the applied treatments
caused a decrease in body weight gain. However, this effect
was the least in the case of the coadministration of CCl4
and the higher dose of bee pollen. A significant enhancement
of liver injury markers—plasma activity of transferases ALT
and AST observed in CCl4-exposed rats—was considerably
alleviated in animals cotreated with both silibinin and bee
pollen. Furthermore, the effect of the higher bee pollen dose
was not markedly different from that observed in the case
of silibinin. Liver and plasma MDA were found to be signif-
icantly increased by CCl4 exposure, and again, both studied
protective agents were capable of reversing this effect,
although that in liver silibinin was more effective. The SOD
activity in plasma, RBC, and liver was depressed in CCl4-
exposed rats, and in this case, both silibinin and bee pollen
proved to lack protective influence. As chestnut bee pollen
was found to contain antioxidants and a substantial antioxi-
dant capacity measured by FRAP and DPPH methods, the
authors suggested the possibility of replacing silibinin by
bee pollen in liver disorders cure, all the more because the
harmful effects were observed in silibinin-treated animal-
s—decrease in body weight gain, severe diarrhea, and, conse-
quently, mortality [1] (Table 3).

Bee pollen was also shown to alleviate aflatoxin–
induced oxidative processes in spleen by a decrease in
the H2O2 level accompanied by GSH enhancement and
NO proper generation [91].

In another animal study, bee pollen was investigated with
regard to its possible application as an agent alleviating stress
induced by exercise. Taking into account the fact that nutri-
ents contained in bee pollen are barely absorbed in the gas-
trointestinal track due to the tough coat enclosing the
components inside and making digestion difficult to proceed,
the authors carried out a very interesting comparison of the
neat and processed monofloral Indian mustard bee pollen.
The processed one was obtained by mixing with an edible
lipid-surfactant mixture (Captex 355 and Tween 80 in differ-
ent ratios). The composition of the lipid-surfactant mixture
influenced the total polyphenol content in the obtained proc-
essed samples, with the ratio of 1mg of bee pollen : 500mg of
Captex 355 : 750mg of Tween 80 showing the highest value.
For this reason, that sample was chosen for further studying
using an animal model as a protective agent against oxidative
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Table 3: The protective effects of bee pollen against prooxidant action of different harmful factors.

Source Toxic factor Harmful effects of a
toxic factor

The type of bee pollen and
the way of application

Effects of bee pollen
coadministration

Mitigation effect
of bee pollen on
chemiotherapeutic
agents

Huang et al. [88]

Cisplatin-induced toxicity
in rats, (8mg/kg b.w. i.p. in
single dose) on the 7th day
of the 12-day-experiment

↑ MDA and iNOS: liver
and kidney

↓ SOD, CAT, and GSH:
liver and kidney

Schisandra chinensis bee
pollen extracted with 70%
ethanol, 400, 800, and
1200mg/kg b.w. p.o.,

12 days

↓ MDA in liver∗∗ and
kidney

↓ iNOS in liver and
kidney∗∗

↑ SOD in liver∗∗ and
kidney∗∗

↑ CAT in the liver and
kidney

↑ GSH in the liver and
kidney

Tohamy et al. [89]

Cisplatin-induced toxicity
in male mice (2.8mg/kg
b.w. i.p. twice/week for

3 weeks)

↑ Lipid peroxidation in liver,
kidney and testis

↓ CAT and GSH in the liver,
kidney, and testis

Water, Egyptian bee pollen
extract, 140mg/kg b.w. once
a day orally, during the last
2 weeks of cisplatin exposure

↓ Lipid peroxidation
in the kidney, liver,

and testis
↑ CAT and GSH in
the kidney, liver,

and testis
Mitigation effect of
bee pollen on other
toxic agents

Ferreira et al. [12]

Tebuconazole-exposed fish
(catfish jundiá), 0.88mg/L

(16.6% of 96 h LC50)
96 hours

↑ Lipid peroxidation in the
liver, kidney, and brain

↓ SOD in liver
↑ CAT in the liver and brain

Bee pollen; 0.01, 0.03,
and 0.05 g/L, environmental

exposure

↓ Lipid peroxidation
in the liver, kidney∗∗,

and brain∗∗

↑ SOD in the liver ∗∗

↓ CAT in liver∗∗: low
and high doses

↓ CAT in brain∗∗

Yıldız et al. [1]
Carbon tetrachloride-

induced hepatotoxicity in
rats (0.85mL/kg b. w. i.p.,

7 days)

↑ plasma ALT and AST
↑ MDA in liver, RBC

and plasma;
↓ SOD in plasma, RBC

and liver

Bee pollen collected
during flowering season in
Turkey (Western Black

Sea region) with dominant
component chestnut sativa

pollen (>45%), 200mg/kg/day
orally, 400mg/kg/day orally,

7 days

↓ Plasma ALT: high
dose

↓ Plasma AST
↓MDA in the plasma,

RBC, and liver

Almaraz-Abarca
et al. [93]

Bromobenzene-induced
hepatotoxicity in mice,
94.211 μg/mL in oil,

200 μL orally

↑ Lipid peroxidation liver

Bee pollen from mesquite
(Prosopis juliflora) collected
in April in Mexico, extracts
of two flavonol concentration

(9.794 μg/mL and 21.751 μg/mL),
200 μL orally

↓ Liver lipid
peroxidation—only
the higher dose

Ketkar [92]
Chronic exercise-induced
oxidative stress in rats,

4 weeks

↓ Gastrocnemius muscle
SOD and GSH

↑ Gastrocnemius muscle MDA
and NO

↓ Weight of gastrocnemius
muscle and body

The neat and processed
(1mg of bee pollen : 500mg of

Captex 355 : 750mg of Tween 80)
monofloral Indian mustard bee
pollen, 100, 200, or 300mg/kg

daily, orally

↑ SOD and GSH in
gastrocnemius muscle

↓ MDA in
gastrocnemius

muscle: neat∗∗: high
dose, processed:

all doses
↓ NO in

gastrocnemius muscle
neat∗∗: higher ones,
processed: all doses

↑ Body weight
↑ Gastrocnemius

muscle weight neat∗∗:
high one,

processed∗∗: higher
doses

The positive effects
increase along with
the increase in the

dose

ALT: alanine aminotransferase; AST: aspartate aminotransferase; CAT: catalase; GSH: reduced glutathione, iNOS: inducible nitric oxide synthase; MDA:
malondialdehyde; NO: nitrogen oxide; RBC: red blood cell; SOD: superoxide dismutase; ↓: decrease; ↑: increase; ∗∗the effect depended on used dose.
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changes caused by exercise. In rats subjected to chronic exer-
cise, the distinct evidence of oxidative stress was shown as
SOD, and GSH were found to be markedly decreased, while
MDA and NO significantly increased in the gastrocnemius
muscle. Additionally, exercised animals displayed signifi-
cantly decreased body and gastrocnemius muscle weights
compared to the control. All these exercise-induced changes
were partially reversed by oral treatment with both neat and
processed bee pollen in a dose-dependent way, and the proc-
essed one proved to have much greater efficiency. Further-
more, the processed bee pollen, given alone to nonexercised
animals, generally did not substantially affect the studied
parameters in comparison with the control. The authors con-
cluded that processing improved the availability of bee pollen
nutrients and subsequently all beneficial effects [92] (Table 3).

Bee pollen has also been found to show some protective
effect against oxidative damage observed in fish environmen-
tally exposed to tebuconazole (a fungicide of high toxicity to
aquatic organisms), but the obtained results were not unam-
biguous. Tebuconazole caused a considerable intensification
of lipid peroxidation in chosen organs and a decrease in liver
SOD. Additional bee pollen considerably reversed these
effects. However, in the case of CAT, the obtained results
were not so promising. Tebuconazole alone enhanced its
activity in the liver and brain and showed no significant effect
in kidney. The cotreatment with bee pollen displayed diverse
effects, depending on dose and organ, with no determined
tendency. But the most important fact was a significant
CAT decrease versus control observed in the kidney and
brain of fish exposed to higher concentrations of bee pollen.
Furthermore, bee pollen alone also depressed CAT in those
organs compared to control [12].

Almaraz-Abarca et al. [93] investigated the properties of
bee pollen from mesquite (Prosopis juliflora) collected in
Mexico and also received inconsistent results. Bee pollen
extracts of two flavonol concentrations prevented lipid
peroxidation observed in the liver of mice exposed to bromo-
benzene but the results reached statistical significance only in
the case of higher dose. However, the extract of higher con-
centration given alone caused a significant intensification of
liver lipid peroxidation in mouse, comparably with the one
observed in bromobenzene-treated animals. Interestingly,
the extract of lower concentration showed a great antioxidant
effect as lipid peroxidation in this case was even decreased
when compared to the control with no treatment. The authors
concluded that in the absence of any oxidative stress-inducing
factor, the administration of the high concentration of flavo-
nols itself may induce oxidative damage occurrence. Accord-
ing to the authors, the confirmation of such an assumption
could be the reports revealing that both polyphenols and an
acknowledged antioxidant vitamin C may act as prooxidants
in the presence of transient metal ions. Despite the similarity
of the effects, the authors do not postulate the similarity of
themechanismof prooxidant influence offlavonoids and vita-
min C. However, these outcomes show the necessity of proper
precaution in the applicationof bee pollen, particularly in con-
sidering the dose (Table 3).

Similar conclusions were drawn from the experiment
performed by Sousa et al. [85]. Studying bee pollen from

Echium plantagineum L., they used three different sub-
stances: its extract enriched in flavonols (fraction I), its
extract enriched in anthocyanins (fraction II), and the com-
bination of both extracts (the whole extract). Both I and II
extracts contained kaempferol glucosides, and additionally
in fraction II anthocyanins, glucosides of delphinidin, petu-
nidin, and malvadin were detected. All three extracts were
studied in vitro considering their influence on viability, reac-
tive species, and antioxidants in Caco-2 cells. Interestingly,
the extracts exhibited varied activity under different condi-
tions. As for cells not subjected to any factor, neither fraction
I nor fraction II caused any changes in cell viability measured
by MTT assay, while the whole extract containing the combi-
nation of flavonols and anthocyanins, used in high concen-
tration (20mg/mL), caused a significant cellular viability
depression. The effect of pretreatment with bee pollen
extracts on the viability of cells induced by butyl hydroperox-
ide (t-BHP), whose presence stimulated reactive oxygen spe-
cies production, was also evaluated. Herein, fraction II used
in higher concentrations (2.5–20mg/mL) and the whole
extract (2.5–10mg/mL) intensified t-BHP-induced harmful
effect, while the highest concentrations of fraction I showed
some insignificant but distinct protective effect. Additionally,
the percentage values of cell viability, obtained for the whole
extract, applied in concentration of 20mg/mL, were the
same, regardless of t-BHP presence or absence. These out-
comes allowed the authors to suggest that anthocyanins acted
as prooxidants, while flavonols supported antioxidant barrier
but, in their oxidized forms, might also contribute to proox-
idant processes. Lower concentrations of fractions I and II
were also efficient at decreasing reactive species level. Inter-
estingly, high concentration (20mg/mL) prevented reactive
species production only after a short t-BHP exposure. Along
with the exposure, lengthening fraction II was proved to be
ineffective, while fraction I began to act as a prooxidant as
reactive species generation was shown to be enhanced. The
whole extract did not show a significant antioxidant efficacy,
and the higher concentrations exerted even prooxidant effect,
particularly after a longer time of t-BHP exposure. Next,
reduced glutathione was determined in the cells treated with
different concentrations of the studied extracts, with and
without subsequent exposure to t-BHP. The only effects were
observed in cells exposed to t-BHP—a significant GSH
increase after pretreatment with 20mg/mL of the whole
extract and a slight enhancement after using higher doses of
fraction I. The authors tried to explain those complex
observations pointing to GSH participation in t-BHP defusing,
the bioactivation of t-BHP by cytochrome P450 as well as the
inhibition of the influence of flavonoids (mainly anthocya-
nins) on cytochrome P450 enzymatic activity, the capacity of
anthocyanins for being transformed into radicals, as well as
the ability of t-BHP to form species more active than those
produced by the process of its biotransformation. Concluding,
the authors underlined the necessity of taking the proper pre-
cautions in using bee pollen, particularly considering the dose.

3.5. Bee Pollen in Cosmetics. The beneficial influence of bee
pollen on skin condition has been known from ancient times.
Recently, as the return to natural medicine agents is being
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observed, some studies have been carried out with the aim of
clarifying the mechanism of these effects.

Sun et al. [86], in their experimental study, confirmed the
possibility of bee pollen using in skin therapy, connected with
its antioxidant ability. Chinese scientists studied composi-
tion, antioxidant activity, as well as its influence on the mela-
nogenesis of two rape bee pollen extracts containing free or
bound phenolics. Both extracts exhibited antioxidant capac-
ity measured by DPPH, ABTS, and FRAP methods, although
the free phenolic one proved to be much more effective as an
antioxidant. In the next stage of the study, the effect on mel-
anin synthesis was investigated. Tyrosinase activity was
inhibited in a dose-dependent way by both extracts with the
free one being more effective. Since some phenolic com-
pounds also showed the same effect, the authors assumed
the existence of some relationship between phenolic profile
and inhibitory influence on tyrosinase activity. The tyrosi-
nase inhibition was studied considering the fact that melato-
nin, despite its protective role for the skin, in excessive
amounts, may itself exert harmful effects like reactive oxygen
species generation and pigmentation. The effect of free phe-
nolic extract of bee pollen on melanogenesis was also studied
using B16 mouse melanoma cells. The studied substance
decreased intracellular tyrosinase activity and melanin rela-
tive content in a very distinct, dose-dependent way. More-
over, taking into account the connection between the
melanogenesis and generation of oxygen reactive species
and consequently the role of intracellular reducing activity
in melanogenesis regulation, GSH/GSSG value was mea-
sured. Free phenolic bee pollen extract again showed a high
effectiveness at increasing reducing power by enhancing
intracellular GSH/GSSG ratio, indirectly contributing to the
depression of melanin synthesis. All the presented results
point to the usefulness of bee pollen in protecting the cell
against abnormal melanogenesis, which cannot be overrated
as melanin is responsible for numerous skin disorders, from
freckles up to malignant melanoma [86]. The usefulness of
bee pollen in manufacturing cosmetics protecting the skin
against hyperpigmentation and oxidative stress was also con-
firmed by Korean scientists [13].

4. Royal Jelly

Royal jelly is a secretion from mandibular and hypopharyn-
geal glands of young bees of the Apis mellifera species [94].
This is a white or yellowish cream substance that makes food
for young bee larvae (but no longer than three days, and then
they are fed with a mixture of pollen, nectar, and honey) and
the only food for the queen in both the larval and adult stages
[95–97]. This difference in the way of feeding is considered as
the main factor responsible for the differentiation in the
development of bee workers and the queen. In comparison
to the workers’ food, the royal jelly contains less water and
four times more sugars, more proteins, and different concen-
trations of some mineral salts [96]. This unique composition
of royal jelly leads to changes in gene expression (most prob-
ably through epigenetic mechanisms) which allows, for
instance, full ovarian development to proceed [97]. Thanks
to royal jelly, the queen could live up to five years (workers

usually live about 45 days) and lay about 2000–3000 eggs a
day [98]. For commercial use, royal jelly is collected from
the queen’s cells, as they are the richest sources of this pro-
duct—it is produced in a much larger amount than queen
larvae are able to consume [94]. According to some sources,
the annual production of royal jelly amounts to several thou-
sand tons—about 2000 tons are produced only in China [99].

4.1. Royal Jelly Composition. From the chemical point of
view, the royal jelly is an emulsion of proteins, sugars, and
lipids in water. Moreover, it contains about 1.5% mineral
salts (mainly copper, zinc, iron, calcium, manganese, potas-
sium, and sodium salts) and small amounts of flavonoids,
polyphenols, and vitamins (biotin, folic acid, inositol, niacin,
pantothenic acid, riboflavin, thiamine, and vitamin E) [95,
99–101]. Among RJ, flavonoids can be distinguished: flava-
nones (hesperetin, isosakuranetin, and naringenin), flavones
(acacetin, apigenin, and its glucoside, chrysin, and luteolin
glucoside), flavonols (isorhamnetin and kaempferol gluco-
sides), and isoflavonoids (coumestrol, formononetin, and
genistein) [102].

The water content in the royal jelly is 50–70% [23, 95].
The total sugar content fluctuates between 7 and 21.2% and
mainly consists of fructose and glucose [95, 99, 103]. Fruc-
tose and glucose together account for 90% of all sugars [99,
104]. Sucrose is always present but often in variable concen-
trations (2.86% according to Kanelis et al. [99], 2.1% accord-
ing to Kolayli et al. [23], 0.5–2% according to Oršolić [105],
and 0.2% according to Wytrychowski [106]). Studies have
also revealed the presence of other oligosaccharides, such as
trehalose, maltose, gentiobiose, isomaltose, raffinose, erlose,
and melezitose [103, 104].

The total protein content in the royal jelly, according to
different researchers, varies between 8 and 9% [23, 104, 105].
The electrophoretic analysis of royal jelly from two bee sub-
species—Apis cerana japonica and Apis mellifera—revealed
21 different bands of proteins on the gel of which 14 bands
were common to both subspecies [107]. The so-called major
royal jelly proteins (MRJPs) represent about 90% of the total
protein content [108]. Interestingly, according to Kamakura
[109], the ability of the royal jelly to modulate the develop-
ment of female larvae may be partially related to the presence
the most abundant protein—major royal jelly protein 1
(MRJP1). Silici et al. [100] pointed out that very important
components of the royal jelly are free amino acids. Using the
LC/MS method, they indicated that it contained amino acids
such as lysine (the biggest amount—62.43mg/100 g); proline
(58.76mg/100 g); cystine (21.76mg/100 g); aspartic acid
(17.33mg/100 g); and less than 5mg/100 g of valine, glutamic
acid, serine, glycine, cysteine, threonine, alanine, tyrosine,
phenylalanine, hydroxyproline, leucine-isoleucine, and gluta-
mine. According to these scientists, the antioxidant activity of
royal jelly may be related to the biological effect of free amino
acids.

The total content of fats and fatty acids in the royal jelly is
estimated to be in the range of 7–18% [95, 104]. Instead of car-
boxylic acids with 14–20 carbon atoms commonly found in
animals and plants, the royal jelly contains short hydroxy fatty
acids with 8–12 carbon atoms in the chain and dicarboxylic
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acids. About 80–90% of the fatty substance fraction is an
extremely rare free fatty acid with an unusual structure. The
major fatty acid is 10-hydroxydecanoic acid (10-HDA),whose
presence has not been reported in any other natural rawmate-
rial or even in any other product of apiculture [23]. According
to different investigators, the content of 10-HDA in the royal
jelly ranges from 0.75 to 3.39% [99]. It is noteworthy that this
acid is considered as one of the most important components
from which the royal jelly biological activity derives. Other
carboxylic acids are 10-hydroxy-2-decenoic acid (10H2DA)
and sebacic acid (SA) (Figure 4) [24].

Considering the antioxidant activity, very important
ingredients of the royal jelly are flavonoids and phenolic
compounds. According to Nabas et al. [104], the royal jelly
contains 23.3± 0.92 GAE μg/mg total of phenolics and 1.28
± 0.09 RE μg/mg of total flavonoids. Interestingly, Liu et al.
[110] found higher contents of polyphenolic compounds
(and also proteins) in the royal jelly harvested 24 hours than
in that harvested 48 or 72 hours after collection from the lar-
vae. Hence, the authors suggest that the harvesting time of
royal jelly can affect the content of antioxidant compounds
and, thus, the therapeutic potential of the product. The GC/
MS analysis performed by Kanbur et al. [111] showed that
the main phenolic compounds contained in the royal jelly
were pinobanksin as well as organic acids and their esters,
for example, octanoic acids, 2-hexenedioic acid and its esters,
dodecanoic acid and its ester, 1,2-benzenedicarboxylic acid,
and benzoic acid.

4.2. Royal Jelly as a Scavenger of Free Radicals. In the avail-
able data, there are some reports confirming the role of
royal jelly as a scavenger of free radicals [104, 110, 112,
113]. For instance, Liu et al. [110] investigated the antioxi-
dant properties of the royal jelly expressed as the radical-
scavenging effect upon DPPH, hydroxyl, and superoxide
radicals. The researchers also evaluated its reducing power,
inhibition effect upon linoleic acid oxidation, and superox-
ide dismutase activity. The obtained results were compared
depending on the larval age (1-, 2-, or 3-day old) and time
of harvest after the larval transfer from the queen cell cups
to the bee hives (24, 48, and 72 h). The authors noted
DPPH radical-scavenging effect (in the range of 43.0–
62.8%) as well as the inhibitory effect on the superoxide
radical formation (ranging from 23.9 to 37.4%) and on
hydroxyl radical formation (48–68%). Moreover, the royal
jelly sample demonstrated an inhibitory effect on linoleic
acid peroxidation (8.6–27.9%). In all cases, the strongest
scavenging effect of RJ was noted in the samples taken from
the youngest larvae (1 day old) transferred into bee hives
for the shortest time (24 h). In addition, the same royal jelly
samples proved to have the strongest reducing power. On
the other hand, the SOD activity of the royal jelly collected
at 72 h after larval transferring of 3-day old larvae was sig-
nificantly higher than that of the others. Accordingly, the
authors suggested that the superoxide radical-scavenging
effect of the royal jelly might be attributed to antioxidative
compounds different from SOD.

Guo et al. [112] found strong antioxidant properties of
peptides obtained after the hydrolysis of royal jelly proteins

using protease N. The antioxidative properties of the
obtained peptides were examined in terms of mechanisms
such as hydrogen peroxide, superoxide, and hydroxyl
radical-scavenging activities and metal-chelating activity.
Twelve obtained peptides showed strong hydroxyl radical-
scavenging activity, and three dipeptides containing Tyr res-
idues at their C-termini (Lys-Tyr, Arg-Tyr, and Tyr-Tyr) had
strong hydrogen peroxide-scavenging activity. However, in
this study, no significant metal-chelating and superoxide
anion-radical-scavenging activities of the isolated peptides
were noted. The authors concluded that di- and tri-peptides
could possess greater antioxidative activity than their constit-
uent amino acids.

4.3. Antioxidant Effect of Royal Jelly in Human and Animal
Diabetes Mellitus Model. Despite antioxidant properties of
the royal jelly found in both in vitro and in vivo models,
there are only a few human studies confirming its effec-
tiveness. The research recently conducted concerned its
influence on the parameters associated with diabetes and
oxidative stress in people with diabetes mellitus type 2
[114, 115]. In the study conducted by Pourmoradian
et al. [114], 50 female volunteers with type 2 diabetes were
randomly supplemented with RJ (1000mg once a day) or
placebo for 8 weeks. Before and after the intervention, gly-
cemic and antioxidative-oxidative blood parameters were
determined. After the supplementation decreased fasting
blood glucose (FBG) and serum glycosylated hemoglobin
(HbA1c) levels as well as increased insulin concentration
were noticed in the royal jelly-supplemented group in
comparison with the placebo one. Moreover, the supple-
mentation caused a significant increase in erythrocyte
SOD and GPx activities as well as a decrease in MDA
concentration. Similar results were reported by Shidfar
et al. [115]. In their study, 46 type 2 diabetic patients were
randomly assigned to royal jelly (1000mg, 3 times a day,
for 8 weeks) or placebo -supplemented groups. In the sup-
plemented group, decreased homeostasis model assessment
for insulin resistance (HOMA-IR) and increased total anti-
oxidant capacity in comparison with the placebo group
were noted. Also in studies using an animal model of dia-
betes, the improvement of oxidative-antioxidant (MDA,
CAT, and ferric-reducing properties of plasma (FRAP))
and biochemical parameters (alanine aminotransferase
(ALT), aspartate aminotransferase (AST), alkaline phos-
phatase (ALP), and fasting blood glucose (FBG)) as well
as histopathological changes (tubular differentiation index,
mononuclear immune cells, tunica albuginea thickness,
seminiferous tubules diameter, Johnsen’s score, spermio-
genesis index, Sertoli cell index, and meiotic index) were
observed after royal jelly supplementation [116, 117]. The
authors suggested that their results confirmed the role of
reactive oxygen species, even if only secondary, in the patho-
genesis of type 2 diabetes. According to them, the royal jelly
can ameliorate insulin resistance via antioxidant effect. Based
on their results, the authors stated that supplementation with
the royal jelly might be beneficial for diabetic patients, but
further studies are necessary to clarify the exact mechanism
of RJ influence on diabetic parameters.
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4.4. Antioxidant and Neuroprotective Effects of Royal Jelly.
There are several studies that focused on the relationship
between the antioxidant and neuroprotective effects of
royal jelly, in the literature data. Mohamed et al. [118]
investigated the possible neurotoxic effect of tartrazine, a
commonly used synthetic azo dye, as well as the potential
modulatory role of royal jelly. The group of rats receiving
only tartrazine showed not only disturbances of antioxi-
dant biomarkers but also numerous apoptotic cells in the
brain cortex and significant decrease in the concentration
of the brain neurotransmitters (GABA, dopamine, and
serotonin). The authors revealed that the cotreatment of
rats with royal jelly improved antioxidant biomarkers as
well as neurotransmitter levels. Interestingly, royal jelly
also had an activating effect on the central nervous system
represented by the reduced degree of damage and apopto-
sis of brain tissue. The authors concluded that a compo-
nent responsible for these changes could be 10-hydroxy-
2-decenoic acid, because it was demonstrated that in addi-
tion to its antioxidative properties, 10H2DA could support
the generation of neurons.

The relationship between the neutralizing effect of
royal jelly on oxidative stress and neurotoxicity was also
sought by Aslan et al. [119]. The researchers revealed that
royal jelly diminished the secondary neuronal damage
after experimental spinal cord injury in rabbits. In this
study, the authors noticed that the treatment with royal
jelly prevented lipid peroxidation and augmented endoge-
nous enzymic or nonenzymic antioxidative defense sys-
tems levels (Table 4). Moreover, royal jelly treatment
significantly decreased the apoptotic cell number induced
by spinal cord injury. Because the authors noted statisti-
cally higher levels of ascorbic acid in the royal jelly group
(laminectomy +100mg/kg RJ p.o.) in comparison with the
control group (laminectomy + single dose of 1mL/kg
saline p.o.), they suggested that the protective effect of
royal jelly against oxidative stress might be related to res-
toration of ascorbic acid availability.

A study conducted by Teixeira et al. [120] also suggested
the existence of antioxidant and neuroprotective effects of
royal jelly but in the resistant and cold stress condition
(Table 4). The authors postulated that the antioxidant
activity of royal jelly, observed in the region of striatum,
might correspond to adenosine monophosphate (AMP)
N1-oxide—the unique compound of RJ—which can regulate
neuronal functions through receptors predominantly
expressed in striatum (A2A adenosine receptors). They
speculated that the activation of these receptors can prevent
radical formation and apoptosis.

4.5. Alleviating Effect of Royal Jelly on Oxidative Stress.
Studies evaluating the alleviating effect of royal jelly on oxi-
dative stress were performed using several in vivo models.
The antioxidant effect of royal jelly in cisplatin-induced sper-
miotoxicity and nephrotoxicity in rats was investigated by
Silici et al. [100, 121]. The researchers attributed antioxidant
properties of royal jelly to the presence of substances such as
10-hydroxy-2-decenoic acid and free amino acids including
proline (which is suggested to act as an antioxidant due to

hydroxyl radical-scavenging activity) as well as cystine and
cysteine (participating in the synthesis of effective cellular
antioxidant—glutathione). The influence of royal jelly on
adverse effects generated by the administration of sodium
fluoride at high doses in mice was assessed by Kanbur et al.
[111]. The authors explained that the antioxidant royal jelly
effect could be associated not only with radical-scavenging
effect but also with another indirect effect based on the
inhibition of enzymes that catalyze the peroxidation of
endogenous lipids as well as the gene expression of cyto-
chrome P450, which is one of the intracellular source of
H2O2, O2·− and HO· radicals [122]. Other studies also
demonstrate the antioxidant effect of royal jelly in an animal
model under oxidative stress condition induced by sub-
stances like carbon tetrachloride (industrial solvent) [123],
azathioprine (immunosuppressive drug) [124], bleomycin
[125], methotrexate [126], paclitaxel [127], taxol [128]
(chemotherapeutic agents), and oxymetholone (synthetic
androgen analogue) [129]. In all mentioned studies, the
antioxidant effect of royal jelly consisted of a positive effect
on the oxidative-antioxidative parameters (Table 4). In
addition, some researchers reported other therapeutic effects
of royal jelly such as hepatoprotective [123, 124], cardiopro-
tective [127], or anti-inflammatory [113, 130] ones. The
postulated hypotheses explaining the antioxidant effect are
the restoration of ascorbic acid availability by royal jelly,
regulation of retinol loss [123], antioxidant effect of some free
amino acids [124], or radical-scavenging activities of RJ and
its component [129].

The antioxidant effect of royal jelly has also been con-
firmed by in vitro studies. For instance, the aim of the study
by Inoue et al. [131] was to investigate protective effects of
royal jelly fatty acid derivative (4-hydroperoxy-2-decenoic
acid ethyl ester (HPO-DAEE)) on oxidative stress-induced
cell death using human neuroblastoma SH-SY5Y cells
(Table 4). The researchers noted that the pretreatment
with HPO-DAEE protected against 6-hydroxydopamine-
(6OHDA-) induced cell death by increasing the expression
of antioxidant enzyme—heme oxygenase-1 (HO-1)
mRNA—through Nrf2-ARE signaling. Interestingly, the
authors revealed that the treatment with HPO-DAEE rap-
idly induced reactive oxygen species generation in SHSY5Y
cells. In conclusion, these results suggested that sublethal
oxidative stress caused by HPO-DAEE is essential for the
activation of this pathway, which is aimed at antioxidant
defense. Moreover, the authors observed that HPO-DAEE
promoted the phosphorylation of eukaryotic initiation fac-
tor 2a (eIF2a), and the subsequent nuclear accumulation
of the activating transcription factor-4 (ATF4). The
ATF4 pathway is known to be activated under several
stress conditions. It is supposed that the interaction of
the Nrf2-ARE pathway with the eIF2a-ATF4 pathway aug-
ments HO-1 expression.

The investigation of protective effect of royal jelly in the
redox state of ovine oocytes matured in vitro, and embryonic
development following in vitro fertilization was performed
by Eshtiyaghi et al. [132]. The authors explained that the
improvement of oocyte maturation in the case of cells
supplemented with royal jelly might be associated with the
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Table 4: The protective effects of royal jelly against prooxidant action of different harmful factors.

Source Toxic/harmful factor
Harmful effects of an

applied factor

The dose and the way of
application of royal jelly or its

ingredients

Effects of royal jelly or its
ingredient coadministration

Neuroprotective effect of royal jelly

Mohamed
et al. [118]

Tartrazine-induced neurotoxicity
in rats (500mg/kg p.o., 30 days)

↑ MDA; ↓ SOD, CAT,
and GSH in brain tissue

RJ: 300mg/kg p.o., 30 days
↓ MDA; ↑ SOD, CAT, and

GSH in brain tissue

Aslan et al.
[119]

Neuronal damage after
experimental spinal cord injury

(laminectomy) in rabbits

↓ Nitrate and nitrite in
serum

↓ SOD and GPx; ↑CAT in
erythrocytes

↑ MDA, nitrite, and
nitrate,

↓ GSH in cerebrospinal
fluid

↑MDA and GSH in brain
tissue

RJ: 100mg/kg b.w. p.o. after
trauma

↓ MDA, ↑GSH in whole
blood

↑Nitrate, Vit. C, retinol, and
β-carotene in serum

↑ SOD, CAT, and GPx in
erythrocytes

↓ MDA and nitrite; ↑ GSH
in cerebrospinal fluid

↓MDA; and ↑ GSH in brain
tissue

Teixeira
et al. [120]

Resistant and cold stress
condition

↑ TBARS brain,
cerebellum, cerebral

cortex, and hippocampus
↓ GPx, GR, G6PDH, and
GSH in the brain and

striatum

RJ: 200mg/kg by gavage, 14
days

↓ TBARS level in the brain,
cerebellum, striatum, and

hippocampus
↑ GPx, GR, G6PDH, and
GSH concentration in

cerebral cortex and striatum

Inoue et al.
[131]

6-Hydroxydopamine- (6OHDA-
) induced cell death; human
neuroblastoma SH-SY5Y cells

↑ ROS generation
RJ fatty acid derivative—HPO-

DAEE: 50μM

↑ Expression of HO-1
mRNA

↑ Cell viability
↓ ROS generation

Mitigation effect of royal jelly on chemotherapeutic agents

Silici et al.
[100]

Cisplatin-induced
spermiotoxicity in rats (7mg/kg

b.w. i.p. in single dose)

↑ MDA
↓ SOD, CAT, and GPx in

testis tissues

RJ pretreatment and
posttreatment: 50 or 100mg/kg
b.w. p.o. once a day, for 10 days

↓ MDA
↑ SOD, CAT, and GPx in

testis tissues

Silici et al.
[121]

Cisplatin-induced nephrotoxicity
in rats (7mg/kg i.p. in single

dose)

↑ MDA
↓ SOD, CAT, and GPx in

renal tissues

RJ pretreatment and
posttreatment: 50 or 100mg/kg
b.w. p.o. once a day, for 10 days

↓ MDA
↑ SOD, CAT, and GPx in

renal tissues

Amirshahi
et al. [125]

Bleomycin-induced
spermiotoxicity in rats (10mg/kg
b.w., 48 days, twice a week, i.p.)

↑MDA in testicular tissue
RJ: 100mg/kg b.w., p.o., 48

days
↓ MDA in testicular tissue

Kaynar et al.
[126]

Methotrexate-induced oxidative
stress in rats (20mg/kg b.w. i.p.,

single dose)

↑ MDA and ↓ SOD and
GPx in plasma

RJ: 50 or 100mg/kg b.w., p.o,
10 days

↓ MDA and ↑ SOD∗∗ and
GPx∗∗ in plasma

Malekinejad
et al. [127]

Paclitrexal-induced
cardiotoxicity in rats (7.5mg/kg

b.w. i.p., weekly, 7 weeks)

↓ TAC in serum
↑ MDA and NO in heart

tissue

RJ: 50, 100, or 150mg/kg b.w.,
p.o., 28 days

↑ TAC∗∗ in serum
↓ MDA∗∗ and NO in heart

tissue

Delkhoshe-
Kasmaie
et al. [128]

Taxol-induced damage of the
testis (7.5mg/kg b.w. i.p., weekly,

4 weeks)

↑ MDA and NO and ↓
TTM in testis tissue

RJ: 50, 100, or 150mg/kg b.w.,
4 weeks

↓ MDA and NO∗∗ and ↑
TTM∗∗ in testis tissue

Mitigation effect of royal jelly on other toxic agents

Kanbur et al.
[111].

Sodium fluoride-induced
oxidative stress in mice (200 ppm

fluoride p.o., 7 days)

↑ MDA in erythrocytes
and liver tissue

↓ SOD, CAT, and GPx in
erythrocytes

↑ GPx, ↓ CAT, and SOD
in the liver tissue

RJ: 50mg/kg b.w. by gavage for
7 days

↓ MDA in erythrocytes and
liver tissue

↑ SOD and CAT in
erythrocytes and liver tissue

↓ GPx in erythrocytes
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improvement of redox status. One of the objectives of this
study was to examine the effect of different concentrations of
royal jelly (2.5, 5, and 10mg/mL of maturation media) on the
in vitro maturation and glutathione (GSH) level of ovine
oocyte as well as the abundance mRNA of antioxidant
enzymes in both oocyte and cumulus cells. Moreover, the
authors investigated glucose metabolism-related genes in
cumulus cells. The parameters were evaluated following 24
hours of in vitromaturation. The authors noted that the dose
of 10mg/mL of RJ not only led to an increase in the number
of oocytes but also caused an increase in the intracellular
GSH content compared to the control group and the group
receiving the lowest dose of royal jelly. In addition, supple-
mentation with 10mg/mL of royal jelly increased the mRNA
GPx in both oocyte and cumulus cells as well as SOD expres-
sion in the cumulus cells. However, royal jelly supplementa-
tion did not influence mRNA CAT level in both oocyte and
cumulus cells. Moreover, the increased expression of phos-
phofructokinase and glucose 6-phosphate dehydrogenase in
the cumulus cells after the addition of royal jelly to thematura-
tion media indicated that the observed protective effect of

royal jelly might be related to the activation of glucose meta-
bolic pathways in the surrounding cumulus cells.

The negation of the above results seems to be a study
carried out by Filipič et al. [133]. The purpose of this study
was to investigate the influence of royal jelly and its bioac-
tive component—10H2DA—and human interferon-alpha
(HuIFN-αN3—a protein with antiviral, antiproliferative,
and antitumor activities—on the proliferation of human
colorectal adenocarcinoma cells (CaCo-2) and the oxida-
tive stress parameters—GSH and MDA concentration.
Royal jelly and HuIFN-αN3 applied at 2 : 1 ratio and royal
jelly applied in combination with 10H2DA (2 : 1 ratio)
caused a decrease in the level of GSH and increase in lipid
peroxidation indicator level (MDA) in CaCo-2 cells in
comparison with the control group. On the other hand,
it was observed that these combinations had the highest
antiproliferative effect. The authors suggested that antipro-
liferative effects of RJ, HuIFN-αN3, and 10H2DA on the
CaCo-2 cells could be connected not only with the
induction of apoptosis and cytotoxicity but also with their
influence on the prooxidative-antioxidative balance.

Table 4: Continued.

Source Toxic/harmful factor
Harmful effects of an

applied factor

The dose and the way of
application of royal jelly or its

ingredients

Effects of royal jelly or its
ingredient coadministration

Cemek et al.
[123]

Carbon tetrachloride-induced
acute liver damage in rats

(0.8mL/kg b.w. s.c., 20 days)

↑ MDA in the whole
blood, liver, brain, kidney,
lung, and heart tissues

↓ GSH in the whole blood
↓ Vit. C, β-carotene, and

retinol in serum

RJ: 50, 100, and 200mg/kg
b.w., p.o., 20 days

↓ MDA in the whole blood,
liver∗∗, brain∗∗, kidney,
lung, and heart tissues

↓ GSH in the whole blood∗∗

↑ GSH in the liver and brain
tissues∗∗

↑ Vit. C, β-carotene, and
retinol in serum

Ahmed et al.
[124]

Azathioprine-induced toxicity in
rats (50mg/kg b.w. i.p., single

dose)

↑ MDA and GSH in the
liver tissue

RJ: 200mg/kg p.o., 7 days
↓ MDA and ↑ GSH in the
liver tissue after 24 h and 2
weeks of posttreatment

Ghanbari
et al. [116]

Streptozotocin-induced diabetes
mellitus (60mg/kg b.w., i.p.)

↑ MDA, ↓ CAT, and
FRAP in the liver and

pancreas

RJ: 200mg/kg b.w., p.o.,
6 weeks

↓ MDA in the liver and
pancreas

↑CAT and FRAP in the liver
and pancreas

Ghanbari
et al. [117]

Streptozotocin-induced diabetes
mellitus (50mg/kg b.w., i.p.)

↓ CAT and FRAP in
testicular tissue

RJ: 200mg/kg b.w., p.o.,
6 weeks

↑ CAT and FRAP in the
testicular tissue

Sugiyama
et al. [134]

LPS- and interferon-β-induced
NO generation; RAW264 murine

macrophage cell line

↑ Nitrate
↑ iNOS promoter activity
↑ NF-κB activation and
TNF-α production

RJ fatty acid (1mM, 2mM,
4mM 10H2DA)

↓ Nitrate
↓ iNOS promoter activity
↓ NF-κB activation and
TNF-α production

Takahashi
et al. [135]

Interferon-γ-induced NO
production; RAW264 murine

macrophage cell

↑ Nitrate
↑ iNOS promoter

activation
↑ NF-κB activation and
TNF-α production

RJ fatty acid (1mM, 2mM,
5mM 10H2DA)

↓ Nitrate
↓ iNOS promoter activation
and NF-κB activation∗∗ and

TNF-α production

10H2DA: 10-hydroxy-trans-2-decenoic acid; CAT: catalase; FRAP: iron reduction capacity; G6PDH: glucose-6-phosphate dehydrogenase; GPx: glutathione
peroxidase; GR: glutathione reductase; GSH: reduced glutathione; G6PDH: glucose-6-phosphate dehydrogenase; HPO-DAEE: hydroperoxy-2-decenoic acid
ethyl ester; HO-1: heme oxygenase-1; iNOS: inducible nitric oxide synthase; MDA: malondialdehyde; NO: nitric oxide; NF-κB: nuclear factor kappa-light-
chain-enhancer of activated B cells; Nrf2/ARE: nuclear factor erythroid 2-related factor 2 (Nrf2)/antioxidant responsive elements (AREs); SOD: superoxide
dismutase; TAC: total antioxidant capacity; TBARS: thiobarbituric acid reactive substances; TNF-α: tumor necrosis factor alpha; TTM: total thiol molecules;
↓: decrease; ↑: increase; ∗∗the effect depended on used dose.
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Attempts to explain the alleviating mechanism of royal
jelly’s action on nitrosative stress were made by Sugiyama
et al. [134]. Researchers examined the ability of 10H2DA to
inhibit LPS-induced nitric oxide (NO) generation using the
RAW264 murine macrophage cell line. Their study was
based on the fact that LPS stimulates the production of inter-
feron- (IFN-) β, induction of IFN regulatory factor-1, and
activation of IFN-stimulated response element. These factors
are required for iNOS (nitric oxide synthases) induction. The
authors noted that 10H2DA not only inhibited LPS-induced
nitric oxide (NO) generation but also restrained IFN-β-
induced nuclear factor- (NF-) κB activation and tumor
necrosis factor- (TNF-) α production. The authors concluded
that 10H2DA inhibited LPS- and IFN-β-induced NO pro-
ductions via the inhibition of NF-κB activation induced by
LPS or IFN-β. Similar studies have been carried out by
Takahashi et al. [135]. Using the same cell line, authors noted
the inhibition of interferon-γ-induced NO production by
10H2DA through the inhibition of interferon regulatory
factor-8 induction (Table 4).

5. Comparison of the Antioxidant-Related
Potential of Propolis, Bee Pollen, and
Royal Jelly

Numerous in vitro studies usingDPPH,ABTS+, FRAP,ORAC
methods, and so on have confirmed the antioxidant potential
of bee products [3, 19, 20, 31, 35, 36, 38, 79, 81, 85, 110]. In this
part, we will try to compare the antioxidant capacity of propo-
lis, bee pollen, and royal jelly among each other.

It is well known that the antioxidant capacity of bee
products is strongly dependent on their chemical composi-
tion. In general, the antioxidant activity of poplar propolis
is believed to be largely influenced by both total polyphenol
and total flavonoid contents, while the Brazilian one by
phenolic compounds but different ones than flavonoids
[3, 34–36, 38]. In the case of bee pollen, research has
shown divergent results; some have shown a strong posi-
tive correlation between the total content of phenolic com-
pounds and antioxidant capacity [79, 81], whereas others
have found no considerable relationships [71, 87, 136].
Leja et al. [87] suggested, in turn, that not phenolic com-
pounds but bee pollen phenylpropanoids are responsible
for the inhibition of linoleic acid peroxidation. As for
royal jelly, its antioxidant properties are mainly attributed
to the presence 10-hydroxydecanoic acid and free amino
acids including proline as well as cystine and cysteine fol-
lowing phenolic compounds [100, 102, 121].

Basing on literature data, propolis seems to be the most
powerful antioxidant among all the analyzed bee products.
The comparison of the phenolic compounds’ content seems
to confirm the above thesis—the highest amount of both total
phenols and flavonoids has been found in propolis followed,
in order, by bee pollen and royal jelly. However, it should be
emphasized that royal jelly also contains other compounds
possessing antioxidant character. The next confirmation of
the above thesis are the results obtained by Nakajima et al.
[122]. In their study, the rank order of antioxidant potencies

measured by the hydrogen peroxide, superoxide anion, and
hydroxyl radical-scavenging capacities was as follows: water
propolis extract, ethanol propolis extract, and ethanol pollen
extract, but neither royal jelly nor 10-hydroxy-2-decenoic
acid (10-HDA) had any effects. So both propolis extracts
showed much greater antioxidant activity than the bee pollen
one, and surprisingly, the water propolis extract was much
more effective that the ethanol one.

On the other hand, in the in vivo study, waterborne bee
products (including royal jelly, bee pollen, and propolis) were
shown to be able to reverse the oxidative damage caused by
exposure to tebuconazole. They affected the brain, kidney,
and liver lipid peroxidation, protein carbonylation, and anti-
oxidant markers. All studied products were effective, but the
effects were dependent on doses and organs, and no clear
trend was observed [12]. Similar results were observed by
Turkish researchers [137] who noticed the highest antioxi-
dant capacity as well as total phenolic and flavonoid content
in propolis, followed, in order, by pollen, honey, and royal
jelly. Despite very significant differences in both phenolic
content and antioxidant activities measured using FRAP
and DPPHmethods, in an in vivo study, all products revealed
similar hepatoprotective activity against CCl4-induced
hepatic damage in rats. All of them had the very similar effect
on liver parameters and antioxidant/oxidant markers with
only a very slight advantage in the case of propolis. The
authors suggested that these results could be explained
through their bioavailability to the treated animals. It should
be underlined that in the case of bee pollen, research has
shown not only its antioxidative but also its prooxidative
action. For example, in LPS-stimulated macrophages, the
bee pollen extract was shown to efficiently scavenge nitric
oxide, although against superoxide, it behaved as antioxidant
at lower concentrations and as prooxidant at higher concen-
trations [138]. To the best of our knowledge, prooxidative
properties of propolis and royal jelly have not been found.
On the other hand, some studies have found that bee pollen
along with propolis exhibits strong antioxidant effects, while
royal jelly had no effect.

As for the mechanism underlying the potential
antioxidant-related effects, the most studied is propolis. It
has been shown the treatment with propolis and its common
compound pinocembrin generates an increase in at least one
of the enzymatic antioxidant pathway, namely, it induces the
translocation of nuclear factor erythroid 2-related factor 2
(Nrf2) to the nucleus and subsequent expression of antioxi-
dant response element- (ARE-) mediated antioxidant genes
such has HO-1 and γ-GCS [6, 62]. Moreover, propolis or
pinocembrin was found to regulate the expression, on both
the mRNA and protein levels, of genes encoding other
antioxidant markers, including LOX-1, γ-GCS, GCLM,
GCLC, and TrxR1 [6, 49, 56, 63, 66]. The royal jelly was
noticed to affect HO-1 expression through Nrf2-ARE
pathway as well as the expression of cytochrome P450,
GPx, and SOD [122, 131, 132]. As for bee pollen, to the best
of our knowledge, there is no information in the literature
data on its influence on the expression of antioxidant-
related genes. Furthermore, the mechanisms of bee products
for the reversal of oxidative damage appear to involve the
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reduction of lipid peroxidation (MDA and TBARS) and
oxidant parameters (e.g., ROS) as well as the augmentation
of antioxidant enzyme activities (e.g., CAT, SOD, GPx, and
GST). But this assumption is based on the fact that the
treatment with bee products affects the level of the above
parameters in blood and studied organs.

Propolis is also the most studied in cell and animal
research. It is credited with having antioxidant–related neu-
roprotective and cardioprotective actions and is thus sug-
gested as a protective agent against Alzheimer’s [47, 48]
and Parkinson’s diseases [6] as well as atherosclerosis [55].
The neuroprotective effect of royal jelly was also noted. All
analyzed bee products have been tested in relation to the
reduction of the negative effect of chemotherapy—in each
case, the obtained results were promising [4, 5, 51, 90, 94,
121, 125, 127, 128]. The rest studies are focused on estimating
the protective action of bee products against various harmful
factors and drugs causing oxidative stress.

Although in vitro and animal studies seem to confirm the
antioxidant-related protective effect of bee products, there
are only a few studies performed on humans in the literature
data [44–46, 114, 115]. The existing ones aim at evaluating
the supplementation effect in healthy population or type 2dia-
betic patients and involve propolis as well royal jelly. Herein,
the obtained results are inconsistent. For example, propolis
supplementation had a positive effect in men but not in
women [45]. As for diabetic patients, royal jelly seems to have
a higher potential than propolis as it was shown to regulate the
parameter associated with diabetes HOMA-IR [115], while
propolis affected only oxidative-related parameters [46].

Undoubtedly, there is a gap in the literature data consid-
ering the evaluation of the bee products’ potential in human
population. This results from the fact that bee products are
characterized by very complicated biological matrix. More-
over, their composition varies depending on many factors,
which are sometimes very difficult to control, that is, temper-
ature. In fact, the chemical composition of each sample
should be tested before being included in an in vivo study.
This is very tedious, time-consuming, and troublesome.
Therefore, researchers today are more likely to use the com-
mercially available equivalents, for example, CAPFE or pino-
cembrin. This is not exactly a good direction since we should
remember that the complex products may exert synergistic
effects. For example, Almaraz-Abarca et al. [93] evaluated
the potential of bee pollen and chosen phenolic compounds
in the inhibition of lipid peroxidation in microsomal prepa-
rations of mouse liver and showed much higher effectiveness
of bee pollen (about 5.5 times as high as quercetin alone, 3
times as its glucoside (quercitrin) alone, and 2.4 times as caf-
feic acid alone).

6. Conclusion

The aforementioned in vitro and animal studies seem to
confirm the usefulness of using bee products (propolis,
bee pollen, and royal jelly) as natural agents capable of
counteracting the effects of oxidative stress underlying
the pathogenesis of numerous diseases or disorders, such
as neurodegenerative disorders, cancer, diabetes, and

atherosclerosis, as well as negative effects of different
harmful factors and drugs (e.g., cytostatic agents). How-
ever, studies on their role in humans are very limited,
and the existing ones have aimed mostly at evaluating
the effect of the supplementation of commercially available
extracts of propolis or royal jelly in healthy people or type
2 diabetes. Unfortunately, in the available literature, there
is a lack of studies considering this issue in the context
of neurodegenerative disorders or cancers, although prom-
ising results were obtained in animal studies. This may
result from the fact that particular samples of bee products
may have different compositions, so it is difficult to draw a
general conclusion concerning their potential therapeutic
application without a detailed chemical analysis.

In conclusion, future studies concerning the question if
bee products could be a promising adjuvant in the therapy
of oxidative stress-related disorders or diseases in human
seem to be advisable.
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Oxidative stress plays a crucial role in the pathogenesis of acute pancreatitis (AP). Isoliquiritigenin (ISL) is a flavonoid monomer
with confirmed antioxidant activity. However, the specific effects of ISL on AP have not been determined. In this study, we aimed to
investigate the protective effect of ISL on AP using two mouse models. In the caerulein-induced mild acute pancreatitis (MAP)
model, dynamic changes in oxidative stress injury of the pancreatic tissue were observed after AP onset. We found that ISL
administration reduced serum amylase and lipase levels and alleviated the histopathological manifestations of pancreatic tissue
in a dose-dependent manner. Meanwhile, ISL decreased the oxidative stress injury and increased the protein expression of the
Nrf2/HO-1 pathway. In addition, after administering a Nrf2 inhibitor (ML385) or HO-1 inhibitor (zinc protoporphyrin) to
block the Nrf2/HO-1 pathway, we failed to observe the protective effects of ISL on AP in mice. Furthermore, we found that ISL
mitigated the severity of pancreatic tissue injury and pancreatitis-associated lung injury in a severe acute pancreatitis model
induced by L-arginine. Taken together, our data for the first time confirmed the protective effects of ISL on AP in mice via
inhibition of oxidative stress and modulation of the Nrf2/HO-1 pathway.

1. Introduction

Acute pancreatitis (AP) is an acute noninfectious inflamma-
tory disease involving abnormal inflammation of the pan-
creas. In recent years, the incidence of AP has significantly
increased. Most cases of AP are mild and self-limited,
but approximately 15–20% of patients develop severe acute
pancreatitis (SAP) with up to 30% mortality. Although the
clinical treatment of AP has substantially improved, the
mortality of patients with SAP is still high and remains
a major problem worldwide [1–3].

Oxidative stress is one of the most important pathways of
cell injury [4, 5]. Many studies have shown that oxidative
stress plays a major role in the pathogenesis of pancreatic tis-
sue injury in a murine model of AP [6, 7]. Clinical and exper-
imental data have shown that oxidative stress is present in the
early phase of AP [8]. The injured pancreatic acinar cells and
activated immune cells in pancreatic tissue release large
amounts of oxygen free radicals, accompanied by increased
malondialdehyde (MDA) and decreased superoxide dismut-
ase (SOD) and total glutathione (GSH) levels. Moreover,
treatment with antioxidants has been shown to reduce acinar
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cell necrosis and mitigate the severity of pancreatic tissue
injury in various animal models of AP. All the previous find-
ings confirm the critical role of oxidative stress in the patho-
mechanism of AP [9–11].

Liquorice, a traditional Chinese medicine, has been used
for years in clinical practice. Recently, its active ingredients
have been found to be effective for many diseases; for exam-
ple, the compound glycyrrhizin was shown to be an effica-
cious treatment for hepatic injury in clinical practice [12].
Liquiritigenin (ISL) is a natural flavonoid compound derived
from the natural herb licorice root (licorice), which has a
chalcone structure (4,20,40-trihydroxy chalcone) [13]. ISL
has extensive pharmacological functions, including antitu-
mor, anti-inflammatory, and antiplatelet aggregation activi-
ties [14–16]. Furthermore, ISL shows a distinct antioxidative
stress effect, protecting animal models of diabetic nephropa-
thy, intracranial hemorrhage, and hepatic from injury [17].
However, the effect of ISL on AP is still unknown. In this
study, we aimed to clarify the effect of ISL on AP and
investigate the potential underlying mechanisms using
two murine models.

2. Materials and Methods

2.1. Animals. ICR male mice (8 weeks old) weighing between
28 and 32 g were purchased from the Yangzhou University
Model Animal Center (Yangzhou, China) and housed in spe-
cific pathogen-free (SPF) facilities. Before experimentation,
the animals were fed standard rodent chow and water, mon-
itored at a controlled temperature, and maintained under a
12 h light/dark cycle for at least a week. This study was per-
formed with the permission of the Science and Technology
Commission of the Affiliated Hospital of Yangzhou Univer-
sity municipality, and all methods were carried out in accor-
dance with the Principles of Laboratory Animal Care (NIH
publication number 85Y23, revised 1996).

2.2. Reagents. ISL and resveratrol (RES) were purchased
from Aladdin (Aladdin Bio-Chem Technology Company,
Shanghai, China); caerulein was purchased from AnaSpec
(AnaSpec Inc., Fremont, USA); L-arginine and zinc proto-
porphyrin (ZnPP) were obtained from Sigma (Sigma-
Aldrich, St. Louis, MO, USA); a nuclear protein extraction
kit was purchased from Nanjing KeyGen (Nanjing KeyGen
Biotech Co. Ltd., Nanjing, China); antinuclear factor ery-
throid 2-related factor 2 (Nrf2) and heme oxygenase (Ho-1)
antibodies were purchased from Abcam (Cambridge, UK);
anti-Lamin B1 antibody was purchased from Proteintech
(Proteintech Group Inc., Chicago, USA); and anti-β-actin
antibody was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Goat antirabbit and rabbit anti-
mouse secondary antibodies were purchased from Abcam
(Abcam, Cambridge, UK). The Nrf2 inhibitor ML385
was purchased from Medchem Express (MCE Co. Ltd.,
Shanghai, China); lipase kits were purchased from Nanjing
Jiancheng (Nanjing Jiancheng Corp., Nanjing, China), and
amylase kits were purchased from Zhongsheng Beikong
(Zhongsheng Beikong Bio-Technology, Beijing, China).
The products of oxidative stress test kits, including

MDA, SOD, and GSH, were purchased from Nanjing Key-
Gen (Nanjing KeyGen Biotech Co. Ltd., Nanjing, China.).
Dihydroethidium (DHE) and 4′,6-Diamidino-2-Phenylin-
dole, Dihydrochloride (DAPI) staining solution were pur-
chased from Servicebio (Wuhan Servicebio Technology Co.
Ltd., Wuhan, China.). Interleukin- (IL-) 6 and IL-1β kits
were purchased from Ebioscience (Affymetrix eBioscience,
Santiago, USA).

2.3. Preparation of the MAPModel and ISL/RES Intervention.
As previously reported, the MAP model was induced by
intraperitoneal (i.p.) injection of caerulein (50μg/kg, interval
of one hour, 10 times). For determination of the dynamic
changes in the oxidative stress response in AP, mice were
sacrificed at 0 h, 6 h, 12 h, 24 h, and 3d after the first injection
of caerulein [18].

ISL/RES treatment: experimental mice were randomly
assigned to six groups: the vehicle, caerulein, low-dose ISL
(50mg/kg), middle-dose ISL (100mg/kg), high-dose ISL
(200mg/kg), and RES (100mg/kg) groups [19]. All groups
except for the vehicle group were injected with caerulein to
induce the MAP model. ISL and RES were dissolved in 5%
DMSO (vehicle) and injected intraperitoneally at the begin-
ning of the experiment, and the same volume of DMSO
was used in the vehicle and caerulein group. Mice were sacri-
ficed 12 h after the first injection of caerulein.

2.4. Treatment with a Nrf2/HO-1 Pathway Inhibitor. A Nrf2
inhibitor (ML385) or a HO-1 inhibitor (ZnPP) was used to
inhibit the Nrf2/HO-1 antioxidant pathway in vivo. ML385
was dissolved in 100% DMSO to prepare a stock solution
and then diluted it into 5% DMSO solution with PBS before
being used. ZnPP was dissolved as follows: 2.5mg ZnPP was
dissolved in 0.33ml NaOH (0.2M) in a dark room, and 0.2M
HCl was added to adjust the pH to 7.0. Finally, saline was
added to 5ml (0.5mg/ml) [20, 21].

ML385 (30mg/kg) or ZnPP (5mg/kg) pretreatment was
administered intraperitoneally 1 h before administration of
caerulein, and the mice in the control group were treated
with vehicle. In the MAP model, high-dose ISL (200mg/kg)
was administered after the first caerulein injection immedi-
ately to identify the underlying molecular mechanisms of
ISL on AP.

2.5. Preparation of the SAP Model and ISL Intervention. A
SAP mouse model was used in this study to further verify
the protection of ISL on AP. The SAP model was induced
by i.p injection of L-arginine (4 g/kg, 2 times, 1 h interval).
After the first injection of L-arginine, 100mg/kg ISL was
injected intraperitoneally at 24 h, 36 h, 48 h, and 60h, and
mice were sacrificed at 72h [22, 23].

2.6. Sample Collection and Preparation. All animals were
anesthetized with i.p. administration of sodium pentobarbital
(50mg/kg) and sacrificed, and pancreatic and pulmonary tis-
sues were dissected immediately. A portion of the tissues was
fixed for histological analysis, and the remaining tissue was
stored at −80°C for further investigation. Blood samples were
obtained from the tail veins and stored at −80°C for analysis.
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Figure 1: Continued.
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2.7. Oxidative Stress Injury Detection. Briefly, pancreatic
tissues were homogenized in PBS and then centrifuged
(12,000 rpm, 4°C, 30min) to obtain supernatant. SOD,
MDA, and GSH levels were determined according to the
manufacturer’s instructions [24, 25].

The content of ROS in pancreatic tissue was detected by
DHE fluorescent probe. The fresh tissues of the pancreas
were embedded in optimal cutting temperature (OCT) com-
pound, and samples were cut into 7μm sections. An immu-
nohistochemistry pen was used to draw a circle around the
tissue for preventing the staining solution flow away. Tissues
were incubated in the dark with DHE solution for 30 minutes
at 37°C. Slides were placed in the PBS (pH=7.4) and sloshed
3 times, each time for 5min.

Then tissues were incubated by DAPI solution at room
temperature for 10min and sloshed again. Finally, the slides
were observed under the fluorescence microscope.

2.8. Pancreatic Severity Assessment. Pancreatic and pulmo-
nary tissues were collected and fixed in 4% paraformaldehyde
and then embedded in paraffin blocks. Each paraffin block
was stained with hematoxylin and eosin and used to assess
the extent of tissue injury. The histopathological scoring
analysis of the pancreas and lung was performed blindly by
two pathologists according to previously described methods.
The degree of histomorphologic damage of the pancreatic tis-
sue was determined by the severity of edema, inflammatory
cell infiltration, and acinar cell necrosis, and the degree of
pulmonary tissue injury was scored by evaluating the severity
of neutrophil infiltration, alveolar thickness, and alveolar
congestion, as described in Supplementary Table 1-2. Blood
samples were collected at different time points for serum
enzymology (amylase and lipase) and proinflammatory cyto-
kine (IL-1β and IL-6) detection. The analysis was performed
according to the kit instructions.

2.9. Western Blot Detection. Pancreatic tissue lysates were
prepared in saline-containing protease inhibitor and/or
complete phosphatase inhibitor cocktail. The nucleopro-
tein was extracted using the reagents according to the
instructions. The protein concentration was measured using
a BCA kit and subjected to 10% SDS-polyacrylamide gel

electrophoresis (PAGE), and the proteins were transferred
to a PVDF membrane, blocked with 5% skim milk at room
temperature for 2 h, and then incubated overnight at 4°C
with primary antibodies against Nrf2 (1 : 1000 dilution),
HO-1 (1 : 1000 dilution), Lamin B1 (1 : 1000 dilution), and
β-actin (1 : 2000 dilution) in blocking buffer. Membranes
were washed with TBST (3∗10min) the next day and incu-
bated with a secondary goat antimouse or goat antirabbit
IgG horseradish peroxidase (HRP) antibody (1 : 10000 dilu-
tion) diluted in 5% (w/v) dry nonfat milk in TBST for 1 h at
room temperature. Finally, membranes were washed with
TBST (3∗10min), developed using the ECL detection system
(Santa Cruz Biotechnology), quickly dried, and exposed to
ECL film. Image intensity was analyzed with ImageJ software.

2.10. Statistical Analysis. Statistical analysis was performed
by SPSS 22.0 software. The results are presented as the
mean± standard deviation (SD). The biochemical measure-
ments were analyzed with a one-way analysis of variance
and Student-Newman-Keuls tests. For histological evalua-
tion, the results were analyzed by a Mann–Whitney rank
sum test, and p < 0 05 was considered statistically significant.

3. Results

3.1. Dynamic Changes of Oxidative Stress in the Pancreatic
Tissues of Mice Induced by Caerulein. Caerulein is a chole-
cystokinin mimic peptide that can induce MAP in rodents
by stimulating the trypsin secretion of acinar cells. Given
that the pathological characteristics and systemic inflam-
matory response mimic those of human AP, caerulein-
induced MAP model is one of the most common murine
models of AP [26, 27]. As shown in Figures 1(a) and
1(b), after administration of caerulein, the mouse pancre-
atic tissues presented with acute inflammatory injury,
which manifested as edema, inflammatory cell infiltration,
and acinar cell necrosis. Amylase and lipase serum levels
are common biochemical markers of AP in mice, and
the results showed that serum amylase and lipase
increased gradually after AP onset, peaked at 12h, and
then dropped to the normal range at 72 h, as shown in
Figures 1(c) and 1(d).
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Figure 1: Dynamic changes of oxidative stress in the pancreatic tissues of mice induced by caerulein. (a) Representative HE staining of
pancreas. (b) Histological scores of pancreas. (c-d) Serum levels of amylase and lipase. (e–g) Protein levels of nuclear Nrf2 and HO-1 in
the pancreatic tissues were analyzed by Western blotting. Lamin B1 and β-actin were used as a control for protein loading. (h) Levels of
oxidative stress products (SOD, MDA, and GSH) of pancreas. n = 6 each group.
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Additionally, the Nrf2 nucleoprotein and total HO-1
protein levels and the levels of oxidative stress products
(SOD, MDA, and GSH) were detected to observe the
dynamic changes of oxidative stress in pancreatic tissues
of AP. The results showed that the Nrf2 nucleoprotein
and total HO-1 protein were barely expressed in normal
pancreatic tissues, while they increased significantly after
AP onset and peaked at 12 h (Figures 1(e)–1(g)). Mean-
while, we found that MDA levels increased and SOD and
GSH levels decreased after caerulein injection (Figure 1(h)).
All the above oxidative stress changes were consistent with
the pathological changes of pancreatic tissue and gradually

decreased after 12 h. Consistent with previous studies, we
found that oxidative stress was dynamically changed in pan-
creatic tissues of AP mice.

3.2. ISL Protected against the Histopathological Alterations
of Pancreatic Tissue in Mice with MAP. Whether ISL has
a protective effect on AP has not been previously reported.
Based on the dynamic changes of oxidative stress in AP,
mice were sacrificed 12 h after the first injection of caeru-
lein. As shown in Figure 2(c), the serum amylase levels
increased approximately 12.1-fold in the caerulein group
at 12h, but they decreased 7.7-fold in the high-dose ISL
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Figure 2: ISL attenuates caerulein-induced acute pancreatitis in mice. (a) Representative HE staining of pancreas. (b) Histological scores of
pancreas. (c-d) Serum levels of amylase and lipase. (e) Changes in IL-1β and IL-6 levels in six groups. ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001
versus V/Cae group. n = 8 each group. V represents vehicle; S represents saline; L, M, and H represent low-dose (50mg/kg), medium-dose
(100mg/kg), and high-dose ISL (200mg/kg); R represents 100mg/kg resveratrol.
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(200mg/kg) administration group. Meanwhile, the lipase
levels were increased approximately 3.9- and 2.8-fold in
two groups. (Figure 2(d)). As a positive control drug,
RES also significantly reduced the serum levels of amylase
and lipase in MAP mice.

Then, we examined the degree of pancreatic tissue his-
topathological injury to assess the disease severity of MAP

and found that both RES and ISL substantially alleviated
the histological features of pancreatic tissue injury, result-
ing in decreased edema and inflammatory cell infiltration
and alleviated acinar cell necrosis (Figures 2(a) and 2(b)).
Additionally, the high-dose ISL (200mg/kg) treatment was
more effective than the medium-dose ISL (100mg/kg) treat-
ment, and we did not observe protective effects of ISL in the
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Figure 3: ISL reduced the oxidative stress response of pancreatic tissue in mice with MAP. (a) A representative immunofluorescence image of
DHE. ROS activity was measured by fluorescent-labeled DHE staining. Stained sections of pancreas in magnification 200x. (b–d) Protein
levels of nuclear Nrf2 and HO-1 in the pancreatic tissues were analyzed by Western blotting. Lamin B1 and β-actin were used as a control
for protein loading. (e) Levels of oxidative stress products (SOD, MDA, and GSH) of pancreas. ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001
versus V/Cae group. n = 8 each group. V represents vehicle; S represents saline; L, M, and H represent low-dose (50mg/kg), medium-dose
(100mg/kg), and high-dose ISL (200mg/kg). R represents 100mg/kg resveratrol.
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low-dose group (50mg/kg) as shown in Figures 2(a) and
2(b). These results indicated that the protective effects of
ISL on MAP were dose-dependent. The serum levels of pro-
inflammatory cytokines such as IL-1β and IL-6 were hall
markers of the systemic inflammatory responses of AP.
Accordingly, the serum levels of IL-1β and IL-6 were detected
by ELISA method. The results showed that the serum IL-1β
and IL-6 were increased approximately 2-3-folds compared
with the vehicle group and could be attenuated by RES and
ISL administration, which was in accordance with the degree
of pancreatic injury (Figure 2(e)).

3.3. ISL Reduced the Oxidative Stress Response of Pancreatic
Tissue in Mice with MAP. After detecting the degree of pan-
creatic pathological injury and the changes in serum enzy-
mology, we further observed the oxidative stress responses
in pancreatic tissue after RES and ISL treatment. The DHE
fluorescent probe was used to detect the content of ROS
in pancreatic tissue [28]. ROS-specific staining was very
low in the normal pancreatic tissue and accumulated sig-
nificantly after pancreatic tissue injury induced by caeru-
lein, whereas a markedly reduced signal was detected in
both RES- and ISL- (100mg/kg and 200mg/kg) treated
groups; moreover, the effect of ISL on ROS produce was
dose-related (Figure 3(a)).

In addition, as shown in Figures 3(b)–3(d), the levels of
Nrf2 nucleoprotein and total HO-1 protein were dynamically
changed in pancreatic tissue 12 h after AP onset as deter-
mined by Western blot analyses. After RES and ISL adminis-
tration, we observed that the expression levels of proteins in
the Nrf2/HO-1 pathway substantially increased, which sug-
gested that the Nrf2/HO-1 pathway was activated in RES
and ISL-induced AP pathogenesis of mice. Additionally, the
levels of MDA, SOD, and GSH in the pancreatic tissue
of mice were detected, and as expected, the level of
MDA was significantly decreased, and the levels of GSH
and SOD were significantly increased after RES and ISL
treatment (Figure 3(e)). The above results on the oxidative
stress response were consistent with the pancreatic histo-
pathological changes, indicating that ISL had an antioxida-
tive stress effect and protected mice from AP through the
oxidative stress pathway.

3.4. A Nrf2/HO-1 Pathway Inhibitor Counteracted the
Protective Effect of ISL on Mice with MAP. To further identify
the underlying mechanisms of ISL on AP in mice, we used a
Nrf2 inhibitor (ML385) or HO-1 inhibitor (ZnPP) and high-
dose ISL (200mg/kg) for the following experiments. Based on
previous reports, we used 30mg/kg ML385 or 5mg/kg ZnPP
pretreatment and administered them intraperitoneally 1 h
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Figure 4: A HO-1 inhibitor, ZnPP, counteracted the protective effect of ISL on mice with MAP. (a) Representative HE staining of pancreas.
(b) Histological scores of pancreas. (c-d) Serum levels of amylase and lipase. ∗∗p < 0 01 and ∗∗∗p < 0 001 versus V/Cae group. n = 12 each
group. V represents vehicle; S represents saline; H represents high-dose ISL (200mg/kg); Z represents HO-1 inhibitor, ZnPP.
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before caerulein treatment to inhibit the Nrf2 or HO-1 activ-
ity of mice, and mice in the control group were treated with
vehicle [20, 21]. Similar to previous reports, ZnPP had no
effect on AP pancreatic tissue injury of AP, while the protec-
tive effects of ISL on AP were blocked by pretreatment of
ZnPP. The serum levels of enzymes (amylase and lipase)
and the degree of injury in pancreatic tissue showed no
significant differences between the ZnPP group and the ISL
+ZnPP group (Figures 4(a)–4(d)).

ML385, which has the same effect as ZnPP, was also
administered to inhibit the activation of Nrf2 and blocked
the protective effects of ISL on AP (Figures 5(a)–5(d)). How-
ever, to our surprise, ML385 could significantly alleviate the
severity of AP in mice. Notably, using the Western blotting,
we found that ML385 effectively inhibited the Nrf2 activity
in pancreatic tissue of mice with MAP, and the effect of ISL
on Nrf2 activity was offset by pretreatment of ML385, as
shown in Supplementary Fig 1. Thus, the results confirmed
that ISL could reduce the severity of AP by activating the
Nrf2 pathway.

3.5. ISL Reduced the Severity of L-Arginine-Induced SAP in
Mice. To further confirm the protective effect of ISL on
AP, we used a SAP mouse model induced by L-arginine.
SAP was induced by injecting 4 g/kg/h L-arginine twice,

and mice were treated with 100mg/kg ISL intraperitone-
ally at 24 h, 36 h, 48 h, and 60 h after the first injection
of L-arginine [29]. Unsurprisingly, the severity of pancre-
atic tissue injury, including acinar cell necrosis, edema,
and inflammatory cell infiltration, was alleviated after ISL
treatment (Figures 6(d) and 6(e)). The serum amylase
and lipase levels were simultaneously detected and were
shown to be consistent with the pathological results
(Figures 6(b) and 6(c)). Considering that acute lung injury
is the most common complication of SAP patients, we
observed pathological changes in pulmonary tissues and
found that pancreatitis-associated lung injury was reduced
significantly after administration of ISL, as shown by the
decreased alveolar edema and inflammatory cell infiltration
and alleviated alveolar congestion (Figures 6(f) and 6(g)).
All the above findings indicate that ISL could protect mice
from SAP induced by L-arginine.

4. Discussion

By utilizing two different models of AP, we demonstrated for
the first time that ISL has a protective effect on AP. AP is an
acute noninflammatory disease of the digestive system, and
the mortality rate of SAP remains high even with advances
in current treatment approaches. There is still a lack of
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Figure 5: A Nrf2 inhibitor, ML385, counteracted the protective effect of ISL on mice with MAP. (a) Representative HE staining of pancreas.
(b) Histological scores of pancreas. (c-d) serum levels of amylase and lipase. ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001 versus V/Cae group.
n = 12 each group. V represents vehicle; S represents saline; H represents high-dose ISL (200mg/kg); M represents Nrf2 inhibitor, ML385.
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effective drugs for clinical therapy. Thus, identification of
effective therapeutic drugs is urgently needed for improve-
ment of AP treatment [30–32].

The present study focused on the protective effects of ISL
on AP models in mice. ISL is a flavonoid component
found in the hydrolysate of licorice root and has many
potential medicinal properties. ISL inhibits tumor growth

by promoting cell apoptosis. In addition, many studies found
that ISL exhibits antioxidant, antiplatelet aggregation, and
vasodilator effects [33–35]. Whether ISL can protect against
AP is still unknown. In this study, we observed a significant
protective effect of ISL on AP using two mouse models, in
which the effect was primarily characterized by decreased
serum amylase and lipase levels and pancreatic injury.
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Figure 6: ISL reduced the severity of L-arginine-induced SAP in mice. (a) The experimental protocol with ISL in L-arginine-induced SAP
model. (b-c) Serum levels of amylase and lipase. (d-e) Representative HE staining and histological scores of pancreas. (f-g) Representative
HE staining and histological scores of the lung. ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001 versus V/L-arg group. n = 12 each group. V
represents vehicle; S represents saline; H represents high-dose ISL (200mg/kg).
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The pathogenesis of AP still remains unclear, while the
oxidative stress pathway is recognized as one of the classi-
cal underlying mechanisms in AP. Clinical studies found
that the significantly elevated plasma lipid peroxide levels
and decreased SOD activity in SAP patients when com-
pared to MAP patients. Moreover, the activity of serum
antioxidant enzymes increased along with the recovery of
AP. Ren et al. [36] found that the plasma level of MDA
was an early predictor for the severity of AP, and other
studies showed that antioxidant could reduce pancreatic
necrosis. In animal models, it has been confirmed that
pancreatic acinar cell injury could induce oxidative stress
and release large amounts of hydrogen peroxide and
superoxide substances, which caused ROS production and
changes in MDA, GSH, and SOD levels. In this study,
we found that in caerulein-induced acute pancreatic tissue
injury, the levels of ROS and MDA remarkably increased
as well as decreased GSH and SOD levels, which was con-
sistent with previous studies [24, 25]. In addition, the
associated protein levels in Nrf2/HO-1 pathway showed a
mild elevation and we thought it was caused by the self-
protective mechanism, which may not be enough to resist
acute pancreatic injury. Antioxidative drugs, such as
hemin, luteolin, and resveratrol, could further enhance the
activation of Nrf2/Ho-1 pathway which has been proven to
pose definitive anti-inflammatory effect [19, 21, 37]. It has
been widely recognized that the generation of ROS and oxi-
dative stress response occurs in the early phase of AP. Fur-
thermore, the MDA level is positively correlated while the
GSH and SOD levels are negatively correlated with degree
of pancreatic tissue injury. ISL administration could inhibit
the generation of ROS, promote the translocation of Nrf2,
activate the Nrf2/Ho-1 pathway, and promote the expres-
sions of protective oxidative products GSH and SOD while
reducing MDA levels, which exerted a protective effect on
AP via suppressing oxidative stress [38].

Nrf2/HO-1 pathway is the central regulator in cellular
antioxidant responses. Nrf2 is an intranuclear antioxidant
factor that interacts with the downstream HO-1 protein after
entering the nucleus to activate the oxidative stress pathway
[39, 40]. Activation of the Nrf2/HO-1 pathway has been

reported to alleviate the severity of AP mice. In this study,
we observed the dynamic changes of Nrf2/HO-1 expressions
in caerulein-induced MAP model, and the activation of the
Nrf2/HO-1 pathway was the most remarkable at 12 h after
MAP induction. The results showed that ISL protected pan-
creatic injury in AP mice in a dose-dependent manner and
was positively correlated with the degree of Nrf2/HO-1 acti-
vation, suggesting that ISL may protect AP through activa-
tion of Nrf2/HO-1, which was confirmed by two inhibitors
of the Nrf2/HO-1 pathway (ML385 and Znpp). Znpp is an
inhibitor of HO-1, and previous study has shown that Znpp
could inhibit the activity of HO-1 in SAP model induced by
caerulein combined with LPS [37]. ML385 is a novel and spe-
cific Nrf2 inhibitor discovered by the end of 2016, and it is
reported that ML385 can inhibit Nrf2 transcriptional activity
[20]. In addition to this, research on ML385 so far is rare and
has not been reported in inflammatory diseases such as AP.
In our study, ZnPP and ML385 were used as inhibitors of
the Nrf2/HO-1 pathway to confirm the protective effect of
ISL in AP. The results showed that intervention with
ML385 or ZnPP could counteract the protective effect of
ISL even when mice were given the high dose of ISL
(200mg/kg), which suggested that ISL protected against AP
via activating Nrf2/HO-1 pathway in mice (Figure 7) [41, 42].

According to previous hypotheses, inhibition of Nrf2/
HO-1 activity may aggravate the severity of AP or has no
effect on AP in mice. Interestingly, our results showed that
ML385 could alleviate the pancreatic injury. This result
prompted us to confirm whether ML385 had an inhibitory
effect on Nrf2 activation. Furthermore, we confirmed that
ML385 actually inhibited nuclear translocation of Nrf2 in
pancreatic tissue by using Western blot and speculated that
the effect of ISL on Nrf2 was eliminated by pretreatment with
ML385. While the mechanism for the protective effects of
ML385 on AP remains unclear, ML385 is a novel small
molecule compound and we know little about its biological
activity until now. Hence, we surmised that ML385 may pro-
tect against AP through other nonproven pathways which
have no effect on ISL. More research is needed to explore
the biological activity of ML385 in inflammatory diseases in
the future.
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Figure 7: The protective mechanisms of ISL protect against pancreatic tissue injury in AP.
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In conclusion, our findings demonstrated that ISL was
effective in protecting against AP by inhibition of oxidative
stress and modulation of the Nrf2/HO-1 pathway. These
results suggest that ISL is a promising therapeutic treatment
for AP in clinical practice.
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Infection by Helicobacter pylori increases 10 times the risk of developing gastric cancer. Juglone, a natural occurring 1,4-
naphthoquinone, prevents H. pylori growth by interfering with some of its critical metabolic pathways. Here, we report the
design, synthesis, and in vitro evaluation of a series of juglone derivatives, namely, 2/3-phenylaminojuglones, as potential H.
pylori growth inhibitors. Results show that 5 out of 12 phenylaminojuglones (at 1.5 μg/mL) were 1.5–2.2-fold more active than
juglone. Interestingly, most of the phenylaminojuglones (10 out of 12) were 1.1–2.8 fold more active than metronidazole,
a known H. pylori growth inhibitor. The most active compound, namely, 2-((3,4,5-trimethoxyphenyl)amino)-5-
hydroxynaphthalene-1,4-dione 7, showed significant higher halo of growth inhibitions (HGI = 32.25mm) to that of juglone and
metronidazole (HGI = 14.50 and 11.67mm). Structural activity relationships of the series suggest that the nature and location of
the nitrogen substituents in the juglone scaffold, likely due in part to their redox potential, may influence the antibacterial
activity of the series.

1. Introduction

Helicobacter pylori (H. pylori) is a Gram-negative bacillary
spiral-shaped bacterium that colonizes the human stomach
[1] and is associated with a number of human diseases,
including gastritis, peptic ulceration, and gastric cancer
[2, 3]. Due to its direct incidence in human cancer, H.
pylori belongs to the group 1 of carcinogens according to
the International Agency for Research on Cancer (IARC)
[4, 5]. In the stomach, as part of its mechanism of survival
adaptation, H. pylori express high levels of urease, convert-
ing urea into ammonium and carbonic anhydride. This
creates an alkaline local medium that allows the survival
of H. pylori in the acidic environment of the stomach,
facilitating the colonization of the gastric mucosa [6–8].
Frequently, H. pylori infection is acquired during

childhood, and if it is not treated, it may remain through-
out the entire patient life [9]. Approximately 50% of the
world population is chronically infected with H. pylori
[1, 10–12] but most of the patients are asymptomatic
[13, 14]. In spite of the fact that only a fraction of the
infected population develops a severe pathology, it has
been estimated that the risk of developing gastric cancer
is increased 10 times upon H. pylori infection [5].

Currently, the eradication treatment of H. pylori includes
a double antibiotic therapy plus a proton pump inhibitor.
This high-cost treatment regimen is often problematic
(failure rates between 20 and 40%), with undesirable side
effects that limit patient compliance and lead to the selection
of antibiotic-resistant bacteria [15–17]. Lower incidence of
infection with H. pylori has been associated with the con-
sumption of many food of vegetal origin, including wine
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and green tea which are rich in phytochemicals such as fla-
vones, isoflavones, flavo- and flavanols, anthocyanidins, tan-
nins, and stilbene derivatives [18–21]. Taken together, it is
necessary to find new therapies that would help to eradicate
H. pylori infection and prevent gastric cancer [22].

Quinones represent an important class of naturally
occurring compounds that are widely found in animals,
plants, and microorganisms [23]. These compounds act as
inhibitors of electron transport and uncouplers of oxidative
phosphorylation and give rise to a wide range of cytostatic
and antiproliferative activities [24]. 1,4-Naphthoquinones
(i.e., juglone, plumbagin, and lawsone) are an interesting
subgroup of quinones that displays remarkable biological
properties [25–27]. The biological activity shown by 1,4-
naphthoquinones relies upon their ability to accept one
and/or two electrons to form radical anion or hydroquinone
[28], which leads to the generation of reactive oxygen species
(ROS) such as hydrogen peroxide and superoxide that cause
cell damage [29]. It has been reported that hydrophobic and
steric factors may be determinants on the biological activity
in 1,4-naphthoquinones [30].

Phytochemicals that display antimicrobial activity may
inhibit H. pylori growth by different mechanisms to those
reported for standard antibiotic drugs and could be used as
an alternative approach to avoid the development of bacterial
resistance. Regarding the antimicrobial effects mediated by
quinones, they act on cell surface-exposed molecules, cell wall
polypeptides, and membrane-bound enzymes of H. pylori.
For instance, juglone is a promising inhibitor of H. pylori
growth because of its capacity to interfere with essential pro-
cesses such as inhibition of 3 key H. pylori enzyme activities:
cystathionine γ-synthase (HpCGS),malonyl-CoA acyl carrier
protein transacylase (HpFabD), and β-hydroxyacyl-ACPde-
hydratase (HpFabZ) [31]. The anti-H. pylori activity of several
quinones, including juglone, menadione, and plumbagin, has
been shown by MIC90 values around 0.8–25 μg/mL [18].
Meanwhile, lawsone analogs have shown inhibitory activity
against the membrane-embedded protein quinol/fumarate
reductase (QFR) fromWolinella succinogenes, a target closely
related to QFRs from H. pylori [32]. Moreover, other 1,4-
napthoquinone derivatives, such as 2-methoxy-1,4-naphtho-
quinone, also display a strong anti-H. pylori activity [18, 33].
Finally, a series of 2-hydroxy-1,4-naphthoquinones showed
activity against H. pylori by acting on bacterial thymidylate
synthase [34].

The aim of the study was to design new anti-H. pylori
agents. To this end, a series of 2- and 3-phenylaminojuglone-
based substances was prepared from juglone to assess their
anti-H. pylori activity. In addition, we evaluated the influence
of stereoelectronic and hydrophobic parameters of these com-
pounds on the anti-H. pylori activity.

2. Materials and Methods

2.1. Preparation of Phenylaminojuglone Derivatives: General
Procedure. Suspensions of 1,5-dihydroxynaphthalene (1;
1.25mmol), rose bengal (20mg; 0.02mmol), and water
(150mL) were exposed to green LEDs for 5 h while a gentle
stream of air was bubbled through the solution. Thereafter,

phenylamines 3 (1.5mmol) were added and the solutions
were stirred for 4 h at room temperature (RT). Work-up of
the reaction mixtures followed by column chromatography
over silica gel (3 : 1 petroleum ether/ethyl acetate) provided
pure compounds 4–15 (Scheme 1; Figure 1).

All reagents were of commercial quality and used without
further purification. The melting points were measured in a
Stuart Scientific SMP3 equipment. The IR spectra were
obtained in a vector 22-FT Bruker spectrophotometer using
KBr disks, and wavelengths are expressed in cm−1. Proton
nuclear magnetic resonance (1H NMR) spectra were mea-
sured at 400 and 300MHz in a Bruker AM-400 and
Ultrashield-300 spectrometers. Chemical shifts are expressed
in ppm using TMS as an internal reference (δ scale), and (J)
coupling constants are expressed in hertz (Hz). Carbon-13
nuclear magnetic resonance (13C NMR) spectra were mea-
sured at 100 and 75MHz in a Bruker AM-400 and Ultra-
shield-300, spectrometers. Silica gel (70–230 and 230–400
mesh) and TLC on aluminum foil 60 F254-supported silica
(Merck, Darmstadt) were used for the chromatography ana-
lytical columns and TLC, respectively.

2.2. Calculation of Molecular Descriptors. Calculation of lipo-
philicity (ClogP) and molar refractivity (CMR) was assessed
by using the ChemBioDraw Ultra 11.0 software and the
obtained values are shown in Figure 1. Redox potentials of
juglone and phenylaminojuglones were measured by cyclic
voltammetry at room temperature (RT) in acetonitrile as sol-
vent using a platinum electrode and 0.1M tetraethylammo-
nium tetrafluoroborate as the supporting electrolyte [35]. It
should be noted that in aqueous solution by using pulse radi-
olysis, a different redox potential value of juglone is obtained
[36, 37]. Well-defined quasi-reversible waves, the cathodic
peak related to the reduction of quinone, and the anodic
one due to its reoxidation, were observed for the compounds.
The voltammograms were run in the potential range from 0
to −2.0V versus nonaqueous Ag/Ag+. The first and the sec-
ond halfwave potential values (EI1/2) of juglone and phenyla-
minojuglones, evaluated from the voltammograms obtained
at a sweep rate of 100mVs−1, are summarized in Figure 1.

2.3. Biological Activity

2.3.1. Reagents. Cellulose acetate filters, sodium chloride, and
bacto agar were purchased at Asahi Glass, (Tokyo, Japan)
and JT Baker (Mexico), respectively. Metronidazole was from
Sigma Aldrich (St. Louis, MO 63103, USA). All other chemi-
cals were ACS reagent grade. Stock solutions of juglone and
its analogs were prepared by dissolving 50mg of the com-
pound in 1mL of 100% DMSO. Solutions were sterilized by
filtration through cellulose acetate filters (0.2mm pore size;
25mm diameter).

2.3.2. Bacterial Strain and Growth Conditions. H. pylori
26695 (ATCC 700392), isolated from a United Kingdom
patient with gastritis, was obtained from the American Type
Culture Collection (Manassas, VA, USA). Frozen stocks ofH.
pylori were recovered and routinely grown for 48h at 37°C,
5.5% CO2, and 70 to 80% relative humidity on Trypticase
soy agar plates (TSA) from Becton Dickinson (Sparks, MD
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21152, USA) supplemented with 0.4%H. pylori selective sup-
plement Dent (Oxoid Basingstoke, Hampshire, England),
0.3% IsoVitalex (Oxoid), and 5% horse serum from Thermo
Fisher Scientific HyClone (Utah 84321, USA) [38, 39]. For
liquid growth experiments, cells were grown in Trypticase
soy broth (TSB) (Becton Dickinson) with 5% horse serum,

supplemented with IsoVitalex and Dent (Oxoid). Bacteria
were first grown to an optical density of 0.6 to 1.0 at
600 nm (OD600) at pH7.0 and subsequently diluted to a
starting OD600 of 0.05. To measure the growth of H. pylori
in liquid medium, a serial dilution was prepared, aliquots of
the various dilutions were plated on Trypticase soy agar
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Scheme 1: Preparation of the 2/3-phenylaminojuglones 4–15.
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N°/(yield %)
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(cm3/mol)b
MDA-equivalents

(�휇M)c

4/(13) Ph 525/990 1.16 77.55 30.8 ± 1.7⁎
5/(19) 2-MePh 495/750 1.65 83.45 N.D.
6/(14) 4-MeOPh 650/982 1.04 84.80 33.8 ± 0.2⁎
7/(10) 3, 4, 5-(MeO)3Ph 450/910 0.78 99.30 44.5 ± 0.3⁎
8/(45) Ph 600/1045 1.16 77.55 39.0 ± 0.4⁎
9/(46) 2-MePh 470/725 1.65 83.45 N.D.
10/(45) 4-HOPh 510/850 0.77 79.36 N.D.
11/(30) 3-MeOPh 590/1015 1.04 84.80 N.D.
12/(55) 4-MeOPh 790/1090 1.04 84.80 N.D.
13/(17) 3, 4, 5-(MeO)3Ph 480/980 0.78 99.30 40.1 ± 0.2⁎
14/(53) 4’-H2NPh-SO2-Ph-4-NH 495/745 1.25 115.63 N.D.
15/(26) 4’-H2NPh-Ph-4-NH 510/760 2.03 107.97 N.D.
2 Juglone 517/990 0.52 49.94 35.6 ± 0.2⁎
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Figure 1: Yields, physicochemical descriptors, and MDA equivalent values of compounds 4–15. aE1/2 = first and second halfwave potential.
bDetermined by the ChemBioDraw Ultra 11.0 software. cThe formation of MDA equivalents was performed as reported in Material and
Methods. Selected quinone compounds were tested at 1mM. Values obtained by quinones were compared to MDA produced under
control conditions (iron salts plus deoxyribose) which was 21.0± 0.5 MDA equivalents (μM). ∗p < 0.05 as compared to control conditions
values. N.D.: not determined.
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plates, and the number colony-forming units (CFU) was
determined [40].

2.3.3. H. pylori Growth Assay in Liquid Medium. H. pylori
(3× 107 cells/mL) were inoculated in 5mL of TSB and sup-
plemented with a range of concentrations (0.0 to 1.0 μg/
mL) of juglone or a derivative compound. After incubation
at 37°C for 48h with constant shaking at 250 rpm in a con-
trolled atmosphere (5.5% CO2 and 70% relative humidity),
bacterial growth was determined by turbidimetry at 600 nm
or by counting colony-forming units on TSA plates [41, 42].

2.3.4. H. pylori Viability Assay. From each of the experimen-
tal culture tubes described in the previous section, 100 μL ali-
quots were taken at the end of the incubation period to
prepare serial dilutions in PBS. Aliquots of 10 μL from each
of these dilutions were plated on TSA and incubated for
48 h at 37°C [43]. The number of colony-forming units per
mL (CFU/mL) corresponding to each experimental condi-
tion was determined.

2.3.5. Inhibition Halo Test on Agar Plates. The procedure was
performed as described by Rodríguez et al. [44]. One hun-
dred μL of H. pylori suspension containing 3× 107 cells/mL
was evenly spread over the TSA plates with a metal handle
loop. Then, three-millimeter diameter wells were made in
the plates and 30 μL of a series of compound solutions was
deposited in the wells (corresponding to 0 to 1mg/well).
After 48 h of incubation at 37°C, the diameter of the growth
inhibition halos was determined.

2.3.6. Determination of Prooxidant Activity. The assay was
based on TBARS method according to Halliwell et al. [45].
Briefly, a mixture containing iron salts, phosphate buffer,
and deoxyribose was incubated for 60min at RT in the
absence or presence of quinones. Then, the amount of mal-
ondialdehyde (MDA) equivalent produced was determined
by reaction with thiobarbituric acid and further reading at
532nm. Results are expressed as μM of MDA equivalents.
The prooxidant activity of some selected quinones is shown
in Figure 1.

2.3.7. Statistical Analysis. All experiments were performed at
least 3 times and groupswere compared byANOVA test using
GraphPad Prism software (SanDiego, CA 92037, USA). Two-
way ANOVA test was used to analyze the dose-response
curves. A p value< 0.05 was set as statistically significant.

3. Results

3.1. Synthesis of Phenylaminojuglones. The preparation of the
phenylaminojuglone derivatives was achieved via a two syn-
thetic step sequence from 1,5-dihydroxynaphthalene 1 and
the selected phenylamines 3 according to 1 and Figure 1. In
the first step, sensitized photooxygenation of compound 1
on water gave 5-hydroxy-1,4-naphthoquinone (2, juglone)
in 64% yield [46]. Further reaction of juglone 2 with the phe-
nylamines in ethanol [47, 48] at room temperature provided
the respective phenylaminojuglones 4–15. In all cases, the
reaction gave a mixture of the respective regioisomers as

was observed by thin layer chromatography and proton mag-
netic resonance. Pure samples of the regioisomers 4–7 (C-2)
and 8–15 (C-3) were isolated by column chromatography
(Figure 1). Efforts to isolate minor regioisomers were unsuc-
cessful. The formation of regioisomers in these reactions
reveals that they proceed under regiochemical control. The
structures of the phenylaminojuglones were established by
nuclear magnetic resonance (1H-NMR and 13C-NMR) and
high-resolution mass spectrometry (HRMS). The location
of the phenylamino substituents at the quinone nucleus
in compounds 4–7 and 8–15 was determined by bidimen-
sional nuclear magnetic resonance (2D-NMR) (data in the
Supplementary Material available here).

3.2. Inhibition of H. pylori Growth by Juglone,
Phenylaminojuglones, andMetronidazole. To assess the effect
of juglone and its analogs on H. pylori growth, increasing
doses of compounds were added into TSA well-plates previ-
ously seeded with bacteria, which were further incubated for
48 h. Table 1 shows the halo of growth inhibition (HGI) in
millimeter obtained for each compound as a function of their
concentration by using the Diffusion Test assay.

Juglone andmost of its analogs (except 5 and 9)weremore
active on H. pylori than metronidazole (HGI: 11.67mm).
Compared to the antibacterial effect mediated by juglone
(HGI: 14.50mm), 5 out of 12phenylaminojuglonesweremore
efficient than juglone with HGI values ranging from 22.25 to
32.25mm. A clear representation of this inhibitory effect is
unveiled when the antimicrobial activity of compounds based
on molar amounts was compared. For instance, the HGI of
33.25mmof 7wasobtained at 4.5μMwhile theHGIof juglone
(14.50mm) and metronidazole (11.67mm) were obtained at
9.2 and 9.35μM, respectively. In other words, 7 reached a high
inhibitory effect on H. pylori growth at half of the doses
required by juglone and metronidazole whose effects were by
far lower than 7.

The C-H functionalization in the 1,4-naphthoquinone
scaffold at either C-2 or C-3, like in the pairs 4/8, 5/9, 6/12,
and 7/13, resulted in similar antibacterial activities as shown
by their halo of inhibition. For instance, 4 and 8 have an HGI
of 13.25 and 13.75mm, respectively, and 7 and 13 have an
HGI of 32.25 and 28.50mm, respectively.

Compound 14, obtained by oxidative amination of 2 with
dapsone (4-H2NPhSO2Ph-4′-NH2), displayed higher inhibi-
tory activity on H. pylori growth than juglone at all the tested
doses. Since dapsone may act against bacteria by inhibiting
the synthesis of dihydrofolic acid [49] it is likely that such anti-
microbial ability mediated by dapsone is contributing to the
overall anti-pylori activity of 14. Finally, arylaminojuglone 15
derived from 2 and benzidine (4-H2NPh-Ph-4′-NH2) showed
a lower range of activity than juglone. It should be noted that
amines 3 phenylamine, 2-methylphenylamine, 3-methoxy-
phenylamine, 4-methoxyphenylamine, 4-hydroxyphenyla-
mine, 3,4,5-trimethoxyphenylamine, and benzidine were
devoid of anti-pylori activity when added in the absence of
juglone (data not shown).

3.3. H. pylori Viability in the Presence of Juglone, 7, and
Metronidazole. Once determining the effect of quinone-
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derived compounds in solid medium (halo of growth inhibi-
tion assay), we investigated the effect of juglone and the more
active phenylaminojuglone (7) on H. pylori viability in liquid
medium. To this end, TSB medium was supplemented with
increasing concentrations of each compound and incubated
for 48h. Next, aliquots were removed and colony- forming
units (CFU) were counted. Bacteria viability results are
expressed as CFU/mL.

Figure 2 shows a dose-dependent decrease of CFU/mL
values from 1.71× 106 to 5.85× 103 when H. pylori was incu-
bated with juglone. Likewise, CFU/mL values decreased from
2.3× 106 to 1.04× 103 CFU/mL whenH. pylori was incubated
with compound 7. Interestingly, although bacteria viability is
significantly decreased in a dose-dependent manner in both
conditions, some marked differences were noted: First, at
low doses (0.2 μg/mL), compound 7 reduced dramatically
the viability ofH. pylori while juglone, at the same concentra-
tion, did not affect significantly the bacteria viability. Second,
it is required to use 0.6 μg/mL of juglone in order to reach the
inhibitory effect of 7 (0.2 μg/mL) on the growth of H. pylori
(3-fold increase). In terms of molarity, as we have previously
shown, such difference is even higher in favor to 7. Indeed,
0.2 μg/mL of 7 corresponds to 0.56 μM, while 0.6 μg/mL of
juglone corresponds to 3.44 μM, a difference of 6-fold to
obtain similar inhibitory effects.

Figure 3 shows the bacteria viability during 180min of
incubation in the presence of metronidazole and 7 both at
doses of 0.8 μg/mL. Compound 7 provoked a rapid and
strong inhibition of H. pylori growth decreasing the CFU
values from 4.95× 106 to 5.15× 102 30minutes after
incubation. In contrast, metronidazole slightly decreased the
CFU values from 5.3× 106 at the beginning of the incubation
to 3.23× 106 after 30min. At the end of the 180min of
incubation, the CFU value for metronidazole was still high
reaching 4.80× 105 whereas 7 practically causes a total

loss of the bacteria. It should be noted that in terms of
molarity, 7 was tested at 2.25 μM while metronidazole
was used at 4.7 μM, highlighting the ability of 7 as a
potential anti-pylori molecule.

4. Discussion

Traditional medicine used by ancient cultures relies on the
use of natural compounds with biological activity, which
can be used as starting molecules to modify their structures
for improving their pharmacological properties. The aim of
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Figure 2: Effect of Juglone 2 and 7 on H. pylori viability in liquid
medium. (∗) Statistically significant differences (p < 0 05) between
2 and 7.

Time (min)

Vi
ab

ili
ty

 (C
FU

/m
L)

1209060300 150 180
100

101

102

103

104

105

106

107

MTZ
7

⁎ ⁎ ⁎
⁎

⁎

Figure 3: Kinetic course of H. pylori 26695 growth inhibition in the
presence of 7 and metronidazole, both at 0.8 μg/mL, during 180
min. ∗p < 0 05 between metronidazole and 7.

Table 1: Effect of juglone and their arylamino analogs on
Helicobacter pylori growth.

Dose (μg) 0.0 0.1 0.2 0.4 0.8 1.6
Compound number Halo of growth inhibition (mm)

2 0.00 9.25 10.50 11.50 13.25 14.50

4 0.00 8.50 9.75 9.75 11.75 13.25

5 0.00 7.50 8.25 10.00 10.50 11.00

6 0.00 9.50 10.50 11.25 12.50 13.50

7 0.00 20.00 22.50 24.50 27.25 32.25

8 0.00 8.75 10.00 10.50 11.75 13.75

9 0.00 7.50 8.75 9.75 10.25 10.75

10 0.00 10.00 11.25 14.50 16.50 23.50

11 0.00 17.75 21.25 24.75 26.00 27.75

12 0.00 8.25 8.75 9.75 10.50 12.75

13 0.00 19.75 21.50 23.75 25.00 28.50

14 0.00 17.75 19.50 20.00 20.50 22.25

15 0.00 9.50 10.75 11.00 11.75 12.75

Metronidazole∗ 0.00 — 7.83 8.67 9.33 11.67

Values are expressed as HGI (in mm) and they are means of two separated
experiments. ∗Reference drug.
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this work was to synthesize a series of phenylaminojuglones
with anti-H. pylori biological activity. Among the members
of the series, five congeners were found 1.9- to 2.8-times
more active than one standard therapeutic drug (i.e., metro-
nidazole), a currently standard anti-pylori drug [40, 50–52].

Even though the discovery of molecular mechanisms
underlying the antibacterial effects of the phenylaminoju-
glones was beyond our objectives, we noted that their anti-
pylori activity depends on the nature and location of the
nitrogen substituents at the quinone nucleus of the juglone
scaffold. Thus, insertion of the 3,4,5-trimethoxyphenylamino
group at the 2 position in juglone, as in compound 7 (HGI:
32.25mm), induced a strong effect on the antibacterial activ-
ity of the juglone scaffold (HGI: 14.50mm). Conversely, the
insertion of the phenylamino, 2-phenylamino, and 4-
methoxyphenylamino groups, as in compounds 4 (HGI:
13.25mm), 5 (HGI: 11.00mm) and 6 (13.50mm), causes
decreasing effects on the antibacterial activity of the juglone
scaffold. Inspection of Table 1 reveals that, in general, the
insertion of the nitrogen substituents in the 3 position induce
higher effects on the antibacterial activity compared to the
insertion of nitrogen substituents in the 2 position of the
juglone scaffold. Among the members of the 3-
arylaminojuglone derivatives 8–15, compounds 10, 12, and
13 display remarkable antibacterial activities. Once again, in
terms of molarity, such high doses (1.6 μg/mL) correspond
to 6 μM of compound 4, 4.5 μM of compound 7, and 9.2
μM of juglone, strengthening the assumption about the effi-
cacy of compound 7.

By comparing data from Figure 1 and Table 1 (HGI of
juglone and its analogs as well as molecular descriptors), it
can be inferred that compounds 7, 10, and 13 (three of the
most active phenylaminojuglones) have lower ClogP values
than other molecules of the series (around 0.78), showing a
marked hydrophilic character. Moreover, when compared
with compounds 9 and 13 that share similar values of redox
potential and polarizability but different lipophilia, they have
strong differences in terms of anti-pylori activity: HGI: 10.75
and 28.50mm, respectively. It appears then that compounds
with a significant hydrophilic degree will have a more pro-
nounced antibacterial activity. Interestingly, it has been
reported that the membrane surface of H. pylori is rather
hydrophilic and it is negatively charged [53]. This property
would facilitate the entry of these molecules inside the bacte-
ria, facilitating their biological activity. This tempting
hypothesis is however unlike because juglone has a ClogP
value (0.52) even lower than the three former molecules but
its HGI was only of 14.5mm.

It is to be expected that the redox status of the cellular
system would be modulated by ROS. Since the ease of ROS
generation through reduction of a quinonoid would depend
on its electrochemical parameters, the redox potential of a
quinone would influence its overall biological profile, which
encompasses the functional, toxicological, mutagenic, and
antitumor activities. With this view, the redox potential of
these naphthoquinones was determined by cyclic voltamme-
try using acetonitrile, an aprotic solvent, which mimics the
environment of the cell membrane [54]. Figure 1 shows that
E1/2 values for the first one electron transfer, corresponding

to the formation of the radical-anions of compounds 4–15,
are spread into a broad potential range from −790 to
−450mV. In addition, we noted that 7 out of 12 phenylami-
nojuglones have higher redox potential values (from −450 to
−510mV) than juglone (−517mV). It is tempting to assume
that the effect on redox potential by the insertion of nitrogen
groups, such as PhNH-, in the 5-hydroxy-1,4-naphthoqui-
none (juglone) scaffold may be clearly predicted, but the sit-
uation is a little bit more complex. Indeed, it is reasonable to
assume that the electron acceptor ability of these phenylami-
nojuglone will depend, in part, on the location of the nitrogen
donor in the quinone core and on the extent of the conjuga-
tive effect of this group to the intramolecular hydrogen bond
of the molecule. A similar situation by taking the 1,4-
naphthoquinone scaffold has been discussed by Aguilar-
Martinez et al. [55].

Regarding the influence of other molecular descriptors
such as molar refractivity, it seems that high polarizability
values enhance the anti-pylori activity. Indeed, when com-
pared compounds 5 and 14, they have the same redox poten-
tial values (−495mV) and similar lipophilia (1.65 versus
1.25) but different polarizability values. Accordingly, com-
pound 14 with a high molar refractivity (115.63), it has a high
anti-pylori activity (HGI: 22.25mm). However, compound 7
has less lipophilicity, high polarizability and low redox
potential compared to 12, and their HGI values were mark-
edly different: 32.25 and 12.75mm, respectively. All these
results illustrate how difficult is to attribute a biological
response to a given molecular descriptor. Interestingly,
Figure 1 shows that phenylaminojuglones displaying high
HGI (i.e., 7, 13) have the highest prooxidant activities as
shown by the TBARS production, suggesting a potential link
between oxidative stress and antibacterial activity. Support-
ing the role of oxidative stress during chronic gastritis associ-
ated with H. pylori infection, it should be noted that the
administration of coenzyme q10 decreases mucosal inflam-
mation in such patients [56].

In conclusion, compound 7 is a promissory anti-pylori
compound already active as soon as 30min of incubation at
a very low concentration (0.56 μM). When using at 4.5 μM
(1.6 μg/mL), the calculated halo of growth inhibition for 7
was 32.25mm. These preliminary results make 7 an interest-
ing lead molecule modulated by other substituting groups
and to conduct further assays.
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Diabetic nephropathy is the leading cause of end-stage renal disease in patients with diabetes mellitus. Oxidative stress has been
shown to play an important role in pathogeneses of renal damage in diabetic patients. Here, we investigated the protective effect of
diphlorethohydroxycarmalol (DPHC), which is a polyphenol isolated from an edible seaweed, Ishige okamurae, on methylglyoxal-
induced oxidative stress in HEK cells, a human embryonic kidney cell line. DPHC treatment inhibited methylglyoxal- (MGO-)
induced cytotoxicity and ROS production. DPHC activated the Nrf2 transcription factor and increased the mRNA expression
of antioxidant and detoxification enzymes, consequently reducing MGO-induced advanced glycation end product formation.
In addition, DPHC increased glyoxalase-1 mRNA expression and attenuated MGO-induced advanced glycation end product
formation in HEK cells. These results suggest that DPHC possesses a protective activity against MGO-induced cytotoxicity in
human kidney cells by preventing oxidative stress and advanced glycation end product formation. Therefore, it could be used
as a potential therapeutic agent for the prevention of diabetic nephropathy.

1. Introduction

Hyperglycemia is associated with protein glycation, and
advanced glycation end products (AGEs) are generated by
irreversible nonenzymatic reactions between carbohydrates
and proteins. In diabetes, AGEs are increased in the extracel-
lular matrix [1, 2] and can undergo autooxidation to generate
other reactive intermediates, thereby resulting in diabetes
development [3] and complications such as diabetic nephrop-
athy (DN) [4, 5].

DN occurs in 20% to 40% of patients with diabetes and is
the most likely cause of end-stage renal disease reported
worldwide [6]. Although numerous factors contributing to
the development of diabetic complications including DN
have been proposed, AGEs are thought to be of major impor-
tance [7]. In particular, the accumulation of AGEs during the

early prediabetic stages of disease may be involved in mech-
anisms contributing to the onset of type 2 diabetes, namely,
insulin resistance and beta-cell damage [8]. Therefore, inhi-
bition of AGE formation is considered to be one promising
approach for the prevention and treatment of DN.

Recently, antiglycation has been considered as an effec-
tive strategy to slow down human senescence and disease
development [9–11]. Therefore, much attention has been
focused on finding AGE inhibitors, including searching nat-
ural compounds such as polyphenols [12–14].

Diphlorethohydroxycarmalol (DPHC) is a polyphenolic
compound from the edible seaweed, Ishige okamurae. Several
studies have shown various biological functions of DPHC
including antioxidant activity [15, 16], antiadipogenic activ-
ity [17, 18], and extracellular matrix regulation [19]. The
aim of this study is to determine the possible protective effect
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of DPHC against the formation of AGEs in human kidney
(HEK) cells in response to methylglyoxal (MGO), a highly
reactive carbonyl metabolite of glucose and a major precur-
sor of AGEs.

2. Materials and Methods

2.1. Preparation of DPHC from Ishige okamurae. The brown
seaweed, Ishige okamurae, was collected along the coast of
Jeju Island, Korea, between October 2014 and March 2015.
The samples were washed three times with tap water to
remove the salt, epiphytes, and sand attached to the surface,
followed by careful rinsing with freshwater, and maintained
in a medical refrigerator at −20°C. Thereafter, the frozen
samples were lyophilized and homogenized using a grinder
prior to extraction. DPHC was isolated as previously
described [20]. Briefly, the diethyl ether fraction of I. oka-
murae crude extract was subjected to silica gel (Sigma, St.
Louis, MO) and Sephadex LH-20 column (GE Healthcare,
England) chromatography and DPHC was purified by
reversed-phase HPLC. The chemical structure and HPLC
chromatogram of DPHC are presented in Figure 1. The
purity of DPHC was >97%, based on the peak area of compo-
nent absorbed at a specific wavelength in HPLC analysis.

2.2. Cell Culture. A human embryonic kidney cell line, HEK
cells, was obtained from the American Type Culture Collec-
tion (ATCC, Manassas, VA). The cells were cultured in
DMEM (WelGENE, Korea) supplemented with 10% FBS
(WelGENE, Korea), 100U/ml penicillin, and 100μg/ml
streptomycin (WelGENE, Korea) and were maintained in a
humidified incubator with 5% CO2. In all experiments except
viability, cells were incubated in 40μM DPHC prior to the
addition of 1mM MGO (Alfa Aesar, England). Dimethyl
sulfoxide (DMSO, Duchefa Biochemie, Netherlands) was
used for the DPHC vehicle and PBS (WelGENE, Korea) used
for the MGO vehicle.

2.3. Assessment of Cytotoxicity. Cell viability was estimated
using a cell counting kit (CCK-8; Dojindo Laboratory, Japan)
that measures mitochondrial dehydrogenase activity. For the
CCK-8 assay, HEK cells (5× 104 cells/well) were seeded onto
96-well plates. After 16 h, the cells were treated with DPHC
and/or MGO. We treated the cells with different concentra-
tions of MGO (0.25, 0.5, 1, and 2mM) for cell viability for
24 h and DPHC (20, 40, and 80μM) for 24 h for toxicity
and chose the concentrations of 1mM of MGO, which
showed 50% cell viability, and 40μM of DPHC, which
showed the best proliferative effects, for further study. To
study the protective effects of DPHC, cells were pretreated
with vehicle (control) or 40μM DPHC for 1 h and subse-
quently incubated with or without 1mM MGO for 24 h at
37°C. The CCK-8 solution was then added to the wells to a
total reaction volume of 110μl. After 2 h of the incubation,
the absorbance was measured at a wavelength of 450nm.
The optical density of the formazan generated in the control
cells was considered to represent 100% viability.

2.4. Estimation of the Intracellular Reactive Oxygen Species
(ROS) Levels. HEK cells (1× 105 cells/well) were seeded onto

96-well plates. The cells were treated with vehicle (control) or
40μM DPHC, and 1h later, 1mM MGO was added and the
cells were incubated for 24h. Intracellular ROS production
was detected by means of an oxidation-sensitive fluorescent
probe dye, 2,7-dichlorofluorescein diacetate, which is deace-
tylated intracellularly and further oxidized to the highly fluo-
rescent compound, dichlorofluorescein, in the presence of
cellular peroxides [21]. After changing the media, 5μg/ml
2,7-dichlorofluorescein diacetate (Invitrogen, Carlsbad, CA)
was added and cells were incubated for 30min at 37°C. The
fluorescence image was observed using a fluorescence micro-
scope (Zeiss, Germany). To quantitatively evaluate the fluo-
rescent images, the RGB image was analyzed by ImageJ
software (https://imagej.nih.gov/ij/) and the mean value was
used to obtain the bar graph.

2.5. Estimation of Intracellular Alkyl Radical Spectrum. HEK
cells (2× 105 cells/well) were seeded onto 48-well plates. The
cells were treated with vehicle (control) or 40μMDPHC, and
1h later, 1mMMGO was added and the cells were incubated
for 24 h. The cells were dissociated with trypsin and resus-
pended in PBS. Intracellular alkyl radical was detected by
the electron spin resonance spectrum. The dissociated cells
were mixed with 10mM 4-α-(4-pyridyl N-oxide)-N-tert-
butylnitrone (Sigma, St. Louis, MO), incubated for 30min
at 37°C in a water bath, and then transferred to Teflon capil-
lary tubes. The spin adduct was recorded using a JES-FA ESR
spectrometer (JEOL Ltd., Japan) under the following mea-
surement conditions: central field 3475G, modulation fre-
quency 100 kHz, modulation amplitude 2G, microwave
power 10mW, gain 6.3× 105, and temperature 25°C.

2.6. Quantitative Real-Time PCR. Total RNA was extracted
from cells using RNAiso Plus (Takara Bio Inc., Japan), and
cDNA was prepared using the PrimeScript™ cDNA synthesis
kit (Takara Bio Inc., Japan) according to the manufacturer’s
instructions. cDNA samples were analyzed by the SYBR®
Premix Ex Taq™, ROX plus (Takara Bio Inc., Japan) on
Bio-Rad cyclers (Hercules, CA). Gene expression was nor-
malized to the endogenous housekeeping control gene, cyclo-
philin, which was not influenced by DPHC or MGO. Relative
expression was calculated for each gene using the ΔΔCT
(where CT is the threshold cycle) method. Statistical analysis
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Figure 1: HPLC chromatogram of DPHC isolated from Ishige
okamurae.
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of PCR data was based on duplicate samples. The primer
sequences used are listed in Table 1.

2.7. Western Blotting. HEK cells (4× 106 cells/well) were
seeded onto 6-well plates, and the cells were incubated with
vehicle (control) or 40μM DPHC for 1 h and then further
incubated with or without 1mM MGO for 24 h. The cells
were lysed using 1% Triton X-100-PBS and protease inhibi-
tor cocktail (GenDEPOT, Barker, TX) for 20min on ice. The
lysates were fractionated by centrifugation at 12,000 rpm for
20min at 4°C. The supernatant was used as the cytosolic
fraction, and the pellets were used as the nuclear fraction
for Western blotting. The protein concentrations were mea-
sured using a DC protein assay kit (Bio-Rad, Hercules, CA).
The lysates were separated by SDS-PAGE and transferred to
PVDF membranes (Millipore, Billerica, MA). Membranes
were incubated with 5% skimmed milk for 1 h at room tem-
perature and then incubated with primary antibodies over-
night at 4°C. After washing extensively, membranes were
incubated with the horseradish peroxidase-conjugated sec-
ondary antibody (Jackson ImmunoResearch, West Grove,
PA). The signal was detected usingWESTSAVE (AbFrontier,
Korea) and the enhanced chemiluminescence system. ImageJ
software was used to quantify the band intensity of Western
blot. Primary antibodies used were anti-Nrf2 (Santa Cruz
Biotechnology, Santa Cruz, CA) and anti-lamin B (Santa
Cruz Biotechnology, Santa Cruz, CA).

2.8. Transfection and Image Analysis. The Nfr2-enhanced
green fluorescent protein (EGFP) plasmid (pcDNA3-EGFP-
C4-Nrf2) was purchased from Addgene (Cambridge, MA)
[22]. siRNAs for human Nrf2, Glo-1, and control were pur-
chased from Bioneer (Daejeon, Korea). HEK cells (5× 104
cells/well) were cultured on coverslips or in 60mm cell cul-
ture dishes (1.5× 105 cells/dish), and 16h later, cells were
transfected using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA) or Lipofectamine RNAiMAX (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. For plas-
mid, after 3 h of transfection, the cells were incubated with
vehicle (control) or 40μM DPHC for a further 33 h. For
siRNA, after 36 h of transfection, the cells were incubated
with vehicle (control) or 40μM DPHC for 1 h and then fur-
ther incubated with 1mMMGO for 24h. The coverslips were
washed twice with PBS and fixed in 4% paraformaldehyde for
15min at room temperature. The fixed cells were then
washed with PBS, blocked with PBS containing 1% BSA
and 0.1% Triton X-100 for 30min at room temperature,
stained with DAPI (Invitrogen, Carlsbad, CA), mounted with
VECTASHIELD (Vector Laboratories, Burlingame, CA), and
observed with a confocal microscope (Zeiss, Germany). To
evaluate Nrf2, five random fields were selected in each exper-
iment and 5–10 cells were imaged in each field.

2.9. Immunohistochemistry. HEK cells cultured on coverslips
were incubated with vehicle (control) or 40μM DPHC for
24 h. HEK cells cultured on coverslips were incubated with
vehicle (control) or 40μM DPHC for 1 h, after which 1mM
MGO was added (Alfa Aesar, England). Six or 24h later,
the coverslips were washed twice with PBS and fixed in 4%

paraformaldehyde for 15min at room temperature. The fixed
cells were then washed with PBS, blocked with PBS contain-
ing 1% BSA and 0.1% Triton X-100 for 30min at room
temperature, and incubated overnight with anti-Nrf2 (Santa
Cruz Biotechnology, Santa Cruz, CA) at 4°C. Cells were then
stained with a fluorescence-conjugated secondary antibody
(Life Technologies, Carlsbad, CA) for 2 h, mounted with
VECTASHIELD (Vector Laboratories, Burlingame, CA),
and observed under a confocal microscope (Zeiss, Germany).
To evaluate Nrf2, five random fields were selected in each
experiment and 8–15 cells were imaged in each field. To eval-
uate cytosol and nucleus Nrf2, ImageJ (https://imagej.nih.
gov/ij/) was used to quantify the fluorescence intensity.

2.10. Flow Cytometry Analysis. HEK cells (4× 106 cells/well)
were seeded on 6-well plates. The cells were incubated with
vehicle (control) or 40μM DPHC for 1 h and then further
incubated with or without 1mM MGO for 24 h. The cells
were washed with PBS, 5μg/ml of 2,7-dichlorodihydrofluor-
escein diacetate (DCFH-DA, Invitrogen, San Diego, CA) was
added, and the cells were incubated for 10min at 37°C. The
cells were fixed with 3% neutral buffered formalin (NBF,
Sigma, St. Louis, MO) for 2min at room temperature, and
then NBF was removed and the cells were resuspended in
PBS. DCF fluorescence intensity was detected by flow cytom-
etry (FACS LSR Ц, BD Biosciences, Franklin Lakes, NJ). The
representative median fluorescence intensity was overlaid
using FlowJo software (Ashland, OR).

2.11. Determination of AGEs. HEK cells (4× 106 cells/well)
were seeded onto 6-well plates, and the cells were incubated
with vehicle (control) or 40μM DPHC for 1 h and then
further incubated with or without 1mM MGO for 24 h or
20mM glucose for 30h. The cells were incubated overnight
in chloroform and methanol (2 : 1 v/v) mixture followed by
homogenization in 0.1N NaOH and centrifugation at
16,000 rpm for 15min at 4°C. The supernatant was analyzed
for AGE content at an excitation/emission wavelength of
370/440 nm against 0.1N NaOH blank on a spectrofluorom-
eter (Victor 3, Molecular Devices, San Jose, CA). 0.1mg/ml of
BSA (bovine serum albumin, Sigma, St. Louis, MO) prepara-
tion in 0.1N NaOH was used as a reference (arbitrary units/
mg protein).

2.12. Protein Carbonyl Content. HEK cells (4× 106 cells/well)
were seeded onto 6-well plates, and the cells were incubated
with vehicle (control) or 40μM DPHC for 1 h and then fur-
ther incubated with or without 1mM MGO for 24 h or
20mM glucose for 30h. Carbonylation of protein causing
oxidative damage was measured in HEK cells using a Protein
Carbonyl Content Assay Kit (Abcam, Cambridge, UK)
according to the manufacturer’s instructions.

2.13. Statistical Analysis. For statistical analysis, one-way
ANOVA (more than three samples) or Student’s t-test (two
samples) was applied. Data are presented as means ± SEM.
Values of p < 0 05 were considered significant.
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3. Results

3.1. DPHC Attenuates MGO-Induced Cytotoxicity. In order
to determine whether DPHC has a protective effect on
MGO-induced toxicity in human kidney cells, we treated
HEK (human embryonic kidney) cells with MGO. DPHC
alone did not show any cytotoxicity in cells, even at a high
concentration (80μM) (Figure 2(a)), whereas MGO showed
cytotoxicity in a dose-dependent manner (Figure 2(b)).
40μM of DPHC used for the following experiments as it
induced the highest cell proliferation, and 1mM MGO con-
centration was used as it showed 50% lethal concentration.
Pretreatment with 40μM DPHC significantly blocked the
cytotoxic effect of MGO (Figure 2(c)), indicating that
DPHC possesses a protective effect against MGO-induced
toxicity in human kidney cells.

3.2. DPHC Scavenges MGO-Induced ROS. DPHC shows
powerful radical scavenging activity [20]. An excess pro-
duction of MGO can increase ROS [23]. So, we determined
whether DPHC can attenuate the production of MGO-
induced ROS. As expected, ROS production was signifi-
cantly increased by MGO treatment, whereas pretreatment
with DPHC significantly reduced MGO-induced ROS

(Figure 3(a)). Additionally, the intracellular alkyl radical
spectrum was elevated over controls by MGO treatment,
whereas DPHC pretreatment of cells reduced this elevation
(Figure 3(b)). DPHC alone did not affect ROS production
or the alkyl radical spectrum (Figures 3(a) and 3(b)).

ROS scavenging effects involve antioxidant activity and
detoxification. So, we determined the effect of DPHC treat-
ment on antioxidant and phase II detoxifying enzyme
expression. mRNA levels of the antioxidant enzymes
superoxide dismutase (SOD)1 and catalase (CAT) and the
phase II detoxifying enzymes γ-glutamylcysteine synthetase
(GCL)c and GCLm were significantly increased in DPHC-
treated cells. Mean levels of SOD2, heme oxygenase- (HO-)
1, and NAD(P)H quinone dehydrogenase (NQO)1 were ele-
vated over the controls, but did not reach significance
(Figure 3(c)). When we measured mRNA expression in
DPHC-pretreated cells given subsequent MGO treatment,
we found that mRNA expression of antioxidant enzymes
(SOD, CAT, and HO-1) and NQO-1 was increased by
MGO treatment and was not significantly changed compared
with MGO treatment only (data not shown). The GCLc
mRNA expression level was increased by MGO treatment
and further increased in DPHC-pretreated cells given MGO
treatment (Figure 3(d)). These results indicate that DPHC

Table 1: Primer sequences.

Gene name Sequence 5′-3′

SOD1
Forward 5′-GGT CCT CAC TTT AAT CCT CTA T-3′
Reverse 5′-CAT CTT TGT CAG CAG TCA CAT T-3′

SOD2
Forward 5′-TTC TGG ACA AAC CTC AGC CC-3′
Reverse 5′-AGT TTG ATG GCT TCC AGC A-3′

CAT
Forward 5′-TTT CCC AGG AAG ATC CTG AC-3′
Reverse 5′-ACC TTG GTG AGA TCG AAT GG-3′

GPx
Forward 5′-AGA ATG TGG CGT CCC TCT GA-3′
Reverse 5′-CAG CTC GTT CAT CTG GGT GTA G-3′

HO-1
Forward 5′-CAG GCA ATG GCC TAA ACT TC-3′
Reverse 5′-GCT GCC ACA TTA GGG TGT CT-3′

NQO1
Forward 5′-GTT GCC TGA AAA ATG GGA GA-3′
Reverse 5′-AAA AAC CAC CAG TGC CAG TC-3′

GCLc
Forward 5′-AGT TGA GGC CAA CAT GCG AA-3′
Reverse 5′-TGA AGC GAG GGT GCT TGT TT-3′

GCLm
Forward 5′-ATC AAA CTC TTC ATC ATC AAC-3′
Reverse 5′-GAT TAA CTC CAT CTT CAA TAG G-3′

Glo-1
Forward 5′-ATGCGACCCAGAGTTACCAC-3′
Reverse 5′-CCAGGCCTTTCATTTTACCA-3′

RAGE
Forward 5′-GTGGGGACATGTGTGTCAGAGGGAA-3′
Reverse 5′-TGAGGAGAGGGCTG GGCAGGGACT-3′

Cyclophilin
Forward 5′-TGC CAT CGC CAA GGA GTA G-3′
Reverse 5′-TGC ACA GAC GGT CAC TCA AA-3′
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attenuates MGO induction through γ-glutamylcysteine syn-
thetase detoxifying enzyme activation.

3.3. DPHC Activates Nrf2 Transcription Factor. DPHC is a
polyphenolic compound that targets Nrf2 genes [24], and
Nrf2 is well known as a master regulator of antioxidants
and phase II detoxification enzymes [25]. So, we determined
whether DPHC modulates Nrf2 signaling. The expression
level of Nrf2 protein in the nuclear fraction was increased
in a dose-dependent manner by treatment with DPHC
(Figure 4(a)). The expression of transfected Nrf2-EGFP
(Figure 4(b)) and antibody staining of endogenous Nrf2
(Figure 4(c)) was higher in DPHC-treated HEK cells as com-
pared with controls. Furthermore, Nrf2 expression was
increased particularly in cytosol by MGO treatment, and this
was decreased by pretreatment with DPHC. In addition, Nrf2
appeared to translocate to the nucleus as a result of DPHC
pretreatment (Figure 4(d)).

To confirm whether the effect of DPHC is mediated
through Nrf2 signaling, we downregulated Nrf2 using siRNA.
Transfection of Nrf2 siRNA significantly downregulated both
Nrf2 mRNA and protein expression (Figure 5(a)). mRNA
expression of antioxidant enzymes including SOD1 and
CAT and phase II detoxification enzymes including GCLc
and GCLm was increased in control siRNA-transfected cells
by DPHC treatment; however, this increase was inhibited in
Nrf2 siRNA-transfected cells (Figure 5(b)). ROS production
was increased by MGO treatment, and MGO-induced ROS
production was inhibited by DPHC pretreatment in the con-
trol siRNA-transfected cells. In the Nrf2 knockdown cells,
DPHC pretreatment did not inhibit MGO-induced ROS
production (Figure 5(c)). In addition, DPHC pretreatment

did not inhibit AGE and protein carbonyl production
induced by MGO treatment in Nrf2 siRNA-transfected cells
(Figures 5(d) and 5(e)). mRNA expression of Nrf2 and Glo-1
was decreased by MGO treatment, and the decreased Nrf2
and Glo-1 mRNA expression was recovered by DPHC pre-
treatment in the control siRNA-transfected cells. In the Nrf2
knockdown cells, the effect of DPHC treatment on the recov-
ery of Glo-1 mRNA expression was significantly less com-
pared with that in the control siRNA-transfected cells. Thus,
the changes inNrf2 expression were positively correlated with
the changes in Glo-1 mRNA expression (Figures 5(f) and
5(g)). These results suggest that DPHC induces antioxidant
as well as detoxifying properties by activating Nrf2.

3.4. DPHC Protects against MGO-Induced Glycation. AGE
formation is a critical factor in diabetic complications; partic-
ularly, the accumulation of MGO-derived AGEs has been
implicated in DN [26]. Therefore, we determined whether
DPHC alleviates AGE formation caused by MGO in human
kidney cells. AGE formation was significantly increased in
MGO-treated cells, whereas pretreatment with DPHC pre-
vented MGO-induced AGE formation (Figure 6(a)). AGEs
exert their harmful effects directly or indirectly through their
interaction with the receptor for AGEs (RAGE) [27, 28].
Therefore, we also analyzed the mRNA expression level of
RAGE. RAGE mRNA levels were not significantly different
from controls either in MGO-treated cells or in MGO-
treated cells pretreated with DPHC (Figure 6(b)). MGO is
oxidatively modified to form carbonyl proteins [29, 30].
Therefore, we determined whether DPHC attenuates protein
carbonyl formation caused by MGO. The protein carbonyl
content was significantly elevated in MGO-treated cells,
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Figure 2: DPHC attenuatesMGO-induced toxicity in HEK cells. (a) HEK cells were incubated with the indicated concentrations of DPHC for
24 h. (b) HEK cells were incubated with the indicated concentrations of MGO for 24 h. (c) HEK cells were incubated with or without 40μM
DPHC for 1 h and then further incubated with 1mM MGO for 24 h. CCK-8 assays were subsequently performed. Experiments were
performed in triplicate. ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001. n.s.: no significance.
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Figure 3: DPHC scavenges MGO-induced ROS in HEK cells. HEK cells were incubated with or without 40 μM DPHC for 1 h and then
further incubated with or without 1mM MGO for 24 h. (a) Intracellular ROS was measured using an oxidation-sensitive fluorescent probe
dye (left panel) and quantified (right panel). Scale bar: 200μm. (b) Alkyl radical scavenging was measured using ESR spectra. (c) HEK
cells were incubated with 40 μM DPHC for 24 h. qRT-PCR was performed for superoxide dismutase (SOD) 1 and 2, catalase (CAT), heme
oxygenase-1 (HO-1), NAD(P)H quinone dehydrogenase (NQO)1, glutamylcysteine synthetase (GCL)c, and GCLm. (d) HEK cells were
incubated with or without 40μM DPHC for 1 h and then further incubated with 1mM MGO for 24 h. qRT-PCR was performed for GCLc
and GCLm. ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001. n.s.: no significance.
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whereas pretreatment with DPHC prevented MGO-induced
protein carbonyl formation (Figure 6(c)).

Glyoxalase-1 (Glo-1) is an enzyme in a metabolic path-
way that detoxifies α-oxoaldehydes, particularly MGO [31].
Glo-1 mRNA levels were increased in DPHC-pretreated cells
(Figure 6(d)). On the other hand, AGEs, RAGE, and protein
carbonyls were not altered by DPHC alone. To confirm
whether the glycation-attenuating effect of DPHC is medi-
ated by Glo-1 expression, we downregulated Glo-1 using
siRNA. Transfection of Glo-1 siRNA significantly downregu-
lated Glo-1 mRNA expression (Figure 6(e)). The AGE
content and protein carbonyl content induced by MGO
were reduced by DPHC pretreatment in control siRNA-
transfected cells; however, these effects were abolished in
the Glo-1-downregulated cells (Figures 6(f) and 6(g)). As
expected, Glo-1mRNA expression was decreased by MGO
treatment, and this decreasewas recovered byDPHCpretreat-
ment in the control siRNA-transfected cells. However, DPHC

pretreatment did not increase Glo-1 mRNA expression in
the Glo-1 knockdown cells (Figure 6(h)). mRNA expression
of Nrf2 was also decreased by MGO treatment, and the
decreased Nrf2 mRNA expression was recovered by DPHC
pretreatment in the control siRNA-transfected cells. Glo-1
knockdown did not change these effects (Figure 6(i)). These
results suggest that DPHC induces a protective effect against
MGO-induced protein glycation by increasing the expres-
sion of Glo-1 mRNA.

3.5. DPHC Prevents AGEs and Protein Carbonyl Production
in a Hyperglycemic Condition. The hyperglycemic environ-
ment can cause major health complications in people with
diabetes [32], and DN does not develop in the absence of
hyperglycemia [33]. Therefore, we examined the effect of high
glucose on AGEs and protein carbonyls. The AGE content
was significantly elevated in glucose-treated cells, whereas
pretreatment with DPHC prevented this rise (Figure 7(a)).
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Figure 4: DPHC activates Nrf2 transcription factor in HEK cells. (a) HEK cells were incubated with the indicated concentrations of DPHC
for 24 h. Nuclear and cytoplasmic fractions were prepared, andWestern blotting was subsequently performed. (b) HEK cells were transfected
with plasmids for EGFP-tagged Nrf2 or EGFP for 33 h and further incubated with or without DPHC (40 μM) for 24 h. The cells were then
fixed and observed by confocal microscopy. Scale bar indicates 10 μm. (c) HEK cells were incubated with or without DPHC (40 μM) for
24 h. The cells were stained with an anti-Nrf2 (green) antibody and observed using confocal microscopy. Blue indicates DAPI (nuclear)
staining. Scale bar indicates 10 μm. (d) HEK cells were incubated with or without DPHC (40 μM) for 1 h and then further incubated with
1mM MGO for 6 h. The cells were stained with an anti-Nrf2 (green) antibody and observed using confocal microscopy. Blue indicates
DAPI (nuclear) staining. Scale bar indicates 10μm. ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001. n.s.: no significance.
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The protein carbonyl content was also significantly ele-
vated in the glucose-treated cells, whereas pretreatment
with DPHC prevented glucose-induced protein carbonyl
formation (Figure 7(b)). DPHC alone did not affect either
AGE or protein carbonyl formation. These results suggest
that DPHC attenuates glycation caused by hyperglycemia.

4. Discussion

Recent evidence indicates that reactive carbonyls including
MGO cause diabetic complications such as DN [34–36].
Reactive carbonyls are responsible for AGE formation, and
AGE accumulation is observed in most DN patients, which
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Figure 5: DPHC did not affect antioxidant, detoxifying, ROS, AGEs, or protein carbonyl content in Nrf2-knockdown HEK cells. HEK cells
were transfected with Nrf2 siRNA for 36 h. The transfected cells were incubated with 40μMDPHC for 24 h. (a) qRT-PCR and Western blot
were performed for nuclear factor (erythroid-derived 2)-like 2 (Nrf2) mRNA and protein expression. (b) qRT-PCR was performed for
superoxide dismutase (SOD) 1 and 2, catalase (CAT), heme oxygenase-1 (HO-1), NAD(P)H quinone dehydrogenase (NQO)1,
glutamylcysteine synthetase (GCL)c, and GCLm. (c–g) HEK cells were transfected with Nrf2 siRNA for 36 h. The transfected cells were
incubated with or without 40μM DPHC for 1 h and then further incubated with or without 1mM MGO for 24 h. (c) ROS production was
measured by flow cytometry. (d) AGE content was measured. (e) Protein carbonyl content was measured. (f) Nrf2 mRNA expression was
measured by qRT-PCR. (g) Glo-1 (glyoxalase 1) mRNA expression was measured by qRT-PCR. Experiments were performed in triplicate.
∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001. n.s.: no significance.
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Figure 6: Continued.
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is a major factor in the pathogenesis of DN [35–37] due to
AGE degradation dysfunction in kidney [38]. Therefore,
clearance of accumulated AGE or inhibition of AGE forma-
tion is extremely important in treating DN.

Natural products such as polyphenols have been used as
an alternative treatment for diabetes [39–44] and diabetes
complications [45] in many countries. Polyphenolic com-
pounds which are known to show antioxidant effects are
found in the edible seaweed Ishige okamurae (Table 2). How-
ever, it is not known whether DHPC, one of polyphenolic
compounds from the I. okamurae, might ameliorate diabetic
complications, particularly DN. In the present study, we
investigated the protective effects of DPHC on MGO-
induced AGE formation in HEK cells.

Our study demonstrated that MGO treatment caused
cytotoxicity, increased ROS, and increased AGE and car-
bonyl protein formation in HEK cells. All of these effects
were significantly attenuated by pretreatment with DPHC.
Oxidative stress is one of the primary phenomena leading
to renal dysfunction [46, 47]. Increased ROS has also been
observed in end-stage renal disease [48], implying that

reduced antioxidant potential may be involved in the oxida-
tive stress related to DN. Although most cells have mecha-
nisms to protect themselves against toxic stimuli such as
oxidative stress, unwanted by-products can overwhelm the
natural antioxidative defense system. Thus, dietary supple-
ments containing antioxidants may be important for addi-
tional protection against oxidative stress and the prevention
of DM.

Our results showed that the expression of antioxidant and
phase II detoxifying enzymes including SOD1, CAT, GCLc,
and GCLmwas increased after incubation with DPHC. These
results suggest that DPHC exerts its protective effects via
induction in the expression of antioxidant enzymes, partic-
ularly through γ-glutamylcysteine synthetase-detoxifying
enzyme activation. Similarly, other studies have reported that
DPHC increases the levels of antioxidant enzymes, including
SOD, CAT, and glutathione peroxidase [49], and reduces
the levels of proinflammatory enzymes, including nitric
oxide synthase and cyclooxygenase-2, thus inhibiting ROS
formation, or by blocking ROS-induced apoptotic path-
ways [15, 50].
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Figure 6: DPHC protects MGO-induced protein glycation in HEK cells. HEK cells were incubated with or without 40μMDPHC for 1 h and
then further incubated with or without 1mM MGO for 24 h. (a) AGE content was measured. (b) AGE receptor (RAGE) mRNA expression
level was analyzed by qRT-PCR. (c) Protein carbonyl content was measured. (d) Glo-1 mRNA expression level was analyzed by qRT-
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∗∗∗p < 0 001. n.s. indicates no significance.
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Cellular removal of reactive carbonyls and AGEs occurs
via the glutathione-dependent Glo-1 enzyme, and Glo-1 is
found in all tissues, including renal tissue [51]. In addition,
Glo-1 overexpression reduces hyperglycemia-induced
expression of reactive carbonyl stress, AGEs, and oxidative
stress [52, 53]. Knockdown of Glo-1 expression in nondia-
betic mice by siRNA results in the development of albumin-
uria and mesangial expansion [54]. We found that treatment

with DPHC increased expression of Glo-1, and Glo-1 knock-
down abolished the inhibitory effects of DPHC pretreatment
on MGO-induced AGE production and protein carbonyla-
tion, suggesting that this detoxification pathway is one mech-
anism for the protective effect of DPHC.

The transcription factor Nrf2 plays a major role in the
regulation of redox homeostasis and the cellular detoxifica-
tion response [55–57] by modulating the gene expression of
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Figure 8: Possible mechanisms for the inhibition of AGE accumulation by DPHC in MGO-treated HEK cells. DPHC promotes the
expression of not only antioxidant and phase II detoxifying enzymes but also Glo-1 by mediating Nrf2 activation. This inhibits oxidative
stress and formation of AGEs, effectively attenuating cell damage. DPHC: diphlorethohydroxycarmalol; MGO: methylglyoxal; Nrf2:
nuclear factor erythroid 2-related factor 2; ARE: antioxidant response element; ROS: reactive oxygen species; AGEs: advanced glycation
end products; Glo-1: glyoxalase 1; SOD: superoxide dismutase; CAT: catalase; HO-1: heme oxygenase-1; NQO: NAD(P)H quinone
dehydrogenase 1; GCL: γ-glutamylcysteine synthetases.

Table 2: Polyphenolic compounds isolated from Ishige okamurae.

Name Structure Function

Phloroglucinol

OH

OHHO
Antioxidant [68]

6,6′-Bieckol

OH

OH
O

O

O
O

O
O

OH

OH

OH OH

HO

HO

HO

OH

OH

HO

Acetylcholinesterase (AChE) inhibitory effect [69];
antioxidant [68]

Diphlorethohydroxycarmalol (DPHC)

OH

OH

OH
OHHO

HO

HO OO

O

O
Butyrylcholinesterase (BChE) inhibitory activity [69];

antioxidant [68]; antiobesity [19]; antidiabetic
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a number of enzymes that detoxify prooxidative stressors
[58]. Nrf2 activation reduces ROS overproduction caused
by AGEs [59, 60] and thus can be a therapeutic target for dia-
betic complications [61, 62]. In addition, reactive carbonyl
stress is countered by upregulation of Glo-1 by the Nrf2 sig-
naling pathway, which protects proteins and DNA from
increased damage and preserves cell function [63]. Poly-
phenols from natural products exert their health effects
by activating the Nrf2 signaling system [24, 64, 65]. In this
study, we found that DPHC activated Nrf2, suggesting that
this may be a mechanism by which antioxidant enzymes
and Glo-1 are increased. Our results show that DPHC pre-
treatment significantly decreased MGO-induced AGE
accumulation. Therefore, reduction of AGE accumulation
by DPHC is probably due to the inhibition of AGE forma-
tion by induction of Glo-1 expression. Natural phenolic
compounds also show antiglycation effects, and the molec-
ular mechanisms underlying this action are trapping of
MGO, activation of Glo-1, inhibition of AGE formation,
and blockage of RAGE in addition to their antioxidant
effects [66]. DPHC treatment did not affect the expression
of RAGE mRNA, suggesting that a decrease in the accu-
mulated amount of AGE might contribute to the preven-
tive effects on MGO-induced cytotoxicity. In agreement
with this result, it was reported that circulating and tissue
levels of AGE-modified proteins were increased in diabetic
db/db mice, but RAGE expression levels in the renal cor-
tex were not different between diabetic and nondiabetic
littermates [67].

Accordingly, DPHC may reduce AGE accumulation via
a variety of mechanisms, including Nrf2 transcription acti-
vation, in addition to its antioxidant effects (Figure 8). We
suggest that DPHC can be used not only as an easily acces-
sible source of natural antioxidants but also as an ingredi-
ent for functional food and pharmaceutical agents related
to DN.
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Chronic hyperglycemia is associated with oxidative stress and vascular inflammation, both leading to endothelial dysfunction and
cardiovascular disease that can be weakened by antioxidant/anti-inflammatory molecules in both healthy and diabetic subjects.
Among natural molecules, ovothiol A, produced in sea urchin eggs to protect eggs/embryos from the oxidative burst at
fertilization and during development, has been receiving increasing interest for its use as an antioxidant. Here, we evaluated
the potential antioxidative/anti-inflammatory effect of purified ovothiol A in an in vitro cellular model of hyperglycemia-
induced endothelial dysfunction employing human umbilical vein endothelial cells (HUVECs) from women affected by
gestational diabetes (GD) and from healthy mothers. Ovothiol A was rapidly taken up by both cellular systems, resulting in
increased glutathione values in GD-HUVECs, likely due to the formation of reduced ovothiol A. In tumor necrosis factor-α-
stimulated cells, ovothiol A induced a downregulation of adhesion molecule expression and decrease in monocyte-HUVEC
interaction. This was associated with a reduction in reactive oxygen and nitrogen species and an increase in nitric oxide
bioavailability. These results point to the potential antiatherogenic properties of the natural antioxidant ovothiol A and support
its therapeutic potential in pathologies related to cardiovascular diseases associated with oxidative/inflammatory stress and
endothelial dysfunction.

1. Introduction

One of the major challenges of the recent research in biomed-
icine is the discovery of new natural products to develop
drugs and dietary supplements that could prevent and relieve
pathologies associated with chronic low-grade inflammation
and oxidative stress. Among these, diabetes is one of the most
widespread. It is associated with oxidative stress and vascular
chronic inflammation, alterations underlying the develop-
ment of cardiovascular disease [1]. In particular, endothelial
dysfunction is associated with vascular disease occurrence

and is characterized by an increased expression of endothelial
adhesion molecules and the recruitment of monocytes to the
intima, a pivotal and critical event in promoting atheroscle-
rosis [1, 2]. Nitric oxide (NO), constitutively generated by
endothelial cells, plays a key role in the maintenance of vas-
cular homeostasis through the reduction of proinflammatory
response that characterizes the early stages of atherosclerosis,
especially during chronic hyperglycemia [3]. The preserva-
tion of endothelial NO bioavailability, leading to increased
vascular cGMP levels, is therefore considered beneficial to
endothelial functions and more in general to vascular health.
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In particular, in vascular smooth muscle cells, the bioavail-
able NO activates soluble guanylate cyclase (sGC) leading
to an increase in cGMP content and subsequent arterial
relaxation, thus contributing to the maintenance of vascular
homeostasis and health [3].

Notably, although the mechanisms are not fully under-
stood, the consumption of natural molecules with known
antioxidative/anti-inflammatory activity has often been
associated with decreased cardiovascular risk in healthy
and diabetic subjects [4–6]. In the last decades, great
efforts have been devoted to the discovery of new active
compounds from less explored natural sources, such as
marine environments, which offer a greater biodiversity
compared to the terrestrial ones, and represent a huge res-
ervoir of bioactive molecules. In this scenario, an increas-
ing interest has recently been focused on ovothiols (π-N-
methyl-5-tiohistidines) isolated from several marine
sources, including invertebrates, algae, and protozoa [7].
Three different forms of ovothiols have been characterized
(A, B, and C) which differ in the degree of methylation at
the nitrogen of the aminoacidic side chain. Ovothiol A,
ovothiol B, and ovothiol C correspond to the unmethy-
lated, monomethylated, and dimethylated forms, respec-
tively. Ovothiol A, initially discovered in the eggs of
some echinoderms (e.g. the sea urchin Paracentrotus livi-
dus) [8, 9] and in the biological fluids of some mollusks
and polychaetes [10, 11], was also found in some microal-
gae and protozoa [12–17]. Ovothiol B was found in the
ovaries of the scallop Chlamys hastata [18], whereas
ovothiol C in the eggs of some sea urchin species [8,
19]. All ovothiols display unusual antioxidant properties,
thanks to the peculiar position of the thiol group on the
imidazole ring of histidine [20–22]. In particular, ovothiols
can play a key role in controlling the cellular redox bal-
ance and are maintained in the reduced state in the eggs
by reduced glutathione [22, 23]. In sea urchin, the role
of ovothiol A has been associated with a detoxification
function from peroxides produced during fertilization
[24] and in response to environmental stressors during
embryo development in sea water [25]. Although a thera-
peutic use in the relief of pathogenesis related to oxidative
stress can be envisaged for this class of molecules, up to
date, only the neuroprotective activity of an ovothiol ana-
logue through the regulation of redox homeostasis has
been documented [26]. On the other hand, we have
recently reported the antiproliferative activity of ovothiol
A in hepatocarcinoma cell lines induced via an autophagic
mechanism, not involving scavenging of reactive oxygen
species (ROS) by the molecule [27].

Lately, we have characterized the phenotype of human
umbilical vein endothelial cells obtained from umbilical
cords of gestational diabetic mothers (GD-HUVECs) and
thus chronically exposed in vivo to hyperglycemia and to a
proinflammatory environment during pregnancy. As com-
pared to control cells from healthy mothers (C-HUVECs),
the GD-HUVECs exhibit durable proatherogenic modifica-
tions such as enhanced monocyte adhesion, nitric oxide syn-
thase (NOS) expression and activity, increased superoxide
generation together with increased nitrotyrosine levels, and

reduced NO bioavailability [28]. Overall, these factors have
been identified as molecular modifications of cellular homeo-
stasis eventually impacting on endothelial dysfunction.

In this study, we have examined the potential anti-
inflammatory effect of ovothiol A in in vitro GD-HUVEC
cultures, as a model of endothelial low-grade chronic inflam-
mation. Interestingly, in exploiting the effect of TNF-α as a
molecule capable of stimulating mechanisms involved in
endothelial dysfunction [29, 30], we have found that in
TNF-α-stimulated GD-HUVECs, ovothiol A induced a
downregulation of adhesion molecule expression and
monocyte-HUVEC interaction, and this effect was associated
with a reduction of nitro oxidative species and an increase in
NO bioavailability.

2. Materials and Methods

2.1. Preparation of Ovothiol A from Sea Urchin P. lividus
Eggs. Ovothiol A was obtained as disulphide from P. lividus
eggs by a procedure involving fractionation of the lipid-free
aqueous extract of sea urchin eggs by consecutive ion
exchange chromatography with HCl at different molarities,
with a yield of 2.5mg ovothiol A/10 g of eggs [27].

2.2. Cell Cultures and Experimental Protocols. As previously
described [1], umbilical cords were obtained from randomly
selected healthy Caucasian control (C, n = 12) and with gesta-
tional diabetes (GD, n = 12) mothers delivering at the Hospi-
tal of Chieti and Pescara. In detail, normotensive GD and C
women, matched for age and body mass index (BMI), under-
went a 75 g 2 h oral glucose tolerance test (OGTT) during the
24–28th gestational weeks (gw) according to the guidelines.
Donors’ characteristics are described in Table 1. All proce-
dures were in agreement with the ethical standards of the
Institutional Committee on Human Experimentation (refer-
ence number: 1879/09COET) and with the Declaration of
Helsinki principles. After approval of the protocol by the
Institutional Review Board, signed informed consent was
obtained from each participating subject [1]. Umbilical cords
were collected immediately after delivery given in the 36–40th
gw, then HUVEC explants were performed to obtain primary
C- and GD-HUVECs that were used between the 3rd and 5th
passages in vitro, as previously reported [31]. Briefly,
HUVECs were grown to subconfluence in complete low-
glucose (1 g/L) culture medium composed of Dulbecco’s
Modified Eagle Medium (DMEM, Cat. D6046, Sigma-
Aldrich, Saint Louis, USA) and M199 endothelial growth
medium (M199, Cat. M4530, Sigma-Aldrich) (ratio 1 : 1) sup-
plemented with 20% fetal bovine serum (FBS, Gibco-Life
Technologies, Monza, Italy) and 1% penicillin/streptomycin
and 1% L-glutamine (Sigma-Aldrich). Subsequently, the cells
were serum-starved and incubated for 16 h with TNF-α
(Sigma-Aldrich) 1 ng/mL or 10 ng/mL, following a 24 h prein-
cubation with ovothiol A at different concentrations (10–50–
100μM) or with medium alone as basal condition.

All experiments were performed in triplicate using 3 dif-
ferent cell strains each time. In total, all experiments were
carried out employing 12 strains of C- and 12 of GD-
HUVECs, respectively.
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2.3. MTT Assay. 1× 105 C- and GD-HUVECs were plated
in 96-well plates, grown to subconfluence, and stimulated
for 24h with growing doses of ovothiol A or with the
medium alone (as control), in the presence or absence of
TNF-α stimulation. Cell viability was assessed by the 3-
(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide
(MTT, Sigma-Aldrich) assay as previously described [31].

2.4. Analysis of Ovothiol A in Cell Cultures. HUVEC cells
(1.2× 106 cells) were cultured in flasks (25 cm2) in the absence
and in the presence of 50μM ovothiol A and collected after
incubation at different time intervals. The culture media were
recovered by centrifugation, frozen, and stored at −20°C for
ovothiol A quantitation by HPLC analysis.

The cellular pellets were suspended in PBS pH7.5 and
sonicated three times for 15 sec and at 30% amplitude. The
samples were then centrifuged at 13,000 rpm over 15min
to remove cellular debris and ultrafiltered by Microcon 3
to remove all molecules with MW> 3 kDa, frozen, and
stored at −20°C for ovothiol A quantitation. All experi-
ments were repeated at least three times. HPLC analyses
were performed in duplicate on an LC-10AD instrument
equipped with binary pumps and a Shimadzu SPD-
10AVP detector set at 254 nm and 280nm. A Phenomenex
Synergi SphereClone octadecylsilane (25 cm× 0.46 cm,
4μm particle size) column was used with 1% formic acid
taken to pH4.5 with ammonia, as the eluant, at a
0.7mL/min flow rate. Samples exhibiting a peak at the
same elution time of standard solutions of ovothiol A were
checked by LC/MS run on an LC/MS ESI-TOF 1260/
6230DA Agilent instrument operating in positive ioniza-
tion mode in the following conditions: nebulizer pressure
35 psig; drying gas (nitrogen) 8 L/min, 325°C; capillary
voltage 3500V; and fragmentor voltage 175V. An Eclipse
Plus C18 column, 150× 4.6mm, 5μm, was used at a flow
rate of 0.4mL/min: RT 9min, 0.1% formic acid, pH4.5
with ammonia, m/z 401 ([M+H]+) for disulphide form,
and m/z 202 ([M+H]+) for ovothiol A reduced form.

2.5. Determination of Intracellular Glutathione Levels. Total
glutathione was determined by using the Glutathione Assay
Kit (Sigma). Briefly, an aliquot of ultrafiltered samples was
added to 3 volumes of 5% 5-sulfosalicylic acid and mixed.
Samples were then frozen (−80°C) and thawed at 37°C twice,
left for 5min at 4°C, and finally centrifuged at 10,000g for
10min. In this procedure, following the incubation with glu-
tathione reductase and NADPH, glutathione was totally
recovered in the reduced form and thus determined by mon-
itoring the reduction of 5,5-dithiobis(2-nitrobenzoic acid)
(DTNB) to 5-thio-2-nitrobenzoic acid (TNB), at 412nm by
a Thermo Scientific™ Multiskan™ FC Microplate Photome-
ter. The response of this overall assay procedure was also
challenged by a solution of ovothiol A in its disulphide form,
a solution resulting from incubation of reduced glutathione
and ovothiol A disulphide at 1 to 0.5 molar ratio to generate
the mixed ovothiol A-glutathione disulphide, and a reference
solution with the same reduced glutathione content and
devoid of ovothiol A disulphide. These solutions were pre-
pared in water and/or 0.05M phosphate buffer PBS at pH7.5.

2.6. Monocyte Adhesion Assay. To evaluate the adhesion of
monocytes to HUVEC monolayers, U937 cell lines
(European Collection of Authenticated Cell Cultures,
ECACC, Salisbury, UK) were grown in RPMI medium
supplemented with 10% FBS and β-mercaptoethanol
(1μM, Sigma-Aldrich). C- and GD-HUVECs were grown
to confluence in six-well culture plates and treated as
described in the experimental protocol. U937 cell adhe-
sion was evaluated by counting the number of the adher-
ent U937 cells on HUVEC monolayers, as previously
described [31]. Furthermore, as negative controls, C-
and GD-HUVECs were treated with antibodies against
VCAM-1 or ICAM-1 at saturating concentrations (1μg/
1× 106 cells, Santa Cruz Biotechnology) 1 hour before
the assay. For each condition, 6 photos were taken; for
each photo, the count was made on 4 randomly selected
fields using a predetermined 8-dial grid.

2.7. Flow Cytometry. For flow cytometry analysis, C- and
GD-HUVECs were cultured in flasks (25 cm2) and stimu-
lated as described in the experimental protocols. Non
permeabilized cells were treated as previously described
[31] and then incubated with an anti-VCAM-1 PE conjugate
(1 : 100, phycoerythrin; BioLegend, San Diego, CA, USA)
and with an anti-ICAM-1 FITC conjugate (1 : 100, fluores-
cein isothiocyanate; BioLegend) antibodies, both for 30min
at 4°C.

In order to evaluate the intracellular levels of peroxyni-
trite (ONOO−), 5× 105 C- and GD-HUVECs were incu-
bated with 10μM of HKGreen-4A (30min at 37°C), as
described previously [31]. It is a probe with high selectivity
and sensitivity for peroxynitrite detection, kindly provided
by the laboratory of Professor Dan Yang [32]. Under the
same conditions, the intracellular levels of superoxide anion
(O2

•−) were evaluated in C- and GD-HUVECs using the
probe hydroethidine (5μM for 30min at 37°C, Thermo
Fisher Scientific). To stimulate NO endogenous production,
C- and GD-HUVECs were preincubated with ionomycin

Table 1: Clinical characteristics of control (C, n = 12) and
gestational diabetic (GD, n = 12) women.

Characteristic C women GD women

Age (years) 35.83± 6.69 34.5± 6.02
Height (cm) 163.29± 5.82 160.5± 8.28
Pregestational weight (kg) 67.11± 12.37 65.83± 10.19
BMI (kg/m2) 27.25± 4.74 28.39± 2.61
OGTT values (mmol/L)

Basal glycaemia 4.56± 0.26 5.06± 0.27∗

1 h glycaemia 8.13± 0.91 10.36± 1.1#

2 h glycaemia 6.37± 1.11 8.17± 1.38∗

OGTT gestational week 28± 2.44 24.33± 4.59
SBP (mm/Hg) 108± 8 102.4± 9.17
DBP (mm/Hg) 70.33± 8.52 65.6± 10.73
Data are expressed as mean ± SD. BMI: body mass index; OGTT: oral
glucose tolerance test; SBP: systolic blood pressure; BDP: diastolic blood
pressure. ∗p < 0 002 and #p < 0 0001.
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(Iono, 50 nM), which activates NOS through the induction
of the intracellular levels of calcium (Ca2+). To stimulate
the endogenous production of peroxynitrite, cells were pre-
incubated (30min) with phorbol 12-myristate 13-acetate
(PMA, 200 ng/mL) in combination with Iono. To stimulate
an endogenous production of superoxide anion, cells were
treated with H2O2 (300μM). All samples were analyzed
using a FACSCalibur or FACSCanto II (BD Biosciences,
California, USA). The levels of membrane proteins of
VCAM-1 and ICAM-1 and fluorescence detection of
ONOO− and O2

•− were evaluated by cytometric analysis
of over 10,000 events for each sample. All data were ana-
lyzed using FACSDiva (BD Biosciences) and FlowJo
v.8.8.6 software (TreeStar, Ashland, OR) and expressed as
MFI (mean fluorescence intensity) ratio (signal to noise
ratio). The MFI ratio was calculated by dividing the MFI
of positive events by the MFI of negative events (MFI of
the secondary antibody).

2.8. cGMP Determination. C- and GD-HUVECs were grown
to confluence in six-well plates and treated as described in the
experimental protocol. To stimulate NO production, both C-
and GD-HUVECs were incubated with ionomycin (2μM for
24 h, Sigma-Aldrich) with or without L-NAME preincuba-
tion (1mM for 45min, Alexis Biochemicals, San Diego,
USA). Intracellular cGMP levels were evaluated by using a
commercially available Enzyme Immunoassay (EIA) kit
(GE Healthcare, Little Chalfont, Buckinghamshire, UK)
accordingly with the instruction provided by the supplier.

2.9. Statistical Analysis. The results are presented as means
± standard deviation (SD). Differences between the two cell
strains and between the different treatments were analyzed
by Student’s t-test and one-way analysis of variance
(ANOVA) followed by Bonferroni multiple comparison test
for post hoc comparisons. The experiments were performed
employing 24 cellular strains obtained from umbilical cords
of 12 control and 12 GD women, respectively. Each experi-
ment was performed using at least 3 different cellular strains
(n = 3) and in technical duplicate or triplicate. Significance
was defined as a p value less than 0.05.

3. Results

3.1. Effect of Ovothiol A on Endothelial Cell Viability. The cell
viability of both C- and GD-HUVECs was evaluated by the
MTT assay after treatment of the cells for 24 h with different
concentrations of ovothiol A. At 100μM concentration,
ovothiol A was cytotoxic; thus, the maximum concentration
of 50μMwas used in subsequent experiments (Figure 1). Cell
viability of C- and GD-HUVECs was also measured under
inflammatory conditions, upon stimulation of the cells with
TNF-α for 16 h, following treatment with ovothiol A (10
and 50μM). No significant variation in the cellular vitality
was observed under inflammatory conditions (Figure 1).

3.2. Bioavailability of Ovothiol A in Endothelial Cells. To
measure the bioavailability of ovothiol A in C- and GD-
HUVECs incubated with 50μM ovothiol A, the compound
was determined both inside the cells and in the culture media

by HPLC analysis. The HPLC profiles of the cytosolic
extracts from C-HUVECs treated with ovothiol A revealed
the presence of a peak, showing the same elution time
(7.5min) of a standard solution of ovothiol A (Figure 2(a),
red line). The same results were obtained for GD-HUVECs
(Figure 2(b), red line). This peak was absent in untreated
C- and GD-HUVECs (Figures 2(a) and 2(b), blue line). The
identity of the peak eluted at 7.5min was confirmed by LC/
MS showing a pseudomolecular ion peak at m/z 401 ([M
+H]+), corresponding to the disulphide form of ovothiol A.
In some experiments, an additional peak at m/z 202 ([M
+H]+), attributable to the reduced form of ovothiol A, was
detected in GD-HUVEC. No peak at m/z 507 ([M+H]+),
attributable to the mixed disulphide between glutathione
and ovothiol, was detected. After 30min of incubation, the
levels of ovothiol A in C- and GD-HUVEC was 1.19± 0.02
and 1.47± 0.04 pmol× 10−3/cell, respectively. As compared
to C-HUVECs, the levels of the compound inside GD-
HUVEC showed a trend of increase, which did not reach sta-
tistical significance.

The decrease of ovothiol A in the medium of either cell
types was very rapid, reaching 30% of the initial concentra-
tion after only 1min (Figure 2(c)). After 30min of incuba-
tion, the initial concentration (50μM) decreased to 14.86
± 1.24μM and to 10.08± 1.68μM in the medium of C- and
GD-HUVECs, respectively. Control experiments indicated
that the compound was stable in the unconditioned culture
medium over several hours.

3.3. Effect of Ovothiol A on Intracellular Glutathione Levels.
In order to assess whether ovothiol A administration could
affect intracellular glutathione bioavailability, total levels of
this endogenous antioxidant were measured in both cellular
models. In the early stages of ovothiol A treatment, the deter-
mined levels of total intracellular glutathione increased in
either cell models, reaching statistical significance only in
GD-HUVECs at 10min of ovothiol A incubation (p < 0 05;
Figure 3). Because it took place within a very short time win-
dow, whether the latter significant increase in total glutathi-
one determinations might be accounted for by changes in
glutathione biosynthesis was questioned. This has led to a
checking of the possible involvement of ovothiol A in gener-
ations of these results. Control experiments revealed that
ovothiol A, in its disulphide form, did not affect the glutathi-
one assay. Indeed, standard solutions of oxidized ovothiol A
did not induce any increase in TNB formation in the Gluta-
thione Assay Kit. This result indicated that, in contrast to
oxidized glutathione, oxidized ovothiol A was not a substrate
for glutathione reductase present in the assay kit; indeed, in
the opposite case, it would have generated a reduced ovothiol
A and a resulting rise in TNB formation. On the other hand,
when reduced glutathione and oxidized ovothiol were com-
bined at a 1 to 0.5 molar ratio, a strong reduction in TNB for-
mation was observed in comparison to the solution with the
same reduced glutathione content devoid of ovothiol A
disulphide, supporting in the former case a yield of a mixed
disulphide, which can trap the free reduced glutathione.
Once more, in the case in which the mixed ovothiol A-
glutathione disulphide would have been a substrate of the
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glutathione reductase of the assay kit, both reduced ovothiol
A and reduced glutathione would have been consequently
formed and TNB formation would have been increased and
not decreased. In this respect, as mentioned above, no peak
attributable to the mixed disulphide between glutathione
and ovothiol was found in both cell cultures, a priori also dis-
carding its interference in the total glutathione increase men-
tioned above and illustrated by Figure 3. In contrast, and as
mentioned above, measurements performed on cell cultures
successfully detected ovothiol A in its reduced form, and this
is only in GD-HUVECs. Since reduced ovothiol A, like
reduced glutathione, harbours a free SH thiol function, its
reaction with DTNB and its ability to increase TNB forma-
tion are not contestable. Therefore, its contribution to
increased levels observed in total glutathione determinations
performed by the Glutathione Assay Kit in GD-HUVECs
may be considered to provide a bona fide consistent and
coherent explanation though other mechanisms; for exam-
ple, thiol-disulphide exchanges might also concur (for addi-
tional considerations, see Discussion).

3.4. Effect of Ovothiol A on Adhesion of Human Monocytes to
the Endothelium. The adhesion of the human monocytes to
the endothelium was evaluated in both C- and GD-
HUVECs incubated for 24 hours with 10 and 50μM ovothiol
A and then stimulated with TNF-α (1 ng/mL) (Figure 4). As
expected, the number of adherent cells on both types of
HUVEC monolayers dramatically increased following the
stimulation with TNF-α, especially in GD-HUVECs (p <
0 00001 versus C-HUVECs).

Interestingly, following the pretreatment with ovothiol A,
a significant decrease in monocyte adhesion to C- and GD-
HUVECs was observed starting from 10μM concentration
(p < 0 05 versus TNF-α). Monocyte adhesion is mediated
by an increased expression on the cell surface of adhesion
molecules VCAM-1 and ICAM-1. Indeed, when C- and
GD-HUVECs were treated with antibodies against VCAM-
1 or ICAM-1 at saturating concentrations 1 hour before the
assay, monocyte adhesion was suppressed in both cases
(Figure 4), thus confirming that VCAM-1 and ICAM-1

hyperexpression on the cell surface plays a crucial role for
increased monocyte adhesion to both HUVEC strains.

3.5. Effect of Ovothiol A on Membrane Exposure of Vascular
Endothelial Adhesion Molecules. Membrane exposure levels
of VCAM-1 and ICAM-1 were then evaluated by flow
cytometry. Figure 5 shows increased exposure levels of
VCAM-1 and ICAM-1 in both endothelial cell models after
treatment with TNF-α (p < 0 05). Ovotiol A significantly
reduced the exposure of VCAM-1 on the membrane in both
C-HUVEC and GD-HUVEC cells (p < 0 05), while the effect
on ICAM-1 levels did not reach statistical significance.

3.6. Effect of Ovothiol A on NO Bioavailability. To better eval-
uate whether ovothiol A can affect NO bioavailability, we also
determined cGMP levels as a proxy for the gas availability in
both C- and GD-HUVECs. As shown in Figure 6, following
ovothiol A treatment, basal cGMP levels significantly
increased in C-HUVECs (p < 0 05) while it did not consider-
ably change in GD-HUVECs. As expected, when both cell
cultures were treated with TNF-α, cGMP levels decreased,
getting statistical significance only in GD-HUVECs (p <
0 05). In this experimental condition, the incubation with
50μM ovothiol A slightly increased NO availability in C-
HUVECs, while it was significantly augmented in GD-
HUVECs (p < 0 05), thus indicating that ovothiol A increases
NO bioavailability in these cells.

Of note, the effect of ovothiol A was not affected by pre-
incubation with L-NAME, a known inhibitor of constitutive
nitric oxide synthases (NOSs), thus suggesting that NO pro-
duction is not derived from the modulation of the enzymatic
activity of eNOS but by the reduction of nitro oxidative stress
(Figure 6). As a positive control, ionomycin, through eNOS
activation, increased cGMP levels in C-HUVECs (p < 0 05),
which was totally abolished by L-NAME preincubation.

3.7. Effect of Ovothiol A on Intracellular Peroxynitrite and
Superoxide Levels. Following TNF-α stimulation, the levels
of peroxynitrite (a marker of nitro oxidative stress) signifi-
cantly increased in both C- and GD-HUVECs (p < 0 05).
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Figure 1: Effect of ovothiol A treatment on viability of C- and GD-HUVECs. C- and GD-HUVECs untreated (basal) and treated for 24 h with
ovothiol A (10–50-100 μM) with or without inflammatory stimulation by TNF-α (1 ng/mL) for 16 h. Data are expressed asmean ± SD, n = 4.
ANOVA and Bonferroni multiple comparison test: ∗p < 0 05 in C- and GD-HUVECs.
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Figure 2: Ovothiol A levels in endothelial cells and in culture media. HPLC profiles of cytosolic extracts of C-HUVECs (a) and GD-
HUVECs (b) with and without treatment with ovothiol A (50 μM). Red line: C- and GD-HUVECs treated with ovothiol A for 10min. Blue
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treated cells.
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However, the level of peroxynitrite was significantly greater
in GD-HUVECs compared to C-HUVECs, both in basal
condition and following TNF-α stimulation (p < 0 01), con-
firming that GD-HUVECs exhibit a greater basal O2

•− gener-
ation together with increased NO levels [28]. In this
experimental condition, 50μM ovothiol A significantly
reduced the levels of TNF-α-induced peroxynitrite only in
GD-HUVECs (p < 0 05), suggesting that in this cellular
model ovothiol A can downregulate the TNF-α-increased
nitro oxidative stress. As positive control, ionomycin in com-
bination with phorbol 12-myristate 13-acetate (PMA)
induced peroxynitrite formation in both HUVEC cells, but
especially in GD-HUVECs (p < 0 001 versus C-HUVECs).
Notably, ovothiol A preincubation significantly reduced the
levels of peroxynitrite in both cultures (Figure 7(a)).

As shown in Figure 7(b), the basal level of superoxide
anion was significantly higher in GD- compared to C-
HUVECs (p < 0 01). The treatment with 1 ng/mL TNF-α
induced a significant superoxide formation in C-
HUVECs while the dose of 10 ng/mL increased superoxide
levels in both C- and GD-HUVECs (p < 0 05). Interest-
ingly, ovothiol A totally reversed the 10ng/mL TNF-α
effect in both HUVEC cultures. The same results were
observed after H2O2 treatment (positive control).

4. Discussion

Ovothiol A derived from marine edible sources, such as sea
urchin eggs, sea cucumbers, and oysters, may represent a
promising marine bioactive molecule for pharmaceutical
and nutraceutical applications. In particular, the eggs from
sea urchin Paracentrotus lividus have been regarded as a
culinary delicacy since ancient times. One of the peculiar
features of these eggs is the presence of ovothiol A at milli-
molar concentrations. However, this abundant source of
antioxidant compound has not been fully appreciated and
exploited. Recently, we have discovered that ovothiol A,

purified from the eggs of the sea urchin P. lividus [8, 9],
exhibits an antiproliferative activity in hepatocarcinoma cell
lines through an autophagic mechanism, not involving scav-
enging of reactive oxygen species (ROS) [27]. Conversely,
the neuroprotective activity of an ovothiol analogue, which
regulates redox homeostasis, has been previously docu-
mented by Vamecq et al. [26].

Based on these results on the biological activities of
ovothiols in mammalian model systems, the synthesis of
this class of compounds has been reconsidered, leading
to a good amount of unmethylated precursors of
ovothiols, 5-thiohistidines [33], thus opening new perspec-
tives in the potential use of this molecule as a new drug
of marine origin.

Stimulated by the increasing interest in new natural mol-
ecules that can exert cardiovascular protective effects, we
have investigated for the first time the biological activities
of ovothiol A, isolated from sea urchin eggs of P. lividus, in
an in vitro model of cultured endothelial cells obtained from
umbilical cords of gestational diabetic mothers and control
women. Interestingly, we have previously demonstrated that
these endothelial cells exposed even transiently to in vivo
hyperglycemia, oxidative stress, and inflammation exhibit
durable proatherogenic modifications characterized by
reduced bioavailability of nitric oxide (NO), thus mimicking
endothelial dysfunction associated with diabetes [28]. More-
over, in our earlier study, we determined in C-HUVECs a
significant increase in the generation of ROS and nitrotyro-
sine (index of peroxynitrite formation) and a parallel reduc-
tion of NO biological activities following TNF-α treatment
[2]. The attenuation of NO bioavailability was documented
by cGMP-decreased levels, a good proxy for the evaluation
of NO availability because in normal conditions soluble gua-
nylate cyclase is activated by nanomolar concentrations of
gas with a subsequent increase in cGMP content [34].
Therefore, all these features make this cellular model partic-
ularly useful for the evaluation of natural molecules that can
play a potential protective role in vascular homeostasis [28].

In the present study, employing both endothelial strains,
we have found that ovothiol A, in its disulphide form at the
non toxic concentration of 50μM, induced a significant vas-
cular antioxidant/anti-inflammatory effect. In particular, we
have demonstrated that, under TNF-α-induced proinflam-
matory conditions, ovothiol A (10 and 50μM) induces a sig-
nificant decrease in monocyte adhesion into both C- and
GD-HUVECs and this is associated with the reduced expo-
sure of VCAM-1 on the endothelium membrane surface
(Figures 4 and 5(a)). It is not surprising that the expression
of ICAM-1 is only moderately reduced by ovothiol A
(Figure 5(b)) since this endothelial adhesion molecule is
characterized by a constitutive expression which is slightly
modulated by exogenous stimuli [28].

To better support the observed anti-inflammatory
activity of ovothiol A, we first evaluated the intracellular
bioavailability of the molecule and its capability to regulate
intracellular glutathione levels in this model system. As
shown in Figure 2(c), ovothiol A is rapidly absorbed by
both control and GD-HUVECs up to 70% of the initial
concentration, suggesting that 50μM may represent a
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Figure 3: Total glutathione levels in endothelial cells. C- and GD-
HUVECs untreated (basal) and treated with ovothiol A (50 μM)
for 1–10–30minutes. Data are expressed as mean ± SD, n = 4.
ANOVA and Bonferroni multiple comparison test: ∗p < 0 05 in
GD-HUVECs.
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saturating concentration. Indeed, the anti-inflammatory
effects of the compound on these cells are also appreciable
at levels as low as 10μM (Figure 4).

In both cell strains, ovothiol A was found largely in its
disulphide form, as it was added to the culture medium
(Figure 2). However, we cannot rule out that under reductive
conditions of the cellular environment, ovothiol A adminis-
tered in the form of disulphide may be partially reduced by
the GSH/GSSG system and then rapidly react with other cel-
lular thiols, such as cysteine residues exposed on the surface
of proteins to form mixed disulphide bridges [35, 36].

Indeed, we were able to detect ovothiol A in its reduced
form only in GD-HUVECs, in which increased intracellular
glutathione levels were observed following 10min of incuba-
tion (Figure 3). These results suggest that when entering the
cells in its disulphide form, ovothiol is partially reduced,
likely by GSH, and it can both react with ROS and compete
with other mixed disulphides in the cells, such as those

arising from bonding of glutathione with cysteine residues
of proteins (protein glutathionylation). This could account
for the increase in free total glutathione observed after
10min in GD-HUVECs. This hypothesis is also supported
by the fact that under oxidative stress conditions, such as
those of GD-HUVECs [28], the proportion of GSH versus
GSSG increases in favour of GSSG (preliminary data not
shown), which in this form can react with the exposed cyste-
ines of proteins to give mixed disulphides to protect them
from further oxidation [35, 36].

Notably, following stimulation of both cell strains
with TNF-α, the superoxide increased mainly in GD-
HUVECs, thus supporting the idea that higher levels of
reduced GSH in control endothelial cells could buffer
cytokine-induced superoxide increase. As a result, under
proinflammatory conditions, the ability of ovothiol A to
reduce nitro oxidative stress is observed mainly in GD-
HUVECs (Figure 7).
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Figure 4: Effect of ovothiol A on TNF-α-induced monocyte interaction in endothelial cells. Monocyte-HUVEC adhesion in C- and GD-
HUVECs untreated (basal) and incubated for 24 h with ovothiol A (10 and 50 μM) and then stimulated for 16 h with or without TNF-α
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As mentioned above, one of the most important roles in
the maintenance of vascular homeostasis is played by NO
bioavailability. Able to exert its anti-inflammatory effect
through the downregulation of vascular adhesion molecule
membrane exposure, this gas can react very easily with high
concentrations of superoxide anion giving rise to peroxyni-
trite [3]. This mechanism, which under inflammatory stimuli
leads to a greater reduction of NO bioavailability in GD-

HUVEC (indirectly evaluated by cGMP levels as shown in
Figure 6), is associated with a parallel increase in peroxyni-
trite levels (Figure 7(a)). Notably, we observed a decrease in
peroxynitrite production after addition of ovothiol A espe-
cially in GD-HUVECs, confirming the proposed antioxidant
activity of the molecule (Figure 7(a)). Indeed, the finding that
the shown ovothiol A activity was not affected by preincuba-
tion with L-NAME, the inhibitor of constitutive isoforms of
NOS, suggested that the increased bioavailability of NO does
not result from the increase of eNOS enzymatic activity but
by the ovothiol A-induced lowering of oxidative stress. More-
over, the increased availability of NO induced by ovothiol A
is associated with a significant reduction of TNF-α-stimu-
lated lymphomonocyte adhesion to both endothelial cell cul-
tures (Figure 4).

Overall, these events significantly support the idea that
this marine molecule might play an important role in
inhibiting the mechanisms leading to chronic endothelial
low-grade inflammation also under physiopathological
conditions, as chronic hyperglycemia, largely associated
with increased cardiovascular events. Thus, ovothiol A
action in vivo might actually result in the reduction of ath-
erosclerotic vascular modifications.

5. Conclusion and Perspective

In summary, ovothiol A in its disulphide form exerts antiox-
idant and anti-inflammatory activities in the cellular model
employed in our study, and in particular, this action is more
effective in cells mimicking vascular diabetic conditions. This
effect involves a reduction of reactive oxygen and nitrogen
species and an increase in NO bioavailability.

When comparing the effects and the doses of ovothiol
used in this study with those observed for other known
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Figure 5: Effect of ovothiol A on adhesion molecule membrane exposure in C- and GD-HUVECs. VCAM-1 (a) and ICAM-1 (b) membrane
exposure in C- and GD-HUVECs untreated (basal) and incubated for 24 h with ovothiol A (50 μM) and then stimulated for 16 h with or
without TNF-α (1 ng/mL). The results are expressed as fold increase (versus basal C-HUVECs) of the MFI ratio of surface exposure on
the plasma membrane of VCAM-1 and ICAM-1 in non permeabilized cells (n = 3). ANOVA and Bonferroni multiple comparison test: ∗p
< 0 05 in C- and GD-HUVECs. Student’s t-test: †p < 0 01 TNF-α GD- versus C-HUVECs.
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Figure 6: Effect of ovothiol A on intracellular cGMP levels in
endothelial cells. cGMP levels measured by EIA kit in untreated
(basal) and TNF-α-stimulated C- and GD-HUVECs after
preincubation for 24 h with ovothiol A (50 μM). Data are
expressed as fmol/well and results by mean ± SD, n = 3. ANOVA
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antioxidant/anti-inflammatory natural molecules, we can
conclude that in our cellular model the effective concentra-
tion of ovothiol A (10–50μM) is comparable to that of carot-
enoids often used as supplements for this pathology [2].
Moreover, the ovothiol A concentrations used in this study
were lower compared to other compounds, such as lipoic
acid, commonly used as drug for the treatment of diabetes
at concentrations of 100–200μM [1]. Interestingly, also
ergothioneine, a 2-thiohistidine, produced by fungi and cya-
nobacteria, has been recently shown to have cardiovascular
therapeutic potential [37].

Therefore, the results of this study open new perspec-
tives on the potential of ovothiol as a dietary supplement
or a drug to prevent and/or treat chronic low-grade
inflammation associated with the development of athero-
sclerotic processes and cardiovascular diseases, particularly
in diabetes.
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Background. Cadmium (Cd), a diffused environmental pollutant, has adverse effects on urinary apparatus. The role of flavocoxid, a
natural flavonoid with antioxidant activity, on the morphological and biochemical changes induced in vivo by Cd in mice kidney
was evaluated. Methods. C57 BL/6J mice received 0.9% NaCl alone, flavocoxid (20mg/kg/day i.p.) alone, Cd chloride (CdCl2)
(2mg/kg/day i.p.) alone, or CdCl2 plus flavocoxid (2mg/kg/day i.p. plus 20mg/kg/day i.p.) for 14 days. The kidneys were
processed for biochemical, structural, ultrastructural, and morphometric evaluation. Results. Cd treatment alone significantly
increased urea nitrogen and creatinine, iNOS, MMP-9, and pERK 1/2 expression and protein carbonyl; reduced GSH, GR, and
GPx; and induced structural and ultrastructural changes in the glomeruli and in the tubular epithelium. After 14 days of
treatment, flavocoxid administration reduced urea nitrogen and creatinine, iNOS, MMP-9, and pERK 1/2 expression and
protein carbonyl; increased GSH, GR, and GPx; and showed an evident preservation of the glomerular and tubular structure
and ultrastructure. Conclusions. A protective role of flavocoxid against Cd-induced oxidative damages in mouse kidney was
demonstrated for the first time. Flavocoxid may have a promising antioxidant role against environmental Cd harmful effects on
glomerular and tubular lesions.

1. Introduction

Cadmium (Cd) is an environmental and industrial pollutant
with high toxicity and carcinogenic activity [1]. The exposure
to Cd is progressively increasing, owing to the wide use of
Cd-containing goods in industrialized countries and to its
long biological half-life (10–30 years) [2]. Environmental
Cd may accumulate in many organs, such as liver [3],
lungs, particularly in smokers [4], testes [5], and bones
[6], harmfully interfering with their functions.

However, the main target of Cd is considered the kidney
[7, 8], where it accumulates, owing to the absence of a specific
mechanism for elimination [9]. In fact, damaged liver cells
release a Cd-metallothionein (MT) complex which is filtered

from the glomerulus and then endocytosed by the cells of the
proximal tubule, where it is degraded by lysosomes: in this
way, free Cd is released in the tubules [10], where 99% of
the filtered Cd is reabsorbed [11], resulting in accumulation
and consequent nephrotoxicity. In particular, it was demon-
strated that the target sites of Cd are the proximal tubules
[12]; in these structures, lesions of the brush border and
fragmentation of the epithelial cells with the granular cyto-
plasm were observed [13–17]. However, Cd-induced struc-
tural damages of the glomeruli [18], consisting in increased
mesangial matrix, glomerular swelling, and increased urinary
space, were also demonstrated [19].

The mechanisms of Cd renal toxicity seem to be
correlated mainly to its oxidative property, depleting major
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cellular antioxidants, such as thiol-containing antioxidants,
and different enzymes involved in the protection against
oxidative stress. However, Cd, differently from other heavy
metals, is unable to produce directly reactive oxygen species
(ROS). In fact, Cd replaces iron and copper from many cellu-
lar proteins, thus increasing the concentration of these
unbound ions. The latter induce oxidative stress via Fenton
reactions [20]. As a consequence, ROS might trigger the
production of signaling molecules and proinflammatory
cytokines leading to renal tissue damage [9, 21, 22]. Further
mechanisms of Cd renal toxicity have been also described:
among them, mitochondrial damage [23], cellular death, in
particular apoptosis, induction [24], disruption of cadherin-
mediated cell-cell adhesion in the proximal tubule cells
[25], and stimulation of the inflammation pathways [9]
were observed.

In particular, current evidence suggests that in CdCl2-
treated mice, an increased expression of inducible nitric
oxide synthase (iNOS) occurred in renal tissue, which could
be related to the structural lesions of tubular epithelial cells
[26]. Similarly, the overproduction of ROS might activate
many signaling protein kinases [27], among which an impor-
tant role is played by extracellular signal-related kinases
(ERKs) 1 and 2. Furthermore, in patients with resistant albu-
minuria [28], oxidative stress increased the activity of matrix
metalloproteinase- (MMP-) 9, which has a great specificity
for substrates such as different types of collagen, proteogly-
cans, and elastin, particularly in basement membranes [29].

Several therapeutic approaches were proposed to prevent
structural and functional damages following environmental
or experimental Cd exposure, with particular attention to
the protective functions of natural antioxidants [30–34].

Among them, flavonoids, polyphenolic compounds widely
distributed in dietary fruits, vegetables, and wine, were
evaluated in the treatment of different diseases [35, 36].
In particular, flavocoxid, a flavonoid containing both
baicalin, extracted from Scutellaria baicalensis (Chinese
skullcap), and catechin, extracted from Acacia catechu
(Black catechu), showed a strong and tough antioxidant
activity [37] and demonstrated a protective role against
Cd-induced damages of the blood-testis barrier, reducing
testicular damage and germ cell impairment in mice [38].

Therefore, we performed a biochemical, morphological,
and morphometric study in mice exposed to Cd with and
without flavocoxid coadministration, in order to evaluate
the role of this flavonoid on mouse kidney and to propose
it as an antioxidant tool in the therapy of human nephrotox-
icity induced by the exposition to environmental Cd.

2. Materials and Methods

2.1. Experimental Protocol. All procedures complied with the
standards stated in the Guide for the Care and Use of Labo-
ratory Animals (Institute of Laboratory Animal Resources,
National Academy of Sciences, Bethesda, Maryland). Forty-
eight male C57 BL/6J mice (25–30 g) were purchased from
Charles River Laboratories Italia srl (Calco, LC, Italy). The
animals were provided a standard diet ad libitum with free
access to tap water and were maintained on a 12-hour

light/dark cycle. The animals were divided into four groups
to receive vehicle (0.9% NaCl) alone, flavocoxid alone
(20mg/kg/day i.p.), cadmium chloride (CdCl2, 2mg/kg/day
i.p.) alone [38], or CdCl2 (2mg/kg/day i.p.) plus flavocoxid
(20mg/kg/day i.p.), respectively. CdCl2 was dissolved in
0.9% NaCl. Seven animals/group were processed for bio-
chemical and structural analysis; five animals/group were
used for ultrastructural analysis. All mice were sacrificed after
14 days of treatment with an i.p. overdose of ketamine and
xylazine, and bilateral nephrectomies were performed.

2.2. Serum Analysis. Blood samples were collected, left for
60 minutes to clot, and centrifuged for 15 minutes at
6000 rpm. Urea nitrogen was measured with a colorimet-
ric kit strictly following the manufacturer’s recommenda-
tions (Roche Diagnostics GmbH, Germany). Creatinine
levels were measured with an enzymatic assay method
using an automatic analyzer (Modular Roche Diagnostics
GmbH, Germany).

2.3. Determination of Protein Content. Total cellular pro-
teins were extracted in a lysis buffer composed of 25mM
Tris-HCl pH7.4, 1.0mM ethylene glycol tetraacetic acid
(EGTA), 1.0mM ethylenediaminetetraacetic acid (EDTA),
and 0.5mM phenylmethylsulphonyl fluoride, added with
protease and phosphatase inhibitors [100mM Na3VO4,
aprotinin, leupeptin, and pepstatin (10μg/ml each)]. The cell
lysate was centrifugated at 13000 rpm for 15 minutes, and the
supernatant was used for protein concentration determi-
nation by Bio-Rad protein assay (Bio-Rad, Richmond,
CA, USA).

2.4. Determination of Protein Carbonyls and Glutathione
(GSH) Content. Total protein carbonyl content was deter-
mined in the kidney of all experimental groups with the
DNPH assay, as described in detail by Gong et al. [39], and
expressed in μmol/mg protein. GSH content (nonprotein
sulphydryl content) was also determined in the kidneys of
all experimental groups according to the method of Ellman
[40], as proposed by Gong [39].

2.5. Determination of Antioxidant Enzyme Content.Glutathi-
one reductase (GR) activity was evaluated following the
method of Smith et al. [41], while glutathione peroxidase
(GPx) was determined according to Flohe and Gunzler
[42], both described in detail by Manna et al. [43].

2.6. Determination of iNOS, pERK 1/2, and MMP-9 by
Western Blot Analysis. The supernatant was diluted with
Laemmli buffer (Sigma-Aldrich Srl, Milan, Italy). Protein
samples were denatured in reducing buffer (62mM Tris,
pH6.8, 10% glycerol, 2% SDS, 5% β-mercaptoethanol, and
0.003% bromophenol blue) and separated by electrophoresis
on SDS polyacrylamide gel (6% or 10%), approximately for
1 h. The separated proteins were transferred to a PVDF
membrane in a transfer buffer [39mM glycine, 48mM
Tris-HCl (pH8.3), and 20% methanol] at 200mA for 1 h.
The membranes were then blocked with 5% nonfat dry
milk in TBS-0.1% Tween-20 for 1 h at room temperature.
Membranes were washed three times for 10min each in
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TBS-0.1% Tween-20 and incubated with a primary antibody
for iNOS, pERK 1/2, and MMP-9 (Cell Signaling, Beverly,
MA, USA) diluted in TBS-0.1% Tween-20 overnight at 4°C.
The day after, the membranes were washed three times for
10min in TBS-0.1% Tween-20 and were incubated with a
specific peroxidase-conjugated secondary antibody (KPL,
USA) for 1 h at room temperature. Following other washings,
the membranes were analyzed by enhanced chemilumines-
cence (KPL, USA). Protein signals were quantified by
scanning densitometry using a bioimage analysis system
(C-DiGit Blot Scanner with Image Studio 4.0 software,
LI-COR, Lincoln, Nebraska, USA), and the results were
expressed as relative integrated intensity compared to
controls. β-Actin (Cell Signaling Technology, Beverly, MA,
USA) was used to confirm equal protein loading and blotting.

2.7. Histological Evaluation. The kidneys were fixed in
4% paraformaldehyde in 0.2M phosphate-buffered saline
(PBS), dehydrated in graded ethanol, cleared in xylene, and
embedded in paraffin (Paraplast, SPI Supplies, West Chester,
PA, USA). 5μm sections were stained with hematoxylin and
eosin (HE), periodic acid-Schiff (PAS), and Sirius Red (SR).
The slides were photographed with a Nikon Ci-L (Nikon
Instruments, Tokyo, Japan) light microscope; the images
were taken with a digital camera Nikon DS-Ri2.

2.8. Morphometric Evaluation. All quantitative evaluations
were performed independently by two blind investigators
(DP and AM). Images of twenty glomeruli from the cortical
region obtained from ten HE-stained nonserial sections
of each group were analyzed using the ImageJ software
(National Institutes of Health, Bethesda, MD, USA) to
determine the mean total glomerular area (TGA) [44].

Tubular damage was evaluated from twenty microscopic
fields (800x) obtained from PAS-stained nonserial sections of
each group according to the following arbitrary score: 0 = no
damage; 0 5 = thinning of the brush border with or without
interstitial edema; 1 = thinning of the tubular epithelia with
or without interstitial edema; 2 = partial absence of the tubu-
lar epithelium with or without interstitial edema; and 3 = tu
bular necrosis with or without interstitial edema [45, 46].

For the assessment of the renal fibrosis, a quantitative
evaluation of micrographs taken from twenty microscopic
fields (800x) obtained from SR-stained nonserial sections of
each group was performed by the Adobe Photoshop CS5
12.1 software, recording the pink/red color of collagen fibers.
Positive areas were automatically estimated on the basis of
their pixel number. Data were expressed as pixel number of
positive-stained area/unit area (UA), considered as the entire
micrograph area.

2.9. Transmission Electron Microscopy (TEM). The kidneys of
five mice from each group were fixed by immersion in 2.5%
glutaraldehyde in 0.1M phosphate buffer (pH7.4) at +4°C,
washed with 0.1M phosphate buffer (pH7.4), and postfixed
in 1% OsO4 in 0.2M phosphate buffer (pH7.4) at +4°C for
1 h. The specimens were then dehydrated in graded ethanol,
immersed in propylene oxide, and embedded in Durcupan
(Sigma-Aldrich/Fluka, St. Louis, MO). After control with

semithin sections, ultrathin sections were cut with a diamond
knife on a Reichert-Jung Ultracut E, collected on uncoated
200 mesh copper grids, contrasted with methanolic uranyl
acetate and lead citrate [47], and photographed with a JEOL-
JEM-100 SX transmission electron microscope at 80 kV.

2.10. Drugs and Chemicals. CdCl2 was purchased from
Sigma-Aldrich Srl (Milan, Italy). Flavocoxid (Limbrel®) was
a kind gift of Primus Pharmaceuticals, Inc. (Scottsdale,
Arizona, USA). All chemicals not otherwise mentioned
were commercially available reagent grade.

2.11. Statistical Analysis. Values are provided as mean ± sta
ndard error (SE). The statistical significance of differences
between group mean values was established using the
Student’s t-test. The statistical evaluation of differences
among groups was performed with ANOVA comparison
tests. Mann–Whitney U tests with Bonferroni correction
were used for the statistical analysis of histological scores. A
p value≤ 0.05 was considered statistically significant.

3. Results

3.1. Flavocoxid Effects on Urea Nitrogen and Creatinine.Mice
challenged with CdCl2 showed significant increases in urea
nitrogen and creatinine levels when compared to both con-
trol groups. On the contrary, a significant reduction in urea
nitrogen and creatinine was observed in CdCl2-challenged
animals cotreated with flavocoxid (Table 1).

3.2. Flavocoxid Effects on Protein Carbonyls and GSH
Content. The levels of protein carbonyl contents were
significantly increased in Cd-challenged mice. The coadmin-
istration of CdCl2 and flavocoxid significantly decreased the
levels of protein carbonyls in kidney (Table 2). On the
contrary, a significant decrease in the activity of GSH was
observed in Cd-challenged mice. The treatment with fla-
vocoxid significantly increased GSH levels in kidneys of
Cd-treated mice (Table 2).

3.3. Flavocoxid Effects on Antioxidant Enzyme Content. As a
consequence of oxidative stress, a significant decrease in
GR and GPx levels was observed in CdCl2-challenged
mice. The coadministration with flavocoxid significantly

Table 1: Urea nitrogen and creatinine levels in mice exposed to
cadmium chloride (CdCl2; 2mg/kg i.p.) plus vehicle, as compared
to mice exposed to CdCl2 (2mg/kg i.p.) plus flavocoxid (20mg/kg/
day i.p.) or to control mice treated with vehicle or flavocoxid alone.

Urea nitrogen (mg/dl) Creatinine (mg/dl)

Control + vehicle 13.6± 1.3 0.58± 0.04

Control + flavocoxid 13.9± 1.4 0.61± 0.08
CdCl2 + vehicle 39.3± 4.4a 1.48± 0.18a

CdCl2 + flavocoxid 17.5± 2.2b 0.71± 0.09b

All the values are expressed as mean ± SE, n = 7 animals for each group.
ap < 0 05 versus both controls and bp < 0 05 versus CdCl2 + vehicle.
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increased the levels of antioxidant enzymes in the kidneys
of Cd-treated mice (Table 3).

3.4. Flavocoxid Effects on iNOS, pERK 1/2, and MMP-9
Expression. A low and not statistically significant different
expression of iNOS was detected in the kidneys of all control
animals treated for 14 days with vehicle alone or flavocoxid
alone (20mg/kg/day i.p.). CdCl2 challenge induced a signifi-
cant increase in iNOS expression after 14 days of administra-
tion. In CdCl2-challenged animals cotreated with flavocoxid,
iNOS expression was significantly reduced (Figure 1(a)).

In all control animals treated for 14 days with vehi-
cle alone or flavocoxid alone (20mg/kg/day i.p.), pERK
1/2 expression was not statistically different. Conversely,
pERK 1/2 expression was significantly increased after 14
days of CdCl2 administration. The coadministration of
CdCl2 and flavocoxid significantly reduced pERK 1/2
expression (Figure 1(b)).

In the kidneys of all control animals treated for 14 days
with vehicle alone or flavocoxid alone (20mg/kg/day i.p.),
MMP-9 expression was low and not statistically significantly
different. MMP-9 expression was significantly increased after
14 days of CdCl2 administration, while it was significantly
reduced after treatment with flavocoxid (Figure 1(c)).

3.5. Histological and Morphometric Evaluations. For histo-
logical evaluation, kidney sections stained with HE, PAS,
and Sirius red were examined. In kidney sections stained
with HE of both control groups of mice, glomeruli and
tubules had a normal histological structure (Figures 2(a)
and 2(b)). In CdCl2-challenged mice, glomeruli showed
enlarged Bowman’s space, proximal tubules evidenced epi-
thelial damages, and a mild interstitial edema was present
(Figure 2(c)). In CdCl2-challenged mice administered with
flavocoxid, glomerular and tubular morphology was normal
(Figure 2(d)). The glomerular area morphometry demon-
strated a significantly higher score in CdCl2-challenged
mice, while in the CdCl2 plus flavocoxid group, the score
was similar to controls and statistically significantly lower
versus the CdCl2 group (Figure 2(e)).

In kidney sections stained with PAS, proximal tubules
of both control groups of mice showed a regular and
well-stained brush border (Figures 3(a) and 3(b)). On the
contrary, in CdCl2-challenged mice, the thinning of the

brush border with partial or total absence of the tubular
epithelium was observed (Figure 3(c)). In CdCl2-challenged
mice administered with flavocoxid, the brush border was
normal (Figure 3(d)). The tubular damage evaluation dem-
onstrated a statistically significant higher score in CdCl2-
challenged mice and a normal score in CdCl2 challenged
mice administered with flavocoxid (Figure 3(e)).

In kidney sections stained with SR of both control groups
of mice, glomeruli and tubules revealed a normal architecture
of the collagen, which appeared formed by well-defined, red-
stained fibrillary elements, standing out from the bluish-
stained noncollagen components (Figures 4(a) and 4(b)).
Differently, in CdCl2-challenged mice, SR stain was less
evident around both the glomerular capsule and the tubules
(Figure 4(c)). In CdCl2-challenged mice administered with
flavocoxid, no apparent difference with normal specimens
was observed (Figure 4(d)). The quantitative evaluation
of the SR-positive areas showed a statistically significant
decrease of the pink/red-colored collagen fibers in CdCl2-
challenged mice, while both controls and CdCl2-challenged
mice administered with flavocoxid demonstrated similarly
not significant values (Figure 4(e)).

3.6. Flavocoxid Effects on Kidney Ultrastructure. When
observed with TEM, kidneys from both groups of control
animals showed glomeruli with normal morphology of either
the podocytes or the endothelial cells (Figures 5(a) and 5(b)).
By contrast, in CdCl2-challenged mice, podocytes were elon-
gated and fewer, so that their contacts with the capillaries
were sometimes lacking (Figure 5(c)). In CdCl2-challenged
mice coadministered with flavocoxid, glomerular morphol-
ogy was superimposable to controls (Figure 5(d)).

The proximal tubules of both groups of control ani-
mals showed well-preserved microvilli of the brush border,
normal intercellular junctions, and elongated mitochondria
(Figures 6(a) and 6(b)). In CdCl2-challenged mice, the
apical microvilli were shorter, fewer, or sometimes absent,
the intercellular spaces were wider, and the tubular cells
showed round or swollen mitochondria and cytoplasmic
vacuoles (Figure 6(c)). In CdCl2-challenged mice adminis-
tered with flavocoxid, no apparent tubular lesion was
observed (Figure 6(d)).

Table 3: Glutathione reductase (GR) and glutathione peroxidase
(GPx) levels in mice exposed to cadmium chloride (CdCl2; 2mg/
kg i.p.) plus vehicle, as compared to mice exposed to CdCl2 (2mg/
kg i.p.) plus flavocoxid (20mg/kg/day i.p.) or to control mice
treated with vehicle or flavocoxid alone.

GR
(nmol/min

per mg protein)

GPx
(nmol/min

per mg protein)

Control + vehicle 20.03± 1.12 33.42± 1.78
Control + flavocoxid 19.83± 1.04 31.64± 1.83
CdCl2 + vehicle 12.64± 0.63a 18.72± 0.87a

CdCl2 + flavocoxid 18.35± 1.01b 28.69± 1.53b

All the values are expressed as mean ± SE, n = 7 animals for each group.
ap < 0 05 versus both controls and bp < 0 05 versus CdCl2 + vehicle.

Table 2: Protein carbonyl levels and GSH content in mice exposed
to cadmium chloride (CdCl2; 2mg/kg i.p.) plus vehicle, as compared
to mice exposed to CdCl2 (2mg/kg i.p.) plus flavocoxid (20mg/kg/
day i.p.) or to control mice treated with vehicle or flavocoxid alone.

Protein carbonyls
(μmol/mg protein)

GSH
(μmol/g tissue)

Control + vehicle 0.004± 0.001 70± 3
Control + flavocoxid 0.005± 0.001 72± 4
CdCl2 + vehicle 0.009± 0.002a 52± 6a

CdCl2 + flavocoxid 0.006± 0.001b 66± 5b

All the values are expressed as mean ± SE, n = 7 animals for each group.
ap < 0 05 versus both controls; bp < 0 05 versus CdCl2 + vehicle.
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Figure 1: Representative Western blot analysis of iNOS (a), pERK 1/2 (b), and MMP-9 (c) of kidneys frommice of control plus vehicle (0.9%
NaCl), control plus flavocoxid (20mg/kg/day i.p.), CdCl2 (2mg/kg/day i.p.) plus vehicle, and CdCl2 plus flavocoxid groups. ∗p < 0 05 versus
both controls and †p < 0 05 versus CdCl2 plus vehicle. Bars represent the mean ± SE of seven experiments.
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Figure 2: Structural organization of glomeruli and tubules of kidneys frommice of control plus vehicle (0.9% NaCl, 1ml/kg/day i.p.), control
plus flavocoxid (20mg/kg/day i.p.), CdCl2 (2mg/kg/day i.p.) plus vehicle, and CdCl2 plus flavocoxid groups (hematoxylin and eosin stain).
(a, b) In both control groups, glomeruli and tubules show normal architecture. (c) In CdCl2-challenged mice, glomeruli present enlarged
Bowman’s space (arrow), while tubules show epithelial lesions (arrowhead). A mild interstitial edema is also present (∗ ). (d) In CdCl2-
challenged mice administered with flavocoxid, glomerular and tubular morphology is normal. (e) Glomerular area evaluation. ∗p < 0 05
versus both controls and †p < 0 05 versus CdCl2 plus vehicle (scale bar: 50μm).
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Figure 3: Tubular brush border of kidney sections from mice of control plus vehicle (0.9% NaCl, 1ml/kg/day i.p.), control plus flavocoxid
(20mg/kg/day i.p.), CdCl2 (2mg/kg/day i.p.) plus vehicle, and CdCl2 plus flavocoxid groups (periodic acid-Schiff stain). (a, b) In both
control plus vehicle and control plus flavocoxid-treated mice, the proximal tubules show a regular and well-stained brush border. (c) In
CdCl2-challenged mice, the brush border is particularly thin or absent (arrowhead) and the tubular epithelium shows structural changes
(arrow), with mild interstitial edema. (d) In CdCl2-challenged mice administered with flavocoxid, the brush border has normal
organization. (e) Tubular damage evaluation indicated by the brush border behavior. ∗p < 0 05 versus both controls and †p < 0 05 versus
CdCl2 plus vehicle (scale bar: 50μm).
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Figure 4: Structural organization of the interstitial connective tissue of kidneys from mice of control plus vehicle (0.9% NaCl, 1ml/kg/day
i.p.), control plus flavocoxid (20mg/kg/day i.p.), CdCl2 (2mg/kg/day i.p.) plus vehicle, and CdCl2 plus flavocoxid groups (Sirius red stain).
(a, b) In both control plus vehicle and control plus flavocoxid-treated mice, the normal presence of collagen fibers is evident in the
interstitial tissue. (c) In CdCl2-challenged mice, SR stain is less evident around the glomerular capsule and the tubules. (d) In CdCl2 plus
flavocoxid-treated mice, no apparent difference with normal specimens is present. (e) Quantitative evaluation of the SR-positive areas.
∗p < 0 05 versus both controls and †p < 0 05 versus CdCl2 plus vehicle (scale bar: 50μm).
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4. Discussion

Free radicals have been associated in the etiology of
many human diseases, among which cardiovascular and

gastrointestinal disorders, cancers, neurological disorders,
diabetes, ischemia/reperfusion, and ageing are included [27].

Reactive oxygen species (ROS) are products of normal
cellular metabolism and may play both deleterious and

(a) (b)

(c) (d)

Figure 5: Ultrastructural organization of the glomeruli of kidneys from mice of control plus vehicle (0.9% NaCl, 1ml/kg/day i.p.), control
plus flavocoxid (20mg/kg/day i.p.), CdCl2 (2mg/kg/day i.p.) plus vehicle, and CdCl2 plus flavocoxid groups. (a, b) In both control plus
vehicle and control plus flavocoxid-treated mice, glomeruli show normal morphology of either the podocytes or the endothelial cells.
(c) In CdCl2-challenged mice, podocytes are elongated and fewer, and their contacts with the capillaries are lacking (arrow). (d) In
CdCl2 plus flavocoxid-treated mice, glomerular morphology was superimposable to controls (scale bar: 4μm).
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Figure 6: Ultrastructural organization of the proximal tubules of kidneys from mice of control plus vehicle (0.9% NaCl, 1ml/kg/day i.p.),
control plus flavocoxid (20mg/kg/day i.p.), CdCl2 (2mg/kg/day i.p.) plus vehicle, and CdCl2 plus flavocoxid groups. (a, b) In both control
plus vehicle and control plus flavocoxid-treated mice, the epithelium of the proximal tubules shows a well-preserved brush border, normal
intercellular junctions, and elongated mitochondria. (c) In CdCl2-challenged mice, apical microvilli are short, few, or sometimes absent
(arrow), the intercellular spaces are wide (full arrowhead), and the tubular cells show round or swollen mitochondria and cytoplasmic
vacuoles (empty arrowhead). (d) In CdCl2 plus flavocoxid-treated mice, no apparent tubular lesions are present (scale bar: 4μm).
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beneficial roles in living systems [48]. The harmful effect of
free radicals causes potential biological damage, and it is
termed oxidative stress.

The kidney is a highly sensitive organ to oxidative stress,
owing, in part, to its function as an oxygen sensor [49].

Cd, a serious environmental toxicant [50] found in
phosphate fertilizers, in rechargeable nickel-cadmium batte-
ries, and in tobacco is accumulated in the kidney, where its
half-life was calculated over 15–30 years [51]. The proximal
tubular epithelium, owing to its active role in reabsorption,
is particularly sensitive to damage by oxidative stress, so that
a possible link between Cd toxicity and renal cell injury was
described [24]. However, Cd-induced structural changes of
the glomeruli, consisting in increased mesangial matrix and
glomerular swelling with wider urinary space, were also
described [18, 19].

As to the mechanism involved, Cd is not a Fenton metal
and it cannot produce redox reactions in biological systems.
When it penetrates into the cells, Cd affects the function of
many proteins interfering with the redox status of the cell,
displacing endogenous redox active metals, such as iron
and copper, from many cellular proteins, thus increasing
the concentration of these unbound ions [20]. Furthermore,
Cd may damage mitochondria inducing ROS [23], induce
cellular death, in particular apoptosis [24], determine the
disruption of cadherin-mediated cell-cell adhesion in the
proximal tubule cells [25], and stimulate the inflammation
pathways [9].

Several protective agents were found effective in defend-
ing against Cd-induced nephrotoxicity [9, 16, 19, 52–55].

In recent years, numerous studies have been performed
on the potential therapeutic properties of extracts from
various medicinal plants. The beneficial effects of flavonoids
and natural antioxidants commonly found in vegetables,
fruits, and beans were evaluated [56]: in particular, flavo-
coxid, a flavonoid containing a combination of extracts from
Scutellaria baicalensis (baicalin) and Acacia catechu (cate-
chin), revealed anti-inflammatory, antibacterial, antiviral,
and anticancer properties and positive cardiovascular effects
[35, 36]. Furthermore, the association of baicalin and
catechin showed strong antioxidant activity both in vitro
and in vivo [37], preventing the generation of MDA and
inhibiting COX-2 and 5-LOX in mouse testes after Cd
administration [38].

As no data are currently available on this topic, we
investigated the effects of the coadministration of flavocoxid
on Cd-induced kidney toxicity to find a new therapeutic
approach based on natural antioxidants to prevent and
counteract ROS generation.

CdCl2-treated mice showed an increased expression of
iNOS in renal tissue, which could be related to the generation
of ROS secondary to the structural lesions of tubular epithe-
lial cells [26]. The consequent generation of nitric oxide may
represent an important mediator of renal injury, able to
induce the progression to renal failure. In fact, after CdCl2
administration, iNOS was significantly increased in kidneys
of mice when compared to controls. Flavocoxid showed a
positive action on iNOS expression, which was reduced to
close to control values.

When oxidative stress occurs, the consequent overpro-
duction of ROS overcomes the cellular defence systems and
activates many signaling protein kinases and transcription
regulatory factors [27]. Among signaling protein kinases,
an important role is played by extracellular signal-related
kinases (ERKs) 1 and 2, which are members of the mitogen-
activated protein kinase (MAPK) family. pERKs show an
increased expression during the onset of inflammation [57]
and can regulate gene expression, cell proliferation, apopto-
sis, differentiation, cell-matrix interactions, and cell migra-
tion [58]. It was demonstrated that CdCl2 administration
induces direct effects both in vitro and in vivo on specific
inflammatory mediators and markers [59], among which
pERKs are included [60]. As to the way by which pERK1/2
is stimulated by Cd challenge, in human endothelial cells a
role of the epidermal growth factor receptor (EGFR) was
proposed as the main target of ROS [61]. We have already
shown that in mouse testis, p-ERK 1/2 was markedly
expressed in CdCl2-challenged mice and flavocoxid was able
to significantly reduce p-ERK 1/2 overexpression [38]. In the
kidney, we demonstrated that CdCl2 administration leads to
an activation of pERK1/2 and, more importantly, that flavo-
coxid counteracted the increased pERK expression.

Recently, oxidative stress has been also considered able to
increase circulating MMP-9 activity in patients with resistant
albuminuria [28]. MMP-9, also called gelatinase B or 92 kDa
gelatinase/type IV collagenase, can be activated either in vitro
and in vivo [29], and it has a great specificity for substrates
such as different types of collagen, proteoglycans, and elastin
[29]. A higher expression of MMP-9 was shown in trans-
formed PDV cell lines through the ROS-NFκB mechanism
[62]. Furthermore, in human endothelial cells [61] and in
embryonic BNL CL2 cells [29], MMP-9 levels were increased
after exposure to Cd: the role of intracellular ROS was
demonstrated through the activation of the EGFR, NFκB,
and activator protein-1 pathways.

As Cd exposure causes oxidative stress, MMP-9 activity
was evaluated in kidneys of mice exposed to CdCl2. It was
shown that MMP-9 expression was significantly increased
after 14 days of CdCl2 administration, while it was signif-
icantly reduced after treatment with flavocoxid, thus indi-
cating that a relationship exists also in the kidney between
Cd exposure and MMP-9 expression, most likely secondary
to oxidative stress.

As a consequence of the higher MMP-9 expression, the
presence of collagen was reduced in CdCl2-challenged
mice around both the glomerular capsule and the tubules
in SR-stained specimens. MMP-9 specifically cleaves type
IV collagen, which can degrade most components of the
basal membrane either in embryonic development or in
in vitro models [63]. Therefore, the increased MMP-9 levels
could be responsible for tissue collagen-reduced stain at the
basement membrane level of both glomeruli and tubules
demonstrated with SR stain. These morphological data seem
to be in contrast with previous results from a stereological
study on mouse kidney exposed for four weeks to CdCl2
[19], where an increased volume of the fibrous tissue was
observed in HE-stained specimens compared to controls.
The differences could be related to the longer time of
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exposure to Cd in the work of Rafati et al. [19], which
could have induced a more serious hypoxia with increase
in fibrosis [64].

As to the structural organization of the kidneys of mice
challenged with CdCl2 alone or treated with flavocoxid, the
behavior of glomeruli and proximal tubules was evaluated.

When glomeruli were considered, their total area was
significantly increased in kidneys of mice exposed to CdCl2
when compared to the controls. On the contrary, in
CdCl2-challenged mice coadministered with flavocoxid, the
glomerular area was significantly reduced if compared to
the CdCl2-alone group. These data indicated that glomerular
swelling, expression of kidney pathology [65] occurring in
many renal diseases such as diabetes [44, 45], and cardiore-
nal syndrome [53] were present also after Cd exposure, as
previously demonstrated [19].

Transmission electron microscopic examination showed
ultrastructural changes in glomeruli of CdCl2-challenged ani-
mals. Previous studies demonstrated that in Cd-challenged
rats, glomeruli exhibited thickening of the basement
membrane, irregular foot processes, and myelin figures in
podocytes [16]. In this study, Cd-induced alterations in glo-
meruli, in addition to the previously discussed increase of
their area, included podocytes with elongated, swollen, and
sometimes absent pedicles, thus indicating a negative role
of Cd in the filtration system of the kidney. We demon-
strated, as far as we know, for the first time that the

antioxidant treatment with flavocoxid reduced glomerular
damage, as supported by the morphological data and by the
morphometric analysis.

As to the cells of the proximal tubule, in CdCl2-challenged
mouse lysosomes andmyelin bodies, distorted or ring-shaped
mitochondria, cytoplasmic vacuolization or cytolysis [13],
decreased, irregular microvilli [16], fragmented and short
basolateral invaginations [15], and condensed chromatin
[17] have been described.

Our TEMmicrographs showed that the proximal tubules
had wide intercellular spaces and peculiar changes in their
cells, such as round or swollen mitochondria, cytoplasmic
vacuoles, and short, few, or sometimes absent apical micro-
villi. This morphological aspect in CdCl2-challenged mice
was also confirmed by the PAS-stained sections. In fact, the
PAS reaction stain structures correlated with adhesiveness
and tightness of membranes, such as brush borders of tubules
and basement membranes. Its lower positivity, or even its
negativity, could reflect serious impairment of reabsorptive
processes of the tubules, or even the absence of the mecha-
nisms of active transport [14].

On the contrary, we demonstrated that flavocoxid pro-
tects against the CdCl2-induced structural and ultrastructural
alterations in kidney of mice, as indicated by the organization
of the proximal tubules. In fact, in CdCl2-challenged
mice coadministered with flavocoxid, the PAS reaction was
close to normal, the brush border was preserved, and the

CdCl2 (2 mg/kg/day i.p.)

CdCl2 (2 mg/kg/day i.p.) +
flavocoxid (20 mg/kg/day i.p.)

Oxidative
stress
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Figure 7: Graphical model indicating the different effects of CdCl2 alone and CdCl2 plus flavocoxid on the mouse kidney.
CdCl2 = cadmium chloride; iNOS= inducible nitric oxide synthase; pERK 1/2 = phosphorylated extracellular signal-regulated protein
kinase 1/2; MMP-9 =matrix metalloproteinase 9; GSH= reduced glutathione; GR= glutathione reductase; GPx = glutathione peroxidase.
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tubular damage score, higher in CdCl2-challenged mice, was
also normal.

This can be attributed to the antioxidant and free radical
quenching efficacy of flavocoxid, which significantly reduced
the oxidative stress [38].

5. Conclusion

The present study suggests that flavocoxid was able to signif-
icantly reduce CdCl2-induced oxidative damage secondary to
ROS generation in the kidney (Figure 7). In fact, flavocoxid
significantly lowered iNOS, pERK 1/2, and MMP-9 expres-
sion and reduced morphological changes of glomeruli and
proximal tubules, which are known as key renal targets for
Cd. The use of flavocoxid, a natural antioxidant, can be
included among the several experimental strategies, which
may have beneficial effects on kidney in humans during or
after heavy metal exposure.
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Although gemcitabine is the standard chemotherapy treatment for advanced pancreatic cancer, its benefits are quite limited due to
prevalent chemoresistance, and themechanism underlying gemcitabine chemoresistance remains unclear. Currently, Nrf2 has been
deemed as a significant contributor to gemcitabine chemoresistance in pancreatic cancer. Brusatol is a unique inhibitor of the Nrf2
pathway, and in previous studies, we determined that brusatol exhibits the effects of growth inhibition and proapoptosis in
pancreatic cancer cells. Due to these data, we speculate that brusatol can reverse gemcitabine-induced Nrf2 activation and
propose that it can enhance gemcitabine efficacy in treating pancreatic cancer. In this study, we first proved that brusatol can
effectively inhibit the Nrf2 signalling pathway and increase ROS accumulation in pancreatic cancer cells. Next, we demonstrated
that brusatol can abrogate gemcitabine-induced Nrf2 activation in pancreatic cancer cells. In addition, we discovered that
brusatol potentiates gemcitabine-induced growth inhibition and apoptosis in human pancreatic cancer cells. In nude mice with
PANC-1 xenografts, treatment with a combination of brusatol and gemcitabine considerably reduced in vivo tumour growth
compared with control treatment or treatment with either brusatol or gemcitabine alone. Immunohistochemical staining also
showed that Nrf2 expression levels were reduced in brusatol-treated xenograft tumour tissues. In summary, our results suggest
that brusatol is capable of enhancing the antitumour effects of gemcitabine in both pancreatic cancer cells and PANC-1
xenografts via suppressing the Nrf2 pathway.

1. Introduction

Pancreatic cancer is one of the most fatal diseases that rep-
resent the fourth major cause of cancer mortality in western
countries with an alarmingly low survival rate in the past 5
years which is less than 5%, even with the best treatments
that are currently available [1]. Currently, chemotherapy is
widely used for treating this intractable tumour and particu-
larly for treating advanced pancreatic cancer [2]. Gemcita-
bine (GEM) is the first-line FDA-approved chemotherapy
drug for treating pancreatic cancer [2–4], whereas chemo-
therapy resistance in clinical treatment is difficult to resolve
and gemcitabine has limited efficacy in patients [2, 5].
Hence, it is imperative to identify novel therapies for this
fatal disease.

NF-E2-related factor 2 (Nrf2) is constitutively active
in pancreatic cancer and is correlated with tumour pro-
gression and poor prognosis [6–10]. Multiple studies sug-
gest that Nrf2 activation possesses a primary position in
the growth, metastasis, and apoptosis of pancreatic cancer
[6, 7, 9, 11, 12]. Additionally, recent reports have shown
that Nrf2 is important in pancreatic cancer chemoresistance
[8, 11, 13]. First, patients with relatively lower expression
levels of Nrf2 are more sensitive to chemotherapy [10].
Moreover, gemcitabine can further increase the already high
levels of Nrf2 [13]. However, suppressing endogenous Nrf2
can sensitize pancreatic cancer cells to gemcitabine [13, 14].
In addition, the growth of pancreatic cancer xenografts is
refrained when applying the combination of the Nrf2 inhib-
itor and gemcitabine in mice [14]. As reported, in pancreatic
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cancer cells, gemcitabine can induce reactive oxygen species
(ROS); this action serves as an additional anticancer mecha-
nism [13, 15]. However, high expression levels of proteins in
the antioxidant defence system, most of which are under the
control of Nrf2, can confer chemotherapy resistance [13]. To
sum up, results demonstrate that the chemoresistance
observed in pancreatic cancer is owing to the Nrf2 pathway.
Furthermore, these data suggest that agents that interfere
with Nrf2 activation have enormous potential to suppress
tumour growth and may also be used to promote the
effectiveness of gemcitabine.

Brusatol (BRU) can be isolated from Brucea, and it acts
as an unparalleled inhibitor of the Nrf2 pathway and
enhances the efficacy of chemotherapy in multiple types of
cancer cells and A549 xenografts [16, 17]. In our previous
study, we found that brusatol exhibits the effects of growth
inhibition and proapoptosis in pancreatic cancer cells [18].
Currently, the influence of brusatol on the Nrf2 pathway
in pancreatic cancer cells remains unclear, whereas the
influence of brusatol on ROS expression in various cancer
cells remains controversial. By enhancing ROS production
and DNA damage, brusatol can overcome radioresistance
in A549 cells [19]. However, when treating HCT116 cells
with brusatol under hypoxic conditions, a drastic decrease
in intercellular and mitochondrial ROS production was
found [20]. Due to these findings, we aimed to determine
whether brusatol could suppress the NRF2 signalling path-
way in pancreatic cancer cells and to discover its effects
on ROS expression. Furthermore, we also investigated
whether brusatol could reverse Nrf2 activation caused by
gemcitabine and whether brusatol could enhance gemcita-
bine chemosensitivity either in vitro or in a xenograft
mouse model.

Experimental data manifested that brusatol potentiated
gemcitabine-induced apoptosis and growth inhibition in
pancreatic cancer cells in in vitro experiment and steeply
promoted the antitumour effects of gemcitabine on a
PANC-1 xenograft pancreatic cancer model. Moreover, our
experiments indicated that brusatol could strengthen the
anticancer properties of gemcitabine via modulating the
Nrf2 signalling pathway.

2. Materials and Methods

2.1. Materials. Brusatol was purchased from Tauto Biotech
(E-1044; Shanghai, China). Gemcitabine HCl for the in vitro
experiments was purchased from Shanghai Boyun Biotech
Co. Ltd. (BY13174; Shanghai, China), and gemcitabine HCl
for the in vivo experiments was purchased from Selleck
Chemicals (S1149; Houston, TX, USA). The antibodies used
in this study were against Keap1 (AF5266), MDR1 (AF5185),
and MRP5 (DF7149) (Affinity Biosciences, OH, USA);
Nrf2 (ab62352), NQO1 (ab80588), HO-1 (ab68477), active
caspase-3 (ab2302), and Ki-67 (ab16667) (Abcam Inc.,
MA, USA); and GAPDH (5174S), Bax (2772S), and Bcl-2
(15071S) (Cell SignalingTechnology Inc.,MA,USA). Brusatol
and gemcitabine HCl were dissolved in DMSO and then
added to medium to a certain concentration while limiting
the DMSO concentration to below 0.1%.

2.2. Cell Lines and Cell Culture. The human pancreatic cancer
cell lines PANC-1, BXPC-3, and PATU-8988 were obtained
from the Chinese Academy of Sciences Cell Bank and main-
tained in either Dulbecco’s modified Eagle’s medium
(DMEM) or RPMI-1640 medium containing 10% foetal
bovine serum (Gibco; Thermo Fisher Scientific, MA, USA).
Cells were maintained at 37°C and 5% CO2.

2.3. Treatment of Cells. The cells were treated in suitable
medium with various concentrations of brusatol or gemci-
tabine alone or their combinations (as indicated in the
figure legends), and cells treated with vehicle (PBS) served
as a control.

2.4. RNA Extraction and Quantitative Real-Time PCR
Analysis. Total RNA was isolated with the TRIzol reagent
(15596026; Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s instructions. To quantify the amount of
mRNA, cDNA was synthesized from 1μg of total RNA in a
final volume of 20μL by using the RevertAid First Strand
cDNA Synthesis Kit (K1622; Thermo Fisher Scientific, MA,
USA). Next, real-time PCR (RT-PCR) was performed with
SYBR Green Master Mix (Roche, IN, USA) using the
CFX96 Real-Time PCR Detection System (Bio-Rad). β-Actin
was amplified as an internal standard. All the primer
sequences are listed in Table 1.

2.5. Western Blotting Analysis. All the proteins were
extracted with RIPA buffer (P0013B; Beyotime Biotechnol-
ogy, Shanghai, China) in combination with phenylmethane-
sulfonyl fluoride (ST506; Beyotime Biotechnology) and
PhosSTOP (Roche). A BCA protein assay kit (P0012; Beyo-
time Biotechnology) was used to measure the protein
concentrations of each individual group. After denaturation,
equal amounts of protein were separated by SDS-PAGE and
transferred onto PVDF membranes (Millipore, Billerica,
MA, USA). After transferring, the membranes were blocked
with 5% skim milk for 2 h at room temperature. Then, under
the temperature of 4°C, the membranes were probed with
primary antibodies overnight. The membranes were washed
for three times with Tris-buffered saline containing 0.1%
Tween-20 (TBST) and incubated with HRP-conjugated
secondary antibodies for one hour at room temperature. At
the last stage, the membranes were treated with ECLWestern
blotting reagents.

2.6. Quantification of ROS Levels. Intracellular ROS levels
were measured by a Reactive Oxygen Species Assay Kit
(E004; Nanjing Jiancheng Bioengineering Institute, Nanjing,
China). Briefly, cells were treated with or without brusatol for
24 hours; after that, 10μM DCFH-DA was added and it was
kept for 20–30min. After, phosphate buffer saline (PBS) was
used to wash the cells before trypsinization or direct observa-
tion with a Nikon Eclipse TI fluorescence microscope (Nikon
Corporation, Tokyo, Japan). Before being resuspended in
500μL of PBS, cells were collected and washed twice after
detachment. To detect fluorescence, a FACSCalibur flow
cytometer (BD Biosciences, USA) was used.
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2.7. Immunofluorescence. Cells were washed with PBS, then
fixed in ice-cold paraformaldehyde solution at 4°C for
30min. Next, they were washed three times by PBS and
then permeabilized with 0.5% Triton X-100 at room tem-
perature for 15min and blocked with 5% bovine serum
albumin (BSA) for 30min. The primary antibody Nrf2
(1 : 200) was incubated at 4°C overnight. Afterwards, the
Dylight 488-conjugated donkey anti-rabbit IgG secondary
antibody was incubated for 1 h at room temperature in
the dark. The incubated cells were washed with PBS, and
in order to visualize nuclei, DAPI (C0065; Solarbio,
Peking, China) was used. Typical images were captured
with an Olympus BX51 fluorescent microscope (Olympus
Corporation, Tokyo, Japan). The expression levels of Nrf2
and DAPI were observed separately in the darkness under
excitation= 504nm and emission=532 nm and excita-
tion=372nm and emission=456nm.

2.8. Cell Viability Detection by Cell Counting Kit 8 Assay. A
Cell Counting Kit 8 assay was performed following the
manufacturer’s instructions. Cell Counting Kit 8 (CCK8;
CK04) was purchased from Dojindo (Kumamoto, Japan),
and the absorbance of experimental results was detected by
an ELISA reader (Tecan, Männedorf, Switzerland).

2.9. Colony Formation Assay. An average amount of five
hundred cancer cells was seeded into 12-well plates and
then treated with 1μM brusatol or 20μM gemcitabine
alone or in combination for 48 h. After treatment, the cells
were permitted to form cell colonies for another 7 days.
The cell colonies were fixed in paraformaldehyde solution
and stained with crystal violet. Washed and air-dried for 3
times, the stained colonies were able to be photographed
by iPhone (Apple, USA).

2.10. Apoptosis Assay. Apoptosis analysis was performed
following the manufacturer’s instructions. The Annexin
V-FITC/PI Apoptosis Detection Kit (70-AP101–100;
MultiSciences/LiankeBio, Hangzhou, China) was used and
analyzed using a FACSCalibur flow cytometer (BD).

2.11. Tumour Xenograft Assay. BALB/c homozygous nude
mice (male, 4–6 weeks old) were purchased from SLAC Co.
Ltd. (Shanghai, China). All animal experiments were follow-
ing the guidelines set by the Ethical Committee of Wenzhou

Medical University and approved by the Laboratory Animal
Management Committee of Zhejiang Province. PANC-1 cells
(4× 106) were resuspended in 100μL PBS and then subcuta-
neously injected in the right flank of nude mice. Tumour vol-
umes were measured twice a week using vernier calipers and
calculated using the following formula: V = π/6 × larger d
iameter × smaller diameter 2. One week postinjection, we
randomly divided the mice into four groups (n = 5/group):
(a) control (5μL of DMSO was dissolved in 200μL of PBS)
was i.p. injected once daily, (b) brusatol (2mg/kg) was i.p.
injected once daily, (c) gemcitabine (100mg/kg) was i.p.
injected twice weekly, and (d) brusatol and gemcitabine
had the same schedule as the individual drugs. The mice
were closely monitored for 26 days. Then, they were
euthanized to weigh the tumours. Each tumour was fixed
in 4% paraformaldehyde solution.

2.12. Immunohistochemical Staining (IHC). Tumour tissues
were fixed in paraformaldehyde and embedded in paraffin;
after that, tumour tissues were excised to 4mm sections.
The slides were stained with antibodies against Nrf2,
NQO1, active caspase-3, and Ki-67; then, after washing, these
slides were stained with a secondary antibody (PV-6001;
ZSGB-BIO, Peking, China) and visualized by the DAB kit
(ZLI-9017; ZSGB-BIO). Typical images were able to be
captured using an Olympus CKX41SF microscope (Olympus
Corporation, Tokyo, Japan).

2.13. Statistical Analysis. The data is presented as the mean±
SD. Student’s t-tests and analysis of variance were used to
evaluate the variations among groups. P < 0 05 was deemed
statistically remarkable.

3. Results

3.1. Gemcitabine Treatment Induced Nrf2 Activation in
Pancreatic Cancer Cells. Aberrant Nrf2 activation is a well-
known mechanism of pancreatic cancer resistance to gemci-
tabine [8, 13]. For the purpose of determining the influence
of gemcitabine on the expression of proteins in the Nrf2
pathway, three pancreatic cancer cell lines were exposed to
5μmol/L gemcitabine for 48 h; then, the protein expression
levels were analyzed by Western blotting. Gemcitabine treat-
ment significantly upregulated Nrf2 expression in all three

Table 1: Sequences of the primers used for quantitative real-time PCR.

Gene Forward primer (5′–3′) Reverse primer (5′–3′)
β-Actin AGAAAATCTGGCACCACACC AGAGGCGTACAGGGATAGCA

Nrf2 ACCTCCCTGTTGTTGACTT CACTTTATTCTTACCCCTCCT

NQO1 CATCCCAACTGACAACCA GAAGCCTGGAAAGATACCC

HO-1 ATTCTCTTGGCTGGCTTC CTGGATGTGCTTTTCGTT

MRP1 CACGGATAACTGGCAAACCT ACCCTGTGATCCACCAGAAG

MRP2 TGCTTCCTGGGGATAATCAG CACGGATAACTGGCAAACCT

MRP3 GGAGGACATTTGGTGGGCTTT CCCTCTGAGCACTGGAAGTC

MRP4 AAGTGAACAACCTCCAGTTCCAG GGCTCTCCAGAGCACCATCT

MRP5 AGAACTCGACCGTTGGAATGC TCATCCAGGATTCTGAGCTGAG
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cell lines (Figures 1(a) and 1(b)). The protein levels of the
Nrf2 target genes NQO1 and HO-1 were higher in the treated
cells than in the control cells. In addition, real-time PCR
demonstrated that gemcitabine treatment caused an increase
in the mRNA levels of Nrf2, NQO1, and HO-1 (Figure 1(c)).
These findings demonstrated that gemcitabine treatment
induced Nrf2 activation in pancreatic cancer cells as previ-
ously reported [13, 14].

3.2. Brusatol Inhibited the Nrf2 Pathway and Increased ROS
Accumulation in Pancreatic Cancer Cells. In the following,
we discovered that compared to control treatment, 0.5μM
brusatol decreased Nrf2 protein levels after just 1 h of treat-
ment. Through the experiment period, the Nrf2 protein
levels dropped most remarkably at 8 h, and the effect weak-
ened as time went by. However, this reduction was main-
tained for up to 24h in PATU-8988 cells (Figure 2(a)).
These data confirmed that brusatol inhibits the Nrf2 path-
way. Then, three pancreatic cancer cell lines were exposed
to a range of brusatol concentrations for 8 h. Except Nrf2,
the protein levels of Nrf2 target genes, containing NQO1,
HO-1, MDR1, and MRP5, were reduced, but no effects on
Keap1 were observed (Figure 2(b)). Brusatol also decreased
the mRNA levels of NQO1, HO-1, MRP1, MRP2, MRP3,

MRP4, and MRP5 (Figure 2(c)). In contrast, 0.5μM brusatol
significantly increased ROS accumulation after 24 h of treat-
ment (Figures 2(d)–2(f)). Collectively, the above findings
illustrate that brusatol specifically inhibits the Nrf2 pathway
and increases ROS accumulation in pancreatic cancer cells.

3.3. BrusatolAbrogatedGemcitabine-InducedNrf2Activation.
Next, we examined the effects of brusatol on gemcitabine-
induced Nrf2 activation. First, cells were cultured with
5μM gemcitabine for 40 h. Next, 0.5μM brusatol was added,
and the cells were incubated for another 8 h. As shown in
Figures 3(a) and 3(b), brusatol significantly suppressed
gemcitabine-induced Nrf2 overexpression. However, brusa-
tol did not reduce mRNA level of Nrf2 but reversed
gemcitabine-induced increases in mRNA levels of Nrf2
(Figure 3(c)). An immunofluorescence assay was then
performed to identify the cellular protein levels of Nrf2. We
discovered that brusatol treatment lowered the levels of
Nrf2 and the nuclear localization of Nrf2 in pancreatic cancer
cells (Figure 3(d)). These findings demonstrated that brusatol
inhibits gemcitabine-induced Nrf2 activation through reduc-
ing the expression of Nrf2 protein in pancreatic cancer cells
and that brusatol might intensify the anticancer effects of
gemcitabine in pancreatic cancer cells.
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Figure 1: Gemcitabine treatment did induce the activation of Nrf2 of pancreatic cancer cells. (a, b) 5μM gemcitabine upregulated the protein
levels of Nrf2, HO-1, and NQO1 after 48-hour treatments. (c) 5 μM gemcitabine increases the mRNA levels of Nrf2, NQO1, and HO-1 after
48-hour treatments. The data showed representatives of at least three independent experiments. ∗P < 0 05 compared with the control group.
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3.4. Brusatol Enhanced Gemcitabine-Induced Growth Inhibition
and Apoptosis in Pancreatic Cancer Cells. To confirm that
brusatol potentiates gemcitabine efficacy in pancreatic cancer,
we used CCK-8 assays and colony formation assay to inves-
tigate the effects of brusatol and gemcitabine separately and
in combination on cell viability and growth. For CCK-8

assays, the cells were treated with 1μM brusatol or 20μM
gemcitabine alone or in combination for 12, 24, 36, and
48 h. Then, we used annexin V/FITC flow cytometric anal-
yses to confirm whether the enhanced cytotoxicity caused by
combined treatment with 1μM brusatol and 20μM gemcita-
bine for 48 h was due to apoptosis induction. As expected, we
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Figure 2: Brusatol inhibited the Nrf2 pathway and increase ROS accumulation in pancreatic cancer cells. (a) 0.5 μM brusatol was utilized to
treat the expression of Nrf2 in PATU-8988 cells for the indicated time points. (b) 0.5 μM brusatol lowered the protein levels of Nrf2 and its
downstream genes after 8-hour treatments. (c) 0.5 μMbrusatol reduced the mRNA level of Nrf2 target genes after 8-hour treatments. (d) Cells
were treated with 0.5 μMbrusatol for 24 hours, and intracellular ROS generation was analyzed by DCFH-DA using a fluorescence microscope
(magnification, 100x). (e) Cells were treated with 0.5 μM brusatol for 24 hours, and intracellular ROS generation was analyzed by DCFH-DA
using flow cytometry. (f) The fluorescence intensity of DCF described in (e) was quantitated. The data showed representatives of at least three
independent experiments. ∗P < 0 05 compared with the control group.
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observed that treatment with either brusatol or gemcitabine
alone inhibited growth and induced apoptosis in all the three
tested cell lines. Compared to treatment with either brusatol
or gemcitabine alone, the combined treatment led to obvi-
ously further growth inhibition and apoptosis in the cancer

cells (Figures 4(a)–4(c)). Furthermore, experiments were car-
ried out to examine the expression levels of apoptosis-related
proteins. As shown in Figure 4(d), the levels of Bcl-2, Bax,
and active caspase-3 were remarkably varied in the combina-
tion treatment group than in the control or gemcitabine-
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Figure 3: Brusatol could abrogate the Nrf2 activation caused by gemcitabine. (a) The expression of Nrf2 in the indicated pancreatic cell lines
that were treated with 0.5 μM brusatol for 8 hours or/and 5μM gemcitabine for 48 hours was analyzed by Western blot analysis (a, b), real-
time PCR analysis (c), and immunofluorescence staining (d). DAPI (blue) was used to indicate the nuclei (magnification, 400x). The data
showed representatives of at least three independent experiments. ∗P < 0 05 compared with the control group. &P < 0 05 compared with
the gemcitabine group.
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Figure 4: Brusatol enhanced growth inhibition and apoptosis caused by gemcitabine in pancreatic cancer cells. (a) Pancreatic cell lines were
treated with 1μM brusatol or/and 20 μM gemcitabine for the indicated time points. CCK8 assays were used to measure the cell viability.
(b) Colony formation assays. Pancreatic cell lines were treated with 1μM brusatol or/and 20μM gemcitabine for 48 h. Then, the cells were
permitted to form cell colonies for another 7 days. (c) Pancreatic cell lines were treated with 1 μM brusatol or/and 20μM gemcitabine for
48 h. The cell apoptosis was measured by applying the annexin V-FITC/PI double staining assay. (d) The expression of Bcl-2, Bax, and
active caspase-3 in the indicated pancreatic cell lines that were treated with 0.5 μM brusatol for 8 h or/and 5μM gemcitabine for 48 h
was analyzed by Western blot analysis. The data showed representatives of at least three independent experiments. ∗P < 0 05 compared
with the control group. #P < 0 05 compared with the brusatol group and gemcitabine group.
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treated group. These results suggested that brusatol enhanced
the efficacy of gemcitabine in pancreatic cancer cells.

3.5. Brusatol Augmented the Antitumour Activity of
Gemcitabine in PANC-1 Xenografts. Building on our
in vitro findings, we studied the influences of brusatol and
gemcitabine alone or in combination on the growth of
human pancreatic tumours subcutaneously implanted in
nude mice. Figure 5(a) is the summary of the treatment
schema. Tumours were generated by injecting PANC-1 cells
into the subcutaneous tissue of the right flanks of nude mice.
A week later, we randomly divided the mice into four groups
as stated in Materials and Methods. The treatment was con-
ducted right after randomization continuously for 25 days.
The animals were sacrificed on the day after the last treat-
ment. As shown in Figures 5(b)–5(d), tumours treated with
either brusatol or gemcitabine alone had significantly lower
volumes and weights than the control tumours. Tumours
treated with brusatol + gemcitabine were significantly smaller
than both the control tumours and the tumours treated with
the monotherapies. However, the body weights of the

combination-treated nude mice were considerably lower
than those of the other groups (Figures 5(e) and 5(f)). These
data indicated that the combination treatment exerted an
adverse effect on the body weights of nude mice. Further-
more, Nrf2 and NQO1 expression in the xenograft tumour
tissues was evaluated by immunohistochemistry. The results
proved that both Nrf2 and NQO1 levels were reduced in
brusatol-treated xenograft tumour tissues (Figure 5(g)). In
addition, IHC analyses of Ki-67 and active caspase-3 indi-
cated tremendously fewer proliferative cells and more apo-
ptotic cells in the brusatol-treated tumours. Together, our
results proved the fact that brusatol can augment the antitu-
mour property of gemcitabine by suppressing the tumour
expression of Nrf2 in vivo.

4. Discussion

Resistance to chemotherapy is one of the most tough clin-
ical challenges concerning with pancreatic cancer treat-
ment. As a standard chemotherapeutic drug, gemcitabine
provides limited benefits in treating pancreatic cancer
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Figure 5: Brusatol augmented the antitumour activity of gemcitabine in PANC-1 xenografts. (a) According to the above flow chart, the
experimental design was utilized into in vivo studies. (b) Vernier calipers were used to measure tumour volume, and the following
formula was used for calculation: V = π/6 × larger diameter × smaller diameter 2, at the indicated time points. (c) The excised
tumours from mice after the final treatment. (d) The tumour masses were weighed and compared. (e) The body weight was measured
twice a week. (f) The body weight before sacrifice was compared. (g) The expression of Nrf2, NQO1, Ki-67, and active caspase-3 in
xenograft tumour tissues was observed by immunohistochemical staining (magnification, 400x). ∗P < 0 05 compared with the control
group. #P < 0 05 compared with the brusatol group and gemcitabine group.
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patients [2, 5]. Aberrant Nrf2 activation has been verified
as a vital mechanism underlying gemcitabine resistance
in pancreatic cancer [8, 11, 13]. Correspondingly, the
increase in ROS caused by gemcitabine is considered one
of the mechanisms for antipancreatic cancer. However,
gemcitabine can further increase the already high levels
of Nrf2 which could also enable pancreatic cancer cells
to withstand ROS accumulation to cause a chemoresistant
pancreatic cancer phenotype; in addition, Nrf2 inactivation
is associated with the sensitization of cancer cells to
chemotherapy-induced killing in a mechanistic manner
[13, 14]. Consistent with recent reports, our observations
also show that gemcitabine treatment can induce Nrf2
activation in pancreatic cancer cells. This suggests that
agents that interfere with Nrf2 activation may improve
the effectiveness of gemcitabine.

Brusatol has been proved to ameliorate chemoresistance
in various cancer cells and A549 xenografts by inhibiting
the Nrf2 pathway [16, 17]. In our previous study, we found
that brusatol not only inhibits growth but also induces apo-
ptosis in pancreatic cancer cells [18]. Here, we have shown
that brusatol inhibits the function of Nrf2 and lowers the
expression levels of its target genes—members of the multi-
drug resistance (MDR) family that are involved in drug resis-
tance in pancreatic tumours [21–23]. Consistent with other
previous studies [17], the protein levels of Keap1 were not
affected by brusatol. Moreover, brusatol is unable to lower
the expression of Nrf2 mRNA; we believe that brusatol sup-
presses the Nrf2 pathway through reduced Nrf2 protein
expression independent of Keap1 in pancreatic cancer cells
as well as in other cancer cells [16, 17]. Interestingly, in addi-
tion to inhibiting the Nrf2 pathway, brusatol increased ROS
generation in pancreatic cancer cells which is consistent with
the effects of brusatol on 549 cells. It has been reported that
brusatol can overcome radioresistance in A549 cells by ele-
vating ROS production and aggravating DNA damage [19].
Our study indicates that brusatol can overcome chemoresis-
tance in pancreatic cancer via inhibiting the function of Nrf2
and increasing the generation of ROS. Thus, we proposed
that brusatol can reverse gemcitabine-induced Nrf2 activa-
tion. We used Western blotting and immunofluorescence
assays to prove this hypothesis. The experiments strongly
indicate that brusatol augments the anticancer effects of
gemcitabine in pancreatic cancer cells.

As expected, experiments reveal that brusatol enhanced
growth inhibition and accelerated apoptosis caused by gem-
citabine in vitro. We discovered from previous experiments
that brusatol induces apoptosis through the intrinsic path-
way [18]. Here, we found that the expression levels of
apoptosis-related proteins, such as Bcl-2, Bax, and active
caspase-3, vary significantly in the combination treatment
group than in the control or gemcitabine-treated group. High
expression levels of the antiapoptotic Bcl-2 family have also
been implicated in pancreatic cancer chemoresistance [24].
Recently, it has been reported that small interfering RNA
oligonucleotides or inhibitors directed against Nrf2 can
enhance the sensitivity of pancreatic cancer cell lines to
gemcitabine [13, 14]. These experimental results are in line
with our observations.

Furthermore, in a subcutaneous pancreatic cancer model,
we found results similar to those of our in vitro experiments.
Our data clearly showed that brusatol was as effective as gem-
citabine at reducing tumour volume, but the combination
treatment was apparently more effective at reducing tumour
volume than either single-drug treatment. In addition, brusa-
tol weakened proliferation as shown by Ki-67 immunostain-
ing and strengthened apoptosis as shown by increasing active
caspase-3 staining in the tumours. In addition, Nrf2 and
NOQ1 levels were reduced in brusatol-treated xenograft
tumour tissues. These data indicate that the above effects
are also related to the downregulation of Nrf2 activity in
the tumours. However, the obviously decreased mouse body
weights after treatment with the combination of gemcitabine
and brusatol are alarming, and there were no notable changes
when using either brusatol or gemcitabine alone. It also
implied that combined treatment with brusatol and gemcita-
bine might cause toxicity in human bodies. But several other
studies deemed that brusatol exerted no obvious toxicity to
the mice [17, 25]; therefore, more experiments are needed
to determine the safety of brusatol in the human body.

In conclusion, above-mentioned findings demonstrate
that brusatol can inhibit the Nrf2 pathway and increase
ROS accumulation. Moreover, brusatol further enhanced
the antitumour efficacy of gemcitabine in both pancreatic
cancer cells and PANC-1 xenografts partly due to inactivat-
ing the Nrf2 pathway. These findings provide new strategies
for improving chemotherapy sensitivity in pancreatic cancer.
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The accentuated increase in the use of medicinal plants by the population to treat diseases makes it necessary to carry out
pharmacological studies in order to contribute to the scientific knowledge and clarify the mechanisms involved in the main
compounds present in these plants. Due to the difficulty of combating antimicrobial-resistant microorganisms, plants become a
low-cost and effective alternative. The stem, fruit, and leaves of plants are used to measure antioxidant and antimicrobial
capacity and to combat the oxidative degradation of free radicals produced in the presence of xenobiotics. A systematic review is
a powerful tool that incorporates the variability among the studies, providing an overall estimate of the use of plant extracts as
antioxidants and antimicrobial activities. In view of the controversies in the literature regarding the use of compounds from
plants or the isolation and purification of the main substances for the prevention of bacterial various therapeutic actions, the
aim of this was to present a systematic review on the antimicrobial and antioxidant properties of cashew (Anacardium
occidentale), cajui (Anacardium microcarpum), and pequi (Caryocar brasiliense). The following databases were analyzed:
PubMed/Medline, Virtual Health Library (LILACS and SciELO), and Science Direct. Out of 425 articles, 33 articles have been
used in this study, which were also represented in the Prisma Statement. In vitro antioxidant tests were conducted in 28 studies
using different methodologies. Most of the tests involving the studied species demonstrated positive antioxidant potential and
antimicrobial properties. The results provide important data and perspectives into the use of natural products that can
contribute to the treatment of various diseases.

1. Introduction

Plants have long been used for the prevention and treatment
of human health adversities. The first herbal records date back
to 2838–2698B.C., when the Chinese emperor Shen Nung
cataloged 365 medicinal herbs. In 1500B.C., the Egyptian
manuscript “Ebers Papyrus” recorded information on 811
prescriptions and 700 drugs. Some of these plants are still in
use, such as ginseng (Panax spp.), Ephedra spp., Cassia spp.,
and Rheum palmatum L., being used as a source of drugs for

the pharmaceutical industry. Indigenous tribes in their rituals
and cure of diseases have always used medicinal plants [1].

The use of phytotherapy started gaining popularity in the
mid-70s and 80s. The trade of herbal medicines in Brazil is
around 5% of the total trade of medicines [2]. According to
the Ministry of Health, patients seeking treatment based on
medicinal plants and phytopharmaceuticals increased to
161% between 2013 and 2015, probably due to the low cost
of herbal medicines and also to the fact of the population
being accustomed to their use [3]. The World Health
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Organization (WHO) notes that 70% to 95% of the popula-
tion depend on the use of herbal medicines in the primary
care setting, therefore issuing a recommendation to encour-
age countries to formulate national policies and regulations
regarding the use of traditional medicines with proven
effectiveness [4].

The concept of medicinal plants being “natural” does not
guarantee benefits and safety, which makes it fundamental
that a popularly known herbal medicine is widely studied
with regard to its pharmacological and toxicological aspects
in order to understand its adverse effects [5]. Adverse effects
arise from the production of plant secondary metabolites that
can be toxic to the organism, as anthraquinone, for instance,
in Aloe vera can cause nephritis when the latter is ingested in
a high concentration. In addition, the pyrrolizidine alkaloid
metabolites present in comfrey (Symphytum officinale) are
also hepatotoxic [6]. The appearance and dissemination of
microorganisms resistant to commercially available antimi-
crobials have been reported for decades, encouraging the
search for new sources of antimicrobial substances, such as
plants used in the traditional medicine and laboratory trials
[7]. The use of plants as antimicrobial agents has seen a
major increase in the last years. A good example of this fact
is phenolic compounds, present in the essential oils of many
plants that are known as active substances, such as the essen-
tial oil of rosemary leaves, used in the preservation of food to
inhibit microbial contamination and dissemination [8].
Another example is that barks of the cashew tree have shown
a considerable bactericidal effect due to the presence of
tannins [9].

Apart from antimicrobial agents, the pursuit for safe
natural antioxidants that can be beneficial to the human
health and can replace those of the synthetic origin is of inter-
est to the scientific community [10]. The plant kingdom is a
valuable source of bioactive and phytochemical compounds.
Furthermore, the adequate consumption of fruits and vegeta-
bles is directly related to the reduced risks of diseases due to
the amount of health-beneficial antioxidants present in such
plants [11].

The oxidative stress, which occurs in cells, in general, can
be combated by antioxidants since they hold oxidation
stability and therefore prevent the formation of reactive
species of oxygen and nitrogen. Reactive oxygen species such
as superoxide radicals, hydroxyl radicals, and hydrogen per-
oxide may favor the development of diseases such as cancer,
cardiovascular disorders, aging, and degenerative diseases. In
contrast, the consumption of natural antioxidants, such as
polyphenol-rich foods, fresh fruits, and vegetables, can coun-
teract the oxidative degradation of free radicals [12, 13]. In
this context, we can highlight 3 plants (caju, cajui, and pequi)
which are widely used in cooking and in traditional Brazilian
medicine, mainly in the north, northeast, and central west
regions of the country. Cashew nut and its byproducts have
several industrial and biological properties such as antioxi-
dant and antimicrobial activities. There are 11 different
species in the genus Anacardium, in which the Anacardium
occidentale L. (cashew) is the most common in Brazil, espe-
cially in the north and northeast regions. This pseudofruit
is juicy and rich in vitamin C (200mg/100 g of juice) [14].

Anacardium microcarpum (cajui) is widely used in tradi-
tional folk medicine for the treatment of inflammation, rheu-
matism, tumors, and infectious diseases. The extracts can
hold potential antioxidant agents that modify the oxidation
states of cells [15]. Caryocar brasiliense C. (pequi) is a native
plant of the Cerrado biome, and it is well distributed in the
north and midwest regions of the country. The fruit has
carotenoids with an antioxidant activity and is a precursor
of vitamin A [16]. It demonstrates a strong potential for sus-
tainable exploration, since the fruit is fairly rich in a nutri-
tional and functional point of view, presenting sensory
properties such as color, aroma, and a distinctive flavor
compared to other fruits, besides having a pleasant taste [17].

Some clinical and preclinical studies have attempted to
demonstrate the antioxidant and antimicrobial effect of plant
compounds and their derivatives. However, this hypothesis
may not always be confirmed mainly due to the comprehen-
sive methodological variations involving the obtaining of the
compounds, the therapeutic schemes, and the mechanisms of
action. However, it is important to search for new data from
various studies in order to clarify the aforementioned
discrepancies. In this context, the systematic review is a pow-
erful tool that incorporates the variability among the studies
and allows obtaining of an overall estimate of the use of plant
extracts (cashew, cajui, and pequi) with antioxidant and anti-
microbial properties. Moreover, a systematic review, unlike
the widely used narrative reviews, has never been carried
out before and might provide us with reliable and solid new
evidence on whether or not crude extracts and fractions of
cashew, cajui, and pequi could be beneficial in antioxidant
and antimicrobial defense mechanisms. Based on the latter,
our systematic review has been developed to present the
results of tests with extracts of parts of the following plant
species: Anacardium occidentale L., Anacardium microcar-
pum, and Caryocar brasiliense C. The hypothesis is that these
species contain substances that are beneficial to the human
health and could be appropriately used by the population,
replacing synthetic products and expanding the National
Policy on Integrative and Complementary Practices in
Health (PNPIC) of the Brazilian Unified Health System
(SUS). The results can then lead to a greater discussion and
provide interest to the pharmaceutical industry in reducing
the high costs of producing and purchasing synthetic
substances [18].

2. Methodology

2.1. Literature Research. The studies included in this review
have been selected using the following databases: PubMed/
Medline, Virtual Health Library (BIREME, LILACS, and
SciELO), and Science Direct. The descriptors used were
“pequi,” “pequi antioxidant,” “antimicrobial pequi,” “Caryo-
car brasiliense,” “Caryocar,” “caju antioxidant,” “cajui anti-
oxidant,” “bacteria caju,” “caju antimicrobial,” “cashew,”
“Anacardium occidentale,” “cajui,” and “Anacardium micro-
carpum.” The original studies used in this review covered
the period from 2006 to 2016. This time period can be justi-
fied by the limited number of specific studies conducted in
recent years and their relevance. Classic articles on the topic
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and the others resulting from a reverse search were also
selected. Only articles published in English, Portuguese, and
Spanish have been included. However, studies that focused
on toxicity, wound healing, anti-inflammation, chemical
characterization, prebiotic, genotoxic, antidiabetic, gastro-
protective, and cardiovascular diseases have been eliminated.
Reviews, comments, and notes as well as unpublished studies
have not been considered. The studies have been selected
based on the inclusion criteria indicated below:

(i) Studies reporting the effect of antioxidant and anti-
microbial of crude extracts, fractions, and metabolite
isolated of the cashew tree (Anacardium occidentale
L.), cajui (Anacardium microcarpum), and pequi
(Caryocar brasiliense C.) in the animal model

(ii) Studies in vitro, reporting the effect of antioxidant
and antimicrobial of crude extracts, fractions, and
metabolite isolated of the cashew tree (Anacardium
occidentale L.), cajui (Anacardium microcarpum),
and pequi (Caryocar brasiliense C.)

2.2. Extraction and Data Management. For abstract selection,
three independent reviewers (BAB, BJ, and PMC) have
selected studies based on the title and abstract analysis. In
case of disagreement, a fourth reviewer (GRV) would decide
whether the study met the inclusion and exclusion criteria. In
order to eliminate subjectivity in the data collection and
selection process, the information has been independently
extracted by both reviewers (BAB and PMC) and analyzed
separately. Data from each study has been extracted and tab-
ulated using standardized information, such as features of the
publication (author, country, and year), plant (plant family,
species, and popular name and part used), test conducted,
type of analysis, test dosage, animal model, number of ani-
mals, sex, and type of extract used. When the reviewers faced
some kind of difficulty in extracting the data or in obtaining
the studies, the authors would be contacted by e-mail to
provide the necessary information. Subsequently, the data
has been compared, and the conflicting information was
identified and corrected through discussion in order to reach
consensus among the reviewers.

3. Results and Discussion

The initial search generated 425 studies out of which 325
were assigned to the descriptor cashew, 24 for cajui, and 76
for pequi. Studies that have not met the previously defined
criteria were disregarded. The articles that did not report
antioxidant and/or antimicrobial activity, those related only
to popular knowledge, without relevance and literature
reviews, were of 392. A total of 32 articles were included at
the end of the analysis; other 24 studies performed tests for
antioxidant action, 13 ran tests for antimicrobial action,
and 5 articles conducted both tests. The Brazilian states that
carried out the studies were Ceará (10 studies), Minas Gerais
(8 studies), Goiás (1 study), the Federal District (3 studies),
Paraíba (2 studies), Mato Grosso (1 study), and Piauí
(1 study). Some other studies have also been found in Mexico
(1 study), the United States (1 study), Malaysia (1 study),

Cuba (1 study), and Africa (2 studies). The exclusion of
articles can be justified because they investigate different lines
of research from the scope of this study (study flow diagram,
shown in Figure 1).

Considering the results shown above, it can be observed
that although some countries report the therapeutic use of
these extracts, it is in Brazil that most of the works are
specific, reporting the beneficial effects of these 3 species to
the human health. Possibly this fact can be justified by the
regular use of these plants in traditional Brazilian cooking.
From this, there are reports in the population of a possible
therapeutic power of these extracts, acting mainly through
antioxidant, antimicrobial, and regenerative properties. Cur-
rently, one of these plants (A. occidentale) is already listed in
the National Program of Medicinal Plants and Herbal
Medicine of the country’s unique health system for therapeu-
tic purposes. Considering the similar characteristics of the
three extracts, we believe that it will be a matter of time for
the other two species (A. microcarpum and C. brasiliense)
to be also added to this list. Furthermore, these 3 plant
species have a number of total phenolic compounds as
flavonoids, anthocyanins, and tannins [15, 19, 20], which
are therapeutically recognized in the treatment of several
conditions, such as cancer, cardiovascular diseases, aging,
and neurodegenerative illnesses. Epidemiological studies
have suggested that the consumption of natural antioxidants
such as vitamins, flavonoids, anthocyanins, and other pheno-
lic compounds has protective effects against the previously
mentioned diseases [13, 21, 22]. The interventions with
herbal and phytotherapeutic plants take place in the primary
health care setting. The practice of phytotherapy involves the
interaction between knowledge, multiprofessional efforts in
health care, prevention, and health actions (Table 1). The
results of our work suggest a growing interest for natural
products of plant origin in recent years, mainly due to the
use of these compounds in health care and prevention
(Tables 1 and 2). Several studies have reported relevant
results mainly in combating oxidative stress and antimicro-
bial action. These results highlight the importance and
relevance of popular knowledge in the treatment of human
diseases using phytotherapies. In 2009, the Ministry of
Health made an available list of 71 medicinal plants, which
comprise the National Register of Medicinal Plants of
Interest to the Unified Health System (RENISUS), being its
purpose to boost the generation of products for use mainly
in the basic health care setting through the development of
the entire productive chain related to the regulation, cultiva-
tion, management, production, marketing, and distribution
of medicinal plants and herbal remedies.

Our results showed that 27 studies conducted in vitro
antioxidant tests using different methodologies, the DPPH
(2-diphenyl-1-picrylhydrazyl) being the most common
followed by ABTS (2,2′-azino-bis-3-ethylbenzothiazoline-6-
sulfonic acid) (Figure 2).

The supercritical CO2 extraction system consists of a
heated extraction column, CO2 and cosolvent pumps, a ther-
mostatic bath, and a pressure gauge, which is a nonpolluting
method for extracting plant products. In addition to its
low toxicity and environmental impact, supercritical CO2
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extraction replaces conventional extraction methods using
organic solvents that require numerous purification pro-
cesses to remove chemical contaminants [10]. Assays such
as β-carotene, FRAP, and xanthine have been poorly used
probably because they result in difficult numbers to com-
pare, since there is no universal method capable of accu-
rately measuring the antioxidant capacity of all samples.

The determination of the minimum inhibitory concen-
tration in microplate wells was the method most frequently
adopted. The antimicrobial test most used was the minimal
inhibitory concentration followed by the agar diffusion test
and antiseptic test (Table 3). Our results also showed that
among the markers of oxidative stress, the most frequent
analysis was of thiobarbituric acid markers (TBARS),
followed by oxygen radical absorbance capacity (ORAC),
total antioxidant capacity (TAC), xanthine oxidase, and anal-
yses of antioxidant enzymes superoxide dismutase (SOD)
and catalase (CAT). Basically, the results showed that
cashew, cajui, and pequi extracts decreased the production
of TBARS in tissues by increasing the total antioxidant
capacity and accelerating the formation of hydrogen perox-
ide (H2O2) from molecular oxygen (O2

−) by SOD action
and also by accelerating the decomposition of H2O2 by
CAT forming water.

Most of the analyzed studies performed in vitro activities
to demonstrate the antioxidant and antimicrobial potentials
of cashew, cajui, and pequi extracts. The tested doses varied
substantially, which calls the obtained results into question.
Apart from that, there seems to be a lack of information to
explain the potential benefits of these extracts to the human

health [45]. Another issue that should also be taken into
consideration is the significant variation in the reported
results using different parts of the plants such as fruits,
oils, leaves, and barks. The tests for cashew, cajui, and
pequi showed that all parts of the plants offer a therapeutic
potential when it comes to antioxidant and antimicrobial
activities, pointing out the possibilities for developing thera-
peutic products of plant origin, thus stimulating new
research and increasingly consolidating the use of plants that
display therapeutic features.

Our study demonstrated that 12 articles have performed
tests to assess the antimicrobial effect of different parts of
the plants. According to da Silva et al. [40], the hydroalco-
holic extract of the cashew tree bark, in varied doses, was
effective in avoiding the proliferation of Staphylococcus
aureus. Studies have shown that even in small doses, the tan-
nins present in the cashew tree bark are effective in inhibiting
the proliferation of this bacterium [9, 19]. The effects of these
extracts on other bacteria such as Pseudomonas aeruginosa,
Escherichia coli, and Streptococcus spp. have also been ana-
lyzed, and the results showed that cajui and pequi extracts
inhibited the proliferation of such bacteria [38]. This activity
was related to the high concentration of flavonoids, tannins,
and alkaloids present in the extracts [42]. Similarly, the
variations in the results can be justified by the different
concentrations of these compounds in different parts of the
plants, like leaves, barks, and essential oils [34]. This growing
need to discover new natural antibiotics simultaneously
arises from the ever increasing resistance of these bacteria
to the most common antimicrobials, such as penicillin.

PubMed
23 Caryocar

57 Anacardium

Bireme
16 Caryocar

23 Anacardium

Articles found on
Anacardium

349

Articles found on
Caryocar

76

Excluded by summary
and title
278

Identified through databases
425

Excluded for not being
relevant to the subject
111

Included studies
32

Excluded for presenting
studies of popular
knowledge
4

Science Direct
37 Caryocar

269 Anacardium

Toxicity; wound
healing; anti-
inflammatory;
chemical
characterization;
prebiotic;
genotoxic;
antidiabetic;
gastroprotective;
cardiovascular
diseases

Figure 1: The flow diagram report of the systematic review literature search results.
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Therefore, the development of alternative plant-based
drugs is urgent and essential in the fight against microbial
agents [46].

In our study, 16 articles showed the antioxidant action of
the extracts after analyzing leaves, fruits, fibers, and oils
obtained from cashew, cajui, and pequi. For dos Santos
et al. [21], the cashew extract serves as an electron donor, act-
ing as a primary antioxidant that accelerates the passage of
electrons, quickly stabilizing molecules. The cashew peduncle
extract was used to evaluate the formation of TBARS in the
liver, plasma, and brain to determine the lipid peroxidation
level in the tissue. The results showed an 80% decrease in
the formation of malondialdehyde and a 95% increase in
total antioxidant capacity. Interestingly enough, cashew
peduncles are usually disposed of and, due to that, it is one

of the least valued parts of the fruit. Perhaps, it could
represent a low-cost alternative in the production of new
medicines in the future [12]. Another antioxidant function
attributed to the cashew extract is the increase in the activity
of SOD and CAT antioxidant enzymes and, consequently, a
decrease in lipid peroxidation, reducing damages to cell
membranes [29].

However, it is clear that the results vary according to the
part of the plant studied. For instance, when using the DPPH
technique for radical elimination activity, it has been
observed that cashew fruits have a high antioxidant power,
which can vary according to the place they were cultivated
[28]. Anacardic acids and cardanol extracted from the
cashew oil did not inhibit lipid peroxidation, probably
because they do not possess the ability to donate the hydro-
gen atom to the peroxy radical, derived from the free fatty
acid. Nevertheless, the anacardic acid inhibited the formation
of superoxide anions and the ability of various enzymes
involved in promoting free radicals in the tissue [26]. The
antioxidant power of the leaves (TAC) was measured
through the FRAP technique (phosphomolybdenum and
ferric reducing antioxidant power techniques). The microbi-
cide test with bacteria and fungi showed little effectiveness
against bacteria activity and no effectiveness against fungi,
with better results for gram-negative bacteria [23]. Cashew

Results
antioxidant
tests

DPPH

ABTS

TAC

β-Carotene-linoleate

TBARS
in vivo/in vitro

SOD and
CAT

FRAP

Xanthine 12; 13; 20; 24;
25; 28; 31; 32;
35; 37; 38; 39

15; 21; 23; 26;
34
⁎
⁎
⁎

37

23
24; 30; 35

12
; 2

2;
 4

4 29
⁎

14; 21; 26

33
; 44

10
⁎
⁎ ; 15

; 35 13; 27; 30 31, 37
23

22; 28; 34 ⁎
⁎
⁎; 37

29
; 33

⁎

Figure 2: Antioxidant tests used from extract, fractions, oils, and supercritical carbon dioxide (∗Anacardic acids; ∗∗Supercritical CO2;
∗∗∗Oil;

solid arrows = crude; dashed arrows = fractions).

Table 3: Antimicrobial test used in the studies of cashew, caju, and
pequi extracts.

Test References

Minimal inhibitory concentration [9, 10, 23, 32, 38, 40, 42, 43]

Agar diffusion test [19, 23, 32, 34, 38, 41, 43, 44]

Antiseptic test [10]
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nut bran was also evaluated in different stages, raw and
cooked, by Soares et al. [31], using DPPH and ABTS. When
comparing the different stages of bran, they observed that
the raw kind presents the greatest antioxidant activity.
Cashew fruit and nuts have been evaluated by the hypoxan-
thine/xanthine oxidase test, and they demonstrated high
antioxidant capacity with 100% inhibition obtained by the
liquid extract of the nut and 94% inhibition by the fiber.
The anacardic acids had the highest antioxidant activity
when compared to cardol and cardonol. Anacardic acids
present in large quantities in the cashew fibers (residue of
cashew nut extraction) can be utilized for the production of
chemopreventive substances and protectors of DNA damage
instead of being disposed of [14]. Breda et al. [43] have
observed that extracts of the fruit peels and leaves of pequi
displayed antifungal activity against several species of fungi,
with better efficiency observed in the peel extracts. This
difference can be justified by the presence of phenolic
phytochemicals in a greater amount in the fruit peels.

In the case of pequi, Morais et al. [37] have observed that
the mesocarp acts as a radical collector, providing a reduction
of Fe+3 when compared to other plants such as Cipocereus
minensis, Solanum lipocarpo, and Byrsonina verbascifolia.
The antioxidant activity of the pequi leaf is comparable to
the ones found in isolated compounds of rutin and vitamin
C [38]. For de Pinho et al. [44], the pequi oil stimulated the
antioxidant defense system, increasing the activity of antiox-
idant enzymes SOD, CAT, and glutathione peroxidase (GPX)
after the induction of lipid peroxidation by CCl4 application.
According to Khouri et al. [35], the fruit extract reduced
hydroxyl radicals, inhibiting Fenton’s reagent, an important
way to form free radicals in tissues. Our results show that
any part of the plant used has a high antioxidant power, by
acting positively in all ways of forming free radicals and
stimulating antioxidant defense systems. Breda et al. [43]
have observed that extracts of the fruit peels and leaves of
pequi presented antifungal activity against several species of
fungi, with better efficiency observed in the peel extracts. This
difference can be justified by the presence of phenolic
phytochemicals in a greater amount in fruit peels.

4. Limitations

Although our systematic review represents a proposal to
compile and critically analyze the evidence on the applicabil-
ity of plant derivatives (cashew, cajui, and pequi) as an
antioxidant and antimicrobial, a limitation of the results
should be considered. Our sampling frame was based on a
specific number of databases. Thus, some articles may be
not recovered due to the boundaries applied in the search
strategy, as well as limitations in algorithms adopted in the
search interfaces of each database. These aspects directly
affect the sensitivity and specificity of the search strategy,
which may have contributed to identify key articles. We
attempted to reduce these limitations by screening the ref-
erence lists of all articles, which are not limited to data-
bases or any keyword-based search model. In addition,
most of the studies were identified to be conducted in

the same country, Brazil, which may be related to the
failure in searching for studies.

5. Conclusion

The parts of pequi and cashew trees can be used to treat infec-
tious diseases caused by bacteria and fungi and to fight free
radicals. The DPPH technique was the most utilized, and it
demonstrates that, along with other techniques, the extracts
show a satisfactory antioxidant power and in vivo actions that
provide protection from oxidative processes. The isolated sec-
ondary metabolites suggest better antioxidant activity in rela-
tion to the crude extract, such as anacardic acids from cashew.
The ethyl acetate fraction suggests having the best antioxidant
and bactericidal action. The antimicrobial activities of the
extracts in bacteria and fungi proved their efficiency, primar-
ily for minimum bactericidal concentration testing. The
studies mostly used crude extracts. However, the isolated
secondary metabolites may have more potent antioxidant
and microbicidal action. Based on this, we believed that
researches on actions of cashew, cajui, and pequi are impor-
tant for the treatment of populations, mainly for reducing
costs and increasing the therapeutic spectrum. Furthermore,
the use of herbal medicines can also arouse the interest of
the industry, adding new value to the pharmaceutical market.
However, the absence or incomplete characterization of the
models, experimental groups, treatment protocols, phyto-
chemical screening, and toxicity analysis of the plant products
impairs the internal validity of the individual studies.
Together with these limitations, contradictory results based
on heterogeneous studies of the same plant species compro-
mise the external validity of the evidence, making it difficult
to translate data into clinical practice, as well as the relevance
of the plant species as potential biotechnological targets in the
development of new drugs.
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Dysfunction of endothelial progenitor cells (EPCs) contributes to cardiovascular complications in diabetes, and resveratrol has been
shown to improve EPC functions. Syndecan-4 (Synd4), a cell surface heparin sulfate proteoglycan, has been shown to promote
neovascularization. Thus, the present study was performed to determine whether resveratrol promoted angiogenesis of EPCs by
regulating Synd4. Late EPCs were isolated from human peripheral blood and stimulated with AGEs. Western blot showed that
AGEs induced Synd4 shedding in a dose- and time-dependent manner. AGE-induced Synd4 shedding was partly reversed by
NAC or resveratrol, along with normalized ROS production. Overexpression of Synd4 or pretreatment of resveratrol reversed
AGE-impaired tube formation of EPCs and regulated the Akt/eNOS pathway. Furthermore, resveratrol suppressed Synd4
shedding via the inhibition of oxidative stress and improved tube formation of late EPCs via the regulation of the Synd4/Akt/
eNOS pathway.

1. Introduction

Cardiovascular complications represent the principal course
of morbidity and mortality in diabetes mellitus (DM) [1].
Several studies have demonstrated that an impaired endothe-
lial function was a critical factor for the development of
diabetic cardiovascular complications [2–4]. Endothelial
progenitor cells (EPCs) are a subset of bone-marrow-
derived cells contributing to neovascularization and reendo-
thelialization in various diseases [5]. EPCs contain two types
of cells (early EPCs and late EPCs). Early EPCs are generated
in 7 days and exhibit high-cytokine release. The long-term
culture of “early EPCs” yielded colony-forming units with a
more mature endothelial cell phenotype and a capacity to
form vascular networks, which were named “late EPCs” [6].
Several studies have indicated impaired tube formation of
EPCs in diabetes [7, 8], however, the underlying mechanisms
remain unclear.

Syndecan-4 (Synd4), one member of the syndecan fam-
ily, is a transmembrane heparin sulfate proteoglycan (HSPG)
in various cells. There is widespread agreement that Synd4
mediates many signaling pathways as a coreceptor for some
growth factors [9]. However, extracellular domains of Synd4

(ext-Synd4) may be released into the serum via proteolytic
cleavage under some conditions including diabetes, which
is a process known as shedding [10, 11]. In recent years,
Synd4 has become increasingly attractive as a critical regula-
tor in angiogenesis [11, 12]. However, few attempts have
been made to investigate the role of Synd4 in the angiogene-
sis of EPCs and there are few effective methods to prevent
Synd4 shedding.

Resveratrol, an antioxidant, has been shown to amelio-
rate oxidative stress-induced complications associated with
diabetes [13]. Several studies have demonstrated that
resveratrol improved EPC functions in vitro [14, 15].
However, the underlying mechanisms have yet to be eluci-
dated. Here, the present study was carried out to explore
the effect of resveratrol on Synd4 shedding and tube for-
mation in AGE-induced EPCs.

2. Methods

2.1. Isolation and Characterization of Late EPCs. All
experiments were performed following an institutionally
approved protocol in accordance with the Medical Ethics
Committee of Drum Tower Hospital affiliated to Nanjing
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University Medical School. Late EPCs were isolated from
healthy volunteers as previously described [16]. Briefly,
mononuclear cells were isolated from peripheral blood by
density gradient centrifugation. Then, the cells (Figure 1(a))
were supplemented with endothelial cell growth medium-2
(EGM-2) (Lonza) composed of endothelial cell basal
medium-2 (EBM-2), 5% fetal bovine serum, and growth fac-
tors. The medium was changed every 3 days during the
period. Two to 3 weeks later, late EPCs appeared and
showed cobblestone-like morphology (Figure 1(b)). West-
ern blot showed eNOS expressions in late EPCs as well
as in endothelial cells (Figure 1(c)). The cells were charac-
terized by the uptake of a 1,1-dioctadecyl-3,3,3,3-tetra-
methylindocarbocyanine-labeled low-density lipoprotein
(Dil-acLDL; Molecular Probes) and by binding to
fluorescein-isothiocyanate-conjugated lectin (FITC-Lectin;
Sigma-Aldrich) as previously described [16] (Figure 1(d)).
In addition, the cells were detected by immunocytochemis-
try using FITC-CD34 (progenitor cell marker, BD Biosci-
ences) and allophycocyanin-KDR (endothelial marker,
APC-KDR, R&D Systems) and DAPI was used to stain
nuclei (Figure 1(e)). Furthermore, flow cytometry was used
to determine the expression of the progenitor cell marker
CD34 (BD Biosciences), endothelial marker KDR (Caltag
Laboratories), and leukocyte marker CD45 (R&D Sys-
tems). As shown in Figure 1(f), late EPCs were positive
for CD34 and KDR, and negative for CD45.

2.2. Western Blot. Cell protein was extracted in a cell lysis
buffer in the presence of a 0.1% protease inhibitor (Sigma-
Aldrich). Protein concentration was detected by a BCA pro-
tein assay kit (Pierce) according to the manufacturer’s
instructions. After being mixed with a loading buffer in boil-
ing water, equal proteins were separated through SDS-PAGE
and transferred to PVDF membranes. Then, the membranes
were blocked with 10% milk and incubated with primary
antibodies at 4°C overnight including β-actin (1 : 2000, Santa
Cruz Biotechnology), Synd4 (1 : 500, LifeSpan BioSciences),
pAkt (1 : 1000, Cell Signaling Technology), Akt (1 : 1000, Cell
Signaling Technology), peNOS (1 : 1000, Cell Signaling Tech-
nology), and eNOS (1 : 1000, Cell Signaling Technology).
After being washed with PBST, the membranes were incu-
bated with an appropriate secondary antibody conjugated
to HRP (1 : 1000, Bioworld). The reactions were detected by
chemiluminescence reagents and images were gained by
exposure to films.

2.3. Measurement of ROS Production. Here we measured
intracellular ROS production in late EPCs using the fluo-
rescent probe 2′-7′-dichlorofluorescin diacetate (DCFH-
DA; Sigma-Aldrich). After the medium was removed, late
EPCs were incubated with 5μmol/l of the DCFH-DA
probe in serum-free media at 37°C for 30min. The level
of intracellular ROS genesis was examined under a fluores-
cence microscope.

2.4. Tube Formation.Matrigel was used to detect tube forma-
tion of late EPCs. The cells were added to a 96-well plate pre-
coated with Matrigel (BD Biosciences). 12 hours later, the

enclosed networks of tubes from six random high-power
microscope fields were examined under a microscope.

2.5. Recombinant Adenoviral Infection of EPCs. Construction
and preparation of recombinant adenoviruses were intro-
duced previously [12]. When late EPCs reached approxi-
mately 70% confluence in fresh serum-free medium, they
were transiently transduced with adenovirus overexpressing
Synd4 (ad Synd4) or adenovirus with no Synd4 (ad null) at
multiplicities of infection (MOI) of 80.

2.6. Statistics. Statistical analysis was conducted using SPSS
software. All experiments were replicated at least three times
independently. The data were represented as means± SEM.
Comparisons of results between two groups were evaluated
by Student’s t-test, multiple group comparisons were done
with one-way ANOVA, and a P value of 0.05 was considered
as the significance threshold.

3. Results

3.1. Culture and Characterization of Late EPCs from Human
Peripheral Blood. Monocytes were isolated from human
peripheral blood (Figure 1(a)), and the cultured cells, which
were named “late EPCs”, displayed a characteristic cobble-
stone morphology two weeks later (Figure 1(b)). Meanwhile,
Western blot showed that endothelial nitric oxide synthase
(eNOS), abundantly expressed in endothelial cells, was
expressed in both HUVECs and EPCs (Figure 1(c)). To iden-
tify the purity and phenotype of EPCs, the cells were charac-
terized by immunofluorescence. Most adherent cells (>90%)
took up Dil-acLDL and were labeled with FITC-Lectin
(Figure 1(d)). Figure 1(e) showed that the characterized EPCs
were proved by double staining with CD34 (stem cell
marker) and KDR (endothelial cell lineage antigen). Further-
more, the cells were characterized using flow cytometry. Late
EPCs expressed CD34 and KDR, but not the leukocyte
marker CD45 (Figure 1(f)).

3.2. AGEs Induced Synd4 Shedding in Late EPCs. To investi-
gate the role of AGEs on Synd4 shedding, EPCs were incu-
bated with 0–400μg/ml of AGEs for 24 hours. As shown in
Figure 2(a), AGEs elicited a dose-dependent decrease in
Synd4 expressions. In addition, treatment with AGEs at a
dose of 100μg/ml reached a significant difference. As a con-
trol, BSA had no effect on Synd4 expressions (Figure 2(b)).
EPCs were then incubated with 100μg/ml of AGEs for
0–48 hours, and it was observed that treatment of EPCs
with AGEs for 24 hours had a most robust effect on
Synd4 shedding (Figure 2(c)). Thus, EPCs stimulated with
100μg/ml of AGEs for 24 hours were selected in subse-
quent experiments.

3.3. Resveratrol Attenuated AGE-Induced Synd4 Shedding
via the Regulation of Oxidative Stress and sirt1 Expression
in Late EPCs. In this section, we undertook the current
study to explore how resveratrol regulated AGE-induced
Synd4 shedding in late EPCs. As illustrated in Figure 3(a),
resveratrol treatment had a tremendous beneficial effect in
terms of inhibiting Synd4 shedding in AGE-induced EPCs.
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Furthermore, resveratrol partially abolished Synd4 shed-
ding induced by AGEs and attenuated AGE-induced
ROS production in late EPCs (Figures 3(b) and 3(c)).
AGE-mediated Synd4 shedding was attenuated in late
EPCs by pretreatment of NAC, an inhibitor of ROS

production (Figure 3(b)). As previous reports have shown
the critical role of sirt1 in AGE-induced EPCs and resver-
atrol has been considered as an activator of sirt1, we asked
whether resveratrol inhibited Synd4 shedding via the regu-
lation of sirt1. The results showed that the inhibition of
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Figure 1: Characterization of late EPCs by a light microscope, Western blot, fluorescence microscope, and flow cytometry. (a) MNCs were
isolated and plated on a culture dish on the first day. Bar = 100 μm. (b) Morphology of late EPCs in culture 14 days later. Bar = 100μm. (c)
Expressions of eNOS in HUVECs and late EPCs were detected by Western blot, and HUVECs were used as positive controls. (d) Cultured
late EPCs stained with DAPI (blue), Dil-acLDL (red), and FITC-Lectin (green). Bar = 10 μm. (e) Late EPCs were identified by
representative markers including CD34 and KDR. Bar = 25μm. (f) Flow cytometric analysis of late EPCs after immunolabelling with
CD34, KDR, and CD45.
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Synd4 shedding of resveratrol was abrogated by pretreat-
ment with Ex527, an inhibitor of sirt1, suggesting that res-
veratrol mediated the amelioration of Synd4 shedding via
the activation of sirt1 (Figure 3(d)).

3.4. Overexpression of Synd4 or Treatment with Resveratrol
Reversed AGE-Induced Impaired Tube Formation of Late
EPCs. In this section, as depicted in Figure 4, overexpres-
sion of Synd4 improved the impaired tube formation
upon stimulation of AGEs. Furthermore, the effect of
Synd4 was mimicked by resveratrol treatment, suggesting
that the stimulatory effect of resveratrol on capillary-like
tube formation might be partly mediated by suppressing
Synd4 shedding.

3.5. Overexpression of Synd4 Activated Akt and eNOS. Early
reports have demonstrated the contribution of the Akt/
eNOS pathway to tube formation, and Synd4 was consid-
ered to regulate Akt activation in endothelial cells, so we
assessed phosphorylation of Akt and eNOS with overex-
pressing Synd4. As shown in Figure 5(a), late EPCs trans-
fected with adenovirus containing the Synd4 gene (ad
Synd4) displayed higher Synd4 expressions compared to

control. However, it was similar between control late
EPCs and those cells transfected with control adenovirus
(ad null). In addition, we found an upregulation of Synd4
followed by an increased expression of pAkt/Akt and
paralleled by increased activation of eNOS in late EPCs
overexpressing Synd4 (Figure 5(b)).

3.6. Resveratrol Inhibited Inactivation of the Akt/eNOS
Pathway Induced by AGEs in Late EPCs. Since we had
previously reported that Synd4 overexpression induced
its downstream proteins, we hypothesized that resveratrol
regulated the Synd4/Akt/eNOS pathway in AGE-induced
late EPCs. To test this hypothesis, we first detected
phosphorylation of Akt/eNOS in late EPCs incubated
with different concentrations of AGEs. As depicted in
Figures 6(a) and 6(b), AGEs elicited a dose-dependent
decrease in phosphorylation of Akt/eNOS. However, the
stimulatory effect of AGEs on late EPCs was partly abol-
ished by pretreatment with resveratrol (Figures 6(c) and
6(d)), corroborating the notion that resveratrol regulated
AGE-induced Synd4 shedding in late EPCs and its
downstream proteins.
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Figure 2: AGEs downregulated Synd4 expressions in late EPCs. (a) Effect of different AGE concentrations on the expression of Synd4 in late
EPCs. (b) Effect of different BSA concentrations on the expressions of Synd4 in late EPCs. (c) Effect of 100 μg/ml of AGEs on the expressions
of Synd4 in late EPCs for different times. N = 3, ∗p < 0 05 versus the control group; ∗∗p < 0 01 versus the control group.
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4. Discussion

Here we showed for the first time that resveratrol normalized
AGE-induced impaired tube formation of EPCs via the
regulation of the Synd4/Akt/eNOS pathway. Furthermore,
resveratrol ameliorated Synd4 shedding in AGE-induced
EPCs via the inhibition of oxidative stress (Figure 7).

Synd4 is a transmembrane HSPG that is expressed in
many cells including endothelial cells. Synd4 can selectively
bind to various matrix components and growth factors,
and may facilitate important biological activities [9]. In
addition to endothelial cells, Synd4 was mainly expressed
in late EPCs in this study as Western blot analysis showed

expressions of Synd4 in cell lysate. It was well established
that the ectodomain of Synd4 was constitutively shed in
various cells as normal turnover, but was accelerated in
response to some pathophysiological conditions including
diabetes [10, 11, 17]. Importantly, we showed that the
ectodomain of Synd4 was significantly downregulated by
AGEs in late EPCs, suggesting that Synd4 shedding on
late EPCs was an important pathological phenomenon
in diabetes.

Oxidative stress has been considered to have a critical
role in the development of cardiovascular complications of
diabetes, and antioxidative agents have been shown to pre-
vent diabetic complications [18]. Here, it was observed that
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Figure 3: Resveratrol mimicked the effect of NAC on Synd4 shedding in AGE-induced late EPCs. (a) Resveratrol attenuated the shedding of
Synd4 in AGE-induced late EPCs. (b) Both resveratrol and NAC inhibited Synd4 shedding in AGE-induced late EPCs. (c) Resveratrol
attenuated ROS production in late EPCs induced by AGEs. (d) Treatment with Ex527 reversed the effect of resveratrol on AGE-induced
Synd4 shedding from late EPCs. N = 3. NS, no significant difference between groups. ∗p < 0 05 between two groups, ∗∗p < 0 01 between
two groups.
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Figure 4: Effect of resveratrol on tube formation in AGE-induced late EPCs. (a) Light microscopic images of the tube formation in different
groups. (b) Analysis of tube formation in different groups. ∗∗p < 0 01 between two groups. n = 5, bar = 100μm. Ad null, adenoviral constructs
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Figure 5: Overexpression of Synd4 promoted the activation of the Akt/eNOS pathway. (a) Western blot analysis of Synd4 in late EPCs
transfected with adenovirus containing the Synd4 gene (ad Synd4) or control adenovirus (ad null). (b) Effect of Synd4 overexpression on
the activation of the Akt/eNOS pathway. NS, no significant difference between groups. ∗p < 0 05 between groups, ∗∗p < 0 01 between groups.
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AGE-induced Synd4 shedding was attenuated by NAC, an
antioxidative agent. It suggested that AGEs induced Synd4
shedding in late EPCs via oxidative stress. Furthermore, res-
veratrol, an antioxidative agent, mimicked the effect of NAC,
indicating that resveratrol prevented AGE-induced Synd4
shedding in late EPCs via the inhibition of oxidative stress.
Taken together, the data showed that resveratrol reversed
AGE-induced Synd4 shedding from late EPCs partly via the
inhibition of oxidative stress.

sirt1, a mammalian homologue of sir2, was shown to
prevent oxidative stress in diabetes [16, 19]. In the current
investigation, we demonstrated that AGE treatment signif-
icantly decreased expressions of sirt1 in late EPCs, while
resveratrol, an activator of sirt1, normalized the downreg-
ulated sirt1 expressions. Recently, we have found that
resveratrol treatment inhibited AGE-induced p66shc
expressions in late EPCs, but the effect disappeared when
AGE-stimulated late EPCs were pretreated with Ex527,

an antagonist of sirt1 [16]. Here, the effect of resveratrol
on Synd4 shedding was partly reversed by pretreatment
with Ex527, suggesting that resveratrol attenuated AGE-
induced increased Synd4 shedding in late EPCs via the
upregulation of sirt1. Thus, a conclusion is drawn that res-
veratrol may inhibit Synd4 shedding from late EPCs via
the regulation of the sirt1/ROS pathway.

Several studies have demonstrated that Synd4 contributed
to endothelial tubulogenesis [12, 20, 21]. Inhibition of Synd4
was shown to attenuate endothelial angiogenesis in HUVECs
[20]. Similarly, sustained Synd4 overexpression induced neo-
vascularization in vivo and promoted tube formation of
HUVECs in vitro [12, 22]. However, whether Synd4 regulated
tube formation of EPCs was not really understood. In the
present study, AGEs induced Synd4 shedding as well as
impaired tube formation of EPCs, however, overexpression
of Synd4 reversed the dysfunction of EPCs induced by AGEs,
suggesting that Synd4 was partly involved in the angiogenesis
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Figure 6: Reduced phosphorylation of Akt/eNOS induced by AGEs was reversed by treatment with resveratrol. (a) AGEs suppressed
phosphorylation of Akt in a dose-dependent manner in late EPCs. N = 3, ∗p < 0 05 versus control. (b) AGEs suppressed phosphorylation
of eNOS in a dose-dependent manner in late EPCs. N = 3, ∗p < 0 05 versus control, ∗∗p < 0 01 versus control. (c) Resveratrol induced
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of EPCs. Recently, we have found that AGEs impaired EPC
migration via Synd4 shedding [10]. Taken together, these data
lent additional evidence to the hypothesis that diabetes
impaired angiogenesis via the induction of Synd4 shedding
from late EPCs.

It was shown that Synd4 regulated Akt activation via the
recruitment of the mTOR complex 2 (mTORC2) and PDK1/
PAK signaling pathway [23, 24]. eNOS was shown to be a
critical player in angiogenesis and was usually considered as
a downstream protein of Akt. Thus, we detected eNOS
activation in this investigation. In line with a previous study
suggesting increased phosphorylation of eNOS in HUVECs
overexpressing Synd4 [12], we observed that overexpression
of Synd4 in EPCs induced activation of the Akt/eNOS path-
way. It suggested that Synd4 might promote tube formation
of EPCs via the Akt/eNOS pathway.

We can conclude that AGE-induced Synd4 shedding via
oxidative stress accelerates impaired tube formation of late
EPCs in diabetes, and resveratrol improves tube formation
of late EPCs via the regulation of Synd4 shedding and the
Akt/eNOS pathway. Therefore, it may represent a novel
mechanism by which resveratrol prevents diabetes-induced
endothelial dysfunction. However, further progress has been
mired by unresolved questions around Synd4 shedding
induced by oxidative stress, and in vitro studies are war-
ranted to determine the effect of resveratrol in Synd4 shed-
ding and neovascularization in diabetes.
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Kaempferia parviflora (Krachaidum (KD)) is a traditional herbal medicine and has properties that are beneficial for human health.
In the current study, we sought to investigate the anti-inflammatory properties of KD extract (KPE). In mouse skin tissue, UV
light representing solar wavelengths (sUV) increased COX-2 expression, while treatment with KPE reduced this effect. The
anti-inflammatory activity of KPE was confirmed in in vitro models. MAPK signaling pathways were activated by sUV
irradiation, and this was also repressed in the presence of KPE treatment. It is assumed that the anti-inflammatory activity of
KPE is caused by the antioxidative effect. Furthermore, we confirmed the critical role of oxidative stress in sUV-induced COX-
2 expression. We analyzed the polyphenol composition of KPE. Of the polyphenols identified, gallic acid, apigenin, and
tangeretin were identified as the major polyphenols (at 9.31± 1.27, 2.37± 0.14, and 2.15± 0.19μg/mg dry weight, resp.).
Collectively, these findings show that in the presence of sUV irradiation, KD has anti-inflammatory properties and antioxidative
effects in the skin.

1. Introduction

Kaempferia parviflora (Krachaidum (KD)), commonly
known as Thai ginseng, is a member of the Zingiberaceae
family [1]. It has long been used as a popular ingredient
in health tonics in Thailand, where it is locally known as
Kra-chai-dam. It has been reported that the phytochemical
components of KD include flavones, flavonol glycosides, phe-
nolic glycosides, and β-sitosteryl myristate [2]. Various stud-
ies have also reported that KD exhibits anti-inflammatory [3],
antiallergenic [4], antimycobacterial, antigastric ulcer [5],
and antimutagenic activities [6].

Of the various environmental factors that affect the skin,
UV light (the major natural source being sunlight) is the
most important. Solar UV induces photochemical reactions,
which are known to be a major cause of inflammatory skin
lesions and skin cancer [7]. The wavelengths within UV are
divided into three bands: UVA (320–400nm), UVB (280–
320nm), and UVC (200–280 nm) [8]. The UV components

of sunlight that reach the Earth’s surface (daylight UV) are
UVA and UVB (290–400nm). It has been reported that after
UV light irradiation, high concentrations of reactive oxygen
species can be generated, which then induces cell membrane
damage and skin inflammation [9]. As skin cancer has
emerged as a major subject of research efforts, numerous
studies on the protection of skin from the harmful effects of
sunlight have been conducted [9–11].

PGE2 is a widely known prostaglandin (PG) that is known
to play an important role as a mediator of acute inflammation
and as a regulator of immune response [12, 13]. Prostaglan-
din synthesis is promoted by the transcription factor cyclo-
oxygenase (COX). COX exists as two isoenzymes including
COX-1, which is continuously expressed and is involved in
regulating homeostasis-related functions in the body [14],
and COX-2, which is expressed in the presence of stimula-
tory conditions such as inflammation. In addition, the pros-
taglandin generated by COX-2 is known to be involved in
the inflammatory response as well as cell proliferation [15].
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In the current study, we obtained an extract of KD and
investigated its anti-inflammatory effects using in vitro and
in vivo models.

2. Materials and Methods

2.1. Chemicals and Reagents. MTS solution was obtained
from Promega (Madison, WI, USA). Dulbecco’s modified
eagle medium (DMEM), fetal bovine serum (FBS), and
penicillin/streptomycin were purchased from Thermo Fisher
Scientific (San José, CA, USA). Primary antibodies specific
for COX-2, phosphorylated MKK4 (Ser257/Thr261), phos-
phorylated SAPK/JNK (Thr183/Tyr185), phosphorylated
MKK3 (Ser189)/6 (Ser207), phosphorylated p44/p42 ERK1/2
(Thr202/Tyr204), total MKK3, phosphorylated c-Jun (Ser73),
phosphorylated MEK (Ser217/221), phosphorylated p90RSK
(Thr573), phosphorylated p38 (Tyr180/182), and total p38 were
purchased from Cell Signaling Technology (Danvers, MA).
Antibodies against total ERK1/2, total MKK4, total JNK,
and total MEKwere obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).

2.2. Extract Condition. Approximately 1 g of KD powder
sample was obtained from Thanyaporn (Samutprakarn,
Thailand). The powder was mixed with 25mL of 80% (v/v)
EtOH. The soluble components were then extracted in
80°C hot water using a reflux condenser. The extract was fil-
tered through filter paper number 2 (Whatman, Maidstone,
England) and vacuum-concentrated and subsequently dis-
solved in 5mL of distilled water and freeze-dried, for use
as samples for the analysis of antioxidant test.

2.3. UPLC-MS/MS Analysis. The analyses were performed
using an ACQUITY UPLC system (Waters, Miliford,
MA, USA) with ACQUITY UPLC BEH C18 columns
(2.1mm× 100mm, 1.7μm). The mass spectrometer was a
Waters Xevo TQ triple-quadrupole mass spectrometer
equipped with electrospray ionization (ESI) mode. MassLynx
4.1 (Waters) software was used for data processing. The
mobile phase included 0.1% formic acid aqueous solution
(solvent A) and 0.1% formic acid in acetonitrile (solvent B),
and a gradient elution program was performed: 0–10min,
99–70% solvent A; 10–12min, 70–5% solvent A; 12–14min,
5–99% solvent A; and 14–20min, 99% solvent A. The flow
rate was set at 0.65mL/min, and the column temperature
was kept at 40°C, with a total run time of 20min. The auto-
sampler was conditioned at 4°C, and the injection volume
was 5μL. The LC-MS/MS system was operated in negative
ESI mode and scanned using multiple reaction monitoring
(MRM) mode. The voltages for capillary, cone, and collision
energy were set at 2.5 kV, 20V, and 24V, respectively. The
gas flow for desolvation and cone was 800 and 50 L/h, respec-
tively. The source temperature and desolvation gas tempera-
ture were 150 and 400°C, respectively.

2.4. Cell Culture. JB6 P+ and HaCaT cells were cultured in
DMEM supplemented with 10% FBS and 0.1% penicillin/
streptomycin/neomycin at 37°C in a humidified atmosphere
of 5% CO2. Stable transfectants were generously provided
from the Dr. Zigang Dong laboratory in Hormel Institute.

Luciferase reporter-transfected JB6 P+ cells were constructed
as described previously [16].

2.5. Solar UV Irradiation Systems. UVA-340 lamps were
purchased from Q-Lab Corporation (Cleveland, OH). The
UVA-340 lamps provide the best possible simulation of sun-
light in the critical short-wavelength region from 365nm
down to the solar cutoff of 295nm with a peak emission of
340 nm. The percentage of UVA and UVB emitted by the
UVA-340 lamps was measured by a UV meter at 94.5%
and 5.5%, respectively.

2.6. Cell Viability. The cytotoxicity of the sample was mea-
sured using CellTiter96 Aqueous One Solution (Promega,
Madison, WI). The cells were cultured to confluence in 96-
well plates. KPE was then treated to the cells for 24 h. 20μL
of MTS solution was then added for 1 h at 37°C in a 5%
CO2 incubator. The absorbance was evaluated at 492 nm.

2.7. Luciferase Assay for the COX-2 Promoter and NF-κB
Transcriptional Activity. JB6 P+ cells stably transfected with
COX-2, and NF-κB luciferase reporter plasmids were used
for the luciferase assay. Cells reached confluence before the
serum was replaced with serum-free DMEM for 24h. KPE
was pretreated to the cells for 1 h. Then, 23 kJ/cm2 of sUV
was irradiated to the cells and the cells were incubated at
37°C in a humidified atmosphere of 5% CO2. After 4 h of
sUV exposure, the cells were disrupted using lysis buffer
(0.1M potassium phosphate buffer (pH7.8), 1% Triton
X-100, 1mM DTT, and 2mM EDTA), and luciferase activity
was measured using a luminometer (Luminoskan Ascent,
Thermo Electron, Helsinki, Finland).

2.8. Western Blot. JB6 P+ and HaCaT cells were cultured to
100% confluency, and the serum was removed for 24 h to
eliminate FBS-mediated signaling activation. KPE was then
treated to the cells at various concentrations. After 1 h of
incubation with KPE, the cells were exposed to sUV
(23 kJ/cm2), before lysis using 1x lysis buffer (Cell Signal-
ing Biotechnology, Beverly, MA). Equal concentrations of
the protein samples were separated on polyacrylamide gels
(Bio-Rad Laboratories, Hercules, CA) and transferred to
Immobilon-P membranes (Millipore, Billerica, MA). The
membranes were blocked with 5% fat-free milk for 1 h
and incubated with specific primary antibodies at 4°C
overnight. The proteins were then hybridized with HRP-
conjugated secondary antibodies and detected using a
chemiluminescence detection kit (GE Healthcare, Pitts-
burgh, PA).

2.9. PGE2 Assay. KPE was treated to JB6 P+ cells for 1 h,
before sUV (23 kJ/cm2) was irradiated to the cells. After 4 h,
the production of PGE2 was measured from the cell culture
media using a PGE2 enzyme immunoassay kit (R&D
Systems, Minneapolis, MN, USA). The experiments were
performed in triplicate.

2.10. ABTS and DPPH Radical Scavenging Assay. The
ABTS radical-scavenging activity of KPE was measured
using a slightly modified method from van den Berg
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et al. [17]. 0.1M PBS (pH7.4), 2.5mM ABTS [2,2′-azino-
bis-(3-ethylbenzothiazoline-6-sulfonic acid)], and 1.0mM
AAPH [2,2′-azobis(2-mehtylpropionamidine) dihydrochlor-
ide] were mixed and maintained for 12min in a dark room at
68°C, then quickly cooled to generate ABTS radical solution.
For assessment of the antioxidant capacity, 20μL of the KD
extract was mixed with 980μL of ABTS radical solution
and incubated for 10min at 37°C, whereupon absorbance
was measured using multimode microplate readers (Infinite®
2000 PRO, Tecan, Switzerland) at 734 nm. DPPH radical
scavenging activity was measured as follows; each 0.2mL of
the KD extract was added to 3mL of ethanol, to which
0.8mL of 4× 10−4M DPPH dissolved in ethanol was added.
This mixture was vortexed for 10 s and maintained at room
temperature for 10min, and the absorbance was measured
at 517 nm [18]. The DPPH radical scavenging activity was

expressed as a percentage of the absorbance of the group to
which no DPPH was added. All experiments were performed
at least in triplicate.

2.11. ORAC Assay. The ORAC assay was performed by
KOMABIOTECH (Seoul, Korea). The total procedure was
followed by the manufacturer’s instruction. Briefly, the oxy-
gen radical absorbance capacity was measured by the fluores-
cence unit. The ORAC activity was represented using Trolox
equivalent antioxidant capacity. The experiments were per-
formed in triplicate.

2.12. Animal Study. The animal experimental protocol
(2017-0030) was approved, and animals were maintained
under specific pathogen-free conditions based on the guide-
lines established by the Experimental Animal Research
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Figure 1: Inhibitory effect of Kaempferia parviflora extract (KPE) on sUV-induced COX-2 expression in mouse skin. (a) Each protein level
was detected with the specific primary antibodies. The detailed procedure was described in Materials and Methods. Relative protein
expression levels are expressed as the percentage of sUV-treated group intensity, which was set to 100%. The pound signs (##) and
asterisks (∗∗) indicate significant difference (of p < 0 001) compared to the untreated group and sUV-treated group, respectively. (b)
Histopathological analysis of hematoxylin and eosin (H&E) and COX-2 expression in mouse skin tissue. The detailed procedure is
described in Materials and Methods.
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Laboratory of the Korea Food Research Institute. Female
SKH-1 hairless mice (5 weeks old, 5 mice in each group) were
obtained from Central Lab, Animal Inc. (Seoul, Korea). The
animals were housed in climate-controlled quarters (24°C at
50% humidity) with a 12 h light/dark cycle.

For the experiment, 50 and 100mg/kg b.w. of KPE in
DMSO were applied to the dorsal skin of mice for 1 h,
before the animals were exposed to 46 kJ/cm2 of sUV.
The mice were sacrificed after 4 h, and the dorsal skin sec-
tions were collected and the protein was recovered using
RIPA buffer.

2.13. Immunohistochemical Staining. Immunohistochemical
staining was performed by Abion CRO (Seoul, Korea).
Briefly, the skin tissue samples were fixed in 10% formalin
before dehydration using a graded ethanol series. In accor-
dance with general protocols, the tissue was processed for
embedding in paraffin wax. To exclude endogenous peroxi-
dase activity, the sections were incubated in 0.3% H2O2 for
15min, and then each primary antibody was treated at a
1 : 200 dilution factor for 1 h. The detection system visualizing
anti-mouse antibodies (K4001; DAKO, Glostrup, Denmark)
was used according to the manufacturers’ instructions. Slides
were stained with liquid diaminobenzidine tetrahydrochlo-
ride (DAB+), a high-sensitivity substrate-chromogen system
(K3468; DAKO). The images on the slides were visualized
with an Olympus BX40 light microscope.

2.14. Statistical Analysis. All experiments were performed at
least three times. Data are expressed as the mean and SD
values, and Student’s t-test was used for single statistical
comparisons. A probability cutoff of p < 0 05 was used as
the criterion for statistical significance.

3. Results

3.1. Kaempferia parviflora Extract Counteracts UV-Induced
Inflammatory Activity in the Skin of Hairless Mice. COX-2
is a representative inflammatory biomarker [15]. Several
studies have reported that aberrant increments in COX-2
expression are associated with tumor promotion. Thus, we
examined the effect of KPE on sUV-induced COX-2 expres-
sion using a hairless mouse model. Briefly, KPE (50 and
100mg/kg b.w.) was applied to the dorsal skin of mice for
1 h, before the animals were exposed to 46 kJ/cm2 of sUV.
As seen in Figure 1(a), KPE reduced sUV-induced COX-2
expression and the suppression was confirmed in immuno-
histological staining (Figure 1(b)).

3.2. Kaempferia parviflora Extract Inhibits Solar UV-Induced
PGE2 Production via a Reduction in COX-2 Expression in
Mouse Epidermal Cells. Production of PGE2 is closely associ-
ated with the release of cytokines, such as interleukin- (IL-)
1α and tumor necrosis factor- (TNF-) α [19]. We evaluated
the effect of KPE on sUV-induced PGE2 production in JB6
P+ cells. The mouse epidermal JB6 P+ cell line is a well-
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Figure 2: Inhibitory effect of Kaempferia parviflora extract (KPE) on sUV-induced prostaglandin E2 (PGE2) production via COX-2
reduction in JB6 P+ and HaCaT cells. (a) The cytotoxicity of KPE was measured using MTS analysis as indicated in Materials and
Methods. The COX-2 expression and PGE2 production were determined with Western blot analysis and PGE2 assay in JB6 P+ (b, c) and
HaCaT (d). KPE was pretreated to the cells for 1 h before sUV (23 kJ/cm2) exposure. After 3 h, the protein was collected. The pound signs
(##) and asterisks (∗∗) indicate significant difference (p < 0 001) compared to the untreated group and sUV-treated group, respectively.
And the asterisk (∗) represents a significant difference (p < 0 01) compared to the sUV-treated group.
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established cell line for assessing novel anti-inflammatory
agents. Similar with findings from a previous study [19],
sUV irradiation statistically enhanced PGE2 production in
JB6 P+ cells, while pretreatment with KPE attenuated sUV-
induced PGE2 production in a dose-dependent manner
(Figure 2(c)). The dose range of KPE did not exhibit any cell
cytotoxicity up to concentrations of 400μg/mL (Figure 2(a)).
Additionally, sUV-induced COX-2 expression was downreg-
ulated by KPE treatment (Figure 2(b)). To obtain more phys-
iologically relevant findings, we assessed the effect of KPE on
human keratinocyte HaCaT cells. The inhibitory effect of
KPE on sUV-induced COX-2 expression was also reflected
in the HaCaT cells (Figure 2(d)).

3.3. Kaempferia parviflora Extract Modulates sUV-Induced
COX-2 Expression via Transcriptional Regulation. It has been
reported that mutated DNA-binding sites within NF-κB and
AP-1 can cause a significant attenuation of cox-2 gene

expression [20]. AP-1 and NF-κB are major transcription
factors for sUV-induced COX-2 expression [21]. We evalu-
ated the transcriptional activity of NF-κB as well as cox-2
promoter activity using stably transfected JB6 P+ cells. In
Figure 3(a), the promoter activity of cox-2was enhanced after
3 h of sUV exposure, and treatment with KPE for 1 h effec-
tively reduced the cox-2 promoter activity down to control
levels. Figure 3(b) shows a similar trend seen in the cox-2
promoter assay. The irradiation with sUV increased NF-κB
transcriptional activity, while KPE treatment suppressed this
increment (Figure 3(b)). AP-1 is a complex comprised of
Jun family (c-Jun, JunB, and JunD) and Fos family members
(c-fos, FosB, Fra-1, and Fra-2) and is generally present as a
heterodimer of c-Jun and c-Fos [22]. Thus, we confirmed
whether KPE had any effect on c-Jun phosphorylation. As
shown in Figure 3(c), the phosphorylation of c-Jun at Ser73

was elevated by sUV, and this increment was suppressed by
KPE treatment.
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Figure 3: Transcriptional regulation of Kaempferia parviflora extract (KPE) on sUV-induced COX-2 expression. The promoter and
transcriptional activity of cox-2 (a) and NF-κB (b) were downregulated by KPE, respectively. The detailed procedure is indicated in
Materials and Methods. Briefly, KPE was pretreated to the cells prior to sUV (23 kJ/cm2) irradiation. After 3 h of sUV exposure, each
luciferase activity was measured. The pound signs (##) and asterisks (∗∗) indicate significant difference (of p < 0 001) compared to the
untreated group and sUV-treated group, respectively. (c) The phosphorylation level of c-Jun was detected using Western blot assay with a
specific primary antibody. Data are representative of 3 independent experiments that gave similar results.

5Oxidative Medicine and Cellular Longevity



KPE (𝜇g/mL)
sUV (23 kJ/cm2) −

−

+
−

+
200

+
400

p-MKK4

MKK4

p-JNK

JNK

𝛽-Actin

(a)

KPE (𝜇g/mL)
sUV (23 kJ/cm2) −

−

+
−

+
200

+
400

p-MKK3/6

MKK3

p-p38

p38

𝛽-Actin

(b)

KPE (𝜇g/mL)
sUV (23 kJ/cm2) −

−

+
−

+
200

+
400

p-MEK

MEK

p-ERK

ERK

𝛽-Actin

(c)

Figure 4: Inhibitory effect of Kaempferia parviflora extract (KPE) on sUV-induced MKK4-JNK (a), MKK3/6-p38 (b), and MEK-ERK (c)
signaling pathway in JB6 P+ cells. The detailed method is presented in Materials and Methods. Briefly, KPE was pretreated to the cells for
1 h, and the sUV irradiation step was followed. Each protein level was estimated with primary antibodies. Data are representative of 3
independent experiments that gave similar results.

KPE (mg/kg b.w.)
sUV (46 kJ/cm2) −

−

+
−

+
50

+
100

p-JNK

JNK

𝛽-Actin

(a)

KPE (mg/kgb.w.)
sUV (46 kJ/cm2) −

−

+
−

+
50

+
100

p-p38

p38

𝛽-Actin

(b)

KPE (mg/kg b.w.)
sUV (46 kJ/cm2) −

−

+
−

+
50

+
100

p-ERK

ERK

𝛽-Actin

(c)
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3.4. Kaempferia parviflora Extract Inhibits sUV-Induced
MKK4-JNK, MKK3/6-p38, and the MEK-ERK Signaling
Pathway. The mitogen-activated protein kinase (MAPKs)
family is a representative inflammatory signaling pathway
that regulates sUV-induced COX-2 expression [8, 23]. MAPK
kinases (MAP2Ks), MKK4, MKK3/6, and MEK directly acti-
vate MAPKs, JNK, p38, and ERK, respectively [24]. Thus, we

confirmed the effect of KPE on sUV-induced MAPK activa-
tion. As seen in Figure 4, irradiation of sUV activated the
MAPKK-MAPK signaling pathway, and pretreatment with
KPE significantly alleviated MKK4-JNK, MKK3/6-p38, and
MEK/ERK phosphorylation (Figure 4) in JB6 P+ cells. To
confirm these findings in vivo, 50 and 100mg/kg b.w. treat-
ments of KPE were applied to the dorsal skin of mice prior
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Figure 6: Antioxidative effect of Kaempferia parviflora extract (KPE) and the involvement of oxidative stress in sUV-induced inflammatory
mechanisms. The antioxidative effect of KPE was measured using ABTS (a), DPPH (b), and ORAC (c) assay. (d) N-acetyl-L-cysteine (NAC)
suppressed sUV-induced COX-2 expression (d) and MAPK phosphorylation (e). NAC was treated to the cells prior to 1 h of sUV irradiation.
Each protein amount was measured using Western blot analysis with specific primary antibodies. Data are representative of 3 independent
experiments that gave similar results. The asterisks (∗∗) indicate the significant difference (of p < 0 001) compared to the untreated control.
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to sUV irradiation. It was observed that the phosphorylation
of all MAPKs was downregulated in the presence of KPE
treatment (Figure 5).

3.5. Kaempferia parviflora Extract Exhibits Antioxidative
Activity. Excessive production of free radicals is harmful to
the human body and enhances inflammatory signaling path-
ways [25, 26]. Thus, suppressing agents against aberrant ROS
production have been developed to attenuate inflammation
[27–29]. Because KPE inhibited sUV-induced inflammatory
signaling pathways, we sought to confirm the antioxidative
activity using ABTS radicals. As seen in Figures 6(a) and
6(b), KPE exhibited dose-dependent ABTS and DPPH
radical scavenging activity. Of particular note, almost 90%
of the ABTS radicals were destroyed by 200μg/mL of KPE
treatment (Figure 6(a)). ORAC assay was also performed
to verify the antioxidative activity of KPE. As seen in
Figure 6(c), the dose-dependent Trolox equivalent antioxi-
dant capacity was represented by KPE treatment. To evaluate
the role of oxidative stress in sUV-induced inflammation, we
used N-acetyl-L-cysteine (NAC), a well-known antioxidant
chemical. Interestingly, we found a dramatic reduction of
sUV-induced COX-2 expression by NAC treatment. Fur-
thermore, the sUV-activated MAPK signaling pathway was
significantly blocked by NAC treatment. Overall, we assumed
that sUV exposure increases the inflammatory status by
oxidative stress and KPE attenuated sUV-related inflam-
matory condition through antioxidative activity. Next, we
analyzed the polyphenolic composition of KPE using UPLC-
MS/MS analysis (Supplementary Figure 1). Interestingly,
KPE contained gallic acid (9.31± 1.27μg/mg dry weight),
apigenin (2.37± 0.14μg/mg dry weight), and tangeretin
(2.15± 0.19μg/mg dry weight) (Table 1).

4. Discussion

In the present study, an extract of Kaempferia parviflora
(KPE) exhibited an attenuating effect on sUV-induced
COX-2 expression in murine dorsal skin sections (Figure 1).

In addition, inflammatory MAPK signaling pathways were
blocked in the presence of pretreatment with KPE. In 2009,
Sae-wong et al. reported that KPE elicits anti-inflammatory
activity via the suppression of iNOS and COX-2 mRNA
expression [3]. We further confirmed this suppressive effect
on COX-2 in vitro (Figure 2). KPE markedly inhibited
sUV-induced COX-2 expression in keratinocytes sourced
from human skin, suggesting that KPE may be useful in sup-
pressing sunlight-mediated inflammation in human skin.
The underlying mechanisms of the effect of KPE were shown
to involve transcriptional regulation of COX-2 (Figure 3).
Similar with our in vivo findings (Figure 5), the phosphoryla-
tion of various MAPKs was downregulated by KPE, as well as
upstream regulators of the MAPKs. Notably, KPE demon-
strated a potent dose-dependent radical scavenging effect
(as seen in Figure 6(a)). UV stimulates reactive oxygen
(ROS) generation and upregulates the expression of COX-2
and PGE2, which significantly contributes to skin damage
and inflammation. In addition, UV-induced ROS activates
MAPKs and inflammatory mediator enzymes as well as
NF-κB and AP-1 [30, 31]. Because aberrant ROS induction
following sunlight exposure is a primary factor in sUV-
related skin inflammation, the antioxidative properties of
KPE in a sUV-induced skin inflammation model were con-
firmed. Treatment with NAC, an ROS scavenger, inhibited
the sUV-induced COX-2 expression as well as phosphoryla-
tion of c-Jun and MAPKs (Figures 6(d) and 6(e)). These
results suggest that NAC and KPE have a similar effect by
sUV-induced inflammatory responses, and it is associated
with antioxidative activity. Collectively, we speculate that
KPE may exert anti-inflammatory effects by regulating the
intracellular level of oxidative stress.

To identify the bioactive compounds present in KPE, we
analyzed its polyphenolic composition using UPLC-MS/MS.
The primary compounds identified were gallic acid, apigenin,
and tangeretin. The anti-inflammatory activities of gallic acid
[32], apigenin [33, 34], and tangeretin [9] have previously
been reported. Of particular note, Src kinase has been identi-
fied as a direct target of apigenin in a UVB-induced skin
inflammation model [34]. Additionally, we have previously
confirmed the anti-inflammatory effects of tangeretin in
JB6 P+ cells in 2011 [9]. Previously, several researches have
tried to identify the bioactive compounds in KPE [35, 36].
Horigome et al. reported that 5,6-dimethoxyflavone (DMF)
and 5-hydroxy-3,7,3′,4′-tetrymethoxyflavone (TMF) were
found in KPE and these two compounds revealed that inhibi-
tion of the degranulation and the production and mRNA
expression of inflammatory mediators [36].

Although further investigation is needed to more clearly
understand the anti-inflammatory effects of KPE, our find-
ings highlight the potential for KPE to be developed as an
anti-inflammatory agent with various beneficial effects for
skin health.
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Table 1: Polyphenolic composition ofKPE (unit:μg/mgdryweight).

Analytes Contents

Ferulic acid 1.80± 0.40
Isorhamnetin 0.61± 0.13
Naringenin 1.55± 0.56
Luteolin 1.00± 0.23
Protocatechuic acid 0.05± 0.02
Caffeic acid 0.86± 0.15
Gentisic acid 1.94± 0.26
Hydroxybenzoic acid 0.89± 0.06
Gallic acid 9.31± 1.27
Apigenin 2.37± 0.14
Tectorigenin 0.01± 0.00
Malic acid 0.57± 0.05
Tangeretin 2.15± 0.19
All data are presented as mean ± standard deviation (n = 3).
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NAF-1 (nutrient-deprivation autophagy factor-1), which is an outer mitochondrial membrane protein, is known to play important
roles in calcium metabolism, antiapoptosis, and antiautophagy. Resveratrol, a natural polyphenolic compound, is considered as a
potent anticancer agent. Nevertheless, the molecular mechanisms underlying the effects of resveratrol and NAF-1 and their
mediation of drug resistance in pancreatic cancer remain unclear. Here, we demonstrate that resveratrol suppresses the
expression of NAF-1 in pancreatic cancer cells by inducing cellular reactive oxygen species (ROS) accumulation and activating
Nrf2 signaling. In addition, the knockdown of NAF-1 activates apoptosis and impedes the proliferation of pancreatic cancer
cells. More importantly, the targeting of NAF-1 by resveratrol can improve the sensitivity of pancreatic cancer cells to
gemcitabine. These results highlight the significance of strategies that target NAF-1, which may enhance the efficacy of
gemcitabine in pancreatic cancer therapy.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most lethal
and malignant type of cancer and causes more than 43,000
estimated deaths per year in the United States. The overall
five-year survival rate is less than 7% [1]. Pancreatic cancer
is predicted to be the second leading cause of cancer-
associated mortality within the next 5–10 years [2], which
is partially due to the lack of early diagnosis and effective
treatment options. Currently, the therapeutic options for
pancreatic cancer remain very limited. Therefore, it is impor-
tant to identify additional new therapeutic tools for early
disease detection and the development of therapeutic
biomarkers and strategies [3].

The protein nutrient-deprivation autophagy factor-
1(NAF-1), which is encoded by the CISD2 gene, is located
in the outer mitochondrial membrane, endoplasmic reticu-
lum (ER), and mitochondria-associated membrane (MAM)
members [4]. NAF-1 contains a transmembrane domain that

consists of a conserved amino acid sequence for iron binding,
namely, the CDGSH domain [5], which mainly mediates the
mitochondrial integrity and lifespan in mammals [6]. It has
been reported that the mRNA expression level of NAF-1 is
decreased in older mice compared with that in younger mice
[7]. Currently, it is recognized that cancer cells acquire a long
lifespan, which is a benefit to their unlimited growth capacity.
Therefore, it is hypothesized that NAF-1 plays an important
role in tumor cells, actively participates in clinical therapy,
and exerts a beneficial effect on the prognosis of patients. In
addition, NAF-1 serves as an important regulator by antago-
nizing the BECN1-mediated cellular autophagy at the
endoplasmic reticulum [8] and is required for the BCL2-
mediated depression of endoplasmic reticulum Ca2+ storage
during autophagy [9, 10]. Therefore, a deficiency in NAF-1
leads to mitochondrial damage and induces autophagy to
eliminate the dysfunctional organelles [4]. Recently, it has
been proposed that the expression of NAF-1 may act as a
novel biomarker that is correlated with pelvic lymph node
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metastasis and prognosis in patients with early-stage cancer
[10] and the overexpression of NAF-1 prevents human
epithelial breast cancer cells from significantly reducing cell
proliferation and tumor growth. In contrast, apoptosis is acti-
vated in NAF-1-deficient human epithelial breast cancer cells
[11]. However, the role of NAF-1 in pancreatic cancer
therapy remains unknown. The abovementioned observa-
tions suggested that modulating NAF-1 could have a positive
effect on pancreatic cancer therapy and improve prognosis.

Resveratrol (RSV, trans-3,5,4-trihydroxystilbene), which
is a natural polyphenolic compound, is found in grapes,
peanuts, a variety of berries, and food products, such as red
wine [12]. Resveratrol is widely recognized as a natural anti-
oxidant, which possesses the ability to lower the level of ROS
both in cancer [13] and in noncancerous disease [14].
Through the ROS-scavenging property, resveratrol may
reduce oxidative stress-induced apoptosis, cellular aging,
and cell death [15], thus presenting a protective effect for cells
against unfavorable environment. On the contrary, upregu-
lated ROS production is also found in resveratrol-treated
cells, which causes apoptosis and autophagy [16] and
therefore induces cytotoxic effects. Resveratrol has been
analyzed as a protective or therapeutic agent in pancreatic
cancer models and was shown to exert a synergistic antitu-
mor effect with gemcitabine [17]. Resveratrol has a variety
of pharmacological functions, such as anti-inflammation
and antioxidant activities [18–20], inhibiting tumor growth,
invasion, and the epithelial-mesenchymal transition [21]. In
recent years, people pay more attention to the antioxidant
activities of resveratrol and ignore the prooxidant activity in
cancer cell. Many other in vitro and clinical studies have been
conducted involving anticancer activity of resveratrol via
increasing intracellular reactive oxygen species (ROS) pro-
duction [22]. For example, W. Lee and D. G Lee have recently
reported that resveratrol could induce membrane and DNA
disruption via its prooxidant activity in cancer cells [23].
However, it is unclear whether resveratrol could impact the
biological characteristics of tumors via other molecules.
According to the previous studies, resveratrol and the antidi-
abetic drug pioglitazone can abrogate the ability of NAF-1 to
transfer the cluster of acceptor proteins and iron to
mitochondria [24]. These results reveal that resveratrol could
prevent pancreatic cancer cells from growing via NAF-1 sig-
naling. However, the molecular mechanism underlying the
effects of resveratrol and NAF-1 has not been elucidated. In
this article, we aim to explore the effect of resveratrol on
the expression of NAF-1 and clarify its mechanism.

Multiple signaling pathways have been implicated in pro-
tecting cell from ROS overproduction caused oxidative stress.
Nrf2 is a redox-sensitive transcriptional factor and usually
upregulated in various cancers. But the specific role of Nrf2
in cancer still remains controversial, since Nrf2 is considered
both as a tumor suppressor and a tumor promoter. Some
researchers postulate that its precise role is dependent on
the stage of tumorigenesis [25, 26], which leads to the
question of whether Nrf2 should be targeted for anticancer
therapeutic approaches. Nrf2 often exists in the cytoplasm
as an inactive state via tethering to Kelch-like ECH-
associated protein (Keap1) and could be activated by

oxidative stress [27]. After which, Nrf2 dissociates with the
repressor protein Keap1 and translocates into the nucleus,
interacting with antioxidant response elements (ARE). As a
result, the subsequent expression of numerous downstream
genes relating with redox homeostasis are induced [28, 29].
Chen et al. [30] have reported that Nrf2 and several antioxi-
dant enzyme expression were upregulated in cells following
BDE-47 treatment which induces the intracellular ROS accu-
mulation. In our previous study, we have showed that the
Nrf2 pathway and autophagy were activated by ROS in pan-
creatic cancer cells [31]. Moreover, the Nrf2 pathway can
antagonize cellular stress signals by promoting a series of
antioxidant programs upon ROS stimulation. However,
more recent data reveal its role also as a tumor suppressor
[32, 33]. For example, Probst et al. [34] found that genetic
activation of Nrf2 and pharmacological activation of Nrf2
by RTA 405 are distinct, which suppress cancer cell survival
and promote apoptosis. Resveratrol, the same as an antioxi-
dant inflammation modulator, may have the same pharma-
cology action and mechanism and promotes the apoptosis
of pancreatic cancer cells via activation of Nrf2 pathway. In
this study, we aimed to explore the role of Nrf2 as a tumor
suppressor in pancreatic cancer cells.

NAF-1 serves as an important regulator by antagoniz-
ing the BECN1-mediated cellular autophagy at the endo-
plasmic reticulum [17] and takes a close relationship
with apoptosis. Therefore, we speculated that the activa-
tion of Nrf2 pathway induced by resveratrol promotes
apoptosis of pancreatic cancer cells through inhibition of
the downregulation of NAF-1. And finally, we aimed to
clarify their role in improving the sensitivity of pancreatic
cancer cells to gemcitabine.

In this study, we demonstrated that resveratrol could
activate Nrf2 and suppress the expression of NAF-1 in pan-
creatic cancer cells by inducing the accumulation of ROS.
More importantly, decreasing the expression of NAF-1
impeded the proliferation of and activated apoptosis in pan-
creatic cancer cells. The targeting of NAF-1 via resveratrol
can enhance the sensitivity of pancreatic cancer cells to gem-
citabine. Optimistically, we further explored the role of NAF-
1 as a novel molecular target for improving the efficacy of the
currently used chemotherapeutic regimens in patients with
pancreatic cancer and improving their clinical prognosis.

2. Materials and Methods

All experimental protocols were approved by the Ethical
Committee of the First Affiliated Hospital of Medical College,
Xi’an Jiaotong University, Xi’an, China.

2.1. Reagents and Antibodies. Resveratrol (>99% pure), MTT
(3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide), and NAC (N-acetyl-L-cysteine) were purchased
from Sigma-Aldrich (St. Louis, MO, USA), and gemcitabine
was purchased from Selleck Chemicals (Houston, TX,
USA). Analytical grade 30% H2O2 was obtained from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
DCFH-DA was obtained from the Beyotime Institute of Bio-
technology (Haimen, China). The antibodies used in this
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study against NAF-1 and α-tubulin were purchased from
Proteintech Group (Chicago, IL). The primary antibodies
against Nrf2, Bax, and Bcl-2 were obtained from Abcam
(Cambridge, MA, USA). Resveratrol and gemcitabine were
initially dissolved in dimethyl sulfoxide (DMSO) at stock
concentrations of 50mM and 10mM, respectively. Working
dilutions of resveratrol and gemcitabine were prepared in a
culture medium immediately before use, and DMSO was
used as the control in all experiments.

2.2. Cell Lines and Cell Culture. The human pancreatic
cancer cell lines Panc-1, Mia paca-2, CF pac-1, and
BxPC-3 were purchased from the Type Culture Collection
of the Chinese Academy of Sciences (Shanghai, China)
and cultured as described previously [17]. In brief, Panc-1
and Mia paca-2 were cultured in a humidified atmosphere
containing 5% CO2 and 95% air at 37°C in Dulbecco’s
Modified Eagle Medium (DMEM), containing 10% FBS
(HyClone, Logan, UT, USA), 100U/mL penicillin, and
100 μg/mL streptomycin.

2.3. Western Blot Analysis. To evaluate the protein expression
of NAF-1, Nrf2, Bax, Bcl-2, and α-tubulin in pancreatic cell
lines, the semiquantitative densitometric analysis was
performed. The experimental procedures were described
previously [17]. In short, the total proteins were lysed using
RIPA lysis buffer (Beyotime, Guangzhou, China), and the
concentration of the proteins was determined by a BCA
protein assay kit (Pierce, Rockford, IL, USA). Briefly, the
proteins were separated on SDS-PAGE gel after the pro-
teins were transferred to polyvinylidene difluoride (PVDF)
membranes. The membranes were blocked with 5% fat-
free milk for 2 h and then incubated with the primary
antibodies (listed in Supplementary Material Table S1) at
4°C overnight. At last, the membranes were immunoblotted
with a secondary antibody (diluted 1 : 10,000) for 2 h at
37°C. The probed proteins were detected on an enhanced
chemiluminescence (ECL) PLUS system and a Molecular
Imager ChemiDoc XRS System (Bio-Rad Laboratories,
Hercules, CA, USA). All the bands in the same image
such as Figures 1(e) and 1(f) are derived from the same
blot, respectively, and all the data represent the results of
three independent experiments.

2.4. Real-Time PCR. Total RNA was extracted using the Fast-
gen1000 RNA isolation system (Fastgen, Shanghai, China)
according to the manufacturer’s protocol. Total RNA was
reverse-transcribed into cDNA using the Prime Script RT
Reagent Kit (TaKaRa, Dalian, China). Real-time PCR was
used to quantitatively examine the expression of NAF-1
and Nrf2 at the mRNA level. The PCR primer sequences
for NAF-1 and Nrf2 are shown in Supplementary Material
Table S3. The real-time PCR was conducted using the CFX
Manager 2.1 fluorescent quantitative PCR kit (Bio-Rad
Laboratories, Hercules, CA, USA) under the following
conditions: 10min at 95°C, followed by 40 cycles at 95°C
for 2 sec, 60°C for 20 sec, and 70°C for 10 sec. Following the
qPCR, a dissociation curve analysis was conducted. The
expression of the target genes was determined using α-

tubulin as the internal control. The relative gene expression
level was calculated using the 2−ΔΔCt method [35].

2.5. Immunofluorescence Staining. The cells for fluorescent
immunocytochemistry were fixed for 15min in 4% formalde-
hyde diluted in phosphate-buffered saline (PBS), perme-
abilized with 0.3% Triton X-100 for 10min, and treated
with blocking buffer (5% BSA in PBS) for 1 h at room tem-
perature. Cells were incubated with primary antibody over-
night at 4°C. Finally, the cells were washed and incubated
with the red or green lgG antibody from Jackson Immunor-
esearch Laboratories (West Grove, PA, USA) for 1 h at room
temperature. The cells were examined under a Zeiss instru-
ment confocal microscope.

2.6. Viability Assay. Cell viability assay was conducted
according to a previous report [36]. Briefly, Panc-1 and Mia
paca-2 cells were seeded in 96-well plates at a density of
5000 cells/well and treated with various concentrations
(0, 25, 50, 100, and 200 μM) of resveratrol and different
concentrations (0, 1, 2, 5, 10, and 20 μM) of gemcitabine
for 24, 48, and 72 h. The cell viability was assessed by
the MTT assay. 15 μL of 5mg/mL MTT was added to
the well, and then the mixture was incubated at 37°C for
4 h. Then, 100 μL of DMSO was added to each well, and
the optical density (OD) at 490 nm was measured using
a multifunction microplate reader (POLAR star OPTIMA;
BMG, Offenburg, Germany).

2.7. Apoptosis Assay. Apoptosis was evaluated by an Annexin
V-FITC/PI apoptosis detection kit according as described
previously [37] Briefly, the cancer cells were seeded in 6-
well plates at a density of 1× 105 cells per well, and each treat-
ment was applied for 48 h after the medium was removed.
Then, cells were washed with PBS and stained with the
FACSCalibur flow cytometry (BD Biosciences, San Diego,
CA, USA).

2.8. Colony Formation Assay. One thousand cells were plated
in a 35mm Petri dish after a different treatment was applied
for 24 h and allowed to grow for two weeks. The medium was
changed twice per week. Then, the colonies were fixed with
4% paraformaldehyde, stained with a 0.1% crystal violet
solution for 10min, rinsed, and then imaged. The number
of colonies (>0.5mm) was calculated by a microscope (Nikon
Eclipse Ti-S, Tokyo, Japan) at a magnification.

2.9. Measurement of Intracellular ROS. The intracellular
ROS was detected by the ROS assay kit. In brief, after
the media were removed and the wells were washes with
PBS twice, 10 μM of 2′-7′-dichlorodi-hydrofluorescein
diacetate (DCFH-DA) was added to each well. Then, the
cells were incubated in the dark at 37°C for 30min. After
washing twice with PBS and trypsinization, the cells were
collected and immediately analyzed by flow cytometry
using a FACSCalibur (BD Biosciences, San Diego, CA,
USA) instrument.

2.10. Gene Silencing by Small Interfering RNA. siRNAs target-
ing NAF-1 and Nrf2 were purchased from GenePharm
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Figure 1: Continued.
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(Shanghai, China). The siRNA sequences are provided in
Supplementary Material Table S2. Each siRNA (100nM)
was transfected into cells using Lipofectamine 2000
(Invitrogen, CA, USA) according to the manufacturer’s
instructions. The effect of each target gene was confirmed.

2.11. Statistical Analysis. Each experiment was indepen-
dently performed at least three times. Data are presented
as means± standard deviation. Differences were evaluated
using Student’s t-test, with p < 0 05 considered to be
statistically significant.
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Figure 1: Resveratrol suppresses the level of NAF-1 and enhances the expression of Nrf2 by inducing the accumulation of ROS, which
contributed to cell death in the Panc-1 and Mia paca-2 cells. (a–d) The pancreatic cancer cells were treated with increasing doses of RSV
(0, 50, 100, 150, and 200μM) for 24 h, and the accumulation of ROS was detected using 2′, 7′-dichlorofluorescin diacetate (DCFH-DA)
probes. Representative flow cytometric pictures showing the mean fluorescence intensity (MFI) in each group were generated to create a
composite image. (e–h) Indicated groups of pancreatic cancer cells were treated with RSV, H2O2, and NAC. Western blotting was
performed to detect NAF-1, Nrf2, and the apoptosis-related proteins (Bax and Bcl-2). (i, j) Immunofluorescence staining of Nrf2 showed
translocation of Nrf2 under the resveratrol and ROS stimulation in Panc-1 and Mia paca-2 cells (magnification, 400x; scale bar, 20μm).
(k–n) After the transfection with siNrf2 or siControl for 48 h, the Panc-1 and Mia paca-2 cells were treated with resveratrol for 24 h, and
the protein levels of NAF-1, Nrf2, and the apoptosis-related proteins (Bax and Bcl-2) were detected by Western blotting. All the images
represent the results of three independent experiments. Quantified histograms of the Western blots were shown alongside. Column: mean;
bar: SD. ∗P < 0 05 compared with NAF-1 control group.

5Oxidative Medicine and Cellular Longevity



3. Results

3.1. The Expression Levels of NAF-1 and Nrf2 in Four
Different Pancreatic Cancer Cells. To explore the role of
NAF-1 in pancreatic cancer and its relationship with Nrf2,
we first examined the expression levels of NAF-1 and Nrf2
in four different pancreatic cancer cell lines (Panc-1, Mia
paca-2, BxPC-3, and CF pac-1) by Western blotting, real-
time PCR, and immunofluorescence (Figures 2(a)–2(e)).
We found marked NAF-1 levels in all four pancreatic can-
cer cell lines, but weaker in CF pac-1. The expression and
transcription of Nrf2 in the Panc-1 and Mia paca-2 lines
were strong, but those in the BxPC-3 and CF pac-1 cells
were dramatically weaker. Of the four cell lines, Mia paca-2
had the highest Nrf2 expression level. The immunofluores-
cence showed that NAF-1 is mainly localized in the cyto-
plasm of pancreatic cancer cells, while Nrf2 is obviously
expressed in the cytoplasm and nucleus (Figures 2(d) and
2(e)). Therefore, we chose Panc-1 and Mia paca-2 for the
subsequent experiments.

3.2. Resveratrol Inhibits Proliferation and Promotes Apoptosis
in Pancreatic Cancer Cells. To examine the effects of resvera-
trol (RSV) on the viability of cancer cells, the pancreatic can-
cer cells Panc-1 and Mia pac-2 were treated with increasing
doses of RSV (0, 25, 50, 100, and 200μM) for 24h, 48 h,
and 72 h, and the cell viability was assessed using the MTT
assay (Figures 3(a) and 3(b)). Resveratrol decreased the
growth of the cancer cells in a dose- and time-dependent
manner. The low concentrations of RSV (25 and 50μM)
exhibited only slight cytotoxicity, but the high concentrations
(100 and 200μM) impeded the cell viability. These results
were consistent with our previous results. Therefore, we
chose 50μM resveratrol for the subsequent experiments. To
further explore the inhibitory effect of resveratrol on the
proliferation and apoptosis in pancreatic cancer cells, we
measured the resveratrol-induced apoptosis in the Panc-1
and Mia paca-2 cells by flow cytometry. The cells were
treated with RSV (50μM) for 48 h, and flow cytometric anal-
yses were conducted in the Panc-1 and Mia paca-2 cells. We
found that the 50μM resveratrol caused an increase in the
apoptotic population compared with that in the untreated
control cells (Figures 3(c) and 3(e)). Moreover, the treatment
with 50μM resveratrol significantly reduced the colony for-
mation of the Panc-1 and Mia paca-2 cells compared with
those of the control groups (Figures 3(d) and 3(f)). These
results showed that resveratrol has a potent effect against
clone formation and induces apoptosis in cancer cells.

3.3. Resveratrol Inhibits the Expression of NAF-1 in
Pancreatic Cancer Cells by Activating the Nrf2 Pathways. As
reported in the literature, the suppression of NAF-1 results
in the activation of apoptosis, prevention of tumors forma-
tion, and suppression of tumor growth [4]. In contrast, the
overexpression of NAF-1 may promote the proliferation
and tumorigenicity of tumors, potentially representing a novel
therapeutic target for pancreatic cancer treatments. To deter-
mine whether resveratrol affects the expression of NAF-1 in
cancer cells, Panc-1 and Mia paca-2 cells were treated with

RSV for 48h and subjected to a Western blot assay to evaluate
the effect of RSV on the expression of NAF-1. The images
representing the expression of NAF-1 and Nrf2 are derived
from the same blot (Figures 4(a) and 4(c)). The results demon-
strated that the expression levels of Nrf2 increased, while the
level of NAF-1 was significantly inhibited by RSV in a dose-
dependent manner. Subsequently, to detect the expression of
NAF-1 in response to the treatment with resveratrol, an
immunofluorescence assay was performed. The results
showed that the NAF-1 levels were downregulated after treat-
ment with different doses of resveratrol (50μM and 100μM)
and the suppression effect of the higher dose was significantly
superior to that of the lower dose (Figures 4(e) and 4(f)).
Moreover, immunofluorescence analyses indicated that res-
veratrol stimulation markedly increased the Nrf2 immunoflu-
orescence signal in both the cytoplasm and the nucleus and
induced translocation of Nrf2 to the nucleus (Figures 4(g)
and 4(h)). Additionally, to further determine the relationship
between NAF-1 and Nrf2, siRNA technology was developed
to knock down the expression of Nrf2. The results indicated
that downregulation of Nrf2 resulted in the upregulation of
the expression level of NAF-1(Figures 4(i) and 4(j)). Quanti-
fied analysis of Western blot in Figures 4(a), 4(c), 4(i), and
4(j) was shown alongside the images.

3.4. Resveratrol Suppresses the Level of NAF-1 and Enhances
the Expression of Nrf2 by Inducing the Accumulation of
ROS, Which Contribute to Cell Death in Panc-1 and Mia
paca-2 Cells. Resveratrol serves as a protective or therapeutic
agent and was shown to exert an antitumor effect in several
cancer models. However, in recent years, people pay more
attention to the antioxidant activities of resveratrol and
ignore the prooxidant activity in cancer cell. Many other
in vitro and clinical studies have been conducted involving
anticancer activity of resveratrol via increasing intracellular
reactive oxygen species (ROS) production. In this study, we
aimed to investigate the mechanism of resveratrol in cell
death and provide novel evidence to enhance our under-
standing of the biological property of resveratrol. The cells
were treated with increasing doses of RSV (0, 50, 100, 150,
and 200μM) for 24h, and the intracellular ROS levels were
detected using 2′-7′-dichlorodi-hydrofluorescein diacetate
(DCFH-DA) probes (Figures 1(a)–1(d)). The results demon-
strated that the intracellular ROS levels increased following
the treatment with resveratrol. To further explore the down-
stream mechanism, we treated pancreatic cancer cells with
RSV at 50μM or NAC at 10mM, respectively, and RSV
50Μm for 24 h prior to the 24 h incubation of NAC at
10mM. Protein expression of cancer cells were analyzed
using Western blot. The images representing the expression
of NAF-1 and Nrf2 are derived from the same blot. The
results shown in Figures 1(e) and 1(f)) indicate that H2O2
(ROS) and RSV treatment significantly improved the expres-
sion of Nrf2 and suppressed the level of NAF-1 in the Panc-1
and Mia paca-2 cells. Moreover, NAC, which is a ROS
scavenger, significantly reversed the resveratrol-induced
suppression of NAF-1 and Nrf2 in the pancreatic cancer cells.
Immunofluorescence assay also provided evidence that Nrf2
was activated and transferred into the nucleus increasingly
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after the resveratrol and H2O2 treatments (Figures 1(i) and
1(j)). This finding suggests that resveratrol-induced ROS
might exert antitumor activity. Therefore, we further exam-
ined the effects of ROS production on the expression of
apoptosis-related proteins. We found that resveratrol and

H2O2 markedly promoted the expression levels of Bax and
suppressed the Bcl-2 level, which are proapoptotic and anti-
apoptotic molecules in pancreatic cancer cells [37], respec-
tively. NAC, which is a ROS scavenger, could significantly
rescue this effect (Figures 1(e) and 1(f)). These results
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Figure 2: The expression levels of NAF-1 and Nrf2 in four different pancreatic cancer cell lines. (a, b) The expression of NAF-1 and Nrf2 at
the protein level in the Panc-1, Mia paca-2, BxPC-3, and CF pac-1 cell lines was detected by Western blotting. The quantified histograms of
the Western blots were shown alongside. (c) The normalized fold expression of NAF-1 and Nrf2 at the mRNA level was estimated in four
pancreatic cancer cell lines by qRT-PCR. Data are presented as the mean± SD of three independent experiments. The bar graph shows the
relative mRNA expression levels in the cell lines. Column: mean; bar: SD. (d, e) Immunofluorescence staining of NAF-1 and Nrf2 was
performed to show the basic expression levels and the locations of the proteins in the cells. NAF-1 and Nrf2 staining is shown in green,
and nuclear DNA staining by DAPI is shown in blue. Images are representative of three independent experiments (magnification, 400x;
scale bar, 20 μm). Column: mean; bar: SD.
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Figure 3: Resveratrol inhibits proliferation and promotes apoptosis in pancreatic cancer cells. (a, b) Two PCa cells, that is, Panc-1 and Mia
paca-2, were treated with increasing doses of RSV (0, 25, 50, 100, and 200 μM) for 24 h, 48 h, and 72 h and subjected to an MTT assay for the
assessment of the cell viability. (c, e) Flow cytometry was performed to detect the effects of resveratrol on apoptosis in the Panc-1 and Mia
paca-2 cells. (d, f) The effects of resveratrol on the colony-forming ability of Panc-1 and Mia paca-2 cells. Images are representative of
three independent experiments (scale bar: 1 cm). Column: mean; bar: SD. ∗∗∗P < 0 01 and ∗∗P < 0 05.
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demonstrated that RSV could markedly promote cell death
by increasing ROS accumulation and the elevated expression
levels of Nrf2 and the downregulation of NAF-1 contributed
to the effect of the increased ROS. Then, we aimed to further
determine the role of Nrf2 in the inhibition of resveratrol-
induced NAF-1. After the transfection with siNrf2 or

siControl for 48 h, the Panc-1 and Mia paca-2 cells were
treated with resveratrol for 24 h (Figures 1(k) and 1(l)). The
protein expression levels of NAF-1, Nrf2, Bax, and Bcl-2 were
examined by aWestern blot analysis. Interestingly, the results
showed that resveratrol could significantly promote the can-
cer cell death via sequentially inducing Nrf2 upregulation
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Figure 4: Resveratrol inhibits the expression of NAF-1 in pancreatic cancer cells via activating the Nrf2 pathways. (a–d) The effects of
gradient concentrations of resveratrol on the protein expression levels of NAF-1 and Nrf2 were examined by a Western blot analysis using
α-tubulin as an internal loading control; quantified histograms of the western blots were shown alongside. (e, f) Immunofluorescence
staining of NAF-1 in Panc-1 and Mia paca-2 cells was performed to show the effects of resveratrol on the protein expression of NAF-1
after treatment with resveratrol (50 μM and 100μM) for 24 h. (g, h) Immunofluorescence staining of Nrf2 showed the expression level and
translocation of Nrf2 under the resveratrol stimulation in Panc-1 and Mia paca-2 cells (magnification, 400x; scale bar, 20 μm). (i–k) After
transfection with siNrf2 or siControl for 48 h, the total proteins in the Panc-1 and Mia paca-2 cells were collected, and the protein
expression levels of NAF-1 and Nrf2 were examined by a Western blot analysis using α-tubulin as an internal loading control and
quantified histograms of the western blots were shown alongside. Column: mean; bar: SD. ∗P < 0 05 compared with NAF-1 control group.
#P < 0 05 compared with control group.
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and NAF-1 downregulation, while the siRNA designed for
Nrf2 markedly blocked the proapoptosis effect induced by
resveratrol. Thus, we demonstrated that resveratrol could
promote pancreatic cancer apoptosis through the ROS/Nrf2/
NAF-1 pathway. All the proteins detected in Figures 4(e),
4(f), 4(k), and 4(l) are reprobed from the same blot,
respectively.

3.5. Knockdown of NAF-1 Increases the Sensitivity of
Pancreatic Cancer Cells to Gemcitabine. Here, we aimed to
explore the role of NAF-1 in the chemotherapy-increased
sensitivity effect in the Panc-1 and Mia paca-2 cell lines. As
shown in Figures 5(a) and 5(b), we first detected the effects
of gemcitabine on the proliferation of Panc-1 and Mia
paca-2 cells via an MTT assay. The apoptotic rate in the
two cell lines indicated that the growth of cancer cells was
reduced by gemcitabine in a dose- and time-dependent man-
ner. The viability of the pancreatic cancer cells was not obvi-
ously impeded with treatment for short period. Both the Mia
paca-2 and Panc-1 cells showed an insensitivity to gemcita-
bine, which was consistent with previous findings [37, 38].
Therefore, we chose 2μM gemcitabine for the subsequent
experiments. To further determine the effects of NAF-1 on
cell survival and the response to chemotherapy, we treated
the Panc-1 and Mia paca-2 cells, which express high levels
of NAF-1 natively and are resistant to gemcitabine, with
2μM gemcitabine after the transfection with siNAF-1 or
siControl for 48h. We tested the apoptotic rate in the two cell
lines using a flow cytometry assay. Our results demonstrated
that gemcitabine alone showed minimal effect but gemcita-
bine along with the siNAF-1 significantly promoted the
apoptosis compared with the control group in Panc-1
(Figures 5(c) and 5(d)) and Mia paca-2 cells (Figures 5(e)
and 5(f)). The colony formation was significantly decreased
after the silencing of NAF-1, and siNAF-1 enhanced the
gemcitabine inhibition effect on the cloning ability
(Figures 5(g)–5(j)). Altogether, these data suggest that the
silencing of NAF-1 enhances the sensitivity of gemcitabine-
resistant pancreatic cancer cells to gemcitabine.

3.6. Resveratrol-Induced Inhibition of NAF-1 Enhances the
Sensitivity of Pancreatic Cancer Cells to Gemcitabine. To
determine whether the resveratrol-induced inhibition of
NAF-1 increases the susceptibility of pancreatic cancer cells
to gemcitabine, we treated the Panc-1 and Mia paca-2 cells
with a combination of 50μM resveratrol and 2μM gemcita-
bine, and the MTT assay was performed. The results indi-
cated that the combination of gemcitabine and resveratrol
significantly promoted the rate of apoptosis (Figures 6(a)–
6(d)). This finding suggests that resveratrol, accompanied
with gemcitabine, showed obvious inhibitory effects on apo-
ptosis and growth. To further confirm this result, we sequen-
tially tested the proliferation of pancreatic cells using a
colony formation assay. Similarly, the combination of gemci-
tabine and resveratrol was significantly more effective than
gemcitabine or resveratrol treatment alone (Figures 6(e)–
6(g)). Altogether, these results demonstrated that resveratrol
has a potent effect in enhancing the sensitivity of pancreatic
cancer cells to gemcitabine by inhibiting NAF-1 expression.

4. Discussion

In our present study, we investigated whether resveratrol has
a potentially protective effect on pancreatic cancer. To clarify
the mechanism of resveratrol in pancreatic cancer, we per-
formed a series of experiments and detected the impact
induced by resveratrol on downstream signaling molecules.
Our results showed that resveratrol could activate Nrf2 and
suppress the expression NAF-1 in pancreatic cancer cells by
inducing the accumulation of ROS. More importantly,
decreasing the level of NAF-1 impeded the proliferation of
pancreatic cancer cells and activated apoptosis. Targeting
NAF-1 via resveratrol can enhance the sensitivity of pancre-
atic cancer cells to gemcitabine. Optimistically, we further
explored the role of NAF-1 as a novel molecular target for
improving the efficacy of the current chemotherapeutic regi-
mens used in patients with pancreatic cancer and improving
their clinical prognosis.

Although many studies have been performed and the
mechanisms underlying chemotherapy resistance in pan-
creatic cancer have been explored, a low response rate to
gemcitabine is common in the clinic, gemcitabine exhibits
restricted effects [39], and less than 20% of patients experi-
ence the ideal effects of gemcitabine [40]. Recently, a combi-
nation of oxaliplatin, leucovorin, fluorouracil, and irinotecan,
which is called FOLFIRINOX, has been widely used as a
clinical therapy for the treatment of metastatic pancreatic
cancer patients [41–43]. However, the FOLFIRINOX treat-
ment program is accompanied by seriously adverse reactions
and drug resistance, which limits its cytotoxic efficacy. There-
fore, finding a novel target for enhancing the efficiency of
chemotherapy is clearly needed to improve the outcomes of
patients with pancreatic cancer.

Due to its known antioxidant activity, resveratrol exerts
beneficial effects through reducing apoptosis, inflammation,
and other oxidative stress-related processes [44]. Recently,
the extensive antitumor effects of resveratrol have been
revealed, and its functions include inhibiting proliferation,
inducing apoptosis, repressing invasion and migration, and
impairing the tumor-initiating stem-like properties via sev-
eral signaling pathways, such as the sonic hedgehog pathway
and the PI-3K/Akt/NF-kappaB pathway [45, 46]. Of course,
resveratrol also causes apoptosis, autophagy, and ultimately
cell death mediated by ROS [16]. It has been demonstrated
that many malignant tumor cells are accompanied by ele-
vated levels of cellular ROS, which plays a crucial role in
the initiation and progression of cancer by promoting cell
proliferation, invasion, and metastasis [13, 20, 36]. In most
cases, resveratrol demonstrated antioxidant properties by
modulating the activity of antioxidant enzymes, which is
thought to contribute to its anticancer effects [47, 48]. For
example, some polyphenol materials function as prooxidants
and induce the expression of oxidative stress-related genes
[49]. Interestingly, in line with the findings that resveratrol
is able to promote ROS, our results demonstrated that the
treatment with resveratrol increased the intracellular ROS
levels in the pancreatic cancer cells. The resveratrol-induced
ROS influence the level of NAF-1 by upregulating Nrf2,
which protects the pancreatic cancer cells from the
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gemcitabine therapy. We demonstrate that resveratrol con-
tributes to pancreatic cancer cell death by inducing the accu-
mulation of ROS and suppressing the expression of NAF-1.
The discrepancy may be explained by the different dose or
duration of resveratrol supplementation and disparates cell
condition or environment.

More interestingly, this study is the first to discover the
relationship between the NAF-1 and Nrf2 proteins. Nrf2 sig-
naling pathway is usually considered as the most important
cellular molecular pathway involving oxidative stress and
apoptosis acting as cellular sensors of chemical- and
radiation-induced oxidative and electrophilic stress [50–52].
In this study, the specific role of Nrf2 as a tumor suppressor
in pancreatic cancer cells is explored. As a tumor promoter,
Nrf2 is usually upregulated, thus helping malignant cells to
withstand high levels of ROS and avoid apoptosis through
activation of metabolic and cytoprotective genes that con-
tribute to enhanced cell proliferation [53, 54]. When the can-
cer cells are exposed to oxidative stress, Nrf2 pathway is
switched on, which is closely related to cell proliferation, apo-
ptosis, and drug resistance [55, 56], and thus helping malig-
nant cells to withstand high levels of ROS and avoid
apoptosis through activation of metabolic and cytoprotective
genes that contribute to enhanced cell proliferation [53, 54].
However, more recent data focus on its role also as a tumor
suppressor [32, 33]. RTA 405, an antioxidant inflammation
modulator, as well as resveratrol, mediates activation of
Nrf2 and does not promote growth or survival of cancer cells.
Probst et al. have also found that RTA 405 suppresses cancer
cell survival and promotes apoptosis via downregulating the
NF-κB activity. Resveratrol may have the same pharmacol-
ogy action and mechanism to promote the apoptosis of
pancreatic cancer cells via activation of Nrf2 pathway.

In this study, we found that the Nrf2 pathway and NAF-1
negatively interact with one another upon ROS stimulation,
which has a crucial importance in promoting pancreatic can-
cer cell death. As we know, the relationship between Nrf2
pathway and autophagy has been explored in many years.
Many studies have revealed a previously unappreciated role

of Nrf2 pathway in the regulation of autophagy and make a
consistent relation [31, 57, 58]. Nrf2 pathway and autophagy
have a parallel interaction with each other in certain condi-
tions. In this study, we put forward ideas that autophagy
probability serves as a key role in putting them into context
of their relationship. Moreover, NAF-1 functions as an
important regulator of intracellular autophagy and serves as
an important regulator by antagonizing the BECN1-
mediated cellular autophagy at the endoplasmic reticulum
[59]. Therefore, we believe that the activation of Nrf2 path-
way induced by resveratrol results in the activation of
autophagy and then the downregulation of NAF-1. But it still
needs more work to explore the exact mechanisms between
NAF-1 and Nrf2 pathway.

Because NAF-1 is important for lifespan control and
autophagy, NAF-1 is associated with proliferation and apo-
ptosis in breast cancer [4, 11]. Bai et al. have reported that
NEET proteins are a novel class of drug targets in the chemo-
therapeutic treatment of breast cancer and that MAD-28 can
be used as a template for rational drug design for NEET Fe-S
cluster-destabilizing anticancer drugs [60]. However, its role
in pancreatic cancer, particularly in drug resistance in cancer,
has not been well studied. Our study adds to the accumulat-
ing evidence suggesting that NAF-1 can improve the chemo-
therapeutic sensitivity of pancreatic cancer cells and improve
the clinical effectiveness of drugs. Resveratrol, which served
as a nonspecific inhibitor of NAF-1, may exhibit greater effi-
cacy and lower toxicity in the prevention and treatment of
pancreatic cancer. Next, we aim to explore the downstream
molecules in drug resistance in pancreatic cancer and hope
to discover more specific mechanisms.

5. Conclusions

In conclusion, the present study demonstrated that resvera-
trol suppressed the proliferation and cloning ability and
induced the apoptosis of pancreatic cancer cells. These mul-
tiple biological effects might result from the negative interac-
tion between Nrf2 and NAF-1 upon ROS accumulation. And
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Figure 5: Knockdown of NAF-1 increases the sensitivity of pancreatic cancer cells to gemcitabine. (a, b) After being treated with increasing
concentrations of gemcitabine (0, 1, 2, 5, 10, and 20 μM) for 24 h, 48 h, or 72 h, the inhibition ratio of the cancer cell proliferation was detected
using an MTT assay. (c–f) The effects of siNAF-1 combined with gemcitabine or siControl on Panc-1 and Mia paca-2 cancer cell apoptosis
after a treatment with 2μM gemcitabine for 48 h; apoptosis in the cancer cells was detected by flow cytometry. (g–j) The effects of siNAF-1 or
siControl combined with gemcitabine on the colony-forming ability of the two cell lines were determined using a colony formation assay.
Images are representative of three independent experiments (scale bar: 1 cm). Column: mean; bar: SD. ∗∗∗P < 0 01.
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Figure 6: Resveratrol-induced inhibition of NAF-1 enhances the sensitivity of pancreatic cancer cells to gemcitabine. (a–c) Panc-1 and Mia
paca-2 cells were treated with gemcitabine (2 μM) and resveratrol (50 μM) for 48 h. Apoptosis was detected by flow cytometry. (e–g) The
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ROS production induced by resveratrol not only leads to
activation of Nrf2 but also inhibits NAF-1 transcriptional
activity. The demonstrated relationship between Nrf2 and
NAF-1 will further advance our understanding of the
progression of pancreatic cancer induced by ROS. NAF-1
silenced by siRNA or resveratrol could enhance the sensitiv-
ity of gemcitabine in pancreatic cancer cells. Thus, novel drug
targets for inhibition of NAF-1 may be a potential therapy for
preventing the progression of pancreatic cancer.
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Globally, oral cancer is the most common type of head and neck cancers. Melatonin elicits inhibitory effects on oral cancer;
however, the biological function of melatonin and underlying mechanisms remain largely unknown. In this study, we found that
melatonin impaired the proliferation and apoptosis resistance of oral cancer cells by inactivating ROS-dependent Akt signaling,
involving in downregulation of cyclin D1, PCNA, and Bcl-2 and upregulation of Bax. Melatonin inhibited the migration and
invasion of oral cancer cells by repressing ROS-activated Akt signaling, implicating with the reduction of Snail and Vimentin
and the enhancement of E-cadherin. Moreover, melatonin hampered vasculogenic mimicry of oral cancer cells through blockage
of ROS-activated extracellular-regulated protein kinases (ERKs) and Akt pathways involving the hypoxia-inducible factor 1α.
Consistently, melatonin retarded tumorigenesis of oral cancer in vivo. Overall, these findings indicated that melatonin exerts
antisurvival, antimotility, and antiangiogenesis effects on oral cancer partly by suppressing ROS-reliant Akt or ERK signaling.

1. Introduction

Oral cancer is one of the most common malignancies world-
wide [1]. Oral squamous cell carcinoma is the most prevalent
type and accounts for 90% of oral cancers [2]. Despite great
advances in surgical treatment, radiotherapy, and chemo-
therapy, the high reoccurrence and poor prognosis of oral
cancer appear frequently owing to the rapid growth, local
invasiveness, and distant metastasis [3–5]. Thus, exploring
the underlying mechanisms of oral cancer growth and

metastasis and identifying a potential therapeutic agent for
oral cancer are imperative.

Reactive oxygen species (ROS) are highly associated with
several pathological conditions, including cancers [6]. It is
established that cancer cells usually generate a large amount
of ROS [7]. ROS can activate Akt signaling responsible for
the proliferation and apoptosis evasion in several cancers,
including oral cancer [8, 9]. ROS are highly involved in can-
cer metastasis, which are proposed to be putative mediators
or modulators of epithelial-mesenchymal transition (EMT)
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[10–12]. EMT plays important roles in cancer metastasis and
mainly endows cancer cells with invasive phenotypes [13].
During EMT, epithelial cells lose their epithelial markers,
such as E-cadherin, and gain the mesenchymal markers,
including Vimentin and Snail [14]. Reportedly, Snail is a
transcriptional repressor of E-cadherin in tumor cells [15].
Mechanistically, the activation of phosphatidylinositide 3-
kinases (PI3K)/Akt pathway is essential for ROS-driven
EMT in colon cancer cells; in detail, ROS-dependent Akt
activation enhances the expression of Snail and Vimentin
and simultaneously reduces E-cadherin expression [16].
ROS is also a critical regulator of angiogenesis that is essential
for cancer metastasis [17, 18]. ROS induces the expression of
hypoxia-inducible factor 1α (HIF-1α) and increases its stabi-
lization, thereby leading to the upregulation of vascular
endothelial growth factor (VEGF) and subsequent angiogen-
esis [19, 20]. Both extracellular-regulated protein kinases
(ERK) and PI3K/Akt pathways greatly contribute to the
ROS-enhanced HIF-1α and VEGF during the malignant
transformation of human bronchial epithelial cells [21].
Thus, targeting ROS is a potential therapeutic strategy to
reduce the malignant phenotypes of oral cancer.

Melatonin (N-acetyl-5-methoxytryptamine), which is
mainly produced and secreted by the pineal gland, was ini-
tially found to be involved in the regulation of chronobiolog-
ical rhythm [22]. Recently, as a potent antioxidant, melatonin
scavenges a variety of free radicals directly and stimulates
the activities of antioxidative enzymes indirectly [23, 24].
Melatonin exerts suppressive effects on multiple types of
tumors partly depending on free radical scavenging and anti-
oxidative activities [25–27]. Previously, melatonin was uti-
lized as a preventive and curative agent for oral cancers by
abolishing oxidative stress [28, 29]. Nevertheless, whether
melatonin hampers oral cancer by reducing ROS-increased
proliferation, EMT, and angiogenesis remains unknown.

In this study, we first found that oral cancer cells highly
produced ROS, which were significantly decreased by mela-
tonin treatment. Melatonin reduced the proliferation and
apoptosis resistance in oral cancer cells by inactivating
ROS-dependent Akt signaling. The antimigratory and anti-
invasive effects of melatonin on oral cancer cells were depen-
dent on the suppression of EMT via inactivation of ROS-
reliant Akt signaling. The antiangiogenic effect of melatonin
on oral cancer cells was through the blockage of ROS-
activated ERK and Akt pathways. Consistently, melatonin
retarded the carcinogenesis of oral cancer in vivo. Overall,
melatonin repressed the proliferation, motility, and angio-
genesis of oral cancer cells partially by repressing ROS-
activated ERK and Akt signaling.

2. Materials and Methods

2.1. Materials. Human umbilical vein endothelial cells
(HUVECs) and six human oral cancer cell lines, including
SCC25, SCC9, Tca8113, Cal27, and FaDu, were obtained
from American Type Culture Collection (Manassas, VA,
USA). Human normal oral keratinocytes (hNOKs) were
purchased from ScienCell Research Laboratories (Carlsbad,
CA, USA). M200 medium was acquired from Cascade

Biologics (Portland, OR, USA). Dulbecco’s modified Eagle’s
medium (DMEM) and fetal bovine serum (FBS) were pro-
vided by Gibco (Carlsbad, CA, USA). Oral keratinocyte
medium (OKM) was supplied by ScienCell Research Labora-
tories. 2′,7′-Dichlorofluorescein diacetate (DCFH-DA) was
obtained from Molecular Probes (Eugene, OR, USA).
Antibodies against phosphorylated (p)-Akt (Ser473), Akt,
p-ERK1/2 (Thr202/Tyr204), and ERK1/2 were obtained
from Cell Signaling Technology (Beverly, MA, USA). Anti-
bodies targeting Snail, E-cadherin, and Vimentin were
acquired from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Antibodies against cyclin D1, proliferating cell
nuclear antigen (PCNA), Bax, Bcl-2, HIF-1α, VEGF, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
from Abcam (Cambridge, UK). Horseradish peroxidase
(HRP)-conjugated and Cy3-conjugated secondary antibodies
were acquired from BD Biosciences (San Diego, CA, USA).
Akt inhibitor LY294002, ERK1/2 inhibitor U0126, ROS
scavenger N-acetyl-L-cysteine (NAC), and melatonin were
purchased from Sigma-Aldrich (St. Louis, MO, USA). All
other reagents were from Sigma unless otherwise stated.

2.2. Cell Culture and Treatment. HUVECs were cultured in
M200 medium with low-serum supplements (Cascade Bio-
logics), penicillin (100U/mL), and streptomycin (100μg/
mL). Oral cancer cells were cultured in DMEM supple-
mented with 10% FBS, 100U/mL penicillin, and 100μg/mL
streptomycin. hNOKs were cultivated in OKM. All the
cells were cultured in a humidified incubator with 5%
CO2 at 37

°C. For melatonin treatment, confluent Cal27 and
FaDu cells were exposed to melatonin (1mM) dissolved
in dimethyl sulfoxide (DMSO; 0.2% final concentration)
for 24 h. To investigate the suppressive effects of NAC,
LY294002, and U0126, Cal27 and FaDu cells were treated
with or without NAC (5mM), LY294002 (20μM), or
U0126 (20μM) until they were harvested for analyses.

2.3. Measurement of ROS Production. ROS generation was
measured by using DCFH-DA assay. Briefly, Cal27 and
FaDu cells were seeded in six-well plates and treated as
described in Section 2.2. Tumor tissues were homogenized
and centrifuged, and the supernatants were collected. After-
wards, 10μM of DCFH-DA was added to the cells or super-
natants and incubated for 30min at 37°C. DCF fluorescence
was determined at 488nm excitation and 525nm emission
using a fluorescence microplate reader (Bio-Rad, Hercules,
CA, USA).

2.4. Cell Viability Assay. The 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyl-tetrazolium bromide (MTT) assay was per-
formed to measure cell viability. In brief, Cal27 and FaDu
cells were seeded in a 96-well plate at a concentration of
1× 103 cells/well and cultured for 24h. After different treat-
ments, the cells were cultured for 1, 2, 3, or 4 days. MTT
(0.5mg/mL) was added in each well and incubated at 37°C
for 4 h. The supernatants were then removed, and DMSO
(0.15mL) was added to each well. The absorbance was mea-
sured at 490 nm by using a microplate reader (Bio-Rad).
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2.5. Colony Formation Assay. Cell proliferation was assessed
by colony formation assay. Briefly, Cal27 and FaDu cells
(1× 103) were seeded into six-well plates and maintained in
culture medium containing 10% FBS, which was refreshed
every two days. After being incubated for 14 days at 37°C in
5% CO2, the colonies were fixed with methanol and stained
with 1% crystal violet for 15min and their numbers were
counted using ImageJ software (NIH, USA).

2.6. Determination of Apoptosis by Flow Cytometry. Cell
apoptosis was determined using Annexin V/Fluorescein
isothiocyanate (FITC) and propidium iodide (PI) Apoptosis
Detection Kit (BD Biosciences, San Diego, CA, USA) follow-
ing the manufacturer’s protocol. In brief, after different treat-
ments, Cal27 and FaDu cells were harvested, centrifuged, and
resuspended in 100mL of 1× binding buffer at a final con-
centration of 1× 106 cells/mL. Then, 10μL of ready-to-use
Annexin V/FITC was added in the mixture and incubated
at 37°C for 15min followed by 5μL of PI counterstaining in
the dark for 30min. The Annexin V/FITC and PI fluores-
cence were assessed by BD FACSCalibur flow cytometry
(BD Biosciences). Results were analyzed by CellQuest soft-
ware (BD Biosciences).

2.7. Nucleosomal Fragmentation Assay. Cell apoptosis was
detected using a Cell Death Detection ELISA PLUS kit
(Roche Diagnostics, Germany) according to the manufac-
turer’s instructions. Briefly, after different treatments,
Cal27 and FaDu cells (1× 104) were lyzed and the nuclear
fractions served as an antigen source in a sandwich ELISA,
utilizing primary antihistone antibody-coated microplate
and a secondary peroxidase-conjugated anti-DNA antibody.
The photometric immunoassay for histone-associated DNA
fragments was executed at 405 nm using a microplate reader
(Bio-Rad). The absorbance values were normalized to those
from control-treated cells.

2.8. Migration and Invasion Assays. Transwell chambers
(8-μm pore size; Corning Costar, Dallas, TX, USA) with or
without Matrigel were used to assess the migratory or inva-
sive ability of Cal27 and FaDu cells, respectively. For migra-
tion assay, the cells with or without melatonin or NAC
treatment were seeded into the upper chamber and cultured
in serum-free DMEM. The lower chamber was filled with
DMEM containing 15% FBS as a chemoattractant. For
invasion assay, except for the bottom of the upper cham-
ber precoated with Matrigel (200μg/mL; BD Biosciences,
San Jose, CA), the protocol was the same with that in the
migration assay. After incubation for 24 h at 37°C, the cells
on the upper layer of the chambers were removed and the
cells migrated or invaded through the membrane were fixed
with methanol and stained with crystal violet. Five fields of
each membrane were observed and photographed under a
fluorescence microscope (Olympus, Tokyo, Japan). The aver-
age number of migrated or invaded cells in every field of each
well was calculated.

2.9. Immunofluorescence Staining Assay. Cal27 and FaDu
cells subjected to the indicated treatments were seeded into
six-well plates with sterile glass coverslips. Cells on the

coverslips were fixed with 4% paraformaldehyde for 20min,
permeabilized with 0.2% Triton X-100 for 10min, washed
with PBS twice, and blocked with 0.5% bull serum albumin
for 30min at room temperature. Then, the coverslips were
incubated with primary antibodies against E-cadherin,
Vimentin, and Snail overnight at 4°C, followed by incubation
with Cy3-conjugated secondary antibodies for 30min at 37°C
in the dark. Nuclei were counterstained with 4′,6-diamidino-
2-phenylindole (Sigma). Images were captured with a fluo-
rescence microscope (Olympus).

2.10. Western Blot Analysis. Cal27 and FaDu cells and the
tumor tissues were lysed in lysis buffer (Beyotime Bio-
technology, Shanghai, China). The extracted proteins were
separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and transferred onto polyvinylidene-fluoride
membranes (Bio-Rad). The membrane was blocked with
5% nonfat dry milk in Tris-buffered saline and Tween 20
(TBST) for 1 h at room temperature and incubated with
primary antibodies against p-Akt, Akt, cyclin D1, PCNA,
Bax, Bcl-2, Snail, E-cadherin, Vimentin, p-ERK, ERK,
HIF-1α, VEGF, and GAPDH at 4°C overnight. After washing
with TBST thrice, the membranes were incubated with
appropriate HRP-conjugated secondary antibodies for 1 h
at 37°C and visualized using enhanced chemiluminescence
kit (Thermo Scientific, Rockford, IL, USA). The band density
was quantified using the Quantity One software (Bio-Rad).
The Western blot results were normalized with the internal
control GAPDH and then calculated as fold changes com-
pared with the first treatment group (fold of basal is 1.00)
in each experiment.

2.11. Tube Formation Assay. Angiogenesis was assessed
by tube formation assay. After 24-well plates were coated
with 200μL of Matrigel at a concentration of 1mg/mL,
HUVECs (4× 104) were seeded into each well and cultured
in M200 medium containing 50μL of freshly collected
conditioned medium (CM) from Cal27 and FaDu cells with
different treatments. Following a 36h incubation period,
the tubules were observed and photographed under a phase
contrast microscope (Olympus). The number of the tubules
was calculated.

2.12. Measurement of VEGF Production. VEGF generation
was measured using enzyme-linked immunosorbent assay
(ELISA) with a commercial kit (R&D Systems, Minneapolis,
MN, USA). Cal27 and FaDu cells were seeded into six-well
plates at a density of 1× 105 and treated as described in Sec-
tion 2.2. Then, the culture media were collected for VEGF
measurement. 200μL of cell supernatants or standards
was added to the microplate precoated with monoclonal
antibody against VEGF and incubated for 2 h at room
temperature, followed by treatment with HRP-conjugated
second antibody for 2 h at room temperature. Substrate solu-
tion (200μL) was put in each well and incubated for 30min,
and stop solution (50μL) was added to stop the reaction. The
optical density was measured at 450nm on a microplate
reader (Bio-Rad).
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2.13. Xenograft Tumor Model. Eight-week-old male SCID
mice (weighing from 22 g to 25 g) were purchased from the
Institute of Zoology, Chinese Academy of Sciences (Beijing,
China) and maintained under specific pathogen-free condi-
tions at 22°C to 24°C in relative humidity of 40%–60% and
a regular 12 h day/night cycle with free access to food and
water. All the experimental procedures were approved by
the Institutional Guidelines of Animal Care and Use Com-
mittee of Third Military Medical University.

All mice received subcutaneous injection of 2× 106 Cal27
cells and then were randomly allocated into control and mel-
atonin groups (n = 6 per group). Control group mice were
intraperitoneally injected with 100μL of vehicle solution
(PBS). Animals in the melatonin group received intraperito-
neally 100μL of melatonin at 40mg/kg of body weight. Mel-
atonin was administered 1 h before room lighting was
switched off. Melatonin or vehicle injection started on the
7th day of tumor cell implantation (tumor volume=80mm3)
and was performed for five days a week in a span of three
weeks. Tumor size was measured once a week using the
caliper, and tumor volume was calculated using the for-
mula: tumor volume= (length×width2)/2. Six weeks later,
the mice were euthanized, and the tumors were removed
and weighed. The tumor tissues were prepared for ROS mea-
surement, Western blot analysis, and immunohistochemistry
(IHC) assay.

2.14. IHC Assay. Tumor tissues were sectioned, mounted on
to slides, deparaffinized with xylene, and dehydrated in a
series of graded ethanol. For antigen retrieval, the sections
were boiled in citric buffer (pH6.0) for 10min using a
hot plate and then cooled for 1 h at room temperature.
Endogenous peroxidase was blocked with 3% H2O2 for
15min, and the sections were blocked with 10% normal goat
serum for 20min. Antibodies against p-Akt, p-ERK, E-
cadherin, Vimentin, Snail, cyclin D1, PCNA, Bax, Bcl-2,
HIF-1α, and VEGF were applied overnight at 4°C, followed
by incubation with secondary antibodies for 1 h at 37°C.
Sections were then stained with freshly prepared diamino-
benzidine substrate (Maixin Biotech., Fuzhou, China), coun-
terstained with hematoxylin, dehydrated, and mounted. Five
nonoverlapping fields per slide were randomly selected, and
images were captured with a light microscope attached to
a digital camera (Olympus). The captured images were
examined independently by two experienced pathologists in
a blinded manner.

2.15. Statistical Analyses.All the data were expressed as mean
± SD. Student’s t-test or one-way ANOVA analysis, followed
by Dunnett’s post hoc test was used to determine the differ-
ences between two groups or in multiple groups. Statistical
analyses were performed using GraphPad Prism (GraphPad
Software Inc., San Diego, CA, USA). P < 0 05 was considered
as statistical significance.

3. Results

3.1. Melatonin Inhibits ROS Production in Oral Cancer Cells.
Cancer cells produce excessive ROS [7], and ROS has been

implicated in oral cancer development [30]. To determine
the levels of ROS in oral cancer cells, ROS production was
measured with DCFH-DA kits. As shown in Figures 1(a)
and 1(b), the generation of ROS was significantly increased
in the five oral cancer cell lines (SCC25, SCC9, Tca8113,
Cal27, and FaDu) compared with that in hNOKs. Cal27
and FaDu cells which had the highest ROS levels were
selected for the following experiments. Melatonin exerts
antioxidative effects in many cancer cells [27]. Consistently,
melatonin markedly reduced ROS production in Cal27
and FaDu cells. And the free radical scavenger NAC was used
as the positive control (Figures 1(c) and 1(d)). These results
indicated that melatonin suppresses ROS generation in oral
cancer cells.

3.2. Melatonin Reduces the Proliferation and Induces the
Apoptosis of Oral Cancer Cells by Inactivating ROS-
Dependent Akt Signaling. Excessive cell proliferation and
apoptosis resistance are necessary for oral carcinogenesis
[31]. Here, we found that melatonin substantially decreased
the viability (Figure 2(a)) and proliferation (Figures 2(b) and
2(c)) of Cal27 and FaDu cells. As shown in Figures 2(d)–
2(f), melatonin markedly increased the apoptosis of Cal27
and FaDu cells. Molecular analyses showed that melatonin
reduced the expressions of prosurvival proteins including
cyclin D1, PCNA, and Bcl-2 and enhanced the proapopto-
tic protein Bax level in Cal27 and FaDu cells (Figure 2(g)).
Reportedly, Akt inactivation is responsible for proliferation
inhibition and apoptosis elevation of oral cancer cells [9].
As shown in Figure 2(g), melatonin suppressed the acti-
vation of Akt in Cal27 and FaDu cells. Also, treatment
with PI3K/Akt inhibitor LY294002 decreased the levels
of cyclin D1, PCNA, and Bcl-2 but increased the expression
of Bax in Cal27 and FaDu cells, paralleling with melatonin
(Figure 2(h)). ROS contributes to proliferation of gastric can-
cer cells via upregulation of p-Akt [8]. Thus, we investigated
whether ROS-dependent Akt activation was involved in
the survival reduction of oral cancer cells by melatonin.
Figure 2(h) showed that ROS scavenger NAC treatment
reduced the phosphorylation of Akt and the levels of cyclin
D1, PCNA, and Bcl-2 and enhanced the expression of Bax.
These results demonstrated that melatonin reduces the
proliferation and apoptosis evasion of oral cancer cells by
inhibiting ROS-activated Akt pathway.

3.3. Melatonin Suppresses the Mobility of Oral Cancer Cells
via Inactivation of ROS-Reliant Akt Signaling. Cell migration
and invasion are important features of tumor metastasis [31].
Melatonin is reported to effectively repress the mobility of
oral squamous carcinoma cells [32]. Transwell assay showed
that melatonin significantly abolished the migration of Cal27
and FaDu cells (Figures 3(a) and 3(b)). Invasion of Cal27
and FaDu cells was also abated by melatonin treatment
(Figures 3(c) and 3(d)). Molecularly, melatonin increased
the expression of the epithelial cell marker E-cadherin and
decreased the level of mesenchymal cell marker Vimentin
and Snail (Figures 3(e) and 3(f)). Reportedly, Akt activation
induces EMT and promotes the motility of oral cancer cells
[33]. As shown in Figure 3(f), Akt was highly activated in
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Cal27 and FaDu cells, and melatonin reduced the phos-
phorylation of Akt and the level of Vimentin and Snail
but increased the expression of E-cadherin. Similar to the
effects of melatonin, treatment with PI3K/Akt inhibitor
LY294002 led to substantial upregulation of E-cadherin
and concomitant downregulation of p-Akt, Snail, and
Vimentin (Figures 3(e) and 3(g)). Thus, melatonin represses
the migration and invasion of oral cancer cells by suppressing
activated Akt-triggered EMT. Next, we explored whether Akt
activation-prompted EMT was ROS-dependent in oral can-
cer cells. Treatment with the ROS scavenger NAC reduced
the phosphorylation of Akt and impaired the EMT of Cal27
and FaDu cells (Figures 3(e) and 3(g)). These findings
indicated that inactivation of ROS-dependent Akt pathway
is required for melatonin-decreased migration and invasion
of oral cancer cells.

3.4. Melatonin Represses Proangiogenesis of Oral Cancer
Cells through Inactivation of ROS-Dependent ERK and Akt
Pathways. Melatonin reduces angiogenesis in colon cancer
cells [34]. To examine whether melatonin has antiangiogenic
effect on oral cancer cells, Cal27 and FaDu cells were treated
with or without melatonin for 24 h, and then the CMs were
collected to incubate HUVECs for tube formation assays.
As shown in Figures 4(a) and 4(b), CMs from melatonin-
or NAC-treated Cal27 and FaDu cells resulted in less tube-
like structures than those in the control group. Moreover,
melatonin or NAC treatment markedly abolished VEGF
release from Cal27 and FaDu cells (Figure 4(c)). Therefore,
melatonin abates oral cancer cell-induced angiogenesis.
ERK and Akt activation is involved in angiogenesis during
the malignant transformation of human bronchial epithelial
cells [21]. The phosphorylation of ERK and Akt and the

hNOK
ROS

SCC25 Tca8113

Cal25 FaDu SCC9

(a)

hNOK SCC25

⁎

⁎

Tca8113 Cal27 FaDu SCC9

5

4

3

RO
S 

pr
od

uc
tio

n
(fo

ld
 o

f i
nc

re
as

e)

2

1

0

⁎

⁎

⁎

(b)

ROS
Ctrl

Cal27

FaDu

Mel NAC

(c)

Ctrl Mel NAC

Cal27
FaDu

RO
S 

pr
od

uc
tio

n
(fo

ld
 o

f i
nc

re
as

e)
1.2

1.0

0.8

0.6

0.4

0.2

0.0

⁎

⁎

⁎ ⁎

(d)

Figure 1: Melatonin reduced ROS production in oral cancer cells. (a) The levels of ROS in hNOKs and five oral cancer cell lines including
SCC25, SCC9, Tca8113, Cal27, and FaDu were determined by DCFH-DA assays. Magnification: 200x. (b) Relative quantification of ROS
in (a) was calculated. (c) Cal27 and FaDu cells were seeded in six-well plates and treated with melatonin (1mM), NAC (5mM), or the
vehicle (control) for 24 h. DCFH-DA assay was performed to evaluate ROS generation. Magnification: 200x. (d) Relative quantification of
ROS in (c) was calculated. Data are represented as the mean± SD of three independent experiments. ∗P < 0 05 versus (a) hNOKs or
versus (b) control group. Ctrl: control; Mel: melatonin; NAC: N-acetyl-L-cysteine.
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Figure 2: Melatonin inhibited the proliferation and enhanced the apoptosis of oral cancer cells via inactivation of ROS-dependent Akt
pathway. (a–f) Cal27 and FaDu cells were exposed to melatonin (1mM), NAC (5mM), or the vehicle (control) for 24 h. (a) MTT assay
was performed to measure the viability of Cal27 and FaDu cells. (b) Colony formation assay was conducted to determine the proliferation
of Cal27 and FaDu cells. (c) The colony numbers were calculated. (d) Flow cytometry was carried out to analyze the apoptosis of Cal27
and FaDu cells. (e) The percentage of apoptotic cells was calculated. (f) Cell apoptosis was evaluated by enrichment factor assay. (g) Cal27
and FaDu cells were treated with melatonin (1mM) or vehicle (control) for 24 h. Western blot was performed to detect the expressions of
p-Akt, Akt, cyclin D1, PCNA, Bcl-2, and Bax. GAPDH was used as endogenous control. (h) Cal27 and FaDu cells were treated with
LY294002 (20 μM), NAC (5mM), or the vehicle (control) for 24 h. Representative Western blot results of p-Akt, Akt, cyclin D1, PCNA,
Bcl-2, and Bax. GAPDH was used as endogenous control. The ratios from the indicated proteins to GAPDH are indicated below the
bands. Data are represented as the mean± SD of three independent experiments. ∗P < 0 05 versus control group. Ctrl: control; Mel:
melatonin; NAC: N-acetyl-L-cysteine. ∗∗P < 0 01 versus control group.
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Figure 3: Melatonin abated the migration and invasion of oral cancer cell by inhibiting ROS-activated Akt signaling. (a–d) Cal27 and FaDu
cells were exposed to melatonin (1mM), NAC (5mM), or the vehicle (control) for 24 h. Transwell assays were performed to assess the (a)
migration and (c) invasion of Cal27 and FaDu cells. The number of (b) migrated cells and (d) invaded cells was calculated. (e) Cal27 and
FaDu cells were exposed to melatonin (1mM), LY294002 (20 μM), NAC (5mM), or the vehicle (control) for 24 h. Immunofluorescence
staining was conducted to analyze the expression of E-cadherin, Vimentin, and Snail. Magnification: 100x. (f) Cal27 and FaDu cells were
treated with melatonin (1mM) or vehicle (control) for 24 h. Western blot was performed to detect the expressions of p-Akt, Akt, E-
cadherin, Vimentin, and Snail. GAPDH was used as endogenous control. (g) Cal27 and FaDu cells were treated with LY294002 (20 μM),
NAC (5mM), or the vehicle (control) for 24 h. Representative Western blot results of p-Akt, Akt, Snail, E-cadherin, and Vimentin.
GAPDH was used as endogenous control. The ratios from the indicated proteins to GAPDH are indicated below the bands. Data are
represented as the mean± SD of three independent experiments. ∗P < 0 05 versus control group. Ctrl: control; Mel: melatonin; NAC: N-
acetyl-L-cysteine.
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expressions of HIF-1α and VEGF were high in Cal27 and
FaDu cells, whereas melatonin considerably decreased the
levels of p-ERK, p-Akt, HIF-1α, and VEGF (Figure 4(d)).
To investigate whether melatonin-suppressed vasculogenic
mimicry was dependent on ERK and Akt signaling, the
ERK inhibitor U026 and PI3K/Akt inhibitor LY294002 were
employed. As shown in Figure 4(e), the expression of proan-
giogenic molecules HIF-1α and VEGF was remarkably
downregulated in the presence of U026 or LY294002. Previ-
ously, the induction of HIF-1α was involved in ROS-ERK/
Akt pathway [21]. ROS scavenger NAC led to downregula-
tion of HIF-1α and VEGF in Cal27 and FaDu cells
(Figure 4(e)). The data suggested that melatonin reduces
proangiogenesis of oral cancer cells by inactivation of ROS-
dependent ERK and Akt pathways.

3.5. Melatonin Retards Oral Cancer Tumorigenesis In Vivo.
To probe whether melatonin hampers oral cancer tumori-
genesis in vivo, a xenograft mouse model was established by
implanting Cal27 cells, and then the SCID mice were treated
with melatonin or the vehicle. Melatonin-treated mice
showed smaller tumors than those in the control mice
(Figure 5(a)). The tumors grew slowly in the mice with mel-
atonin administration (Figure 5(b)). Melatonin treatment
also reduced tumor weight compared with the control group
(Figure 5(c)). ROS production in the tumor tissues was
markedly reduced in melatonin-exposed group compared
to the vehicle group (Figure 5(d)). Molecular analysis of
the tumor tissues showed that melatonin decreased the
levels of p-Akt, p-ERK, cyclin D1, PCNA, Bcl-2, Vimentin,
Snail, HIF-1α, and VEGF, but upregulated the expressions
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Figure 4: Melatonin suppressed vasculogenic mimicry of oral cancer cells by blocking ROS-dependent ERK/Akt signaling. (a and b) Cal27
and FaDu cells were treated with melatonin (1mM), NAC (5mM), or vehicle (control) for 24 h. CMs were harvested to incubate HUVECs for
36 h. (a) Representative images of vascular mimicry. (b) The number of tubules was calculated. (c) Cal27 and FaDu cells were treated with
melatonin (1mM), NAC (5mM), or vehicle (control) for 24 h. CMs were collected for VEGF measurement by using ELISA assay. (d)
Cal27 and FaDu cells were treated with melatonin (1mM) or vehicle (control) for 24 h. Representative Western blot results of p-Ak, Akt,
p-ERK, ERK, HIF-1α, and VEGF. GAPDH was used as endogenous control. (e) Cal27 and FaDu cells were incubated with U0126
(20 μM), LY294002 (20 μM), NAC (5mM), or the vehicle (control) for 24 h. The expression of p-ERK, ERK, p-Akt, Akt, HIF-1α, and
VEGF was measured by Western blot assays. GAPDH was used as endogenous control. The ratios from the indicated proteins to GAPDH
are indicated below the bands. Data are represented as the mean± SD of three independent experiments. ∗P < 0 05, ∗∗P < 0 01 versus
control group. CMs: conditional medium; Ctrl: control; Mel: melatonin; NAC: N-acetyl-L-cysteine.
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Figure 5: Melatonin hampered oral cancer tumorigenesis in vivo. SCID mice were subcutaneously injected with 2× 106 Cal27 cells. After 7
days, the animals received intraperitoneally melatonin or the vehicle (control) five days a week in a span of three weeks. All the mice were
sacrificed under euthanasia six weeks after tumor cell implantation. (a) Representative images of tumors from the two groups. (b) Tumor
volume was measured and calculated once a week for six weeks. (c) Tumor weight was measured. (d) ROS level was measured in the
tumor tissues. (e) Western blot results of p-Akt, Akt, p-ERK, ERK, E-cadherin, Vimentin, cyclin D1, PCNA, Bcl-2, Bax, Snail, HIF-1α, and
VEGF in the tumor tissues. GAPDH was used as endogenous control. The ratios from the indicated proteins to GAPDH are indicated
below the bands. (f) IHC assays were performed to evaluate the levels of p-Akt, p-ERK, E-cadherin, Vimentin, cyclin D1, PCNA, Bcl-2,
Bax, Snail, HIF-1α, and VEGF in the tumor tissues. Data are represented as the mean± SD of three independent experiments. ∗P < 0 05,
∗∗P < 0 01 versus control group. Ctrl: control; Mel: melatonin; NAC: N-acetyl-L-cysteine.
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of Bax and E-cadherin (Figures 5(e) and 5(f)). These
results indicated that melatonin hinders the tumorigenesis
of oral cancer in vivo.

4. Discussion

In this study, melatonin represses oral cancer in vitro and
in vivo. Key findings were as follows: first, melatonin sup-
pressed ROS production in oral cancer cells. Second, mel-
atonin reduced proliferation and apoptosis escape of oral
cancer cells by inactivating ROS-dependent Akt signaling.
Third, the inhibitory effect of melatonin on oral cancer
cell migration and invasion is mediated by inactivation
of ROS-reliant Akt signaling. Fourth, melatonin abolished
tube formation of HUVECs induced by oral cancer cells by
the blockage of ROS-activated Akt and ERK pathways.
Lastly, melatonin hampered oral cancer tumorigenesis
in vivo, which was consistent with in vitro findings. Overall,
melatonin reduces ROS-driven proliferation, EMT, and vas-
culogenic mimicry in oral cancer, suggesting that melatonin
may be a potential agent for oral cancer therapy.

ROS is highly involved in the cancer progression,
which is a complicated process that includes uncontrolled
proliferation and apoptosis resistance, migration and inva-
sion of tumor cells, and angiogenesis around the tumor
lesion [31, 35]. Previous studies demonstrated that ROS
was excessively produced in oral cancer [36, 37]. Accord-
ingly, we found that high amounts of ROS were generated
in oral cancer cells and tumor xenografts. Experimental
and clinical studies have illustrated the beneficial effects
of melatonin in many human cancers, such as breast
cancer, colorectal cancer, lung cancer, melanoma, and leu-
kemia [38]. The anticarcinogenic effect of melatonin is
positively associated with its antioxidative action [39]. In
the present study, melatonin markedly reduced ROS pro-
duction in oral cancer cells in vitro and in vivo, suggesting
that melatonin elicits antioral cancer effects by inhibiting
ROS generation.

Enhanced proliferation and resistance to apoptosis are
vital features of human cancer [31]. The high expression of
typical biomarkers of cell proliferation, such as cyclin D1
and PCNA, induces the propagation of unrepaired DNA
damage, accumulation of genetic errors and a selective
growth advantage for altered cells, thereby promoting oral
cancer progression [40, 41]. Increased Bcl-2 and decreased
Bax are frequently observed in oral cancer [42]. Increasing
evidence confirmed that aberrant Akt activation promotes
the proliferation and inhibits the apoptosis of oral cancer
cells and regulates cell metabolic pathways required for
tumor growth [42, 43]. Moreover, blocking PI3K/Akt signal-
ing causes more oral cancer cells to undergo apoptosis [44].
In literature, melatonin reduces the proliferation and
induces the apoptosis of oral cancer cells [45]. Consistent
with these reports, we found that melatonin significantly
reduced the proliferation and apoptosis resistance of oral
cancer cells by downregulating the expressions of cyclin
D1, PCNA, and Bcl-2 and upregulating Bax expression
via inactivating Akt in vitro and in vivo. Increased ROS
induces the phosphorylation of Akt, thereby leading to

cancer cell proliferation and apoptosis evasion [8, 9]. In
this study, treatment with ROS scavenger NAC reduced
the levels of p-Akt, cyclin D1, PCNA, and Bcl-2 and
increased the expression of Bax in oral cancer cells. Collec-
tively, these results suggested that melatonin hinders the
proliferation and triggers the apoptosis of oral cancer cells
by inactivating ROS-dependent Akt signaling.

Local and distant metastases are the main causes of poor
outcome of oral cancer [5]. EMT, a process whereby epithe-
lial cells shift toward the mesenchymal phenotype and
become highly mobile, is proposed to influence cancer cell
migration, invasion, and metastatic dissemination [46]. Loss
of epithelial markers, such as E-cadherin, and gain of the
mesenchymal markers, such as Vimentin and Snail, are the
hallmarks of EMT [47]. Akt is activated in human oral squa-
mous carcinoma cells; constitutively activated Akt downre-
gulates the level of E-cadherin and upregulates Vimentin
and β-catenin expression [33]. Consistently, in this work,
Akt activation was parallel with the increase of Snail and
Vimentin and the decrease of E-cadherin in oral cancer
cells. Treatment with Akt inhibitor LY294002 enhanced
E-cadherin expression and reduced Snail and Vimentin
levels, indicating that Akt activation-induced EMT pro-
motes oral cancer cell migration and invasion. In the liter-
ature, ROS facilitates EMT via activation of Akt in
colorectal cancer cells [16]. In this study, ROS scavenger
NAC treatment led to the increase in E-cadherin expression
and the decrease in p-Akt, Snail, and Vimentin levels in
oral cancer cells. Melatonin inhibits the metastasis of a
series of cancers, including oral cancer [32, 48]. In this
report, melatonin abated the migration and invasion of oral
cancer cells, downregulated the expression of p-Akt, Vimen-
tin, and Snail, and upregulated E-cadherin level in vitro
and in vivo. All the data suggested that melatonin may
suppress oral cancer metastasis by reducing the ROS-
dependent Akt activation.

Angiogenesis is a fundamental requirement for cancer
metastasis. VEGF is the key growth factor that stimulates
angiogenesis [49]. HIF-1α is a crucial transcriptional activa-
tor of VEGF expression by binding to its promoter [50].
HIF-1α increases tumor angiogenesis by inducing VEGF
and other proangiogenic factors that contribute to a highly
aggressive tumor phenotype [51]. ERK and PI3K/Akt path-
ways are essential for cancer angiogenesis [52]. ERK and
Akt activation enhances HIF-1α and VEGF expression in
human malignant lung epithelial cells and prostate cancer
cells [21, 53]. In this study, we demonstrated that the phos-
phorylation of ERK and Akt and the expression of HIF-1α
and VEGF were highly elevated in oral cancer cells in vitro
and in vivo. Treatment with ERK inhibitor U0126 and Akt
inhibitor LY294002 significantly reduced the levels of HIF-
1α and VEGF, suggesting that the upregulation of HIF-1α
and VEGF is partly dependent on ERK and Akt activation
in oral cancer cells. Previously, ROS is involved in the activa-
tion of ERK and Akt and responsible for HIF-1α and VEGF
expression [21, 53]. Melatonin suppresses angiogenesis by
inhibiting ROS production to reduce HIF-1α stabilization
in colon cancer cells [34]. Melatonin also inhibits HIF-1α
expression in oral cancer cells [54]. In the present study,
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the levels of p-ERK, p-Akt, HIF-1α, and VEGF were remark-
ably decreased by ROS scavenger NAC or melatonin treat-
ment. Melatonin markedly hampered tube formation of
HUVEC and VEGF release by oral cancer cells. These results
noted that melatonin suppresses angiogenesis relying on
ROS-dependent ERK and Akt signaling in oral cancer cells,
which involves HIF-1α.

The validity of melatonin as a prominent, naturally
occurring oncostatic agent is examined in terms of its puta-
tive oncostatic mechanism of action, the correlation between
melatonin levels and neoplastic activity, and the outcome of
therapeutically administered melatonin in clinical trials. In
literature, Lerner and Nordlund [55] reviewed the clinical
pharmacology of melatonin and stated that “The person to
ever receive 200 mg melatonin intravenously daily for 5 days
has no evidence of delayed toxicity 18 years later.” This dose
is the equivalent of, at a conservative estimate, the melatonin
content of about a million human pineals daily [56]. Melato-
nin seems to be remarkably nontoxic and in experiments on
rats, it was impossible to find an oral LD50, even with doses as
high as 3200mg/kg [57]. In humans, 250mg melatonin taken
orally every 6 hours for 25–30 days showed no toxic effects on
the blood pressure, pulse rate, ECG, fundoscopy, full blood
count, electrolytes, or liver enzymes, and the only side effect
found was drowsiness [58]. Di Bella et al. [59] did report
success with melatonin therapy in patients with lymphoma,
leukemia, breast, stomach and lung cancer, and osteosar-
coma. Lissoni and colleagues conducted a trial in which
20mg intramuscular melatonin injections were given at
15 h daily to patients with metastatic solid tumors, and the
malignancies were significantly improved [60]. According
to the previous reports, we speculated that the experimental
concentration of melatonin (40mg/kg) in this study possibly
has no toxic effects on physiological parameters and could
become clinically achievable. However, further clinical stud-
ies are needed to verify the speculation.

5. Conclusion

In summary, melatonin abolishes ROS-promoted growth,
metastasis, and angiogenesis in oral cancer. We found that
melatonin suppresses ROS production in oral cancer cells.
Melatonin inhibits the proliferation and induces the apopto-
sis of oral cancer cells. Melatonin reduces the migration
and invasion of oral cancer cells by the repression of EMT.
Moreover, melatonin decreases the angiogenesis of oral
cancer. Molecular mechanistically, melatonin exerts antisur-
vival and antimobility effects by inactivating ROS-dependent
Akt signaling and exhibits its antiangiogenesis function by
blocking the ROS-activated ERK and Akt pathways in oral
cancer. Together, these results indicate that reducing ROS
by melatonin probably provides promising therapeutic pro-
tection against oral cancer.
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The growing prevalence of age-related diseases, especially type 2 diabetes mellitus (T2DM) and cancer, has become global health
and economic problems. Due to multifactorial nature of both diseases, their pathophysiology is not completely understood so
far. Compelling evidence indicates that increased oxidative stress, resulting from an imbalance between production of reactive
oxygen species (ROS) and their clearance by antioxidant defense mechanisms, as well as the proinflammatory state contributes
to the development and progression of the diseases. Curcumin (CUR; diferuloylmethane), a well-known polyphenol derived
from the rhizomes of turmeric Curcuma longa, has attracted a great deal of attention as a natural compound with beneficial
antidiabetic and anticancer properties, partly due to its antioxidative and anti-inflammatory actions. Although this polyphenolic
compound is increasingly being recognized for its growing number of protective health effects, the precise molecular
mechanisms through which it reduces diabetes- and cancer-related pathological events have not been fully unraveled. Hence,
CUR is the subject of intensive research in the fields Diabetology and Oncology as a potential candidate in the treatment of both
T2DM and cancer, particularly since current therapeutic options for their treatment are not satisfactory in clinics. In this review,
we summarize the recent progress made on the molecular targets and pathways involved in antidiabetic and anticancer activities
of CUR that are responsible for its beneficial health effects.

1. Introduction

Type 2 diabetes mellitus (T2DM) and cancer are growing at
epidemic proportions resulting in significant economic,
social, and health burden. Moreover, there is increasing inci-
dence of obesity that is associated with an increased risk of
developing T2DM and cancer [1]. Despite many efforts, the
current therapeutic options for the treatment of T2DM and
cancer remain far from satisfactory, primarily because of
occurring serious side effects. Therefore, new therapeutic
strategies are continually being searched to better treat the
diseases. In the last years, a considerable attention has been

focused on investigating functional properties of plant-
derived compounds for their potential therapeutic purposes.

Curcumin (CUR) [1,7-bis(4-hydroxy-3-methoxyphe-
nyl)-1,6-heptadiene-3,5-dione] also called diferuloylmethane
is a polyphenolic compound derived from the rhizomes of
turmeric Curcuma longa that is well known not only as a
spice in Asian cuisine and a food preservative agent but also
as a phytochemical compound with the beneficial effects on
several chronic disease states associated with inflammation
and oxidative stress, including T2DM and cancer.

Oxidative stress is an imbalance between the formation of
reactive oxygen species (ROS) and the antioxidant defense
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mechanisms in the cell which results in ROS-mediated
peroxidation of membrane lipids and oxidative damage of
DNA and proteins. There is now overwhelming evidence that
CUR at low concentrations is a strong antioxidant that
scavenges ROS, decreases lipid peroxidation, and stimulates
antioxidant enzymes, including catalase, superoxide dismut-
ase (SOD), glutathione peroxidase (GPx), and heme oxygen-
ase 1 (OH1), thereby protecting cell constituents against
oxidative damage [2, 3]. On the other hand, emerging
findings indicate that CUR at higher concentrations pos-
sesses a prooxidant activity and induces cancer cell apoptosis,
thus playing an important regulatory role in cell death during
the neoplastic process [4].

As oxidative stress is closely associated with inflamma-
tion, there has been a growing interest in determining the
anti-inflammatory potential of CUR. Currently, there are a
large number of published reports confirming the direct
action of CUR on the inflammatory response. Indeed, CUR
exhibits a strong anti-inflammatory action by suppression
of (i) inflammatory enzymes such as cyclooxygenase 2
(COX2) and lipoxygenase 5 (LOX5), that is, the key enzymes
of the arachidonic acid pathways which is involved in the
development of human cancer, and inducible nitric oxide
synthase (iNOS) that catalyzes the oxidative deamination of
L-arginine to produce NO, a potent proinflammatory media-
tor, (ii) inflammatory cytokines such as tumor necrosis factor
α (TNFα), interleukin- (IL-) 1, 2, 6, 8, and 12, and monocyte
chemoattractant protein 1 (MCP1), and (iii) transcription
factors like activating protein 1 (AP1) and nuclear factor κB
(NF-κB) [5]. The latter is considered not only as one of the
most important regulators of proinflammatory gene expres-
sion but also as a key player in the development and progres-
sion of cancer since its constitutive activation is linked to the
proliferation and survival of several types of cancer cells [5].

It is noteworthy that commercial CUR contains mix-
ture of three curcuminoids consisting of approx. 77%
diferuloylmethane (termed as CUR I), approx. 18% deme-
thoxycurcumin (termed as CUR II), and approx. 5% bisde-
methoxycurcumin (termed as CUR III) (Figure 1).

Although health benefits of CUR along with its good tol-
erance without any toxicity at high oral doses (up to 2.2 g of
Curcuma extract containing 180mg of curcumin/day for 4
months) have been demonstrated in patients with advanced
refractory colorectal cancer [6], its poor bioavailability due
to poor absorption, rapid metabolism, and systemic elimina-
tion markedly hampers its clinical application. To overcome
these limitations, several different experimental approaches
have been employed, including using adjuvants (e.g., piperine,
quercetin, and resveratrol) [7] as well as nanoparticle-based
delivery systems (e.g., liposomes, solid lipid nanoparticles,
niosomes, polymeric nanoparticles, polymericmicelles, cyclo-
dextrins, dendrimers, and silver and gold nanoparticles) [8].
The bioavailability of CUR may also be enhanced through
the synthesis of CUR structural analogs [9, 10].

As a significant progress in elucidating the molecular
mechanisms underlying antidiabetic and anticancer proper-
ties of CUR has been recently achieved, this review will be
focused on presenting the molecular targets and pathways
engaged in the beneficial effects of CUR.

2. Curcumin and T2DM

T2DM is a chronic, multifactorial, metabolic disorder char-
acterized by hyperglycemia as a consequence of insulin
deficiency (caused by decreased β-cell mass and the dysfunc-
tion of existing β-cells) and insulin resistance in the liver and
peripheral tissues. T2DM is associated with microvascular
complications (i.e., nephropathy, retinopathy, and neuropa-
thy) and macrovascular complications (i.e., peripheral vascu-
lar disease, cerebrovascular disease, and cardiovascular
disease) as well as an increased risk of developing certain types
of malignancies, including liver, pancreas, colorectal, bladder,
and breast cancers [11].

Obesity, defined as body mass index (BMI)≥ 30 kg/m2,
is an important risk factor for the development of T2DM
and cardiovascular diseases [12]. The current evidence
clearly indicates that weight loss as a result of lifestyle,
pharmaceutical, and obesity surgical interventions reduces
the risk of developing T2DM in the long term by approxi-
mately 32%, 10–74%, and 63%, respectively [13]. Although
the pathophysiological mechanisms engaged in the pro-
gression of obesity to T2DM are complex and not completely
understood, elevated plasma free fatty acids (FFAs), stem-
ming from increased lipolysis in adipose tissue, as well as a
low-grade inflammation state and increased oxidative
stress have been recognized as the key contributors in this
process [12].

The purpose of this section is to present an update on
the antidiabetic mechanisms of CUR in various cellular
and animal models of T2DM. Moreover, clinical efficacy
and safety of CUR for the treatment and prevention of
T2DM is described.
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It is worth noting that the beneficial effects of CUR have
also been proven in various diabetic complications, such as
retinopathy, nephropathy, neuropathy, and cardiomyopathy,
with the pathogenesis generally linked to hyperglycemia-
induced oxidative stress and inflammation. As an overview
of the molecular mechanisms targeted by CUR in the afore-
mentioned diabetic complications has been given in several
recent publications, this issue is beyond the scope of this
review [14].

2.1. Molecular Aspects of Antidiabetic Action of CUR in
Experimental Diabetic Models. The structural and functional
defects in the insulin-producing and insulin-responsive tis-
sues in the body have been implicated in the pathogenesis
of T2DM. It is now generally accepted that CUR ameliorates
the pathologic events in these tissues through diverse mech-
anisms and multiple molecular targets as shown in Figure 2.

2.1.1. Liver. The liver is the major organ responsible for
maintaining glucose and lipid homeostasis under physiolog-
ical conditions. Hence, the dysregulation of hepatic glucose
and lipid metabolism may contribute to the development of
T2DM. Several lines of evidence from in vitro experiments
and diabetic animal models highlight a hepatoprotective
function of CUR as a consequence of its ability to regulate
glucose and lipid metabolism. Indeed, CUR has been shown
to suppress hepatic glucose production by activating AMP-
activated protein kinase (AMPK), a well-known metabolic
stress sensing protein kinase that is activated in response to
alterations in cellular energy levels [15, 16]. Furthermore, this
polyphenolic compound may also inhibit the key regulatory

enzymes for hepatic gluconeogenesis such as glucose-6-
phosphatase (G6Pase) and phosphoenolpyruvate carboxyki-
nase (PEPCK) [15]. Some animal studies have revealed that
the CUR-mediated hypoglycemic effect may be associated
with the enhanced activity of glucokinase (GK), the rate-
limiting enzyme for the glycolytic pathway, as well as
increased hepatic glycogen storage [17].

Several studies during the past decade have highlighted
the key role of CUR in regulating hepatic lipid metabolism.
In this context, CUR has been shown to reduce lipogenesis
and lipid accumulation in the liver of insulin-resistant
rodents, and these effects are associated with the downregu-
lation of the two essential transcription factors involved in
hepatic lipogenesis such as the sterol regulatory element-
binding protein 1c (SREBP1c) and the carbohydrate
response element-binding protein (ChREBP). In addition,
CUR positively affects the activity of lipid-regulating
enzymes, including fatty acid synthase (FAS), carnitine pal-
mitoyltransferase 1 (CPT1), 3-hydroxy-3-methylglutaryl-
coenzyme A reductase (HMGCR), and acyl-CoA:cholesterol
acyltransferase (ACAT) [17, 18].

It should be emphasized that CUR also ameliorates
chronic liver diseases associated with T2DM, including
hepatic steatosis. This disease is characterized by the exces-
sive accumulation of hepatic triglycerides (TGs) resulting
from an increased supply of FFAs from peripheral adipose
tissue to the liver, enhanced de novo lipid synthesis via the
lipogenic pathway, and impaired fatty acid oxidation [19].
There are now strong in vivo data supporting the protective
role of CUR against hepatic steatosis. Indeed, this compound
interferes with the mechanisms involved in abnormal fat
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accumulation in the liver through the downregulation of a
lipogenic transcription factor SREBP1c and its several target
enzymes, including acetyl-CoA carboxylase 1 (ACC1) and
FAS, and the concomitant upregulation of PPARα via AMPK
activation [20]. Another molecular target for CUR in pre-
venting hepatic steatosis is protein-tyrosine phosphatase 1B
(PTP1B), a negative regulator of insulin receptor (IR) signal
transduction, whose overproduction has been found to
associate with defective insulin and leptin signaling in the
liver of rats with fructose-induced hepatic steatosis [21].
CUR downregulated hepatic PTP1B with the improvement
of insulin and leptin signaling in these animals, as evidenced
by enhanced phosphorylation of hepatic IR, insulin receptor
substrate 1 (IRS1), and Janus-activated kinase-signal trans-
ducer 2 (JAK2) with a concomitant repression of signal
transducer and activator of transcription 3 (STAT3) and
suppressor of cytokine signaling 3 (SOCS3) and stimulation
of protein kinase B (PKB, also known as Akt) and extracellu-
lar signal-regulated kinases 1/2 (ERK1/2) [21].

Since oxidative stress has been implicated in the patho-
genesis of T2DM through its effect on peripheral tissues and
the pancreatic β-cell, the hepatoprotective effect of CUR
against the oxidative damage has been proven. In animals
with experimental T2DM, CUR impaired hyperglycemia-
induced oxidative stress through the normalization of the
activity of hepatic antioxidant enzymes such as SOD, CAT,
and GPx and a reduction of lipid peroxidation, as reflected
by the decreased level of the end product of lipid peroxida-
tion—malondialdehyde (MDA) [17].

As oxidative stress is closely linked to the inflammation
in T2DM, the anti-inflammatory effects of CUR have also
been observed in the liver of insulin-resistant animals, where
dietary CUR reduced the activity of NF-κB and several
inflammatory markers such as SOCS3, TNFα, MCP1, and
chemokine (C-C motif) ligand-2 (CCR-2) [22].

2.1.2. Skeletal Muscle. The skeletal muscle is the major site of
both glucose disposal and the mitochondrial capacity for
energy expenditure, where glucose or lipids is/are used for
energy production.

It has been becoming clear that hyperlipidemia, reflected
by chronically increased plasma FFAs, leads to an increased
uptake of FFAs by the muscle cell and the production of
intramuscular fatty acid metabolites (i.e., long-chain acyl-
CoA, diacylglycerol, TGs, and ceramides) which stimulate
inflammatory cascade and inhibit insulin-stimulated glucose
uptake, resulting in the development of skeletal muscles insu-
lin resistance [23]. The cellular mechanisms underlying the
accumulation of intracellular lipid intermediates have not
been completely elucidated, but lower rates of fatty acid
oxidation and higher rates of fatty acid uptake have been
proposed as important factors associated with skeletal muscle
insulin resistance [23]. CUR has been shown to ameliorate
skeletal muscle insulin resistance in rodents with diet-
induced insulin resistance via an increase of the uptake and
oxidation of fatty acids [24]. These beneficial effects of CUR
were strongly linked to the upregulation of fatty acid translo-
case (CD36), a fatty acid transporter protein implicated in
the binding and transport of long-chain fatty acids, and

CPT1, the enzyme involved in controlling the entry of
long-chain fatty acyl-CoA into mitochondria. CUR also sup-
pressed the ACC activity, a well-known enzyme that cata-
lyzes the ATP-dependent carboxylation of acetyl-CoA to
malonyl-CoA during the first step in fatty acid biosynthesis
[24]. According to the hypothesis that CUR enhances fatty
acid utilization as the energy source, and reduces lipid metab-
olites accumulation, Seo et al. [17] reported that CUR supple-
mentation increases the skeletal muscle lipoprotein lipase
(LPL) activity in insulin-resistant rodents. Currently, it is
well established that LPL plays a rate-limiting role in TG-
rich lipoprotein metabolism and its activity is associated with
skeletal muscle insulin sensitivity [25].

In addition to weakening lipotoxicity in skeletal muscle,
CUR may also exert beneficial effect on insulin-induced glu-
cose transport in this tissue via the glucose transporter
(GLUT) 4 system. It is known that the insulin-stimulated
glucose uptake is impaired in patients with T2DM as a con-
sequence of inhibiting GLUT 4 translocation to the cell
membrane [26].

CUR has been shown to improve insulin sensitivity in
muscle tissue of insulin-resistant rodents by an increase of
the cellular glucose uptake as a result of the enhancement
of GLUT4 translocation from intracellular compartments to
the plasma membrane [24, 27]. In addition, the increased
glucose oxidation and glycogen synthesis has also been found
in the muscle cell [24, 27]. Importantly, the regulatory effect
of CUR on glucose and lipid metabolism in skeletal muscle
was mediated by the liver kinase B1- (LKB1-) AMPK signal-
ing pathway, suggesting that AMPK might serve as a poten-
tial target of CUR to enhance insulin sensitivity in skeletal
muscle [24, 28].

Compelling evidence indicates that a defect in the insulin
signaling pathway at the IRS1 level is the primary post recep-
tor abnormality resulting in skeletal muscle insulin resis-
tance. The positive effect of CUR on the insulin signaling
cascade by enhancing IRS1 tyrosine phosphorylation has
been observed in insulin-resistant rodents [29]. In this study,
CUR also attenuated the inflammatory signaling through
suppression of NF-κB, COX2, and protein kinase C-theta
(PKCθ). Furthermore, CUR decreased the oxidant status
and increased the antioxidant status in the skeletal muscle,
as evidenced by the reduced levels of MDA and total oxidant
status (TOC) and increased muscle GPx expression. The lat-
ter effect was associated with impaired ERK1/2 and p38 acti-
vation [29]. Overall, these results indicate that CUR
ameliorates skeletal muscle pathology via glucose and lipid
metabolic changes as well as the improvement in antioxidant
defense mechanism and anti-inflammatory effects.

2.1.3. Adipose Tissue. Adipose tissue is not only the main site
of lipid storage but also an endocrine organ responsible for
the synthesis and secretion of various bioactive molecules,
collectively called adipokines or adipocytokines. Accumulat-
ing evidence indicates that adipose tissue dysfunction, char-
acterized by abnormal adipokine production, increased FFA
release and inflammation, plays an important role in the
pathogenesis of T2DM [30]. As the expansion of adipose tis-
sue leads to inflammatory and endoplasmatic reticulum (ER)
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stress responses, some studies have suggested that CUR
might hold protective or ameliorating effects against these
pathophysiologic events through its anti-inflammatory and
antioxidative properties. In this regard, beneficial effects of
CUR have been shown to associate with reduced macrophage
infiltration of adipose tissue in obese mice. Furthermore,
CUR improved the adipose tissue production of the anti-
inflammatory adipokine adiponectin and several stress
response proteins, including Sirtuin 1 (Sirt1), heat shock pro-
teins 70 and 90 (Hsp70 and Hsp90), and forkhead transcrip-
tion factor FKHR (Foxo1) [22]. Other studies in this area
have confirmed the positive effect of CUR on adipose tissue
inflammation by repressing several important mediators of
the inflammatory response in adipocytes, including IL-1β,
IL-6, TNFα, MCP1, and COX2. This protection effect of
CUR stemmed from an inhibition of the NF-κB signaling
pathway through preventing IκB degradation and, in turn,
reducing NF-κB nuclear translocation in adipocytes [31].

It is well established that the development of obesity-
related diseases is a result of the expansion of adipose tissue
and the formation of new blood vessels for delivering oxygen
and nutrients to adipocytes [32]. Thus, controlling fat mass is
tightly associated with the modulation of both adipogenesis
and angiogenesis. Several in vitro studies have found the anti-
adipogenic activity of CUR in 3T3-L1 cells, and AMPK as
well as the canonical Wnt/β-catenin signaling and its down-
stream targets such as c-Myc and cyclin D1 have been impli-
cated in this process [33, 34].

The hypothesis that blocking adipose tissue angiogenesis
with CUR is a successful strategy for the therapy of obesity-
related diseases has been proven by some studies. In fact,
CUR inhibits adipose tissue neovascularization through sup-
pression of vascular endothelial growth factor (VEGF) and its
receptor VEGFR2 (i.e., the two major angiogenic factors
involved in the stimulation of proliferation and migration
of endothelial cells) and the stimulation of adipocyte energy
metabolism, predominantly by AMPK activation [33].

In recent years, many studies have also focused on CUR
as the so-called browning agent of adipose tissue that
enhances heat production, thereby resulting in slimming. In
this regard, CUR has been reported to induce the develop-
ment of beige adipocytes in inguinal white adipose tissue
(WAT) through the norepinephrine-β3 androgen receptor
(AR) pathway, as reflected by beige cells emerging in inguinal
WAT, and the increased expression of a panel of brown fat-
specific genes in inguinal WAT [35].

2.1.4. Pancreatic β-Cells. Pancreatic β-cells are metabolic
sensors which adjust insulin secretion to glucose levels in
the bloodstream under physiological conditions. In subjects
with T2DM, these cells are unable to produce a sufficient
amount of insulin required for blood glucose control. In
recent years, several studies have emphasized the importance
of CUR in the enhancement of pancreatic β-cell function
under diabetic conditions. In this context, Best et al. [36]
demonstrated the stimulatory effect of CUR on β-cells that
was associated with the depolarization of the cell membrane
potential, the generation of electrical activity, and an increase
in insulin release from these cells. The authors concluded

that the aforementioned consecutive events induced by
CUR may contribute to the enhancement of insulin action
and subsequently a decrease of the blood glucose levels.
Another proposed mechanism by which CUR may improve
insulin secretion in islets includes the downregulation of
cyclic nucleotide phosphodiesterases (PDEs), that is, the
enzymes catalyzing the conversion of cAMP and cGMP into
5′-AMP and 5′-GMP, respectively. Thus, CUR may partici-
pate in the regulation of the cellular levels of the second mes-
sengers, and therefore, this compound should be considered
as a PDE inhibitor to improve pancreatic β-cell function [37].

Other cellularmechanisms underlying the beneficial CUR
action on β-cells have been proposed, including suppression
of cell apoptosis, improvement of glucose-induced insulin
secretory function by Akt activation, inhibition of nuclear
translocation of Foxo1, impairment of ER stress, and promo-
tion of mitochondrial survival pathway under elevated FFAs,
especially the saturated FFAs such as palmitate [38].

2.2. The Effect of CUR on Metabolic Disturbances in Animal
and Human Studies

2.2.1. Animal Models. In the last decade, antidiabetic proper-
ties of CUR have been extensively studied in various animal
models of obesity (genetically and diet-induced) and T2DM
(Table 1). The ability of this compound to improve glycemic
status and insulin sensitivity has been demonstrated in high-
fat-diet- (HFD-) fed C57BL/6J mice and C57BL/6J ob/ob
micewith a spontaneous knockoutmutation of the leptin gene
that were treated with CUR-supplemented diet [18, 22, 39].
The insulin-sensitive action of CUR in these diabetic animals
involved the improvement of insulin signaling in adipose tis-
sue and hepatocytes as well as the attenuation of lipogenesis
in the liver and the oxidative stress and inflammatory pro-
cesses in adipose tissue. In addition, CUR supplementation
was associated with decreased body weight or fat composition
in HFD-fed mice [18, 22, 39]. As rosiglitazone is the antihy-
perglycemic drug that acts through the activation of peroxi-
some proliferator-activated receptor γ (PPARγ), that is, a
number of the nuclear hormone receptor superfamily that
regulates the transcription of several genes involved in adi-
pocyte differentiation, glucose and lipid metabolism, and
inflammation [40], its antidiabetic efficiency was compared
to that of CUR in rodents with diet-induced insulin resis-
tance [41]. Interestingly, both compounds exhibited a sim-
ilar improvement in glucose tolerance, lipid profile, and
insulin sensitivity. The latter effect of CUR was partially
attributed to its anti-inflammatory action, as reflected by
the reduced plasma TNFα levels as well as its antilipolytic
action, as evidenced by decreased plasma FFA levels [41].
More recently, the positive effects of CUR on metabolic
abnormalities associated with T2DM have been confirmed
in high-fructose-fed Wistar rats, where CUR treatment
attenuates insulin resistance and glucose intolerance as a
consequence of its antioxidative and anti-inflammatory
actions [29].

The beneficial effects of CUR have also been observed
in other diabetic animal models such as KK-Ay mice, in
which CUR reduced hyperglycemia through PPARγ
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Table 1: The antidiabetic efficacy of CUR in animal models of the disease.

Animal
model

Dose/duration Cellular target/pathway Effect References

KK-Ay mice

0.1 or 0.5 g of CUR/100 g
of diet for 4 weeks; 0.2 or
1.0 g of CUR/100 g of diet

for 4 weeks

↑ adipocyte differentiation
➔ PPARγ

↓ blood glucose [42]

C57BL/KsJ-
db/db mice

0.2% CUR in diet
for 6 weeks

↓ hepatic gluconeogenic enzymes
(G6Pase, PEPCK), hepatic lipid-
regulating enzymes (FAS, CPT,
HMGCR, ACAT), hepatic MDA
↑ hepatic glycolytic enzyme GK,
glycogen content, and antioxidant
enzymes (CAT, GPx, SOD), skeletal

muscle LPL

↓ blood glucose, HbA1c, HOMA-IR,
FFAs, TGs, TC

[17]

C57BL/6J
mice

CUR (50 or 100mg/kg/d)

↑ browning of WAT, thermogenic gene
expression, mitochondrial biogenesis,

plasma norepinephrine level
➔ β3AR gene expression in WAT

↓ body weight and fat mass
↑ cold tolerance

[35]

C57BL/6J
mice on
HFD; C57BL/
6J ob/ob mice

0.5% CUR in diet
for 6 weeks

↑ adipose tissue adiponectin production,
adipose tissue expression of stress

response genes (Sirt1, Hsp70 and Hsp90,
Foxo1)

↓ macrophage infiltration of WAT,
hepatic NF-κB, markers of hepatic

inflammation

↓ blood glucose, HbA1c, insulin
resistance, body weight

[22]

C57BL/6J
mice on HFD

HFD with CUR
(4 g/kg diet) 2 days

per 1 week

↑ insulin stimulated PKB/Akt Ser473
phosphorylation in adipose tissue and

hepatocytes, adipocyte HO1
↓ hepatic NF-κB, hepatic lipogenic
transcription factors (SREBP1c,

ChREBP), inflammatory markers in
mature adipocytes

↓ blood glucose, insulin resistance, liver
weight, intrahepatic lipid content,

body weight
[18]

HFD with CUR (40 and
80mg/kg/d) for 12 weeks

↑ UCP1, LPL, adiponectin in BAT and
WAT

↓ lipid-regulating enzymes (FAS, SCD1,
HMGCR) in BAT and WAT, hepatic
gluconeogenic enzymes (G6Pase,
PEPCK), hepatic lipid-regulating
transcription factors and enzymes

(SREBP1 and 2, FAS, SCD1, HMGCR)

↓ serum FBG, insulin, TC, TGs, and
LDL-C, insulin resistance, liver weight,
hepatic TC and TGs, body weight,
epididymal fat weight, adipocyte
diameter, size of brown adipocytes

[39]

HFD with CUR (0.15%)
for 11 weeks

↑ hepatic PPARα, AMPK
↓ hepatic SREBP1, ACC1, FAS, CD36

↓ serum TC, TGs, FBG, and insulin,
HOMA-IR, hepatic lipid accumulation,
body weight, visceral adipose tissue

[20]

CUR (500mg/kg)
for 12 weeks

↓ VEGFα, PPARγ, C/EBPα

↓ body weight gain, liver weight,
microvessel density, serum TC, FBG,

TGs and FFAs tendency
–| adipokine-induced angiogenesis

[33]

Sprague
Dawley rats
on HFD

CUR (80mg/kg),
rosiglitazone (1mg/kg),
and their combination

for 15 days

↓ TNFα, lipolysis
↓ serum, TC, TGs, LDL-C, FFAs, FBG,

and insulin, insulin resistance
↑ HDL-C

[41]

Sprague
Dawley
rats on high-
fructose diet

CUR (15–60mg/kg)
for 4 weeks

↑ hepatic IR, IRS1, JAK2
↓ hepatic PTP1B, SOCS3, STAT3

➔ hepatic Akt, ERK1/2

↓ serum TGs, VLDL, TNFα, leptin, and
insulin, insulin resistance, hepatic TGs,

TC and VLDL
[21]
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activation [42], and C57BL/KsJ-db/db mice, in which CUR
reduced insulin resistance and hyperglycemia as a result of
the increased blood insulin concentration that subse-
quently leads to enhanced glycolysis and impaired gluco-
neogenesis in the liver and augmented LPL activity in
skeletal muscle [17]. Of note, CUR was also able to reduce
a hyperglycemia-induced oxidative stress in erythrocytes
and the liver of db/db mice, pointing to its protective role
against diabetic complications.

Taken together, animal studies are generally consistent in
respect to the beneficial effect of CUR on insulin action in the
liver, skeletal muscle, and adipose tissue in various models of
insulin resistance.

2.2.2. Studies in Humans. Clinical implications of CUR, used
in different doses and forms, have been demonstrated by the
results obtained from only few small studies involving indi-
viduals with T2DM. In general, these studies have confirmed
the beneficial effects of CUR on some metabolic and inflam-
matory indices in diabetic patients. In fact, curcuminoids
supplementation (300mg/day for 3 months) in overweigh/
obese T2DM patients reduced the plasma levels of fasting
blood glucose (FBG), glycosylated hemoglobin (HbA1c),
FFAs, TGs, C-reactive protein (CRP), TNFα, IL-6, and adi-
pocyte fatty acid-binding protein (A-FABP, also termed
FABP4). The latter is a member of the cytosolic fatty acid-
binding protein family that is highly produced by adipocytes
and participates in intracellular fatty acid trafficking. In
T2DM patients supplemented with curcuminoids, the
plasma A-FABP level positively correlated with blood glu-
cose, FFAs, and CRP levels, implying that a decrease in the
plasma A-FABP level may be associated with the improve-
ment of metabolic and inflammatory indices in diabetic sub-
jects. Furthermore, curcuminoids increased plasma SOD

activity and decreased insulin resistance index (HOMA-IR)
in T2DM subjects [43, 44]. More recently, the efficacy of
nano-CUR (as nano-micelle 80mg/day for 3 months) on glu-
cose and lipid parameters has been demonstrated in T2DM
subjects, as evidenced by the decreased levels of HbA1c, glu-
cose, and low-density lipoprotein cholesterol (LDL-C) and
reduced body mass index (BMI) [45]. Of note, there is only
a single randomized, double-blind, placebo-controlled
clinical trial on the evaluation of a protective role of CUR
against T2DM development in a prediabetic population,
referring to individuals with elevated blood glucose levels
but do not meet diagnostic criteria for T2DM. In this study,
CUR supplementationwas rather safe for prediabetic patients,
leading to improvedβ-cell function, as reflected by an increase
in homeostasis model of assessment for β-cell function
(HOMA-B), reduction in the C-peptide level and HOMA-IR,
and increased adiponectin level [46]. Adiponectin (AdipoQ),
also known as adipocyte complement-related protein of
30 kDa (Acrp30) and gelatin-binding protein of 28 kDa
(GBP28), is a well-known adipokine with insulin-sensitizing
effect. Although the molecular mechanism(s) by which Adi-
poQ may impair insulin resistance is not completely clear, its
role in the stimulation of fatty acid oxidation in the liver
and muscle, activation of glucose uptake in muscle, and
suppression of gluconeogenesis in the liver has been well
documented [47].

3. Curcumin and Cancer

Cancer is a complex and multistep process that develops
as a result of the accumulation of genetic and epigenetic
alterations. These changes lead to sustaining proliferative
signaling, evading growth suppressors, resisting cell death,
enabling replicative immortality, inducing angiogenesis,

Table 1: Continued.

Animal
model

Dose/duration Cellular target/pathway Effect References

Wistar rats
on HFD
+ STZ

CUR (50–200mg/kg)
for 7 weeks

↑ skeletal muscle CD36, CPT1,
↓ PDK4, GS phosphorylation

↓ serum FFAs, TGs, TC, FBG, insulin
resistance

↑ fatty acids uptake and oxidation,
glucose oxidation, glycogen synthesis

[24]

Wistar rats
on high-
fructose diet

CUR (200mg/kg)
for 10 weeks

↑ skeletal muscle IRS1 tyrosine
phosphorylation, GPx

↓ skeletal muscle TG, MDA, TOS,
ERK1/2, p38 MAPK, COX2, PKCθ, NF-

κB activation

↓ serum insulin, TNFα, CRP, and FBG,
insulin resistance

↑ serum adiponectin
[29]

➔ induction; –| inhibition; ↑ increase; ↓ decrease. ACAT: acyl-CoA:cholesterol acyltransferase; ACC1: acetyl-CoA carboxylase 1; β3AR: β3-adrenergic receptor;
BAT: brown adipose tissue; CAT: catalase; CD36: fatty acid translocase; ChREBP: carbohydrate response element-binding protein; COX2: cyclooxygenase 2;
CPT1: carnitine palmitoyltransferase 1; CRP: C-reactive protein; ERK1/2: extracellular signal-regulated protein kinases 1 and 2; FAS: fatty acid synthase;
FBG: fasting blood glucose; FFA: free fatty acid; GK: glucokinase; G6Pase: glucose-6-phosphatase; GPx: glutathione peroxidase; GR: glutathione reductase;
GS: glycogen synthase; GSH: reduced glutathione; HbA1c: glycosylated hemoglobin; HDL: high-density lipoprotein cholesterol; HFD: high-fat diet; HO1:
heme oxygenase 1; HOMA-IR: homeostatic index of insulin resistance; HMGCR: 3-hydroxy-3-methylglutaryl-coenzyme A reductase; Hsp70 and Hsp90:
heat shock proteins 70 and 90; IR: insulin receptor; IRS1: insulin receptor substrate 1; JAK2: Janus-activated kinase-signal transducer 2; LDL-C: low-density
lipoprotein cholesterol; LPL: lipoprotein lipase; MAPK: mitogen-activated protein kinase; MDA: malondialdehyde; PDK4: pyruvate dehydrogenase kinase 4;
PEPCK: phosphoenolpyruvate carboxykinase; PKB/Akt: protein kinase B or Akt; PKCθ: protein kinase C-theta; PPARα and γ: peroxisome proliferator-
activated receptor α and γ; PTP1B: protein-tyrosine phosphatase 1B; SCD1: stearoyl-coenzyme A desaturase 1; Sirt1: Sirtuin 1; SOCS3: suppressor of
cytokine signaling 3; SREBP1c: sterol regulatory element-binding protein 1c; STAT3: signal transducer and activator of transcription 3; STZ: streptozotocin;
TC: total cholesterol; TG: triglyceride; TNFα: tumor necrosis factor α; TOS: total oxidant status; UCP1: uncoupling protein 1; VEGF: vascular endothelial
growth factor; WAT: white adipose tissue.
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and activating invasion and metastasis [48]. All these
pathological events are linked to the coordinated action
of numerous signaling pathways, creating a very complex
but not yet fully understood intracellular picture of various
networks associated with the development and progression
of cancer. Knowledge about alterations in the expression
and function of key components of these signal transduction
pathways provides potential targets for anticancer therapy.
Despite the introduction of approx. 150 anticancer cytotoxic
and targeted drugs into clinics, the current treatment of
cancers remains still far from satisfactory [49, 50]. Hence,
there is imperative to develop safe and effective anticancer
therapeutic strategies.

The chemotherapeutic potential of CUR has been shown
in various types of cancers (i.e., multiple myeloma, lung,
prostate, breast, ovarian, bladder, liver, gastrointestinal tract,
pancreatic, colorectal epithelial cancer, and lymphomas) as a
consequence of its inhibitory action on multiple carcinogenic
signaling pathways. Although the exact molecular mecha-
nisms underlying the anticancer CUR action remain unclear
so far, multiple cellular targets for this polyphenol have been
identified in numerous cancer model systems. Among them
are the following: (i) transcription factors (e.g., AP1; STAT3;
NF-κB; hypoxia-inducible factor 1α, HIF1α; nuclear factor
erythroid 2- (NF-E2-) related factor, Nrf2; peroxisome
proliferator-activated receptor γ, PPARγ), (ii) growth factors
(e.g., fibroblast growth factor 2, FGF2; hepatocyte growth
factor, HGF; platelet-derived growth factor, PDGF; VEGF;
transforming growth factor β, TGFβ; angiopoietin 1 and
2, Ang 1 and 2), (iii) receptors (e.g., IL-8 receptor, IL-
8R; epidermal growth factor receptor, EGFR), (iv) kinases
(e.g., ERK; mitogen-activated protein kinase (MAPK);
protein kinase A, PKA; PKB/Akt; PKC), (v) cytokines
(e.g., TNFα; IL-1, -2, -5, -6, -8, -12, and -18; MCP1),
(vi) enzymes other than kinases (e.g., COX2; iNOS; telo-
merase; matrix metalloproteinases, MMPs), and (vii)
adhesion molecules (e.g., endothelial leukocyte adhesion
molecule 1, ECAM1; intracellular adhesion molecule 1,
ICAM1; vascular cell adhesion molecule 1, VCAM1). A
detailed review of the entire list of intracellular biomole-
cules targeted by CUR has been recently published by
Kunnumakkara et al. [51].

This section was designed to highlight the anticancer
effects of CUR associated with its ability to modulate the
activity of key factors in cellular signal transduction pathways
which are involved in the initiation, promotion, and progres-
sion of tumors.

3.1. Proapoptotic Effects of CUR. Apoptosis is a tightly
regulated process responsible for maintaining tissue
homeostasis in multicellular organisms, and its functional
disturbances contribute to oncogenic transformation and
therapeutic resistance. Caspases are critical executioners of
the apoptotic process consisted of the two major signaling
pathways such as the intrinsic (i.e., mitochondria-dependent
apoptosis) and extrinsic (i.e.,mitochondria-independent apo-
ptosis inducedbydeath receptor activation)pathways.The lat-
ter ismediated throughFasL andFas/CD95 receptors followed
by caspase 8 activation whereas the mitochondrial pathway is

mediated through the change in the ratio of Bcl2-associated
X (Bax)/B-cell lymphoma 2 (Bcl2) proteins, loss of mitochon-
drial membrane potential and then by caspase 9 activation,
which leads to caspase 3 activation and ultimately nuclear
DNA fragmentation [52].

In recent years, the proapoptotic effect of CUR has been
documented in a variety of cancer cell lines and in vivo ani-
mal studies (Table 2). For example, CUR induced apoptosis
via the upregulation of the proapoptotic Bax and the down-
regulation of the antiapoptotic proteins such as myeloid cell
leukemia 1 (Mcl1) and Bcl2 in human melanoma cells. In
addition, CUR activated caspase 3 and caspase 8 and deregu-
lated the expression of several apoptosis-associated proteins
such as NF-κB, p38 MAPK, and p53 [53]. In human non-
small cell lung cancer, CUR stimulated the mitochondrial
apoptosis pathway by reducing the mitochondrial membrane
potential in a dose-dependent manner and subsequently
releasing cytochrome c from mitochondria to the cytoplasm
as a result of the Bax upregulation and the Bcl2 downregula-
tion [54]. A recent in vitro model of lung cancer has been
provided evidence for CUR-mediated apoptosis through the
activation of the p53-miR192-5p/215/X-linked inhibitor of
apoptosis (XIAP) pathway, suggesting a regulatory role of
CUR as an epigenetic agent for miRNAs in suppression of
human lung cancer [55]. The miRNAs are short and highly
conserved noncoding RNAs involved in multiple steps in
carcinogenesis, and miR-192-5p/215 have been recognized
as putative tumor suppressors in nonsmall cell lung cancer
[55]. The epigenetic activity of CUR on miRNAs has also
been confirmed in MCF7 breast cancer cells, where CUR
upregulated miRNA15 and miRNA16 and this effect was
associated with the Bcl2 downregulation and apoptosis
induction in these cells [56]. Furthermore, in MDA-MB-
435 breast cancer cells, CUR suppressed the expression of
histone methyltransferase, which is typically overexpressed
in human breast cancers with poor prognosis, through the
stimulation of the MAPK pathway, and this event was
accompanied by G1 cell cycle arrest [57]. Of note, there is
convincing evidence that there are other mechanisms under-
lying the growth inhibitory activity of CUR against human
breast cancer, including suppression of the microtubule
assembly dynamics linked to the activation of the mitotic
checkpoint [58] and the Wnt/β-catenin signaling pathway
that is an important regulator of tumor cell invasion and
metastasis [59].

The oncostatic action of CUR on neoplastic cells may also
result from its capability of stimulating ROS production in
various malignant cancer cell lines. In support of this, Li
et al. [60] demonstrated that CUR-mediated ROS overpro-
duction in liver cancer cells upregulates the toll-like receptor
4 (TLR4), that is, a key player in the inflammatory process,
which subsequently stimulates the myeloid differentiation
primary response protein MyD88, a downstream adaptor
molecule of TLR4, leading to apoptosis [60]. The relationship
between CUR-mediated ROS generation and apoptosis was
further confirmed in gastric cancer cells (where ROS
induced the apoptosis signal-regulating kinase 1 (ASK1)/
MAPK kinase (MKK) 4/c-Jun N-terminal kinase (JNK)
signaling pathway) [61] and osteosarcoma cells (where
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ROS induced the mitochondrial cytochrome c/caspase 3
apoptotic pathway) [62].

The proapoptotic effect of CUR has also been largely
attributed to its modulatory effect on the transcriptional
factor NF-κB that is constitutively overexpressed in cancer.
In melanoma cells, CUR inhibited NF-κB in a dose-
dependent manner and, in turn, induced apoptosis [63].
More recently, Cao et al. [64] showed that CUR-mediated
NF-κB suppression in giant cell tumor of bone leads to the
inhibition of cell proliferation and promotion of apoptosis
through the stimulation of the JNK signaling pathway.

In vitro studies have also proved that CUR may induce
apoptosis in acute myeloid leukemia cells via a simultaneous
attenuation of the two critical prosurvival signaling pathways
such as the Akt/mammalian target of rapamycin (mTOR)
pathway and the Raf/mitogen-activated signal-regulated
protein kinase (MEK)/ERK pathway [65].

It is noteworthy that although many studies have been
focused on the proapoptotic properties of CUR, other types
of CUR-mediated cell death pathways, including autophagy,
mitosis catastrophe, and paraptosis, have also been recog-
nized in some experimental studies [66].

Table 2: Overview of anticancer action of CUR in selected cellular models.

CUR
Human cell line/animal

model
Dose/duration Cellular target/pathway Effect References

CUR

Melanoma cell lines A375,
MV3, and M14

30 μM for 24 h
↑ Bax, caspases 8 and 9

↓ Mcl1, Bcl2
–| cell proliferation

➔ apoptosis
[53]

Nonsmall cell lung cancer
cell line A549

40 μM for 24 h
↑ Bax, cytochrome c release
↓ Bcl2, the mitochondrial

membrane potential

–| cell proliferation
➔ apoptosis

[54]

Nonsmall cell lung cancer
cell lines H460 and A427

40 μM for 24 h
➔ p53-miR192-5p/215-XIAP

pathway
–| cell proliferation

➔ apoptosis
[55]

Liver cancer cell line
MHCC97H

60 μM for 24 h
↑ ROS

➔ TLR4/MyD88/caspase
8/caspase 3 pathway

–| cell proliferation
➔ apoptosis

[60]

Gastric cancer cell line
BGC823

40 μM for 24 h
↑ ROS

➔ ASK1/MKK4/JNK pathway
–| cell proliferation

➔ apoptosis
[61]

Osteosarcoma cell line
MG63

80 μM for 24 h
↑ ROS

➔ cytochrome c/caspase 3
pathway

–| cell proliferation
➔ apoptosis

[62]

Primary cells of giant cell
tumor

40 μM for 24 h

–| NF-κB pathway
➔ JNK pathway
↑ caspases 3
↓ MMP9

–| cell proliferation
➔ apoptosis

[64]

Monoblastic leukemia cell
line THP1

50 μM for 24 h
–| Akt/mTOR and

Raf/MEK/ERK pathways
–| cell proliferation

➔ apoptosis
[65]

Tongue cancer cell lines
CAL27, HN21B, and HN96

100 μM for 48 h ↓ MMP10
↓ cancer cells

migration and invasion
[67]

Breast cancer cell line
MCF7

1–50 μM for 24 h
↓ MMP9

–| PKCα, MAPK, and
NF-κB/AP1 pathway

↓ cancer cells
migration and invasion

[68]

Breast cancer cell line
MDA-MB-231

10 μM for 24–72 h
↓ MMP9

–| TGFβ/Smad and
TGFβ/ERK pathways

↓ cancer cells
migration and invasion

[69]

Endometrial carcinoma cell
line HEC1B

100 μM for 24–72 h
↓ MMPs 2 and 9
–| ERK pathway

↓ cancer cells
migration and invasion

[70]

Colorectal carcinoma
T-84 cells

50 μM for 4 h ➔ PTPN1/cortactin axis
↓ cancer cells

migration and invasion
[71]

CUR-PLGA
Prostate cancer cell lines
C4-2, PC3, and DU145

30 μM of CUR or
equivalent CUR-PLGA

for 48 h

↓ Mcl1, Bcl-xL, β-catenin,
nuclear AR, STAT3, Akt,

miR21
↑ PARP cleavage, miR205

–| cell proliferation and
➔ apoptosis more
efficient than native

CUR

[83]

➔ induction; –| inhibition; ↑ increase; ↓ decrease. AP1: activator protein 1; AR: androgen receptor; ASK1: apoptosis signal-regulating kinase 1; Bax: Bcl2-
associated X protein; Bcl2: B-cell lymphoma 2; Bcl-xL: B-cell lymphoma-extra large; ERK 1/2: extracellular signal-regulated kinases 1/2; JNK: c-Jun N-
terminal kinase; MAPK: mitogen-activated protein kinase; Mcl1: myeloid cell leukemia 1; MKK4: MAPK kinase 4; MyD88: myeloid differentiation primary
response protein; NF-κB: nuclear factor κB; PARP: polyadenosine diphosphate (ADP) ribose polymerase; PLGA: poly(D,L-lactic-co-glycolic acid); PTPN1:
nonreceptor type 1 protein-tyrosine phosphatase; ROS: reactive oxygen species; STAT3: signal transducer and activator of transcription 3; TGFβ:
transforming growth factor β; TLR4: toll-like receptor 4; XIAP: X-linked inhibitor of apoptosis.
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3.2. Anti-Invasion Effects of CUR. Several lines of evidence
indicate that CUR does not only affect the tumor growth,
but also inhibits the tumor development, primarily by
suppressing MMPs, that is, zinc-dependent endopeptidases
participating in the excessive degradation of the extracellular
matrix (ECM) during tumor invasion and metastasis
(Table 2). Indeed, CUR has been shown to repress the migra-
tion and invasion of tongue carcinoma cells through the
downregulation of MMP10, which is usually increased in this
type of cancer [67]. In breast cancer cells, CUR downregu-
lated MMP9 by blocking the PKCα/MAPK/NF-κB/AP1
pathway (in the MCF7 cell line) or the TGFβ/Smad and
TGFβ/ERK signaling pathways (in the MDA-MB-231 cell
line) [68, 69]. CUR also downregulated MMP2/9 in endome-
trial carcinoma cells via suppressing the ERK signaling
pathway [70]. Recently, the novel antimetastatic mechanism
of CUR action in colon cancer has been proposed [71].
According to this, CUR can reduce the level of the active
phosphorylated form of cortactin (i.e., the pTyr421), overex-
pressed in colon cancer cells, through a direct physical
interaction with the nonreceptor type 1 protein-tyrosine
phosphatase (PTPN1), leading to an increased PTPN1 activ-
ity and subsequently reduced cancer cell migration. Although
the role of the PTPN1/cortactin axis has been identified in
the mechanism of CUR-induced inhibition of colon cancer
cell migration, additional studies are required to establish
the mechanism by which CUR activates PTPN1. Moreover,
verifying the significance of the PTPN1/cortactin pathway
in cell metastasis of other cancers is needed.

3.3. Chemosensitizing Properties of CUR. An important
aspect of the anticancer activity of CUR is its ability to sensi-
tize cancer cells to chemotherapeutics, thereby enhancing the
anticancer effect of chemotherapeutics and improves the effi-
cacy of cancer treatment.

The synergistic effect of the combination of CUR with
different anticancer drugs used widely in clinical practice
(e.g., cisplatin, carboplatin, 5-fluorouracil (5-FU), gemcita-
bine, and paclitaxel) has been observed in various cancer
types, including lung, breast, colon, pancreas, gastric, liver
and prostate cancers [72]. Although the mechanism of
CUR action as a chemosensitizer involves multiple targets
participating in the survival signaling pathways, the tran-
scription factor NF-κB appears to be one of crucial biomole-
cules targeting by CUR [72]. The phase II clinical trial has
revealed that CUR intake (8 g per day) causes the NF-κB
downregulation in peripheral blood mononuclear cells of
patients with advanced pancreatic cancer and, moreover,
the combination treatment of CUR with gemcitabine is safe
in these patients [73]. In another related human study, an
oral intake of CUR (8 g per day) in combination with
gemcitabine-based chemotherapy resulted in a median sur-
vival time of 161 days and a 1-year survival rate of 19% for
patients with pancreatic cancer, suggesting that CUR may
potentiate traditional chemotherapeutic agent [74]. A good
potential of CUR has also been found in combination with
standard docetaxel chemotherapy in patients with advanced
breast cancer and castration-resistant prostate cancer
[75, 76]. According to http://www.clinicaltrials.gov, there are

presently several interventional studies in various stages eval-
uating CUR as an adjunctive treatment for some cancer types.
In these studies, CUR is used in combination with the follow-
ing anticancer agents: (i) 5-FU inpatientswith chemoresistant
metastatic colorectal cancer (NCT02724202; n = 14), (ii)
tyrosine kinase inhibitors such as gefitinib (Iressa) and erloti-
nib (Tarceva) in patients with EGFR-mutant advanced non-
small cell lung cancer (NCT02321293; n = 20), (iii) docetaxel
in patients with HER2 negative locally advanced ormetastatic
breast cancer (NCT00852332; n = 100), (iv) gemcitabine
along with paclitaxel and metformin in patients with unre-
sectable pancreatic cancer (NCT02336087; n = 21), and (v)
irinotecan in patients with metastatic adenocarcinoma of
the colon or rectum (NCT01859858; n = 23). These clinical
trials are primarily concentrated on determining the feasi-
bility, safety, and efficacy of CUR used in combination with
the aforementioned anticancer agents. Of note, the effect of
CUR on irinotecan pharmacokinetics was also investigated
to better understand the interaction between CUR and the
anticancer drug. Taken together, the findings obtained from
these studies might lead to improved dosing guidelines and
more effective treatment of different types of cancer with
less toxicity.

3.4. Radiosensitizing Properties of CUR. CUR has also proven
to be a radiosensitizer for cancer cells by the downregulation
of different growth regulatory pathways and the protection of
normal cells from radiotherapy-induced toxicity [77]. Apart
from the ability of CUR to enhance the effect of radiation
treatment on cancer cells, CUR also possesses the radiopro-
tective properties. Recently, the double-blind, placebo-
controlled clinical trial has provided the data supporting
the radioprotective effect of CUR in patients with prostate
cancer treated with radiotherapy. In this study, CUR supple-
mentation (3 g per day) impaired the severity of radiotherapy
related with urinary symptoms in patients with prostate
cancer, thus improving their quality of life [78]. The radio-
protective effect of CUR has also been observed in another
randomized, double-blind, placebo-controlled clinical trial,
where oral CUR (6 g per day) reduced radiation dermatitis
severity in breast cancer patients receiving radiotherapy
[79]. As radiation-induced dermatitis occurs in approx.
95% of patients receiving radiotherapy for breast cancer
and, moreover, as there is no standard treatment for the
prevention of radiation-induced dermatitis, CUR appears to
be an effective protector against radiation-induced skin reac-
tions in breast cancer patients receiving radiotherapy. How-
ever, due to a small group of the participants, further
clinical trials with large groups of patients should be per-
formed to confirm the long-term safety and effectiveness of
CUR treatment in the radiotherapeutic strategy for breast
cancer patients. Additionally, more molecular research is
needed to identify the biological mechanisms involved in
the radioprotective effect of CUR in breast cancer. It should
be emphasized that there is also an ongoing randomized
clinical trial (NCT00745134; http://www.clinicaltrials.gov)
focused on determining whether the combination of CUR
with standard radiotherapy and chemotherapy (i.e., capecita-
bine) is able to shrink or slow the growth of rectal cancer as
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well as reduce some of the side effects of the radio- and
chemotherapeutic approaches.

3.5. Nanoformulations of CUR. The low solubility and poor
bioavailability of CUR, mainly due to intestinal and hepatic
glucuronidation, limit its application as a therapeutic agent
in clinical oncology. In 2004, Garcea et al. [80] reported that
CUR consumption at a dosage of 450–3600mg per day
results in undetectable plasma CUR levels in patients with
hepatic metastases from colorectal cancer. To overcome this
issue and improve CUR pharmacokinetic properties and its
anticancer therapeutic potential, various novel delivery
systems have been developed in recent years, including lipo-
somes, solid lipid nanoparticles, niosomes, polymeric nano-
particles, polymeric micelles, cyclodextrins, dendrimers,
and silver and gold nanoparticles. A comprehensive charac-
teristic of CUR nanoformulations in respect to their benefi-
cial effects in drug delivery has been recently presented by
Mehanny et al. [8] and is beyond the scope of this review.
However, it should be highlighted that among numerous
advanced drug delivery strategies for CUR, poly(D,L-lactic-
co-glycolic acid) (PLGA) is currently one of the most com-
monly used polymers due its nontoxic, biodegradable, and
nonimmunogenic nature. Furthermore, the nano-CUR-
loaded PLGA has been shown to exhibit enhanced bioavail-
ability up to 22-fold compared to conventional CUR in an
experimental animal model [81]. More recently, CUR
conjugated with PLGA has been reported to possess an
improved sustainability, cellular uptake, and efficiency in
suppressing cell proliferation and inducing apoptotic cell
death signaling in human colon carcinoma cells compared
to native CUR [82]. The enhanced anticancer efficacy of a
PLGA-CUR formulation is in accordance with other studies
demonstrating a higher effectiveness of PLGA-CUR than free
CUR in repressing prostate cancer cell growth under in vitro
and in vivo conditions. The mode of action of PLGA-CUR
comprised the inhibition of cellular signaling molecules such
as Akt and STAT3 and, in turn, the induction of apoptosis via
the downregulation of the antiapoptotic proteins such as Bcl-
xL and Mcl1 and the stimulation of the poly (ADP-ribose)
polymerase (PARP) cleavage. In prostate cancer cells,
PLGA-CUR also suppressed of the expression of AR and
nuclear β-catenin. The latter is the major downstream
effector of the canonical Wnt pathway and the AR coactiva-
tor in prostate cancer development. Furthermore, PLGA-
CUR downregulated miR21 and upregulated miR205; thus,
both miRNAs involved in prostate cancer progression and
metastasis (Table 2) [83].

4. Conclusion

CUR is one of the most commonly studied natural com-
pounds in respect to T2DM and cancer. A large body of
evidence from preclinical studies indicates that CUR pos-
sesses a number of antidiabetic health benefits via attenuating
hyperglycemia, hyperlipidemia, and insulin resistance. These
positive effects of CUR appear to predominantly result
from its pleiotropic effects on diverse molecular mechanisms
associated with abnormal glucose and lipid metabolism,

inflammation, and oxidative stress; thus, all the pathological
changes occurred during the development and progression
of T2DM. Of note, the promising antidiabetic effects of
CUR found in cellular and animal models were also
confirmed in few small clinical studies. Despite encourag-
ing results, additionally large-scale, well-controlled trials
regarding doses, effectiveness, and safety of CUR remain
to be conducted.

In recent years, a significant research effort has also been
focused on elucidating the signaling pathways involved in the
oncostatic action of CUR. A great deal of experimental data
obtained from in vitro and in vivo models of carcinogenesis
support CUR as an effective regulator of cancer promotion
and progression. The anticancer-promoting effects of CUR
have largely been attributed to its ability to suppress cell
growth, angiogenesis, and metastasis as well as to induce apo-
ptosis in a variety of cancer types. Furthermore, the positive
effects of the combined treatment of CUR with conventional
chemotherapy drugs or radiotherapy should be considered as
a subject of subsequent research, opening up new opportuni-
ties for effective intervention in cancer treatment. In spite
of the beneficial biological activities of CUR, its poor bio-
availability markedly limits its clinical application. To
overcome this issue, various nanotechnology-based drug
delivery systems have been developed and investigated
in vitro and in vivo, giving satisfactory results. Impor-
tantly, CUR is safe and well tolerated in human clinical
trials of cancer.
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Cucurbitacin I, a triterpenoid natural compound, exhibits various pharmacological properties, including anticancer, anti-
inflammatory, and hepatoprotective properties. However, antioxidant effects of cucurbitacin I in cardiac cells are currently
unknown. In the present study, we assessed the preventive effects of cucurbitacin I against the oxidative stress in H9c2
cardiomyoblasts. To evaluate antioxidant effects of cucurbitacin I in H9c2 cardiomyoblasts, H2O2-treated H9c2 cells were
pretreated with various concentrations of the cucurbitacin I. Cell viability, reactive oxygen species (ROS) production, and
apoptosis were determined to elucidate the protective effects of cucurbitacin I against H2O2-induced oxidative stress in H9c2
cells. In addition, we assessed the mitochondrial functions and protein expression levels of mitogen-activated protein kinases
(MAPKs). Cucurbitacin I prevented the cells against cell death and ROS production and elevated the antioxidant protein levels
upon oxidative stress. Furthermore, cucurbitacin I preserved the mitochondrial functions and inhibited the apoptotic responses
in H2O2-treated cells. Cucurbitacin I also suppressed the activation of MAPK proteins (extracellular signal-regulated kinase 1/2,
c-Jun N-terminal kinase, and p38). Collectively, cucurbitacin I potentially protects the H9c2 cardiomyoblasts against oxidative
stress and further suggests that it can be utilized as a therapeutic agent for the prevention of oxidative stress in cardiac injury.

1. Introduction

Ischemic heart disease (IHD), also known as coronary
artery disease, is the most common type of cardiovascular
disease, which occurred by reduced blood supply to the
heart [1]. It is the most prevalent cause of death world-
wide, especially in developed countries. Indeed, 110 mil-
lion people are affected with ischemic heart disease and
it resulted in 8.9 million deaths which make up 15.9% of
all dead people [2, 3]. Until now, one of the effective
approaches for IHD is the surgical intervention which
restores the blood flow to the ischemic region. However,
restoration of blood flow paradoxically causes to cardiac
tissue injury known as myocardial ischemia/reperfusion
(I/R) injury [4, 5]. Accumulating evidences indicate that
major pathological events associated with I/R injury are

oxidative stress, lipid peroxidation, intracellular calcium
overload, and mitochondrial dysfunction [6]. Among
them, oxidative stress which causes to accumulation of
reactive oxygen species (ROS) plays a major role in the
development of cardiac I/R injury [7]. Excessive ROS pro-
duction leads to increased mitochondrial permeability and
in turn induces apoptosis in cardiac cells, which further
progresses to the chronic heart failure [8].

Recently, many natural compounds have been identified
for their potential antioxidant properties by modulating the
activity of antioxidant enzymes and survival signaling path-
ways in cardiac cells [9]. Of these, quercetin, a flavonoid
found in wine, tea, and plants, has been intensively investi-
gated for its antioxidant effect in H2O2-induced oxidative
stress [10] and doxorubicin-induced cardiac injury in H9c2
cardiomyoblasts [11]. These studies demonstrated that the
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treatment of quercetin inhibited apoptosis, ROS production,
and lipid peroxidation by modulating mitogen-activated
protein kinase (MAPK) activity. Several studies also
reported the beneficial actions of resveratrol, a polyphenol
contained in grapes, red wine, and peanuts, in I/R-injured
cardiomyocytes [12] and against the cardiotoxicity induced
by various chemotherapeutic drugs, including doxorubicin
and arsenic trioxide [13]. These cardioprotective roles of
resveratrol are dependent upon activation of either AMPK
or Sirt1 pathway [14, 15].

Cucurbitacins are triterpenoids that originally isolated
from the Cucurbitaceae family plants and other plant
types, such as cabbage, cucumber, melon, and watermelon
[16, 17]. More than 40 members of cucurbitacin and their
derivatives have been isolated, and cucurbitacin B, E, D,
and I have been receiving special interests because of their
relative abundance in various plants [16]. Cucurbitacins
exhibit various biological and pharmacological activities,
including antitumor, anti-inflammatory, hepatoprotective,
and cytotoxic effects [18–20]. Particularly, most cucurbita-
cins, such as A, B, E, and I, affect the growth of various
human cancer cell lines including breast, prostate, and
brain cancer cells [21–23]. In addition, recent study also
demonstrated that cucurbitacin B and I exert the preven-
tive effects of adipocyte differentiation by modulating
STAT3 signaling pathway [24].

In the present study, we first demonstrated that
cucurbitacin I (Cu I) protects against H2O2-induced
oxidative stress in H9c2 cardiomyoblasts and further
determined that it could preserve the mitochondrial
function and impaired the MAPK signaling for its under-
lying mechanisms.

2. Materials and Methods

2.1. Cell Culture and Oxidative Stress Induced by H2O2. H9c2
cells were purchased from the Korea Cell Line Bank (Seoul,
Korea) and cultured in Dulbecco’s modified Eagle’s medium
(GIBCO-BRL, Grand Island, NE, USA) supplemented with
10% fetal bovine serum (GIBCO-BRL) and 1% antibiotics
(GIBCO-BRL) at 37°C in 5% CO2. Cucurbitacin I was
obtained from Sigma Aldrich Co. (St. Louis, MO, USA) and
dissolved in dimethyl sulfoxide (DMSO, Sigma). Cells were
cultured in serum-free medium for at least 2 h, treated with
0.1, 0.5, and 1μM Cu I for 24h, and then treated with
500μM H2O2 for 24h to induce the oxidative stress.

2.2. Cell Viability Assay. Cell viability was assessed using the
3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bro-
mide (MTT; Sigma) assay. Briefly, H9c2 cells were seeded
at a density of 2000 cells per well in 96-well plates and cul-
tured until 80% confluence. Cells were then treated with
500μM H2O2 alone or were pretreated with 0.1, 0.5, and
1μM Cu I followed by treatment of 500μM H2O2 for 24 h
in triplicate. After 24 h, 0.5mg/mL MTT was added to each
well. After incubation at 37°C for 2 h, the supernatants were
removed, and the formazan crystals were dissolved in
100μL DMSO. Absorbance was measured at 570 nm using

a spectrophotometer (Spectra Max M5; Molecular Devices,
Sunnyvale, CA, USA).

2.3. Measurement of ROS Production. Intracellular ROS pro-
duction was detected by the fluorescence intensity of DCF-
DA (2′, 7′-dichlorofluorescin-diacetate; ThermoFisher
Scientific Inc., Waltham, MA, USA). Briefly, 1× 105 cells
per well in 6-well plates were treated with 500μM H2O2
alone or were pretreated with 0.1, 0.5, and 1μM Cu I for
24 h followed by treatment of 500μM H2O2 for 24 h in trip-
licate. Thereafter, cells were treated with 1μM DCFH-DA
for 30min at 37°C. Cells were observed under a fluorescence
microscope (IX-81; Olympus Corp., Shinjuku, Tokyo,
Japan). The fluorescence intensity was calculated using a
spectrophotometer (SpectraMax) at excitation and emission
wavelengths of 488 nm and 515nm, respectively.

2.4. Hoechst 33342 Staining. Apoptotic cells were evaluated
by Hoechst 33342 staining. After pretreatment with differ-
ent concentrations of Cu I (0.1, 0.5, and 1μM) for 24h
and then exposure to 500μM H2O2 for additional 24 h,
cells were fixed in 4% paraformaldehyde for 30min at
room temperature and stained with 10μg/mL Hoechst
33342 (ThermoFisher Scientific Inc.) for 30min at 37°C.
The stained nuclei were observed under a fluorescence
microscope (IX-81; Olympus Corp.).

2.5. Terminal Deoxynucleotidyl Transferase dUTP End
Labeling (TUNEL) Staining. Apoptosis in H9c2 cells was
assessed by TUNEL assay. Briefly, cells were then treated
with 500μM H2O2 alone or were pretreated with 0.1, 0.5,
and 1μM Cu I for 24h followed by exposure to 500μM
H2O2 for 24h and were then fixed with 4% paraformalde-
hyde for 30min at room temperature. TUNEL staining was
performed using a Cell Death Detection kit (Roche Diagnos-
tics, Manheim, Germany). The index of apoptosis was
calculated using the formula ([number of TUNEL-positive
cells/total number of cells]× 100%).

2.6. Mitochondrial Transmembrane Potential (MMP)
Assessment. MMP was measured by staining with JC-1
(ThermoFisher Scientific Inc.). Briefly, 1× 105 cells per well
in 6-well plates were treated with 500μM H2O2 alone or
were pretreated with 0.1, 0.5, and 1μM Cu I for 24h
followed by treatment of 500μM H2O2 for 24h and then
incubated with 10μg/mL JC-1 for 20min at 37°C. JC-1-
labeled cells were observed under a fluorescence microscope
(IX-81; Olympus Corp.). The fluorescence intensity of JC-1
was determined using a spectrophotometer (SpectraMax)
with excitation and emission wavelengths of 550nm and
600 nm, respectively, for red fluorescence, and 485 nm and
535 nm, respectively, for green fluorescence.

2.7. Western Blot Analysis. Cells were treated with 500μM
H2O2 alone or were pretreated with 0.1, 0.5, and 1μM
Cu I for 24 h followed by exposure to 500μM H2O2 for
24 h, harvested, and lysed in RIPA buffer (1% NP-40,
50mM Tris-HCl, pH7.4, 150mM NaCl, and 10mM
NaF) supplemented with a protease inhibitor cocktail
(ThermoFisher Scientific Inc.) and a phosphatase inhibitor
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cocktail (Roche Diagnostics). Protein samples were sepa-
rated on SDS-PAGE and transferred to PVDF membranes
(EMD Millipore Inc., Billerica, MA, USA). After blocking
for 1 h with 5% bovine serum albumin (Sigma) in TBST
(0.1% Tween-20 in Tris-buffered saline) at room tempera-
ture, the membranes were then incubated overnight at 4°C
with antibodies against superoxide dismutase- (SOD-) 1
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), catalase
(Cell Signaling Tech., Danvers, MA, USA), glutathione
peroxidase (GPx; Santa Cruz Biotechnology), total or
phosphorylated extracellular signal-regulated kinase 1/2
(ERK 1/2; Cell Signaling Tech.), total or phosphorylated
c-Jun N-terminal kinase (JNK; Cell Signaling Tech.), total
or phosphorylated p38 (Cell Signaling Tech.), Bax (Cell
Signaling Tech.), Bcl-2 (Santa Cruz Biotechnology),
cleaved caspase 3 (Cell Signaling Tech.), and β-actin
(Santa Cruz Biotechnology). The membranes were then
incubated with the appropriate horseradish peroxidase-
conjugated secondary antibodies (Cell Signaling Tech.) at
room temperature for 1 h. Signals were detected using an
Immobilon Western Chemiluminescent kit (Millipore
Corp., Billerica, MA, USA) and a UVITEC Mini HD9
system (Cleaver Scientific Ltd., Warwickshire, UK). The
intensity of each protein band was quantified using NIH
Image J software.

2.8. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). Total RNA was isolated from the cells treated
with 500μM H2O2 alone or pretreated with 0.1, 0.5, and
1μM Cu I followed by treatment of 500μM H2O2 for 24 h
by using a Ribospin™ II kit (GeneAll Biotechnology Co.,
LTD, Seoul, Korea). To examine the expression levels of
mitochondrial biogenesis genes, 1μg total RNA from the
cells in each group was reverse transcribed into cDNA using
ImProm II reverse transcriptase (Promega Co., Madison, WI,
USA) with oligo-dT priming. qRT-PCR was performed using
a Takara Thermal Cycler Dice Real-Time System (Takara
Bio. Inc., Shiga, Japan) with SYBR Green (Takara) as a
fluorescent dye. The primer sequences were as follows:
peroxisome proliferator-activated receptor α (PPARα), for-
ward 5′-GGC AAT GCA CTG AAC ATC GAG-3′ and
reverse 5′-GCC GAA TAG TTC GCC GAA AG-3′; perox-
isome proliferator-activated receptor γ coactivator- (PGC-)
1β, forward 5′-GTG AGA TAG TCGAGT GCC AGG TG-3′
and reverse 5′-TTC TCA GGG TAG CGC CGT TC-3′;
estrogen-related receptor α (ERRα), forward 5′-GCT GAA
AGC TCT GGC CCT TG-3′ and reverse 5′-TGC TCC ACA
GCC TCA GCA T-3′; nuclear respiratory factor- (NRF-) 1,
forward 5′-CAC TCT GGC TGA AGC CAC CTT AC-3′
and reverse 5′-TCA CGG CTT TGC TGA TGG TC-3′; and
18S, forward 5′-TTC TGG CCA ACG GTC TAG ACA AC-3′
and reverse 5′-CCA GTG GTC TTG GTG TGC TGA-3′.

2.9. Statistical Analysis. Data were analyzed using a one-way
analysis of variance (ANOVA) with the Bonferroni post
hoc test using Prism 5.03 (GraphPad Software Inc., San
Diego, CA, USA). All the results are expressed as mean
± SEM. P < 0 05 was considered statistically significant.

3. Results

3.1. Cytotoxicity of Cu I in H9c2 Cardiomyoblasts. To deter-
mine the cytotoxic effects of Cu I in H9c2 cardiomyoblasts,
we evaluated the cell viability of cells treated with 0.1, 0.5,
and 1μM Cu I for 24 h and 48 h by MTT assay. Cell viability
did not significantly decrease in all Cu I-treated groups com-
pared with that in control cells (Figures 1(a) and 1(b)). ROS
did not produce in cells treated with all Cu I-treated groups
compared with that in control cells from the DCFH-DA
staining assay (Figures 1(c) and 1(d)). Additionally, all Cu
I-treated cells were shown that the protein expression of
antioxidant proteins, including SOD-1, catalase, and GPx,
did not change compared with those in control cells
(Figures 1(e) and 1(f)). Finally, apoptosis did not induce in
cells pretreated with all Cu I-treated cells compared with that
in control cells from the TUNEL staining assay (Figure 1(g))
andWestern blot analysis of apoptosis regulators, such as Bas
and Bcl-2 (Figures 1(h) and 1(i)). Therefore, these results
indicate that Cu I treatment has no cytotoxic effects on the
H9c2 cardiomyoblasts.

3.2. Cu I Rescues H9c2 Cardiomyoblasts from H2O2-Induced
Oxidative Stress. In H2O2-treated cells, the viability was sig-
nificantly decreased compared with that of control cells
(46.1% decreased versus control cells). However, pretreat-
ment with 0.1, 0.5, and 1μM Cu I for 24h significantly
increased the viability of H2O2-treated cells in a dose-
dependent manner (83.6%, 90.4%, and 110.9% increases in
cells pretreated with 0.1, 0.5, and 1μM Cu I versus H2O2-
treated cells, resp.) (Figure 2(a)). These results indicate that
Cu I prevents the mortality of H9c2 cardiomyoblasts induced
by oxidative stress by H2O2 without cytotoxic effects.

3.3. Cu I Prevents the Accumulation of ROS Production in
H2O2-Treated H9c2 Cardiomyoblasts. To determine whether
Cu I can inhibit the accumulation of ROS production in
H2O2-treated cells, cells were pretreated with 0.1, 0.5, and
1μM Cu I for 24 h followed by exposure to 500μM H2O2
for additional 24 h. From the staining and fluorescence assay
of DCFH-DA as a ROS sensor dye, H2O2 treatment signifi-
cantly increased intracellular ROS levels compared with that
in control cells (158.2% increase versus control cells). Other-
wise, pretreatment with Cu I dramatically decreased the ROS
levels in a dose-dependent manner compared with those in
H2O2 alone-treated cells (13.1%, 24.3%, and 21.4% decreases
in cells pretreated with 0.1, 0.5, and 1μM Cu I versus H2O2
alone-treated cells, resp.) (Figures 2(b) and 2(c)).

Since antioxidant proteins, including SOD, catalase, and
GPx, have preventive functions against oxidative stress, we
further examined the expression levels of these proteins in
cells pretreated with 0.1, 0.5, and 1μMCu I for 24 h followed
by exposure to 500μMH2O2 for additional 24 h. H2O2 treat-
ment significantly decreased the expression levels of these
proteins compared with those in control cells (0.43-fold,
0.45-fold, and 0.69-fold decreases in SOD1, catalase, and
GPx expression versus control cells, resp.) (Figures 2(d) and
2(e)). As expected, pretreatment with Cu I significantly
increased the expression of these proteins in a dose-
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dependent manner compared with those in H2O2-alone-
treated cells (Figures 2(d) and 2(e)). Therefore, these results
demonstrate that Cu I can effectively prevent accumulation
of ROS production and restore the antioxidant protein levels
in oxidative stress exposed-H9c2 cells.

3.4. Cu I Suppresses H2O2-Induced Apoptosis in H9c2
Cardiomyoblasts. To assess the preventive effects of Cu I on
H2O2-induced apoptosis in H9c2 cells, TUNEL and Hoechst

33342 staining were performed using the cells pretreated
with 0.1, 0.5, and 1μM Cu I for 24 h followed by exposure
to 500μM H2O2 for additional 24 h. TUNEL staining
revealed that the percentage of TUNEL-positive cells in
H2O2 alone-treated cells was much higher than that in con-
trol cells (65% increase in TUNEL-positive cells versus con-
trol cells) (Figures 3(a) and 3(b)). However, the percentage
of TUNEL-positive cells in Cu I-pretreated cells was signifi-
cantly lower than that in H2O2 alone-treated cells (33.8%,

0
25
50
75

100
125

C
el

l v
ia

bi
lit

y 
(%

)

0.1 10.5
Cu I (�휇M)

NS NS NS

Cont

24 h

(a)

0
25
50
75

100
125

C
el

l v
ia

bi
lit

y 
(%

)

0.1 10.5
Cu I (�휇M)

NS NS NS

Cont

48 h

(b)

Cont Cu I 0.1 �휇M

Cu I 0.5 �휇M Cu I 1 �휇M

(c)

0
50
75

100

RO
S 

pr
od

uc
tio

n 
(%

)

125
NS NS NS

0.1 10.5
Cu I (�휇M)

Cont

(d)

SOD-1

Catalase

GPx

�훽-Actin
0.1 10.5Cont

Cu I (�휇M)
(e)

0

0.5

1.5

1
Fo

ld
 ch

an
ge

(v
er

su
s C

on
t)

0

0.5

1.5

1

Fo
ld

 ch
an

ge
(v

er
su

s C
on

t)

0.5 10.1Cont 0.5 10.1Cont

SOD-1

Cu I (�휇M) Cu I (�휇M)

Catalase

GPx

0.5 10.1Cont
Cu I (�휇M)

NS NS NS NS NS NS

NS NS NS

(f)

Cont Cu I 0.1 �휇M Cu I 0.5 �휇M Cu I 1 �휇M

(g)

Bax

Bcl-2

�훽-Actin
0.1 10.5Cont

Cu I (�휇M)

(h)

0

0.5

1.5

1

Bc
l-2

/B
ax

(fo
ld

 ch
an

ge
 v

er
su

s C
on

t)
NS NS NS

0.5 10.1Cont
Cu I (�휇M)

(i)

Figure 1: Cytotoxicity of Cu I in H9c2 cardiomyoblasts. Cell viability was measured using the MTT assay in cells treated with 0.1, 0.5, and
1μM for (a) 24 h or (b) 48 h. (c) Representative images and (d) fluorescence intensities of DCFH-DA staining assay in cells treated with 0.1,
0.5, and 1μMCu I for 48 h. (e) Western blot analysis of SOD-1, catalase, and GPx protein expression levels in cells treated with Cu I for 48 h.
(g) Representative images of TUNEL staining assay in cells pretreated with Cu I for 48 h. (h) Western blot analysis of Bax and Bcl-2 protein
expression levels in Cu I-treated cells for 48 h. (f, i) Protein expression levels were quantified by scanning densitometry. β-Actin was used as
the loading control. Western blot analysis was performed in triplicate with three independent samples. Data are expressed as the % changes
± SEM versus control cells from three independent experiments. Significance was analyzed by a one-way ANOVA followed by the Bonferroni
post hoc test. Cont: control; Cu I: cucurbitacin I; NS: not significant. Scale bar: 100 μm.

4 Oxidative Medicine and Cellular Longevity



38.3%, and 60.7% decreases in cells pretreated with 0.1, 0.5,
and 1μM Cu I versus H2O2 alone-treated cells, resp.).
Similarly, Hoechst staining showed that the percentage of
apoptotic cells in H2O2 alone-treated cells was much higher
than that in control cells (53% increase versus control cells).

Meanwhile, the percentage of apoptotic cells in Cu I-
pretreated cells was lower than that in H2O2 alone-treated
cells (24.9%, 52.8%, and 58.4% decreases in cells pretreated
with 0.1, 0.5, and 1μM Cu I versus H2O2 alone-treated cells,
resp.) (Figures 3(c) and 3(d)). In addition, the protein
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Figure 2: Cu I prevents the mortality and accumulation of ROS production in H2O2-treated H9c2 cardiomyoblasts. (a) Cell viability was
measured using the MTT assay in cells pretreated with 0.1, 0.5, and 1 μM Cu I for 24 h followed by exposure to 500μM H2O2 for
additional 24 h. ROS production was assessed by DCFH-DA staining. (b) Representative images and (c) fluorescence intensities in cells
pretreated with 0.1, 0.5, and 1 μM Cu I for 24 h followed by exposure to 500μM H2O2 for additional 24 h. (d) Western blot analysis of
SOD-1, catalase, and GPx protein expression levels. (e) Protein expression levels were quantified by scanning densitometry. β-Actin was
used as the loading control. Western blot analysis was performed in triplicate with three independent samples. Data are expressed as fold
changes± SEM versus control cells. Significance was analyzed by a one-way ANOVA followed by the Bonferroni post hoc test. ##P < 0 01
and ###P < 0 001 versus control cells. ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001 versus H2O2 alone-treated cells. Cont: control; Cu I:
cucurbitacin I. Scale bar: 100 μm.
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Figure 3: Cu I suppresses H2O2-induced apoptosis in H9c2 cardiomyoblasts. Apoptosis was determined by TUNEL, Hoechst staining, and
Western blot analysis of apoptosis-related proteins. Representative images of cells pretreated with 0.1, 0.5, and 1 μMCu I for 24 h followed by
exposure to 500 μM H2O2 for additional 24 h in the (a) TUNEL and (c) Hoechst assays. The apoptotic index was calculated by determining
the percentage of (b) TUNEL-positive or (d) Hoechst-positive cells. (e) Western blot analysis of Bax, Bcl-2, and cleaved caspase 3 protein
expression levels in Cu I-pretreated/H2O2-treated cells. (f) The protein expression levels were quantified by scanning densitometry. β-
Actin was used as the loading control. Western blot analysis was performed in triplicate with three independent samples. Data are
expressed as fold changes± SEM versus control cells. Significance was analyzed by a one-way ANOVA followed by the Bonferroni post
hoc test. ##P < 0 01 and ###P < 0 001 versus control cells. ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001 versus H2O2 alone-treated cells. Arrows
indicate apoptotic cells. Cont: control; Cu I: cucurbitacin I. Scale bar, 100 μm.

6 Oxidative Medicine and Cellular Longevity



expression levels of apoptosis regulators, such as Bax, Bcl-2,
and cleaved caspases 3 were determined to further confirm
the antiapoptotic effects of Cu I. The protein levels of Bax
and cleaved caspase 3, as proapoptotic proteins, were signifi-
cantly reduced in H2O2 alone-treated cells, but these
increases were dramatically attenuated by pretreatment with
Cu I. Otherwise, reduced levels of Bcl-2 proteins, as an anti-
apoptotic proteins, in H2O2 alone-treated cells were signifi-
cantly preserved by pretreatment with Cu I (53.6%, 85.4%,
and 69.8% increases in Bcl-2/Bax and 11.7%, 34.7%, 28.6%
decreases in cleaved caspase in cells pretreated with 0.1, 0.5,
and 1μMCu I versus H2O2 alone-treated cells, resp.). Collec-
tively, these results indicate that Cu I can prevent the
apoptosis of H9c2 cardiomyoblasts induced by H2O2
(Figures 3(e) and 3(f)).

3.5. Cu I Prevents Mitochondrial Dysfunction upon H2O2-
Induced Oxidative Stress in H9c2 Cardiomyoblasts. To deter-
mine the preventive effects of Cu I on H2O2-induced
mitochondrial dysfunction in H9c2 cells, mitochondrial
integrity was analyzed using the cells pretreated with 0.1,
0.5, and 1μM Cu I for 24h followed by exposure to
500μM H2O2 for additional 24 h. The MMP analysis by
JC-1 (MMP-sensing dye) staining revealed that MMP
was dramatically reduced in H2O2 alone-treated cells com-
pared with that in control cells (55.5% decrease versus control
cells). Conversely, MMPs were significantly increased in cells
pretreated with Cu I compared with those in H2O2 alone-
treated cells in a dose-dependent manner (17.5%, 23.6%,
and 64.7% increases in cells pretreated with 0.1, 0.5, and
1μM Cu I versus H2O2 alone-treated cells, resp.)
(Figures 4(a) and 4(b)). Similarly, themRNAexpression levels
of mitochondrial biogenesis-related genes, including NRF-1,
PPARα, ERRα, and PGC-1β, were significantly preserved by
pretreatment with Cu I, while the decreased levels of these
genes were shown in H2O2 alone-treated cells (Figure 4(c)).

3.6. Cu I Blocks the Activation of MAPK Signaling Pathway in
H2O2-Treated H9c2 Cardiomyoblasts. To determine the
underlying mechanisms of the protective effects of Cu I
against H2O2-induced oxidative stress in H9c2 cells, the
expression levels of three MAPK proteins, including ERK1/
2, JNK, and p38, were analyzed by Western blotting. The
results showed that treatment with 0.1, 0.5, and 1μM Cu I
for 48 h did not significantly alter both phosphorylated and
total forms of MAPK proteins (Figures 5(a) and 5(b)). In
H2O2 alone-treated cells, the phosphorylation of ERK1/2,
JNK, and p38 was significantly increased compared with that
in control cells (3.9-fold, 3.1-fold, and 1.3-fold increases in p-
ERK1/2/ERK1/2, p-JNK/JNK, and p-p38/p38 versus control
cells, resp.). Otherwise, pretreatment with Cu I attenuated
phosphorylation of these proteins in a dose-dependent man-
ner (24.6%, 33.5%, and 52.2% decreases, p-ERK1/2/ERK1/2;
15.0%, 41.0%, 49.1% decreases, p-JNK/JNK; 25.8%, 45.6%,
and 41.9% decreases, p-p38/p38 in cells pretreated with 0.1,
0.5, and 1μM Cu I, resp.) (Figures 5(c) and 5(d)). Hence,
these data indicate that Cu I effectively inhibits activation of
MAPKs in H2O2-treated H9c2 cardiomyoblasts.

4. Discussion

Increasing evidence demonstrated that oxidative stress
induced by excessive ROS production is involved in the path-
ogenesis of various heart diseases, including ischemic heart
disease,myocardial infarction, and heart failure [25, 26]. Since
oxidative stress is mainly caused by imbalance between oxi-
dants and antioxidants, antioxidant systemsmayplay a crucial
role in preventing cardiac injury, especially I/R injury. Fur-
thermore, oxidative stress causes severe damage to the heart
because heart is vulnerable to oxidative stress due to lower
levels of antioxidant proteins than other organs [27]. There-
fore, therapeutic strategy forpreventingoxidative stress in car-
diac cells is either supply of exogenous antioxidants or
upregulation of endogenous antioxidants. Recently, naturally
occurring bioactive compounds were intensively studied to
find their antioxidant properties against the cardiac injury [9].

Cu I is one of the abundant members of cucurbitaceae
family and exhibits cytotoxic and anticancer properties in
various types of cancer cell lines [28–30]. Considering the
pharmacological effects of Cu I against cardiac diseases, pre-
vious study showed that Cu I inhibit cardiomyocyte hyper-
trophy through inhibition of connective growth factor
(CCN2) and transforming growth factor- (TGF-) β/SMAD
signaling pathways [31]. Nevertheless, its antioxidant prop-
erty in cardiac cells is still unknown. Hence, the present study
sought to evaluate the antioxidant effects of Cu I in H2O2-
treated H9c2 cardiomyoblasts.

In the present study, H2O2 as a potent oxidant, which
leads to reduced cell viability, antioxidant activity, and
induced apoptosis [32], was used to induce the oxidative
stress in H9c2 cardiomyoblasts. The present study demon-
strated that pretreatment with Cu I increased the viability
of H2O2-treated cells in a dose-dependent manner, while
exposure to H2O2 alone decreased the viability of H9c2 cells.
In addition, inhibition of ROS production and increased
expression of several antioxidant proteins (SOD-1, catalase,
and GPx) were shown by pretreatment of Cu I in H2O2-
induced H9c2 cells. Therefore, these results suggest that Cu
I effectively protects the oxidative stress in H2O2-treated
H9c2 cardiomyoblasts.

Mitochondria are major target of ROS which has the det-
rimental effects on the mitochondrial structure and function
in cardiac injury [33, 34]. Consequently, mitochondrial dys-
function triggers the apoptosis in cardiac cells under oxida-
tive stress condition [26]. Of note, mitochondria are rich in
the heart, as a high-energy demand organ, to maintain the
cardiac functions [35]. Therefore, inhibiting the mitochon-
drial dysfunction may be an effective way to prevent the
cardiac injury caused by oxidative stress. Here, we demon-
strated that pretreatment with Cu I dramatically increased
MMP and preserved the expression of mitochondrial
biogenesis-related genes including NRF-1, PPARα, ERRα,
and PGC-1-β in H2O2-exposed cells. In addition, Cu I inhib-
ited the apoptotic responses and reduced the proapoptotic
proteins (Bax and cleaved caspases 3) and increased the anti-
apoptotic protein (Bcl-2).

MAPK family implicated various cell functions, includ-
ing proliferation, differentiation, and apoptosis [36]. When
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oxidative stress occurs, these MAPK proteins are activated
and further stimulate the apoptotic responses [37]. There-
fore, this study determined the protein expression of three

major MAPK proteins, such as ERK1/2, JNK, and p38 to
elucidate how Cu I protect against oxidative stress in
H9c2 cardiomyoblasts. As expected, pretreatment of Cu I
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Figure 4: Cu I prevents mitochondrial dysfunction upon H2O2-induced oxidative stress in H9c2 cardiomyoblasts. MMP was determined by
JC-1 staining. (a) Representative images and (b) fluorescence intensities in cells pretreated with 0.1, 0.5, and 1 μM Cu I for 24 h followed by
exposure to 500 μM H2O2 for additional 24 h. (c) Quantitative RT-PCR analysis for mitochondrial biogenesis-related gene (NRF-1, PPARα,
ERRα, and PGC-1β) mRNA expression in Cu I-pretreated/H2O2-treated cells. The qRT-PCR analysis was performed in triplicate with three
independent samples. Data are expressed as fold changes ± SEM versus control cells. Significance was analyzed by a one-way ANOVA
followed by the Bonferroni post hoc test. ##P < 0 01 and ###P < 0 001 versus control cells. ∗P < 0 05 and ∗∗P < 0 01 versus H2O2 alone-
treated cells. Cont: control; Cu I: cucurbitacin I. Scale bar, 100 μm.
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significantly suppressed activation of these MAPK pro-
teins, while these were dramatically activated in H2O2-
treated cells.

5. Conclusion

The present study demonstrated that Cu I effectively protects
against oxidative stress responses, including cell viability,
ROS production, mitochondrial dysfunction, and apoptosis

in H2O2-treated H9c2 cardiomyoblasts. Cu I also blocks the
activation of MAPK proteins, including ERK1/2, JNK, and
p38. Therefore, we suggest that Cu I is a potent antioxidant
drug to protect against oxidative stress in the heart.
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Figure 5: Cu I blocks the activation of MAPK signaling pathway in H2O2-treated H9c2 cardiomyoblasts. Western blot analysis of the protein
expression levels of the total and phosphorylated forms of ERK1/2, JNK, and p38 in H9c2 cardiomyocytes (a) treated with Cu I for 48 h or (c)
pretreated with 0.1, 0.5, and 1μMCu I for 24 h followed by exposure to 500μMH2O2 for additional 24 h. (b, d) The protein expression levels
were quantified by scanning densitometry. β-Actin was used as the loading control. Western blot analysis was performed in triplicate with
three independent samples. Data are expressed as fold changes± SEM versus control cells. Significance was analyzed using a one-way
ANOVA followed by the Bonferroni post hoc test. #P < 0 05 and ###P < 0 001 versus control cells. ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001
versus H2O2 alone-treated cells. Cont: control; Cu I: cucurbitacin I.
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Citrus aurantium is rich in flavonoids, which may prevent osteosarcoma progression, but its related molecular mechanism remains
unclear. Flavonoids were extracted from C. aurantium and purified by reparative HPLC. Each fraction was identified by using
electrospray ionisation mass spectrometry (ESI-MS). Three main components (naringin, naringenin, and hesperetin) were
isolated from C. aurantium. Naringenin inhibited the growth of MG-63 cells, whereas naringin and hesperetin had no
inhibitory function on cell growth. ROS production was increased in naringin- and hesperetin-treated groups after one day of
culture while the level was always lowest in the naringenin-treated group after three days of culture. 95 osteosarcoma patients
who underwent surgery were assigned into two groups: naringenin group (NG, received 20mg naringenin daily, n = 47) and
control group (CG, received 20mg placebo daily, n = 48). After an average of two-year follow-up, osteosarcoma volumes were
smaller in the NG group than in the CG group (P > 0 01). The rate of osteosarcoma recurrence was also lower in the NG group
than in CG group. ROS levels were lower in the NG group than in the CG group. Thus, naringenin from Citrus aurantium
inhibits osteosarcoma progression and local recurrence in the patients who underwent osteosarcoma surgery by improving
antioxidant capability.

1. Introduction

Osteosarcoma is a malignant tumor affecting bone metaphy-
sis and patient life quality. The present therapeutic approach
of osteosarcoma is neoadjuvant chemotherapy following
surgical resection of primary tumors. The estimated osteo-
sarcoma morbidity is more than four cases for per million
population worldwide [1]. With chemotherapy and surgery,

the five-year survival rate of the patients without fracture is
more than 50% [2]. Unfortunately, survival rates remain
unchanged over the past decades because no new drug is
available. Furthermore, some side effects are often caused
by medical treatment [3, 4]. At present, some treatment
modalities can be available for osteosarcoma. For instance,
mifamurtide (produced by Takeda) is a drug against osteo-
sarcoma and was approved in Europe in March 2009. The
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drug can be used for treating high-grade, nonmetastasizing,
and resectable osteosarcoma after surgical removal [5]. The
normal side effects of mifamurtide include fever, vomiting,
fatigue and tachycardia, infections, anaemia, anorexia, head-
ache, and constipation [6, 7]. Therefore, it is necessary to find
new medicine from functional food with few side effects.

Citrus is a genus of flowering trees and shrubs in Rutaceae.
Citrus aurantium, as the “Chinese bitter orange,” is native to
Southeast Asia and has been spread worldwide. The species
is widely used in traditional medicine as a medicinal herb in
Asian countries. Due to its antitumor activities with few side
effects, citrus juice is a therapeutic agent against meningioma
cells [8]. Citrus fruit intake has been reported to control the
risks of breast cancer [9] and stomach cancer [10]. The anti-
proliferative and apoptotic effects of flavonoids isolated from
C. aurantium have been found in lung cancer cells [11] and
gastric cancer cells [12].Naringenin has beenproven to inhibit
the growth and induce autophagy of colon cancer cells by
affecting isoprenylcysteine carboxyl methyltransferase/RAS
signaling [13]. Further work has proved that naringenin is a
potential chemotherapeutic agent to suppress the progression
of prostate cancer cell lines via the phosphatidylinositol 3
kinase (PI3K)/Akt and mitogen-activated protein kinase sig-
naling [14]. Naringenin as the main component of citrus fruit
inhibits the expression of epidermal growth factor receptor-2
and promotes cancer death [15].

The consumption of orange juice has been reported to
increase the plasma concentration of vitamin C, folate,
carotenoid, and flavanone and hydrophilic and lipophilic
phytochemical [16]. Many small molecule candidates have
been found to target metastatic osteosarcoma-associated
subpathways. Lansoprazole is supposed to treat metastatic
osteosarcoma [17]. However, the effects of C. aurantium on
osteosarcoma are seldom reported and an exact molecular
mechanism is still needed to be elucidated.

C. aurantium is rich in flavonoids [18, 19], which have
antioxidants [20, 21] and anti-inflammation properties
[22]. Reactive oxygen species (ROS) are closely associated
with oxidative stress, which is ubiquitous in a biological sys-
tem. ROS are normally produced by chemical, photochemi-
cal, electronic activities, endogenous enzymatic reactions,
and inflammation [23]. High-level ROS will increase oxida-
tive stress, resulting in deleterious oxidation and chemical
modification and cancer risk [24]. In contrast, a certain
level of ROS production may be beneficial to control cancer
progression by inducing apoptosis in cancer cells [25]. In
the case, the flavonoids from C. aurantium may have inhibi-
tory functions on osteosarcoma progression by affecting ROS
levels. Therefore, we investigated the effects of flavonoids
from C. aurantium on osteosarcoma and specific bioactive
component was confirmed. Inhibitory functions of C. auran-
tium were further identified on osteosarcoma patients who
underwent surgery by investing osteosarcoma volume, local
recurrence, and antioxidant properties.

2. Materials and Methods

2.1. Flavonoids Extracts from C. aurantium Peel. Fresh C.
aurantium fruit was purchased from the local supermarket

and the peel was isolated from the fruit. Twenty-gram
fruit peel was comminuted and then subjected to extrac-
tion with 200mL 20% ethanol for 4 h. The mixture was fil-
trated with a membrane NMWL of 3 kDa (Millipore,
Billerica, MA, USA). The filtrated liquid was dried and
dissolved in 20μL methanol.

2.2. Preparative Reversed-Phase HPLC. One mL above
aliquot was injected into a preparative HPLC (Gilson,
Middleton, WI, USA). The column was eluted with 30%
ethanol and linearly increased to 100% at a flow rate of one
mL/min. The peaks were detected at 360nm. According to
the peak time, each individually identifiable peak was col-
lected by using a detector. The collected fraction was dried
and resolved in 20μL ethanol.

2.3. Mass Spectrometry. Each fraction was analyzed byMicro-
mass ESI Mass Spectrometer (Waters). Source temperature
was 100°C, and the desolation gas temperature was 350°C.
The purity of nitrogen and argon was over 99.99%. Desola-
tion gas flow was 650L/h and cone gas flow was 50L/h,
respectively. The sampling cone was 25V and the capillary
voltage was 3 kV. Sodium format was used to calibrate mass
spectrometer in both positive- and negative-ion modes. The
mass spectrometer was set over the range m/z 0–600.

2.4. Cell Culture. Human osteosarcoma cell line MG-63 was
purchased from the cell bank of Chinese Academy of
Sciences (Shanghai, China) and cultured in DMEM at 37°C
with 5% CO2. After three-day culture, cell concentrations
were adjusted to 1× 105 cells/mL and 100μL cells were trans-
ferred to each cell of a 96-cell plate, treated with different
fractions of crude extracts, and further cultured for three
days under the same situation. Cell growth was recorded by
using RTCA iCELLigence (ACEA Biosciences Inc., San
Diego, CA, USA).

2.5. Participants. From May 4, 2011 to March 13, 2014, oste-
osarcoma patients who underwent limb salvage surgery and
osteosarcoma removal were recruited at our hospital. This
randomized prospective study was performed. All proce-
dures were approved by the ethics committee of Jilin Univer-
sity (Changchun, China). The written informed consent was
obtained from the patients of this study.

2.6. Inclusion Criteria. All patients were recruited according
to the following inclusion criteria: (1) the patients had a
histological diagnosis of osteosarcoma by biopsy, (2) the
patients were treated with the combination of chemotherapy
and surgery, and (3) the patients were from the same city,
Changchun, China.

2.7. Exclusion Criteria. The patients underwent amputation
surgery; the patients received radiotherapy; the patients died
within three months after being recruited; and the patients
were pregnant.

2.8. Patient Grouping. Twenty-five g of mannitol, 5 g
PEG6000, 50 g naringenin, 35 g meglumine in povidone
K30 ethanol solution (50% (v/v) were mixed well and wet
granulated. The mixture was dried at a reduced pressure less
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than 60°C oven and compressed into tablets after adding 3.5 g
sodium carboxymethyl starch and 1 g of magnesium stearate.
Meanwhile, the placebo tablets were made by using the same
method.

After the selection of inclusion criteria and exclusion cri-
teria, a total of 95 osteosarcoma patients were selected in this
study. Forty-seven patients received the tablets with 20mg
naringenin daily and assigned as an NG group. Forty-eight
patients received the tablets with 20mg placebo daily and
assigned as a CG group. All demographic data were normal-
ized between the two groups. Their preoperative clinical data
and operative information were recorded. According to Bro-
ders’ criteria, osteosarcoma can be divided into G1, G2, G3,
and G4 grades [26]. Osteosarcoma volumes were measured
by using magnetic resonance (MR) images and calculated
via the formula: ([π/6]× length×width×depth). The evalua-
tion of all patients was based on radiology findings. The
whole follow-up period was two years, and osteosarcoma vol-
ume and local recurrence were investigated. Osteosarcoma
samples at different stages were stained with hematoxylin
and eosin stain (H&E) according to a previous report [27].
The therapy of osteosarcoma patients was performed accord-
ing to a previous report with modification [28]. All osteosar-
coma patients met the inclusion criteria and received surgery
compliance with chemotherapy as Table 1 showed.

2.9. Diet Comparison between NG and CG. Considering the
effects of patient diets on osteosarcoma progression, the
overall dietary consumption of food and beverages con-
sumed by all osteosarcoma patients was evaluated between
NG and CG groups by using a food frequency questionnaire
(FFQ). Nutrition experts administered the FFQ for inter-
viewing osteosarcoma patients. The FFQ included the follow-
ing items: (1) how often did you consume food (times daily,
weekly, monthly, and yearly) during the past two years? (2)
Amount of monthly intake of major fruit, including citrus,
apple, pear, peach, banana, plum, grape, litchi, papaya, and
watermelon; (3) amount of monthly intake of major vegeta-
bles, including carrot, lettuce, Chinese cabbage, cauliflower,
celery, lotus root, potato, onion, garlic, bean and its products,
pumpkin, cucumber, eggplants, peppers, tomato, turnip,
radish, and mushroom; (4) amount of monthly intake of
major nuts, including peanut and cashew; (5) amount of
monthly intake of protein, including beef, lamb, pork, fish,
eggs, and poultry; (6) amount of monthly intake of carbohy-
drate, including barley, rice, corn, oats, sugar, taro, potato,
and wheat; (7) amount of monthly intake of animal fats
and vegetable oils; and (8) amount of monthly intake of
beverages. Daily consumption of these diets was calculated
as g/day. Energy and nutrient intakes were assessed by using
the food composition.

2.10. Cell-Based Bioassay of Meals. Arising from other com-
ponents present as well as overall food matrix effects, the
effects of the meals on naringenin function were measured.
Breakfast, lunch, and dinner were randomly obtained from
individual suppliers of osteosarcoma patients. Each meal
was ground with an agate mortar and pestle on ice. The
mixed meal was sterilized at 60°C for 60min and added to

MG-63 cells at 10mg/mL. The effects of meals from NG
and CG, with naringenin or placebo, on the growth of MG-
63 cells were measured.

2.11. Measurement of the Plasma and Urine Levels of
Naringenin. The plasma and urine levels of naringenin in
both their NG and CG groups were compared according to
previously reported methods [29, 30]. Briefly, 2mL urine
was obtained from each patient and centrifuged at 12,000g
for 10min. 0.25mL supernatant was taken and mixed with
50μL of 0.5M triethylamine acetate (pH7.0), 5μL β-glucu-
ronidase, and arylsulfatase, respectively. The mixture was
incubated for 60min at 37°C. The urine was extracted with
2.0mL ethyl ether and 50μL formononetin (10 ppm in meth-
anol) was used as an internal control. The extract was dried
by using a freeze drier and dissolved in 0.25mL methanol.
Subsequently, 0.25mL 0.2M acetate buffer (pH5) was added
and 10μL mixture was injected into the HPLC system. Five
mL was obtained from each patient and plasma was sepa-
rated by blood centrifugation for 5min at 1000g. One hun-
dred μL of 200mM triethylamine buffer (pH7.5) was added
to 500μL serum or plasma and incubated with 45μL β-glu-
curonidase and 45μL of arylsulfatase for 15 h at 37°C.
Twenty μL formononetin (10 ppm in methanol) was used
as an internal control. Targeted fractions were extracted by
adding two mL of diethyl ether. The extracts were dried by
using a freeze drier and dissolved in 100μL methanol and
diluted with 100μL of 200mM acetate buffer (pH5.2). Ten
μL of the mixture was injected into HPLC system an HPLC
(Gilson, Middleton, USA). Separation was performed on a
Phenomenex Luna C8 column (250× 30mm, 5μm C8).
The mobile phase was methanol/water/acetic acid (40 : 58 : 2,
v/v/v). The flow rate was set at one mL/min at 46°C and the
detector was set at 290 nm. Stock solutions of naringenin and
internal standard 7-ethoxycoumarin were prepared at
500μg/mL, respectively. Stock solution of naringenin was

Table 1: Chemotherapy for osteosarcoma patients in the present
study.

Drug dose Flowchart
Drug Drug, mg/m2/cycle Day Drug

(1) Neoadjuvant chemotherapy
(3 cycles)

First cycle

DDP 80 1 DDP

CTX 540 3 CTX+VCR

VCR 1 15 ADR

ADR 40 16 ADR

(2) Surgery Second cycle

(3) Adjuvant chemotherapy
(4 cycles)

29 DDP

DDP 80 31 CTX+VCR

CTX 540 43 ADR

VCR 1 44 ADR

ADR 40 And so on

DDP = cisplatin; CTX = cyclophosphamide; VCR = vincristine;
ADR = adriamycin.
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diluted with methanol/water (1 : 1, v/v) to 0.5, 1, 2, 4, 8, and
16μg/mL. The standard was diluted with methanol/water to
20μg/mL. Urine and plasma were calculated according to the
standard curve.

2.12. Biochemical Analysis. Superoxide dismutase (SOD) [31,
32], aspartate aminotransferase (AST) [33], alanine amino-
transferase (ALT) [34], and glutathione (GSH) are associated
with oxidative stress [35]. Here, serum levels of SOD, AST,
ALT, and GSH were measured. Serum AST and ALT were
measured by an automated clinical chemistry analyzer (Indi-
anapolis, IA, USA). SOD activity was measured by a SOD
Assay Kit (Cat. number 19160-1KT-F from Sigma, St. Louis,
MO, USA). GSH was measured by a GSH Assay Kit (Cat.
number CS0260-1KT from Sigma).

Lipid profiles are closely associated with osteosarcoma
risks. Thus, the serum lipid patterns, including total triglycer-
ides (TG), total cholesterol (TC), high-density lipoprotein
cholesterol (HDL-C), and low-density lipoprotein choles-
terol (LDL-C), were measured by an automatic biochemical
analyzer (Beckman Coulter Inc., Brea, CA, USA). Malondial-
dehyde (MDA) level was measured by an MDA assay kit
(Cat. number MAK085-1KT from Sigma).

2.13. Measurement of Inflammatory Cytokines. Osteosar-
coma pathology is closely associated with the levels of
interleukin-1 (IL-1) beta [36] and IL-6 [37]. Five mL blood
samples were obtained from all participants. Thus, the
levels of these cytokines were measured by using human
ELISA kits for IL-1 beta (Cat. number KHC0011) and
IL-6 (Cat. number KHC0061) from Thermo Fisher Scientific
(Hong Kong) Limited.

2.14. Measurement of ROS. To measure serum ROS level,
5mL blood was taken from each patient by using a vacuum
tube. Serum was isolated following a centrifugation at
2000 rpm for 10min. Serum ROS was measured by using
dROMs test (Diacron International, Hong Kong) [38] on
the F.R.E.E. analyzer (Diacron).

Aringin, naringenin, and hesperetin were added to MG-
63 cells at 1μg/mL, respectively. MG-63 cells (1× 105 cells/

mL) were transferred to a 24-well plate for one day. The assay
was performed according to a previous report [39]. To
measure SOD level in interval cells, the cells were treated with
2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) for
1 h at 37°C under 5% CO2, and DCFH-DA reacts with
ROS to produce 2′, 7′-dichlorofluorescein (DCF), an indi-
cator of general oxidative stress. The fluorescence intensity
was detected under a confocal fluorescence microscope
and a flow cytometer at an excitation and emission wave-
length of 488nm and 535nm. Data were analyzed by
using FV10-ASW software (version 4.2; Olympus Corpo-
ration, Tokyo, Japan).

2.15. Statistical Analysis. Student’s t-test was used to compare
the significant difference in variable data between the two
groups. Chi-square test was used to compare the significant
difference in the numbers between the two groups. Statistical
data were analyzed by using the SPSS 20.0 (SPSS Inc., Chi-
cago, IL, USA). There are statistically significant differences
if P < 0 05.

3. Results

3.1. Characterization of C. aurantium Extracts. Three main
components (mg/100 g peel, naringin 8, naringenin 27, and
hesperetin 3) were isolated from C. aurantium crude extracts
(10mL/100 g peel) after HPLC separation (Figure 1) and fur-
ther confirmed by electrospray ionization (ESI) mass spec-
trometry under the conditions that produced mass spectra
with [M+H]+. Figure 1 shows that the predicted masses for
naringin (Figure 2(a)) and naringenin (Figure 2(b)) and
hesperetin (Figure 2(c)) were 580, 272, and 302Da, respec-
tively. Naringin, a flavanone-7-O-glycoside (Figure 2(a)),
existed in citrus fruit with the fruit’s bitter taste. Naringenin,
a flavonoid ((S)-2,3-dihydro-5,7-dihydroxy-2-(4-hydroxy-
phenyl)-4-benzopyrone, Figure 2(b)) in citrus, has been
reported to have antioxidant, antiatherogenic, and anticancer
properties [40]. Hesperetin, the 4′-methoxy derivative of
eriodictyol (Figure 2(c)), is a naturally occurring flavanone-
glycoside in citrus [41]. Hesperetin has been proven to have
antiproliferative ability against colon tumorigenesis [42].
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Figure 1: HPLC analysis of the main components of the extracts of Citrus aurantium. Peak label shows corresponding components.
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3.2. Naringenin Inhibits the Growth of MG-63 Cells.
Figure 3(b) shows that naringenin inhibited the growth of
MG-63 cells with the increase in its concentration. Compar-
atively, naringin and hesperetin (Figures 3(a) and 3(c)) did
not affect the growth rate of MG-63 cells. On the other hand,
crude extracts of C. aurantium inhibited the growth of MG-
63 cells with the similar results as only naringenin
(Figure 3(d)). These results suggested that it was naringenin
rather than possible other components of crude extracts inhi-
biting the growth of osteosarcoma cells, and naringenin was
therefore used in subsequent experiments. Arising from
other components present as well as overall food matrix
effects, the effects of daily diets with naringenin and pla-
cebo on the growth of MG-63 cells were also measured.
The findings demonstrated that the meals of NG group
did not affect the growth of MG-63 cells (Figure 3(e)).
In contrast, the meals of NG group affected the growth
of MG-63 cells when naringenin was added (Figure 3(f)).
Similarly, the meals of CG group did not affect the growth
of MG-63 cells (Figures 3(g) and 3(h)). The meals of CG
group would not affect the growth of MG-63 cells until
naringenin was added (Figure 3(i)).

3.3. Baseline Characters of Participants. A total of 95 patients
had osteosarcomas and received surgeries. The average ages

were 23.6± 12.7 and 24.3± 12.1 years in NG and CG groups,
respectively. The most common sites of osteosarcoma
occurred at the distal end of the femur. The average
follow-up was 24 months (ranging from 6 to 80 months).
All other parameters, including osteosarcoma grades and
treatment types, were similar between NG and CG groups
(Table 2, P > 0 05). Osteosarcoma resection margins are
classified as follows: R0, no cancer cells can be seen micro-
scopically at the resection margin; R1, cancer cells are
presented microscopically at the resection margin; and
R2, tumor tissues can be observed by the naked eyes at
the resection margin. The statistical difference was insig-
nificant for the resection status in the two treatment
groups (R0/R1/R2, 6/33/8 in an NG group and 7/36/6 in
a CG group, P = 0 80).

All the patients consumed food three times daily. The
daily intake of food components was similar between NG
and CG groups (P > 0 05, Table 3). Thus, the composition
of meals would not cause the difference for osteosarcoma
growth and recurrence.

Figure 4 shows the radiological review of osteosar-
coma at different stages. The size of conventional/classic
central osteosarcoma (Figure 4(a)) and small cell osteo-
sarcoma (Figure 4(c)) was increased with osteosarcoma
progression. For chondromyxoid fibroma, bone intensity
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Figure 2: ESI MASS spectrometry analysis of bioactive fractions from the extracts of Citrus aurantium under the conditions that produced
mass spectra with [M+H]+. (a) Mass spectra were visualized following the separation of naringin ([M+H]+ = 581Da). (b) Mass spectra were
visualized following the separation of naringenin ([M+H]+ = 273Da). (c) Mass spectra were visualized following the separation of hesperetin
([M+H]+ = 303Da).
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was reduced significantly with the osteosarcoma develop-
ment (Figure 4(b)).

Figure 5 shows osteosarcoma samples with H&E stain-
ing at different stages. At the G1 stage, the osteosarcoma
consisted of an atypical round to cell proliferation with

osteoid deposition at the G1 stage and showed typical char-
acters of osteosarcoma (Figure 5(a)). At the G2 stage, the
shape of osteosarcoma cells was variable with chromatic
nuclei and mitosis fields (Figure 5(b)). At the G3 stage,
spindle cell neoplasm had high cellularity, abnormal mitotic
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Figure 3: Real-time analysis for the effects of bioactive components of Citrus aurantium on the growth of MG-63 cells. (a) The effects of
naringin on the growth of MG-63 cells. (b) The effects of naringenin on the growth of MG-63 cells. (c) The effects of hesperetin on the
growth of MG-63 cells. (d) Crude extracts of Citrus aurantium on the growth of MG-63 cells. (e) The effects of meals of NG group on the
growth of MG-63 cells. (f) The effects of meals of NG group and 100 μg/mL naringenin on the growth of MG-63 cells. (g) The effects of
meals of CG group on the growth of MG-63 cells. (h) The effects of meals of CG group and 100μg/mL placebo on the growth of MG-63
cells. (i) The effects of meals of CG group and 100μg/mL naringenin on the growth of MG-63 cells.
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characters, and atypical nuclei (Figure 5(c)). At the G4
stage, the osteosarcoma cells formed a highly cancerous
and high-mortality bone tumor (Figure 5(d)).

3.4. The Plasma and Urine Levels of Naringenin. Before the
therapy, the statistical difference was insignificant for urine
and plasma levels of naringenin between NG and CG groups
(Table 4, P > 0 05). In contrast, after the therapy, the statisti-
cal differences were significant for urine and plasma levels of
naringenin between NG and CG groups (Table 4, P < 0 05).

The results suggest that naringenin consumption increased
urine and plasma level of the chemical.

3.5. Long-Term Consumption of Naringenin Controls
Osteosarcoma Size. Before surgery as well as after surgery,
the statistical differences between the NG and CG for
clinical data (P > 0 05) and tumor volume were insignificant
(P = 0 68). After an average two-year follow-up, two patients
and three patients died from NG and CG, respectively. The
mean tumor volumes were 106.3± 92.7 c.c. in the NG group
as compared with 225.8± 141.4 c.c. in the CG group

Table 2: Baseline characters of osteosarcoma patients.

Naringenin group (n = 47) Control group (n = 48) P values

Age, years 23.6± 12.7 24.3± 12.1 0.21

Gender, male/female 27/20 29/19 0.77

Smoking, n (%) 19 (40.4) 21 (43.8) 0.74

Alcoholic intake, n (%) 17 (36.2) 18 (37.5) 0.89

Body mass index, kg/m2 25.6± 6.9 24.9± 7.2 0.14

Osteosarcoma types

Intramedullary osteosarcoma 39 (83.0) 38 (79.2) 0.64

Juxtacortical osteosarcoma 7 (14.9) 8 (16.7) 0.81

Extraskeletal osteosarcoma 1 (21.3) 1 (41.7) 1.00

Osteosarcoma grades

G1, n (%) 8 (17) 7 (14.6) 0.75

G2, n (%) 9 (19.1) 10 (20.8) 0.84

G3, n (%) 22 (46.8) 24 (50) 0.76

G4, n (%) 8 (17) 7 (14.6) 0.75

Osteosarcoma volume

Before surgery 248.7± 124.3 c.c. 260.5± 113.7 c.c. 0.13

After surgery 3.9± 3.9 c.c. 3.5± 3.5 c.c. 0.24

Chemotherapy, n (%) 35 (74.5) 33 (68.8) 0.77

Resection length, cm 13.4± 5.9 12.7± 6.2 0.25

Stem diameter, cm 11.7± 3.6 10.5± 4.3 0.16

Site

Cancer treatment types

Osteosarcoma surgery 47 (100) 48 (100) 1.00

Chemotherapy 47 (100) 48 (100) 1.00

Radiotherapy 5 (10.6) 6 (12.5) 0.78

Rehabilitation and supportive care 47 (100) 48 (100) 1.00

Femur, n (%) 31 (66) 30 (62.5) 0.73

Tibia, n (%) 12 (25.5) 11 (22.9) 0.77

Others, n (%) 4 (8.5) 7 (14.6) 0.36

Histologic type

Osteoblastic, n (%) 20 (42.6) 18 (37.5) 0.62

Chondroblastic, n (%) 14 (29.8) 17 (35.4) 0.56

Fibroblastic, n (%) 9 (19.1) 8 (16.7) 0.75

Others, n (%) 4 (8.5) 5 (10.4) 0.97

Differentiation status

High, n (%) 31 (66) 33 (68.8) 0.71

Low, n (%) 16 (34) 15 (31.3) 0.77

Pulmonary metastasis, n (%) 4 (8.5) 5 (10.4) 0.97
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Table 3: The comparison for daily food consumption between NG and CG groups (g/day).

Food items NG CG t value P values

Fruits

Citrus 15.9± 8.6 13.4± 8.1 0.35 0.48

Apple, plum, pear, peach 28.2± 13.5 23.3± 14.7 0.96 0.21

Banana 15.9± 5.8 14.7± 6.1 0.17 0.92

Grape 12.1± 5.4 11.9± 5.0 0.72 0.15

Litchi 9.5± 4.3 8.8± 4.6 0.32 0.65

Mango, persimmon 3.6± 1.6 3.8± 1.2 0.00 0.50

Papaya 10.3± 2.3 9.6± 1.8 0.52 0.31

Watermelon 19.1± 14.5 22.7± 12.8 0.19 0.12

Vegetables

Soybean 12.3± 6.5 13.6± 4.7 0.46 0.29

Kale, broccoli 21.5± 17.3 22.9± 20.1 0.26 0.47

Lettuces 19.1± 10.7 17.1± 9.8 0.12 0.45

Amaranth, spinach 26.0± 17.5 28.5± 16.2 0.29 0.18

Chinese cabbage 35.6± 14.2 33.8± 12.9 0.67 0.13

Onion and garlic 15.2± 7.4 16.3± 7.5 0.29 0.63

Eggplant, radish 30.6± 20.4 28.1± 18.7 0.08 0.55

Tomato 33.9± 20.5 36.8± 23.5 0.64 0.07

Pepper 11.7± 6.9 10.9± 7.2 0.21 0.26

Lotus root, taro 28.2± 6.5 27.4± 6.9 0.27 0.15

Tofu 16.8± 11.2 17.4± 10.9 0.18 0.47

Bean curd 3.8± 4.2 4.1± 3.5 0.05 0.50

Mushroom 12.4± 6.5 11.4± 5.4 0.48 0.32

Seed and nuts

Sunflower 5.7± 3.6 6.0± 2.4 0.31 0.66

Peanut 7.8± 3.2 7.1± 4.1 0.22 0.75

Cashew 3.2± 1.4 3.6± 2.0 0.16 0.78

Protein food

Beef 16.4± 8.7 17.2± 6.1 0.92 0.18

Lamb 8.5± 4.3 8.1± 4.9 0.65 0.37

Pork 26.4± 12.8 28.6± 13.1 0.87 0.24

Fish 18.2± 11.6 17.3± 9.9 0.54 0.42

Eggs 21.2± 12.3 19.7± 14.0 0.73 0.39

Poultry 16.5± 8.4 14.9± 9.2 1.43 0.07

Carbohydrate

Barley 17.6± 11.5 15.3± 10.4 1.28 0.15

Rice 28.4± 17.9 30.2± 16.7 0.94 0.20

Corn 25.6± 15.4 26.8± 14.3 0.11 0.86

Oats 10.2± 6.5 11.4± 5.1 0.58 0.33

Sugar 5.5± 4.1 5.0± 3.8 0.20 0.76

Taro 12.7± 5.2 11.6± 6.0 0.65 0.26

Potato 18.3± 6.7 19.4± 7.2 1.31 0.11

Wheat 30.4± 14.2 27.9± 15.6 0.69 0.25

Animal fats 22.5± 13.8 20.6± 11.9 0.28 0.39

Vegetable oils 10.7± 4.2 9.6± 5.1 0.31 0.26

Beverage (mL/d)

Milk 100.0± 50.0 100.0± 50.0 0 0.50

Coffee 64.0± 25.0 58.0± 22.0 0.68 0.15
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Table 3: Continued.

Food items NG CG t value P values

Tea 55.0± 35.0 60.0± 34.0 0.34 0.64

Juice 120.0± 50.0 110.0± 50.0 0.13 0.76

Soft drinks 100.0± 50.0 100.0± 50.0 0 0.50

Basic diet macronutrient composition

Energy (kcal/d) 1423.3± 406.5 1570.6± 532.1 0.54 0.30

Total carbohydrate (g/d) 201.4± 76.8 195.6± 92.4 0.24 0.69

Protein (g/d) 71.2± 26.2 68.4± 27.5 0.34 0.23

Dietary fiber (g/d) 14.7± 5.2 13.8± 5.6 0.18 0.71

Vitamin E (mg/d) 12.6± 5.5 11.2± 4.3 0.44 0.19

Vitamin C (mg/d) 139.6± 71.8 130.4± 65.7 1.12 0.15

Note: t-test calculator for two independent means. NG: naringenin group; CG: control group with placebo.

1 2 3 4

(a)

1 2 3 4

(b)

1 2 3 4

(c)

Figure 4: Radiological review of osteosarcoma at different stages. (a) Conventional/classic central osteosarcoma. (b) Chondromyxoid
fibroma. (c) Small cell osteosarcoma. The numbers 1, 2, 3, and 4 stand for G1, G2, G3, and G4 osteosarcomas.
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(Table 5, P < 0 05). The results suggest that long-term con-
sumption of naringenin controls osteosarcoma size. On the
other hand, naringenin had no impact on osteosarcoma
metastasis between NG and CG groups (Table 5, P > 0 05).

3.6. Long-Term Consumption of Naringenin Reduces the
Local Recurrence of Osteosarcoma. After an average
two-year follow-up, the rates of local recurrence of oste-
osarcoma were 38.3% and 73.0% in NG and CG groups
(P < 0 01), respectively. The results suggest that long-
term consumption of naringenin reduces the local recur-
rence of osteosarcoma.

3.7. Naringenin Improves Biochemical Indexes of
Osteosarcoma Patients. Table 6 shows that naringenin
improved lipid profiles when compared with CG (P < 0 05).

Naringenin increased the level of HDL-C and reduced the
levels of TG, TC, LDL-C, and MDA and reduced the serum
levels of TG, TC, LDL-C, and MDA after 8 months but the
statistical difference was insignificant between two groups
(P > 0 05). Lipid patterns were improved further in the
NG group after 16 months, and the statistical differences
were significant between the two groups (P < 0 05). Simi-
larly, lipid patterns were improved considerably in NG
after 24 months and the statistical differences were signif-
icant between the two groups (P < 0 05). All the results
suggest that naringenin improves the lipid patterns in
osteosarcoma patients.

As shown in Table 7, naringenin increased SOD and GSH
levels when compared with the levels in controls (P < 0 05).
In contrast, serum levels of ALT were lower in the NG group
than in the CG group (P < 0 05). Furthermore, long-term
naringenin consumption reduced the ratios of AST/ALT
when compared with the CG group (P < 0 05). The results
suggest that long-term naringenin improves antioxidant
activities of osteosarcoma patients.

3.8. Naringenin Consumption Significantly Reduces the Levels
of IL-1 Beta and IL-6. As Figure 6 showed, Student’s t-test
analysis showed that the statistical difference was insignifi-
cant for serum level of IL-1 beta and IL-6 between the two
groups before this study (P > 0 05). Comparatively, the levels

(a) (b)

(c) (d)

Figure 5: H&E staining was also performed on osteosarcoma samples at different stages. (a) The osteosarcoma consists of an atypical round
to cell proliferation with osteoid deposition at G1 stage (H&E stain ×200). (b) Osteosarcoma cells shape variable with chromatic nuclei and
mitosis fields at G2 stages. (c) Spindle cell neoplasm has high cellularity, abnormal mitotic characters, and atypical nuclear at the G3 stage.
(d) The osteosarcoma forms a highly cancerous and high-mortality bone tumor at the G4 stage.

Table 4: The plasma and urine levels of naringenin (ng/mL).

NG CG P value

Plasma
Before therapy 3.47± 1.58 3.69± 1.74 0.23

After therapy 82.16± 18.37 3.23± 1.62 0 01∗

Urine
Before therapy 1.01± 0.05 1.06± 0.07 0.12

After therapy 22.31± 9.45 1.17± 0.09 0 01∗

Note: t-test calculator for two independent means. ∗P < 0 05 via CG.
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of IL-1 beta and IL-6 were reduced in both groups (P < 0 05)
but the statistical difference was still insignificant for serum
IL-1 beta and IL-6 between the two groups after 8 months
(P > 0 05). The levels of IL-1 beta and IL-6 were further
reduced in both groups (P < 0 05) and the statistical differ-
ences were significant for serum IL-1 beta between the two
groups after 16 months (Figure 6(a), P < 0 05). Statistical
differences were significant in serum IL-6 between two
groups after 24 months (Figure 6(b), P < 0 05). The results
suggest that long-term naringenin consumption significantly
reduces the serum levels of IL-1 beta and IL-6.

3.9. Naringenin Consumption Significantly Reduces Serum
ROSLevels.Flowcytometry analysis showed that the statistical
difference was insignificant for ROS production between NG
and CG groups before naringenin consumption (P > 0 05,
Figure 7(a)). Relative ROS production was lower in the NG
group than the CG group after naringenin consumption
(P < 0 05, Figure 7(b)). Naringenin consumption remark-
ably reduced serum ROS levels. The results suggest that
oxidative stress is still prominent in controls when com-
pared with treated group while the oxidative stress is low
after naringenin treatment.

Table 5: Osteosarcoma volume and metastasis after average two-year follow-up.

Naringenin group (n = 45) Control group (n = 45) P values

Osteosarcoma volume 106.3± 92.7 c.c. 225.8± 141.4 c.c. 0.01∗

Pulmonary metastasis, n (%) 7 (15.6) 9 (20.0) 0.58

Other bone metastasis, n (%) 5 (11.1) 6 (13.3) 0.75

Note: 2 died in naringenin group and 3 died in control group after a two-year follow-up. ∗P < 0 05 via a control group.

Table 6: Comparison of lipid pattern in osteosarcoma patients before and after therapy.

TG (mmol/L) TC (mmol/L) HDL-C (mmol/L) LDL-C (mmol/L) MDA (mmol/L)

Before

NG 2.8± 1.2 5.7± 1.2 1.3± 0.3 3.8± 1.0 1.7± 0.3
CG 2.7± 1.1 5.6± 1.2 1.2± 0.2 4.0± 1.1 1.6± 0.2

P value 0.73 0.86 0.64 0.76 0.89

8-month

NG 2.6± 1.3 5.5± 1.1 1.4± 0.2 3.5± 1.1 1.5± 0.2
CG 2.7± 1.3 5.7± 1.1 1.3± 0.2 3.9± 1.1 1.7± 0.3

P value 0.34 0.22 0.18 0.26 0.27

16-month

NG 2.2± 1.3 5.1± 1.1 1.6± 0.2 3.2± 1.1 1.3± 0.2
CG 2.8± 1.3 5.8± 1.1 1.3± 0.2 4.0± 1.2 1.8± 0.3

P value 0.02∗ 0.04∗ 0.04∗ 0.03∗ 0.02∗

24-month

NG 1.8± 1.1 4.6± 1.4 1.6± 0.3 3.0± 1.1 0.9± 0.1
CG 2.6± 1.3 5.5± 1.1 1.2± 0.2 3.9± 1.2 1.6± 0.3

P value 0.01∗ 0.02∗ 0.01∗ 0.01∗ 0.01∗

Note: t-test calculator for two independent means. ∗P < 0 05 via CG.

Table 7: Biochemical parameters of enzyme activities.

SOD (U/mL) GSH (ng/mL) ALT (U/mL) AST (U/mL) AST/ALT

Before

NG 25.34± 3.17 26.89± 4.19 46.88± 12.24 42.34± 15.26 0.91± 0.16
CG 22.78± 3.02 25.65± 4.04 48.31± 11.38 44.18± 12.39 0.92± 0.18

P value 0.23 0.56 0.14 0.40 0.56

8-month

NG 26.38± 2.90 27.45± 4.27 45.84± 15.23 36.35± 11.43 0.81± 0.13
CG 25.31± 3.24 29.36± 4.78 43.22± 16.51 38.48± 10.55 0.88± 0.15

P value 0.64 0.12 0.08 0.17 0.11

16-month

NG 25.44± 2.37 26.99± 4.91 43.24± 16.98 32.48± 9.36 0.74± 0.12
CG 30.32± 3.24 35.38± 4.56 38.46± 17.25 40.23± 11.22 1.01± 0.17

P value 0.02∗ 0.04∗ 0.04∗ 0.01∗ 0.01∗

24-month

NG 29.49± 2.93 32.11± 5.27 40.35± 18.29 28.40± 10.44 0.69± 0.12
CG 46.39± 3.89 39.71± 4.56 30.28± 19.16 41.95± 18.32 1.42± 0.21

P value 0.01∗ 0.02∗ 0.01∗ 0.01∗ 0.01∗

Note: ∗P < 0 05 versus CG.
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3.10. Naringenin from C. aurantium Reduces ROS Levels
of MG-63 Cells. Flow cytometry analysis showed that
the statistical difference was insignificant for relative ROS
production among the treatments of naringin, naringenin,
and hesperetin when compared with the controls on 0 day
(P > 0 05, Figure 8(a)). Relative ROS production was lower
in naringenin-treated group than the control, whereas
the level in the control group was lower than naringin-
and hesperetin quercetin-treated groups on 1d (P < 0 05,
Figures 5(b) and 8). The results suggest that naringin
and hesperetin treatments increase oxidative stress in
the cells on 1 d (P < 0 05, Figure 8(b)). Relative ROS pro-
duction was lower in naringenin-treated group than the
control, whereas the level in controls was higher than
naringin- and hesperetin-treated groups on 2d (P < 0 05,
Figure 8(c)). Similarly, relative ROS production was lower
in naringenin-treated groups than the control, whereas
the level in controls was higher than naringin- and
hesperetin-treated groups on 3d (P < 0 05, Figure 8(d)).

4. Discussion

In most countries, the treatment of osteosarcomas is
delayed due to socioeconomic factors. The results lead to
that osteosarcoma is difficult to be treated at advanced
stages. More unfortunately, an effective therapy is still
lacking for controlling osteosarcoma development. Present
findings demonstrate that naringenin from C. aurantium
has significant inhibitory effects on osteosarcoma regrowth
and local recurrence following surgery in osteosarcoma.
These results suggest that C. aurantium as functional fruit
may be beneficial to prevent the risk and progression
of osteosarcoma.

We have examined a single compound naringenin. The
results should have the same effect with C. aurantium
extracts regardless of the source. Furthermore, in a food or
a crude extract, no other ingredients affected naringenin
activity. It is well known that the case of beta-carotene in
smokers turns out to be carcinogenic [43] although beta-
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Figure 6: Measurement of concentrations of IL-1 beta and IL-6 by ELISA in blood samples. (a) The concentration of IL-1 beta. (b) The
concentration of IL-6. All data were presented as mean values± S.D. There are statistically significant differences if P < 0 05.
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Figure 7: Serum ROS levels of osteosarcoma patients. CG-B, the patients before receiving placebo treatment. NG-B, the patients before
receiving naringenin treatment. CG-A, the patients after receiving two-year placebo treatment. NG-B, the patients after receiving two-year
naringenin treatment.
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carotene has been widely reported as a cancer suppressor
[44–46]. In the case, naringenin may have reverse effects
when it interacts with other components in food. Therefore,
the effects of the meals of NG and CG groups, naringenin,
and placebo on the growth of MG-63 cells were measured.
The results indicated that crude extracts of C. aurantium
inhibited the growth of MG-63 cells (Figure 3(d)) and had
the similar results with only naringenin (Figure 3(b)). The
crude extracts exerted their function via naringenin. The
findings suggest that the meals of NG group cannot affect
the growth of MG-63 cells (Figure 3(e)). In contrast, the
meals would affect the growth of MG-63 cells when narin-
genin was used (Figure 3(f)). Similarly, the meals of CG
group could not affect the growth of MG-63 cells
(Figures 3(g) and 3(h) with placebo). In contrast, the meals
would affect the growth of MG-63 cells when naringenin
was used (Figure 3(i)). The results suggest it is naringenin
and not the diets or other possible components affecting oste-
osarcoma. Therefore, C. aurantiummay prevent the risk and
progression of osteosarcoma via naringenin.

Naringin (a disaccharide derivative that is (S)-naringenin
substituted by a 2-O-(α-L-rhamnopyranosyl)-β-D-glucopyr-
anosyl moiety at position 7 via a glycosidic linkage), narin-
genin(a trihydroxyflavanone that is flavanone substituted
by hydroxy groups at positions 5, 6, and 4′), narirutin (a
disaccharide derivative that is (S)-naringenin substituted by
a 6-O-(6-deoxy-α-L-mannopyranosyl)-β-D-glucopyranosyl
moiety at position 7 via a glycosidic linkage), and hesperidin
(a disaccharide derivative that consists of hesperetin
substituted by a 6-O-(α-L-rhamnopyranosyl)-β-D-glucopyr-
anosyl moiety at position 7 via a glycosidic linkage) are the
most richly flavonoids in citrus. Because of different struc-
tures, there were great differences in pharmacokinetics of
naringenin naringin and other flavonoids. For instance,
when naringin is taken orally, only naringenin and predom-
inantly its glucuronides/sulfates are circulating in blood [47].
Pure hesperidin and naringin cannot lower serum TC and
LDL-C levels in moderately hypercholesterolemic patients
[48]. In the present study, citrus with naringenin lowered
the serum levels of TG and LDL-C (Table 6). Naringenin

(a) (b)

(c) (d)

Figure 8: Flow cytometry analysis of relative ROS production. (a) Cell culture on 0 d. (b) Cell culture on 1 d. (c) Cell culture on 2 d. (d) Cell
culture on 3 d.
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increased the level of HDL-C and reduced the levels of TG,
TC, LDL-C, and MDA and reduced the serum levels of TG,
TC, LDL-C, and MDA.

The size of osteosarcoma is an important predictive fac-
tor for osteosarcoma progression and closely associated with
the developing stages of osteosarcoma (Figure 4). However,
the causes of osteosarcoma are multifactorial and may be
not dependent on the initial size of osteosarcoma, which
was not investigated here. Naringenin from C. aurantium
reduces the size of osteosarcoma volume when compared
with the group treated with placebo, suggesting that the
bioactive component can control osteosarcoma better when
subsequent treatment becomes difficult. Osteosarcoma
recurrence makes osteosarcoma removal very difficult
although surgery is performed. Naringenin from C. auran-
tium also reduces the recurrence of residual osteosarcoma
after surgery, suggesting the new drug is a potential adjuvant
for osteosarcoma therapy.

Naringenin has been reported to have potential anti-
inflammatory [49] and anticarcinogenic [50] applications
and to attenuate lipid peroxidation [51] and gastroin-
testinal permeability [52]. Furthermore, naringenin has
anti-inflammatory properties in obesity therapy [53]. Pres-
ent findings also demonstrate that naringenin is a main
compound in C. aurantium and has significant anti-
inflammatory (Figure 6) and antioxidant (Table 7) activi-
ties for osteosarcoma progression.

ROS level plays an important role in the risk of cancer, so
the level was measured in MG-63 cells. The effects of narin-
gin, naringenin, and hesperetin on relative ROS products
were also investigated. The results showed that relative ROS
production was increased with the culture of MG-63 cells
(Figure 7). Relative ROS production was increased in narin-
gin- and hesperetin-treated groups after one-day culture
(Figure 7(b)) while the level was always lowest in three-day
culture in the naringenin-treated group (Figure 7). All the
results suggest that relative ROS level is increased with the
cell development while naringenin can reduce ROS level well
in the cells. Thus, the similar results for naringenin control-
ling ROS level were obtained in patients or at a cell level.
The results from cell test support the possible mechanism
for naringenin function in patients.

In real life, heterogeneous populations are very common.
To reduce the interference, all subjects were inquired to come
from the same city (Changchun, China) with similar eco-
nomic and cultural background. Naringenin did not cause
remarkable side effects in the follow-up because low dose
(20mg) was used daily. Food adjustments may be a problem
because it was performed according to personal situation. To
control the difference, daily food consumption between NG
and CG groups was maintained at similar level (Table 3).
General quality of life was evaluated with the Short Form-36
(SF-36) [54]. The statistical difference was insignificant
between the two groups during the follow-up (P > 0 05).

There are some limitations to the present work: (1) the
sample size still seems small to confirm the complex
situations of osteosarcoma therapy and (2) amputation is
often considered for osteosarcoma patients and not consid-
ered here because the surgery will affect the study on

osteosarcoma recurrence. In the case, the effects of narin-
genin on these patients are still unknown; (3) the extracts
of naringenin from C. aurantium are rich with various biofla-
vonoids, which can be determined in the present study with a
simple isolation method. More difficultly, naringenin cannot
be made on a larger scale although its contents are significant
in C. aurantium and the preparation of naringenin is still at
small scale and limits its use in osteosarcoma therapy; (4) this
is just a single cell line study. All the effects the authors
observed may be specific to one cell line; (5) residual osteo-
sarcoma could not be removed completely at the start of
the present experiment because the surgery needs a high skill.
In that case, residual osteosarcoma will affect subsequent
experimental results. Therefore, much work is further needed
to address these problems in the future.

5. Conclusions

Naringenin is a main component of C. aurantium and can
control osteosarcoma size and osteosarcoma recurrence. Fur-
thermore, a food or a crude extract has no synergistic, addi-
tive, and possibly antagonistic effects on naringenin activity.
On the other hand, naringenin has beneficial effects on oste-
osarcoma patients as follows: it can improve antioxidant
capacities of osteosarcoma patients by increasing the serum
levels of SOD and GSH and reducing the serum levels of
AST and ALT; it can improve lipid profile of osteosarcoma
patients by improving the serum levels of HDL-C and reduc-
ing the serum levels of TG, TC, LDL-C, and MDA; and it can
improve the anti-inflammatory capacities of osteosarcoma
patients by reducing the serum levels of IL-1 beta and IL-6.
More importantly, naringenin from C. aurantium inhibits
osteosarcoma volume and recurrence in the patients who
underwent surgery by reducing ROS levels. These findings
suggest that naringenin from C. aurantium should be devel-
oped as a new drug for osteosarcoma therapy due to its anti-
oxidant properties.
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Increased side toxicities and development of drug resistance are the major concern for the cancer chemotherapy using synthetic
drugs. Therefore, identification of novel natural antioxidants with potential therapeutic efficacies is important. In the present
study, we have examined how the antioxidant and anti-inflammatory activities of vialinin A, a p-terphenyl compound derived
from Chinese edible mushroom T. terrestris and T. vialis, prevents human umbilical vascular endothelial cell (HUVEC)
neovascularization in vitro and in vivo models. Pretreatment of HUVECs with vialinin A prevents vascular endothelial growth
factor- (VEGF) induced HUVEC cell growth in a dose-dependent manner. Further, vialinin A also inhibits VEGF-induced
migration as well as tube formation of HUVECs. Treatment of HUVECs prevents VEGF-induced generation of reactive oxygen
species (ROS) and malondialdehyde (MDA) and also inhibits VEGF-induced NF-κB nuclear translocation as well as DNA-
binding activity. The VEGF-induced release of various angiogenic cytokines and chemokines in HUVECs was also significantly
blunted by vialinin A. Most importantly, in a mouse model of Matrigel plug assay, vialinin A prevents the formation of new
blood vessels and the expression of CD31 and vWF. Thus, our results indicate a novel role of vialinin A in the prevention of
neovascularization and suggest that anticancer effects of vialinin A could be mediated through its potent antioxidant and
antiangiogenic properties.

1. Introduction

Neovascularization is defined as the process of formation of
new blood vessels from endothelial cells. Neovascularization
occurs in a wide variety of physiological and pathological
conditions and is essential for embryonic development,
wound healing, and physiological maintenance and also for
cell growth during cancer [1, 2]. Neovascularization and
angiogenesis are the associated events that contribute to the
cancerous development and support cancer cell growth,
proliferation, and metastasis. Abnormal formation of new
blood vessels supports and meets the demand of nutrient
supply for the highly metabolic cancer cells and, thus, is an
important pathological feature of tumorigenesis and cancer
progression [3]. Thus, antiangiogenic strategies have been

developed as important therapeutic approaches to prevent
tumor growth and invasion to other organs [4, 5].

Several therapeutic interventions have been postulated in
the recent past to target angiogenesis. Notably, inhibitors of
VEGF signaling pathways have attained considerable atten-
tion in this regard,withmanyof these in phase III clinical trials
[4, 6, 7]. Besides VEGF inhibitors, inhibitors of Notch [8, 9],
PDGF/PDGFR, FGF/FGFR, Tie2/angiopoietin, HGF/MET,
and RET pathways have also been identified as potential
therapeutic agents to prevent angiogenesis as well as cancer
growth [3, 5, 10]. Although these therapeutic strategies are
found to be quite useful, many pieces of evidence suggest the
development of resistance in due course of time, treatment
failure in various subsets of patients, and toxic side effects on
vascular cells and cardiomyocytes confine their use in the
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clinic. Further, the heterogeneous nature of tumormicroenvi-
ronment could also contribute to the therapy failure in many
cancer cases [11–15]. Therefore, it is essential to identify novel
agents to control neovascularization for better therapeutic
outcomes. Recently, natural plant-derived compounds and
phytochemicals have attained considerable attention as alter-
nate and effective therapies for the prevention ofmany disease
pathologies including various forms of cancer. Some of the
plant-derived antioxidants have been shown to prevent the
formation of new blood vessels in vitro and in vivo studies.
Further, several studies have shown that the plant-derived
compounds exert synergistic effects in combination with
chemotherapeutic drugs and offer better therapeutic index
with minimal toxic side effects [16–18].

In this study, we have evaluated the antineovascular abil-
ity, and anti-cancer effects of a natural antioxidant vialinin A.
Vialinin A is a p-terphenyl compound with antioxidant
properties [19] isolated from edible Chinese mushroom T.
terrestris [20] and T. vialis [19]. Although few studies report
that vialinin A is a potent inhibitor of TNF-α, ubiquitin-
specific protease (USP5), and sentrin/SUMO-specific prote-
ase 1 (SENP1) [21–26], its anticancer effects have been least
investigated. Specifically, the efficacy of vialinin A in the
prevention of neovascularization is not known. Here, to the
best of our knowledge, for the first time, we report the effec-
tiveness of vialinin A in the prevention of VEGF-induced
neovascularization. We have shown that vialinin A prevents
VEGF-induced human vascular endothelial cell (HUVEC)
proliferation, migration, tube formation, and secretion of
angiogenic cytokines by HUVECs by preventing the activa-
tion of NF-κB. Thus, our results identify a novel therapeutic
role of vialinin A in the prevention of neovascularization and
suggest that this natural antioxidant could be developed as an
antiangiogenic agent in cancer therapy.

2. Materials and Methods

2.1.Materials.VialininA(catalognumber10010519)waspur-
chased from Cayman Chemical Company. Endothelial cell
medium (ECM) (catalog number 1001) was purchased from
ScienCell Research Laboratories. Phosphate-buffered saline
(PBS), penicillin/streptomycin solution, and trypsin/EDTA
were obtained from Invitrogen. Fetal bovine serum (FBS)
was obtained from Gemini Bio-Products. 3-(4,5-Dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was
obtained from Sigma. Vascular endothelial growth factor
(VEGF-165) and antibodies against phosphoNF-κB (p65), β-
actin, and GAPDH were obtained from Cell Signaling Tech-
nologies. Antibodies against von Willebrand factor (vWF)
and CD31 were obtained from Abcam. CM-H2DCFDA was
obtained fromMolecular Probes, Invitrogen. A malondialde-
hyde (MDA) detection kit was obtained from Oxis Research.
A human angiogenesis growth panel magnetic bead Milliplex
kit (number HAGP1MAG-12K) and an in vitro angiogenesis
assay kit (number ECM625) were obtained from Millipore.
Growth factor-reduced, phenol red-free Matrigel (number
356231) was obtained from Corning. Masson’s trichrome
stain kit was obtained from Polysciences Inc. All other

reagents and chemicals used were of analytical grade and
were obtained from Sigma.

2.2. Cell Culture. Human umbilical vein endothelial cells
(HUVECs) (catalog number 8000) were purchased from
ScienCell Research Laboratories. HUVECs and bovine aortic
endothelial cell lines are the most commonly used endothe-
lial cell lines for investigations on angiogenesis. Further,
unlike primary cells, HUVECs can be multiplied easily and
have been well characterized by the presence of various
angiogenic markers and respond well to tumor cell-released
growth factors such as VEGF and FGF. Therefore, we have
used HUVECs in the present study. The HUVECs were cul-
tured in complete endothelial cell medium (ECM) (catalog
number 1001) containing endothelial cell growth supplement
(ECGS) and 5% FBS and 1% penicillin/streptomycin at 37°C
in a humidified atmosphere of 5% CO2. The cells were serum
starved for overnight in 0.5% serum containing ECMwithout
ECGS followed by treatment with VEGF± vialinin A.

2.3. Measurement of Cytotoxicity. HUVECs were seeded in
96-well plates at a density of 3000 cells/well and allowed to
adhere overnight. The next day, the cells were serum starved
overnight in 0.5% serum containing ECMwithout ECGS and
without or with vialinin A. Subsequently, the cells were
treated with VEGF (10 ng/mL) for additional 24 and 48 h,
and cell viability was determined by MTT assay. 10 μL of
5mg/mL MTT solution was added to each well of a 96-well
plate; after 3 h incubation at 37°C, the media was removed
and the formazan crystals were dissolved in DMSO. The
absorbance was recorded at 570 nm using a Synergy2 plate
reader from BioTek.

2.4. Cell Migration Assay. HUVECs were seeded in 12-well
tissue culture plates and allowed to form a confluent mono-
layer. The confluent monolayer of cells was then growth
arrested in 0.5% FBS containing ECM. The next day, a
uniform longitudinal scratch was made at the center of the
monolayerwith a 10μL sterile pipette tip carefully. Themono-
layer was washed 3x with serum-free ECM. 0.5% serum con-
taining ECM without or with VEGF and the indicated
concentration of vialinin A was then added to the wells and
incubated overnight. The wells were photographed at 0 h and
18 h using an EVOS inverted microscope. Percentage migra-
tion was calculated as {(width0 h−width18 h)/width0 h× 100}
and presented as a bar graph.

2.5. In Vitro Angiogenesis Assay. Capillary tube formation
in vitro assay was performed using an angiogenesis kit from
EMD Millipore following the manufacturer’s instructions.
Briefly, 50 μL of ECMmatrix solution was added to each well
of a 96-well plate carefully without forming bubbles and
allowed to solidify at 37°C for 1 h. Subsequently, HUVECs
were seeded onto the Matrigel matrix at a density of
104 cells/well in a 0.5% serum containing ECM media with-
out or with the indicated concentrations of vialinin A and
incubated for 18 h. Tube formation of the cells was photo-
graphed using an inverted microscope at 4x magnification
and quantified as described earlier [27, 28].
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2.6. Measurement of ROS and MDA Generation in HUVECs.
ROS generation was measured by flow cytometry using CM-
H2DCFDA dye. HUVECs were seeded in 100mm tissue
culture dishes and allowed to adhere overnight. Growth-
arrested HUVECs were then treated for 18h with VEGF
(10ng/mL) in 0.5% serum containing ECM without ECGS
and without or with the indicated concentration of vialinin
A. The cells were then incubated with CM-H2DCFDA for
20min, harvested by trypsinization, and analyzed with a
Flow Cytometer (BD LSRII Fortessa). Data were analyzed
using Flow Jo (Treestar, Ashland, OR, USA) and represented
as fold change of mean fluorescence intensity (MFI) com-
pared to unstained control. For the analysis of MDA levels,
after the indicated treatments, the cells were harvested by
scrapping in ice-cold PBS containing BHT and lysed by son-
ication in PBS containing BHT (10 μL of 0.5M BHT/mL).
Cell debris was cleared by centrifugation at 3000g, and the
supernatant was used in the assay as directed in the protocol
provided with the kit and recording absorbance at 586 nm
using a spectrophotometer. Total MDA levels (μM) were
calculated from the standard curve and normalized to pro-
tein levels. The results are represented as fold change
compared to untreated controls.

2.7. Analysis of Inflammatory Cytokines Secreted by HUVECs.
Analysis of angiogenic cytokines secreted by HUVECs
treated without or with VEGF (10ng/mL)± vialinin (5 μM)
was performed by using a human angiogenesis/growth factor
magnetic bead panel kit from Millipore (number HAGP1-
MAG-12K) following the manufacturer’s protocol. Briefly,
after 24 h of treatment of HUVECS with VEGF± vialinin A,
the media were collected by centrifugation and filtered using
a 0.2 μM syringe filter. The media were then frozen in −80°C
and concentrated by a using a vacuum evaporator. Equal
amounts of resuspended lyophilized media were then
incubated with the labeled magnetic beads. After incubating
overnight, the beads were counterstained with streptavidin-
phycoerythrin and analyzed using a Luminex analyzer from
Millipore. Data were analyzed using the xPONENT software,
and the results are expressed as pg/mL.

2.8. Western Blot Analysis. HUVECs were seeded onto
100mm tissue culture dishes at a density of 50000 cells/cm2

and treated as described in each experiment. The cells were
then harvested by scraping, washed with ice-cold PBS, and
lysed using RIPA buffer. Equal amounts of lysates were
loaded and resolved on a 12% SDS gel and then transferred
onto nitrocellulose membranes. 5% non-fat dried milk in
TBS-T was used to block the membranes and then incubated
with the specific antibodies at 4°C overnight followed by the
specific secondary antibodies for 1 h at 37°C. Immunolabel-
ing was detected using Supersignal West Pico chemilumines-
cent substrate from Thermo Scientific. The same membranes
were reprobed by stripping with Restore Plus stripping
buffer (Thermo Scientific) and developed with β-actin, a
loading control.

2.9. NF-κB Transcription Factor Assay. NF-κB (p56) tran-
scription factor DNA-binding assay was performed using a

transcription factor assay kit from Cayman Chemicals (num-
ber 10007889) following the manufacturer’s protocol. Briefly,
nuclear extracts were prepared using a nuclear isolation kit,
and equal amounts of nuclear extracts were loaded onto
coated wells provided with the kit. The primary and second-
ary antibodies were added and incubated for 1 h. The devel-
oping solution was added, and the antigen-antibody
complex formation was recorded at absorbance 450nm using
a Synergy2 microplate reader.

2.10. In Vivo Matrigel Plug Angiogenesis Assay. In vivoMatri-
gel plug angiogenesis assay was performed using an already
established protocol [28]. 600 μL growth factor-reduced
Matrigel was injected into the dorsal flanks of C57BL/6J mice
without orwithVEGF (10ng/mL)± vialininA (5μM). 10days
postinjection, themice were sacrificed, and theMatrigel plugs
were recovered. The plugs were fixed in 10% neutral-buffered
formalin, and sections were cut. The sections were analyzed
by staining with hematoxylin and eosin, Masson’s trichrome,
and antibodies for CD31 and vonWillebrand factor (vWF).

2.11. Statistical Analysis. Data were presented as the
mean± SD (n = 6). Statistical analysis was carried out
using a GraphPad Prism software. p < 0 05 is considered
as statistically significant.

3. Results

3.1. Effect of Vialinin A on HUVEC Growth. We have first
analyzed the effect of vialinin A on VEGF-induced HUVEC
viability. Treatment of HUVEC with VEGF (10 ng/mL)
caused a nonsignificant increase in the HUVEC cell growth
after 24 h incubation, and preincubation of vialinin A pre-
vented it. Further, at 48 h of incubation, a statistically signifi-
cant (p < 0 001) increase in the HUVEC growth was
observed in VEGF alone-treated cells (Figure 1). However,
pretreatment of HUVEC with vialinin A in a concentration-
dependent manner prevented the VEGF-induced HUVEC
growth. Further, vialinin A alone at a concentration below
5 μM did not have any effect on HUVEC cell viability at 24 h
and 48h of treatment (Figures 1(a) and 1(b)). However, at a
concentration of 10 μM, vialinin A alone decreased HUVEC
viability. Therefore, vialinin A at a concentration of 5 μM
was used as an optimal level in all our studies.

3.2. Effect of Vialinin A on HUVEC Migration. We next
examined the effect of vialinin A on the VEGF-induced
migration of HUVECs by a wound scratch healing assay.
The data shown in Figures 2(a) and 2(b) indicate that the
treatment of HUVEC with VEGF demonstrated a significant
increase in the migration of HUVEC cells at the scratch sites
resulting in complete closure of the wound after overnight
incubation. However, treatment of HUVEC with vialinin A
followed by VEGF significantly blocked the HUVEC migra-
tion. These results suggest that vialinin A prevents VEGF-
induced migration of HUVECs in culture.

3.3. Effect of Vialinin A on HUVEC Tube Formation. Endo-
thelial cell sprouting and tube formation are a significant step
in the neovascularization. To examine the effects of vialinin
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A in the prevention of VEGF-induced neovascularization,
we performed in vitro tube formation assay, a standard
method to examine angiogenesis in vitro. Treatment of
HUVECs with vialinin A in a dose-dependent manner pre-
vented the HUVEC tube formation on the Matrigel matrix
containing growth factors such as VEGF (Figure 3). Thus,
these results indicate that vialinin A could be a potential
antiangiogenic agent.

3.4. Effect of Vialinin A on VEGF-Induced ROS Production
and Lipid Peroxidation. To examine the antioxidant efficacy
of vialinin A in VEGF-induced endothelial cells, we mea-
sured VEGF-induced generation of ROS and lipid peroxida-
tion marker malondialdehyde (MDA) in HUVECs. ROS
levels were measured by staining the cells with CM-
H2DCFDA followed by flow cytometry. Treatment of
HUVECs with VEGF caused a significant increase in the
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Figure 1: Effect of vialinin A on HUVEC proliferation. Growth-arrested HUVECs were pretreated with different concentrations of vialinin A
(0 μM, 2.5 μM, 5μM, and 10 μM) followed by treatment with VEGF (10 ng/mL) for (a) 24 h and (b) 48 h. MTT cell viability assay was
performed as described in Materials and Methods. Values are the mean± SD (n = 5). ∗∗p < 0 005 when compared to untreated control;
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Figure 2: Effect of vialinin A on VEGF-induced migration in HUVEC. Growth-arrested HUVECs were pretreated with vialinin A (5 μM)
followed by treatment with VEGF (10 ng/mL) for 18 h. Wound scratch assay to determine cell migration was performed as described in
Materials and Methods. (a) Microscopic images were taken at 0 h and 18 h showing VEGF-induced migration in HUVEC in the presence
or absence of vialinin A. Scale bar = 400μm. (b) Bars showing the quantification of migration (%) as described in Materials and Methods.
Representative images from three independent experiments are shown. Values are the mean± SD (n = 3). ∗∗p < 0 005 when compared to
untreated control; ##p < 0 005 when compared to VEGF treated.
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production of ROS (Figures 4(a) and 4(b)), and preincuba-
tion of vialinin A followed by VEGF significantly prevented
the formation of ROS. As compared to ROS levels in control
cells, vialinin A alone treatment also reduced the formation
of ROS in HUVECs. Similarly, vialinin A also prevented
VEGF-induced lipid peroxidation in HUVECs. Our data
shown in Figure 4(c) indicate that a significant increase in
the MDA levels in the VEGF-treated HUVECs and vialinin
A prevented it. These results suggest that vialinin A inhibits
VEGF-induced oxidative stress in endothelial cells.

3.5. Vialinin A Inhibits VEGF-Induced NF-κB Activation in
HUVECs. Since, NF-κB is an important redox-sensitive
transcription factor and regulates the transcription of inflam-
matory cytokines, chemokines, and growth factors; we next
examined the effect of vialinin A on VEGF-induced NF-κB
activation in HUVECs. Our data shown in Figure 5 indicate
that VEGF induced a significant increase in the phosphoryla-
tion of NF-κB (p65) in a time-dependent manner in HUVEC
nuclei. However, pretreatment of vialinin A followed by
VEGF significantly reduced VEGF-induced phosphorylation
of NF-κB in the nuclear extracts of HUVECs. Similarly, as
shown in Figure 5(b), NF-κB transcription factor-binding
assay in the nuclear lysate showed a significant increase in
NF-κB DNA-binding activity in VEGF-treated HUVECs
and vialinin A significantly prevented it.

3.6. Effect of Vialinin A on VEGF-Induced Angiogenic
Cytokine Production in HUVECs. We next examined the
effect of vialinin A on VEGF-induced production of various
inflammatory and angiogenic cytokines and chemokines in
HUVECs. Treatment of HUVECs with VEGF resulted in a
significant increase in the expression of angiogenic cytokines
such as angiopoietin-2, follistatin, G-CSF, HB-EGF, and
HGF in HUVEC cell culture media, and preincubation of
vialinin A prevented VEGF-induced cytokines and chemo-
kines (Table 1). Vialinin A alone had no significant effect
on the expression of various angiogenic cytokines in
HUVECs. These results suggest that vialinin A could

prevent neovascularization by preventing the NF-κB-medi-
ated expression of various inflammatory and angiogenic
cytokines and chemokines.

3.7. Effect of Vialinin A on In Vivo Angiogenesis. To confirm
our in vitro studies, we next examined the in vivo effect of
vialinin A on angiogenesis using a mouse model of the Matri-
gel plug method. The mice were injected with Matrigel
containing VEGF (10ng/mL)± vialinin A (5 μM). The sec-
tions of Matrigel plugs were stained for various angiogenic
markers. H&E staining data shown in Figure 6(a) indicate a
significant increase in the capillary-like structures in the
VEGF-treated Matrigel but not in the vialinin A alone or
VEGF+vialinin A containing Matrigels. Similarly, staining
of sections with Masson’s trichrome (Matrigel stains blue
and blood vessels/endothelial cells red) suggest a significant
increase in the presence of endothelial cells in VEGF-
treated Matrigels but not in the vialinin A alone or VEGF
+vialinin A-treated Matrigel plugs. The in vivo effect of
vialinin A was further confirmed by immunocytochemical
staining of Matrigel plug sections with antibodies against
CD31 and vWF. The data shown in Figures 6(c) and 6(d)
indicate an increase in the staining of CD31 and vWF in
VEGF containing plugs, which was significantly reduced in
the Matrigel plugs treated with VEGF+vialinin A. Thus,
these results suggest that vialinin A prevents the formation
of new blood vessels in vivo.

4. Discussion

Angiogenesis and neovascularization play a significant role
in cancer growth and metastatic spread [29]. Signals from
the tumor cells including various secreted growth factors like
VEGF and FGF play a major role in triggering endothelial
cells to initiate neovascularization. Thus, understanding
the molecular pathways central to endothelial cell remodel-
ing/functions will help us in designing effective therapeutic
strategies for antiangiogenic therapies. VEGF has been
identified as a key inducer of angiogenesis, and thereby
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Figure 3: Effect of vialinin A on HUVEC tube formation in vitro. Growth-arrested HUVECs were pretreated with different concentrations of
vialinin A (1 μM, 2 μM, and 5 μM) followed by treatment with VEGF (10 ng/mL) for 24 h. In vitro Matrigel-based angiogenesis assay was
performed using an angiogenesis kit from EMD Millipore following the manufacturer’s instructions. (a) Images showing the effect of
different concentrations of vialinin A (0 μM, 1 μM, 2μM, and 5μM) on growth factor-induced tube formation. Representative images
from three independent experiments are shown. Magnification 4x. Scale bar = 1000 μm. (b) Bars showing quantification of tube length
performed by measuring individual tube length in different areas. Values are the mean± SD. ∗p < 0 05 and ∗∗p < 0 005 when compared to
untreated control.
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various targeted and nontargeted therapies to disrupt VEGF-
mediated tumor angiogenesis have gained attention in the
recent past [5]. Several anti-VEGF treatments such as neu-
tralizing antibodies to VEGF and VEGFRs and soluble
VEGFRs have been tested in preclinical and clinical studies.
Bevacizumab (anti-VEGF monoclonal antibodies) and soraf-
enib and sunitinib (selective VEGFRs tyrosine kinase inhibi-
tors) have been approved by the FDA for clinical use in breast
cancer, lung cancer, colorectal cancer, metastasis, and hepa-
tocellular carcinoma. Although these drugs are given alone
or in combination with other chemotherapeutic drugs, they
have attained limited success owing to their unwanted side
effects and off-target effects [15, 29]. To overcome these dif-
ficulties, various plant-derived and plant polyphenol-based
antiangiogenic agents have gained attention in the recent
past [30]. The advantages of using these plant-derived com-
pounds and phytochemicals are their low toxic side effects
and a broad spectrum of action targeting multiple signaling
pathways, a multitude of which is skewed during tumor for-
mation, angiogenesis, and metastasis [3, 31].

Vialinin A, commonly found in many edible mushroom
species, through its antioxidant potential exerts anticarcino-
genic effects [32]. In this study, our results demonstrate a
novel antiangiogenic activity of vialinin A in vitro and
in vivo. We have demonstrated that vialinin A prevents
VEGF-induced proliferation as well as the migration of
HUVECs. Migration and proliferation of endothelial cells
are important events that initiate the process of angiogenesis.
[33]. During the process of angiogenesis, endothelial cells
change their morphology and sprouting of new blood vessels
occurs from the existing vasculature. In response to growth
factor stimuli, endothelial cells secrete components that
degrade the extracellular matrix, including alterations in
tight junctions, adherens junctions, and gap junctions which
release the endothelial cells from the capillary intima to

extravascular space and migrate to new sites and create new
blood vessels [33]. Our results also demonstrate that vialinin
A inhibits VEGF-induced tube formation in vitro. A signifi-
cant reduction in vessel sprouting and tube formation was
observed in HUVECs in vitro, which also indicates the anti-
angiogenic properties of vialinin A.

In addition, vialinin A also significantly reduced the
endothelial cell invasion in a Matrigel plug model of angio-
genesis in vivo. Hematoxylin and eosin staining of Matrigel
plug sections showed a significant reduction in the number
of invaded endothelial cells into the Matrigel plugs. Masson’s
trichrome staining also showed reduced endothelial cell
invasion into the Matrigel plugs containing vialinin A. Simi-
larly, vialinin A also prevents the expression of endothelial
cell markers, CD31 and vWF, in VEGF-treated Matrigel plug
sections. Thus, our results demonstrate that vialinin inhibits
angiogenesis in vivo. In agreement with our results, several
other antioxidants isolated from natural plants such as green
tea polyphenols [34], curcumin [35–38], and resveratrol
[39, 40] have been shown to be potent antiangiogenic agents
with chemopreventive effects.

ROS play a significant role in maintaining the homeosta-
sis of endothelial cell function. Further, ROS have been
reported to induce proliferation of cancer cells and angiogen-
esis in tumors. ROS-induced activation of transcription
factors has been reported to activate signaling pathways cen-
tral to angiogenesis [41]. Thus, the inhibition of intracellular
ROS levels is necessary to control angiogenesis as well as
cancer growth and spread [42]. Several reports show that nat-
ural and synthetic compounds prevent VEGF-induced ROS
and angiogenesis [17, 43, 44]. Consistent with these studies,
our results also clearly demonstrate that vialinin A inhibits
VEGF-induced ROS production in HUVECs. Apart from
inhibition of ROS production, vialinin A also inhibits
VEGF-induced generation of lipid peroxidation-derived
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Figure 4: Effect of vialinin A on VEGF-induced oxidative stress in HUVEC. Growth-arrested HUVECs were pretreated with vialinin A
followed by treatment without/with VEGF (10 ng/mL) overnight. The cells were stained with CM-H2DCFDA for 20min and analyzed
with a flow cytometer (BD LSRII Fortessa). (a) Histograms showing the effect of vialinin A on VEGF-induced ROS production in
HUVECs (red: VEGF, blue: VEGF+ vialinin A, light blue: untreated control, pink: vialinin A only, and grey solid line: unstained control).
(b) Data were presented as fold change of mean fluorescence intensity (MFI) compared to unstained control analyzed using
Flow Jo software. (c) MDA levels were determined with a MDA assay kit from Oxis Research. Values are the mean± SD (n = 6). ∗p < 0 5
and ∗∗p < 0 005 when compared to untreated control; ##p < 0 005 when compared to VEGF treated.
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MDA, a marker of oxidative stress. Lipid peroxidation-
derived aldehydes such as HNE and MDA have been
reported to induce transcription factors like NF-κB and
AP1 and play a significant role in regulating various inflam-
matory and carcinogenic signals leading to angiogenesis

[28, 45]. Further, NF-κB and its transcribed inflammatory
cytokines and angiogenic growth factors and adhesion mole-
cules have been shown to be involved in various forms of
cancer growth and metastasis. Various natural plant-
derived flavonoids and other phytochemicals have been
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Figure 5: Effect of vialinin A on NF-κB activation. Growth-arrested HUVECs were pretreated with vialinin A (5 μM) overnight followed by
treatment with VEGF for the indicated time periods. (a) Equal amounts of nuclear extracts were subjected to Western blot analysis using
phospho-p65 antibodies. A representative blot is shown (n = 3). (b) NF-κB DNA binding activity was determined by using a NF-κB
transcription factor assay kit from Cayman Chemicals. Data were presented as the mean± SD (n = 5). ∗∗p < 0 005 when compared to
untreated control; ##p < 0 005 when compared to VEGF treated.

Table 1: Effect of vialinin A on VEGF-induced release of angiogenic cytokines in HUVECs.

C VEGF VIA VIA+VEGF

Angiopoietin-2 54869.6± 434.8 66142.3± 1184.9∗ 25800.6± 373.6 26516.8± 179.03##

BMP9 2.6± 0.1 2.5± 0.2 2.4± 0.1 2.7± 0.5
EGF 306.9± 10.7 315.9± 4.3 297.2± 7.3 341.1± 19.8
Endoglin 5496.3± 211.7 4560.4± 317.6 3600.6± 45.6 3970.9± 172.2
Endothelin-1 2304.1± 57.4 2320.2± 375.4 132.4± 7.6 107.7± 7.7##

FGF-1 15.005± 0.5 14.6± 0.4 14.4± 0.2 14.8± 0.5
FGF-2 794.9± 54.5 707.3± 41.1 659.1± 22.1 751.8± 34.9
Follistatin 113.1± 7.2 174.3± 9.7∗ 123.5± 2.8 157.3± 3.8
G-CSF 79.2± 20.4 169.1± 63.3∗∗ 62.9± 6.6 93.7± 45.3##

HB-EGF 522.6± 20.2 1437.8± 38.8∗∗ 806.1± 25.4 1067.1± 40.2
HGF 145.6± 11.4 188.5± 24.2∗ 80.5± 3.8 97.7± 3.9##

IL-8 2693.04± 198.8 3233.3± 41.3 3468.1± 14.4 3454.6± 24.7
PLGF 5344.4± 23.2 5105.4± 79.7 2909.3± 11.02 2655.4± 64.9
VEGF-C 1014.4± 43.5 1437.1± 116.4∗ 231.6± 12.09 262.3± 11.6##

VEGF-D 4.6± 2.7 5.4± 2.1 4.3± 1.6 5.3± 3.4
Growth-arrested HUVECs were treated with vialinin A (5 μM) ±VEGF 10 ng/mL for 24 h. Angiogenic cytokines and chemokines were determined in the
culture media using a human angiogenesis/growth factor magnetic bead panel kit from Millipore according to the manufacturer’s instructions using the
Milliplex system. Data shown in pg/mL analyzed by xPONENT software. Values are the mean ± SD (n = 3). ∗p < 0 5 and ∗∗p < 0 005 compared to untreated
control and ##p < 0 005 compared to VEGF treated.
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shown to prevent angiogenesis as well as cancer growth by
preventing the activation of NF-κB [46, 47]. Our results also
clearly indicate that vialinin A prevents nuclear translocation
as well as activation of NF-κB in HUVECs treated with
VEGF. Thus, by inhibiting NF-κB-mediated signals, vialinin
A may exert its antiangiogenic functions.

Cytokines, chemokines, and growth factors such as IL-6,
IL-8, IL-1β, TNF-α, TGF-β, GM-CSF, VEGF, and angiopoie-
tins have been shown to promote angiogenesis and tumor
metastasis [48–50]. Tumors have been reported to release a
variety of inflammatory cytokines which elicit an angiogenic
response in endothelial cells [51]. Growth factors trigger
endothelial cell functions by producing various cytokines
and chemokines which by an autocrine and paracrine man-
ner increase the disease pathology. The agents that prevent
the release of angiogenic cytokines by tumor cells and

endothelial cells have been shown to be potential therapeutic
agents to prevent angiogenesis as well as cancer. Our
current results also demonstrate that vialinin A inhibits
VEGF-induced release of various angiogenic cytokines
such as angiopoietin-2, follistatin, G-CSF, HB-EGF, and
HGF. Interestingly, vialinin A treatment alone also pre-
vented the expression of some cytokines when compared
to untreated control cells. The decrease in these cytokines
by vialinin A alone could be due to the prevention of
stress signals induced by overnight incubation of HUVECs
with serum-free media. Thus, by preventing the release of
various angiogenic cytokines, vialinin A could prevent
VEGF-induced angiogenesis. Further studies are required
to examine how inhibition of neovascularization by viali-
nin A affects the tumor growth and metastasis using estab-
lished animal models. Completion of such studies will

Control VEGF Via Via + VEGF
H
&
E

CD
31

vW
F

(a)

(b)

(c)

(d)

M
as
so
n’s

tr
ic
hr
om

e

Figure 6: Effect of vialinin A on angiogenesis in vivo. Matrigel plugs containing vialinin A (5 μM)±VEGF (10 ng/mL) were inserted in dorsal
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provide evidence that this antioxidant could be used as a
cancer chemopreventive agent.

In conclusion, our results demonstrate that vialinin A
prevents VEGF-induced endothelial cell proliferation, migra-
tion, and tube formation in vitro. Vialinin A also prevents
VEGF-induced new blood vessel formation in aMatrigel plug
model of angiogenesis in mice. Further, vialinin A inhibits
VEGF-induced ROS, MDA, activation of NF-κB, and pro-
duction of various inflammatory and angiogenic cytokines
and chemokines in HUVECs. Thus, our results suggest that
vialinin A through its antioxidant and anti-inflammatory
activities prevents VEGF-induced neovascularization which
could be responsible for its anticancer effects.
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Liver disease, involving a wide range of liver pathologies from fatty liver, hepatitis, and fibrosis to cirrhosis and hepatocellular
carcinoma, is a serious health problem worldwide. In recent years, many natural foods and herbs with abundant phytochemicals
have been proposed as health supplementation for patients with hepatic disorders. As an important category of phytochemicals,
natural polyphenols have attracted increasing attention as potential agents for the prevention and treatment of liver diseases.
The striking capacities in remitting oxidative stress, lipid metabolism, insulin resistance, and inflammation put polyphenols in
the spotlight for the therapies of liver diseases. It has been reported that many polyphenols from a wide range of foods and
herbs exert therapeutic effects on liver injuries via complicated mechanisms. Therefore, it is necessary to have a systematical
review to sort out current researches to help better understand the potentials of polyphenols in liver diseases. In this review, we
aim to summarize and update the existing evidence of natural polyphenols in the treatment of various liver diseases by in vitro,
in vivo, and clinical studies, while special attention is paid to the action mechanisms.

1. Introduction

Liver diseases, containing a wide range of hepatic pathologies
from steatosis, hepatitis, and cirrhosis to hepatocellular
carcinoma (HCC), are leading causes of morbidity and
mortality worldwide and have caused huge socioeconomic
burdens [1]. The main etiologies of liver diseases are alcohol
abuse, hepatitis virus infections, and metabolic syndrome [1].
The most important pathological processes of liver diseases
are oxidative stress, lipid peroxidation, inflammation, and
immune response disruption [2]. In response to hepatic
injury, a cascade of molecular and cellular reactions would
be generated with the aims of restraining damage, repairing
damaged cells and tissues, defensing against further infec-
tion, and regeneration. Inflammation in the hepatic injury,
the primary response, may initiate myofibroblast differentia-
tion and activation that produce fibrous tissue and induce
parenchymal cell proliferation, resulting in fibrosis and
ultimately cirrhosis, the platform on which HCC and deadly
hepatic failure develop [3]. As a matter of fact, most of the

unresolved challenges in hepatology could be attributed to
an imbalance of inflammatory processes [4, 5]. On one hand,
chronic hepatic inflammation promotes the progression of
liver diseases, for example, from fatty liver to steatohepatitis.
On the other hand, insufficient antimicrobial responses,
inadequate tumor clearance, and/or suppression of antitu-
mor immunity in the liver of patients with end-stage cirrho-
sis would lead to life-threatening bacterial infections and
HCC development [4]. More importantly, oxidative stress,
lipid peroxidation, and immune disorder have a close
relationship with hepatic inflammation, which leads to an
extremely complex network involved in the pathogenesis of
liver diseases. The multiple pathways involved in the patho-
genesis have provided extensive therapeutic targets for
potential treatments [6].

Natural polyphenols are secondary metabolites of
plants, which become noticeable as potential agents for
prevention and treatment of several diseases, such as
cancer, cardiovascular diseases, diabetes mellitus, aging,
and neurodegenerative diseases [7]. They usually have
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subtle effects on multiple targets that eventually result in
significant health benefits. Strikingly, polyphenols have
been found to possess a variety of pharmacological effects
on oxidative stress, lipid metabolism, insulin resistance,
and inflammation, which are the most important patho-
logical processes in the etiology of liver diseases [7, 8].
This puts polyphenols under spotlight for the therapy of
liver diseases. In this review, we summarize the distribu-
tion of polyphenols in natural products to offer guidance
for drug/health product development and dietary supple-
mentation and focus on updating the existing animal and
clinical trial results for the use of polyphenols in the
treatment of liver diseases in different stages.

2. Polyphenols in Natural Products

Natural polyphenols is a large group of plant secondary
metabolites ranging from small molecules to highly polymer-
ized compounds, having at least one aromatic ring with one
or more hydroxyl functional groups attached [9]. Based on
chemical structures, natural polyphenols can be chemically
divided into several classes, including flavonoids, phenolic
acids, lignans, stilbenes, and other polyphenols [9, 10].
Among them, flavonoids and phenolic acids account for
about 60% and 30% of all natural polyphenols, respectively.
Natural polyphenols are ubiquitously present in nature and
particularly have been found in high quantities in many
foods and plants, such as vegetables, fruits, cereals, spices,
mushrooms, tea, microalgae, medical plants, wild fruits,
and flowers [7]. The representative members and major
dietary sources of each class are briefly summarized in
Figure 1. A variety of factors, including but not limited to
environmental condition, genotype, cultivar, harvest time,
storage, and processing, could affect the levels of polyphenols
in foods and plants, while species is still considered to be the
primary factor resulting in different quantities in different
products. By comparing the contents of polyphenols in a
great deal of natural product through our studies and litera-
ture retrieval, several representative species with relatively
high quantities of polyphenols in different kinds of natural
products are listed in Table 1. In general, spices, medicinal
plants, and fruit peels contain comparatively abundant poly-
phenols, which deserve special attention for further extrac-
tion, separation, and identification of phenolic compounds.

3. The Potential and Mechanism of Action of
Polyphenols in the Treatment of
Liver Diseases

3.1. Liver Injury Induced by Toxins and Drugs. Liver is a cen-
tral organ responsible for the metabolism of drugs and toxic
chemicals, and thus it is the primary target organ for various
exogenous toxins, such as alcohol, organic solvents, heavy
metals, and drugs [1]. As the main pathogenic mechanisms
responsible for those toxic damages are oxidative stress,
inflammation, dysfunction of cytochrome P450, and mito-
chondrial dysfunction [22], the application of flavonoids in
attenuating liver injury induced by these toxins has been
extensively studied. A wide spectrum of flavonoids showed

promising therapeutic effects on liver injury induced by
various toxins using animal models. The underlying mecha-
nisms mainly involve enhancing antioxidative defense
enzymes via mediating nuclear factor erythroid 2-related
factor 2 (Nrf2)/cytochrome P450 2E1 (CYP2E1) expression,
alleviating inflammation by inactivation of mitogen-
activated protein kinase (MAPK)/nuclear factor kappaB
(NF-κB) signaling pathways and reducing apoptosis through
regulating B-cell lymphoma 2 (Bcl-2)/protein kinase B
(AKT)/caspase expression.

Carbon tetrachloride- (CCl4-) induced hepatotoxicity has
been widely investigated in hepatology. Covalent binding of
the CCl3

∗ radical to cell components inhibits lipoprotein
secretion and thus initiates steatosis, whereas reaction with
oxygen to form CCl3-OO

∗, introduces lipid peroxidation
which in consequence results in apoptosis and cell death.
Quercetin, a natural flavonoid with many beneficial effects,
significantly protected liver from CCl4-induced injury via
antioxidative stress and anti-inflammation. The underlying
mechanism was ascribed to the inhibition of Toll-like recep-
tor 2 (TLR2) and Toll-like receptor 4 (TLR4) activations and
MAPK phosphorylation, leading to inactivation of NF-κB
and in turn reduced hepatic inflammatory cytokines [23].
Puerarin, a natural flavonoid that has been reported to have
various medicinal properties, also remarkably attenuated
CCl4-induced hepatotoxicity by reducing ROS production,
renewing the antioxidant enzyme system and regulating
expression of hepatic lipid biosynthesis and metabolism
genes. It could restore total antioxidant capacity and GSH
levels and significantly inhibit hyperlipidemia via regulating
the expression of phosphorylated Jun N-terminal kinases
(JNK), phosphorylated c-Jun protein, and cholesterol 7a-
hydroxylase (CYP7A1) in the liver of mice receiving CCl4
[24]. Additionally, a marine polyphenol, dieckol, was found
to be against CCl4-induced liver damage in mice via mediat-
ing apoptosis-regulating genes including downregulation of
Bax and upregulation of Bcl-xl protein expressions [25]. In
another study, isorhamnetin-3-O-galactoside, a flavonoid
glycoside isolated from Artemisia capillaris Thunberg,
showed protection on CCl4-induced hepatic injury through
decreasing the level of phosphorylated c-JNK, extracellular
signal-regulated kinase (ERK), and p38MAPK. It diminished
the increases of NF-κB and c-Jun nuclear translocation
whereas enhanced the nuclear level of Nrf2, indicating its role
in enhancing antioxidative defense system and reducing
inflammation [26]. The flavonoid fraction from Rosa laevi-
gata Michx fruit acted against CCl4-induced acute liver
injury in mice through downregulating the expression of
CYP2E1, inducible nitric oxide synthases (iNOS), NF-κB,
Bal, and Caspase-3, which was related to signaling pathways
of oxidative stress, inflammation, and apoptosis [27].

Drug-induced liver injury is an important clinical issue.
More than 900 drugs affect the liver directly or through
mediating an immune response. Acetaminophen (AAP) is a
classic example of a known intrinsic hepatotoxin at
supertherapeutic dose. Baicalin, a well-known flavonoid of
Scutellariae radix, can effectively relieve AAP-induced liver
injury mainly through downregulating the ERK signaling
pathway and its downstream effectors of inflammatory
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responses [28]. Polyphenol-enriched fraction from the leaves
of Microcos paniculata L. showed hepatoprotective effect
against AAP-induced liver damage via dual regulation of
reactive oxygen species (ROS)/MAPKs/apoptosis axis and
Nrf2-mediated antioxidant response [29]. A polyphenol
extract of Hibiscus sabdariffa L. could ameliorate AAP-
induced liver steatosis accompanied by a reduced hepatic
expression of apoptosis-inducing factor (AIF), Bax, Bid,
and p-JNK, suggesting it may exert hepatoprotective effect
through attenuating the mitochondrial dysfunction [30].

The protective effects of several polyphenols on other
toxins such as lipopolysaccharide (LPS) and thioacetamide
(TAA) have also been extensively demonstrated, majorly
via antioxidative stress and anti-inflammation. Here, we
selected several studies that showed the effects of compounds
with well-identified action mechanisms to discuss. Nobiletin,
an O-methylated flavone, which is found in rich in the peel of
citrus fruits, was able to protect the liver from LPS/D-galac-
tosamine-induced injury through activating the Nrf2 antiox-
idant pathway and subsequent inhibiting NF-κB-mediated
cytokine production [31]. Curcumin, a natural plant pheno-
lic food additive, was found to significantly attenuate LPS-
caused liver failure. It decreased serum ALT, AST, and ALP
levels, improved antioxidant enzyme levels, and inhibited
activation of the mitogen-activated protein kinases/c-Jun
NH2-terminal kinase (P38/JNK) cascade in the livers of rats

with LPS administration. Furthermore, it reduced serum
cytokines such as IL-6, IL-1β, and tumor necrosis factor-α
(TNF-α) and improved liver apoptosis via suppression of
phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT)
signaling pathway and inhibition of cyclic AMP-responsive
element-binding protein (CREB)/caspase expression. In
addition, it regulated oxidative stress-associated signaling
pathway in LPS-treated mice, as indicated by downregulated
CYP2E1/Nrf2/ROS protein expression. Thus, curcumin may
serve as a promising candidate to inhibit inflammation and
apoptosis signaling for the treatment of endotoxemia-
induced liver failure [32]. Silymarin, a mixture of flavono-
lignans extracted from Silybum marianum Gaertneri showed
the ability to diminish hepatic lesions and inflammation
caused by bisphenol A in mice [33]. Resveratrol, a naturally
occurring polyphenol that possesses a variety of pharmaco-
logical activities, showed significant hepatoprotective effects
on TAA-induced liver injury. It inhibited inflammation and
oxidative stress by downregulating NF-κB and CYP2E1
expression and enhanced apoptosis of necrotic hepatocytes
through enhancing the activity of caspase-3 [34].

3.2. Alcoholic Liver Disease. Alcoholic liver disease (ALD) is
one of the most important causes of liver-related death.
Although the understanding about the progression and path-
ogenesis of ALD has been advanced, there are no universally
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Figure 1: The classification and major dietary source of natural polyphenols. The four dark blue rectangles represent four major categories of
polyphenols, while light blue rectangles are subcategories within the major classifications. The orange rectangles are representative
polyphenols for each subcategory, and gray rectangles are major dietary sources for the corresponding representative polyphenols.
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accepted therapies to treat this disease in human at present
[1]. The direct consequences of ethanol metabolism are
related to ROS production, mitochondrial injury, and hepatic
steatosis, which are the common features of acute and
chronic alcohol exposures [35]. Alcoholic fatty liver is a
reversible condition, but it can potentiate the development
of alcoholic hepatitis and cirrhosis by promoting free radical
generation. A great deal of polyphenols has been found to be
beneficial for alcoholic liver injury associating with hepatic
lipid metabolism regulation and antioxidative stress. Total
flavonoids from Litsea coreana showed therapeutic effects
on alcoholic fatty liver via suppression of hepatic adipose
differentiation-related protein (ADRP) [36]. The supplemen-
tation of a novel flavonoid, fisetin, in the diet at 10mg/kg/day

Table 1: The representative species with relatively high quantities of
polyphenols in foods and plants.

Names
Content of polyphenols

(mg GAE/g)
References

Vegetables

Chinese toon bud 23.27

[11]

Perilla leaf 14.37

Loosestrife 13.13

Soybean (green) 12.39

Pepper leaf 12.14

Fruits

Chinese date 5.86

[12]

Sweetsop 4.05

Guava 1.94

Pomegranate 1.47

Chinese wampee 1.16

Cereals

Black rice 9.47

[13]

Organic black rice 6.95

Purple rice 4.85

Buckwheat 4.48

Red rice 4.43

Spices

Clove 143.8

[14]

Cinnamon stick 119.0

Oregano 101.7

Cinnamon 63.4

Sage 53.2

Mushrooms

Thelephora ganbajun zang 44.84

[15]

Boletus edulis Bull 14.15

Volvariella volvacea Sing 13.91

Boletus regius Krombh 10.17

Suillus bovinus Kuntze 9.19

Tea

Fu’andabai 223.7

[16]

Shuyong number 1 221.6

Sichuanxiaoye 215.0

Shuyong number 2 215.0

Menghaidayi 215.0

Microalgae

Nostoc ellipsosporum
CCAP 1453/17

60.35

[17]

Chlorella protothecoides
number 7

19.03

Chlorella pyrenoidosa
number 3

17.24

Schizochytrium sp.
number 5

15.94

Chlorella pyrenoidosa
number 2

15.11

Table 1: Continued.

Names
Content of polyphenols

(mg GAE/g)
References

Medical plants

Salvia miltiorrhiza Bge 101.33

[18]

Sargentodoxa cuneata
Rehd et Wils

65.28

Prunus persica (Linn)
Batsch

55.23

Fraxinus rhynchophylla
Hance

52.31

Rhodiola sacra Fu 51.06

Picrorhiza scrophulariflora
Pennell

47.28

Scutellaria baicalensis
Ceorgi

46.31

Polygonum multiflorum
Thunb (stem)

45.24

Tussilago farfara L. 34.50

Polygonum multiflorum
Thunb (root)

31.87

Wild fruits

Eucalyptus robusta 54.8

[19]

Eurya nitida 35.0

Melaleuca leucadendron 25.6

Gordonia axillaris 24.6

Melastoma sanguineum 23.3

Edible and wild flowers

Rosa hybrida 35.84

[20]

Limonium sinuatum 34.17

Pelargonium hortorum 25.68

Jatropha integerrima 17.22

Osmanthus fragrans 16.00

Fruit wastes

Grape seed 22.95

[21]

Mango peel 22.95

Sweetsop peel 17.77

Longan seed 13.58

Chinese olive peel 13.16
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also showed remarkable beneficial effect on alcohol-induced
liver injury. Hepatic NADPH oxidase 4 levels along with
plasma hydrogen peroxide and hepatic superoxide and
4-hydroxynonenal levels increased by alcohol consumption
were reduced by fisetin supplementation. Fisetin attenuated
liver steatosis through enhancing plasma adiponectin levels
and hepatic protein expressions of p-AMPK, acyl-CoA
oxidase 1 (ACOX1), cytochrome P450 4A (CYP4A), and
microsomal triglyceride transfer protein (MTTP) [37]. In a
binge drinking mouse model, a polymethoxy flavonoid-rich
Citrus aurantium extract alleviated alcohol-induced liver
injury through activating lipid metabolism-related signals
and regulating AMPK and Nrf2-related pathway signaling
[38]. In mice model with chronic plus binge alcohol feeding,
luteolin attenuated the liver injury via downregulation of
lipogenic genes including sterol regulatory element-binding
protein 1c (SREBP-1c), fatty acid synthase (FASN), acetyl-
CoA carboxylase (ACC), and stearoyl-CoA desaturase
(SCD1), suggesting its significant effect on alleviating liver
steatosis [39]. In another study, oligomeric proanthocyani-
dins, a set of bioflavonoid complexes having strong free
radical scavenging ability, protected liver from alcohol-
induced injury and steatosis through decreasing the
expressions of lipid synthesis genes and inflammation genes
including SREBP-1c, SREBP2, interleukin 1 beta (IL-1β),
IL-6, and TNF-α, indicating that AMPK activation might
be involved in the underlying mechanism [40].

During the metabolic processes of alcohol in the liver via
dehydrogenase system and microsomal ethanol oxidizing
system (MEOS), NADH or NADP+ are generated in bulk,
with the consequence of increased ROS, eventually resulting
in cellular and tissue injury [1]. With better understanding
of the role of oxidative stress in the initiation and advance-
ment of ALD, therapies targeting on enhancing antioxidant
defense have been considered promising. In an in vitro study,
it was found that Ecklonia cava polyphenol served as a prom-
ising candidate for inhibiting alcohol-induced hepatic dam-
age via regulating alcohol metabolic enzymes including
CYP2E1 and ADH in a cyclic AMP-dependent manner
[41]. Two ellagitannins, geraniin and amariin, which belong
to a type of polyphenol formed mainly from the oxidative
linkage of galloyl groups in 1,2,3,4,6-pentagalloyl glucose,
were isolated from Phyllanthus amarus. It was found that
both of them could protect mouse liver from alcoholic
cytotoxicity through restoring antioxidant enzymes, inhi-
biting oxidation of lipid and protein, ceasing formation
of 8-hydroxy-2-deoxyguanosine, and modulating Bcl-2-
associated X (Bax)/Bcl2 ratio against apoptosis [42].

Regarding action mechanisms of polyphenols in ALD, in
addition to regulating hepatic steatosis and antioxidative
stress, several other mechanisms have also been proposed.
For example, it was demonstrated that polyphenols could
suppress the expression of genes related to cell stress and
upregulate genes involved in bile acid synthesis, unsaturated
fatty acid elongation, and tetrahydrofolate synthesis [43].
Liver iron overload has long been considered as pathogenic
factors of ALD. Iron is involved in the Fenton pathway, and
it accumulates during chronic hepatic inflammation and cat-
alyzes hydroxyl radical-mediated oxidative injury [44]. The

deposition of iron in the liver may increase the risk of death
in patients with ALD [44]. Therefore, removal of iron repre-
sents an important therapeutic strategy for ALD treatment.
In a study, epigallocatechin-3-gallate (EGCG) has been
demonstrated to ameliorate alcoholic liver injuries associated
with its iron-chelating property. It affected hepatic iron
uptake and inhibited iron absorption in the small intestinal
via upregulating hepcidin mRNA levels and transferrin as
well as hepatic transferrin receptor protein levels, thus reduc-
ing serum and hepatic iron levels [45].

3.3. NAFLD. Nonalcoholic fatty liver disease (NAFLD),
defined as genetic-environmental-metabolic stress-related
disease with a spectrum of liver disorders, affects 10% to
24% of the population worldwide, and the prevalence has
even been up to 75% in obese people [46]. Currently, no
evidence-based pharmacological therapy is available for
NAFLD. A multitude of pathways implicated in the etiology
of NAFLD makes the treatment challenging. Ideally, the
treatment should address all these pathways [47]. Free fatty
acids, oxidative stress, and inflammation that cause insulin
resistance, hepatocyte fat accumulation, and cellular injury
are the major processes involved in the progression of
NAFLD [47]. Reasonably, polyphenols with remarkable
ability in metabolism regulation, antioxidant, and anti-
inflammation have been considered as promising therapies
of NAFLD. The mechanisms underlying beneficial effects
of many polyphenols on NAFLD have been extensively
studied in recent years. In addition to regulation of classi-
cal intracellular signaling transduction, some of them were
demonstrated to exert therapeutic effects via emerging
mechanisms such as mediating microRNAs and gut
microbiota regulation.

3.3.1. Intracellular Signaling Transduction. Signaling
pathways are associated with insulin resistance, oxidative
stress, and inflammation include NF-κB, AMPK, Janus
kinase/signal transducers and activators of transcription
(JAK/STAT), peroxisome proliferator-activated receptors
(PPARs), SREBP-1c, phosphatidylinositol 3-kinase/protein
kinase B (PI3K/Akt), and TLR [5]. Blocking the transmission
of above pathways within the liver cells would be effective for
the prevention and treatment of NAFLD. Polyphenols may
prevent hepatocyte injury associated with NAFLD through
several signaling pathways: (1) suppressing activation of NF-
κB pathway to inhibit inflammation; (2) increasing β-fatty
acid oxidation by upregulating PPARα; (3) inhibiting lipogen-
esis viadownregulationof SREBP-1cbyactivatingAMPK; and
(4) enhancing antioxidant defense through Nrf2 pathway, as
shown in Figure 2.

NF-κB pathway regulates a variety of cytokines involved
in inflammation. As a matter of fact, the anti-inflammatory
effects of polyphenols have been generally subscribed to the
inhibition of canonical NF-κB pathway. The canonical
NF-κB pathway is activated by proinflammatory signals,
causing the degradation of IκB kinase (IKK) complex to
release NF-κB into the nucleus, with the consequence of
inflammatory response [46]. It was reported that kaempferol
inhibited the phosphorylation of insulin receptor substrate 1
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(IRS-1), IKKα, and IKKβ, accompanied with reduction of
NF-κB in nucleus and cytoplasm and further reduced TNF-
α and IL-6 levels in mice with insulin resistance and type
2 diabetes mellitus [48]. Other polyphenols such as curcu-
min [49], morin [50], oligonol [51], and quercetin [52]
also have been indicated to inhibit NF-κB pathway in
NAFLD. MAPK, a class of serine/threonine protein kinase
widely expressed in mammalian cells including extracellu-
lar signal-regulated kinases (ERKs), JNK, and p38MAPK,
is also closely associated with inflammation. Regulating
MAPK, in particular with JNK and p38MAPK, has been
regarded as the potential action mechanism of some poly-
phenols for the treatment of NAFLD. For example, cocoa
flavonoids and apple polyphenols showed beneficial effects
on redox balance and insulin resistance by targeting MAPKs
in the context of NAFLD [53, 54].

PPAR, a group of nuclear receptors that play a role in
lipid and glucose metabolism, is one of the promising targets
in terms of regulating metabolic process [46]. Among the
three types of PPARs that have been identified, PPARα and
PPARγ have been highlighted for their involvement in the
pathogenesis of NAFLD [47]. PPARα is highly expressed
in the liver to regulate free fatty acid (FFA) transport
and stimulates enzymes participated in β-oxidation.

Furthermore, it attenuates inflammation by inhibition of
NF-κB and C-reactive protein expression [46]. Therefore,
stimulation of PPARα is expected to relieve steatosis and
hepatic inflammation. A great deal of study has demon-
strated that many polyphenols can stimulate PPARα. Some
of them act as ligands and agonists of PPARα [55, 56],
while others, such as kaempferol [57], naringenin [58],
tiliroside [59], and glabridin [60], can upregulate PPARα
gene and/or protein expression. Flavonoid-enriched extract
from Hippophae rhamnoides seed decreases high-fat diet-
(HFD-) induced obesity, hypertriglyceridemia, and hepatic
triglyceride accumulation via regulation of PPARα and
PPARγ gene expression and suppression of adipose tissue
inflammation [61]. Compared with other drugs, such as
glitazones, polyphenols have an advantage of partial acti-
vation of PPARs. This significantly reduces the risk of seri-
ous side effects by the use of full agonists, suggesting the
great potency of polyphenols for the prevention and treat-
ment of NAFLD. Another identified target in terms of
metabolic regulation for the treatment of NAFLD is
SREBP-1c, a transcription factor that regulates de novo
lipogenesis through mediation of lipogenic enzymes and
genes [46]. The increased expression of hepatic SREBP-
1c promotes the progression of steatosis. A variety of
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Figure 2: Intracellular signaling transduction mediated by polyphenols for the treatment of NAFLD. Polyphenols may prevent injury in
hepatocytes associated with NAFLD through several signaling pathways: (1) suppressing activation of NF-κB pathway to inhibit
inflammation; (2) increasing β-fatty acid oxidation by upregulating PPARα; (3) inhibiting lipogenesis via downregulation of SREBP-1c by
AMPK activation; and (4) enhancing antioxidant defense through Nrf2 pathway.
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polyphenols, such as genistein [62], luteolin [63], rutin
[64], and prunetin [65], have been demonstrated to inhibit
SREBP-1c, mainly via directly downregulation of SREBP-
1c protein and gene expression, activation of AMPK, or
inhibition of liver X receptor α (LXRα) that controls
SREBP-1c transcription. In addition, as hyperinsulinemia
stimulates SREBP-1c transcription, polyphenols might also
decrease SREBP-1c by improving insulin sensitivity and
controlling insulin levels. Furthermore, it has been pro-
posed that polyphenols could inhibit SREBP-1c through
inhibition of ER stress [66].

AMPK, a heterologous trimeric protein kinase that is
formed by α, β, and γ subunits, is a vital regulator of cellular
energy homeostasis [46]. It controls fatty acid metabolism
through mediating the fatty acid biosynthetic pathway. In
the pathogenesis of NAFLD, AMPK is closely related with
insulin resistance and hepatic lipid accumulation [47].
AMPK activation inhibits the expression of ACC and FAS
by downregulating SREBP-1c, thus reducing synthesis of
fatty acids, cholesterol, and triglycerides and promoting fatty
acid uptake and β-oxidation [46]. There is a great deal of
polyphenols that serves as AMPK activators to protect
hepatocytes against damage, such as resveratrol [67] and
curcumin [49]. Hawthorn leaf flavonoids alleviated NAFLD
by enhancing the adiponectin/AMPK pathway to regulate
SREBP-1c, PPARα, and related downstream targets [68].
Liquiritigenin protected hepatocytes against oxidative
hepatic injury and mitochondrial dysfunction via AMPK
activation by liver kinase B1 (LKB1) pathway as well as
Farnesoid X receptor (FXR) induction [69].

3.3.2. Other Emerging Mechanisms. MicroRNAs (miRNAs)
are small noncoding RNAs that regulate gene expression at
the posttranscriptional level. The role of miRNAs in NAFLD
has been revealed and emphasized in recent years. A study
measured circulating miRNAs in 84 nonalcoholic steatohe-
patitis (NASH) patients found that miR-122, miR-192,
miR-19a, miR-19b, miR-125b, and miR-375 were signifi-
cantly upregulated. Furthermore, the expression of miR-
122, miR-192, and miR-375 correlated with disease severity.
Increasing evidences claim that these circulating miRNAs
not only serve as biomarkers for diagnosis but also play
important roles in the intercellular communication and
disease progression, which makes them attractive therapeutic
targets. Exogenous factors such as polyphenols are suspected
to affect miRNA concentrations to treat NAFLD. For
example, miR-33 and miR-122, serving as major regulators
of lipid metabolism in liver, were decreased in HFD-
induced obese rats. It has been demonstrated that reduction
of miR-122 induces IR, which can be reversed by licorice
flavonoid [70]. Long-term supplementation with a low dose
of proanthocyanidins could normalize liver miR-33a and
miR-122 levels [71]. Plant-derived polyphenols were
demonstrated to mediate the expression of miRNA paralogs
miR-103/107 and miR-122 to attenuate NAFLD in hyperlip-
idemic mice [72]. Lychee pulp phenolics, mainly including
quercetin 3-O-rutinoside-7-O-alpha-L-rhamnosidase (quer-
cetin 3-rut-7-rha), rutin, and (−)-epicatechin, ameliorated
liver lipid accumulation by reducing miR-33, which directly

modulated adenosine triphosphate- (ATP-) binding cassette
transporters ABCA1 and carnitine palmitoyltransferase 1
(CPT1) as well as miR-122 expression and indirectly
regulated FAS, in mice with HFD [73].

Gut microbiota has been intensively researched due to its
vital role in maintaining human health [74]. It is believed to
be involved in obesity, metabolic syndrome, and the develop-
ment of NAFLD [74]. A study has indicated that quercetin
possessed ability of modulating intestinal microbiota imbal-
ance and related gut-liver axis activation. Dysbiosis induced
by HFD was accompanied by endotoxemia, intestinal barrier
dysfunction, and gut-liver axis alteration, which could
regulate TLR-4-NF-κB signaling pathway activation, result-
ing in inflammasome initiation response and reticulum stress
pathway induction [52]. Quercetin could revert gut microbi-
ota imbalance and TLR-4 pathway induction, resulting in the
blockage of deregulation of lipid metabolism genes. The
striking benefits of polyphenols on NAFLD in mediating
gut microbiota should be explored more in future studies,
which might offer a new direction in understanding their
action mechanisms.

The immune system is extensively implicated in the
pathogenesis of NAFLD. Autophagy was recently identified
as a critical protective mechanism during NAFLD develop-
ment [75]. Lipophagy, defective autophagy of lipid droplets
in hepatocytes, has recently been identified as a possible
pathophysiological mechanism of NAFLD. Bergamot poly-
phenol fraction treatment (50mg/kg/day supplemented with
drinking water for 3 months) potently counteracted the
increase of serum triglycerides, which was accompanied with
increased levels of LC3 and Beclin 1 and reduced SQSTM1/
p62, suggesting autophagy stimulation [76]. The develop-
ment of a preventive treatment targeting circulating mono-
cytes and hepatic macrophages as well as other immune
cells such as CD4+ cells has been getting increased attention.
Curcumin, possessing remarkable ability to prevent HFD-
induced hepatic injury and metabolic derangements, was
found to regulate intrahepatic CD4+ cell accumulation and
inhibit inflammatory and oxidative damage caused by
linoleic acid and leptin on mouse liver macrophages [77].
Activated macrophages/Kupffer cells promote the progres-
sion of hepatic fibrogenesis and aggravate metabolic
disorders such as insulin resistance. Dietary quercetin sup-
plementation to obesity mice decreased levels of TNF-α and
IL-6,while it increased the level of anti-inflammatory cytokine
IL-10 in the livers, accompanied by macrophage phenotype
switching, as evidenced by upregulated anti-inflammatory
M2 macrophage marker genes arginase 1 and Mannose
receptor C (Mrc1), and downregulated proinflammatory M1
macrophage marker genes TNF-α and nitric oxide synthase 2
(NOS2). The beneficial effect of quercetin on NAFLD might
be associated with promoting hepatic macrophage polariza-
tion in favor of the M2 phenotype via Nrf2-mediated heme
oxygenase-1 (HO-1) induction [78].

Furthermore, accumulating evidence revealed the critical
role of endoplasmic reticulum (ER) in NAFLD [47]. ER is the
site of triglyceride synthesis and nascent lipid droplet forma-
tion with function in synthesizing, folding, and transporting
proteins [47]. The accumulation of misfolding proteins in
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the ER lumen causes unfolded protein response (UPR) via
the activation of the ER stress sensor proteins including
PERK, inositol-requiring enzyme 1 (IRE1), and activating
transcription factor 6 (ATF6). Sustained unfolded protein
response (UPR) induces ER stress and metabolic disruptions,
facilitating inflammation and insulin resistance in adipo-
cytes. Lipolysis in response to ER stress is triggered via
cAMP/protein kinase A (PKA) and ERK1/2 signaling. Cur-
cumin treatment inhibited adipose tissue ER stress by
dephosphorylation of inositol-requiring enzyme 1α and
eukaryotic initiation factor 2α and reduced cAMP accumula-
tion by preserving phosphodiesterase 3B induction, with the
consequence of blockage of PKA/hormone-sensitive lipase
lipolysis signaling, and thereby decreased glycerol and FFA
release from adipose tissue [79]. Glycycoumarin, a represen-
tative of coumarin compounds isolated from licorice, showed
inhibition of hepatocyte lipoapoptosis via suppressing ER
stress-mediated JNK activation [80]. Furthermore,
researches have reported that polyphenol extraction of grape
[81] and its major bioactive compound resveratrol showed
benefit for NAFLD partly through attenuating ER stress.

In addition, compelling evidence in recent years has dem-
onstrated a significant link between NAFLD and cardiovas-
cular disease (CVD) including coronary heart disease and
stroke [82]. The likely of mechanisms underlying this associ-
ation has been proposed involving genetic predisposition,
insulin resistance, oxidative stress, chronic inflammation,
atherogenic dyslipidemia, decreased adiponectin, and altered
generation of pro- and anticoagulant factors [83]. In particu-
lar, among mechanisms linking CVD risk with hepatic stea-
tosis, the most prominent factors are considered to be
insulin resistance, chronic inflammation, oxidative stress,
and atherogenic dyslipidemia [84]. The oxidative stress in
NAFLD may induce alterations in endothelial function
resulting in formation and deposition of oxidized low-
density lipoprotein (LDL) in the subintimal space [82].
Therefore, therapeutic strategies targeting oxidative stress
reduction in NAFLD patients for lowering CVD risk have
been proposed. As an important category of antioxidants,
polyphenols, such as resveratrol and silybin, have been
attempted to reduce CVD risk in the setting of NAFLD
[82]. Resveratrol, due to its potent effects on oxidative stress
and inflammation, has become one of the most interesting
candidates [84]. The effect of resveratrol on CVD protection
has been demonstrated as evidenced by an improvement of
CVD risk markers, such as endothelial function, echocardio-
graphic parameters, and cytokine expression [85]. Studies,
particularly long-term randomized clinical trials, evaluating
the anticardiovascular effects of antioxidant treatment in
patients with NAFLD are needed.

3.4. Viral Hepatitis. There are five well-characterized hepato-
tropic viruses, termed hepatitis A to hepatitis E. Among
them, hepatitis B virus (HBV) and hepatitis C virus (HCV)
are the most common types. In particular, HBV is a major
cause of liver cirrhosis and HCC [86]. Though there is oppor-
tunity to prevent and treat viral hepatitis, all the currently
approved antiviral drugs have their limitations [86]. For
example, interferon has limited efficacy with a high incidence

of adverse effects in some patients. As an alternative
approach, natural products have provided great promises as
potentially effective antiviral drugs. A broad spectrum of
phytochemicals including flavonoids such as wogonin and
polyphenolics such as geraniin has been isolated and
investigated for antihepatitis virus activities in vitro as well
as in vivo [87, 88]. The underlying action mechanisms have
been proposed mainly as prevention of virus entry, inhibition
of viral antigen secretion, and suppression of DNA
replication [89].

Several flavonoids have been identified as inhibitor of
HCV and HBV entry. A potent inhibitor of hepatitis virus
is EGCG, a well-known polyphenol in green tea. EGCG
inhibited entry of HBV into hepatocytes via induction of
clathrin-dependent endocytosis of sodium taurocholate
cotransporting polypeptide from the plasma membrane
followed by protein degradation and inhibited the clathrin-
mediated endocytosis of transferrin, without effect on HBV
genome replication or virion secretion [90]. It can also
potently inhibit HCV entry into hepatoma cell lines and
primary human hepatocytes [91, 92]. Delphinidin, a plant
pigment in flavonoid family that is responsible for the
blue-purple color of flowers and berries, induced a bulging
of the viral envelope to inhibit HCV attachment to the cell
surface [93]. Tannic acid could inhibit HCV entry into
Huh7.5 cells [94].

Plenty of studies have reported polyphenols with remark-
able antihepatitis virus through inhibiting virus replication
via different mechanisms. Silibinin served as direct inhibitor
of HCV RNA-dependent RNA polymerase [95]. Epicate-
chins, one of the phenolic in green tea, can inhibit HCV
replication via cycloxygenase-2 and relieve inflammation
induced by virus [96]. The flavonoid apigenin inhibited
HCV replication by decreasing mature miRNA122 levels,
which was a liver-specific miRNA for positive regulation of
HCV replication [97]. Curcumin suppressed HBV via
downregulation of the metabolic coactivator PGC-1α, a
starvation-induced protein that has been shown to robustly
coactivate HBV transcription [98]. The flavonoid prescrip-
tion baicalin-linarin-icariin-notoginsenoside R1 had curative
effect on duck virus hepatitis caused by duck hepatitis A virus
type 1 (DHAV-1), which could inhibit DHAV-1 reproduc-
tion by destroying its adsorption and release [99]. Quercetin
significantly reduced the viral genome replication, the
production of infectious HCV particles, and the specific
infectivity of the newly produced viral particles [100]. Non-
structural protein 3 (NS3) encoded by HCV genome has been
regarded as a potential anti-HCV drug target as it is vital for
viral replication. Several anthracyclines with hydroxyanthra-
quinone moiety structure were found to inhibit NS3 helicase.
And mitoxantrone, a hydroxyanthraquinone analogue, was
also known to be inhibitor of NS3 helicase [101]. Addition-
ally, quercetin suppressed HCV via inhibition of NS3
protease activity [102]. Another target for HCV, nonstruc-
tural protein 5B (NS5B), could be inhibited by EGCG
[103]. Other compounds showing antiviral activities includ-
ing kaempferol 8-methyl ether, quercetin 3-methyl ether,
kaempferol [104], chlorogenic acid analogues, isoliquiriti-
genin, glycycoumarin, [105], glycyrin, glycyrol, liquiritigenin,
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isoliquiritigenin, licochalcone A, and glabridin chlorogenic
acid analogues [106] identified from natural products such
as tea and medicinal plants would also be good candidates
for development of antivirals against hepatitis virus.

3.5. Liver Fibrosis and Cirrhosis. Liver fibrosis is a wound-
healing response to hepatic injury. It is characterized by the
accumulation of extracellular matrix (ECM), which leads to
a progressive substitution of liver parenchyma by scar tissue
[3]. Sustained fibrogenesis would result in cirrhosis, the
consequence of progressive fibrosis with a poor outcome
and high mortality, characterized by a distortion of the liver
parenchyma and vascular architecture. Due to the vital role
of ECM in fibrogenesis, matrix-expressing cells have been
considered as the vital cellular basis of liver fibrogenesis [3].
Among them, hepatic stellate cells (HSCs), the major cell
type responsible for ECM deposition, have been extensively
studied. Upon chronic liver injury, quiescent HSCs undergo
morphological and phenotypical transdifferentiation into
contractile and highly proliferative myofibroblasts with
collagen-producing ability. Plenty of polyphenols were found
to protect liver from fibrosis via suppression of the activation
of HSCs such as apigenin, EGCG, quercetin, icaritin, curcu-
min, and resveratrol [107–113]. The mechanisms underlying
the inhibition of activated HSCs have been ascribed to upreg-
ulation of C1QTNF2, MMPs, or miR-221 to accelerate
osteopontin degradation and downregulation of PPARγ or
membrane translocation and gene expression of GLUT2.
Polyphenols such as hyperoside, morin, gallic acid, and quer-
cetin have been revealed that they exert antifibrosis effect via
promoting apoptosis of activated HSCs, primarily associated
with NF-κB and TNF-α signaling [114, 115]. Furthermore,
there is mounting evidence indicated that many flavonoids
could decrease proliferation of HSCs and inhibit expression
of profibrogenesis-related genes in HSCs. For example, chry-
sin and tricin inhibited proliferation of HSCs via suppressing
TGF-β1/Smad pathway and blocking tyrosine phosphoryla-
tion of platelet-derived growth factor (PDGF) receptor,
respectively [116, 117]. Chlorogenic acid suppressed profi-
brotic action of HSCs via inhibition of NOX/ROS/MAPK
pathway, while resveratrol can suppress the activation of
NF-κB and Akt, reducing expression of related profibrogen-
esis genes in activated HSCs [118, 119]. EGCG and wogono-
side regulate profibrogenic/antifibrogenic balance via
inhibition of PI3K/Akt/Smad pathway and PI3K/Akt/
mTOR/ribosomal protein S6 kinase 70 kDa (p70S6K),
respectively [120, 121]. We summarized the major action
mechanisms of a variety of polyphenols on HSCs in
Figure 3. In addition to action on HSCs, several polyphenols
such as morin, chlorogenic acid, and curcumin also showed
antifibrotic capacities through attenuating oxidative stress
and inflammation response via different mechanisms includ-
ing inhibition of TLR4/MyD88/NF-κB signaling pathway,
suppressing the advanced glycation end- (AGE-) mediated
induction of receptor for advanced glycation end (RAGE)
gene expression by increasing PPARγ and stimulating gluta-
thione (GSH), and regulating PPAR signal pathway and the
interaction with FXR [122–124]. In summary, the potential
mechanisms of some polyphenols with remarkable

antifibrotic ability in vivo and in vitro have been listed in
Table 2. The promising antifibrotic efficiencies of these com-
pounds from food and plants with well-recognized action
mechanisms make them deserve further exploration in a clin-
ical study in the future.

3.6. Liver Cancer. Liver cancer, the sixth most common can-
cer with high mortality worldwide, represents a major inter-
national health problem. Increasing epidemiological
evidence indicated that a diet rich in fruits and vegetables
could lower the risk of certain cancers, including liver cancer,
which has been partly attributed to natural polyphenols con-
tained [128]. A variety of natural polyphenols have been
studied for the prevention and treatment of liver cancer
[129]. Potential mechanisms have been proposed as proa-
poptosis and antiproliferation effect to liver cancer cells, anti-
angiogenesis, inhibition of invasion, and metastasis, as well as
other modulation of multiple molecular events involved in
carcinogenesis.

A plenty of polyphenols showed remarkable properties of
promoting apoptosis and suppressing proliferation of liver
cancer cells via various pathways [130–133]. Many flavones,
a class of flavonoids based on the backbone of 2-phenylchro-
men-4-one, such as vitexin, luteolin, chrysin, isoorientin,
oroxylin A, wogonin, and baicalein, have been found to
induce apoptosis and inhibit proliferation of a variety of
HCC cell lines by different or overlapped mechanisms.
UPR pathway, mTOR pathway, ROS pathway, JNK path-
ways, caspase-dependent, and caspase-independent apopto-
tic signaling pathways have been extensively proposed for
anticancer ability of these flavones. Flavanones including
eriodictyol and hesperidin induce HepG2 cell apoptosis
mainly via regulation of apoptotic proteins such as Bax and
Bcl-2, mitochondrial pathway, and death receptor pathway.
Other flavonoids including flavanols, flavanonol, flavonol,
and isoflavones, which have been demonstrated to induce
apoptosis of liver cancer cells in vivo and in vitro, are summa-
rized in Table 3. Nonflavonoids, such as gigantol, chlorogenic
acid, and gallic acid, mediate the apoptosis of HCC cells prin-
cipally through induction of ER stress and regulating
mitochondrial-mediated pathways. As a matter of fact, most
polyphenols induce apoptosis and inhibit proliferation of
HCC cells via multiple targets and pathways. For example,
baicalein caused HepG2 cell apoptosis via inhibiting the
PKB/mTOR pathway or blocking MEK-ERK signaling [134,
135] while another flavone compound oroxylin A suppressed
PI3K-PTEN-Akt-mTOR signaling pathway and activated the
PERK-eIF2α-ATF4-CHOP branch of the UPR pathway [136,
137] to mediate apoptosis. EGCG, a famous flavanol in tea,
showed remarkable ability to induce apoptosis of a variety
of liver cancer cells such as SMMC7721, SK-hep1, HLE,
HepG2, HuH-7, and PLC/PPF/5 cells [132]. Its underlying
mechanisms have been revealed as inhibition of receptor
tyrosine kinase, downregulation of PI3K/AKT activity,
downregulation of Bcl-2α, and Bcl-xl by inactivation of NF-
κB [138–140]. Additionally, fisetin, a common flavonoid
found in many fruits and vegetables, suppressed proliferation
of liver cancer cells via modulation of multiple signaling
pathways including CDK5 signaling, Nrf2-mediated
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oxidative stress response, glucocorticoid signaling, and ERK/
MAPK signaling [141]. The character of modulation of mul-
tiple targets and pathways makes them more promising in
application of developing anticancer drugs or dietary supple-
ments for HCC patients.

Furthermore, several flavonoids have been demonstrated
to exert beneficial effects against liver cancer via antiangio-
genesis. Flavones including eupafolin and morusin showed
significant antiangiogenic abilities by in vitro and in vivo
studies. Eupafolin could block vascular endothelial growth
factor- (VEGF-) induced activation of vascular endothelial
growth factor receptor 2 (VEGFR2) in Akt activity in human
umbilical vascular endothelial cells and inhibit Akt activity
and VEGF secretion in HepG2 [142]. The other flavone,
morusin, inhibited angiogenesis in HepG2 xenograft mice
model via attenuation of the IL-6 and signal transducer and
activator of transcription 3 (STAT3) signaling pathway
[143]. Morin, a type of flavonol belonging to flavonoid,
inhibits tumor growth and angiogenesis in rats with diethyl-
nitrosamine- (DEN-) induced HCC through upregulation of
NF-κB-p65 and COX-2 and reducing MMPs [144]. Resvera-
trol also showed effects on suppressing angiogenesis in mice
with HCC xenograft. The mechanism underlying its
antiangiogenesis is through inhibiting VEGF expression by
a NF-κB-mediated pathway [145].

In addition to antiangiogenesis, increasing studies indi-
cated that a variety of polyphenols could inhibit invasion
and metastasis in liver cancer. Flavanones including hesperi-
din and naringenin, flavones including luteoloside and

wogonin, and other flavonoids such as galangin, EGCG,
and genistein have been reported by various studies for
reducing invasion and metastasis of liver cancer cells
in vivo and in vitro. It is interesting to note that hesperidin
and naringenin, two types of flavanone, inhibited invasion
and metastasis of liver cancer cells such as HepG2 via sim-
ilar mechanisms, reducing MMP-9 expression through the
inhibition of NF-κB and activator protein 1 (AP-1) activ-
ity, suggesting potential structure-activity relationship
might exist between flavanone and NF-κB/AP-1 pathways.
Additionally, phenolic compounds, theaflavins and (−)-oleo-
canthal suppressed the growth and metastasis through the
blockage of STAT3 pathway. Their structure-activity
relationship deserves to be further explored in the future.
Other flavonoids possessing anti-invasion or antimetastasis
effects by various pathways in HCC have also been sum-
marized in Table 3.

Recently, several polyphenols have been demonstrated to
reduce carcinogenesis. Curcumin treatment effectively
reduced the progression of NASH to HCC by suppressing
the protein expression of glypican-3, VEGF, and pro-
thrombin in the NASH liver [86]. The upregulation of
self-renewal Wnt/β-catenin, Hh/Gli1 pathways, and their
associated genes cyclin D1, cMyc, and epidermal growth
factor receptor (EGFR) along with downregulation of E-
cadherin during the carcinogenesis processes was found
to be modulated by EGCG/theaflavins [146, 147]. In addi-
tion, some emerging pathways have been proposed to be
involved in mechanisms of polyphenols’ anticancer effect.
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Glycycoumarin exerts antiliver cancer activity by directly
targeting oncogenic kinase T-LAK cell-originated protein
kinase (TOPK) [148]. Isoorientin possessed a notable
hepatoprotective effect in the context of liver cancer,
which might be mediated through the respiratory chain
complexes and phase II detoxifying enzyme activities

[149]. Flavonoids activated pregnane X receptor-mediated
CYP3A4 gene expression by inhibiting cyclin-dependent
kinases in HepG2 liver carcinoma cells [150]. Further-
more, chlorogenic acid and catechins have been
demonstrated to augment the antitumor effect of chemo-
therapeutic drugs for liver cancer. Chlorogenic acid could

Table 2: The potential antifibrotic mechanisms of some polyphenols.

Effects Polyphenol Model Mechanisms Ref.

Inhibition of HSC
activation

Apigenin In vitro HSCs Upregulating C1QTNF2 expression [107]

EGCG
In vitro HSCs & thioacetamide-

treated animal
Upregulating miR-221 to accelerate

osteopontin degradation
[108]

Quercetin Rats with CCl4-induced fibrosis
Activation of MMPs and regulating

profibrogenic/antifibrogenic molecules balance
[109]

Icaritin
In vitro HSC-T6 and LX-2 HSC

lines & rats with CCl4
or CBDL-induced fibrosis

Dependent on mitochondrial-activated
apoptosis

[110]

Curcumin In vitro HSCs & animal model

Suppressing membrane translocation
and gene expression of GLUT2; inhibiting

PPARγ via regulation of DLK1 protein partly
mediated by interruption of Shh signaling pathway

[111, 112]

Resveratrol
Rats with

N′-nitrosodimethylamine-
induced liver fibrosis

Relieving oxidative damage [113]

Induce HSC apoptosis

Hyperoside In vitro human LX-2 HSCs
Inhibiting the DNA-binding activity of

NF-κB and altered genes related to apoptosis
[125]

Morin In vitro HSCs Suppressing canonical NF-κB signaling

Gallic acid In vitro HSCs Regulating TNF-α signaling pathway [114]

Quercetin In vitro HSCs Dependent on activation of ER stress [115]

Inhibit proliferation and
profibrogenesis-related
genes in HSCs

Chrysin Mice with CCl4-induced fibrosis Suppressing TGF-β1/Smad pathway [116]

Tricin In vitro human HSC line LI90
Blocking tyrosine phosphorylation of PDGF

receptor
[117]

Chlorogenic
acid

In vitro HSCs & CCl4-treated
rats

Improving antioxidant capacity via activation of
Nrf2 pathway and suppressing profibrotic action via

inhibition of NOX/ROS/MAPK pathway
[118]

Luteolin
In vitro rat HSCs and HSC-T6
cells & rat models induced by

CCl4, DMN, and BDL

Increasing caspase 3 activity and p53 expression;
inducing G1 arrest with the decreased expression of
bcl-2, cyclin E, and p-Cdk-2; suppressing PDGF and

TGF1-simulated phosphorylation of AKT and
Smad pathway

[126]

Resveratrol
In vitro human LX-2 HSCs &

mice with CCl4-induced fibrosis
Suppressing the activation of NF-κB and Akt [119]

EGCG In vitro HSC LX-2 & BDL rats Inhibiting PI3K/Akt/Smad pathway [120]

Wogonoside
In vitro HSC T6 cells & mice
with CCl4-induced fibrosis

Inhibiting PI3K/Akt/mTOR/p70S6K [121]

Attenuate liver
injury and antifibrosis

Morin Rats with CCl4-induced fibrosis
Reducing oxidative stress, inflammatory

responses, and fibrogenic markers
[122]

Chlorogenic
acid

Rats with CCl4-induced fibrosis
Inhibition of TLR4/MyD88/NF-κB

signaling pathway
[123]

Curcumin
Mice with type 2 diabetes

mellitus

Suppressing the AGEs-mediated induction
of RAGE gene expression by increasing

PPARγ and stimulating GSH
[124]

Total
flavonoids
of Astmgali

Radix

Rats with fibrosis
Regulating PPAR signal pathway
and the interaction with FXR

[127]
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sensitize HCC cells to 5-fluorouracil treatment by inhibit-
ing ERK activation through the overproduction of ROS
[151]. Catechins enhanced the antitumor activity of doxo-
rubicin for liver cancer involving the suppression of
multidrug resistance protein 1 (MDR1) expression or
accumulation increase of intracellular doxorubicin [152].

4. Clinical Studies

As in vitro and in vivo animal studies have revealed the
promising preventive and therapeutic effects of polyphenols
in various liver diseases, translational studies are extremely
vital and indispensable for the application of polyphenols in
human with liver diseases. Although literatures in PubMed
database about clinical trials of polyphenols in liver diseases
are limited, encouraging beneficial effects of these polyphe-
nols have been demonstrated, particularly in NAFLD. In a
compliant, randomized, double-blind, placebo-controlled
pilot trial of purified anthocyanin in NAFLD patients,
supplementation of purified anthocyanin for 12 weeks signif-
icantly improved insulin resistance, liver injury, and clinical
evolution in those patients [193]. In another double-blind
clinical trial, dihydromyricetin, the main active ingredient
of Ampelopsis grossedentata, improved glucose and lipid
metabolism and showed anti-inflammatory effects in
NAFLD [194]. Intervention with green tea having high-
density catechins significantly enhanced liver function and
fat infiltration in NAFLD patients in a randomized double-
blind study [195]. In particular, resveratrol, which showed
extraordinary benefit for NAFLD in animal studies, has been
attempted by several clinical trials. In a double-blind,
randomized and placebo-controlled study, treatment with
2150mg resveratrol capsules twice daily for three months
significantly reduced the levels of TNF-α, cytokeratin 18
fragment, and fibroblast growth factor 21 (FGF-21) and
improved adiponectin level in NAFLD patients, suggesting
its beneficial role in NAFLD [196]. In another study, inter-
vention with resveratrol at the dose of 1000mg daily for week
1 followed by 2000mg daily for week 2 significantly reduced
intestinal and hepatic lipoprotein particle production in
overweight/obese men [197]. However, a study claimed that
resveratrol showed no benefit for patients with NAFLD. It
might be due to the dosage used or intervention duration
was not enough for resveratrol to exert hepatoprotective
effects [198]. Additionally, intervention of orange juice with
abundant flavonoids for HCV patients showed lower levels
of total cholesterol and LDL-cholesterol and increased anti-
oxidant capacity compared to that of the control group [199].

To learn about currently ongoing and unpublished
studies, we further looked up the related information of
clinical trials of a variety of representative polyphenols in
liver diseases at the database of U.S. National Library of
Medicine (http://www.ClinicalTrials.gov). The polyphenols
searched are anthocyanins including delphinidin, pelargoni-
din, cyanidin, and malvidin; flavanols including epicatechin,
epigallocatechin, EGCG, and procyanidins; flavanones
including hesperidin and naringenin; flavones including
apigenin, chrysin, luteolin, oroxylin A, wogonin baicalein,
and isoorientin; flavonols including quercetin, kaempferol,

myricetin, isorhamnetin, and galangin; isoflavonoids includ-
ing genistein and daidzein; phenolic acids including ellagic
acid, gallic acid, ferulic acid, and chlorogenic acid; other poly-
phenols including curcumin, sesamin, secoisolariciresinol
diglucoside; resveratrol; pterostilbene; and piceatannol.
Among them, only several compounds including curcumin,
chlorogenic acid, resveratrol, EGCG, quercetin, naringenin,
and catechin are found to be studied in NAFLD, HCV,
cirrhosis, and liver cancer, which are listed in Table 4. Other
polyphenols, which showed promising therapeutic effects on
liver diseases in animal studies, such as baicalein, wogonin,
kaempferol, and theaflavins, deserve to be translationally
studied by clinical trials in the future.

5. Conclusions and Prospects

As multitude of pathways is involved in the pathogenesis of
liver diseases, therapies targeting multiple factors are
expected to address these driving forces for liver disease pro-
gression. Natural polyphenols, widely existing in plants and
plant-based food, have attracted increasing attention as
potential agents for prevention and treatment of liver dis-
eases due to their outstanding effects on mediating pathways
involved in the pathogenic process. As a matter of fact, the
multiple regulations on oxidative stress, ER stress, inflamma-
tion, immune response, lipid metabolism, insulin resistance,
and gut microbiota by various polyphenols are the scientific
fundaments for the application of polyphenols in the preven-
tion and treatment of liver diseases. However, although ther-
apy by polyphenols for liver diseases has been proposed for
decades and encouraging efficiency has been obtained by
in vitro and in vivo studies, there is still a long way to go for
the use of polyphenols in human. Several difficulties in trans-
lational research are challenging ahead. For those studies in
which dose effect has been investigated, only certain polyphe-
nols showed dose-effect manner for attenuating liver injury,
suggesting the importance of determination of optimized
dosage to be used. The route of administration is also a vital
factor for absorption and bioavailability of polyphenols.
Actually, one of the key limitations relating to the use of poly-
phenols is their poor bioavailability. Improving bioavailabil-
ity via modification of delivery route or administration route
is of great importance for translational study of polyphenols.
In addition, as certain polyphenols may have side effects such
as carcinogenic/genotoxic effects or disordering thyroid
hormone biosynthesis, risks and safety of polyphenol con-
sumption in liver diseases should also be well noted. It is of
great importance to evaluate the doses at which these effects
occur. Therefore, future studies evaluating either beneficial
or adverse effects including relevant forms and doses of poly-
phenols should be performed. More importantly, further
clinical trials are needed to evaluate the exact effects of a
variety of polyphenols in patients with liver diseases, particu-
larly for those showing remarkable therapeutic efficiency in
animal study. In conclusion, a great deal of flavonoid and
phenols has been demonstrated to exert multifaceted actions
on various liver diseases by well-recognized mechanism,
indicating their great potential in the prevention and treat-
ment for liver diseases. In future study, the effective and safe
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dose, duration of treatment, absorption and bioavailability of
polyphenols should be thoroughly investigated from bench-
top and bedside.
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Honey clasps several medicinal and health effects as a natural food supplement. It has been established as a potential
therapeutic antioxidant agent for various biodiverse ailments. Data report that it exhibits strong wound healing, antibacterial,
anti-inflammatory, antifungal, antiviral, and antidiabetic effects. It also retains immunomodulatory, estrogenic regulatory,
antimutagenic, anticancer, and numerous other vigor effects. Data also show that honey, as a conventional therapy, might be a
novel antioxidant to abate many of the diseases directly or indirectly associated with oxidative stress. In this review, these
wholesome effects have been thoroughly reviewed to underscore the mode of action of honey exploring various possible
mechanisms. Evidence-based research intends that honey acts through a modulatory road of multiple signaling pathways and
molecular targets. This road contemplates through various pathways such as induction of caspases in apoptosis; stimulation of
TNF-α, IL-1β, IFN-γ, IFNGR1, and p53; inhibition of cell proliferation and cell cycle arrest; inhibition of lipoprotein oxidation,
IL-1, IL-10, COX-2, and LOXs; and modulation of other diverse targets. The review highlights the research done as well as the
apertures to be investigated. The literature suggests that honey administered alone or as adjuvant therapy might be a potential
natural antioxidant medicinal agent warranting further experimental and clinical research.

1. Introduction

Current stream treatment modalities utilizing chemo drugs
dissimulate multidrug resistance and several other side
effects [1]. This urges to quest for alternate options. Natural
products are pondered as a practical alternative approach to
abate the ever increasing scold of diseases and some of their
unavoidable side effects [2, 3]. Recently, honey as a natural
product has clinched the attention of researchers as a com-
plementary and alternative medicine [4–6].

Honey as a folk medicine is referred in the utmost
ancient written archives [7, 8]. Demarcation of its uses
in current professional medicine as a potential therapy is
entirely underutilized. However, there is an affinity for some

researchers to fire out a coherent proposition that usage of
honey as a natural product supplement is well intentioned
for reflection as a therapy or adjuvant antioxidant therapy
in current medicine [9, 10]. The composition of honey varies
from floral source to origin. A general average composition
of honey has been presented in Table 1. It is composed of
at least 181 substances and primarily fabricates the fructose
(38%) and glucose (31%) as major sugars. Besides fructose
and glucose, other identified disaccharides include maltose,
sucrose, maltulose, turanose, isomaltose, laminaribiose,
nigerose, kojibiose, gentiobiose, and B-trehalose. Trisaccha-
rides include maltotriose, erlose, melezitose, centose 3-a5,
isomaltosylglucose, l-kestose, isomaltotriose, panose, isopa-
nose, and theanderose [11]. It also comprises enzymes,
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amino acids, proteins, flavonoids, phenolic acids, and a mis-
cellaneous group. There are 26 amino acids reported in
honey; among them, proline is the major contributor that
constitutes 50–85% of the total amino acids [12]. The minor
volume of vitamins includes riboflavin, niacin, folic acid,
pantothenic acid, vitamin B6, and ascorbic acid. Different
trace elements cover calcium, iron, zinc, potassium, phos-
phorus, magnesium, selenium, chromium, and manganese.
Organic acids are other important group of compounds in
honey, for instance, acetic, butyric, citric, succinic, lactic,
malic, and gluconic acid and a number of other aromatic
acids [13]. The various enzymes present in honey are glucose
oxidase, sucrose diastase, catalase, and acid phosphatase
[14–16]. Some of the flavonoids and phenolic compounds
that have been identified in honey include kaempferol, quer-
cetin, chrysin, pinobanksin, luteolin, apigenin, pinocembrin,
genistein, hesperetin, p-coumaric acid, naringenin, gallic
acid, ferulic acid, ellagic acid, syringic acid, vanillic acid,
and caffeic acid [17, 18]. Flavonoids and phenolic acid con-
stituents have been reported to be solely responsible for the
antioxidant and other medicinal effects of honey [6, 18–24].
The chemical structures of major flavonoids and phenolic
acids in honey have been demonstrated in Figures 1 and 2.

Honey has been studied against various ailments in ani-
mal and human models. Published research denotes it as a
novel antioxidant agent [24, 25]. It exhibits a broad spectrum

therapeutic properties such as anti-inflammatory [26], anti-
bacterial [27], antimutagenic [28], expedite wound healings
[29], antidiabetic [30], antiviral [31], antifungal [32], and
antitumoural [5, 33, 34] effects. It could be purported as a
natural cancer “vaccine” as it reduces chronic inflammation,
improves healing of chronic ulcers and wounds, and
improves immune status; the opposite of these are risk fac-
tors to cancer formation [5]. Its anticancer activity has been
proved against various types of cancer: breast [35–39], colo-
rectal [40], renal [41], prostate [36], endometrial [36], cervi-
cal [39], and oral [42]. Honey has the potential to reduce
cardiovascular risk factors in normal healthy individuals
[43]. It causes to reduce systolic blood pressure and level of
triglycerides and VLDL (low-density lipoprotein) in experi-
mental animals [44]. In a randomized clinical trial, lower
incidence of acute respiratory symptoms was observed in
individuals who took honey on a daily basis [45]. It improves
female hormones [46], increases the percentage of sperms
and motility, and reduces the toxic effects on spermatogene-
sis and testosterone level [47, 48]. Postmenopausal women
who received honey therapy showed improvement in their
immediate memory compared with the improvement seen
in women receiving estrogen plus progestin therapy [49].

Understanding the mode of action of honey is substantial
and under phase area. The review presents a role of honey in
modulation of different types of diseases and the possible
mechanisms involved. It also highlights a synopsis of findings
through which it makes a road from different signaling path-
ways to different molecular targets. The review also shows the
rational explanations for the therapeutic effects of honey and
the apertures to be investigated.

2. Medicinal Effects of Honey and
Mechanisms of Action

2.1. Antioxidant Effects of Honey. Antioxidants are agents to
counteract deterioration caused by oxidants such as such as
O2, OH

−, superoxide, and/or lipid peroxyl radicals. Cancer,
synthesis of mutagens, aging, atherosclerosis, and many
chronic and degenerative lingering diseases are susceptible
to oxidative stress [52]. Cells exhibit defense system against
oxidative damage. This defense system consists of free radi-
cals and other oxidative protective agents such as, catalase,
superoxide dismutase, peroxidase, ascorbic acid, tocopherol,
and polyphenols [53]. These antioxidant agents stimulate
biomolecules such as carbohydrates, proteins, lipids, and
nucleic acids. Cells are altered by this stimulation and ulti-
mately provoking antioxidant response [54]. Honey exhibits
strong antioxidant activity [6]. This antioxidant capacity of
honey contributes to the prevention of several acute and
chronic disorders such as inflammatory, allergic, thrombotic,
diabetic, cardiovascular, cancer, and others. The antioxidant
properties of honey can be measured in the form of antirad-
ical activity using, oxygen radical absorbance capacity
(ORAC) assay, 1,1-diphenyl-2-picrylhydrazyl (DPPH) scav-
enging assay, and ferric reducing antioxidant power (FRAP)
assay [24]. Honey from various floral origin and different
countries has been shown to exhibit high antioxidant proper-
ties [24]. The phenolic acids and flavonoids are responsible

Table 1: General composition of honey [50, 51].

Component Value/100 g

Total carbohydrates 82.4 g

Fructose 38.5 g

Glucose 31.28 g

Sucrose 1.31 g

Maltose 7.31 g

Total acid as gluconic 0.57 g

Moisture content 17.1 g

Ash 0.169 g

Fibre 0.2 g

Amino acids/proteins 0.3 g

N 0.041 g

Fe 0.42mg

K 52mg

Ca 6.00mg

P 4.00mg

Mg 2.00mg

Cu 1–100 μg/g

Zn 0.22mg

Vitamin B2 0.038mg

Vitamin B3 0.21mg

Vitamin B5 0.068mg

Vitamin B6 0.024mg

Vitamin B9 2μg

Vitamin C 0.5mg

Miscellaneous groups —
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for the well-established antioxidant activity of honey. Apart
from these, sugars, proteins, amino acids, carotenes, organic
acids, Maillard reaction products, production of reactive
oxygen species (ROS), and other minor components also
contribute to antioxidant effect [53, 55]. Researchers also

showed that honey (1.2 g/kg) elevated the amount and
activity of antioxidant agents such as beta-carotene, vita-
min C, glutathione reductase, and uric acid in healthy
human subjects [56]. The exact antioxidant mechanism is
unknown, but the proposed mechanisms include free
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radical sequestration, hydrogen donation, metallic ion che-
lation, flavonoids substrate action for hydroxyl, and super-
oxide radical actions [25, 57]. Figure 3 is presenting all the
possible mechanisms involved in the antioxidant effects of
honey. The antioxidant effect of honey is well established,
but urges to explore the exact mechanisms involved and
extrapolation to clinical trials.

2.2. Antibacterial and Wound Healing Effects of Honey. Dif-
ferent clinical trials and in vitro studies have reported
broad-spectrum antimicrobial properties of honey [58]. It
was reported that honey constrains the growth of pathogenic
strains such as Streptococcus pyogenes, Streptococcus typhi,
Staphylococcus aureus, coagulase-negative Streptococcus and
E.coli, and species [59]. It also diminishes the growth of
infecting strains such as Pseudomonas aeruginosa, Acineto-
bacter baumannii, and Klebsiella pneumonia in full thickness
burn wound in rats [60].

Antibacterial effect of honey is attributed to presence of
inert antibiotic factors in it. These factors include its acidic
pH, osmotic effect of sugars, and production of H2O2 by
peroxidase. Some nonperoxidase substances also support
antibacterial activity which include flavonoids, phenolic
acids, and lysozyme [61]. In its mechanism of action, a signif-
icant role is played by bee defensin-1(antimicrobial peptide),
methylglyoxal (phytochemical), and hydrogen peroxide pro-
duction by enzyme glucose oxidase [62]. Furthermore, high
sugar contents of honey can also be helpful in eliminating
bacteria through osmosis [63]. Methylglyoxal (MGO) in
honey and its precursor dihydroxyacetone (DHA) have been
recognized as inhibitors of bacterial growth through urease
inhibition. Urease enzyme facilitates bacteria to acclimate
and grow rapidly by producing ammonia in acidic environ-
ment [64]. A very recent study reveals that honey combats
bacterial infections by two different mechanisms: inhibition
of bacterial quorum sensing (QS) system to retard the expres-
sion of las, MvfR, and rhl regulons, as well as its associated
virulence factors, and bactericidal components which
actively kill bacterial cells [65].

Biofilms have emerged as a key factor in antibiotic
resistance. Biofilms protect bacteria from antibiotics result-
ing in relentless infection. Honey acts as a bactericidal
negotiator, penetrates in biofilms, recovers aggressive
infection, and eradicates colonies [66, 67]. It has shown
bactericidal effect against biofilms of pathogenic reference
strains such as Methicillin-resistant Staphylococcus epider-
midis (MRSE), Extended-spectrum beta-lactamases (ESBL),

Klebsiella pneumonia, Pseudomonas aeruginosa, Staphylo-
coccus aureus (SA), Proteus mirabilis, Pseudomonas aerugi-
nosa (PA), Clostridium difficile, and enterohemorrhagic E.
coli. It improves wounds healing, prevents invasive infec-
tions, eliminates biofilm colonization, interrupts outbreaks,
and thus preserves current antibiotic stocks [66, 68–70]. It
inhibits biofilm growth by preventing the binding of bacterial
strains with tissue fibronectin at infection site. It also reduces
expression of fibronectin binding surface proteins such as
Sfb1 and Sof, which are crucial for bacteria to bind with
fibronectin [71]. It also significantly suppresses the expres-
sion of quorum sensing genes (AI-2 importer and indole
biosynthesis), curli genes (csgBAC), and virulence genes
(LEE genes) in virulent E. coli. Glucose and fructose content
in the honey were considered to be key components in
repressing biofilm formation [72].

Normal wound healing is a multipart process in which
coinciding series of events occur which include coagulation,
inflammation, cell proliferation, tissue remodeling, and
replacement of damaged tissue [73]. Honey has been used
widely for the treatment of various types of chronic, burn,
necrotic, diabetic foot and postoperative split skin wounds
[61, 74–76]. In inflammatory phase of wound healing, honey
assists in the elimination of necrotic tissues [63], improves
the remodeling phase [63], and inhibits bacterial growth
[59], resulting in improved healing. Recent study indicates
an increased production of IL-6 and TNF-α by honey at the
wound site in the healing process in IL-6-deficient mice
[77]. Honey facilitates an increased stimulation and produc-
tion of lymphocytes, phagocytes, monocytes, and/or macro-
phages to release cytokines and interleukins such as TNF-α,
IL-1β, and IL-6, expediting the healing process [78]. High
sugar contents and osmolarity of honey also contribute
towards healing. Water is drawn out from the wound bed
by the osmotic effect of honey through a simple outflow of
lymph if the blood circulation at the wound site is sufficient
to carry out this process [79]. Research has shown that honey
improves wound healing through antioxidant response by
activating AMPK (5′adenosine monophosphate-activated
protein kinase) and antioxidant enzymes which ameliorate
oxidative stress. The antioxidant system comprises exoge-
nous and endogenous antioxidants. The endogenous anti-
oxidants are classified as enzymatic and nonenzymatic
antioxidants. The enzymatic antioxidants include superoxide
dismutase (SOD), catalase (CAT), and glutathione perox-
idase (GPx). The nonenzymatic antioxidants comprise
vitamins E and C, glutathione (GSH), and some small

Free radical con�scation Hydrogen donation Metallic ion chelation or
act as substrate for radicals

Stimulation of cells through carbohydrates, proteins, & nucleic acids to produce ROS-reducing oxidative stress

Antioxidant e�ects of honey

Elevation of beta-carotene, vitamin
C, glutathione reductase, & uric acid

Figure 3: Mechanisms of antioxidant effects of honey.

4 Oxidative Medicine and Cellular Longevity



molecules, while exogenous antioxidants include some
micronutrients [24, 80]. These antioxidants also support
proliferation and migration of human dermal fibroblasts
and mitochondrial function to assist healing [81].

Another mechanism explains that wound sites have
usually two types of protein-digesting enzymes: serine pro-
teases and matrix metalloproteases. These protease enzymes
are generally inactive due the presence of some inhibitors.
The proteases become active when the inhibitors become
inactive by H2O2. Thus, H2O2 plays a role as physiological
switching stimuli for activation and inactivation of these
enzymes through oxidation. It has been reported that honey
stimulates and enhances H2O2 production. The wound
debris and bacteria are digested by active proteases. The
active effect of honey sweeps off this debris easily due to
the osmotic outflow [7, 82]. During inflammation, H2O2
also stimulates the growth of fibroblasts and epithelial cells
to repair the damage. Similarly, H2O2 stimulates nuclear
transcription factors (NTFs) for cell multiplication and
wound healing [7].

Some additional mechanisms elaborate that H2O2 stimu-
lates insulin receptor complexes to trigger a chain of molecu-
lar events in the cell. This results in facilitating the uptake of
amino acids and glucose for cell growth. Honey itself may
provide vitamins, minerals, sugars, and amino acids to the
growing cells. This supports phagocytes to engulf infecting
bacteria through glucose consumption. Honey also stimu-
lates cytokines release from monocyte and lymphocyte pro-
liferation to repair tissues. Monocyte activation by mitogen
or honey leads to the production of reactive oxygen species
to initiate a greater inflammatory response. It causes oedema
in surrounding tissue restricting circulation in capillaries.
This results in reduction of oxygen supply and nutrients to
cells. It ultimately restricts the cell growth to replace tissues
to repair wounds [7, 83]. All the possible mechanisms

involved in antibacterial and wound healing effects of honey
have been demonstrated in Figure 4.

2.3. Antifungal Effects of Honey. Honey exhibits antifungal
activity. Research has shown that it has antifungal activity
against Aspergillus niger, Aspergillus flavus, Penicillium
chrysogenum, Microsporum gypseum, Candida albicans,
Saccharomyces, and Malassezia species [84]. The potential
antimicrobial effect of honey is attributed to the presence of
glucose oxidase, methylglyoxal, and high sugar contents
[85–88]. The mechanism is not completely understood; how-
ever, some potential pathways have been suggested.

Honey inhibits fungal growth through prevention of their
biofilm formation, disruption of established biofilms, and
instigating changes to exopolysaccharide structure. It distorts
the cell membrane integrity which results in shrinkage of cell
surface in biofilm, leading to death or growth retardation
[89]. Atomic force microscopic studies have revealed that
when biofilm is treated with honey (40% w/v) exopolysac-
charide layer thickness is reduced to half and roughness
increases followed by its complete removal [90]. Researchers
have shown that flavonoid part of honey decelerates the
growth of fungi, affects the external morphology and mem-
brane integrity, and inhibits some cellular processes that are
involved in germ-tube growth. The inhibition of germ-tube
emergence correlates with poor growth of membrane. Honey
flavonoid extract has also been found to affect hyphal transi-
tion by reducing the percentage of cells in the G0/G1 phase
and/or G2/M phase [91]. Figure 5 is showing the possible
mechanisms involved in antifungal effects of honey. The
detailed description of antifungal effects of honey and molec-
ular targets involved is a key gap to be probed yet.

2.4. Antiviral Effects of Honey. The viral activity is usually
elicited by native or universal stimuli which lead to infections

Inhibition of QS system
through retardation of las,
MvfR, rhl regulons, curli,
& virulence genes

Methylglyoxal

Production of ROS species
& osmosis

Honey Bee-defencin 1 & other componentsActivation of AMPK, CAT, SOD & GPx

H2O2

Glucose oxidase stimulation
& glucose absorption 

Antibacterial and wound healing effects

Inhibits bacterial urease enzyme

Cell stimulation

Release of cytokines
and interleukins (e.g.
TNF-𝛼, IL-1𝛽, and IL-6)

Stimulation of serine
proteases, metalloproteases,
insulin receptor complexes,
fibroblasts, epithelial cells, &
NTFs

Figure 4: Mechanisms of antibacterial and wound healing effects of honey. AMPK= 5′adenosine monophosphate-activated protein kinase;
QS = quorum sensing; SOD= superoxide dismutase; GPx = glutathione peroxidase; NTFs = nuclear transcription factors; TNF-α= tumour
necrosis factor alpha; IL = interleukins.
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and lesions [92]. Current studies have manifested that honey
holds potential antiviral effects. Antiviral effect of honey is
attributed to its various ingredients which have been found
to be operative in controlling of lesions, for instance, copper
inactivates virus that is a trace element part of honey. Simi-
larly, presence of ascorbic acid, flavonoids, and H2O2 pro-
duction by honey also leads to viral growth inhibition by
interrupting viral transcription and translation [93, 94]. Data
of in vitro studies has shown antiviral activity of honey
against different types of viruses such as Rubella, herpes
simplex, and varicella zoster viruses [31, 95, 96]. Honey
comprises secretion from the salivary and pharyngeal
glands of the honeybee’s head. Recently, nitric oxide (NO)
metabolites, nitrite, and nitrate have been identified in sal-
ivary gland’s section [56]. It is well established that NO is
an energetic molecule that produces host defense against
viruses, both DNA and RNA viruses. NO acts by slowing
down the development of viral lesions as well as arresting
their replication [56, 97]. In its mode of action, NO
represses replication by interfering with viral polymerase,
nucleic acid, and/or viral capsid proteins. The flavonoid
content of honey has also been reported to inhibit the viral
transcription and replication [98, 99]. Figure 6 is presenting
the possible mechanisms involved in antiviral activity of
honey. To understand the actual influence of honey on
viruses and mechanisms intends to do more research to
map the road.

2.5. Anti-Inflammatory Effects of Honey. Inflammation is the
intricate biological response of vascular tissues to detrimental
stimuli. It is a defensive way of response shown by the tissues
and organism to remove the pathogens or stimuli which
are the cause of injury. Inflammation is classified into two

classes: acute and chronic inflammation. Acute inflammation
is an early retort of the body towards stimuli. The indica-
tion of acute inflammation is redness, pain, itching, and
loss of ability to perform function [100]. If the acute
inflammation is not treated well and prolonged, then it
is converted into chronic inflammation. It is considered
as a major cause of several chronic diseases or disorders.
Thus, anti-inflammatory action is supposed to counteract
unceasing diseases such as liver diseases [101], kidney dis-
eases [102], and cancer [103]. Several factors can be
involved in proinflammatory response such as cytokines,
cyclooxygenases (COXs), lipoxygenases (LOXs), mitogens,
macrophages, TNF factors, and many other factors of
inflammatory pathways.

The anti-inflammatory action of honey is well docu-
mented [104]. It has shown anti-inflammatory response
from cell cultures [40], animal models, to clinical trials
[104, 105]. The exact mechanism of action of honey towards
inflammation is not well understood yet. In inflammatory
pathway, two of its components activated in ailments are
mitogen-activated protein kinase (MAPK) and nuclear factor
kappa B (NF-κB) pathways [120]. Activation of MAPK
and NF-κB ultimately results in induction of several other
inflammatory mediators, enzymes, cytokines, proteins, and
genes such as cyclooxygenase-2 (COX-2), lipoxygenase 2
(LOX-2), C-reactive protein (CRP), interleukins (IL-1, IL-6,
and IL-10), and TNF-α. All these markers of proinflamma-
tory action are known to play a major role in inflammation
and angiogenesis-related etiology of disease [30, 119]. Recent
evidence of in vivo studies has shown the anti-inflammatory
mechanisms of honey. These studies showed that honey
decreases edema and plasma levels of proinflammatory cyto-
kines such as IL-6, TNF-α, PGE2, NO, iNOS, and COX-2. It

Honey

Deterioration of membrane
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cellular processes of germ-
tube emergence

Arrest of percentage of cells in G0/G1
and/or G2/M phase
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exopolysaccharides of
membranes of fungal cells/
biofilms

Effect on biofilms and external morphology resulting in growth retardation or death of fungal cells

Figure 5: Mechanisms of antifungal effects of honey.
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Cu, H2O2, flavonoids, and
ascorbic acid

NO Inhibition of viral polymerase, nucleic
acids, and/or capsid proteins

Inhibition of transcription & translation

Inactivation of viruses

Figure 6: Mechanisms of antiviral effects of honey. Cu = copper; NO=nitric oxide.
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was also demonstrated that honey attenuates NF-κB translo-
cation to the nucleus and suppresses IκBα (inhibitor of kappa
B) degradation [106, 107]. It has been reported that phenolic
acids and flavonoids such as chrysin, quercetin, and galangin
are able to suppress the activity of proinflammatory enzymes,
for example, cyclooxygenase-2 (COX-2), prostaglandins
[108], and inducible nitric oxide synthase (iNOs) [109].
Research has shown that flavonoid content of honey slows
down the expression of MMP-9 (matrix metallopeptidase
9), an inflammatory mediator that causes chronic inflamma-
tion. Honey has the ability to significantly inhibit the expres-
sion of anti-inflammatory cytokines such as IL-1 and IL-10
and growth factors PDGF (platelet-derived growth factor)
and TGF-β (transforming growth factor-β). In vitro model
of MM6 cell lines using 1% solution of honey was con-
cluded [110]. Another possible mechanism shows that
reactive oxygen species are produced by macrophages,
monocytes, and neutrophils that enhance inflammation.
Honey ceases the release of such types of cells to promote
anti-inflammatory effect. It also inhibits the production of
keratinocytes and leukocytes to reduce inflammation. It
has been demonstrated that in inflammatory response
H2O2 production by honey stimulates the growth of fibro-
blasts and epithelial cells to repair the inflammatory damage.
This anti-inflammatory action of honey makes it a novel
agent to modulate a disease [111–113].

Anomalous arachidonic acid metabolism is involved in
inflammation. LOXs metabolize arachidonic acid to leukotri-
enes (LTs). There are three types of lipoxygenase (LOX) iso-
zymes: 12-LOX, 15-LOX, and 5-LOX. 12-LOX provokes
inflammatory/allergic disorders, 15-LOX synthesizes anti-
inflammatory 15-HETE (15-hydroxyeicosatetraenoic acid),
and 5-LOX generates 5-HETE (5-hydroxyeicosatetraenoic
acid) and LTs [114]. Many polyphenols in honey have been
reported to suppress LOXs [114]. The anti-inflammatory
effect of honey can be attributed to its phenolic compounds
and flavonoids [15, 128, 129]. Figure 7 is depicting the
possible mechanisms of anti-inflammatory effect of honey.

To understand the actual influence of honey on LOXs, COXs,
and TNF signaling pathways and mechanisms involved
intends to do more research to map the road.

2.6. Honey and Its Antidiabetic Properties. Diabetes melli-
tus is a complex metabolic syndrome. Insulin deficiency
or nonfunctional insulin is responsible for it [115]. In this
syndrome, many anomalies in lipoprotein and carbohydrate
metabolism are involved with an elevated glucose level
[116, 117]. Acute complications in this disorder may include
hyperosmolar, diabetic ketoacidosis and hyperglycemic state,
which may lead to death [118].

Honey has shown antidiabetic effects from animal
models to clinical trials [30, 119]. Researchers have invoked
it as a potential antidiabetic agent [120]. Its concentrations
tested such as 0.2, 1.2, and 2.4 g/kg/day showed an improved
antioxidant effect exerting a hypoglycemic in streptozotocin-
induced diabetic rats [30]. Similarly, glucose level in type-2
diabetes mellitus was found to be reduced when honey was
administered by inhalation as 60% (W/V) [119]. This antidi-
abetic or hypoglycemic effect of honey is attributed to the
presence of fructose in it [122]. Fructose assists to regulate
the insulin-response system, resulting in controlled blood
glucose level. Another hypothesis suggests that glucose level
is reduced by the postponement of digestion and absorption
which are brought about by oligosaccharide palatinose, a
sucrose. It results in modulation of diabetes in diabetic
patients [123]. It has also been reported that captivation
of glucose in cells can be increased in collaboration with
fructose [124, 125], leading to a decreased food-intake or
absorption to direct a hypoglycemic effect. Monosaccha-
rides such as glucose, fructose, and galactose are formed
by the hydrolysis of carbohydrates prior to their absorp-
tion [126]. It has been suggested that fructose is taken
up by the two receptors GLUT5 and/or GLUT2 via pro-
tein- and energy-mediated diffusion [127]. The expression
of GLUT2 mRNA is generally increased by glucose and
fructose. However, an increased expression of GLUT5

Anti-inflammatory effects

Inhibition of expression of markers of inflammatory pathways

Honey

Suppression of the expression of ROS
through inhibition of release of cells such
as macrophages, monocytes, neutrophils,
keratinocytes, and leukocytes

Inhibition of the expression of MMP9

such as IL-1, IL-10, IL-6, COX-2, TNF-𝛼, NF-𝜅B, I𝜅B𝛼,
PDGF, TGF-𝛽, LOXs, NO, iNOS, and prostaglandins.

Increased production of H2O2

Figure 7: Mechanisms of anti-inflammatory effects of honey. MMP-9 =matrix metallopeptidase 9; IL = interleukin; COX-2 = cyclooxygenase
2; LOXs = lipoxygenases; TNF-α= tumour necrosis factor alpha; PGE2 = prostaglandin E2; NO=nitric oxide; iNOS= inducible nitric oxide
synthase; NF-κB=nuclear factor kappa B; IκBα= inhibitor of kappa B; PDGF= platelet-derived growth factor; TGF-β= transforming
growth factor-β.
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mRNA is caused solely by fructose, resulting in its fast
absorption [128–130]. Research has shown that a hypogly-
cemic effect was observed when mice induced with diabe-
tes were fed with fructose [131]. Glucose level can also be
regulated by a specific hypoglycemic role of the fructose in
the liver. In this mode of action, fructose stimulates the
phosphorylation enzymes, for instance, glucokinase, trigger-
ing hepatic glucose phosphorylation [132]. The inhibition
of these enzymes results in inhibition of glycogenolysis.
Thus, whole metabolism of glycogen and glucose is regu-
lated by fructose, showing its vital regulatory role to control
hyperglycemia [133, 134].

Another proposed mechanism explains that hypoglyce-
mic effect of honey may be through the role of honey in
modulating the insulin signaling pathway [120, 135]. A
key component of insulin signaling is the PI3K/Akt [136].
It is known for its role in modulatory functions of several
substrates which regulate cell cycle progression, cell survival,
and cellular growth. The effect of honey extracts on Akt-
activated insulin signaling pathway in pancreatic cells was
recently investigated under hyperglycemic condition. It was
observed that the development of insulin resistance was char-
acterized by increased levels of NF-κB, MAPK, and insulin
receptor substrate 1 (IRS-1) serine phosphorylation. Akt
expression and insulin contents were found to be markedly
reduced. This study showed that pretreatment with honey
and quercetin extract improves insulin resistance and insulin
contents. Honey treatment increased the expression of Akt
and reduced the expression of IRS-1 serine phosphorylation,
NF-κB, and MAPK [120, 135–137].

Honey supplementation shows its modulatory effects on
oxidative stress and hyperglycemia. Its antioxidant activity
to ameliorate diabetes is well established [24]. Besides this,
it also ameliorates several other metabolic derangements
observed in diabetes such as reduced levels of triglycerides,
hepatic transaminases, glycosylated hemoglobin (HbA1c),
and increased HDL cholesterol [138]. Figure 8 is showing

the possible mechanisms of antidiabetic effects of honey. Fur-
ther studies are warranted to explore the exact mechanisms
involved in antidiabetic activity of honey.

2.7. Antimutagenic Effects of Honey.Mutagenicity, the ability
to induce genetic mutation, is interlinked with carcinogenic-
ity [139]. Honey exhibits strong antimutagenic activity [140].
The effect of honey on radiation (UV or γ)-exposed Escheri-
chia coli cells was investigated to observe SOS response,
which is an error-prone repair pathway contributing to
mutagenicity [140]. Some important genes such as umuC,
recA, and umuD involved in SOS-mediated mutagenesis
were knocked out to elaborate the results. Honey reduced
mutation frequency significantly in treatment groups than
in controls. The suppression of error-prone mutagenic repair
pathways (for instance SOS response in E. coli) was the pos-
sible mechanism contributing to the antimutagenic effect.
The antimutagenic activity of honey from seven different flo-
ral sources (acacia, buckwheat, fireweed, soybean, tupelo, and
Christmas berry) and honey sugar analogue against Trp-p-1
was tested by the Ames assay [28]. All honeys showed a sig-
nificant inhibition of mutagenicity caused by Trp-p-1. About
30% honey in the infusion formulation was most effective in
inhibiting HAA (heterocyclic aromatic amines) formation
and overall mutagenicity beef steak and chicken breast
[141]. Figure 9 is showing the possible mechanisms of anti-
mutagenic effects of honey. A broad spectrum research is
needed to conduct to understand the mechanisms of antimu-
tagenic effects of honey.

2.8. Anticancer Effects of Honey. Cancer cells possess two
distinct characteristics: unrestrained cell multiplication
and inadequate apoptotic turnover [142]. Drugs which
are commonly used for cancer treatment are apoptosis
inducers [143]. Programmed cell death or apoptosis is cat-
egorized into three phases: (a) an induction phase, (b) an
effector phase, and (c) a degradation phase. The induction

Modulation of insulin response system/reduced blood glucose level

Honey

Fructose

Regulation & modulation of insulin signaling pathway through
increased expression of Akt and reduced expression of IRS-1
serine phosphorylation, NF-𝜅B, and MAPK

Regulation of expression of
GLUT5 & GLUT2 receptors

Regulation & modulation of phosphorylation
enzymes such as glucokinase in liver
glycogenolysis

Figure 8: Mechanisms of antidiabetic effects of honey. MAPK=mitogen-activated protein kinase; NF-κB=nuclear factor kappa B;
Akt = altered PI3 kinase; IRS-1 = insulin receptor substrate 1.
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phase stimulates proapoptotic signal transduction cascades
through death-inducing signals (ceramide signaling, reactive
oxygen species, Bcl-2 family proteins such as Bad, Bax,
and Bid, and over activation of Ca2+ signalling pathway).
Effector phase is committed to bring cell death via a key
regulator, mitochondrion. The last degradation phase com-
prises nuclear and cytoplasmic events. Nuclear change
includes chromatin and nuclear condensation, cell shrinkage,
DNA fragmentation, and membrane blebbing. In the cyto-
plasm, a complex cascade of protein-cleaving enzymes called
caspases is activated. The cell is finally destined into frag-
mented apoptotic bodies, which are phagocytosed by mac-
rophages or other surrounding cells [143, 144].

The apoptosis usually follows two pathways: the
caspase-8 or death-receptor pathway and caspase-9 or
mitochondrial pathway.

Literature established that honey induces apoptosis in
various types of cancer cells [22, 39, 40, 145, 146]. This apo-
ptotic temper of honey is vital because many drugs used for
cancer treatment are apoptosis inducers [147]. Thus, the
honey and its active components can regulate apoptosis by
operating at various points of these two signaling pathways.

Honey induces apoptosis in human breast, colon, and
cervical cancer cell lines model via depolarization of the
mitochondrial membrane by reducing the mitochondrial
membrane potential [22, 39]. These studies proved the
caspase-9 pathway apoptotic induction by honey. Another
research investigated that crude honey was sole responsible
to induce apoptosis in human colon cancer and glioma C6
cell lines by elevating caspase-3 activation level and PARP
(Poly (ADP-ribose) polymerase) cleavage. This characteristic
was attributed to higher tryptophan and phenolic contents
of honey [40, 145, 148]. Researchers showed that it induces
apoptosis by upregulating and modulating the expression of
pro- and antiapoptotic proteins in colon cancer cell lines
HCT-15 and HT-29. It was found to elevate the expression
of caspase-3, p53, and proapoptotic protein Bax. It downreg-
ulated the expression of antiapoptotic protein Bcl-2. The
whole mechanism explained that ROS generation by honey
results in the activation of p53, which in turn modulates the
expression of pro or antiapoptotic proteins like Bax and
Bcl-2 [22]. Honey administered with Aloe vera was found
to boost the expression of proapoptotic protein Bax and
decrease antiapoptotic protein Bcl-2 expression in Wistar
rats with W256 mammary carcinoma implants [147, 148].
Furthermore, two different studies demonstrated that honey

exerts its cancer therapeutic and cancer preventive effects in
multiple ways such as modulation of immune response by
ameliorating haematological parameters and stimulation of
the intrinsic/mitochondrial apoptotic pathway at serological
and cancer tissue level. In these studies, honey was given by
oral feeding to Sprague-Dawley rat model using different
concentrations such as 0.2, 1.0, and 2.0 g/kg body weight. It
ameliorated the intrinsic apoptotic pathway through upregu-
lation of the expression of proapoptotic proteins such as
caspase-9, APAF-1 (apoptotic protease activating factor 1),
p53, IFN-γ (interferon gamma), and IFNGR1 (interferon
gamma receptor 1). Concomitantly, honey was found to
downregulate the expression of antiapoptotic proteins such
as Bcl-xL (B-cell lymphoma extra large), TNF-α, COX-2,
E2 (estrogen), and ESR1 (estrogen receptor 1) [149, 150]. It
was also demonstrated that honey alone induces intrinsic or
caspase-9 apoptotic pathway with no evidence of the
involvement of extrinsic or caspase-8 pathway [149, 150].
Flavonoids and phenolic contents of honey have been
encountered to occlude the cell cycle of glioma [145], mel-
anoma [146], colon [40], and cancer cell lines in G0/G1
phase. This inhibitory effect on tumor cell proliferation
follows the downregulation of many cellular pathways via
tyrosine cyclooxygenase, ornithine decarboxylase, and kinase
[40, 145, 146, 151]. The mechanisms of action of honey
include mainly its interference with multiple molecular tar-
gets and cell signaling pathways such as apoptotic, antipro-
liferative or cell cycle arrest, anti-inflammatory, estrogenic
modulatory, antimutagenic, insulin modulatory, angiogene-
sis modulatory, and immunomodulatory pathways [6, 17].
Reviews by Ahmed et al. [6] and Erejuwa et al. [17] have
well explained the possible mechanisms of anticancer
effects of honey. Figures 10, 11, and 12 are showing a sum-
marized presentation of mechanisms of anticancer effects
of honey. Further studies are necessary to understand the
exact influence of honey on the apoptotic pathways in can-
cer cells like the activation of caspase-8, p21, p38 MAPK
(mitogen-associated protein kinase and p38 pathways), p-
38 JNK (c-Jun N-terminal kinase), release of cytochrome
c, and the suppression of antiapoptotic proteins such as
IAP (inhibitor of apoptosis proteins), c-FLIP (cellular Flice
inhibitory protein), and Akt (altered PI3 kinase), and the
initiation of extrinsic pathway of apoptosis by induction
of TRAIL (TNF-related apoptosis-inducing ligand) and
Fas (fatty acid synthase-associated protein) receptor stimu-
lation in cancer cells.

Inhibition of Trp-p-1 and HAA

Honey

Suppression of SOS error-prone repair pathway

Antimutagenic e�ect

Figure 9: Mechanisms of antimutagenic effects of honey. Trp = tryptophan; HAA=heterocyclic aromatic amines; SOS = response of an
error-prone repair pathway contributing to mutagenicity.
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2.9. Antiproliferative Effects of Honey. Cell divides into two
through cell cycle to replace cell death. The cell cycle com-
prises of three distinguished phases known as G0, G1, S,
and G2/M. Cells remain still in G0 phase and not partic-
ipating in the cell division. Cell gears up in G1 phase to
move through cell division, and S phase involves synthesis
of DNA. G2 and M phases are just ready to mitosis with
4n DNA. All the events in the cell cycle are regulated
and monitored by several different proteins. The control
panel of cell cycle comprises cyclins and cyclin-dependent
kinases. G1/S phase transition is a vital regulatory point,
where cell’s fate is destined for quiescence, proliferation, dif-
ferentiation, and apoptosis. Overexpression and dysregula-
tion of cell cycle growth factors such as cyclin D1 and
cyclin-dependent kinases (CDK) are linked with pathogene-
sis. The loss of this regulation is the hallmark of cancer as well
[152]. The nuclear protein Ki-67 is a novel marker to probe
the growth fraction of cell proliferation. It is absent in the
resting phase (G0), but expressed during the cell cycle in all
the proliferation phases (G1, S, G2, and mitosis) during cell
cycle [153].

Administration of honey and Aloe vera solution showed a
marked decrease in expression of Ki67-LI in tumor cells in
Wistar rats having 256 carcinomas [147]. Honey and its sev-
eral components like flavonoids and phenolics are reported
to block the cell cycle of colon cancer cell lines in G0/G1
phase [40]. This inhibitory effect on tumor cell proliferation
follows the downregulation of many cellular pathways via
proteins such as tyrosine cyclooxygenase, ornithine decar-
boxylase, and kinase. Thus, it can be hypothesized that hon-
ey—or its components—mediates inhibition of cell growth
and is due to perturbation in the cell cycle which may possi-
bly lead to apoptosis [40, 145, 146, 154]. The cell cycle is a

process regulated also by p53 protein, which as a result of
DNA damage increases the levels of cyclin-dependent kinase
(Cdk) inhibitors such as p21, p16, and p27 proteins [22].
Honey is reported to be involved in modulation of p53 reg-
ulation in colon cancer cell lines [22]. Figure 13 is depict-
ing the possible mechanisms of antiproliferative effects of
honey. Honey can suppress and or block the abnormal
division of cells by working at various points of cell cycle.
This is still urging to investigate the effect of honey on
the levels of cyclin-dependent kinases, complexes of cyclins,
cyclin-dependent protein kinases, and cyclin-dependent
kinase inhibitors such as p16, p21, and p27 proteins in cell
cycle proliferation.

2.10. Immunomodulatory Effects of Honey. Immunomodula-
tion is progression of altering an immune system in a con-
structive or else damaging style. Many biological and
chemical blends have the ability to modify immune system
[155]. Immunomodulatory cytokines such as TNF-α, IL-1,
IL-6, and IL-10 boost activation and proliferation of blood
cells to induce phagocytic and lymphocytic activity, trigger-
ing an immunomodulatory response [156]. Honey was found
to provoke stimulation to the immune system of the body to
combat infections in rats. It stimulates T-lymphocytes, B-
lymphocytes, and neutrophils in cell culture. B-lymphocytes
ultimately stimulate the production of antibodies in primary
and secondary immune responses against thymus-dependent
and thymus-independent antigens [157]. It stimulates mono-
cytes to release the cytokines such as TNF-α, IL-1, and IL-6,
activating numerous aspects of immune response. Stimula-
tory action of honey towards leucocytes illustrates another
action called “respiratory burst.” In this action, glucose of
honey is absorbed to produce H2O2, which is considered

Anticancer e�ect
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Antioxidant activity
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Figure 12: Schematic summary of anticancer effects of honey (adopted from [6]).
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Figure 13: Mechanisms of antiproliferative effects of honey.
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as a leading constituent to stimulate the immune system.
It also delivers substrate to glycolysis to produce energy
in macrophages to allow them to perform immune modu-
latory function [4, 158].

Research has manifested that sugars which are slowly
absorbed result in the formation of short chain fatty acid
(SCFA) fermentation products. It is a probable mechanism
that the ingestion of honey may result in SCFA formation.
It has been established that either directly or indirectly, SCFA
has immune modulatory actions. Thus, honey may stimulate
the immune system via these fermentable sugars [159]. A
sugar, nigerose, present in honey has been found to be
immune protective [160]. Nonsugar components of honey
may also be responsible for immunomodulation. Antioxi-
dant content of the honey contributes to immunomodulatory
action as well. Though antioxidant compounds have been
reported to stimulate immune function in vitro, but there
are no direct studies manifesting the effects of honey antiox-
idants on immune system [159, 160]. Different studies pre-
sented that Manuka, Pasture, Nigerian Jungle, and royal
jelly honeys used in variant concentrations were found to
increase IL-1β, IL-6, and TNF-α, apalbumin 1, production
in cell line models [35, 78, 161]. The active component in
Manuka was 5.8 kDa, which increased the production of
these cytokines and TNF-α via TLR4 (toll-like receptor-4)
in cell line culture. These authors settled that the compound
was not an amino acid, lipopolysaccharide, mineral, or vita-
min urging probe to elucidate the nature of this immune
regulatory compound [78]. Treatment with honey (0.2, 1.0,
and 2.0 kg/kg) showed a potentiating effect on haematolog-
ical parameters such as Hb, RBC, PCV, lymphocytes, and
eosinophils. It also showed an increasing effect on IFN-γ
and IFNGR1 at serum and cancer tissue level in rats induced
with breast cancer [149, 150]. Honey, when tested using
concentration 1.2 g/kg body weight, was found to increase
the antioxidant agents (vitamin C and β-carotene), mono-
cytes, lymphocytes, eosinophils, serum iron and copper,

glutathione reductase, and trace elements (Zn and Mg) in
healthy human subjects. It caused to decrease immuno-
globulin E, ferritin, and liver and muscle enzymes, aspartate
transaminase, alanine transaminase, lactate dehydrogenase,
creatinine kinase, and fasting blood sugars [56].

The results of clinical trials showed that Life Mel honey
(LMH) reduced the incidence of anaemia in 64% of patients
by decreasing thrombocytopenia and neutropenia [162]. A
study demonstrated that probiotic bacteria in honey have
multiple actions in immunity: (a) protect the damaged
immune system; (b) enhance the levels of circulating immu-
noglobulins, frequency of interferon and immunophagocytic
activity; and (c) shift the events of the chemically induced
reactions [163]. Synthetic medicines and natural products
such as honey are supposed to inhibit PG production
[164]. Immune function can be restored by the treatment
with prostaglandin inhibitors or by reducing systemic
PGE2 levels. The use of honey as a PG inhibitor to prevent
a disease is emerging. Honey has shown inhibitory effects
on PGE2 in carrageenan-induced acute paw edema in rats
[107]. Figure 14 is showing the possible mechanisms of
action of honey for its immune regulatory effects. Further
probes are recommended to elucidate the effects and mecha-
nisms of immune modulatory effects, perhaps using artificial
immune challenges.

2.11. Cardiovascular Effects of Honey. Honey has the ability
to regulate some cardiovascular risk factors which include
blood glucose, cholesterol, CRP (C-reactive proteins), and
body weight [43]. Honey contains glucose, fructose, and
some trace elements such as copper and zinc, which may play
a vital role to ameliorate the cardiac risks. It causes to
decrease LDL (low-density lipoprotein), high-density lipo-
protein cholesterol (HDL-C), triacylglycerole, body fat, glu-
cose, and cholesterol levels in cardiac patients and healthy
human subjects who took honey 70 g for 30 days. It retards
the level of CRP, which stimulates nitric oxide production

T-lymphocytes, neutrophils &
eosinophils, & other blood cells

Stimulation of macrophagesCytokines TNF-𝛼, IL-1, 
and IL-6 production

Respiratory burst
by sugar content

H2O2 production

Production of
antibodies
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to glycolysis

Honey Sugars absorbed
from honey

SCFA

Modulation of IFN-𝛾, 
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Immunomodulatory e�ect
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Figure 14: Mechanisms of immunomodulatory effects of honey. IFN-γ= interferon gamma; IFNGR1= interferon gamma receptor 1;
IL = interleukin; TNF-α= tumour necrosis factor alpha; PGE2= prostaglandin E2; SCFA= short chain fatty acid.
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[43]. Nitric oxide has many cardioprotective effects which
include regulation of blood pressure, vascular tone, inhibi-
tion of platelet aggregation, leukocyte adhesion, and pre-
vention of smooth muscle cell proliferation [165]. NO
acts as a critical mediator for vasodilation in blood vessels.
It is induced by many factors such as acetylcholine, shear
stress, and cytokines via eNOS synthesis. NO causes phos-
phorylation of several proteins that causes smooth muscle
relaxation. The vasodilatory effect of NO plays a major
role in renal regulation of extracellular fluid homeostasis
and is also critical for the regulation of blood pressure
and blood flow [165, 166]. Some flavonoids in honey have
been reported to modulate cardiovascular risks by decreasing
oxidative stress and increasing nitric oxide (NO) bioavail-
ability. Similarly, rutin promotes NO production by
enhancing eNOS gene expression and its activity. Naringin
inhibits hypercholesterolemia-induced intercellular adhe-
sion molecule-1 (ICAM-1) expression on endothelial cells.
Recent studies have shown that catechin and quercetin as
major honey flavonoids have inhibitory effects on the
development of aortic atherosclerotic lesions and athero-
genic modification of LDL [167].

Honey pretreatment was found to restore the decreased
levels of enzymes such as superoxide dismutase, glutathione
peroxidase, and glutathione reductase including creatine
kinase-MB, lactate dehydrogenase, aspartate transaminase,
and alanine transaminase against isoproterenol-induced
myocardial infarction in Wistar rats [168]. It shows that
honey gives defense from harmful effects prompted by free
lethal radicals [169]. Another study has shown that honey
causes to increase antioxidant markers in rat myocardial
infraction model ameliorating cardiac troponin I (cTnI), tri-
glycerides (TG), total cholesterol (TC), and lipid peroxida-
tion (LPO) products [169]. All the possible mechanisms of
cardiovascular effects of honey have been demonstrated in
Figure 15. However, the exact mechanisms of action of honey
still remain obscure for its cardiovascular effects. This urges
for further investigation.

3. Pharmacokinetics of Honey

Literature lacks reports for the pharmacokinetics of honey.
However, research has shown that honey may affect the
pharmacokinetics of some drugs [170]. In vivo human
studies reported that honey interferes with the activity of
cytochrome p450 (CYP450) isozymes [170]. Preliminary
clinical investigations for the effect of honey on CYP450
activity suggest that honey might increase CYP3A4 activity;
however, it does not affect the activity of CYP2D6 and/or
CYP2C19. It was also observed that increased CYP3A4 activ-
ity requires regular ingestion of honey, while occasional
ingestion is unlikely to significantly affect drug plasma con-
centrations. Thus, honey may cause altered response to drugs
metabolized by CYP3A4 [170]. CYP3A4 is the major phase I
drug-metabolizing enzyme, and P-glycoprotein is an ATP-
dependent drug efflux pump that regulates the intestinal
absorption of orally administered drugs. In contrast, another
human study reported that daily consumption of honey does
not affect hepatic and intestinal CYP3A and P-glycoprotein
activities [171, 172].

4. Limitations of Honey

Honey should be evaluated for its toxicological effects based
on plants and or nectar source. Though not all, but intoxica-
tion by honey may be expected, for instance, mad honey is
contaminated with grayanotoxin. Grayanotoxin is found in
rhododendron plants in countries such as China, Tibet,
Turkey, Nepal, Myanmar, Japan, New Guinea, Philippines,
Indonesia, and North America. Mad honey collected in
spring is more toxic containing more grayanotoxin [173].
Grayanotoxin causes intoxication which may include
weakness, dizziness, excessive perspiration, hypersalivation,
nausea, vomiting, and paresthesias. It may even lead to life-
threatening cardiac complications such as complete atrioven-
tricular block [173]. Honey may become contaminated with
germs from plants, bees, and dust during production,

Honey
Decreased LDL, HDL-C,
triglycerol, cholesterol, troponin
Ι, body fat, and glucose

Catechin and quercetin in honey
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NO production
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Figure 15: Mechanisms of cardiovascular protective effects of honey. eNOS= endothelial nitric oxide synthase; NO=nitric oxide; LDL= low-
density lipoprotein; HDL-C= high-density lipoprotein cholesterol; CRP=C-reactive proteins.
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collection, and/or processing. Fortunately, antimicrobial
activity of honey ensures that most contaminating germs
cannot survive or reproduce. However, bacteria that can
reproduce using spores, including those that cause botulism,
may survive. This is the reason that botulism has been
reported in infants given honey orally. To solve this issue,
honey or medical-grade honey should be irradiated to inac-
tivate the bacterial spores [174]. Sometimes, food allergy
due to honey is frequently accompanying with pollen
allergy due to the presence of pollens during its collection.
Thus, honey may have the possibility of sensitivity in any
patient with suspected but unresolved food allergy [175].
A typical consumption of sugar and high fructose corn
syrup (HFCS) totals the nearly ¾ pound per day for every
individual above age 2. However, an amount, which simply
overwhelms, results in elevated blood sugar levels, excessive
insulin release, and resultant fat production and storage in
the liver [176].

5. Conclusion

Honey can be considered a serine potential natural antioxi-
dant medicine. Evidence-based research shows that honey
acts through a modulatory road of multiple signaling path-
ways and molecular targets. It may interfere with multiple
targets in cell signaling pathways such as induction of cas-
pases in apoptosis, stimulation of TNF-α, IL-1β, IFN-γ,
IFNGR1, p53, and immune cells, inhibition of cell prolifer-
ation, cell cycle arrest, inhibition of lipoprotein oxidation,
IL-1, IL-10, COX-2, LOXs, and PGE2, and modulation of
other diverse targets. This results in triggering the ameliora-
tion of antioxidant, antimutagenic, anti-inflammatory,
immune regulatory, and estrogenic responses to abate differ-
ent types of diseases. Effect of honey on pharmacokinetics of
drug leads to dissimilar progressions of the body. Further
research is needed to establish the possible mechanisms
involved. More clinical and experimental trials are also
intended to validate the authenticity of honey either alone
or as an adjuvant therapy.
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Antroquinonol was investigated as antioxidant and inhibition of inflammatory responses. Our study was to evaluate its
immunosuppressive effect on CD8+ T cells and protective effect on depigmentation. CD8+ T cells were treated with
antroquinonol in vitro, and C57BL/6 mice were treated with antroquinonol with or without H2O2 in vivo for 50 consecutive
days. We found antroquinonol could inhibit proliferation of CD8+ T cells and suppress the production of cytokines IL-2 and
IFN-γ and T cell activation markers CD69 and CD137 in vitro. H2O2 treatment induced depigmentation and reduced hair
follicle length, skin thickness, and tyrosinase expression in vivo. Whereas, antroquinonol obviously ameliorated depigmentation
of mice skin and resisted the reduction of hair follicle length, skin thickness, and tyrosinase expression induced by H2O2.
Antroquinonol decreased CD8+ T cell infiltration in mice skin, inhibited the production of IL-2 and IFN-γ, and decreased the
expression of CXCL10 and CXCR3. Summarily, our data shows antroquinonol inhibits CD8+ T cell proliferation in vitro. It also
reduces CD8+ T cell infiltration and proinflammatory cytokine secretion and suppresses the thinning of epidermal layer in vivo.
Our findings suggest that antroquinonol exerts immunosuppressive effects on CD8+ T cell proliferation and activation to resist
depigmentation induced by H2O2.

1. Introduction

Vitiligo is a common dermatological disorder characterized
by the progressive depigmentation caused by a loss of mela-
nocytes in the epidermis. Absence of melanocytes in the skin
lesion has been considered as a core event in the pathogenesis
of vitiligo [1]. A single dominant pathway appears unable to
explain all causes of vitiligo. Obviously, loss of melanocytes
in vitiligo seems to occur through a complex interaction of
several mechanisms including environmental, biochemical,
immunological, and genetic events that act in concert [2].
In vitiligo epidermis, the increased levels of reactive oxygen
species (ROS) were observed [3, 4]. −89 A/T polymorphisms
of catalase in vitiligo patients showed significantly increased
lipid peroxidation levels [5]. Increased malondialdehyde
and decreased catalase were found in vitiligo patient blood

[6]. Higher activity of superoxide dismutase has been dem-
onstrated in both lesional and nonlesional epidermis [7].
Lymphocyte analysis to peripheral blood of patients with vit-
iligo showed the total levels of T-cells are normal, but the
ratio of CD4+/CD8+ is decreased. The decreased CD4+/
CD8+ ratio of skin-infiltrating T cells and CD8+ T cells from
vitiligo skin are observed in progressive disease [8]. Signifi-
cantly higher number of circulation CD8+ T cells was shown
in progressive generalized vitiligo [9]. Decreased CD4+/CD8+

ratio was shown in active generalized vitiligo patients, which
is involved in the pathogenesis of vitiligo [10]. Increased
ROS are thought to be involved in onset of vitiligo, and
the infiltration of melanocyte-specific cytotoxic CD8+ T
cells into the perilesional margin directly result in melano-
cyte loss [11, 12]. One study [13] reported that oxidative
stress leads to chemokine production and causes CD8+ T
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cell skin trafficking and melanocyte destruction in vitiligo.
Blockade of oxidative stress can ameliorate melanocyte
apoptosis through anti-inflammatory and antiapoptotic
processes. CXC chemokine ligand10 (CXCL10) was highly
expressed in the skin and serum of patients with vitiligo
and is critical to the progression and maintenance of depig-
mentation in a mouse model of vitiligo. CXCL10-CXCR3
(CXC chemokine receptor 3) axis is critical to both the
progression and maintenance of depigmentation in vitiligo
mouse models [14, 15].

Antrodia camphorate is a mushroom growing on
camphor tree in Taiwan forests. It is a traditional Chinese
herbal medicine with several pharmacological effects, such
as antioxidant and free radical-scavenging activities [16, 17]
and inhibition of inflammatory responses [18, 19]. Antro-
quinonol is a major active component of Antrodia camphor-
ate and was identified with its anti-inflammatory activity
and anticancer potential [20–22]. Antroquinonol displayed
anticancer potential for human hepatocellular carcinoma
cells by adenosine 5′-monophosphate- (AMP-) activated
protein kinase (AMPK) and mammalian target of rapamy-
cin (mTOR) pathways [23] and could protect the kidney
from immunologic damage via blocking tumor necrosis
factor-α (TNF-α) and interleukin-1β- (IL-1β-) mediated
inflammatory process [24]. Antroquinonol differentially
modulates T cell activity and reduced IL-18 production
of murine accelerated severe lupus nephritis [25]. How-
ever, it remains to be determined whether antroquinonol
is capable of preventing the various depigmentation histo-
pathologic features of C57BL/6 mice treated by hydrogen
peroxide (H2O2). Immunosuppressive effect of antroquino-
nol on CD8+ T cells is still unknown.

We hypothesize that antroquinonol might exert immu-
nosuppressive effect on CD8+ T cell proliferation and acti-
vation to resist depigmentation induced by H2O2. To test
this, we investigated effects of antroquinonol on depig-
mentation model induced by H2O2 that mimics vitiligo
in vivo.

2. Materials and Methods

2.1. Study Subjects. This study was approved by the ethics
committee of the third people’s hospital of Hangzhou.
Twenty healthy control’s blood samples (Table 1) whose
CD+ T cells are outrange of reference were collected ran-
domly from physical examination center of the third people’s
hospital of Hangzhou. Informed consent was obtained, and
this study was approved by local ethics committees.

2.2. Animals and Treatment. Four-week-old female
pathogen-free C57BL/6 mice (weighing 18–20 g) were

purchased from Changzhou Cavens Experimental Animal
Co. Ltd. (Changzhou, Jiangsu, China) and fed in the labo-
ratory animal research center of Zhejiang Chinese medical
university. Mice were housed in groups under specific
pathogen-free conditions (22± 2°C, RH 50–60%, and a 12h
light/dark cycle). Each mouse was individually weighed and
randomly assigned to an experimental group. The mice were
housed in polycarbonate cages and fed a standard animal diet
with water. All mice were treated in strict accordance with
the Zhejiang Chinese Medical University Animal Care and
Use committee’s guidelines for the care and use of labora-
tory animals. Before treatment, the back skin of all mice
was shaved (area: 2× 2 cm) and a depilatory cream (Veet,
London, UK) was applied to areas. This is aimed to promote
hair follicle transferred from telogen stage to anagen stage.
Mice were grouped into three: One group of mice was
smeared with 1ml of PBS as control. One group of mice
was smeared with 1ml of 5% H2O2 in the experimental skin
area for 3 minutes at 3 pm. The third group of mice was
administered with antroquinonol at 50mg/kg per day by
intragastric administration at 9 am, and H2O2 was smeared
at 3 pm. The mice were treated once per day for continu-
ous 50 days and shaved daily. Three mice were used in
one group.

2.3. Measurement of Hair Growth, Skin Thickness, and
Pigmentation. The distance from the dermal papilla to
the epidermis was measured using straight line as hair
follicle (HF) length. The width of the surface of the epi-
dermis to the muscle in the photomicrograph was mea-
sured as skin thickness. Irregular shape simulated the
depilation area, and repigmentation percentage was esti-
mated. All data were normalized to the controls and
analyzed statistically.

2.4. Antibodies and Reagents. The primary antibodies
for immunostaining against CXCL10 (ab8098), CXCR3
(ab71864), tyrosinase (ab54447), and CD8 antibody
(ab25478) were purchased from Abcam (Cambridge, USA).
ELISA kits for testing interleukin-2 (IL-2) and interferon-γ
(IFN-γ) were obtained from R&D system (Minneapolis,
USA). Antibodies for detecting CD69 (MHCD6918) and
CD137 (11-1379-42) were purchased from eBioscience
(eBioscience, CA, USA). Positive selection using magnetic
beads coated with an anti-CD8 monoclonal antibody was
purchased from Miltenyi (Bergisch Gladbach, Germany).
Antroquinonol was purchased from Golden Biotechnology
(Beijing, China).

2.5. Preparation of CD8+ T Lymphocytes. Peripheral blood
mononuclear cells (PBMC) were isolated by density

Table 1: Information of the study subjects.

Sex of subjects Number Age CD8+ T cells Reference range of CD8+ T cells

Female 10 36.40± 6.28 1564.60± 68.01
190–1440Male 10 37.50± 7.15 1535.00± 64.46

Total 20 36.95± 6.57 1549.80± 66.26
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centrifugation using lymphocyte separation media (Media-
tech, Herndon, VA) according to the manufacturer’s
instructions. CD8+ T cells were isolated from PBMC by
positive selection using magnetic beads coated with an
anti-CD8 monoclonal antibody.

2.6. CD8+ T Cell Proliferation Assay. CD8+ T cells were
washed in PBS and immediately labeled by incubation
with 10μM CFSE (5-(and-6)-Carboxyfluorescein Diacetate,
Succinimidyl Ester) (Invitrogen, Life Technologies Corpo-
ration, Saint-Aubin, France) in PBS for 30 minutes at
37°C. After CFSE labeling, CD8+ T cells were cultured in
96-well plates coated with anti-CD3 and anti-CD28 for
various conditions treated with various dosage of antroqui-
nonol (0, 1.25, 2.5, 5.0, 10, 20, and 40μM) or different
time points (0, 12, 24, 48, and 96 h). After completion of
respective incubation time, cells were harvested and washed
in PBS. The proliferation of CD8+ T cells was evaluated by
flow cytometry. Each group was triplicated.

2.7. ELISA. The concentrations of IL-2 and IFN-γ in collected
mice serum and cell culture supernatant were quantified
using enzyme-linked immunosorbent assay (ELISA) kits
(R&D Systems, Minneapolis, USA) by following the manu-
facturer’s instructions. The absorbance at 405nm was
recorded using a microplate reader. The experiments were
repeated for 3 times.

2.8. Flow Cytometry. After the different experimental condi-
tions mentioned above, the cells were resuspended in 300μl
of 1x PBS and stained with FITC-labelled CD69 (CH/4)
and CD137 ((4-1BB)) for 20min at 4°C. Then, the cells were
fixed in 1% paraformaldehyde for further analysis. After
incubation and washing, cells were resuspended in 1x PBS
and analyzed by FACSCanto II flow cytometer (BD Biosci-
ences, San Diego, CA, USA). The experiments were repeated
for 3 times.

2.9. Immunohistochemistry. For immunohistochemistry, skin
sections of mice placed on slides (MASCOAT, Matsunami,
Osaka, Japan) were deparaffinized with immersion in
dimethylbenzene, rehydrated, heated in citrated buffer
(0.01M, pH6.0) for 5min at 100°C, and then treated with
endogenous peroxidase (3% hydrogen peroxide solution)
for 5min at room temperature. After blocking in 10% goat
serum for another 1 h at room temperature, the sections
were immunostained with primary antibodies for CXCL10,
CXCR3, and tyrosinase diluted in 0.01M PBS containing
0.3% (v/v) Triton X-100 and 5% bovine serum albumin
overnight at 4°C. The sections were washed with 0.01M
PBS, incubated with biotinylated anti-rabbit IgG before
being incubated with the avidin-biotin-peroxidase complex
for 30min at room temperature, and finally visualized using
aminoethyl carbazole (AEC) as a peroxidase substrate.
Images were captured under an Olympus BX51 microscope
installed with ImageJ software.

2.10. Immunofluorescence. To detect CD8+ T localization,
frozen sections of the mice skin were washed with 0.01M
PBS, preincubated with 10% normal goat serum in 0.01M

PBS for 30min, and then incubated overnight at 4°C with
rabbit anti-CD8+ T polyclonal antibody (1 : 1000 dilution)
in the following solution: 10% normal goat serum in 0.01M
PBS with 0.3% (v/v) Triton X-100. Sections were washed
with 0.01M PBS, preincubated with 10% normal rabbit
serum in 0.01M PBS for 30min, and then incubated over-
night at 4°C with goat anti-rabbit polyclonal antibody
(1 : 5000 dilution) in the following solution: 10% normal
rabbit serum in 0.01M PBS with 0.3% (v/v) Triton X-100.
They were washed with 0.01M PBS and then incubated
for 3 h at room temperature with a mixture of Alexa Fluor
546F(ab′)2 fragment of goat anti-rabbit IgG (H+L) (1 : 1000
dilution) (Molecular Probes). The slips were washed 5min
for 3 times in PBS and mounted using a mounting medium
and observed with confocal laser scanning microscope
(TCS SP2, Leica, Germany).

2.11. Statistical Analysis. SPSS13.0 software (SPSS, Chicago,
IL) was employed for statistical analysis. The data are
presented as the mean± SD. One-way analysis of variance
(ANOVA) was performed for comparing means across
multiple groups. P values less than 0.05 were considered
statistically significant.

3. Results

3.1. Effects of Antroquinonol on Proliferation of Human
CD8+ T Cells. To determine the effect of antroquinonol
on proliferation of human CD8+ T cells, a CFSE assay was
performed quantificationally. CD8+ T cells were treated with
antroquinonol (0–40μM) for 48h, and the results indicated
that antroquinonol exhibited inhibition in CD8+ T cell pro-
liferation. Treatment of antroquinonol at 20μM showed
35% growth inhibition, and treatment of antroquinonol at
20 and 40μM indicated similar inhibitory effect on cell pro-
liferation. Compared with control, treatment of antroquino-
nol at 20μM for 48h effectively enhanced the proliferation
by 4 times (P = 0 0001). Whereas, similar increase at 20μM
for 48 h and 96h was observed (data not shown). Taken
together, the results suggested that treatment of antroquino-
nol at 20μM for 48h was used for following experiments
(Figure 1).

3.2. Antroquinonol Reduced Production of Cytokines in
Human CD8+ T Cells. To investigate the effect of antroquino-
nol on the production of cytokines associated with CD8+ T
cells, levels of IL-2 and IFN-γ were analyzed by ELISA
(Figure 2). The amounts of IL-2 (26.43± 4.63 pg/ml) and
IFN-γ (38.87± 0.88 pg/ml) in the antroquinonol-treated
CD8+ T cells were significantly lower compared with those
in the control group IL-2 (63.98± 2.98 pg/ml) (P = 0 0002,
Figure 2(a)) and IFN-γ (61.52± 0.96 pg/ml) (P = 0 0004,
Figure 2(b)). Additionally, as activator of CD8+ T cells,
CD69 and CD137 play an important role in CD8+ T cell
activation. Therefore, we also examined the levels of
CD69 and CD137. The results demonstrated that the
concentration of CD69 (14.87± 0.67) and CD137 (11.83
± 0.78) was less in the CD8+ T cells treated with
antroquinonol than that in the control CD69 (31.16
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± 0.40) (P = 0 0003, Figure 2(c)) and CD137 (20.43± 0.60)
(P = 0 0004, Figure 2(d), Supplemental figure 1).

3.3. Mice Observation. The pigmentation and hair growth of
mice treated with antroquinonol were evaluated. In the
antroquinonol/H2O2 group, pigment islands were observed
in about 70% of the experimental area and black hair grew
from the pigment islands. In the control group, pigment
islands were observed in about 57% of the experimental area
and black hair grew from the pigment islands. Whereas, a
little of pigment islands in the experimental area of the
H2O2 group were shown and few black hair grew from the
pigment islands (Figure 3). This indicated that H2O2 could
induce depigmentation, whereas antroquinonol could inhibit
the induction of H2O2 in depigmentation.

3.4. Antroquinonol Resists Inhibition of Hair Growth and
Skin Thickness Induced by H2O2. To investigate the role of
antroquinonol on the growth of hair and skin, we performed
H&E staining to visualize hair follicle length and skin thick-
ness (Figure 4(a)). On the 50th day after depilation,
the hair follicle length of the mice in the control group
(P = 0 0001) and the antroquinonol/H2O2 group (P =
0 0001) was significantly larger compared to the mice
in the H2O2 group (Figure 4(b)). Similarly, skin thickness

in the control group (P = 0 005) and the antroquinonol/
H2O2 group (P = 0 0004) was significantly higher than that
in the H2O2 group (Figure 4(c)). Collectively, antroquinonol
could resist inhibition of hair growth and skin thickness
induced by H2O2.

3.5. Antroquinonol Induced Expression of Tyrosinase.
Tyrosinase is the key enzyme of melanogenesis. We
detected its expression in the skin with immunohisto-
chemistry (Figure 5). The results showed that the expression
of tyrosinase was obviously reduced in the H2O2 group. In
the control group, amounts of tyrosinase are mostly
expressed in the hair follicle. Similarly, much tyrosinase was
detected in the antroquinonol/H2O2 group. This indicates
that H2O2 could inhibit the expression of tyrosinase, whereas
antroquinonol could resist the inhibition of H2O2 to the
induction of tyrosinase.

3.6. Antroquinonol Could Inhibit Infiltration of Mouse
CD8+ T Cells. In order to investigate whether antroquinonol
exert immunosuppressive effect on CD8+ T cells, immuno-
fluorescence assay was performed to detect the infiltration
of CD8+ T cells. As shown in Figure 6, amount of CD8+ T
cells were observed in the experimental area in the H2O2
group. A few of CD8+ T cells were shown in the skin in
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Figure 1: Effects of antroquinonol on proliferation of CD8+ T cells. CD8+ T cells were cultured with antroquinonol at 20μM for 48 h. The
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the antroquinonol/H2O2 group. Few CD8+ T cells were
detected in the control group. This indicated that H2O2
could enhance the infiltration of CD8+ T cells, whereas
antroquinonol could inhibit the infiltration of CD8+ T cells
induced by H2O2.

3.7. Antroquinonol Reduced Production of IL-2 and IFN-γ.
Production of cytokine IL-2 and IFN-γ was determined
with ELISA (Figure 7). Among the three groups, the low-
est level of IL-2 (359.50± 43.85 pg/ml) and IFN-γ (578.46±
115.69 pg/ml) was detected in the control group, and the
highest level of IL-2 (653.00± 144.07 pg/ml) and IFN-γ
(1096.93± 151.55 pg/ml) was detected in the H2O2 group.
Significant difference of IL-2 (P = 0 0003) and IFN-γ (P =
0 0002) between the control group and the H2O2 group was
observed. Significance between the level of IL-2 (482.67±
22.62 pg/ml) (P = 0 028) and IFN-γ (677.20± 49.84 pg/ml)
(P = 0 154) in the antroquinonol/H2O2 group and that in
the control group was observed, but significantly lower
level of IL-2 (P = 0 004) and IFN-γ (P = 0 0004) than that
in the H2O2 group. It indicated that H2O2 could promote
the production of IL-2 and IFN-γ, but antroquinonol
could ameliorate the effect of H2O2.

3.8. Antroquinonol Could Reduce Expression of Chemokine
CXCL10 and Its Receptor CXCR3. Immunohistochemistry
was performed to investigate the expression of CXCL10 and

CXCR3. As demonstrated in Figure 8, high expression of
CXCL10 and CXCR3 was observed in the H2O2 group. Con-
trast to the H2O2 group, obviously reduced expression of
CXCL10 and CXCR3 was observed in the antroquinonol/
H2O2 group. The expression of CXCL10 and CXCR3 was
lower in the mice of the control group. This indicated that
H2O2 could promote the expression of CXCL10 and CXCR3,
whereas antroquinonol could inhibit the increase of CXCL10
and CXCR3 induced by H2O2.

4. Discussion

Vitiligo is a common dermatological disorder of the epider-
mis characterized by the acquired loss of melanocytes and
melanin. The interplay between oxidative stress and the
immune system plays significant roles in the pathogenesis
of vitiligo. Increased evidence supported that oxidative
stress plays a critical role in the autoimmune initiation
in vitiligo [2, 26]. Higher level of H2O2 was demonstrated
in vitiligo epidermis than that in healthy controls [4].
Here, we induce depigmentation with H2O2 in mouse to
simulate vitiligo. 5% H2O2 was applied to smear topically
in the skin of mice for inducing depigmentation [27].
After 50 days, mice in the H2O2 group showed white skin
in the experimental area and yellow hair grew from the
experimental area. This indicated that H2O2 could induce
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Figure 2: Effects of antroquinonol on cytokine production and T cell activation marker expression of CD8+ T cells. CD8+ T cells were
stimulated with anti-CD3/anti-CD28 in the absence or presence of antroquinonol (20 μM) in a 24-well plate, and the culture supernatants
were collected at 48 h for measuring the levels of IL-2 and IFN-γ by ELISA, and the expression of CD69 and CD137 by flow cytometry.
Levels of IL-2 (a), IFN-γ (b), CD69 (c), and CD137 (d) in the antroquinonol-treated CD8+ T cells were less than those in the untreated
CD8+ T cells. The values are presented as mean± SD. (n = 3). P < 0 05 means statistical difference.
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depigmentation. In further, H&E staining was applied to
investigate the hair follicle length and skin thickness in
the experimental area. In the H2O2 group, hair follicle
length and skin thickness were significantly lower than
those in the control group. In mice, melanocytes grow in
hair follicles which provide lieu to melanocyte survival
and subsequent melanogenesis. Inhibition of hair follicle
growth suppresses biological activity of melanocyte. Tyros-
inase has a key role in pigmentation process, and which
could be impacted by a range of materials on its activity.
Tyrosinase activity in vitiligo patients’ lesional skins was
lower than that in vitiligo patients’ nonlesional skins
[28]. In this study, tyrosinase expression is dramatically
decreased in the mice treated with H2O2, which is similar

to that in vitiligo patients’ lesional skins. Together, it indi-
cates that mice treated with H2O2 could simulate vitiligo
patients. Therefore, we used this model to detect antroqui-
nonol effect on the vitiligo.

Several biological activities of natural food-derived com-
ponents were reported for their promising anti-inflamma-
tory, antioxidant, and antiapoptotic modulatory potential
[29–31]. Flavonoids present in fruits, vegetables, and herbs
exert a positive health effect in neurodegenerative disorders
and cancer, owing to their free radical-scavenging activities
[32]. Antioxidants, oral vitamins, and supplements have
also gained increased interest in the treatment of vitiligo
for their antioxidant properties. Ginkgo biloba, resveratrol,
and zinc have all been studied either as monotherapies or
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in combination with other treatments with varying efficacy
in improving vitiligo repigmentation [33–36]. Our previ-
ous study also showed that quercetin (3,5,7,3′,4′, pentahy-
droxyflavone) could attenuate the effects of H2O2 on the
tyrosinase export from the endoplasmic reticulum in mela-
nocytes [37].

Antrodia camphorata, a parasitic fungus on rotting trees
of Cinnamomum kanehirai Hay in Taiwan [20], which is
used as a folk medicine and has been shown to have several
pharmacologic effects, including antioxidant and free
radical-scavenging activities [16], inhibition of the inflamma-
tory response [19], and antitumor cytotoxicity activity [38].
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Figure 4: Antroquinonol counteracted inhibition of HF length and skin thickness induced by H2O2. (a) H&E staining was performed on skin
samples harvested after 50 days. HF length and skin thickness were measured. The black dotted line represented the HF. The area within the
blue dotted line represents the skin thickness. The black arrows indicated the hair shaft. Scale bar = 100μm. (b) HF length is presented as the
mean length of all photomicrographs± SD. (c) Dorsal skin thickness is presented as the mean thickness of all photomicrographs± SD (n = 3).
P < 0 05 means statistical difference.
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Figure 5: Antroquinonol resisted decrease of tyrosinase induced by H2O2. Skin sections were examined with immunohistochemistry staining
with anti-tyrosinase antibody. Contrast to the control group, lower expression of tyrosinase was observed in the H2O2 group, and a little
higher expression of tyrosinase was shown in the antroquinonol/H2O2 group. The black arrows indicated the hair follicle. Scale bar = 50μm.
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Figure 6: Antroquinonol attenuated infiltration of CD8+ T cells induced by H2O2. Skin sections were examined with immunofluorescence
staining for CD8+ T cells. The cell surface markers, CD8, was identified in the left column of the figure. Middle column was detected for
nucleus counterstaining with DAPI. Right column was merged image. The control group showed only few CD8+ T cell infiltration.
Similarly, a few of CD8+ T cells were observed in the antroquinonol/H2O2 group. Whereas numerous CD8+ T cells infiltrated in the skin
of the H2O2 group. Scale bar = 100μm.
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Figure 7: Effects of antroquinonol on cytokine production in mice. Separated sera were collected from mice blood and measured IL-2 and
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treated mice than those in the untreated mice. The values are presented as mean± SD (n = 3). P < 0 05 means statistical difference.
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Antroquinonol, a major active component of Antrodia cam-
phorata, has been shown to inhibit T cell activation/prolifer-
ation and production of ROS and suppress NF-κB activation
and NF-κB-dependent inflammation and activation of Nrf2
[25, 39]. In this study, we provide the first demonstration that
antroquinonol can inhibit the CD8+ T cell infiltration and
reduced tyrosinase induced by H2O2.

Firstly, we investigate the function of antroquinonol on
human CD8+ T cells in vitro. About 20μM of antroquino-
nol was incubated in human CD8+ T cells for 48 h. The
results showed antroquinonol could inhibit CD8+ T cell
proliferation and activation of CD8+ T cells by suppressing
production of CD69, CD137, IL-2, and IFN-γ. And then
in vivo investigation was performed. The results indicated
that antroquinonol could suppress the proliferation and
production of cytokines of CD8+ T cells. Moreover, effect
of antroquinonol on CD8+ T cells in mice treated with
H2O2 was detected. In the antroquinonol/H2O2 group,
pigment islands were observed in 80% of the experimental
area and black hair grew from the pigment islands. In the
control group, pigment islands were observed in 50% of
the experimental area and black hair grew from the
pigment islands. Whereas, in the H2O2 group, a little of
pigment islands in the experimental area was shown and
few black hair grew from the pigment islands. This indi-
cated that H2O2 could induce depigmentation, whereas
antroquinonol could inhibit the induction of H2O2 in
depigmentation. In further, H&E staining was applied to
investigate the hair follicle length and skin thickness in
the experimental area. In the H2O2 group, hair follicle
length and skin thickness were significantly lower than
those in the antroquinonol/H2O2 group and the control

group. There was no significant difference of hair follicle
length between the antroquinonol/H2O2 group and the
control group. Skin thickness in the antroquinonol/H2O2
group was higher than that in the control group. Expres-
sion of tyrosinase was examined in all groups. In the
H2O2 group, a little of tyrosinase was observed in the hair
follicle. Contrast to the H2O2 group, increased expression
of tyrosinase was detected in the control group and the
antroquinonol/H2O2 group. These results showed that
antroquinonol could promote hair follicle growth, expres-
sion of tyrosinase, and repigmentation. It indicates that
antroquinonol could be a potential candidate for interference
in depigmentation.

In vitiligo, CD8+ T cells are involved in autoimmune
responses, resulting in depigmentation of the skin [40].
Cytokines released by lymphocytes, including IL-1, IFN-γ
or TNF-α, can initiate apoptosis of both melanocytes and
keratinocytes [41, 42]. IFN-γ, as one important cytokine
associated with the Th1 immune response, induced protein
CXCL10 to express in various cell types, such as lympho-
cytes, fibroblasts, neutrophils, and other epithelial cells. Some
studies have proposed that IFN-γ–induced CXCL10–CXCR3
chemokine pathway plays a vital role in CD8+ T cell skin
infiltration [14, 15, 41, 43]. CXCL10 binds to its specific
receptor CXCR3 to recruit and activate T cells for regulating
immune responses. Increased expression of CXCL10 and
CXCR3 was shown in various autoimmune diseases, and they
play fundamental parts in leukocyte homing into the
inflamed tissues to accelerate the process of tissue damage
[44, 45]. Highly induced CXCL10 and CXCR3 were found
in vitiligo patients [14]. Here, cytokines IL-2 and IFN-γ were
examined with ELISA. H2O2 significantly enhanced the level
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Figure 8: Antroquinonol decreased the expression of CXCL10 and CXCR3 induced by H2O2. Skin sections were examined with
immunohistochemistry staining with anti-CXCL10 and anti-CXCR3 antibodies. Contrast to the control group, obvious high expression of
CXCL10 and CXCR3 was detected in the H2O2 group, and a little higher expression of CXCL10 and CXCR3 was observed in the
antroquinonol/H2O2 group. Scale bar = 50μm.
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of IL-2 and IFN-γ in mice, and antroquinonol could inhibit
the production of IL-2 and IFN-γ. In further, we investigated
the IFN-γ-induced expression of CXCL10 and CXCR3. In
consistent, highly increased expression of CXCL10 and
CXCR3 was found in the mice treated with H2O2. A little
increase expression of CXCL10 and CXCR3 was detected in
the mice treated with antroquinonol/H2O2.

5. Conclusions

According to our findings in this study, it is suggested that
antroquinonol has a potential therapeutic effect on depig-
mentation. Antroquinonol significantly attenuated histo-
pathologic changes in the mice skins and inhibited the
infiltration of CD8+ T cells and expression of chemokines
CXCL10 and CXCR3. In addition, antroquinonol could
decrease the production of cytokines IL-2 and IFN-γ obvi-
ously and promote tyrosinase expression. These results
suggest that antroquinonol might be a treatment of choice
for preventing depigmentation.
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Ginseng is an important herbal drug that has been used worldwide for many years. Ginsenoside Rb1 (G-Rb1), the major
pharmacological extract from ginseng, possesses a variety of biological activities in the cardiovascular systems. Here, we
conducted a preclinical systematic review to investigate the efficacy of G-Rb1 for animal models of myocardial ischemia/
reperfusion injury and its possible mechanisms. Ten studies involving 211 animals were identified by searching 6 databases from
inception to May 2017. The methodological quality was assessed by using the CAMARADES 10-item checklist. All the data
were analyzed using RevMan 5.3 software. As a result, the score of study quality ranged from 3 to 7 points. Meta-analyses
showed that G-Rb1 can significantly decrease the myocardial infarct size and cardiac enzymes (including lactate dehydrogenase,
creatine kinase, and creatine kinase-MB) when compared with control group (P < 0 01). Significant decrease in cardiac troponin
T and improvement in the degree of ST-segment depression were reported in one study (P < 0 05). Additionally, the possible
mechanisms of G-Rb1 for myocardial infarction are antioxidant, anti-inflammatory, antiapoptosis, promoting angiogenesis and
improving the circulation. Thus, G-Rb1 is a potential cardioprotective candidate for further clinical trials of myocardial infarction.

1. Introduction

Myocardial infarction (MI) is the most severe manifestation
of coronary artery disease (CAD), which can pathologically
cause cardiomyocyte death due to prolonged ischemia.
CAD accounts for over seven million deaths globally per year
[1]. The economic impact of MI is substantial. The direct cost
of hospitalization in the United States is at least $450 billion
and the loss of productive life years is also tremendous [2].
Prompt restoration of blood flow is crucial to salvage ischemic
myocardium [3]. Reperfusion strategies such as primary per-
cutaneous coronary intervention (PCI) and thrombolysis
have shown to reduce mortality and infarct size and improve
left ventricular function; however, reperfusion itself may
result in adverse events [4]. Abrupt restoration therapy of
coronaryflowcan lead to reversible impairment ofmyocardial
contractility (myocardial stunning), ventricular arrhythmias,
and microvascular dysfunction. The pattern of injury that is
inflicted on the myocardium has been termed as myocardial
ischemia/reperfusion (I/R) injury [5], and the accumulating

deleterious effects lead to myocyte necrosis and impaired
cardiomyocyte healing, eventually contributing to heart fail-
ure associated with other poor outcomes [6]. Consequently,
it remains a priority to seek new cardioprotective strategies
to improve myocardial salvage and cardiac function.

Ginseng as an important herbal drug has been worldwide
used in oriental countries for thousands of years and is also
one of the most extensively botanical products used in other
areas in the world [7]. Ginsenosides, the triterpene saponins,
is one of the major components of ginseng [8]. To date, more
than 30 kinds of ginsenosides have been identified [9]. Ginse-
noside Rb1 (G-Rb1) (the major pharmacological extract and
chemical structure is shown in Figure 1) possesses a variety of
biological activities in the cardiovascular systems probably
through antioxidant, anti-inflammatory, and antiapoptosis
[10], promoting angiogenesis [11] and an antiarrhythmic
effect [12], suppressing ventricular remodeling after acute
MI [13], and inhibiting hypertrophy and ventricular hyper-
trophy [14]. However, the efficacy and mechanisms of G-
Rb1 for experimental MI have not been systematically
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evaluated yet. In addition, systematic review of animal data
can provide preclinical evidence for the potential transla-
tional value from animal models to human disease [15].

Thus, the present study aims to evaluate the efficacy and
mechanisms of ginsenosides Rb1 through experimental
animal models with myocardial I/R injury.
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Figure 1: Chemical structures of ginsenoside Rb1.

Records identified through database
searching (n = 2002)

Records after duplicates and irrelevant articles
removed (n = 250)

Records screened title
and abstract (n = 204)

Records excluded (n = 46)
(i) Case report

(ii) Clinical trial
(iii) Review article

Full-text articles
assessed for eligibility
(n = 18)

Full-text articles excluded (n = 183)
(i) Not full text

(ii) Not-G-Rb1
(iii) Combined use of other drugs
(iv) No myocardial I/R model
(v) No control group

Studies included in
quantitative
synthesis (meta-
analysis) (n = 10)

Additional records identified
through other sources (n = 0)

Full-text articles excluded (n = 8)
(i) No available data

Figure 2: Summary of the process for identifying candidate studies.
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2. Methods

2.1. Search Strategies. We searched EMBASE, PubMed,
Cochrane Library, Wangfang database, China National
Knowledge Infrastructure (CNKI), VIP database (VIP), and
China Biology Medicine disc (CBM) from inception to May
2017. The following keywords were used: “Ginseng (MeSH
Terms) OR Ginseng (Title/Abstract)” AND “myocardial
infarction OR myocardial ischemia OR myocardial I/R OR
myocardial I/R injury”. Moreover, reference lists of potential
articles were searched for relevant studies. All the studies
included were limited on animals.

2.2. Eligibility Criteria. The inclusion criteria were prespeci-
fied as follows: (1) G-Rb1 for animal models of myocardial
I/R injury was established by ligating of the left anterior
descending (LAD) coronary artery or injecting vasoconstric-
tor intravenously; (2) the treatment group received G-Rb1 as
monotherapy at any dose, and interventions for control
group were isasteric and nonfunctional liquid (normal
saline) or no treatment; and (3) the primary outcome
measures were MI size and/or cardiac enzymes and/or
cardiac troponin T (cTnT) and/or the level of ST-segment
depression and/or left ventricular ejection fraction (LVEF).
The secondary outcome measures were mechanisms of
G-Rb1 for myocardial I/R injury. The exclusion criteria
were prespecified as follows: (1) not myocardial I/R model;
(2) Combined use of other drugs; (3) no control group;
and (4) duplicate publication.

2.3. Data Extraction. Two independent authors extracted the
following details from the included studies: (1) the name of
the first author and publication year; (2) the specific informa-
tion of animals for each study, including animal species,
number, sex, and weight; (3) model of myocardial I/R and
the anesthesia methods for model preparation; (4) the infor-
mation of treatment group, including therapeutic drug
dosage, method of administration, duration of treatment,
and the same information of control group; and (5) mean
value and standard deviation of outcomes. The data of the
highest dose was selected when the treatment group included
various doses of the target drug. The result of the peak time
point was included when the data were expressed at different
times. Because some records’ published data were only in
graphical format, we made efforts to contact authors for
further information. When response was not received, the
numerical values were measured from the graphs by digital
ruler software.

2.4. Risk of Bias in Individual Studies. We assessed the risk
of bias by applying the ten-item scale [16] with minor
modifications [17] as follows: (A) peer-reviewed publica-
tion; (B) control of temperature; (C) random allocation
to treatment or control; (D) blinded induction of model;
(E) blinded assessment of outcome; (F) use of anesthetic
without significant intrinsic cardioprotective activity; (G)
appropriate animal model (aged, diabetic, or hypertensive);
(H) sample size calculation; (I) compliance with animal
welfare regulations; and (J) statement of potential conflict of
interests. Every item was given one point. Two authors

independently evaluated the study quality, and divergences
were well settled through consulting with correspondence
authors.

2.5. Statistical Analysis. Heterogeneity across the subgroups
was assessed using the Cochrane Q-statistic test (P < 0 05
was considered statistically significant) and the I2-statistic
test. A fixed effects model (I2 < 50%) or a random effects
model (I2 > 50%) was used depending on the value of I2. Fun-
nel plots were used to visually estimate publication bias. We
calculated the standard mean difference (SMD) with 95%
confidence intervals (CIs). Sensitivity analyses omitting one
study at a time from the original analysis were conducted to
demonstrate our main results to be robust. The pooled anal-
yses were carried out with RevMan 5.3 software. Ethical
approval was not required for this type of literature research.

3. Results

3.1. Study Selection. A total of 2002 articles were retrieved
through the pertinent literature retrieval from the database,
of which 1752 were reduplicated and irrelevant articles. After
screening titles and abstracts, 46 were excluded because they
were (1) clinical trials; (2) case reports; or (3) review articles.
We then studied the remaining 204 full-text articles. Among
them, 186 articles were excluded because of at least one of the
following reasons: (1) not a full text; (2) not G-Rb1; (3) no
available data; (4) compared with traditional Chinese medi-
cine; (5) no myocardial I/R model; or (6) no control group.
Finally, 10 studies [18–27] were selected (Figure 2).

3.2. Characteristics of Included Studies. Eight studies [18–25]
were published in Chinese, and 2 studies [26, 27] were pub-
lished in English between 2003 and 2016. The 10 included
studies involved adult Sprague-Dawley rats [18–24, 26, 27],
and Wistar rats [25]. The weight of adult rats varied between
180 g and 320 g. Seven studies [18–20, 22, 24, 26, 27] used
male animals and only three studies [21, 23, 25] used both
female and male rats. To induce anesthesia, 2 studies [21,
24] used chloral hydrate; 3 studies [18, 23, 26] used pentobar-
bital sodium; 2 studies [22, 27] used barbital sodium; 2 stud-
ies [20, 25] used ethyl ether; and 1 study [19] used urethane.
Nine myocardial I/R models were produced by ligation of the
LAD; and the remaining one [21] was produced by intrave-
nous isoprenaline (30mg·kg−1). All studies implemented
the dose gradient of Ginseng. Among them, 5 studies
[18, 19, 22, 26, 27] utilized 40mg·kg−1; 2 studies [21, 23]
adopted 20mg·kg−1; 1 study [24] used 4mg·kg−1·d−1; and
the remaining 1 study [20] used 100mg·kg−1. Eight studies
[18–20, 22–24, 26, 27] utilized MI size as outcome
measure, and myocardial cell apoptosis rate in 2 studies
[22, 27]. The level of ST-segment depression was reported in
1 study [21], butLVEFwasnotmentioned. Lactate dehydroge-
nase (LDH) was reported in 4 studies [18, 21, 26, 27], creatine
kinase (CK) in 3 studies [18, 21, 26], creatine kinase-MB (CK-
MB) in 2 studies [26, 27], cTnT in 1 study [26], superoxide
dismutase (SOD) in4 studies [18, 20, 21, 24],malondialdehyde
(MDA) in 4 studies [18, 20, 21, 24], phosphothreonine kinase
(p-Akt) in 3 studies [22, 26, 27], caspase-3 in 2 studies
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[19, 27], vascular endothelium growth factor (VEGF) in 1
study [23], NO in 2 studies [20, 21], glutathione (GSH) in 1
study [21], and tumor necrosis factor-α (TNF-α) in 1 study
[19]. The overall characteristics of included publications are
shown in Table 1.

3.3. Study Quality. The score of study quality ranged from
three to seven in a total of ten points. Of which, 6 studies
[19–21, 23–25] got three points; 2 studies [18, 22] got four
points; 1 study [26] got six points; and 1 study [27] got seven
points. All the included records were peer-reviewed publica-
tions, and all animals were allocated randomly to treatment
group and control group; however, no study reported a
sample size calculation, blinded induction of model, and
blinding their assessment of outcome. Three included studies
[18, 22, 27] were performed on diabetic rats and others on
healthy rats. Control of temperature was described in 2 stud-
ies [26, 27]. All studies used an anesthetic without intrinsic
cardioprotective properties; 2 studies [26, 27] reported
compliance with animal welfare regulations, and 2 studies
[26, 27] declared no potential conflict of interests. The meth-
odological quality is concluded in Table 2.

3.4. Effectiveness

3.4.1.MISize.Meta-analysis of 8 studies [18–20, 22–24, 26, 27]
showed significant effect of G-Rb1 for decreasing the MI size
compared with control group (n = 85, MD −12.45, 95% CI:
−15.87 to −9.02, P < 0 00001; heterogeneity: χ2 = 53 71,
df = 7 (P < 0 00001), I2 = 87%). Owing to obvious heterogene-
ity, we used sensitivity analyses and removed the respective
outlier study. After removing two studies [19, 24] that do not
utilize infarct area/area at risk (IA/AR) to calculate MI size
and 1 study [26] that MI experimental model was induced by
blocking LAD for 45 minutes compared to 30 minutes in
other studies, meta-analysis of 5 studies [18, 20, 22, 23, 27]
showed significant effect of G-Rb1 for decreasing the MI size
compared with control group (n = 56, MD −13.38, 95% CI:
−14.84 to −11.92, P < 0 00001; heterogeneity: χ2 = 4 14,
df = 4 (P = 0 39), I2 = 3%) (Figure 3).

3.4.2. Cardiac Enzymes and/or cTnT.Meta-analysis of 4 stud-
ies [18, 21, 26, 27] showed significant effect of G-Rb1 for
decreasing the LDH compared with control group (n = 36,
SMD −4.37, 95% CI: −5.31 to −3.43, P < 0 00001; heteroge-
neity: χ2 = 1 45, df = 3 (P = 0 69), I2 = 0%) (Figure 4). Meta-
analysis of 3 studies [18, 21, 26] showed a significant effect
of G-Rb1 for decreasing CK compared with control group
(n = 29, MD −3.62, 95% CI: −5.35 to −1.90, P < 0 00001;
heterogeneity: χ2 = 7 05, df = 2 (P < 0 00001), I2 = 72%).
After sensitivity analyses, we removed 1 study [21] that uti-
lized both male and female rats. Meta-analysis of 2 studies
[18, 26] showed that G-Rb1 had significant effects for reduc-
ing CK compared with control group (n = 20, SMD −4.43,
95% CI: −5.68 to −3.17, P < 0 00001; heterogeneity: χ2 =
0 79, df = 1 (P = 0 38), I2 = 0%) (Figure 5). G-Rb1 in two stud-
ies [26, 27] showed the significant effects for reducing CK-MB
compared with control (P < 0 05 or P < 0 01) according to
CK-MB as outcome measures; however, they failed to pool

analysis because 1 study [27] was set up in diabetic rat model
and myocardial I/R model was induced by blocking LAD for
45 minutes compared to 30 minutes in another study [26].
Only 1 study [26] showed that G-Rb1 had significant effects
to reduce cTnT compared with control group (P < 0 05).

3.4.3. The Level of ST-Segment Depression and LVEF. One
study [21] reported that G-Rb1 can improve the ST-
segment depression compared with control (P < 0 05)
according to the change of ST segment in electrocardiogram
as an outcome measure. There was no study involving LVEF
as outcome measure.

3.5. Subgroup Analysis. Five studies [18, 19, 22, 26, 27]
reported that G-Rb1 was given before establishing model,
and five other studies [20, 21, 23–25] reported it was given
after establishing model. We conducted subgroup analysis,
and the result of the meta-analysis (Figure 6) showed that
there was no difference in MI size effect size and LDH effect
size between preventive and therapeutic effects of G-Rb1. In
consideration of different administration time, which may
lead to an inaccurate assessment of the effects of the inter-
vention [28], thus we suggest that both preventive and
therapeutic effects of G-Rb1 for myocardial I/R injury
should be performed further in the animal models. Three
studies [18, 22, 27] reported the effects of G-Rb1 in MI
as a result of diabetes. We conducted a subgroup analysis,
and the result of meta-analysis (Figure 7) showed that
there was no difference in MI size effect size and LDH
effect size between diabetic rats and nondiabetic rats.

3.6. Cardioprotective Mechanisms. Compared with controls,
meta-analysis of 2 studies [22, 27] showed that G-Rb1 sig-
nificantly decreased myocardial cell apoptosis rate (n = 16,
MD −4.72, 95% CI: −7.57 to −1.86, P < 0 00001; heterogene-
ity: χ2 = 0 02, df = 1 (P = 0 88), I2 = 0%) (Figure 8); 2 studies
[19, 27] for reducing caspase-3 (n = 18, SMD −1.02, 95%

Table 2: Risk of bias of the included studies.

Study A B C D E F G H I J Total

Zhang (2010) √ √ √ √ 4

Wang (2016) √ √ √ 3

Chen (2012) √ √ √ 3

Leng (2015) √ √ √ √ 3

Liu (2012) √ √ √ √ 4

Liu (2008) √ √ √ 3

Li (2006) √ √ √ 3

Zeng (2003) √ √ √ 3

Wang (2008) √ √ √ √ √ √ 6

Wu (2012) √ √ √ √ √ √ √ 7

Studies fulfilling the criteria of the following: (A) peer reviewed publication;
(B) control of temperature; (C) random allocation to treatment or control;
(D) blinded induction of model; (E) blinded assessment of outcome; (F)
use of anesthetic without significant intrinsic vascular protection activity;
(G) appropriate animal model (aged, diabetic, or hypertensive); (H) sample
size calculation; (I) compliance with animal welfare regulations; (J)
statement of potential conflict of interests.
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Study or subgroup

Chen (2012)
Liu (2008)
Liu (2012)
Wu (2012)
Zhang (2010)

Total (95% CI)

Heterogeneity: Chi2 = 4.14, df = 4 (P= 0.39); I2 = 3%
Test for overall effect: Z= 17.97 (P < 0.00001)

Mean

13.9
28.3

42.23
42

36.9

SD

4.72
2.4
6.7
7

2.34

Total

10
20
10
12
10

62

Mean

24.8
42.4

53.37
53

51.67

SD

4.6
4.1

5.45
6

4.34

Total

10
20
10
12
10

62

Weight

12.8%
49.1%
7.4%
7.8%

22.8%

100.0%

IV, fixed, 95% CI

−10.90 [−14.98, −6.82]
−14.10 [−16.18, −12.02]
−11.14 [−16.49, −5.79]
−11.00 [−16.22, −5.78]
−14.77 [−17.83, −11.71]

−13.38 [−14.84, −11.92]

Experimental Control Mean difference Mean difference
IV, fixed, 95% CI

−20 −10 0 10 20
Favours [experimental] Favours [control]

Figure 3: The forest plot: effects of ginsenoside Rb1 for decreasing the myocardial infarction size compared with control group.

Study or subgroup

Leng (2015)
Wang (2008)
Wu (2012)
Zhang (2010)

Total (95% CI)
Heterogeneity: Chi2 = 1.45, df = 3 (P= 0.69); I2 = 0%
Test for overall effect: Z= 9.14 (P < 0.00001)

Mean

164.56
1,650
1,640
1,365

SD

10.1
300
138
226

Total

15
5
6

10

36

Mean

256.51
2,985
2,223
2,303

SD

23.45
150
150
236

Total

15
5
6

10

36

Weight

37.8%
9.0%

19.1%
34.1%

100.0%

IV, fixed, 95% CI

−4.96 [−6.48,−3.43]
−5.08 [−8.20, −1.96]
−3.73 [−5.88, −1.59]
−3.89 [−5.49, −2.28]

−4.37 [−5.31, −3.43]

Experimental Control Std. mean difference Std. mean difference
IV, fixed, 95% CI

−10 −5 0 5 10
Favours [experimental] Favours [control]

Figure 4: The forest plot: effects of ginsenoside Rb1 for decreasing lactate dehydrogenase compared with control group.

Study or subgroup

Wang (2008)
Zhang (2010)

Total (95% CI)
Heterogeneity: Tau2 = 0.00; Chi2 = 0.79, df = 1 (P= 0.38); I2 = 0%
Test for overall effect: Z= 6.91 (P < 0.00001)

Mean

1,850
2,239.78

SD

125
163.71

Total

10
10

20

Mean

3,615
3,270.33

SD

450
312

Total

10
10

20

Weight

40.4%
59.6%

100.0%

IV, random, 95% CI

−5.12 [−7.09, −3.14]
−3.96 [−5.59, −2.34]

−4.43 [−5.68, −3.17]

Experimental Control Std. mean difference Std. mean difference
IV, random, 95% CI

−10 −5 0 5 10
Favours [experimental] Favours [control]

Figure 5: The forest plot: effects of ginsenoside Rb1 for decreasing creatine kinase compared with control group.
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Figure 6: (a) Subgroup analysis of myocardial infarction size by preventive and therapeutic dose (P > 0 05). (b) Subgroup analysis of lactate
dehydrogenase by preventive and therapeutic dose (P > 0 05).
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CI: −1.11 to −0.93, P < 0 00001; heterogeneity: χ2 = 1 63,
df = 1 (P = 0 20), I2 = 39%) (Figure 9); 4 studies [18, 20, 21,
24] for increasing SOD (n = 42, SMD 1.98, 95% CI: 1.44 to

2.52, P < 0 00001; heterogeneity: χ2 = 1 20, df = 3 (P = 0 75),
I2 = 0%) (Figure 10); 3 studies [18, 20, 24] for reducing
MDA (n = 28, SMD −2.25, 95% CI: −2.97 to −1.54, P <

M
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Figure 7: (a) Subgroup analysis of myocardial infarction size by diabetic rats and nondiabetic rats (P > 0 05). (b) Subgroup analysis of lactate
dehydrogenase by diabetic rats and nondiabetic rats (P > 0 05).

Study or subgroup

Liu (2012)
Wu (2012)

Total (95% CI)

Heterogeneity: Chi2 = 0.02, df = 1 (P = 0.88); I2 = 0%
Test for overall e�ect: Z = 3.24 (P = 0.001)

Mean

26.15
26

SD

3.06
3

Total

10
6

16

Mean

30.7
31

SD

4.96
5

Total

10
6

16

Weight

62.5%
37.5%

100.0%

IV, �xed, 95% CI

−4.55 [−8.16, −0.94]
−5.00 [−9.67, −0.33]

−4.72 [−7.57, −1.86]

Experimental Control Mean di�erence Mean di�erence
IV, �xed, 95% CI

−20 −10 0 10 20
Favours [experimental] Favours [control]

Figure 8: The forest plot: effects of ginsenoside Rb1 for decreasing myocardial cell apoptosis rate compared with control group.

Study or subgroup

Wang (2016)
Wu (2012)

Total (95% CI)

Heterogeneity: Tau2 = 0.01; Chi2 = 1.63, df = 1 (P = 0.20); I2 = 39%
Test for overall e�ect: Z = 12.56 (P < 0.00001)

Mean

5.04
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SD

0.06
0.24

Total

12
6

18

Mean

6.08
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SD
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Total

12
6
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Weight

73.9%
26.1%

100.0%

IV, random, 95% CI

−1.04 [−1.13, −0.95]
−0.86 [1−.12, −0.60]

−0.99 [−1.15, −0.84]

Experimental Control Mean di�erence Mean di�erence
IV, random, 95% CI

−2 −1 0 1 2

Favours [experimental] Favours [control]

Figure 9: The forest plot: effects of ginsenoside Rb1 for decreasing caspase-3 compared with control group.
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Zhang (2010)

Total (95% CI)
Heterogeneity: Chi2 = 1.20, df = 3 (P = 0.75); I2 = 0%
Test for overall e�ect: Z = 7.20 (P < 0.00001)

Mean

6.13
273.69
185.89
19.94

SD

0.65
29.75
32.16
3.03

Total

10
15
8

10

43
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4.67
213.9
134.7
14.33

SD

0.79
17.03
27.51

2.9

Total

10
15
7

10

42

Weight

24.0%
31.1%
19.8%
25.1%

100.0%

IV, �xed, 95% CI

1.93 [0.83, 3.04]
2.40 [1.43, 3.37]
1.60 [0.39, 2.81]
1.81 [0.73, 2.89]

1.98 [1.44, 2.52]
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Figure 10: The forest plot: effects of ginsenoside Rb1 for increasing superoxide dismutase compared with control group.
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0 00001; heterogeneity: χ2 = 0 56, df = 3 (P = 0 76), I2 = 0%)
(Figure 11); 2 studies [20, 21] for increasing NO (n = 19,
SMD 17.08, 95% CI: 1.71 to 32.46, P < 0 00001; heterogene-
ity: χ2 = 1 70, df = 1 (P = 0 19), I2 = 41%) (Figure 12); 2
studies [26, 27] for increasing p-Akt (n = 15, SMD 6.88,
95% CI: 4.73 to 9.04, P < 0 00001; heterogeneity: χ2 =
0 06, df = 1 (P = 0 81), I2 = 0%) (Figure 13); 1 study
[19] for reducing TNF-α (P < 0 05); 1 study [21] for
increasing GSH (P < 0 05); and 1 study [23] for increas-
ing VEGF (P < 0 05). We summarized a schematic repre-
sentation of cardioprotective mechanism of G-Rb1 for
myocardial I/R injury (Figure 14).

4. Discussion

4.1. Summary of Evidence. This is the first preclinical system-
atic review to estimate the efficacy of G-Rb1 for myocardial I/
R injury. Ten studies with 221 animals were selected. The

quality of studies included were generally moderate. The evi-
dence available from present study showed that G-Rb1
exerted potential cardioprotective function in acute MI
largely through antioxidant, anti-inflammatory, anti-apopto-
sis, promoting angiogenesis, and improvement of the circula-
tion. Despite the apparent positive results, we should
interpret them with caution because of the methodological
flaws.

4.2. Limitations. First, we only searched in English and Chi-
nese studies, which may lead to a certain degree of selective
bias. Second, negative findings were less likely to be pub-
lished. Thus, the dominance of positive studies might lead
to the efficacy being overestimated. Third, study quality was
considered as moderate, which ranged from 3 to 7 points,
indicating that the results should be explained with caution.
In addition, MI generally occurs in patients with medical
problems, such as old age, diabetes, hypertension, and

Study or subgroup

Chen (2012)
Li (2006)
Zhang (2010)

Total (95% CI)

Heterogeneity: Tau 2 = 0.00; Chi2 = 0.56, df = 2 (P = 0.76); I2 = 0%
Test for overall e�ect:  Z = 6.19 (P < 0.00001)

Mean

3.81
3.19
5.63

SD

0.36
0.3

0.95
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10
8
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28
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4.93
4.46
8.21
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1.12
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7
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Weight

41.7%
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35.3%

100.0%

IV, random, 95% CI

−1.95 [−3.05, −0.84]
−2.61 [−4.10, −1.13]
−2.38 [−3.58, −1.18]

−2.25 [−2.97, −1.54]

Experimental Control Std. mean di�erence Std. mean di�erence
IV, random, 95% CI

−4 −2 0 2 4
Favours [experimental] Favours [control]

Figure 11: The forest plot: effects of ginsenoside Rb1 for decreasing malondialdehyde compared with control group.
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SD
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8.83
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100.0%
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17.08 [1.71, 32.46]
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−100 −50 0 50 100
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Figure 12: The forest plot: effects of ginsenoside Rb1 for increasing NO compared with control group.
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Wang (2008)
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Total (95% CI)

Heterogeneity: Tau 2 = 0.00; Chi2 = 0.06, df = 1 (P = 0.81); I2 = 0%
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Figure 13: The forest plot: effects of ginsenoside Rb1 for increasing phosphothreonine kinase compared with control group.
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hyperlipidemia [29]. However, only 3 studies [18, 22, 27]
structured a myocardial I/R model in diabetic rats. Finally,
another weakness is the heart protection of estrogen. Three
included studies [21, 23, 25] adopted female animals.
Although the mechanism is unclear, the heart protective
effect of estrogen has been reported both in clinical and pre-
clinical studies [30].

4.3. Implications. Ideal coronary artery thrombosis model
should include the following points: (1) provide stable
thrombus; (2) combined with intimal injury; (3) low mortal-
ity; (4) suitable for thrombolytic therapy; (5) and simple to
operate [31]. Up to now, there has been several frequently
used methods to establish animal models of MI: (1) coronary
artery stenosis or occlusion is directly caused by ligation of
coronary artery. After coronary artery ligation, the ECG
and pathological findings were corresponding, most of which
were extensive anterior wall MI and showed good reproduc-
ibility and stability [32]. Currently, it is the most recognized
and commonly used model of MI; however, establishment
of this animal model needs high proficiency; (2) coronary
artery stenosis or occlusion is caused by intravenous injection
of vasoconstrictor drugs [33]. The establishing procedure of
this method is simple, mainly diffuse myocardial injury in
the whole heart, rather than the local myocardial injury.
Obviously different from physiological process of MI, result-
ing in that it is difficult to position, and quantitative observa-
tion for later evaluation of MI area [34]; (3) stimulate
coronary artery adventitia to induce thrombus by controlled
micro current stimulator [35]. This model is seminal for
structural models, causing a better understanding of vascular
biomechanics. However, the occlusion is permanent; (4) cor-
onary artery stenosis and infarction are caused by coronary
artery atherosclerosis. It is most consistent with human phys-
iology. The weaknesses are long test cycle and high mortality,
and thus this method has been used rarely [36]. In this
review, nine studies [18–20, 22–27] reported coronary artery

stenosis or occlusion by ligation of coronary artery except for
one study [21] by intravenous injection of isoprenaline, indi-
cating that the uniform animal model was rational for
improving the reliability of the experimental results.

The choice of animal depends on the purpose of the
experiment. Factors that need to be considered include tech-
nical requirements, availability of the animal, cost, and ethi-
cal considerations [37]. The commonly used animal models
in MI experiments are listed as follows: rat, mouse, rabbit,
pig, dog, cat, monkey, and so forth. Rodents like rat and
mouse have the advantages of being cheap and easy to anaes-
thetize and work with a variety of strains with specific athero-
sclerotic risk factors such as hypertension, and ECG, serum
enzymes, and other indicators can be measured [32]. How-
ever, when it comes to performing surgery, their small size
presents quite a technical challenge. The main area in which
this animal model has been used is in the development of
cardiac tissue and in understanding basic molecular mecha-
nisms that control normal heart development and subse-
quent congenital cardiovascular malformations [38].
Rabbits have the convenience of reasonable anatomical size
and lower cost in terms of purchase and maintenance. How-
ever, they are also not as easy to operate compared to the
large animals because of the smaller size of the vasculature
[37]. The dog and cat continue to be a mainstay of cardiovas-
cular research. The reasons include a convenient size of
between 10 and 30 kg, a ready supply, and the fact they are
easy to work with. Again, their lack of rapid growth means
they are useful for long-term in vivo studies. However,
obtaining licenses for the use of dogs and cats has become
difficult [37]. Pigs are popular for experimental study, as they
have similar anatomy and physiology to that of humans [39].
They can develop spontaneous atherosclerosis [40]. Never-
theless, they are capable of rapid growth. A typical example
is that of a 25 kg pig which after 8 weeks will grow to around
100 kg [37]. From both an anatomical and physiological
standpoint, primates like monkey resemble humans more

Rb1

P38MAPK ↓GSH ↑ SOD ↑

TNF-𝛼 ↓

VEGF↑ eNOS ↑

PI3K/Akt ↑

NO ↑

Chondriokinesis

ROS ↑

MDA ↓

CK ↓ LDH ↓ cTn ↓ CK-MB ↓

Caspase-3 ↓

Figure 14: A schematic representation of cardioprotective mechanisms of ginsenoside Rb1 for myocardial ischemia/reperfusion injury. Solid
lines indicate established effects, whereas dashed lines represent putative mechanisms.
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closely than any other type of animals. Due to the lack of dra-
matic growth, they are ideal for very long-term studies, usu-
ally over several years. However, ethical considerations
restrict their use in experimentation [41]. Furthermore, they
are expensive to purchase and to maintain when compared
with other animals species [37]. In this study, all studies uti-
lized rat to establish animal model. It was considered as a
good choice for small- and medium-sized research institute
to test investigate the efficacy of G-Rb1 for animal models
of myocardial I/R injury and its possible mechanisms. Thus,
we suggest further that the animal models for MI should be
chosen according to the experimental purpose and
conditions.

Various pharmacological agents have been shown to
reduce myocardial I/R injury in animal models [42]; how-
ever, lack of cardioprotectant has been routinely used for
clinical myocardial I/R injury so far. Thus, translation of a
cardioprotectant for myocardial I/R injury from the bench
to the bed is urgently needed [42–44]. In the present study,
the findings showed that G-Rb1 significantly decreased the
MI size and cardiac enzymes, decreased cardiac cTnT, and
increased the decline degree in ST-segment. Therefore, the
present study provides a preclinical evidence-based approach
to develop G-Rb1 for acute MI. Cardioprotection by anti-
inflammation, antioxidant, antiapoptosis, and improving
the circulation for myocardial I/R injury [45] was an innova-
tive strategy for antagonizing the injurious biochemical and
molecular events that eventually resulted in irreversible
ischemic injury [46]. In the present review, the possible
mechanisms of G-Rb1 for myocardial I/R injury are summa-
rized as follows: (1) inhibition of apoptosis through down-
regulating the expression of caspase-3 [19, 27] via
inhibiting p38MAPK signaling pathway [47]; (2) antioxidant
through increasing GSH [21] and enhancing SOD-induced
antioxidant via attenuating chondriokinesis to reduce the
release of MDA [18, 20, 21, 24]; (3) anti-inflammatory
through inhibiting the expression of TNF-α [19] by inhibit-
ing the activation of PI3K/Akt signaling, inhibiting
p38MAPK and crosstalk between the two signaling pathways
[35]; (4) promotion of angiogenesis through enhancing
VEGF [23]; and (5) improvement of the circulation by
increasing the expression of NO via the activation of PI3K/
Akt signaling [20, 21]. Thus, we summarized a schematic
representation of cardioprotective mechanism of G-Rb1 for
myocardial I/R injury through anti-inflammation, antioxi-
dant, antiapoptosis, promoting angiogenesis, and improving
the circulation.

However, there are increasing concerns that poor exper-
imental design, and transparent reporting contribute to the
frequent failure of translating preclinical discoveries into
novel treatments for human disease [48]. In the present
study, the quality of including studies was considered as
moderate, which ranged from three to seven in a total of
ten points. The main drop points are that no study reported
a sample size calculation, blinded induction of model, and
blinding their assessment of outcome. And only three
included studies were performed on diabetic rats, in which
the conditions of clinical MI patients with morbidity may
not accurately be replicated owning to MI generally

occurring in elders with comorbidities such as diabetes,
hyperglycemia, or hypertension [29]. Reporting guidelines
set a checklist format of predetermined criteria for more
complete and transparent reports of biomedical research,
and thus increasing their value to inform policy, scientific
practice, and clinical practice [49]. The animal research:
“Reporting in vivo experiments (ARRIVE) guidelines” [50]
provides guidance on complete and transparent reporting
of in vivo animal research, which aims to improve the quality
of research reports. Up to 2014, the ARRIVE guidelines have
been endorsed by over 300 research journals around the
world, including the Nature Publishing Group, BioMed Cen-
tral, and PLOS [51]. Thus, we suggest that further design and
reporting of the studies should refer to the ARRIVE guide-
lines, and sample size calculation, blinded induction of
model, and blinding their assessment of outcome should be
focused on [16]. Animal research should be designed with a
clinical perspective in mind, including both genders, study
a broad age-range, and document the effect of clinically prev-
alent comorbidity and comedication on effect size. Animal
research should be registered prior to its execution in a gen-
erally accessible database similar to human (drug) research
(http://www.clinicaltrials.com). This would help to provide
a more informed view before proceeding to clinical trials
and reduce publication bias [52]. It allows verification of pre-
defined study hypothesis and end-points of the study [53].

It is well known that animal experiments have contrib-
uted to our understanding of mechanisms of diseases, but
the translation of preclinical experiment which results in a
prediction of the effectiveness of treatment strategies in clin-
ical trials is still challenging [48, 52]. High-quality RCTs are
commonly regarded the gold standard in judging the treat-
ment efficacy and safety of interventions [54]. Given the huge
gap between the animal studies and the clinical trials, the rig-
orous RCTs of G-Rb1 are needed.

5. Conclusion

The findings of the present study demonstrated that G-Rb1
exerted cardioprotective function in acute MI largely through
antioxidant, anti-inflammatory, and antiapoptosis, promot-
ing angiogenesis and improving the circulation. Thus, G-
Rb1 is a potential cardioprotective candidate for further
clinical trials of MI.
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Depression is a serious disorder that affects hundreds of millions of people around the world and causes poor quality of life,
problem behaviors, and limitations in activities of daily living. Therefore, the search for new therapeutic options is of high
interest and growth. Research on the relationship between depression and oxidative stress has shown important biochemical
aspects in the development of this disease. Flavonoids are a class of natural products that exhibit several pharmacological
properties, including antidepressant-like activity, and affects various physiological and biochemical functions in the body.
Studies show the clinical potential of antioxidant flavonoids in treating depressive disorders and strongly suggest that these
natural products are interesting prototype compounds in the study of new antidepressant drugs. So, this review will summarize
the chemical and pharmacological perspectives related to the discovery of flavonoids with antidepressant activity. The
mechanisms of action of these compounds are also discussed, including their actions on oxidative stress relating to depression.

1. Introduction

Besides cognitive deficits, Alzheimer’s disease (AD) is char-
acterized by noncognitive features which are the behavioral
and psychological symptoms of dementia (BPSD) [1]. Of all
the BPSD, the prevalence of depression is the most notewor-
thy, at 40% [2], and could be considered to be a risk factor for
AD [3]. The neurotoxic effects of depression include atrophy
of hippocampus linked to over secretion of cortisol or abnor-
mally low concentration of brain-derived neurotrophic factor
(BDNF) [4]. Furthermore, it has been recommended that
depression could be induced by metabolic disorders of
monoamine neurotransmitters that are engaged in noradren-
aline (NE), serotonin (5-HT), and dopamine (DA) signaling

[5]. Anxiety and depression have been shown to increase the
severity of cognitive decline in AD patients [6]. Furthermore,
anxiety is more common in individuals with dementia than
in individuals without dementia [7] and it is associated with
worse quality of life, problem behaviors, impediments in
activities of daily living, nighttime awakenings, and poorer
neuropsychological performance, even after controlling for
depression [8]. TheWorld Health Organization (WHO) esti-
mates that around 350 million individuals suffer from
depression and anticipates that by 2020 the disorder will be
the second driving reason of disability worldwide. As of
now, there are numerous effective antidepressants available,
yet a few antidepressants caused insufficient and unsatisfac-
tory results in around 33% of all subjects treated [9–11].
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Along these lines, endeavors ought to be sought after for the
development of the newer antidepressant agents with better
efficacy and fewer side effects.

The different forms of monoamine oxidases (MAO-A
and MAO-B) were considered as relevant for key events in
intrinsic cell death pathways, particularly those focused on
oxidative stress and peroxyradical-mediated mechanisms
via causing to the production of hydrogen peroxide as a
byproduct of the reaction between the MAOs (monoamine
oxidases) and their monoamine substrates [12]. Especially
the upregulation of MAO-A prompted increments of 5-
hydroxyindoleacetic acid/5-HT ratio, oxidative stress, lead-
ing to nuclear factor-κB (NF-κB) activation, inflammation,
and apoptosis [13, 14]. The patients with chronic neurode-
generative symptoms like depression and apathy are for the
most part treated with drugs that elevate biogenic amine
levels. This common therapeutic strategy was believed to be
responsible for the generation of neurotoxic aldehydes and
enhanced oxidative stress which in turn further increases
the biogenic amine turnover. The exploratory examinations
likewise uncovered this last condition influencing and accel-
erating the course of neurodegeneration. Truth be told, the
in vivo findings from chronic, unpredictable stress-induced
depression models of mice prompted that the depression
formation was strongly emphatically connected with the
increased activities of MAOs and malondialdehyde (MDA)
amounts and diminished glutathione levels, glutathione
reductase, and glutathione peroxidase activities in the brain
[15–17]. In a current report by Czarny et al. [18], it was
accounted that elevated levels of reactive oxygen and nitro-
gen species (ROS and RNS) caused oxidative DNA damage
in depressed patients. It is well known that chronic oxidative
stress due to ROS and RNS production has a huge potential
to drive carcinogenesis by altering the expression of cancer-
related genes causing mutation and transformation. Concor-
dantly, it was discovered that gastric cancer patients with
depression are under elevated levels of oxidative stress condi-
tions that are accompanied by the dysfunction of numerous
protooncogenes [19, 20].

Herbal therapies may be a fascinating and successful
option in depression treatment, since a large number of
herbal preparations have demonstrated psychotherapeutic
activities. The search for new pharmacotherapy from medic-
inal herbs and constituents isolated from plant extracts for
psychiatric disorders, including depression, has advanced
expressively over the previous decade [21]. For instance, a
flavonoid-rich fraction obtained from the seed extract of
Monodora tenuifolia was able to do altogether to decrease
behavioral alterations in forced-swim stressed rats and in
addition exert protective effects against induced oxidative
stress, supporting its antidepressant effect [22]. In another
investigation, the methanolic extract from the species Byrso-
nima crassifolia (L.) Kunth (Malpighiaceae) uncovered anti-
depressant activity in the forced swimming test and the
antioxidant flavonoids rutin, quercetin, and hesperidin per-
haps are engaged with the antidepressant effects of B. crassi-
folia (L.) Kunth [23–26]. Flavonoids are a broad class of
secondary metabolites copious in plants and different foods.
They have been distinguished in an assortment of a variety

of fruits and vegetables and confer color, flavor, and aroma,
as well as nutritional and health benefits. Polyphenol flavo-
noids are the most effective functional ingredients with bio-
logical activities. Many flavonoids possess antioxidant and
antidepressant activities [10, 24, 25]. It is widely reported that
oxidative stress assumes a critical part in the development of
various diseases [27], including psychopharmacological dis-
orders [28]. Indeed, the connection between oxidative stress
and depression has been studied and discussed in some
reviews [28–31]. Accordingly, this review provides a detailed
overview of the current state of knowledge about the antide-
pressant activities of flavonoids, as well as their relationship
with oxidative stress.

2. Methodology

The search was conducted in the scientific database PubMed,
focusing on works published during the last six years (January
2011 to December 2016). The data were selected using the fol-
lowing terms: “flavonoid” and “antidepressant” as well as the
names of experimental models of depression in animals such
as “Forced Swim Test” and “Tail Suspension Test” and “Oxi-
dative Stress.”

3. Results and Discussion

3.1. Flavonoids and BDNF Expression. BDNF is a neurotro-
phin expressed in the brain and participates in a range of
intracellular signaling processes, neuronal protection and
survival, axonal and dendritic morphology and synaptic plas-
ticity [32]. It has been documented that BDNF is involved in
a number of neuropsychiatric disorders such as affective dis-
orders, schizophrenia, addiction, eating disorders, and neu-
rodevelopmental disorders [33]. Decreased levels of BDNF
are among the most frequently validated biomarkers of
depressive disorder [32]. Importantly, reduced BDNF levels
have been reported in postmortem brain samples from AD
patients [34].

Hesperidin (1), a natural flavanone glycoside predomi-
nant in citrus fruits, has been accounted with useful thera-
peutic properties such as antidiabetic [35], antioxidant
[36], neuroprotective [37], and anticancer [38]. El-Marasy
et al. [39] reported the antidepressant effect of hesperidin
in streptozotocin-induced diabetic rats (Table 1). The out-
come of the study indicated that the effects of hesperidin
are mediated at least in part, via its modulatory effect on
hyperglycemia, its antioxidant and anti-inflammatory activ-
ities, alteration of BDNF levels, and activation of the brain’s
monoaminergic system. Furthermore, Donato et al. [40]
observed that chronic administration of hesperidin resulted
in an increase in hippocampal BDNF levels. These authors
concluded that the antidepressant effect of hesperidin is
mediated by inhibition of L-arginine-NO-cGMP pathway
and by an increase of the BDNF levels in the hippocampus.
In another examination, Li et al. [41] explored the
antidepressant-like mechanism of hesperidin in mice
exposed to chronic mild stress (CMS). The obtained results
showed the ability of hesperidin to ameliorate the reduction
of sucrose preference and reverse the augmented immobility
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time induced by CMS. All these information endorse the
antidepressant effect of hesperidin and suggest that extracel-
lular signal-regulated kinase- (ERK-) BDNF signaling path-
way is involved in the antidepressant-like activity of this
flavanone.

Chrysin (2), a natural flavonoid predominant in bee
propolis, honey, and several plants, possesses multiple bio-
logical activities such as anti-inflammatory, antineoplastic,
hypolipidemic, and antioxidant [42–44]. In addition, Filho
et al. [45] revealed the antidepressant effect of chrysin in mice
subjected to chronic unpredictable mild stress (Table 1). The
authors proposed that upregulation of BDNF levels in the
hippocampus and prefrontal cortex of stressed mice may be
associated with the antidepressant effects of chrysin. In
another study done by the same research group members
[46], they showed that the treatment with chrysin caused
the attenuation of depressive-like behavior and hippocam-
pal changes in olfactory bulbectomized mice, reinforcing
that BDNF plays an important role in the antidepressant
effect of this flavonoid. Further, Filho et al. [47] likewise
analyzed the neurochemical parameters correlated with
the antidepressant property of chrysin in mice exposed to
unpredictable chronic stress. The authors suggested an
association existing between the antidepressant-like action
of chrysin and the proinflammatory cytokines synthesis,
5-hydroxytryptamine metabolism, kynurenine pathway, and
caspases activities.

Naringenin (3), a dietary flavonoid prevalent in the peels
of citrus fruit, has various biological actions such as a cogni-
tive enhancer [48] and inhibits monoamine oxidase activity
[49] and neuroprotection [50]. Likewise, naringenin was
found to display antidepressant effects [51]. The authors
inferred that naringenin treatment can suppress neuroendo-
crine signaling and stimulate monoamines, which bring
about upregulation of BDNF in the mice hippocampus.

Astilbin (4), a natural flavonoid heteroside displayed in
the plants of Smilax or Hypericum perforatum L., has differ-
ent pharmacological actions such as antioxidant, free radical
scavenging, and anti-inflammatory function [52, 53]. Lv et al.
[54] detailed additionally about the antidepressant effect of
astilbin. They suggested that the effects of astilbin observed
in experimental mice of depression are mediated by upregu-
lation of the BDNF signal pathway and monoaminergic neu-
rotransmitters discharge in the mice cortex.

Icariin (5) is a major bioactive compound from the spe-
ciesHerba Epimedii (Epimedium brevicornumMaxim), a tra-
ditional Chinese medicinal herb, used for centuries for
treating various conditions including depression [55].
Among 19 metabolites originated of icariin, icariin has been
found to possess neuroprotective potential [55]. Wu et al.
[55] reported that icaritin is a novel antidepressant and partly
restored social defeat-induced impairment of glucocorticoid
sensitivity and hypothalamic-pituitary-adrenal (HPA) axis
hyperactivity. These effects are at least partially attributed
to normalization of the glucocorticoid receptor function
and increases in BDNF expression. In addition, Liu et al.
[56] also reported that icariin exerted an antidepressant effect
in an unpredictable chronic mild stress model of depression
in rats and is associated with the regulation of hippocampal
neuroinflammation. In another study, Wei et al. [57] investi-
gated the effects of icariin treatment in a model of depression
in rats induced by unpredictable chronic mild stress. The
obtained results suggest the therapeutic efficacy of icariin as
a potential antidepressant. Furthermore, the antidepressant
activity of this flavonoid heteroside occurs via different tar-
gets in both the hippocampus and prefrontal cortex.

7,8-Dihydroxyflavone (6) acts as a TrkB receptor-specific
agonist and can mimic BDNF action. Also, it demonstrated
therapeutic efficacy in animal models of various neurological
diseases [58] such as Parkinson’s disease, stroke [59], and

Flavonoids

(i)
(ii)

(iii)
(iv)
(v)

Increased BDNF levels sin the hippocampus
Promoted ERK phosphorylationand BDNF
expressionin the hippocampus
Restored the stress-induced down-regulation of BDNF
Activation of the BDNF signaling pathway
Cytoprotective action related to elevation the expresion of
BDNF and CREB

(i)

(ii)

(iii)

Restored the brain levels of
monoamines
Increased the serotonin and
dopamine levels sin the CNS
Up-regulation of monoaminergic
neurotransmitters

Interaction with the 5-HT1A, noradrenergic �훼2, and
dopaminergic D1, D2, and D3 receptors
Interaction with the �휅-opioid receptor
Act as TrkB receptor-specific agonist
Interaction with presynaptic 5-HT1A receptors

(i)

(ii)
(iii)
(iv)

(i)
(ii)

(iii)

(iv)

Attenuated hyperglycaemia
Antioxidant effect and attenuated
neuroinflammation
Potentation the GABA A receptor-Cl−
ion channel complex
Supression of oxidative-nitrosative-
stress

Figure 1: Possible mechanism of action of flavonoids with antidepressant activity.
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depression [60]. Liu et al. [58] reported that 7,8-dihydroxy-
flavone can penetrate the brain-blood barrier (BBB) and
mimics BDNF action. Also, the authors reported that this
compound poses more prominent physiological activities
than other reported peptide mimetics or small molecules,
supporting the fact that 7,8-dihydroxyflavone is a superior
compound with oral bioavailability for TrkB agonist drug
development.

Hyperoside (7) is a natural flavonoid isolated from Apoc-
ynum venetum L. leaves [61]. Zheng et al. [61] reported that
hyperoside possesses antidepressant effects via cytoprotective
action related to the elevation of the expression of BDNF and
CREB through the signal pathway AC-cAMP-CREB within
the PC12 cell line. In addition, Haas et al. [62] concluded that
this flavonoid heteroside, extracted from the crude extract of
Hypericum caprifoliatum Cham. & Schltdl. (Guttiferae), pre-
sented a depressing effect on the central nervous system
(CNS) and either an antidepressant effect in rodents medi-
ated by the activation of D2-DA receptors.

Baicalein (8) is one of the most active flavonoids found in
the dry roots of Scutellaria baicalensis Georgi. It has been
reported that baicalein can get across the BBB [63]. Also, var-
ious studies have indicated that baicalein has proved to be a
superior free radical scavenger and xanthine oxidase inhibi-
tor [63, 64]. Xiong et al. [65] reported that this flavone exhib-
ited antidepressant effects. In addition, baicalein reversed the
reduction of ERK phosphorylation and the level of BDNF
expression in the hippocampus of chronic mild stress model
rats. These results suggest that baicalein produces an
antidepressant-like effect, and this effect is at least partly
mediated by hippocampal ERK-mediated neurotrophic
action. Furthermore, Li et al. [66] suggested that baicalein
could prevent the chronic mild stress-induced depressive-
like behavior through the inhibition of cyclooxygenase-2 in
rat brain and subsequently resulted in a reduction of prosta-
glandin E2 levels in the brain.

3,5,6,7,8,3′,4′-Heptamethoxyflavone (9) is a polymethox-
yflavone found in several citrus fruits [67]. This poly-
methoxyflavone possesses several biological activities,
including anti-inflammatory, neuroprotective, [68] and the
immunomodulatory function [67]. In a study performed by
Sawamoto et al. [69], these authors suggested that the
3,5,6,7,8,3′,4′-heptamethoxyflavone exerts antidepressant
activity by inducing the expression of BDNF. This flavone
improved corticosterone-induced depression-like behavior
and repaired BDNF expression, neurogenesis, and neuro-
plasticity in the hippocampus.

3.2. Flavonoids and Monoaminergic Systems. The mono-
amine theory of depression states that depression is associ-
ated with a decrease in monoamine levels in the synaptic
cleft, namely, of the catecholamine NE and of the
indoleamine 5-HT [70]. The main biochemical causes of
depression are metabolic disorders of monoamine neuro-
transmitters that are involved in NE, 5-HT, and DA sig-
naling [5, 10]. Moreover, in many depressed patients, the
impairment of the function of the HPA axis was noticed
[71]. It has been reported that many flavonoids possess

antioxidant, anti-inflammatory, and antidepressant activi-
ties in animal studies [72, 73].

Kaempferitrin (10) is the main secondary metabolite
extracted from the Justicia spicigera Schltdl. (Asteraceae)
plant. It has been documented that this plant is used for its
analgesic, antidiabetic, anti-inflammatory, and antiseizure
potential, as well as a tonic [74]. Cassani et al. [74]
reported that kaempferitrin exhibited antidepressant
effects in two behavior models in mice. In addition, its
effect could be related to serotonergic neurotransmitter
system action, mainly through its interaction with presyn-
aptic 5-HT1A receptors. Also, the authors suggested the
involvement of the HPA axis in the antidepressant-like
effect of kaempferitrin.

The antidepressant effect of the Hemerocallis citrina Bar-
oni is mediated by the contributions of flavonoids, especially
rutin (11) and hesperidin (1) [75]. Its antidepressant effects
are due to the interaction with serotonergic, noradrenergic,
and dopaminergic systems [76]. The antidepressant effect
of hesperidin depends on its interaction with serotonergic
5-HT1A receptors [77]. The aforementioned mechanism of
hesperidin action is also supported by Souza et al. [77] stud-
ies by interaction with the serotonergic 5-HT1A receptors.
Filho et al. [78] also reported the antidepressant effect of hes-
peridin in a mice model of anxiety, through its interaction
with κ-opioid receptors, but not with the δ-opioid, μ-opioid,
or adenosinergic receptors.

Luteolin (12) is a common flavonoid with various phar-
macological actions such as antioxidant, anticancer, mem-
ory-enhancing, and anxiolytic, indicating that luteolin
could easily penetrate the BBB [79]. De la Peña et al. [80]
reported that luteolin mediates the antidepressant effects of
Cirsium japonicum Fisch. ex DC., possibly by potentiation
of the GABAA receptor-Cl-ion channel complex. Also, Ishi-
saka et al. [79] have shown that luteolin attenuated the
expression of endoplasmic reticulum stress-related proteins
in the hippocampus of corticosterone-treated depression
model mice.

Vitexin (13) is a flavone glycoside present in foodstuffs
and nutraceuticals [81]. It has been shown that vitexin has
multiple pharmacological effects such as inhibitory effects
on adipogenesis [82], platelet aggregation [83], α-glucosidase
[84] and urease [85], and antitumor/antimetastatic [86],
antioxidant [87], anti-inflammatory, [88] and peripheral
analgesic [89] activities. Among plants, Passiflora incarnata
L. (Passifloraceae) have been found to be the main source
of vitexin, with significant effects on the CNS, including anxi-
olytic effects. Can et al. [81] reported that vitexin possess
antidepressant effect mediated by an increase in catechol-
amine levels in the synaptic cleft as well as by interactions
with the serotonergic 5-HT1A, noradrenergic α2, and dopa-
minergic D1, D2, and D3 receptors.

Amentoflavone (14) is a natural flavonoid with many bio-
logical properties such as antioxidative, anti-inflammatory,
and neuroprotective effects [90]. Ishola et al. [91] reported
the antidepressant and anxiolytic effects of amentoflavone
isolated from Cnestis ferruginea Vahl ex DC. in mice. The
authors concluded that amentoflavone produces its antide-
pressant effects through interactions with the 5-HT2 receptor
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and α1- and α2-adrenoceptors while the anxiolytic effect
involved the ionotropic GABA receptor.

Naringenin (3) is a flavanone found in high amounts
in the peels of citrus fruits with several biological effects
such as neuroprotective [92] and monoamine oxidase
inhibitory activity [34]. Moreover, naringenin exhibited
antidepressant effects via monoaminergic systems [93]. Yi
et al. [94] reported the antidepressant-like behavioral, neu-
rochemical, and neuroendocrine effects of naringenin in
the mouse repeated the tail suspension test. The authors
concluded that the antidepressant effects of naringenin
may be mediated by an interaction with neuroendocrine
and neurochemical systems.

Fisetin (15) is a natural flavonoid found especially in
strawberries and other fruits or vegetables. This flavonoid
has various biological activities, including antioxidant, anti-
inflammatory, and neuroprotective effects [95, 96]. Zhen
et al. [97] reported that the antidepressant-like effect of fise-
tin involves the serotonergic and noradrenergic systems.
The authors concluded that the positive effects of fisetin on
the depressive response are likely mediated via the central
serotonergic and noradrenergic system by inhibiting the
monoamine oxidase enzyme activity. In another study, Yu
et al. [98] evaluated the ability of fisetin to modulate
depressive-like behavior in a lipopolysaccharide- (LPS-)
induced acute neuroinflammation model. The authors con-
cluded that fisetin is a potential candidate for clinical mental
disorder therapy since it can correct depressive-like behavior
in LPS-induced depression in mice model.

Nobiletin (16) is a dietary flavonoid abundant in the peels
of citrus with many potential health benefits. It has been
reported that nobiletin exerts protective effects on β-amyloid
peptide-induced impairment of learning ability [99],
improved the memory impairment, reduced the β-amyloid
peptide levels [100], and had neuroprotective effects on
ischemia-induced neuronal death in the hippocampal CA1
region [101]. Yi et al. [102] reported the involvement of
monoaminergic systems in the antidepressant-like effect of
nobiletin. The authors concluded that the antidepressant-
like effect of nobiletin seems to be mediated by an interaction
with the serotonergic (5-HT1A and 5-HT2 receptors), norad-
renergic (α1-adrenoceptor), and dopaminergic (D1 and D2
receptors) systems.

Quercetin (17) is a dietary flavonoid presented in high
amount in onion, apple, broccoli, and wine, as well as plants
likeGinkgo biloba L. and green tea [103]. It has been reported
that quercetin is a powerful radical scavenger flavonol and so
that it fortifies the antioxidant defense system [104]. In addi-
tion, quercetin increase 5-HT and norepinephrine availabil-
ity in synaptic cleft that seems to be dysregulated in
depression. Demir et al. [105] reported antidepressant-like
effects of quercetin in diabetic rats (Table 1). The authors
concluded that quercetin may be considered as a partially
useful supplement for the treatment of diabetic depression,
and the antidepressant-like properties of quercetin seem to
be independent of the HPA axis. Furthermore, Scheggi
et al. [106] reported antidepressant activity of Hypericum
perforatum L. (Hypericaceae) related to the flavonoid com-
ponents of this species including quercetin. Also, Rinwa

and Kumar [107] have shown that quercetin suppresses the
microglial neuroinflammatory response and induces the
antidepressant-like effect in olfactory bulbectomized rats.

3.3. Antioxidant Effect of Antidepressant Flavonoids. Con-
temporary endeavours are being given to explore novel natu-
ral remedies for better positive effect with no or less toxic
effects alternatives to conventional antidepressants. Despite
not being fully studied or understood, naturally occurring
flavonoids have demonstrated less or more neuroprotective
activities. The neuroprotective mechanisms of antidepressant
effects remain to stay vague, in spite of the fact that it is pro-
posed that flavonoids generally exert their antidepressant-
like effects via altering behavior, cytokine levels, oxidative
stress, and energy metabolism parameters. In addition to
antioxidative action, each flavonoid follows its idiocratical
one or more different pathways from these general routes
against advancement and progression of depression
including prevention of mitochondrial membrane potential
dissipation, agonizing GABA-benzodiazepine receptors
interaction with κ-opioid receptors and kynurenine path-
way (KP), acetylcholinesterase activity regulation, helping
to maintain brain plasticity, inhibition of L-arginine-NO,
extracellular signal-related kinase (ERK) 1/2 and AKT
phosphorylation pathways, modulation of intracellular cal-
cium overload and K+ channels, downregulation of Bax,
caspases 3 and 9, and cytochrome C (Cyt-C) protein
expression, and upregulation of Bcl protein expression
were also afforded to positive impacts of flavonoids in
the treatment depression [108–112].

Due to their serious side effects of the current MAO
inhibitors and the urgent need for novel ones, natural prod-
ucts have been considered as alluring focuses for pharmacol-
ogists. Exceptionally, a few reports obviously settled higher
effectiveness by flavonoids compared to placebo intake and
a similar activity was observed when comparing to several
antidepressant drugs. Among these flavonoids that display
antidepressive-like activity such as hesperidin (1), naringenin
(3), quercetin (17), and astilbin (4) have been appeared to
diminish depressive symptoms in animals experimental trials
or in vitro models (Figure 1), mainly for the most part by
means of the (i) inhibiting monoamine oxidases (MAOs)
and (ii) altering oxidative/antioxidant defenses and/or (iii)
inflammatory responses [113–115].

Several flavonoids have been appeared to avert against
neurodegenerative disorders and depressive insults. How-
ever, limited studies are recorded in the literature with
respect to the neuroprotective mechanisms of these naturally
occurring compounds more particularly in the treatment of
depressive disorders. From the literature scanning, it was
clearly comprehended that the conceivable mode of action
of flavonoids included quenching free radical elements and
the stimulation of internal antioxidant enzymes mainly. In
fact, hesperidin led to the decrease of ROS generation,
enhances of superoxide dismutase (SOD) and glutathione
(GSH) levels, and reduced MDA formation in cultured dif-
ferent human cell lines including HaCaT and ARPE-19 cells
[116–118]. While amentoflavone (14) displays inhibitory
consequences on the productions of superoxide anion and
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total reactive oxygen species (ROS) [119] and neuroprotec-
tive activity by means of restoration of the reduced superox-
ide dismutase (SOD) activity, glutathione reductase (GR)
activity, and glutathione content induced by glutamate
[120]. Vitexin (13) is another flavonoid that shows neuropro-
tective action demonstrated in studies. In the mechanism of
action, suppression of isoflurane-induced caspase-3 activa-
tion and increased β-secretase 1 levels in PC12 cells was pro-
posed. It has also been reported to decrease the levels of
isoflurane-induced cytosolic calcium and reactive oxygen
species [121]. Likewise, cellular ROS production induced by
several oxidative damaging agents was attenuated by pre-
treatment with chrysin (2) [122], naringenin (3) [123], astil-
bin (4) [53], icariin (5) [124], 7,8-dihydroxyflavone (6) [125],
hyperoside (7) [126], baicalein (8) [127], rutin (11) [128],
luteolin (12) [129], fisetin (15) [130], nobiletin (16) [131],
kaempferitrin (10) [132], and quercetin (17) [133].

Another revealed the antioxidative mechanism of
action of flavonoids was through the chelation of transi-
tion metal elements. Then, these natural compounds
enabled metals to chelate or binds to metal ions in
humans and animals to block them being accessible to
oxidation [116]. Now, hesperidin (1) [36], naringenin (3)
[123], astilbin (4) [134], luteolin (12) [135], and quercetin
(17) [136] appeared to chelate metal ions such as iron,
copper, and zinc in showing their antiradical properties.
Notwithstanding free radicals scavenging and chelating of
metal ions, several flavonoids, including hesperidin (1),
astilbin (4), luteolin (12), baicalein (8), and quercetin
(17), played key roles in inhibiting free radical generating
enzymes such as myeloperoxidase, xanthine oxidase, lipox-
ygenase, microsomal monooxygenase, and NADPH oxi-
dase [137–143]. The polymethoxyflavones nobiletin (16)
and 3,5,6,7,8,3′,4′-heptamethoxyflavone (9), found in
young fruits of Citrus unshiu Marc., inhibit NO produc-
tion, LPS-induced iNOS protein, and mRNA expression
by NF-κB activation and p38-mitogen-activated protein
kinase (MAPK) phosphorylation. Interestingly, the young
citrus fruit demonstrated a neuroprotective effect by delay-
ing neurodegeneration in hippocampal CA1 neurons of
the Mongolian gerbil after global ischemia [144]. It is
revealed that depression is closely associated with altered
cellular resilience, selective structural changes, and neuro-
nal atrophy of the hippocampus [145, 146]. Therefore, a
possible reversal of these changes structures by constitu-
ents of the plant, such as antioxidant flavonoids nobiletin
(16) and 3,5,6,7,8,3′,4′-heptamethoxyflavone (9), should
be an interesting way to treat this behavioral disorder.
Truth be told, it has as of late been exhibited that orally
administered 3,5,6,7,8,3′,4′-heptamethoxyflavone (9) is
beneficial for the upregulation of BDNF in the hippocam-
pus via the ERK1/2/MAP system. These information ought
to be identified with the antidepressant effects of this com-
pound [147].

Hyperoside (7) inhibits 13-HPODE-induced ROS pro-
duction in PC-12 cells. This compound is found in Apocy-
num venetum L. which likewise has antidepressant and
antioxidant activity. Hyperoside (7) is one of the constituents
in the extract of this plant that contribute to these activities.

Whereas oxidative stress may be associated with the advance-
ment of depression, both extract and compound 7must have
protective action against oxidative stress in nerve cells [148].

Once more, this class of compounds might act as antide-
pressant agents endowed with multiple mechanisms of action
in the CNS, increasing central neurotransmission, limiting
the reabsorption of bioamines by synaptosomes, and modu-
lating the neuroendocrine and GABAA systems [149]. Curi-
ously, support with several flavonoids strengthened the
pharmacokinetic efficacy of many medications for depres-
sion. The flavonoids hesperidin (1) and naringenin (3)
enhanced the area under the curve (AUC), maximum plasma
concentration (Cmax), and elimination half-life (t1/2) of rasa-
giline, a selective monoamine oxidase-B inhibitor, with a
concomitant reduction in clearance (CL/F) in both single
and multiple dose studies [150], while quercetin (17) affects
glutamatergic neurotransmission in rat brain [151] evidenc-
ing the action of this compound in the glutamateric
framework.

4. Conclusions

Considering that oxidative stress is unequivocally associ-
ated with the advancement of depression, the reported
data suggest that the utilization of these flavonoids may
help in reducing the symptoms of depression, notably via
supplementation of dietary flavonoids in which they are
significantly related with the minimization of depression
risk due to their great antioxidative natures. Regrettably,
advanced investigations are needed to fully understand
the mode of action to neuroprotection, biotransformation
of their metabolites in the body, and interaction properties
with receptors related to depression.
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Ultraviolet B (UVB) irradiation has been known to cause skin damage, which is associated with oxidative stress, DNA damage, and
apoptosis. Echinacoside is a phenylethanoid glycoside isolated fromHerba Cistanches, which exhibits strong antioxidant activity. In
this study, we evaluate the photoprotective effect of echinacoside on UVB-induced skin damage and explore the potential molecular
mechanism. BALB/c mice and HaCaT cells were treated with echinacoside before UVB exposure. Histopathological examination
was used to evaluate the skin damage. Cell viability, lactate dehydrogenase (LDH) levels, antioxidant enzyme activities, reactive
oxygen species (ROS) generation, DNA damage, and apoptosis were measured as well. Western blot was used to measure the
expression of related proteins. The results revealed that pretreatment of echinacoside ameliorated the skin injury; attenuated
oxidative stress, DNA damage, and apoptosis caused by UVB exposure; and normalized the protein levels of ATR, p53, PIAS3,
hnRNP K, PARP, and XPA. To summarize, echinacoside is beneficial in the prevention of UVB-induced DNA damage and
apoptosis of the skin in vivo and in vitro.

1. Introduction

As the outmost layer of the human body, the skin could
be seriously damaged when constantly exposed to chemical
pollutants and environmental ultraviolet (UV) radiation.
UVB radiations (280–320nm), which are one of the most
damaging of the solar UV emissions, could affect various skin
structures, cause edema, erythema, hyperplasia, wrinkling,
roughness, and premature aging, and even lead to diagnosed
skin malignancy [1]. Studies have revealed that chronic
exposure of skin to UVB irradiation increases the level of
reactive oxygen species (ROS) [2], which resulted in

oxidative damage of cellular substrates, such as lipids, pro-
teins, and nucleic acids, leading to inflammation, immuno-
suppression, apoptosis, and gene mutation [3].

Antioxidant supplementation is an effective strategy to
counteract the deleterious effects of ROS generated by super-
oxide radical, hydroxyl radical, and singlet oxygen after UVB
irradiation and reduce the harmful effect of DNA damage by
excessive exposure to UVB [4]. Over the past years, there has
been a growing interest in the skin care product industry in
the use of natural antioxidants to inhibit the adverse effects
of UVB or improve the health of irradiated skin. Phenyletha-
noid glycosides are very protecting promising molecules
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against ROS’ damaging effects, as they share the common
structural group phenol, an aromatic ring linkage with at
least one hydroxyl substituent. It has been reported that some
phenylethanoid glycosides can be applied for photoprotec-
tion against UV-induced oxidative stress, owing to the stron-
gest scavenging activity against free radical and their ability
to modulate multiple pathways [5, 6].

Herba Cistanches [7] is one of the most important herbs
in traditional Chinese medicine and has been widely used in
East Asian countries to treat aging, senescence, and
irradiation-related skin disorders. Echinacoside (Figure 1) is
one of the major phenylethanoid glycosides isolated and
purified from Cistanches herba [8]. It is a hydrophilic poly-
phenol glycoside consisting of a phenylpropanoid and a phe-
nylethanoid glycosidically linked to a trisaccharide moiety,
which has strong scavenging activity to scavenge hydroxyl
radicals, superoxide anion, and lipid radicals [9] as well as
inhibits autoxidation of linoleic acid [10]. In addition, the
previous study has revealed that echinacoside and caffeoyl
conjugates can prevent the degradation of Type III collagen
and protect the skin against oxidative stress induced by
UVA/UVB, indicating the potential role of echinacoside for
the prevention and treatment of the photodamaged skin
[11]. However, information on the critical role of the photo-
protective effects of echinacoside against UVB-induced skin
damage and its possible mechanism remains limited.

Therefore, this study was undertaken to investigate the
protective effect and potential mechanism of echinacoside
in UVB-mediated response using mice dorsal epidermal
model in vivo as well as immortalized human keratinocyte
(HaCaT) cells in vitro.

2. Materials and Methods

2.1. Preparation of Echinacoside Formulations. The present
study was performed using an o/w cream formulation
containing octadecanoic acid, liquid paraffin, and glycerol
monostearate as the oil phase and triethanolamine as the
main water phase. Echinacoside (Cat number A1019, 99.5%,
purity; Mansite Bio-Tech. Co., Ltd., Chengdu, Sichuan,
China) was solubilized in distilled water and incorporated

into this system. The drug loading capacities of echinacoside
in the creams were 0.5%, 1%, and 5%, respectively.

2.2. Experimental Animals and UVB Irradiation. Male
BALB/c mice (6–8 weeks old) were purchased from the
Experimental Animal Research Center, the Fourth Military
Medical University (Xi’an, China). The animals were
allowed to acclimatize for 1 week and maintained in stan-
dard conditions (12 h light/dark cycle, 20.3–23.1°C and
40–50%humidity) during the experimental cycle and fedwith
standard laboratory food andwater ad libitum.All experimen-
tal procedures were reviewed and approved by the Institu-
tional Animal Care and Use Committee of the Fourth
MilitaryMedical University (protocol number 2014-0415-R).

After shaving, clean the dorsal skins with a hand razor
in the tail-to-head direction without damaging the skin.
The animals were divided into six groups (n = 10): (a)
untreated control, (b) UVB, (c) vehicle +UVB, (d) 0.5%
echinacoside +UVB, (e) 1% echinacoside +UVB, and (f)
5% echinacoside +UVB.

UVB source used in the experiment was Philips TL 40W/
12 RS (Holland) emitting a continuous spectrum between
270 nm and 400nm, with a peak emission at 313nm. Vehicle
cream or echinacoside cream was topically applied to the
back of each mice. The dose rates of echinacoside were
0.05mg/cm2, 0.1mg/cm2, and 0.5mg/cm2, respectively. After
30min, mice were exposed to UVB in a special designed
cage, and the irradiation intensity was 0.326mW/cm2 as
measured by a Sentry ST 513 UV light meter (Taiwan,
China). Irradiation dose was calculated using the formula:
dose (mJ/cm2) = exposure time (sec.)× intensity (mW/cm2).

Mice were exposed to UVB every other day ten times
with a total energy dose of 1956mJ/cm2 and were sacrificed
after 24 h of the last UVB exposure. Histopathology examina-
tion and immunohistochemical analysis were performed by
placing a part of the dorsal skin in 10% phosphate-buffered
formalin. The remainder of the skin tissues was stored in
liquid nitrogen.

2.3. Skin Edema Analysis. The effect of echinacoside on
UVB-induced skin edema was measured as an increase
of the dorsal skin weight. After the dorsal skin was excised
from the mice, a constant area (5mm diameter) was delim-
ited using a mold and then weighed.

2.4. Hematoxylin and Eosin (H&E) Staining. Five-micro-
metre-thick sections were obtained from paraffin-
embedded tissues for H&E staining. After deparaffinization
with xylene and hydration with an alcohol series, the sections
were stained with hematoxylin solution (Cat number H6927,
Sigma, St. Louis, MO, USA) for 30 s, washed, stained with
eosin solution (Cat number 230251, Sigma, St. Louis, MO,
USA) for 1min, washed again, dehydrated with an alcohol
series, and cleared with xylene. After mounting, the tissues
were observed by Olympus CXX41SF inverted light micros-
copy (Tokyo, Japan).

2.5. Immunohistochemical Detection of Cyclobutane Pyrimidine
Dimers (CPDs) and 8-Hydroxy-2′-deoxyguanosine (8-OHdG).
The paraffin-embedded skin sections were deparaffinized,
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Figure 1: Chemical structure of echinacoside.
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rehydrated, and washed in phosphate-buffered saline (PBS)
for CPDs and 8-OHdG detection in vivo. The tissue sec-
tions were subjected to antigen retrieval by microwaving
for 10min in EDTA antigen retrieval buffer (pH8.0).
Endogenous peroxidase activity was blocked by incubation
with 3% H2O2 for 25min. After PBS washing, the speci-
mens were incubated in PBS containing 10% goat serum
for 30min to block nonspecific binding sites. Sections were
then incubated with mouse monoclonal antibodies against
CPDs (Cat number SAB3105004, Sigma, St. Louis, MO,
USA) and 8-OHdG (Cat number MOG-100P, clone N45.1,
JaICA, Tokyo, Japan). After incubation overnight at 4°C
and washed with PBS, the tissues were incubated with
biotin-conjugated goat anti-mouse IgG (Cat number
A315532, Invitrogen Corporation, CA, USA) for 1 h, with
HRP-conjugated streptavidin (Cat number P039701-2,
DAKO, Carpienteria, CA) for 30min and with 3,3′-diami-
nobenzidine (Cat number K3468, DAKO, Carpienteria, CA)
for 5min. All sections were lightly counterstained with
haematoxylin for 2min followed by dehydration and
observed by Olympus CXX41SF inverted light microscopy
(Tokyo, Japan).

2.6. Antioxidant Enzyme Assays. After the removal of the
subcutaneous tissue, the skin tissue fragment was weighed
accurately and homogenized with cold Tris-HCl (5mmol/L,
containing 2mmol/L EDTA, pH7.4) to prepare 10% (w/v)
tissue homogenate by a polytron homogenizer (Brinkman
Kinematica, Switzerland), which was then centrifuged for
15min at 3000 rpm at 4°C. The supernatant was collected
and stored at −80°C. The protein content of each sample
was measured by BCA protein assay kit (Cat number
P0012, Beyotime Institute of Biotechnology, China).With
the respective detection kits (Nanjing Jiancheng Bioengi-
neering Institute, China), the activities of superoxide dismut-
ase (SOD) (Cat number A001), catalase (CAT) (Cat number
A007), glutathione peroxidase (GSH-Px) (Cat number
A005), and the content of malondialdehyde (MDA) (Cat
number A003-1) were determined.

2.7. Cell Culture and UVB Irradiation. HaCaT cells (ATCC,
Rockville, MD, USA) were cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS), penicillin
(100U/mL), and streptomycin (100 μg/mL) and incubated
at 37°C under 5% CO2 in a humidified atmosphere.

The cells were irradiated in culture plates placed under a
Philips TL 40W/12 RS UVB lamp (Holland) emitting a con-
tinuous spectrum between 270nm and 400nm, with a peak
emission at 313nm. The emitted radiation dose was mea-
sured by a Sentry ST 513 UV light meter (Taiwan, China).

2.8. Determination of Optimal UVB Irradiation Level. The
optimum level of UVB irradiation intensity was determined
by incubating the cells at a density of 1× 105 cells/mL in
96-well plates. At a confluence of 80–90%, the cells were
exposed to UVB in the range of 25–500mJ/cm2 in 200 μL
PBS. After irradiation, the cells were stored in serum-free
RPMI 1640 medium for 24 h [12].

2.9. Cytotoxicity Determination by 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium Bromide (MTT) and Lactate
Dehydrogenase (LDH) Assays. Cell proliferation was assessed
by MTT assay. Cells were grown in 96-well plates at a density
of 1× 105 cells/mL. At a confluence of 80–90%, cells were
pretreated with various concentrations (25, 50, and
100 μmol/L medium) of echinacoside in FBS-free RPMI
1640 medium. After incubation for 24 h, they were washed
with PBS and stimulated by UVB irradiation in 200 μL
PBS. Subsequently, cells were grown in fresh serum-free
medium and incubated for 24 h. The supernatant was
removed and 30 μL MTT (5mg/mL in PBS) was added to
each plate and incubated for another 4 h. Then, the superna-
tant was discarded, and 150 μL of dimethyl sulfoxide was
added to dissolve the formazan crystals. The absorbance of
each sample was recorded at 490nm with a Model 680
Microplate Reader (Bio-Rad, Hercules, CA, USA).

Cell injury was measured by quantifying the amount of
LDH, a cytosolic enzyme released in the supernatant of
cultures by damaged cells. The conditioned media of the
UVB-exposed cells were collected for LDH measurement
following the supplier’s instructions (Cat number A020,
Nanjing Jiancheng Bioengineering Institute, China). The
absorbance was determined at a wavelength of 450nm imme-
diately using a Model 680 Microplate Reader (Bio-Rad,
Hercules, CA, USA).

2.10. Antioxidant Enzyme Assays. After treatment, the cells
were washed twice with cold PBS and lysed with RIPA buffer.
The protein concentration was determined using the BCA
protein assay kit (Beyotime Institute of Biotechnology,
China). The activities of SOD (Cat number A001), CAT
(Cat number A007) and GSH-Px (Cat number A005), and
the cellular content of MDA (Cat number A003-1) were
determined following kit’s specifications (Nanjing Jiancheng
Bioengineering Institute, China).

2.11. Determination of Intracellular ROS Production. The
level of intracellular ROS generation was detected using 2′,
7′-dichlorofluorescein diacetate (DCFH-DA). HaCaT cells
at a concentration of 1× 105 cells/mL were seeded in 6-well
plates. After treatment, DCFH-DA (10 μM) (Cat number
D6883, Sigma Chemical Co., St. Louis, MO, USA) was intro-
duced into the cells of each plate, and fluorescence was mea-
sured at 488nm excitation and 525nm emission using a flow
cytometer (Bacton Pickinson, San Jose, CA, USA) and a
Fluoview FV1000 Confocal Laser-Scanning Microscope
(Olympus, Tokyo, Japan). Fluorescence intensity in cells
was analyzed by Olympus FV10-ASW software.

2.12. CPD Quantitation In Vitro. UV-induced CPDs were
quantitated using the OxiSelect UV-induced DNA damage
enzyme-linked immunosorbent assay (ELISA) kit (Cat num-
ber SAT-326, Cell Biolabs, Inc., San Diego, CA) according to
the manufacturer’s instruction.

2.13. 8-OHdG Detection In Vitro. HaCaT cells were cul-
tured in sterilized cover slips. At the end, the cells were
treated with lysis buffer, and the lysates were centrifuged
at 10,000 rpm for 3min. The supernatants were collected
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to determine 8-OHdG levels. A standard ELISA procedure
was conducted according to the manufacturer’s manual
(Cat number QS440011, Beijing Gersion Bio-Technology
Co., Ltd., China).

2.14. DNA Fragmentation Analysis. DNA fragmentation was
quantitatively assayed by cytoplasmic histone-associated
DNA fragmentation ELISA kit (Cat number 11585045001,
Roche, Indianapolis, IN, USA) and agarose gel electrophore-
sis. HaCaT cells were seeded in 24-well plates and cultured as
described above. The cells were collected, and cytoplasmic
histone-associated DNA fragmentation was measured
according to the manufacturer’s instructions.

The pattern of DNA cleavage was analyzed by agarose gel
electrophoresis. DNA was extracted by DNA purification kit
(Cat number C0007, Beyotime Institute of Biotechnology,

Haimen, China) as described by the supplier’s instructions.
Then the DNA samples mixed with loading buffer [glycerol
(40%, v/v); bromophenol blue (0.25%, w/v) 2 : 1] and 10 μL
were subjected to 1% agarose gel electrophoresis, stained with
ethidium bromide (0.5 μg/mL) (Cat number sc-203,735,
Santa Cruz Biotechnology Inc., Heidelberg, Germany), and
visualized under UV light (the Bio-Rad ChemiDoc XRS
imaging system, Hercules, CA, USA).

2.15. Fluorescent Terminal Deoxynucleotidyl Transferase
(TdT)-Meditated dUTP-Fluorescein Nick End-Labeling
(TUNEL) Assay for Detection of Apoptosis. Apoptotic cells
were measured using the Cell Death Detection kit (Cat num-
ber 11684817910, Roche, Indianapolis, IN, USA). The cells
were washed twice with PBS, fixed in 2% paraformaldehyde
for 30min, and permeabilized with 0.1% Triton X-100 for

0

20

40

60
##

⁎⁎

⁎⁎ ⁎⁎

Sk
in

 w
ei

gh
t (

m
g)

Co
nt

ro
l

U
V

B

V
eh

ic
le

 +
 U

V
B

0.
5%

 ec
hi

na
co

sid
e +

 U
V

B

1%
 ec

hi
na

co
sid

e +
 U

V
B

5%
 ec

hi
na

co
sid

e +
 U

V
B

(a)

20 �휇M

20 �휇M

20 �휇M

20 �휇M

20 �휇M

20 �휇M

Control UVB Vehicle + UVB

0.5% echinacoside + UVB 1% echinacoside + UVB 5% echinacoside + UVB

(b)

0

10

20

30 ##

Ep
id

er
m

al
 th

ic
kn

es
s (
�휇

m
)

Co
nt

ro
l

U
V

B

V
eh

ic
le

 +
 U

V
B

0.
5%

 ec
hi

na
co

sid
e +

 U
V

B

1%
 ec

hi
na

co
sid

e +
 U

V
B

5%
 ec

hi
na

co
sid

e +
 U

V
B

⁎⁎

⁎⁎
⁎⁎

(c)

Figure 2: Echinacoside improved UVB-induced skin damage in BALB/c mice. (a) Vehicle or echinacoside cream was administered topically
to the back of each mouse. After 30min, mice were exposed to UVB and exposures were made 10 consecutive days. Animals were sacrificed at
24 h after the last UVB exposure. A constant area (5mm diameter) was weighed to measure the skin edema. (b) Dorsal skin was
photographed. And five-micrometre-thick sections were obtained from paraffin-embedded tissues for H&E staining. The red arrow shows
the epidermis thickness of BALB/c mice. (c) Epidermal thicknesses in each group of mice were measured and analyzed. Data are
presented as means± SD (n = 10). ##P < 0 01 versus control group, ∗∗P < 0 01 versus UVB group.
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30min. They were then incubated with TUNEL reaction
buffer at 37°C for 1 h in the dark, rinsed twice with PBS,
and incubated with Hoechst 33342 at 37°C for 5min. The
stained cells were visualized under a Nikon TE2000-E
inverted fluorescence microscope (Nikon Instruments Inc.,
Lewisville, TX, USA).

2.16. Apoptosis in Flow Cytometry. Annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) double staining
was used to measure percentile of apoptosis in HaCaT cells.
Cells at a concentration of 1× 105 cells/mL were seeded in
6-well plates. Finally, the cells were resuspended in 500 μL
of 1x binding buffer and mixed with Annexin V-FITC/PI
(Cat number APOAF, Sigma Chemical Co., St. Louis, MO,
USA). After incubation for 30min, the cells were measured
by Accuri C6 flow cytometry (Accuri, Ann Arbor, MI, USA).

2.17. Western Blot.HaCaT cells were seeded in 90mm dishes.
After treatment, cells were washed twice with cold PBS and
lysed with RIPA buffer. The lysates were centrifuged at
12,000 rpm for 5min, and supernatants were collected for
gel electrophoresis. Protein concentration of each sample
was determined using a BCA protein assay kit (Cat number
P0012, Beyotime Institute of Biotechnology, China). Isolated
proteins were subjected to SDS-PAGE and transferred to
polyvinylidene fluoride (PVDF)/nitrocellulose membranes.
The blocked membranes (in 5% nonfat dry milk resolved in
PBS containing 0.01% Tween 20, PBST) were then incubated
with the primary antibodies against ataxia telangiectasia- and
Rad3-related protein kinase (ATR) (Cat number sc-28901),
phospho-ATR(Cat number sc-109912), p53(Cat number

sc-47698), phospho-p53 (Ser15) (Cat number sc-135772),
protein inhibitor of activated signal transducer and activator
of transcription 3 (PIAS3) (Cat number sc-46682), heteroge-
neous nuclear ribonucleoprotein K (hnRNP K) (Cat number
sc-53620), small ubiquitin-related modifier (SUMO-1) (Cat
number sc-5308), cleaved poly ADP-ribose polymerase
(PARP) (Cat number sc-56197), xeroderma pigmentosum
group A (XPA) (Cat number sc-28353) (1 : 500, Santa Cruz
Biotechnology Inc., Heidelberg, Germany), and 8-OHdG
(Cat number MOG-100P, 1 : 50, clone N45.1, JaICA, Tokyo,
Japan) overnight at 4°C and reacted with HRP-conjugated
secondary antibodies (Cat number sc-2789, 1 : 3000, Santa
Cruz Biotechnology Inc., Heidelberg, Germany) for 1 h. The
immunoreactive bands were detected using the Bio-Rad
ChemiDoc XRS imaging system and quantity One software
(Bio-Rad, Hercules, CA).

2.18. Statistical Analysis. Quantitative values were deter-
mined in at least three independent experiments and
expressed as the means± standard deviation (SD). A statisti-
cal comparison of different treatment groups was determined
by one-way analysis of variance (ANOVA) using GraphPad
Prism 5.01 (GraphPad Software, Le Jolla, CA). A P value of
less than 0.05 was considered as statistically significant.

3. Results

3.1. Echinacoside Improved UVB-Induced Skin Damage in
BALB/c Mice. Compared to unexposed mice, UVB irradia-
tion induced an obvious increase in skin weight (P < 0 01).
However, the skin weight diminished as the dose of
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Figure 3: Echinacoside prevented UVB-induced cytotoxicity. (a) Cells were exposed to different doses of UVB (0, 25, 50, 100, 300, and
500mJ/cm2). (b) Cells were pretreated with echinacoside (25, 50, and 100 μM) before exposure to UVB (300mJ/cm2). And 24 h later with
UVB irradiation, cell viability was determined by MTT assay. (c) Cell injury was measured by quantifying the amount of LDH in the
supernatant of cultures. (d) Morphological changes in HaCaT cells in response to UVB irradiation. Data are presented as means± SD
(n = 3). #P < 0 05 and ##P < 0 01 versus control group, ∗∗P < 0 01 versus UVB group.
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echinacoside increased from 0.5% to 5% (P < 0 01)
(Figure 2(a)).The result suggested that UVB-induced
edema was significantly inhibited by treatment with echina-
coside. Based on morphological and histopathological obser-
vation of the skin tissues in various groups, we found that
exposure to UV resulted in visible skin erythema, wrinkling,
and hyperplasia macroscopically. On the contrary, the echi-
nacoside cream partly improved the pathological changes,
and the erythema, wrinkling, and hyperplasia were amelio-
rated with increased concentration of the drug. Micro-
graphs of skin tissues stained with H&E showed that
UVB irradiation caused increased thickness (25.62± 0.76)
of dorsal skins compared with the control group (1.06±
0.08) (P < 0 01), and the dermal connective tissues were also
disorganized. In contrast, the UVB-irradiated mice treated

with 0.5%, 1%, and 5% echinacoside showed significantly
lower epidermal thickness (13.04± 0.30, 8.56± 0.21, and
5.25± 0.30) (P < 0 01), and the dermal morphology
appeared to be less damaged than UVB-irradiated or
vehicle-treated mice (Figures 2(b) and 2(c)).

3.2. Echinacoside Prevented UVB-Induced Cytotoxicity. We
employed MTT and LDH leakage assays to evaluate whether
echinacoside prevented UVB-induced cytotoxicity. In MTT
assay, UVB radiation at all doses, in the range of 25–
500mJ/cm2, both reduced the viability of HaCaT cells, and
300mJ/cm2 UVB irradiation probably induced a 50%
decrease in cell viability compared with that in the control
group without UVB irradiation (P < 0 05 and P < 0 01)
(Figure 3(a)). Data in Figure 3(b) indicated that treatment
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Figure 4: Echinacoside improved the activities of antioxidant enzymes and inhibitedMDA production in vivo. Vehicle or echinacoside cream
was administered topically to the back of each mouse. After 30min, mice were exposed to UVB and exposures were made 10 consecutive days.
Animals were sacrificed at 24 h after the last UVB exposure. The activities of SOD, CAT, and GSH-Px, and the content of MDA of the dorsal
skins were measured. Data are presented as means± SD (n = 10). ##P < 0 01 versus control group, ∗∗P < 0 01 versus UVB group.
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of HaCaT cells with echinacoside was not cytotoxic up to
100 μM, whereas the addition of it (25–100 μM) prior to
UVB exposure ameliorated UVB-induced cytotoxicity, and
this effect was positively correlated with the concentration
of the drug (P < 0 01). Data from LDH release assay con-
sistently showed that the decrease in the LDH release of
cells was detected in the echinacoside-treated group in
the presence of UVB irradiation (Figure 3(c)). The inhib-
itory effect of echinacoside on cell damage by UVB expo-
sure was also confirmed by microscopy. As presented in
Figure 3(d), UVB irradiation produced distinct morpho-
logical changes in HaCaT cells, causing cell shrinkage
and detachment from the cell culture plate, whereas
treatment with echinacoside prevented these destructive
morphological changes.

3.3. Echinacoside Improved the Activities of Antioxidant
Enzymes and Inhibited MDA Producing. Data in Figures 4
and 5 suggested that exposure to UVB resulted in a signifi-
cant reduction in SOD, CAT and GSH-Px activities and
an increase in MDA content relative to the control group
(P < 0 01). However, echinacoside pretreatment improved
the activities of SOD, CAT, and GSH-Px and degraded
the level of MDA compared with the UVB irradiation

group in a concentration-dependent manner both in vivo
and in vitro (P < 0 05 and P < 0 01).

3.4. Echinacoside Suppressed Intracellular ROS Generation.
As an indicator of ROS production, DCFH-DA fluores-
cence intensity was measured by flow cytometry. Appar-
ently, although the progressive increments in ROS levels
were observed in the UVB irradiation group, a significant
decrease occurred in HaCaT cells treated with echinaco-
side (Figure 6(a)). The results were corroborated by mor-
phological observations using confocal microscopy, as
expected, pretreated with echinacoside which resulted in
lower of ROS level (Figure 6(b)).

3.5. Echinacoside Decreased CPD Formation. Our result
showed strong and intensive staining for CPDs in mouse
skin after UVB irradiation. Whereas, comparatively lower
intensity of CPDs was easily detectable in the epidermis
and dermis following topical treatment of echinacoside
(Figure 7(a)). This protective effect of echinacoside against
UVB-induced CPD formation was confirmed and further
quantified in vitro. As shown in Figure 7(b), pretreatment
of the cell with echinacoside dose dependently reduced the
amount of UVB-generated CPDs.
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Figure 5: Echinacoside improved the activities of antioxidant enzymes and inhibited MDA production in vitro. Cells were pretreated with
echinacoside prior UVB exposure. After treatment, the cells were collected to quantify the activities of SOD, CAT, GSH-Px, and the
content of MDA. Data are presented as means± SD (n = 3). ##P < 0 01 versus control group, ∗P < 0 05 and ∗∗P < 0 01 versus UVB group.
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3.6. Echinacoside Reduced the Level of 8-OHdG. Immuno-
histochemical staining revealed that in the UVB group, a
representative 8-OHdG was localized mainly between the
epidermis and dermis. In comparison, a significant inhibi-
tion in 8-OHdG induction was observed following topical
application of echinacoside (Figure 8(a)). This result was
consistent with that of the ELISA test in vitro, which
showed that the level of 8-OHdG in UVB irradiation cells
apparently enhanced compared with the non-UVB-
irradiated cells (P < 0 01), while it diminished as the echina-
coside concentration increased from 25 to 100 μM
(Figure 8(b)). A similar result was observed in 8-OHdG
expression by Western blot (Figures 8(c)).

3.7. Echinacoside Inhibited UVB-Induced DNA Fragmentation.
UVB irradiation resulted in a marked and significant increase
in histone-associated DNA fragmentation compared with
the non-UVB group (P < 0 01). However, the fragmentation
in echinacoside-pretreated cells was significantly lower than

that in the UVB-exposed cells (P < 0 01), and this effect
was more prominent in higher concentrations (Figure 9(a)).
Following agarose gel electrophoresis, UVB irradiation
produced a typical ladder with clearly increased intensity of
DNA fragmentation, and the application of echinacoside
before UVB exposure significantly reduced its formation
(Figure 9(b)).

3.8. Echinacoside Blocked UVB-Induced Apoptosis. As illus-
trated, there were a large number of TUNEL-positive cells
in the UVB-irradiated group compared with very few apo-
ptotic cells in the control group. However, after pretreating
with 25, 50, or 100 μM echinacoside, the number of
TUNEL-positive cells decreased (Figure 9(c)). In addition,
the protective effect of echinacoside against apoptosis was
also confirmed by flow cytometric quantitative analysis.
Exposure of cells with UVB resulted in significant induction
of apoptosis (44.0%) compared to non-UVB-exposed cells
(4.9%, P < 0 01). Treatment with echinacoside at the doses
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Figure 6: Echinacoside suppressed intracellular ROS generation. (a) Cells were pretreated with echinacoside (25, 50, and 100 μM) before
exposure to UVB (300mJ/cm2) irradiation. And 24 h later with UVB irradiation, DCFHDA (10 μM) was introduced into the cells, and
fluorescence was measured by flow cytometry. (b) DCFH-DA fluorescence was measured by confocal microscopy. Data are presented as
means± SD (n = 3). ##P < 0 01 versus control group, ∗∗P < 0 01 versus UVB group.
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of 25, 50, and 100 μM resulted in a significant reduction in
the number of apoptotic cells at both the early and late stages
of apoptosis to 30%, 21%, and 18.2% respectively (P < 0 01)
(Figure 9(d)).

3.9. Echinacoside Modulated the Expression of ATR, p53,
PIAS3, hnRNP K, PARP, and XPA in HaCaT Cells. As shown
in Figure 10(a), UVB induced the phosphorylation of ATR
and p53 (Ser15). Whereas, the administration of echinacoside
(25, 50, or 100 μM) before UVB exposure markedly inhibited
the increase in the levels of phospho-ATR and phospho- p53
(Ser15) and had little or no effect on them in the absence of
UVB. Cell exposure to UVB exhibited higher levels of PIAS3
and SUMOylated hnRNP K protein, whereas treatment with
echinacoside was associated with a dose-dependent decrease
in the expression of PIAS3 and SUMOylated hnRNP K
(Figure 10(b)). In HaCaT cells, UVB irradiation caused an
increase in cleaved PARP and pretreatment with echinaco-
side inhibited the activation of cleaved PARP. Pretreatment
with echinacoside restored the reduced XPA expression
caused by UVB as well (Figure 10(c)).

4. Discussion

Studies have revealed that the photodamaged skin involves
increased epidermal thickness and alterations in connective
tissue organization [13]. Similarly, in the present study,
chronic UVB irradiation induced edema, erythema, wrin-
kling, and epidermal thickening in the mouse skin. Interest-
ingly, we found that echinacoside could inhibit UVB and
caused mouse skin damage in a dose-dependent manner.

Evidences have been shown that UVB radiation pro-
duced DNA damage directly and indirectly through oxida-
tive stress in human skin and also the induction of

apoptosis as a protective mechanism relevant in limiting
the survival of cells with irreparable DNA damage caused
by UVB [14, 15]. Previous studies have indicated that
echinacoside could reduce ROS accumulation, alleviate
DNA damage, and protect cells against apoptosis [16–18].
In this study, we also found that echinacoside displayed a
protective effect against UVB-induced oxidative stress and
DNA damage in the skin with a concomitant decrease in
the apoptotic response.

Oxidative stress plays a significant role in UVB-induced
skin damage [19]. UV irradiation produces ROS, causing
the depletion of the cellular antioxidant defense system
[20]. ROS-derived free radicals can react with lipids, proteins,
and DNA, if not blocked by sufficient antioxidant molecules,
to form lipid peroxides which can lead to extensive cell dam-
age and death [21]. Overproduction of ROS may be respon-
sible for the observed membrane damage as evidenced by
the elevated lipid peroxidation in terms of MDA in the pres-
ent research. Whereas, levels of ROS and MDA were both
remarkably downregulated by echinacoside. In addition, free
radical scavenging enzymes, such as SOD, CAT, and GSH-
Px, are the first line of cellular defense against oxidative
injury, decomposing O2, and H2O2 before their interaction
to form the more reactive hydroxyl radical. The equilibrium
between the enzymatic antioxidants and free radicals is
an important process for the effective removal of oxidative
stress in intracellular organelles. In this study, a signifi-
cantly lower activity of the enzymes SOD, CAT, and
GSH-Px was observed in vivo and in vitro after UVB irradia-
tion, which is consistent with similar findings in a number of
earlier studies [22, 23]. However, we found that echinaco-
side markedly increased SOD, CAT, and GSH-Px activities
in UVB-irradiated mice dorsal skin and HaCaT cells
(Figures 4 and 5). Our finding suggests that echinacoside
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Figure 7: Echinacoside decreased CPD levels in BALB/c mice and HaCaT cells exposed to UVB. (a) Paraffin-embedded sections of the mouse
skin were used to immunohistological staining with CPDs. The red arrow shows the epidermis thickness of BALB/c mice, and the black arrow
shows CPD-positive cell. (b) Cells were pretreated with echinacoside (25, 50, and 100 μM) prior to UVB exposure. After 24 h, the cells were
collected to quantify CPD production using ELISA analysis. Data are presented as means± SD (n = 3). ##P < 0 01 versus control group,
∗∗P < 0 01 versus UVB group.
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could attenuate oxidative stress by decreasing the levels of
ROS and lipid peroxide, thus resulting in the enhancement
of the antioxidant system of the mice dorsal skin and
HaCaT cells irradiated by UVB.

UVB is strongly absorbed by cellular DNA in the skin
and results in several different types of premutagenic
lesions, which could alter the structure of DNA and con-
sequently inhibit polymerases and arrest replication. CPDs
are common photochemical products with respect to photo-
carcinogenesis [24, 25]. CPDs formed more abundantly and
repaired less efficiently than any other photoproducts, thus
are considered to be the predominant UVB-induced DNA
photolesions [26, 27]. 8-OHdG, physiologically formed and
enhanced by chemical and physical carcinogens, is also a
ubiquitous marker of oxidative stress among numerous types
of oxidative DNA damage. In the present study, we demon-
strated that echinacoside inhibited CPDs and 8-OHdG pro-
duction and reduced the formation of DNA fragmentation
induced by UVB.

Phosphoinositol-3-phosphate kinase-like kinase ATR is
critical to the proper function of DNA damage and can be
activated in response to a variety of damaging agents, par-
ticularly to the UV irradiation damage [28]. It is well
established that ATR kinase mediated the activation of
tumor suppressor p53, a critical gene in the regulation of
cell arrest, DNA repair, and apoptosis. ATR phosphory-
lates p53 at Ser15, increasing its transactivation activity
[29, 30] and thus inducing the expression of a variety of
downstream genes, leading to apoptosis [31]. In the present
study, our results are in agreement with Tibbetts et al.’s
[32] previous work, in which UV irradiation induced the
phosphorylation of ATR and p53 (Ser15). Significantly, the
levels of phosphorylated ATR and p53 were further sup-
pressed by echinacoside treatment.

As a component of the hnRNP complex, hnRNP K
plays an essential role in RNA and DNA binding [33].
Specifically, following its ATR-dependent induction after
UV irradiation, hnRNP K will activate p53 target genes
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Figure 8: Echinacoside reduced the level of 8-OHdG in BALB/c mice and HaCaT cells exposed to UVB. (a) Paraffin-embedded sections of the
mouse skin were used to immunohistological staining with 8-OHdG. The red arrow shows the epidermis thickness of BALB/c mice, and the
black arrow shows 8-OHdG-positive cell. (b) Cells were pretreated with echinacoside (25, 50, and 100 μM) prior UVB exposure. After 24 h,
the cells were collected to quantify 8-OHdG production using ELISA analysis. (c and d) Protein levels of 8-OHdG in cells were determined by
Western blot analysis. Data are presented as means± SD (n = 3). ##P < 0 01 versus control group, ∗∗P < 0 01 versus UVB group.
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in cooperation with p53 and thereby lead to the trigger of
cell-cycle-checkpoint events [34]. SUMO is an ubiquitin-
like protein that is conjugated to a variety of cellular proteins.

Like ubiquitin, SUMO is conjugated to target proteins by a
cascade enzyme system consisting of E1 activating enzyme,
E2 conjugating enzyme, and PIASs. The previous study
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Figure 9: Echinacoside inhibited UVB-induced DNA fragmentation and apoptosis in HaCaT cells. (a) Cells were pretreated with
echinacoside (25, 50, and 100 μM) prior UVB exposure. And 24 h later with UVB irradiation, the cells were collected to quantify DNA
fragmentation using ELISA analysis. (b) Genomic DNA was isolated and checked for fragmentation on a 1% agarose gel. (c) Cells were
treated with echinacoside (25, 50, and 100 μM) and exposed to UVB radiation. Apoptotic bodies were observed by TUNEL assay. (d) The
apoptotic cells (annexin V+/PI-) were analyzed by flow cytometer. Data are presented as means± SD (n = 3). ##P < 0 01 versus control
group, ∗∗P < 0 01 versus UVB group.
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has found that UV-induced SUMOylation of hnRNP K is
mediated by PIAS3, and the SUMOylation can increase
stability of hnRNP K in an ATR-dependent manner, lead-
ing to cell-cycle arrest [35]. In the current study, we found
that PIAS3 ligated SUMO to hnRNP K upon exposure to
UVB, and echinacoside exerted its resistance function in
hnRNP K SUMOylation.

It has been reported that apoptosis could be an oxida-
tive response which is closely associated with DNA dam-
age, and changes in UV-induced apoptosis may have a
profound impact in the induction of skin damage. PARP
appears to be involved in DNA repair in response to

environmental pressure. Cleavage of PARP facilitates cellu-
lar disassembly and serves as a marker of cells undergoing
apoptosis [36, 37]. The results of Western blots were con-
sistent with the apoptosis analysis of TUNEL and flow
cytometry, which showed that echinacoside treatment
downregulated the expression of cleaved PARP and
blocked UVB-induced apoptosis.

Additionally, XPA deficiency is known to decrease anti-
oxidant defense and increase susceptibility to UVB-induced
skin cancer [38]. ATR actively targeted XPA for regulation
of its nuclear import in response to DNA damage [39],
and p53 also mediates XPA nuclear localization [40]. In
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Figure 10: Echinacoside modulated the expression of ATR, p53, hnRNP K, PIAS3, PARP, and XPA in HaCaT cells. (a) Cells were pretreated
with echinacoside (25, 50, and 100 μM) prior to UVB exposure. And 24 h later with UVB irradiation, total cell lysates were harvested. The
expression of p-ATR, ATR, p-p53, and p53 proteins was determined by Western blotting. (b) The expression of PIAS3, SUMOylated
hnRNP K, and hnRNP K proteins was determined by Western blotting. (c) The expression of cleaved PARP and XPA proteins was
determined by Western blotting. GAPDH was used as an internal standard. Data are presented as means± SD (n = 3). ##P < 0 01 versus
control group, ∗∗P < 0 01 versus UVB group.
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the present study, acute exposure of UVB caused a sharp
decrease of XPA expression, suggesting that the cells were
unable to process the removal of a wide spectrum of DNA
lesions under acute external stress. Fortunately, echinacoside
restored the expression of XPA, confirming the effect of echi-
nacoside against UVB-induced cell damage by inhibiting
DNA damage and promoting repair.

A proposed working model related to the protective effect
of echinacoside against UVB irradiation-mediated skin dam-
age was described in Figure 11.

5. Conclusion and Perspective

In conclusion, the present study demonstrated that echinaco-
side manifested significant protective effects against UVB-
induced DNA damage and apoptosis. This effect could be
at least partly mediated by its antioxidation as well as sup-
pressing the activation of ATR and the downstream genes.
This finding might provide evidence supporting the benefi-
cial effects of echinacoside in the prevention and treatment
of UVB-associated skin diseases. However, studies are still
needed to discriminate the crosstalk among different sig-
naling involved in the protective effect of echinacoside,
especially including the use of ATR knockout mice and
specific inhibitors. And also, whether posttreatment of
echinacoside would be effective for protecting the skin
against UVB radiation as well as the effect of echinacoside
to malignant cells or UVA/UVC-related skin injury will be
identified in further investigations.
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Stingless bees produce geopropolis, which is popularly described for its medicinal properties, but for which few scientific studies
have demonstrated pharmacological effects. The objective of this study was to investigate the chemical composition of the
geopropolis of Melipona quadrifasciata anthidioides and to evaluate its antioxidant, antimutagenic, anti-inflammatory, and
antimicrobial activities. The composition of the hydroethanolic extract of geopropolis (HEG) included di- and trigalloyl and
phenylpropanyl heteroside derivatives, flavanones, diterpenes, and triterpenes. HEG showed antioxidant action via the direct
capture of free radicals and by inhibiting the levels of oxidative hemolysis and malondialdehyde in human erythrocytes under
oxidative stress. HEG also reduced the frequency of gene conversion and the number of mutant colonies of S. cerevisiae. The
anti-inflammatory action of HEG was demonstrated by the inhibition of hyaluronidase enzyme activity. In addition, HEG
induced cell death in all evaluated gram-positive bacteria, gram-negative bacteria, and yeasts, including clinical isolates
with antimicrobial drug resistance. Collectively, these results demonstrate the potential of M. q. anthidioides geopropolis
for the prevention and treatment of various diseases related to oxidative stress, mutagenesis, inflammatory processes,
and microbial infections.

1. Introduction

Geopropolis is produced by stingless bees (Hymenoptera,
Apidae, and Meliponinae) [1] from a mixture of wax, pollen,
and the mandibular secretions of bees together with plant
resins and the addition of soil, which characterizes and differ-
entiates this material [2, 3]. Geopropolis is deposited in the
hive to seal cracks, delimit the cavities where bees reside,
and prevent excessive air entry [4].

Analyses of the chemical compositions of geopropolis
samples produced by different species of bees have dem-
onstrated the complexity of this natural product, which
contains phenolic compounds such as benzophenones
[5], phenolic acids, hydrolysable tannins, and flavonoids
[1, 6, 7], in addition to terpenes and long-chain fatty
acids [8, 9].

The compounds found in geopropolis are likely
responsible for the biological activities that have been
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described in several studies, including antimicrobial
[7, 10, 11], anti-inflammatory [2, 12, 13], antinociceptive
[14], gastroprotective [15], antioxidant [1, 6, 16], antiprolif-
erative [5, 11], antimutagenic [7], and cytotoxic [17, 18]
activities.

Among stingless bee species, Melipona quadrifasciata
Lepeletier, 1836, popularly known as mandaçaia, is found
in much of the Brazilian territory and is subdivided into
two subspecies, M. quadrifasciata quadrifasciata and M.
quadrifasciata anthidioides [19, 20], which are well described
in the literature with respect to development and genetic
diversity [19, 21–23]. However, studies examining the
chemical composition and therapeutic properties of the
natural products produced by these subspecies, such as
honey, propolis, and geopropolis, remain scarce.

Kujumgiev et al. [24] described the presence of aromatic
acids and di- and triterpene in the propolis produced by
M. q. anthidioides and revealed its antimicrobial action
against Staphylococcus aureus, Escherichia coli, and Candida
albicans. Velikova et al. [25] attributed the inhibition of
S. aureus by the propolis of M. q. anthidioides to the pres-
ence of the diterpene kaurenoic acid. Recently, Bonamigo
et al. [26] described the presence of several other compounds
in the propolis of this bee subspecies, such as stigmasterol,
taraxasterol, vanillic acid, caffeic acid, quercetin, luteolin,
and apigenin, and demonstrated its antioxidant and
cytotoxic action.

With respect to the geopropolis of this subspecies, only
Bankova et al. [8] investigated its chemical composition,
demonstrating the presence of compounds such as palmitic
acid, oleic acid, benzoic acid, cinnamic acid, vanillin, and
coniferaldehyde. In this context, the objective of this study
was to determine the chemical composition of the
hydroethanolic extract of the geopropolis produced by the
stingless bee M. q. anthidioides, found in the state of Mato
Grosso do Sul, Brazil, and to examine its antioxidant, anti-
mutagenic, anti-inflammatory, and antimicrobial activities.

2. Materials and Methods

2.1. Collection of Geopropolis Samples. Samples of M. q.
anthidioides bee geopropolis were collected at the geographic
coordinates 22°13′12″S and 54°49′2″W in the state of Mato
Grosso do Sul, which is in the Central-West region of Brazil.
Samples were stored at −20°C until analysis.

2.2. Preparation of the Hydroethanolic Extract of Geopropolis.
The hydroethanolic extract of geopropolis (HEG) was pre-
pared from 80 g of geopropolis and 240mL of 70% ethanol.
The mixture was continuously stirred (165 rpm) for 24 h at
room temperature before being filtered. The extract was then
concentrated in a rotary evaporator (Gehaka, São Paulo, SP,
Brazil) at 40°C and lyophilized to obtain a dried extract.
The yield was 4.8%, and the material was stored in the dark
at −20°C.

2.3. Determination of Phenolic Compounds and Flavonoids.
The concentration of phenolic compounds in HEG was
determined by the Folin-Ciocalteu colorimetric method

[27]. To this end, 0.5mL of extract (100μg/mL) was added
to 2.5mL of the Folin-Ciocalteu reagent and 2mL of sodium
carbonate solution (Na2CO3). The mixture was incubated
for 2 h at room temperature in the dark before its
absorbance was measured at 760 nm in a spectrophotometer
(PG Instruments Limited, Leicestershire, UK). Gallic acid
(0.4–11μg/mL) was used as the standard to produce the
calibration curve. The average of three readings was used
to determine the content of phenolic compounds, expressed
as mg of gallic acid equivalents per gram of extract
(mg GAE/g extract).

The concentration of flavonoids was determined using
the method described by Liberio et al. [2] with minor
modifications. Specifically, 0.5mL of extract (100μg/mL)
was added to 4.5mL of methanolic solution of 2% aluminum
chloride hexahydrate (AlCl3·6H2O). The mixture was
incubated for 30min at room temperature in the dark
before its absorbance was measured at 415 nm in a spec-
trophotometer (PG Instruments Limited, Leicestershire,
UK). Quercetin (0.4–11μg/mL) was used as the standard
to produce the calibration curve. The mean of three
readings was used to determine the flavonoid content,
expressed as mg of quercetin equivalent per gram of extract
(mg QE/g extract).

2.4. Analysis of HEG by High-Performance Liquid
Chromatography Coupled to a Diode Array Detector and
Tandem Mass Spectrometry (HPLC-DAD-MS/MS). Five
microliters of HEG (1mg/mL) was injected into an LC-
20AD ultrafast liquid chromatograph (UFLC) (Shimadzu)
connected in line with a diode array detector (DAD) (240–
800 nm) and a mass spectrometer with electrospray ioniza-
tion (ESI) and a quadrupole time-of-flight (QTOF) analyzer
(120–1200Da; micrOTOF-Q III, Bruker Daltonics). It was
equipped with a C-18 Kinetex column (150mm× 2.2mm
inner diameter, 2.6μm) with an oven temperature of 50°C.
The mobile phase consisted of deionized water (A) and
acetonitrile (B), both containing 0.1% formic acid, with the
following gradient: 0–8min, 3% B; 8–30min, 3–25% B; and
30–60min, 25–80% B. The gradient was followed by washing
and reconditioning of the column (8min). The flow rate was
0.3mL/min.

2.5. Antioxidant Activity Assays

2.5.1. DPPH• Free Radical Capture. The 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical-scavenging activity of the
geopropolis extract was evaluated according to the method
described by D. Gupta and R. K. Gupta [28] with modifica-
tions. Specifically, 200μL of HEG solubilized in 80% ethanol
(0.1–200μg/mL) was mixed with 1800μL of the DPPH•

solution (0.11mM). The mixture was homogenized and
incubated for 30min at room temperature in the dark before
its absorbance was measured at 517nm in a spectrophotom-
eter (PG Instruments Limited, Leicestershire, UK). Ascorbic
acid and butylated hydroxytoluene (BHT) were used as
reference antioxidants. As a negative control, 80% ethanol
alone was incubated with DPPH• solution. Three indepen-
dent experiments were performed in duplicate. The percent
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inhibition relative to the negative control was calculated
using the following:

DPPH• inhibition % =
1 −Abssample

Abscontrol
× 100 1

2.5.2. ABTS•+ Free Radical Scavenging. The antioxidant
capacity of HEG was also evaluated by the method described
by Re et al. [29], in which 2,2′-azinobis(3-ethylbenzthiazo-
line-6-sulfonic acid) (ABTS) free radical-scavenging activity
is examined. The ABTS•+ radical was formed by mixing
5mL of the ABTS solution (7mM) with 88μL of potassium
persulfate solution (140mM). The mixture was incubated
for 12–16 h at room temperature in the dark before the
ABTS•+ radical was diluted in absolute ethanol until it
reached an absorbance of 0.70± 0.05 at 734nm in a spec-
trophotometer (PG Instruments Limited, Leicestershire,
UK). Next, 20μL of HEG solubilized in 80% ethanol
(0.1–200μg/mL) was mixed with 1980μL of the ABTS•+ rad-
ical. The mixture was incubated for 6min, and its absorbance
was then measured at 734 nm. Ascorbic acid and BHT were
used as positive controls. As a negative control, 80% ethanol
alone was incubated with the ABTS•+ radical. Two indepen-
dent experiments were performed in triplicate. The percent
inhibition of the ABTS•+ radical relative to the negative
control was calculated using the following:

ABTS•+ inhibition % =
Abscontrol −Abssample

Abscontrol
× 100 2

2.5.3. Inhibition of Oxidative Hemolysis and Lipid
Peroxidation in Human Erythrocytes. The procedures
performed were approved by the Ethics Committee of the
University Center of Grande Dourados (Centro Universi-
tário da Grande Dourados (UNIGRAN)), Brazil (CEP num-
ber 123/12). The assays were performed as described by
Campos et al. [30].

(1) Preparation of Erythrocyte Suspensions. For the hemolysis
inhibition and malondialdehyde assays, 20mL of peripheral
blood was collected from healthy donors and packed in a
tube containing sodium citrate. The blood was centrifuged
at 2000 rpm for 10min, and the plasma and leukocyte layers
were removed. The erythrocytes were washed with 0.9%
sodium chloride (NaCl), and a 10% erythrocyte suspension
in 0.9% NaCl was further diluted to yield a final erythrocyte
concentration of 2.5% for the experiments.

(2) Hemolytic Activity and Inhibition of Oxidative Hemolysis.
To investigate whether HEG promotes hemolysis in erythro-
cytes, erythrocyte samples were preincubated at 37°C for
30min in the presence of different concentrations of HEG
(5–75μg/mL); 0.9% NaCl solution was then added, and the
mixture was incubated for 240min with periodic homogeni-
zation. The ability of HEG to inhibit oxidative hemolysis was
assessed after preincubation of the extract (5–75μg/mL) with
the erythrocytes at 37°C for 30min; the oxidizing agent 2,2′
-azobis(2-amidinopropane)dihydrochloride (AAPH; 50mM)
was then added, and the mixture was incubated for 240min

with periodic homogenization. Protection against hemolysis
was evaluated after 120, 180, and 240min of incubation.
Hemolysis was assayed by centrifuging the samples at
1500 rpm for 10min and then reading the absorbance of the
supernatant at 540nm in a spectrophotometer (PG Instru-
ments Limited, Leicestershire, UK). The ascorbic acid control
was maintained under the same conditions in both assays. As
a solvent control, the erythrocytes were incubatedwith ethanol
at a final concentration of 1%. Three independent experiments
were conducted in duplicate. The percentage of hemolysis was
calculated using the following formula, where A is the absor-
bance of the sample and B is the total hemolysis (erythrocytes
incubated with distilled water).

Inhibition of hemolysis % =
A
B
× 100 3

(3) Quantification of Malondialdehyde (MDA). To examine
the ability of HEG to protect erythrocytes against lipid perox-
idation, the levels of MDA, a byproduct of lipid peroxidation,
were quantified. HEG (5–75μg/mL) was preincubated with
an erythrocyte suspension at 37°C for 30min; the oxidizing
agent AAPH (50mM) was then added, and the mixture was
incubated for 240min with periodic homogenization. After
this period, the samples were centrifuged at 1500 rpm for
10min, and 500μL aliquots of the supernatant was trans-
ferred to tubes containing 1mL of 10nM thiobarbituric acid
(TBA) solubilized in monosodium potassium phosphate
buffer (75mM) at pH2.5. As an MDA standard, 500μL of
20mM MDA solution was added to 1mL of TBA. The
samples were incubated at 96°C for 45min before being
cooled in an ice bath; 4mL of n-butyl alcohol was then added,
and the mixture was centrifuged at 3000 rpm for 5min. The
absorbance of the supernatant was read at 540nm in a
spectrophotometer (PG Instruments Limited, Leicestershire,
UK). The ascorbic acid control was maintained under the
same conditions. As a solvent control, the erythrocytes were
incubated with ethanol at a final concentration of 1%. Three
independent experiments were conducted in duplicate. MDA
levels are expressed as nM/mL and were obtained using
the following:

MDA= Abssample ×
20 × 220 32

AbsMDA standard
4

2.6. Antimutagenic Activity. The antimutagenic activity of
HEG was determined using Saccharomyces cerevisiae cells
(D7 diploid strain of ATCC 201137) according to the method
of Pascoal et al. [31]. Before each experiment, S. cerevisiae
strains (MATa/MATa, ade2-40/ade 2-119, trp 5-12/trp 5-27,
and ILV 1-92/ILV 1-92) were tested for the frequencies of
spontaneous conversions at the tryptophan locus and rever-
tants at the isoleucine locus. Cells from a culture with a low
frequency of spontaneous gene conversion and a low back
mutation (reversion of point mutation) frequency were
grown in liquid medium at 28°C until they reached a
stationary phase. S. cerevisiae cells were sedimented and
resuspended in sterile potassium phosphate buffer (0.1M;
pH7.4) to obtain a final concentration of 2× 108 cells/mL.
As a mutagenic compound, ethyl methanesulfonate (EMS;
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1mg/mL) was added and incubated with the cell suspension,
the potassium phosphate buffer, and HEG at final concentra-
tions of 1.5 and 3.0mg/mL. The mixture was incubated with
stirring for 2 h at 37°C. The cells were then plated on
complete and selective media to evaluate survival, tryptophan
convertants, and isoleucine revertants. The experiments were
performed in triplicate.

2.7. Anti-Inflammatory Activity Assessment by Hyaluronidase
Enzyme Inhibition. The anti-inflammatory potential of
HEG was evaluated indirectly by examining its inhibition of
hyaluronidase enzyme activity according to the method
described by Silva et al. [32]. The reaction mixture consisted
of 50μL of HEG and 50μL (350 units) of hyaluronidase (type
IV-S; bovine testes, Sigma, St. Louis, MO, USA), which was
incubated at 37°C for 20min. Next, 1.2μL of calcium chloride
(2.5× 10−3M) was added, and the mixture was incubated at
37°C for 20min to activate the enzyme. As a substrate,
500μL of hyaluronic acid sodium salt (0.1M) was added.
The mixture was incubated at 37°C for 40min, 100μL of
potassium tetraborate (0.8M) was then added, and the
mixture was incubated at 100°C for 3min. After cooling
the solution, 3mL of p-dimethylaminobenzaldehyde was
added, and the mixture was incubated at 37°C for 20min.
Its absorbance was then measured at 585nm in a spectropho-
tometer (PG Instruments Limited, Leicestershire, UK).
Distilled water was used as a control. The experiments
were performed in triplicate. The percent inhibition of
enzyme activity relative to the control was calculated using
the following:

Inhibition of hyaluronidase activity % =
Abscontrol −Abssample

Abscontrol
× 10

5

2.8. Antimicrobial Activity. The microorganisms used in this
study are listed in Table 1. The clinical microorganisms were
isolated from biological fluids collected at the Hospital
Center and were identified at the Laboratory of Microbiology
of the School of Higher Agricultural Education of Bragança
(Escola Superior Agrária de Bragança (ESA)), and reference
strains were obtained from the American Type Culture
Collection (ATCC) (LGC Standards SLU, Barcelona, Spain).

Prior to experimental use, the isolates were maintained in
Muller-Hinton medium containing 20% glycerol at −70°C.
The inoculum for the assays was prepared by dilution of a cell
mass in 0.85% NaCl solution to 0.5 on the McFarland scale
and confirmed by spectrophotometry at 580 and 640nm
for bacteria and yeast, respectively. For antimicrobial assays,
microorganism suspensions were diluted to 104 colony-
forming units (CFU)/mL according to the method described
by Silva et al. [32]. Nutrient broth (NB) or yeast extract-
peptone-dextrose (YPD) was used in microplates (96 wells).
The HEG was diluted in dimethyl sulfoxide (DMSO) and
transferred to the first well of the plate; serial dilutions were
then performed. The inoculum was added to all wells, and
the plates were incubated at 37°C for 24 h (bacteria) or at
25°C for 48h (yeast). As positive controls, the antibiotic gen-
tamicin and the antifungal amphotericin B were used. In
addition, media controls were conducted with and without
inocula, and DMSO alone was used as a solvent control in
inoculated medium. Antimicrobial activity was detected
by the addition of 20μL of 2,3,5-triphenyl-2H-tetrazolium
chloride (TTC) solution (5mg/mL). The minimal inhibitory
concentration (MIC) was defined as the lowest concentration
of HEG that inhibited visible growth of the microorganisms
as indicated by TTC staining of living cells.

To determine the minimum bactericidal concentration
(MBC) and minimum fungicidal concentration (MFC),

Table 1: Microorganisms used in the present study to test the antimicrobial activity of HEG from M. q. anthidioides.

Microorganism Reference Origin

Staphylococcus aureus ATCC 6538™ Reference culture

Methicillin-resistant S. aureus ESA 175 Pus

Methicillin-resistant S. aureus ESA 159 Expectoration

Enterococcus faecalis ATCC 43300™ Reference culture

Vancomycin-resistant E. faecalis ESA 201 Urine

Vancomycin-resistant E. faecalis ESA 361 Rectal swabs

Escherichia coli ATCC 29998™ Reference culture

Cephalosporin-resistant E. coli ESA 37 Urine

Cephalosporin-resistant E. coli ESA 54 Hemoculture

Pseudomonas aeruginosa ATCC 15442™ Reference culture

Imipenem-resistant P. aeruginosa ESA 22 Expectoration

Imipenem-resistant P. aeruginosa ESA 23 Gingival exudates

Cryptococcus neoformans ATCC 32264 Reference culture

Amphotericin B-resistant C. neoformans ESA 211 Blood

Amphotericin B-resistant C. neoformans ESA 105 Skin biopsy

Candida albicans ATCC 10231™ Reference culture

Amphotericin B-resistant C. albicans ESA 100 Feces

Amphotericin B-resistant C. albicans ESA 97 Urine
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20μL samples was collected from the last well where growth
was observed and from each well that did not show a change
in staining, and the samples were plated on NB or YPD and
incubated at 37°C for 24 h (bacteria) or at 25°C for 48 h
(yeast). The MBC or MFC was defined as the lowest concen-
tration that did not result in growth (<10CFU/plate) after
cultivation. The results are expressed as mg/mL, and the
experiments were performed in triplicate.

2.9. Statistical Analyses. The data are expressed as the
mean± standard error of the mean (SEM) and were evalu-
ated by ANOVA followed by the Dunnett’s test using
GraphPad Prism Software version 5.0 (GraphPad Software
Inc., San Diego, CA, USA). The results were considered
significant when P < 0 05.

3. Results

3.1. Chemical Composition. The total concentrations of
phenolic compounds and flavonoids present in HEG were
118.7± 2.8mg GAE/g extract and 25.4± 2.8mg QE/g extract,
respectively.

Peaks 1, 2, 4, 5, 6, 7, 9, 11, and 12 showed similar UV
spectra and MS/MS fragments. The UV absorbance of the
compounds was centered at approximately 300 nm, and the
observed variations were compatible with the presence of
different moieties (Figure 1, Table 2). All of these compounds
exhibited a central hexose with two or three galloyl,
cinnamoyl, or coumaroyl groups. Certain key fragments
supported putative identities of the peaks, such as m/z 169
(C7H5O5)

−, related to gallic acid, observed in compounds 2,
3, 4, 5, 6, 9, and 12; m/z 313 (C13H13O9)

−, related to a
galloyl-hexoside fragment, detected in compounds 1, 2, 4, 6,
9, and 12; and m/z 465 (C20H17O13)

−, related to a digalloyl-
hexoside moiety, observed in compounds 4 and 6. Other
fragments yielded less information, as in the case of m/z
265 (C13H13O6)

−, m/z 235 (C12H11O5)
−, and m/z 205

(C11H9O4)
− in compound 2 or m/z 145 (C9H5O2)

− in
compounds 7 and 8; these fragments are likely the result

of substitutions at specific positions of the hexose.
Unfortunately, the determination of these sites was not
possible due to a lack of information in the literature
or a limited access to standards. Thus, compounds were iden-
tified as coumaroyl-galloyl-hexoside derivatives (1 and 2),
digalloyl-coumaroyl-hexoside (4), cinnamoyl-galloyl-hexoside
(5), digalloyl-cinnamoyl-hexoside (6), dicoumaroyl-hexoside
(7), dicoumaroyl-galloyl-hexoside (9), cinnamoyl-coumaroyl-
hexoside (11), and cinnamoyl-coumaroyl-galloyl-hexoside
(12); compounds of this class were also isolated from the
geopropolis of M. subnitida [1].

The HEG also contained three observed flavanones
(peaks 3, 8, and 10). They were characterized based on their
UV spectra, high-resolution mass, and fragments such as
aromadendrin, naringenin, and methyl aromadendrin,
which were previously reported in the geopropolis of
Melipona ssp. [1, 16].

The final characterized peaks were detected at the end of
the chromatogram (peaks 14, 15, 16, 17, 18, 19, and 20;
Figure 1), implying that they were apolar compounds. These
peaks did not absorb in the UV-monitored range, and their
molecular formulae suggest diterpene (peaks 14 and 15)
and triterpene (peaks 16, 17, and 18) derivatives. Although
these chemical classes are very common in propolis and
geopropolis [24, 25], no more information could be obtained
due to a lack of fragmentation and the large number of
possible skeletons.

Compounds 19 (C24H38O3) and 20 (C24H36O3) showed
similar formulae, differing by only two hydrogens; both
showed only one fragment that was related to CO2 loss,
suggesting the presence of carboxylic acid in the structure.
However, no compatible plant metabolites were found in
the literature.

3.2. Antioxidant Activity

3.2.1. DPPH• and ABTS•+ Free Radical Scavenging. The HEG
displayed relevant antioxidant action in the direct scavenging
of the free radicals DPPH• and ABTS•+. In the DPPH• assay,
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Figure 1: Base peak chromatogram of M. q. anthidioides geopropolis extract. Peaks 1 to 20 are identified in Table 1.
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HEG inhibited 50% of the free radicals (IC50) at a
concentration of 28.9± 1.3μg/mL, an activity 1.7 times lower
than that of the antioxidant BHT (IC50 = 16.9± 5.2μg/mL)
(Figure 2(a)). In the ABTS•+ assay, the HEG showed an
IC50 of 9.5± 0.8μg/mL, similar to the synthetic antioxidant
BHT (IC50 = 8.1± 0.7μg/mL); however, HEG showed five
times less activity than the standard antioxidant ascorbic acid
(IC50 = 1.8± 0.05μg/mL) (Figure 2(b)).

3.2.2. Hemolytic Activity and Inhibition of Oxidative
Hemolysis. Human erythrocytes incubated with the highest
concentrations (75μg/mL) of ascorbic acid (Figure 3(a))
or HEG (Figure 3(b)) did not show hemolysis, indicating
that these compounds did not promote changes in this
cellular model.

In the presence of the oxidizing agent AAPH, HEG
protected the erythrocytes against oxidative hemolysis

throughout the experimental period (Figure 3(b)). After
240min, HEG inhibited 80.9± 5.6% of oxidative hemolysis
at 75μg/mL, demonstrating superior antihemolytic action
relative to that of ascorbic acid, which protected 67.6± 4.5%
of erythrocytes at the same concentration (Figure 3(a)).

3.2.3. Inhibition of MDA Production. The ability of the
extract to inhibit lipid peroxidation was assessed by measur-
ing MDA levels. After 240min, 75μg/mL HEG was able to
reduce MDA levels by 81.2± 10%, whereas the standard
antioxidant ascorbic acid inhibited 65.5± 7.7% of MDA
production at the same concentration (Figure 4).

3.3. Antimutagenic Activity. The HEG of M. q. anthidioides
showed an antimutagenic effect on S. cerevisiae cells
incubated with the mutagen EMS. HEG reduced the survival
of S. cerevisiae D7 by approximately 50% (Figure 5(a)),

Table 2: Compounds identified from Melipona quadrifasciata anthidioides geopropolis extract by HPLC-DAD-ESI-qTOF-MS/MS.

Peak RT (min) UV (nm) MS (m/z)
Molecular
formula

Error
(ppm)

MS/MS (m/z) Identification

1 24 289 and 309 477.1053 C22H22O12 2.9 313 (C13H13O9)
−, 271 (C11H11O8)

−, 169 (C7H5O5)
− Coumaroyl-

galloyl-hexoside

2 24.7 289 and 309 477.1040 C22H22O12 0.5
313 (C13H13O9)

−, 265 (C13H13O6)
−, 235 (C12H11O5)

−,
205 (C11H9O4)

−, 169 (C7H5O5)
−

Coumaroyl-
galloyl-hexoside

3 25.1 289 287.0565 C15H12O6 1.6 259 (C14H11O5)
−, 177 (C10H9O3)

− Aromadendrin

4 26 286 and 308 629.1166 C29H26O16 3.1
465 (C20H17O13)

−, 459 (C22H19O11)
−, 313

(C13H13O9)
−, 271 (C11H11O8)

−, 169 (C7H5O5)
−

Digalloyl-
coumaroyl-
hexoside

5 30.8 280 461.1113 C22H22O11 3.7 211 (C9H7O6)
−, 169 (C7H5O5)

−, 161 (C10H9O2)
− Cinnamoyl-

galloyl-hexoside

6 31.9 280 613.1216 C29H26O15 2.2
465 (C20H17O13)

−, 313 (C13H13O9)
−, 271 (C11H11O8)

−,
211 (C9H7O6)

−, 169 (C7H5O5)
−

Digalloyl-
cinnamoyl-
hexoside

7 32.4 299 and 311 471.1324 C24H24O10 4.3
325 (C15H17O8)

−, 307 (C15H15O7)
−, 265 (C13H13O6)

−,
163 (C9H7O3)

−, 145 (C9H5O2)
−

Dicoumaroyl-
hexoside

8 32.9 284 271.0622 C15H12O5 3.2 — Naringenin

9 34.3 290 and 311 623.1428 C31H28O14 2.2
459 (C22H19O11)

−, 313 (C13H13O9)
−, 271 (C11H11O8)

−,
211 (C9H7O6)

−, 169 (C7H5O5)
−,163 (C9H7O3)

−
Dicoumaroyl-
galloyl-hexoside

10 35.2 290 301.0731 C16H14O6 2.8
273 (C15H13O5)

−, 240 (C14H8O4)
−, 179 (C8H3O5)

−, 165
(C8H5O4)

−
Methyl

aromadendrin

11 37.9 285 and 310 455.1353 C24H24O9 1.2 163 (C9H7O3)
−, 145 (C9H5O2)

−
Cinnamoyl-
coumaroyl-
hexoside

12 38.8 285 and 310 607.1455 C31H28O13 2.7
461 (C22H21O11)

−, 443 (C22H19O10)
−, 313

(C13H13O9)
−, 271 (C11H11O8)

−, 211 (C9H7O6)
−,

169 (C7H5O5)
−

Cinnamoyl-
coumaroyl-

galloyl-hexoside

13 42.1 295 421.1290 C24H22O7 0.9 — Unknown

14 45.7 — 319.2272 C20H32O3 3.4 — Diterpene

15 46.3 — 319.2270 C20H32O3 0.9 — Diterpene

16 54 — 471.3475 C30H48O4 0.8 — Triterpene

17 55.3 — 471.3471 C30H48O4 3.3 — Triterpene

18 55.5 — 469.3314 C30H46O4 3.0 — Triterpene

19 58.7 — 373.2736 C24H38O3 2.9 329 (C23H37O)
− Unknown

20 64 — 371.2583 C24H36O3 3.0 327 (C23H35O)
− Unknown

RT: retention time; − indicates nonobserved/detected means.
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possibly because of its fungicidal action, and showed an anti-
mutagenic effect by inhibiting the DNA damage promoted by
EMS. The HEG reduced gene conversion frequencies by 30.7
± 4.8% and 41.5± 1.7% at concentrations of 1.5 and 3.0mg/
mL, respectively (Figure 5(b)). In addition, HEG reduced
the number of mutant colonies by 79.4± 0.8% at 1.5mg/mL
and by 89.3± 0.5% at 3.0mg/mL (Figure 5(c)).

3.4. Anti-Inflammatory Activity. The anti-inflammatory
activity of HEG was evaluated by testing its ability to inhibit

hyaluronidase enzyme activity in the presence of its sub-
strate, hyaluronic acid sodium salt. The extract showed a
concentration-dependent profile, inhibiting 44.7± 2.4% of
hyaluronidase activity at 75mg/mL (Figure 6).

3.5. Antimicrobial Activity. HEG showed antimicrobial
activity against all of the tested microorganisms, including
antimicrobial drug-resistant strains (Table 3). Gram-positive
bacteria were more sensitive to HEG than were gram-
negative species. The most sensitive microorganism was

0.1 1 5 10 25 50 75 100 200
0

20

40

60

80

100
DPPH

Ascorbic acid
BHT
HEG

Concentrations (�휇g/mL)

In
hi

bi
tio

n 
(%

)

(a)

Concentrations (�휇g/mL)

0

20

40

60

80

100

In
hi

bi
tio

n 
(%

)

ABTS

0.1 1 5 10 25 50 75 100 200

Ascorbic acid
BHT
HEG

(b)

Figure 2: Antioxidant activity, as shown by scavenging of the free radicals (a) DPPH• and (b) ABTS•+ by the ascorbic acid and BHT controls
and by the M. q. anthidioides geopropolis extract (0.1–200μg/mL).
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Figure 3: Inhibition of oxidative hemolysis in human erythrocytes incubated with (a) ascorbic acid and (b) HEG (5–125μg/mL) in the
presence of the oxidizing agent AAPH for 240min. ∗Statistically significant results (P < 0 05) compared to those of the AAPH control
group at the same time point.
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Staphylococcus aureus ATCC 6538, which showed an MIC of
5.16± 0.22mg/mL and an MBC of 7.33± 0.16mg/mL. The
strain with the greatest resistance was the gram-negative
bacteriumPseudomonas aeruginosaESA23, which is resistant
to imipenemandoriginated fromgingival exudate inahospital
setting; it showed anMIC of 12.75± 0.28mg/mL and anMBC
of 16.41± 0.36mg/mL.

HEG also exhibited antifungal activity against all of the
tested yeasts, including reference strains and those of hospital
origin. The strain most sensitive to the action of HEG was
Cryptococcus neoformans ATCC 32264, and the most
resistant strain was Candida albicans ESA 97, which is
resistant to amphotericin B and is of hospital origin.

4. Discussion

The literature contains few scientific studies related to the
chemical composition and pharmacological properties of
geopropolis, an apicultural product with great pharmacolog-
ical potential. In folk medicine, it is prescribed for the
treatment of digestive, respiratory, and visual problems [33]
and as an antiseptic [18]. These activities are related to the
chemical composition of geopropolis, which is dependent
on the local flora, the producing bee species, and the type of
soil found in the region of geopropolis production [1, 3].

Phenolic heterosides, flavanones, and terpenoids were
observed in the HEG; these compounds are frequently
detected in Apis mellifera propolis [34, 35] but have not often
been described forMelipona geopropolis. An important find-
ing was the presence of di- and trigalloyl and phenylpropanyl
heteroside derivatives, which are rarely reported in the
literature. Despite the paucity of reports, this class of
compounds occurs in the kino of Eucalyptus spp. [36, 37], a
common plant in the region where the geopropolis was

collected. This observation may provide a clue about the
source of raw material for the production of geopropolis by
Melipona spp.

Other information about the origin of geopropolis came
from a study performed by Sawaya et al. [38] with the sting-
less bee Tetragonisca angustula that reported compounds 19
and 20 in the propolis of this species and in the flowers and
leaves of Schinus terebinthifolius. We analyzed the methano-
lic extract of the leaves of S. terebinthifolius from the same
region where the geopropolis was collected and confirmed
the presence of compound 20 (see Supplementary Material
available online at https://doi.org/10.1155/2017/8320804).
We conclude that M. q. anthidioides uses vegetal material
from S. terebinthifolius to produce geopropolis. Flavanones
and terpenes, the other two classes of identified compounds,
are also normally present in apicultural plants [39–41],
suggesting that Melipona spp. can use the same plants that
Apis spp. use to produce propolis.

The phenolic compounds are described as important
antioxidant agents [7, 26, 30], and the content present in
the HEG was approximately two times more than that pres-
ent in geopropolis from other species of bees, as Melipona
subnitida [1] and Melipona fasciculata [6]. Among the phe-
nolic compounds identified in the HEG, the flavonoids
methyl aromadendrin [42] and naringenin [43] are described
as having antioxidant activities. In this study, HEG was able
to scavenge the free radicals DPPH• and ABTS•+, showing
results similar to those presented by the geopropolis of
M. subnitida [1] and higher compared to those by the
geopropolis of the speciesMelipona interrupta andMelipona
seminigra [16].

Moreover, HEG protected human erythrocytes against
damage generated by the oxidizing agent AAPH, resulting
in lower levels of both oxidative hemolysis and malondialde-
hyde (as a marker of lipid peroxidation). Flavonoids inhibit
peroxyl radicals via the donation of hydrogen atoms, a
process enabled by the presence of a dihydroxylated B ring
in their structures [44]. Peroxyl radicals are involved in the
lipid peroxidation process, which creates a number of degra-
dation products, such as the aldehydes 4-hydroxy-2-nonenal,
2-propenal, and malondialdehyde [45]. Naringenin, one of
the flavonoids identified in HEG, has been described as
modulating the activity of the enzymes superoxide dismut-
ase, glutathione peroxidase, and catalase, in addition to
protecting the cell membrane against the lipid peroxidation
process by inhibiting the production of malondialdehyde
and increasing the content of thiol-SH groups [43]. In turn,
diterpenes promote the scavenging of free radicals, which
results in the inhibition of lipid peroxidation [46, 47].

Lipid peroxidation resulting from elevated cellular oxida-
tive stress is capable of promoting damage to proteins
and nucleic acids, which may constitute the first steps of
mutagenesis and carcinogenesis [48, 49]. With this per-
spective, after confirming the antioxidant activity of HEG
from M. q. anthidioides, its antimutagenic properties were
investigated. The HEG minimized the damage induced by
the EMS alkylating agent, which induces random mutations
in DNA by nucleotide substitution [31]. The antimutagenic
activity of the HEG was similar to that of the geopropolis
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extract of Melipona orbignyi, regarding the reduction of
mutant colonies; however, it was more effective against the
gene conversion [7].

Living organisms have mutation repair mechanisms;
however, they are often unable to correct all of the changes
that occur, leaving the cell vulnerable to the development of
problems related to DNA alterations [50]. Certain changes
in the genetic material of cells are related to the development
of cancer [51, 52]. Thus, products with antimutagenic
activities can aid in preventing various types of cancers.

In addition to its antioxidant and antimutagenic
activities, there are reports in the literature about the anti-
inflammatory action of geopropolis, both in vitro and
in vivo, via modulation of the main inflammatory mediators
[12, 14]. In this study, HEG showed anti-inflammatory
action in its inhibition of hyaluronic acid degradation by
the hyaluronidase enzyme. Hyaluronic acid is a polysaccha-
ride found primarily in the extracellular and pericellular
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Figure 5: S. cerevisiae yeast cells (D7 diploid strain of ATCC 201137) incubated with HEG (1.5 and 3.0mg/mL) and the mutagen
EMS. (a) Survival percentage, (b) gene conversion, and (c) mutant colonies are shown. ∗∗∗P < 0 0001 compared to the control.
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matrix as a component of soft connective tissues [53],
where it has an important role in tissue renewal [32].
The degradation of hyaluronic acid by hyaluronidase
results in tissue permeability [54], bone loss, inflammation,
and pain [31, 54].

The inhibition of hyaluronidase activity by HEG may
be related to the presence of flavonoids in its composition,
as they have been described as reducing hyaluronidase
activity by binding to the enzyme and promoting struc-
tural alterations by means of electrostatic forces and
hydrophobic interactions [55]. In addition, the flavonoids
identified in HEG, naringenin and 7-O-methylaromaden-
drin, reportedly inhibit the activity of the cyclooxygenase
1 enzyme, and aromadendrin inhibits the activity of
xanthine oxidase [56]; these enzymes are directly related
to inflammatory processes.

Another important pharmacological activity exhibited by
HEG was its antimicrobial action against both reference and
clinical strains. HEG promoted the death of all of the tested
gram-positive bacteria, gram-negative bacteria, and yeasts.
Previous studies by Kujumgiev et al. [24] and Velikova
et al. [25] described the antimicrobial potential of propolis

from M. q. anthidioides; however, this is the first report to
show that the geopropolis of this bee subspecies can combat
pathogenic microorganisms.

The identification of new compounds with antimicrobial
action has aroused the interest of the pharmaceutical indus-
try, especially because many strains of microorganisms have
become resistant to currently available antimicrobial drugs,
thereby resulting in high morbidity and mortality rates,
especially among nosocomial infections [57, 58]. Among
the main mechanisms of resistance are the elimination of
antibiotics by efflux pumps present in the cell wall of micro-
organisms [59, 60] and the degradation of antibiotics by
specific enzymes [61].

Natural products represent a good source for the
discovery of bioactive compounds with high antimicrobial
activity, especially considering the complexity of the mole-
cules present in these bioproducts [62]. The antimicrobial
properties of geopropolis from other bee species have been
described in other studies with Melipona fasciculata [2, 63],
Melipona orbignyi [7], Melipona scutellaris [10, 11], and
Melipona mondury [64], as well as the subspecies Melipona
compressipes fasciculate [65].

Table 3: MIC and MBC/MFC values for HEG from M. q. anthidioides.

(a)

Microorganisms
HEG (mg/mL) Gentamicin (μg/mL)

MIC MBC MIC MBC

Gram-positive bacteria

Staphylococcus aureus ATCC 6538 5.16± 0.22 7.33± 0.16 1.66± 0.16 2.0± 0.28
Methicillin-resistant S. aureus ESA 175 5.75± 0.14 7.83± 0.16 1.83± 0.16 2.66± 0.16
Methicillin-resistant S. aureus ESA 159 6.25± 0.14 8.08± 0.22 2.0± 0.28 2.50± 0.28
Enterococcus faecalis ATCC 43300 6.75± 0.14 8.75± 0.25 2.16± 0.16 2.83± 0.30
Vancomycin-resistant E. faecalis ESA 201 7.33± 0.83 9.50± 0.28 2.33± 0.16 3.25± 0.14
Vancomycin-resistant E. faecalis ESA 361 7.58± 0.30 9.91± 0.54 2.66± 0.16 3.33± 0.16
Gram-negative bacteria

Escherichia coli ATCC 29998 9.66± 0.44 13.0± 0.14 4.08± 0.08 4.58± 0.30
Cephalosporin-resistant E. coli ESA 37 10.25± 0.52 13.16± 0.44 4.66± 0.16 4.66± 0.22
Cephalosporin-resistant E. coli ESA 54 10.25± 0.25 13.33± 0.36 4.41± 0.08 4.91± 0.08
Pseudomonas aeruginosa ATCC 15442 11.91± 0.36 15.41± 0.36 4.75± 0.14 5.0± 0.28
Imipenem-resistant P. aeruginosa ESA 22 12.16± 0.60 15.41± 0.30 5.66± 0.16 6.61± 0.16
Imipenem-resistant P. aeruginosa ESA 23 12.75± 0.28 16.41± 0.36 6.66± 0.33 6.50± 0.28

(b)

Microorganisms
HEG (mg/mL) Amphotericin B (μg/mL)

MIC MFC MIC MFC

Fungi

Cryptococcus neoformans ATCC 32264 18.08± 0.36 23.0± 0.14 0.55± 0.02 0.86± 0.07
Amphotericin B-resistant C. neoformans ESA 211 18.58± 0.71 24.08± 0.46 0.61± 0.06 1.25± 0.14
Amphotericin B-resistant C. neoformans ESA105 19.08± 0.82 24.25± 0.25 0.63± 0.01 1.66± 0.22
Candida albicans ATCC 10231 20.5± 0.28 28.25± 0.87 0.71± 0.04 0.91± 0.16
Amphotericin B-resistant C. albicans ESA 100 21.41± 0.54 29.33± 0.60 0.81± 0.04 1.66± 0.08
Amphotericin B-resistant C. albicans ESA 97 21.83± 0.44 31.08± 0.68 0.91± 0.01 1.75± 0.14
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Among the chemical compounds described as responsi-
ble for the antimicrobial activity of natural products are
the flavonoids [66, 67]. In bacteria, they are capable of
inhibiting DNA gyrase [68], damaging cell membranes by
reducing their fluidity [69] and decreasing microbial energy
metabolism [66]; these mechanisms are responsible for their
antibacterial effects. In addition to these, diterpenes are also
described as having antimicrobial activity, as they easily
penetrate the cell membranes of microorganisms and create
pores that result in the loss of intracellular contents [44].

In this context, this study is the first to report the
chemical composition and pharmacological activities of the
geopropolis extract of M. q. anthidioides, a natural product
of apicultural origin that has great potential to be used in
the prevention and treatment of several diseases related to
oxidative stress, mutagenesis, inflammatory processes, and
microbial infections.
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Diabetic cardiomyopathy is one of the major complications among patients with diabetes mellitus. Diabetic cardiomyopathy
(DCM) is featured by left ventricular hypertrophy, myocardial fibrosis, and damaged left ventricular systolic and diastolic
functions. The pathophysiological mechanisms include metabolic-altered substrate metabolism, dysfunction of microvascular,
renin-angiotensin-aldosterone system (RAAS) activation, oxidative stress, cardiomyocyte apoptosis, mitochondrial dysfunction,
and impaired Ca2+ handling. An array of molecules and signaling pathways such as p38 mitogen-activated protein kinase
(p38 MAPK), c-Jun N-terminal kinase (JNK), and extracellular-regulated protein kinases (ERK) take roles in the pathogenesis of
DCM. Currently, there was no remarkable effect in the treatment of DCM with application of single Western medicine. The
myocardial protection actions of herbs have been gearing much attention. We present a review of the progress research of
herbal medicine as a potential therapy for diabetic cardiomyopathy and the underlying mechanisms.

1. Introduction

Diabetic cardiomyopathy (DCM) resulted from diabetes
mellitus ultimately leads to heart failure, increasing the
mortality in diabetic patients. There was a 2.4-fold increase
in the risk of heart failure in the male diabetic subjects and
fivefold in the female diabetic subjects [1]. DCM is character-
ized by left ventricular hypertrophy, myocardial fibrosis, and
compromised left ventricular systolic/diastolic function [2].
Currently, there is still lack of feasible therapeutic approach
for DCM. The Chinese traditional medicine has a long
history in the treatment of glucose metabolism disorder and
cardiovascular disease. Most recently, Li et al. [3] uncovered
the antidiabetes effect of artemisinins, and this finding has
been published in the Journal of cell. Using herbs to treat
many chronic diseases such as diabetes and its complication
has been recognized by an increasing number of scientists
and clinic physicians for their multitarget effect and com-
prehensive source. In this review, we discuss the molecular
mechanisms for the pathogenesis of DCM and then the

study progress of herbal medicines as potential therapeutic
agents for DCM.

2. Pathophysiological Mechanisms of DCM

The function and structure of the heart are altered with
the development of DCM. The left ventricular diastolic
dysfunction is one of the pathological features of DCM,
which occurs in isolation and precedes the development
of systolic dysfunction [4]. The ventricular hypertrophy
and myocardial fibrosis are the structural alteration of
DCM. Hyperglycemia, insulin resistance, microcirculation
dysfunction, and neurohormone activation are pathological
triggers for DCM. The hyperglycemia and insulin resis-
tance are responsible for altered substrate metabolisms
including increased free fatty acid (FFA) oxidation, intra-
myocardial triglyceride accumulation, and reduced glucose
utilization. The altered substrate metabolisms contribute to
morphological changes of cardiomyocytes. Moreover, oxida-
tive stress, the dysfunction of mitochondrion, abnormalities
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in Ca2+ homeostasis, and cardiomyocyte apoptosis all
promote DCM development (Figure 1).

2.1. Neurohormone Activation and Microcirculation
Dysfunction. Neurohormone activation is characterized by
upregulation of sympathetic nervous system and renin-
angiotensin-aldosterone system (RAAS). Circulating Ang II,
the atrial natriuretic peptide (ANP), B-type natriuretic
peptides (BNP), and catecholamines, as well as endothelin
(ET-1) both in intramyocardium and circulating, are signifi-
cantly increased in the context of hyperglycemia. Activation
of RAAS and elevated ET-1 contribute to the myocardial
fibrosis. ET-1 is responsible for vasoconstriction and myo-
cardial ischemia. Endothelia-derived NO, an endogenous
vasodilator, is remarkably decreased in the diabetic status.
Impaired microvascular blood flow, sustained hyperglyce-
mia, and excess generation of reactive oxygen species (ROS)
are contributors for endothelial dysfunction.

2.2. Altered Substrate Metabolism. Substrate metabolism
changes indiabetes are triggeredbyhyperglycemia and insulin
resistance. In diabetes, the myocardial glucose utilization is
significantly reduced for the depletion of glucose transporter
proteins 1 (GLUT-1) and GLUT-4, resulting in the diabetic
rely almost exclusively on FA as an energy production source
[5]. Elevated circulating and cellular FFAs are attributable for
increased adipose tissue lipolysis and hydrolysis of accumu-
lated myocardial triglyceride. FFAs can inhibit glucose
oxidation by activating peroxisome proliferator-activator
receptor-α (PPAR-α), which increases the expression of pyru-
vate dehydrogenase kinase 4 (PDK4) involved in regulating
enhanced mitochondrial FA uptake and reducing glucose
oxidation. Moreover, elevated circulating and cellular FFAs
can enhance peripheral insulin resistance. In the long term,
increased myocardial FA utilization leads to lipotoxicity to
the cardiomyocytes, characterizedbymyocyte lipidaccumula-
tion, mitochondrial dysfunction, increased oxygen demand,
and excessive generation of ROS [6, 7]. Collectively, the
enhanced peripheral insulin resistance, reduced cellular
glucose utilization, and lipotoxicity are responsible for the
cardiomyocyte injury and myocardial remodeling.

2.3. Oxidative Stress. In the physiological state, the ROS is
eliminated by antioxidant system. However, in the diabetic
settings, excessive production of ROS is responsible for
oxidative stress and correlates with the development of
DCM for its ability to damage proteins and DNA and lipid
membranes. In the diabetic heart, ROS are derived from
mitochondrial source, nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase, and uncoupled NO synthases
(NOS). The role of NADPH oxidase is the most important
of the three sources in the development of DCM. Tumor
necrosis factor-α (TNF-α) could induce cardiomyocyte
hypertrophy by triggering the activity of NADPH oxidase
[8]. Moreover, ROS derived from NADPH oxidase promotes
the myocardial interstitial fibrosis and the mechanism
involving increased activation of matrix metalloproteinases
(MMP), expression of profibrotic genes, and activation of
NF-κB [9]. As previously illustrated, mitochondrion is
another major source for ROS production. The mitochondria
themselves are susceptible to the ROS they produce, leading
to local damage to mitochondrial DNA and membranes,
generating more ROS as a result of a positive feedback
mechanism [10].

2.4. Impaired Ca2+ Metabolism. Under the physiological
state, Ca2+ influx induced by the activation of voltage-
dependent L-type Ca2+ channels and then triggers the release
of Ca2+ stored in the sarcoplasmic reticulum via ryanodine
receptors (RyR) through a Ca2+-induced Ca2+-release mech-
anism. Free Ca2+ binds to troponin C and results in
cardiomyocyte contraction. [Ca2+] is pumped out of cytosol
and returns to a diastolic level mainly by the activation of
the sarcolemmal Na+/Ca2+ exchanger, the sarcoplasmic
reticulum Ca2+-ATPase2a (SERCA2a), and the sarcolemmal
Ca2+-ATPase [11]. In the diabetic state, the decreased activity
of SERCA results from the interaction of advanced glycation
end products (AGE) with SERCA and the overexpression of
SERCA2a inhibitor phospholamban (PLB) and could be
reversed by insulin treatment [11]. Suppression of SERCA2a
ultimately leads to Ca2+ overload in the cytosol and diastolic
dysfunction [12]. The activity and expression of Na+/Ca2+

exchanger which contribute to the removal of [Ca2+] is also
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RAAS activation Substrate metabolism
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Oxidative stress Ca2+ handling
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Figure 1: Pathophysiological mechanisms for DCM. RASS: renin-angiotensin-aldosterone system; DCM: diabetic cardiomyopathy.
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decreased in the diabetic state. The abnormal function of RyR
induced by AGE/RAGE and oxidative stress contributes to
sarcoplasmic reticulum Ca2+ leak, decreased sarcoplasmic
reticulum-stored Ca2+, and systolic Ca2+ transient [13, 14].
Moreover, the decreased ATP synthesis rates which result
from the reduced uptake of Ca2+ by mitochondria cause
impaired contractility ability. Consequently, the disorder of
Ca2+ handling contributes to diastolic/systolic dysfunction
and left ventricular hypertrophy.

2.5. Cardiomyocyte Injury. Cardiomyocyte injury manners
include apoptosis, necrosis, and autophagy. Apoptosis
results from oxidative stress, mitochondrial dysfunction,
and abnormalities in Ca2+ handling. Cardiomyocyte necrosis
results in interstitial collagen deposition and ultimately leads
to myocardial fibrosis [15].

Autophagy, a “housekeeping” subcellular process that
maintains the cell nutrition homeostasis and self-renewal
by degrading damaged proteins and organelles, is an
alternate form of programmed cell death. Autophagy is also
considered as a process that maintains cell survival in the
condition of starvation and other cell stressors, for its regula-
tion in the turnover of long-lived proteins, and protects cells.
However, the dysregulated autophagy may result in excessive
cell death. The role of autophagy in pathogenesis of DCM
remains controversial. Xie et al. [16, 17] reported that a low
constitutive autophagy is essential for protecting cardiomyo-
cytes from hyperglycemic damage, whereas, the defect
autophagy in diabetes contributes to the development of
DCM. Coincidence with this finding, Zhao et al. showed that
enhanced autophagy prevents DCM induced by STZ
administration [18]. However, Hou et al. showed that
AGE impairs the cell viability of rat neonate cardiomyo-
cytes in a dose-dependent manner by inducing autophagy
[19]. Collectively, well-regulated autophagy is essential for
DCM attenuation.

3. Molecules and Signaling Pathways

NF-κB is a key transcription factor that regulates inflamma-
tory and cardiomyocyte injury processes. NF-κB consists of
five members including p65 (RelA), RelB, c-Rel, NF-κB1
(p50 and its precursor p105), and NF-κB2 (p52 and its
precursor p100). The most abundant form of the NF-κB
family is the p65/p50 heterodimer. In resting cells, NF-κB is
inactive by binding to IκBα in the cytoplasm. After high-
glucose stimulation, the IκBα is phosphorylated by IκB
kinase (IKK) complex, leading to the translocation of NF-
κB to the nucleus and binding to NF-κB response element
(RE) [20]. AMP-activated protein kinase (AMPK) suppresses
NF-κB cascade through inhibition of IKK and decreased
IκBα degradation. NF-κB cascade may be induced by phos-
phorylation of mitogen-activated protein kinase (MAPK). It
has been also showed that signal transducer and activator
of transcription (STAT) may contribute to activation of
NF-κB and maintenance of NF-κB activity. PPAR has the
ability to downregulate NF-κB activity by the interaction
with the p65 subunit or inhibition of MAPK phosphoryla-
tion. Sirtuin 1 (SIRT1) inhibits NF-κB by inhibiting the

MAPK or by increasing the interaction between PPAR and
p65 subunit of NF-κB. SIRT1 activation leads to AMPK acti-
vation and deacetylation of PPAR-γ co-activator-1 (PGC1α).
NF-κB decreases the activity of PGC-1α directly or indirectly
by activating PKB/Akt. The activation of NF-κB leads to
the increased proinflammatory cytokines, such as TNF-α,
interleukin (IL)-6, and IL-1β, which contribute to the activa-
tion of profibrotic transforming growth factor beta (TGF-β)
pathway. The NF-κB cascade is detailed in Figure 2. Herbs
inhibit the activation of NF-κB by regulating AMPK, SIRT1,
Akt, PPAR-γ, and MAPK cascades (Figure 2). Furthermore,
herbs act on NFE2-related factor 2 (Nrf2), a master regu-
lator of inflammation and oxidative status (Figure 3).

3.1. Mitogen-Activated Protein Kinase (MAPK) Cascade.
Accumulated evidences have demonstrated that MAPK
cascade including extracellular signal-regulated kinase 1/2
(ERK1/2), c-Jun N-terminal protein kinase (JNK), and p38
MAPK are involved in the diabetic complications [21].
p38 MAPK consists of four isoforms including p38α,
p38β, p38γ, and p38δ. P38α is the major form expressed
in a healthy heart, and p38β displays lower expression.
p38 MAPK especially p38α MAPK contributes to the
development of DCM owing to inflammation, oxidative
stress, apoptosis, hypertrophy, metabolic abnormalities, and
disordered Ca2+ handling. High glucose promotes the
expression of protein kinase C (PKC) in the neonatal rat
cardiomyocytes, leading to the upregulation of ROS, MAPK,
and NF-κB [22]. ROS activates p38 MAPK, which in turn,
promotes the production of ROS; alternatively, downregula-
tion of p38 MAPK can inhibit ROS generation and oxidative
stress [23]. p38α MAPK has been shown to promote the
cardiomyocyte apoptosis by activating STAT1 and NF-κB
and contribute to cardiomyocyte hypertrophy through
activating the GATA4 transcription factor. MAPKPK-2
(MK2), a p38 MAPK downstream target, is responsible for
downregulation of SERCA2a, FFA accumulation, and
NF-κB activation in the development of DCM. On the
contrary, the antiapoptotic function of p38β MAPK in
DCM has been reported [21].

ERK1/2 signaling pathway is also known as the Ras-Raf-
MEK-ERK cascade. ERK1/2 pathway is triggered by the
activation of Ras at the myocyte membrane. The detrimental
effects of ERK1/2 in a diabetic heart are manifested as oxida-
tive stress, apoptosis, hypertrophy, and myocardial fibrosis.
ERK1/2 activated by high glucose is associated with cardiac
hypertrophy in DCM [24]. ROS and ET-1 stimulate the
ERK1/2 cascade; hence, antioxidant agents block the ROS
generation and ERK1/2 activation as well as cardiac hyper-
trophy [25]. The hyperglycemia-induced increased TGF-β
is suppressed by ERK1/2 inhibitor U0126, suggesting that
ERK1/2 mediates upregulation of TGF-β, closely related to
cardiomyocyte fibrosis [26]. Interestingly, Zhang et al.
showed that fibroblast growth factor 21 (FGF21) protects
the diabetic heart from cardiac apoptosis, remodeling, and
dysfunction by activating ERK1/2, and this protection effect
could be abolished by ERK1/2 inhibitor PD98059 [27]. The
antiapoptotic or proapoptotic effect of ERK1/2 is mainly
dependent on the downstream effector activities. Taken
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together, ERK1/2 cascade is a two-edged sword in the
development of DCM [28].

JNKs, members of the family of MAPKs, mediate
inflammation and cell apoptosis. Tsai et al. [29] showed
that hyperglycemia enhanced NADPH oxidase-derived
superoxide generation, promoting activation of JNK and
NF-κB activation as well as subsequent apoptosis of cardio-
myocytes. JNK inhibitor and NF-ΚB siRNA abolished NF-

ΚB-mediated inflammation and high-glucose-induced car-
diomyocyte apoptosis.

3.2. AMPK Cascade. AMPK, consists of α, β, and γ subunits,
is an important regulator of insulin signaling, cardiac energy
homeostasis, and oxidative stress. The phosphorylation at
T172 of the α subunit is well-known mechanisms for AMPK
activation [30]. AMPK is upregulated in response to an
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enhanced AMP/ATP ratio in a stressed cellular state [31].
Both liver kinase B1 (LKB1) and Ca2+/calmodulin-
dependent protein kinase kinase (CAMMKK) are responsi-
ble for phosphorylation at T172 of AMPK α subunit in the
cardiomyocytes under the condition of energy depletion
[32, 33]. The activated AMPK facilitates the uptake of glucose
by promoting myocardial GLUT-4 expression and transloca-
tion to the plasma membrane in a similar way to insu-
lin [34]. Furthermore, AMPK increases FA uptake by
cardiomyocytes via regulating the translocation of FA
transporter (FAD/CD36) to the plasma membrane [35].
Carnitine palmitoyltransferase-1 (CPT-1) is responsible
for the transportation of FAs into the mitochondria for β-
oxidation. AMPK increases FA oxidation by inducing the
phosphorylation-mediated inhibition of acetyl-COA car-
boxylase (ACC), leading to subsequent downregulation of
malonyl-COA level, an inhibitor of CPT-1. Therefore,
AMPK increases the energy production by increasing glucose
uptake, FA oxidation, and glycolysis. However, AMPK
inhibits lipolysis by inducing the phosphorylation of
hormone-sensitive lipase [36]. The metabolic regulation by
AMPK is illustrated in Figure 4.

AMPK exerts an antioxidant effect by regulating the
activation of Nrf2, another transcription factor that protects
cardiomyocyte against oxidative stress. AMPK inhibits the
NF-κB cascade by inhibiting IKK activity and IκBα degra-
dation, or by activating downstream targets such as
SIRT1, Forkhead box O (FOXO), and cardiac-enriched
PGC1α [37, 38].

As previously illustrated, basic level of autophagy pre-
vents against the apoptosis of cardiomyocytes. It has been
demonstrated that AMPK directly activates ULK1, a homo-
logue of yeast ATG1, through phosphorylation of Ser 317

and Ser 777 [39], or indirectly activates ULK1 by suppression
of mammalian target of rapamycin complex 1 (mTORC1),
resulting in enhanced autophagy [40]. Furthermore, AMPK
regulates autophagy by activating FOXO, which upregulates
expression of autophagy markers Bnip3, LC3, and ATG12
[30]. Recently, He et al. [41] reported that under starvation
conditions, JNK1 activation leads to phosphorylation of
BCL2 and dissociation of the Beclin1-BCL2 complex. How-
ever, diabetes inhibits the AMPK activity, suppresses its
JNK1-BCL2 cascade, and promotes the interaction between
Beclin1 and BCL2. Transfection of H9c2 cells with active
JNK1 plasmid promotes BCL2 phosphorylation and disrupts
the interaction between Beclin1 and BCL2, resulting in resto-
ration of autophagy and reducing H9c2 cell apoptosis expo-
sure to high glucose. Metformin, a well-known AMPK
agonist, reduces apoptotic cell death and preserves the
cardiac function by enhancing autophagy, and these effects
were abolished by JNK1 inhibitor SP600125. These findings
suggest that MAPK8/JNK1-BCL2 signaling is a new mecha-
nism by which AMPK regulates autophagy [42].

3.3. PPAR Cascade. PPARs are responsible for the regulation
of metabolism and inflammation. The subtypes of PPARs
include PPAR α, PPAR β/δ, and PPAR-γ. Activation of
PPARs is followed by the formation of heterodimers with
the retinoid X receptor (RXR). Heterodimerization recruits
PGC-1α and then binds to DNA-specific sequences called
PPAR response elements (PPRE) and, consequently, allows
the target gene transcription (CPT-1, FAT/CD36, PDK4,
and GLUT-4 et al.). Of the three isoforms, PPAR α and PPAR
β/δ express at high levels in the heart, while PPAR-γ
enriched in adipose tissue shows a lower expression. Accord-
ing to Finck et al. [43] myocardial FA oxidation rates

PI3K

FAT/CD36

LCFA

LCFA

ACS

Glucose

LCFacyl-COA

GLUT-4

Glucose

Glucose-6-p

Pyruvate

Insulin
Insulin
receptor

IRS1

PKB/AKt

Glycogen

TG

AMPK

P

ACC
Acetyl-COAMalonyl-COA

PKB/AKt

CPT-1

�훽-oxidation
Oxidative phosphorylation

�훼

�훽 �훾

Figure 4: Metabolic regulation for normal heart. LCFA: long-chain fatty acids; FAT/CD36: translocation of FA transporter; GLUT:
glucose transporter proteins; ACC: acetyl-COA carboxylase; ACS: acyl-CoA synthetase; CPT1: carnitine palmitoyltransferase-1; PI3K:
phosphatidylinositol 3-kinase; IRS-1: insulin receptor substrate 1.

5Oxidative Medicine and Cellular Longevity



increased while glucose uptake and oxidation decreased in
MHC-PPAR α mice, accompanied by the ventricular
hypertrophy and systolic ventricular dysfunction. The
MHC-PPAR α mice displayed metabolic phenotype and
structure alteration similar to that of the diabetic heart.
Burkart et al. [44] further showed that in contrast to
MHC-PPAR α mice, MHC-PPAR β/δ mice did not
develop cardiomyopathy, even in the context of a high-fat
diet, owing to upregulation of GLUT-4 and enhanced rate
of myocardial glucose uptake and utilization but without
increased FA oxidation. Interestingly, in their study, both
FAT/CD36 expression and GLUT-4 mRNA levels increased
in MHC-PPAR-γ mice, suggesting that PPAR-γ shares the
characteristic with both PPAR α and PPAR β/δ in regulation
metabolism in diabetic hearts. Therefore, their findings pro-
vide the evidence that selective activation of PPAR β/δ is a
promising therapeutic strategy for DCM. PGC-1α is the
coactivator of PPARs enriched in the myocardium. PGC-1α
regulates the mitochondrial biogenesis, FA oxidation, and
glucose oxidative metabolism. PDK4 is a downstream mole-
cule of PGC-1α. Selective overexpression of PDK4 in the
heart of mice results in a remarkable decrease in glucose
oxidation and an increase in FA oxidation. Overexpression
of PGC-1α is associated with heart failure linked to increased
FA oxidation. However, knockdown PGC-1α also leads to
heart failure due to depletion of energy production in
mitochondrion. According to Botta et al. [45] short-time
exercise attenuated DCM in aged diabetic heart in db/db
mice by activating PGC-1α. Wang et al. [46] showed that
excise ameliorated DCM through activation of PGC-1α
and Akt signaling.

All the three isoforms of PPARs exert anti-inflammation
in the development of DCM for physical interaction with
the p65 subunit of NF-κB and inhibit the activation of cer-
tain members of the MAPK signaling pathway [47–49].
Enhanced physical interaction between p65 and PGC-1α
contributes to the decreased activation of PGC-1α.

3.4. Phosphatidylinositol 3-Kinase (PI3K)/PKB/Akt Cascade.
PI3K takes a crucial role in insulin pathway and cardiac
adaptation including protein synthesis, FA and glucose
metabolisms, and cell survival regulation. Activation of
PI3K subsequently targets to the upregulation of downstream
effectors including PKB/Akt, glycogen synthase kinase
(GSK)-3Β, and mTOR. The activation of PKB/Akt increases
the uptake of glucose by inducing the translocation of the
GLUT-4 protein to the cell membrane (Figure 4). However,
PI3K can induce the cardiac glycogen synthesis by inhibition
of PKB/Akt downstream effector, GSK-3Β. PI3K also has the
ability to increase myocardial FA oxidation by promoting
FAT/CD36 translocation to the sarcolemma in adult cardi-
omyocytes (Figure 4). PI3K stimulates autophagy by inhi-
biting mTORC1. NF-κB indirectly activates the PKB/Akt
pathway, which phosphorylates PGC-1α and reduces its
transcriptional activity.

3.5. SIRT1 Cascade. SIRT1, a class III (nicotinamide adeno-
sine dinucleotide) NAD-dependent histone deacetylase,
modulates AMPK activity by deacetylating LKB1 to induce

its intracellular localization [50]. SIRT1 has the ability to
promote the transcriptional activity of PGC-1α. SIRT1
inhibits NF-κB by enhancing the physical interaction
between PPAR and p65 subunit or by inhibiting the phos-
phorylation of p38 MAPK [51]. Furthermore, Sulaiman
et al. showed that upregulation of SIRT1 restores the SER-
CA2α gene expression in the context of hyperglycemia and
improves the function left ventricular [52]. Taken together,
SIRT1 prevents against the heart from diabetic injury by
attenuating inflammation signaling cascade and improving
Ca2+ handling [53].

3.6. Nrf2 Cascade. Under physiological conditions, Nrf2
locates in the cytoplasm and binds to its inhibitor kelch-like
ECH-associated protein 1 (keap1). Under the condition of
oxidative stress and high glucose, Nrf2 releases from keap1
and translocates into the nucleus to bind to antioxidant-
responsive elements (AREs), leading to the expression of
antioxidant enzymes such as NADPH quinone oxidore-
ductase (NQO1), heme oxygenase-1 (HO-1), superoxide
dismutase (SOD), and catalase (CAT). He et al. [54] inves-
tigated the protection role of Nrf2 in the development of
DCM using Nrf2-KO mice. There was an increased level
of ROS in the cardiomyocytes of Nrf2-KO mice, and high
glucose further increased the ROS generation in concen-
tration and time-dependent manners.

Zhao et al. [18] have demonstrated that HO-1 prevents
cardiac dysfunction by promoting the phosphorylation of
AMPK and increasing the autophagy marker LC3II and
Beclin1 expression in the STZ-induced diabetic heart. Acti-
vators target to Nrf2 are capable of protecting the heart from
high-glucose injury.

3.7. MicroRNAs. miRNA is a class of conserved 19–25
nucleotide-noncoding RNAs that regulate gene expression
posttranscriptionally. Recently, researchers have demon-
strated that miRNAs play important roles in diabetes and
related complications (Table 1). The miR-144 mimics
enhance the generation of ROS and apoptosis in cardiomyo-
cyte exposure to high glucose, which could be attenuated by
an activator of Nrf2, Dh404. Inhibition of miR-144 results
in suppressed ROS generation and cardiomyocyte apoptosis
induced by high glucose, accompanied by the improved car-
diac function in STZ-induced diabetic mice [55]. According
to Jeyabal et al. [56], miR-9 expression was significantly
reduced in high-glucose cultured cardiomyocytes and human
diabetic hearts. miR-9 mimics attenuated hyperglycemia-
induced ELAV-like protein 1 (ELAVL1) and inhibited
cardiomyocyte apoptosis. Inhibition of miR-9 increased
ELAVL1 and caspase-1 expression [56]. Zheng et al. showed
that miR-195 expression was increased, and its target protein
SIRT1 was decreased in STZ-induced type 1 and db/db type 2
diabetic mouse hearts. Anti-miR-195 in the heart improved
myocardial function in STZ-induced mice by upregulating
the activity of SIRT1 [57]. According to Liu et al., miR-21
promotes high-glucose-induced cardiac fibrosis though
JAK/SAPK and p38 signaling pathway by suppression of dual
specific phosphatase 8 (DUSP8) expression [58]. miR-200c
expression is increased while its target molecule DUSP1 is
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decreased in DCM model and high-glucose-treated cardio-
myocytes. Inhibition of miR-200c suppresses the expression
of DUSP1, leading to decreased phosphorylation of ERK,
p38, and JNK, as well as attenuating cardiomyocyte hypertro-
phy induced by high glucose [59]. Raut et al. showed that
miR-30c overexpression attenuated high-glucose-induced
cardiomyocyte hypertrophy by inhibiting the expression of
cell division control protein 42 homolog (Cdc42) and p21-
activated kinases (PAK1) [60]. Li et al. found that miR-30d
promoted cardiomyocyte pyroptosis in DCM by direct
repression of Foxo3a expression [61].

4. Herbal Medicines: Promising
Therapeutic for DCM

Currently, a growing number of preclinical studies provide
the evidences that herbal medicines are promising therapy
for DCM (Tables 2 and 3). These herbs ameliorate cardiac
injury of DCM owing to their antioxidant and anti-
inflammation properties, via regulation of NF-κB and Nrf2
pathways (Figure 3).

4.1. Triptolide. Extracts of Tripterygium wilfordii Hook F are
effective in traditional Chinese medicine for the treatment of

immune inflammatory diseases including rheumatoid arthri-
tis, systemic lupus erythematosus, and nephritis. Triptolide
as the major active ingredient for Tripterygium wilfordii
Hook F exerts immunosuppressive and anti-inflammatory
functions [62] (Figure 5(a)). Li et al. [63] showed that
triptolide at 20μg/kg/d and 100μg/kg/d attenuated the myo-
cardial fibrosis, cardiomyocyte hypertrophy, and restored the
impaired cardiac function in the rat that underwent trans-
verse aortic constriction, associated with decreased produc-
tion of profibrotic factors TNF-α and IL-1β. Wen et al.
[64, 65] showed that triptolide (100, 200, or 400μg/kg/d
p.o) administration for 6 weeks improved the left ventricular
function of STZ-induced diabetic heart by inhibiting the
expression of cardiac p38 MAPK in the upstream of NF-κB
activation; triptolide with dose of 200μg/kg/d displayed the
best improvement. Furthermore, triptolide (20 ng/ml) atten-
uated inflammation of H9c2 rat cardiac cell exposure to high
glucose by inhibiting NF-κB activation. Guo et al. [66]
showed that the left ventricle pathological structure and
function of STZ-induced mice were significantly improved
by triptolide (50, 100 or 200μg/kg/d p.o.) treatment for 8
weeks. The mechanism through which triptolide protects
against DCM is involving inhibition of NF-κB/IL-1β and
NF-κB/TNF-α cascades.

Table 2: In vitro studies of herbs in the application of DCM.

Drug Dosage Experimental model Reference

Triptolide 20 ng/ml High-glucose cultured H9c2 rat cardiac cells [64]

C66 2.5, 5, or 10 μmol/L High-glucose cultured H9c2 cells [69]

C66 2.5, 5, or 10 μmol/L High-glucose cultured neonatal rat cardiomyocytes [69]

Resveratrol 50μM High-glucose cultured neonatal rat cardiomyocytes [79]

Astragalus polysaccharides 0.8mg/ml High-glucose cultured H9c2 cardiomyocytes [85]

Myricitrin 25μg/ml AGE-induced H9c2 cells [90]

Taxifolin 20, 40μg/ml High-glucose cultured H9c2 cells [92]

Naringin 80μM High-glucose cultured H9c2 cells [96]

Total saponins of Aralia taibaiensis 25, 50, and 75μg/ml G/GO cultured H9c2 cardiomyocytes [109]

C66; Compound (2E, 6E)-2,6-bis (2-(trifluoromethyl)benzylidene) cyclohexanone; AGE: advanced glycation end products; G/GO: 33mM glucose + 15mU
glucose oxidase.

Table 1: miRNA functions in DCM.

miR type Experimental model Mechanism Target gene Reference

miR-144 STZ-induced diabetic mice
Increased oxidative stress and cardiomyocyte

apoptosis
Nrf2 [55]

miR-9
Human diabetic hearts, high-glucose cultured

human
Prevented cardiomyocyte apoptosis ELAVL1 [56]

miR-195 STZ-induced diabetic mice, db/db mice Increased oxidative stress and apoptosis SIRT1 [57]

miR-21 High-glucose cultured primary cardiac fibroblasts Increased cardiac fibrosis DUSP8 [58]

miR-200c
High-fat diet plus STZ-induced diabetic rat,

high-glucose cultured cardiomyocytes
Decreased cardiomyocyte hypertrophy DUSP1 [59]

miR-30c
STZ-induced diabetic rat, high-glucose

cultured cardiomyocytes
Decreased cardiomyocyte hypertrophy PAK1 and Cdc42 [60]

miR-30d STZ-induced diabetic rat Increased cardiomyocyte pyroptosis Foxo3a [61]

Nrf2: factor-erythroid 2-related factor 2; ELAVL1: ELAV-like protein 1; SIRT1: sirtuin 1; DUSP: dual specific phosphatase; PAK1: p21-activated kinases;
Cdc42: cell division control protein 42 homolog; Foxo3a: Forkhead box O3.
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4.2. Curcumin. Curcumin, a component of turmeric found
in the Curcuma longa plant, has been used in treating
inflammatory diseases for centuries due to its antioxidant
property (Figure 5(b)). Soetikno et al. [67] showed that
curcumin exerts antifibrotic effect in amelioration of dia-
betic nephropathy owing to inhibiting PKC-α and PKC-
β2, as well as the downstream cascade ERK1/2. They also
demonstrated that curcumin at dose of 100mg/kg/d for an
8-week oral administration significantly improved the left
ventricular function and attenuated the progression of car-
diac remodeling of STZ-induced diabetic rats by downregu-
lating PKC-α and PKC-β2 and subsequently inactivating
p38 MAPK, ERK1/2, and NF-κB. Moreover, the effect of
improved blood glucose of diabetic rat partly explained the
decreased oxidative stress [68]. Compound (2E, 6E)-2,6-bis
(2-(trifluoromethyl) benzylidene) cyclohexanone (C66) is a
synthetic derivative of natural active curcumin. Pan et al.
showed that pretreatment of H9c2 cells, and neonatal

cardiomyocytes with C66, significantly reduced the high-
glucose-induced inflammation cytokine overexpression by
inhibiting NF-κB. Treatment of STZ-induced diabetic mice
with C66 at a dose of 5mg/kg every other day for 12 weeks
decreased the levels of plasma and cardiac TNF-α, endoplas-
mic reticulum stress, and cardiomyocyte apoptosis, as well
as improved the cardiac dysfunction by inhibiting JNK
phosphorylation [69, 70].

4.3. Ginkgo biloba Extract (GBE). Ginkgo biloba extract
(GBE) contains terpenoids, flavonoids, alkylphenols, poly-
prenols, and organic acids. The standardized GBE, EGb761,
is pharmacologically prepared containing ginkgo flavonoids
(primarily quercetin, kaempferol, and isorhamnetin) com-
prising 22–24% of the GBE, 6% terpenoids (3.1% ginkgolides
A, B, C, and J and 2.9% bilobalide), and <5 ppm ginkgolic
acid (Figures 5(d), 5(e), and 5(f)). Fitzl et al. showed that
100mg/kg/d EGb761 orally administered for 12 weeks

Table 3: In vivo studies of herbs in the application of DCM.

Drug Dosage Administration Experimental model Reference

Triptolide 100, 200, or 400 μg/kg/d p.o. 6 weeks STZ-induced diabetic rat [64, 65]

Triptolide 50, 100, or 200 μg/kg/d p.o. 8 weeks STZ-induced diabetic rat [66]

Curcumin 100mg/kg/d p.o. 8 weeks STZ-induced diabetic rat [68]

C66 5mg/kg/d
p.o. every other day for

12 weeks
STZ-induced diabetic mice [69, 70]

EGb761 100mg/kg/d p.o. 12 weeks STZ-induced diabetic rat [71, 72]

EGb761 50mg/kg/d p.o. 3 weeks STZ-induced diabetic rat [75]

Resveratrol 2.5mg/kg/d p.o. 2 weeks STZ-induced diabetic rat [78]

Resveratrol 10mg/kg/d i.p. 4 weeks STZ-induced diabetic rat [80]

Resveratrol
Diet enriched with resveratrol

at 0.067%
p.o. 12 weeks STZ-induced diabetic mice [52]

Astragalus polysaccharides 1-2 g/kg/d p.o. 10 weeks STZ-induced diabetic hamsters [81–84]

Salvia miltiorrhiza 100mg/kg/d i.p. 4 weeks STZ-induced diabetic rat [86]

Cryptotanshinone 10mg/kg/d p.o. 28 days STZ-induced diabetic rat [87]

Myricitrin 300mg/kg/d p.o. 8 weeks STZ-induced diabetic mice [90]

Taxifolin 25, 50, 100mg/kg/d p.o. 4 weeks STZ-induced diabetic mice [92]

Troxerutin 150mg/kg/d p.o. 4 weeks STZ-induced diabetic rat [93]

Nobiletin 50mg/kg/d p.o. 11 weeks STZ-induced diabetic mice [95]

Liquirtin 8, 16mg/kg p.o. 10 weeks High fructose-induced diabetic mice [98]

Shengmaisan 4.5 g/kg/d p.o. 24 weeks db/db mice [99]

Alcoholic ginseng root 200mg/kg/d p.o. 2 or 4 months
STZ-induced diabetic mice and

db/db mice
[101]

Total saponins of Panax ginseng 30mg/kg/d p.o. 12 weeks STZ-induced diabetic rat [102]

Ginsenoside Rg1 10, 15, 20mg/kg/d i.p. 12 weeks STZ-induced diabetic rat [103]

Dendrobium officinale Kimura
et Migo

75, 150, 300mg/kg/d p.o. 8 weeks STZ-induced diabetic mice [105]

Flos Puerariae extract 100, 200mg/kg/d p.o. 10 weeks STZ-induced diabetic mice [106]

Mangiferin 20mg/kg/d p.o. 16 weeks
STZ and high-fat diet induced

diabetic rat
[107]

TASAES 4.9, 9.8, and 19.6mg/kg/d p.o. 8 weeks STZ-induced diabetic rat [108]

Berberine 100mg/kg/d p.o. 16 weeks
High-fat diet and STZ-induced

diabetic rat
[111]

EGb761: Ginkgo biloba extract 761; TASAES: total aralosides of Aralia elata (Miq) seem.
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significantly reduced the increase of interstitial volume and
collagen fibers in a diabetic rat heart [71, 72]. Furthermore,
EGb761 treatment improves the hypoxia tolerance of dia-
betic myocardium and myocardial microvessels [73, 74].
Saini et al. [75] demonstrated that EGb761 at a dose of
50mg/kg/d for 3 weeks significantly attenuated the index
of lipid peroxidation and oxidative stress in diabetic rats
and inhibited the opening of mitochondrial permeability
transition pore (mPTP), ultimately leading to improvement
of cardiomyopathy.

4.4. Resveratrol. Resveratrol (3,5,4′-trihydroxylstilbene), a
natural polyphenol present in red wine and grapes, is capable
to reduce blood glucose level in STZ-induced diabetic rat
[76, 77] (Figure 5(c)). GLUT-4 translocation and glucose
uptake are increased in STZ-induced diabetic rat myocar-
dium by orally administrated resveratrol at a dose of
2.5mg/kg/d for 2 weeks, the mechanism involving activation
of AMPK and AKt cascades by resveratrol [78]. Resveratrol
prevents high-glucose cultured neonatal rat cardiomyocyte
apoptosis by inhibiting NADPH-derived ROS production
and by alleviating the reduction of cardiac antioxidant
enzyme activities, possibly mediated by AMPK-related
signaling pathway [79]. Yar et al. showed that 10mg/kg/d
resveratrol intraperitoneal injection for 4 weeks ameliorated
diabetic heart failure by increasing the expression of SIRT1

[80]. A special diet enriched with resveratrol at 0.067%
(the consumption of resveratrol is estimated to be less
than 100mg/kg/d) for 12 weeks effectively restores SER-
CA2α expression and cardiac function in diabetic mice,
associated with STIR1 activation [52].

4.5. Astragalus Polysaccharides (APS). APS is a main active
extract from the traditional Chinese medicinal herb Astraga-
lus membranaceus. Chen et al. demonstrated that APS
improved cardiac function and myocardial collagen deposi-
tion by inhibiting the local chymase-Ang II system and Ang
II-activated ERK1/2 in diabetic cardiomyopathy in hamsters
[81–83]. They also showed that APS can ameliorate myocar-
dial glucose metabolism disorders in diabetic hamster by
promoting expression of myocardial GLUT-4 gene and
inhibiting level of PPAR α [84]. Pretreatment of cells with
0.8mg/ml APS could inhibit high-glucose-induced apopto-
sis of H9c2 cell by decreasing the expression of caspases
and release of cytochrome C from mitochondria to cyto-
plasm and by modulating the ratio of BCL-2 to Bax in
mitochondria [85].

4.6. Salvia Miltiorrhiza. Salvia miltiorrhiza (Danshen), a
traditional Chinese herbal medicine, is commonly used for
the prevention and treatment of cardiovascular disease.
According to Yu et al. [86] intraperitoneal injection Salvia
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miltiorrhiza 100mg/kg/d for 4 weeks improved the heart
function of diabetic rats and protected against cardiomyopa-
thy by downregulating thrombospondin-1 (TSP-1) and
TGF-β1 in myocardial tissue. Cryptotanshinone is an
active principal ingredient isolated from Salvia miltiorrhiza
(Danshen). Oral administration of 10mg/kg/d cryptotan-
shinone for 28 days attenuates the cardiac fibrosis in STZ-
induced diabetic rats by inhibiting STAT3 pathway and
MMP-9 expression [87].

4.7. Flavonoids. Chrysin, a PPAR-γ agonist, is a natural flavo-
noid present in honey, propolis, and various plant extracts.
According to Rani et al. [88, 89], chrysin attenuated
isoproterenol-induced myocardial injury in diabetic rats by
activating PPAR-γ and inhibiting AGE-RAGE-mediated
inflammation and oxidative stress signaling pathway. Myrici-
trin (Figure 5(g)) is a flavone exact from the root bark of
Myrica cerifera, Myrica esculenta, Ampelopsis grossedentata,
and other plants. Zhang et al. [90] reported that pretreated
AGE-cultured H9c2 cells with 25μg/ml Myricitrin for
12 h significantly decreased the AGE-induced inflamma-
tion cytokines and cell apoptosis by activating Nrf2 and inhi-
biting NF-κB. Oral administration of Myricitrin 300mg/kg/d
for 8 weeks attenuated the cardiomyocyte apoptosis and
inflammation of diabetic mice heart via regulation of AKt-
and ERK-mediated Nrf2 pathways. Apigenin, a flavonoid
derived in fruits and vegetables, has been shown to protect
against isoproterenol-challenged diabetic myocardial injury
by activation of PPAR-γ pathway [91]. Taxifolin is a flavo-
noid abound in Pseudotsuga taxifolia, Dahurian larch, and
syn Larix dahurica Turoz. According to Sun et al. [92], Taxi-
folin at concentration 20 and 40μg/ml could decrease the
apoptosis of high-glucose cultured H9c2 cells by inhibiting
ROS generation. In vivo, Taxifolin attenuated the structure
and function abnormalities by blocking NADPH oxidative
activities. Troxerutin (Figure 5(h)), a bioflavonoid, protects
against DCM through suppression of NF-κB and JNK in a
diabetic rat [93]. Hesperidin, a flavonoid isolated from citrus,
has been shown to reduce oxidative stress and apoptosis and
attenuate myocardial injury in isoproterenol-STZ rat via
activation of PPAR-γ [94]. Nobiletin treatment (50mg/kg/d
p.o. 11 weeks) attenuates diabetic heart injury by suppression
of oxidative stress, JNK, p38 MAPK, and NF-κB pathways
[95]. 80μMNaringin (4,5,7-trihydroxyflavonone-7-rhamno-
glucoside, Figure 5(i)) pretreated for 2 hours protects H9c2
cells from high-glucose injury by ROS scavenging and
MAPK cascade inhibiting [96]. Liquirtin, a major constitu-
ent of Glycyrrhiza radix, exerts various pharmacological
activities. Liquirtin prevents myocardial injury induced
by high fructose feeding by inhibiting NF-κB and MAPK
cascades [97, 98].

4.8. Ginseng. Shengmaisan, a traditional Chinese recipe,
consists of Radix Ginseng, Radix Ophiopogonis, and Fructus
Schisandrae. According to Zhao et al. [99], cardiac dysfunc-
tion, hypertrophy, and fibrosis in diabetic mice are improved
by 4.5 g/kg daily Shengmaisan treatment for 24 weeks
through suppression of TGF-β pathway. Ni et al. [100]
showed that Shengmai powder and Danshen decoction

(consists of Radix Ginseng 9 g, Radix Ophiopogonis 9 g,
Fructus Schisandrae 6 g, Radix Salviae Miltiorrhizae 30 g,
Lignum Santali 6 g, and Fructus Amomi 6 g) inhibited the
myocardial fibrosis in the diabetic rat through inhibiting
TGF-β and TSP-1. Sen et al. [101] showed that alcoholic
ginseng root (200mg/kg/d, daily oral gavage) for 2 or 4
months is effective in the protection of cardiomyopathy
in both type 1 and type 2 diabetic mice attributed to its
antioxidative and antihyperglycemia properties. According
to Gu et al. [102], total saponins of Panax ginseng
30mg/kg/d by gavage for 12 weeks attenuated myocardial
ultrastructural injury in diabetic rat and improved the
lipid profile, blood glucose, and myocardial oxidative stress
level as well. The mechanism involves regulation of citric
acid cycle, fatty acid metabolism, and oxidative stress. Yu
et al. [103] showed that Ginsenoside Rg1 dose dependently
reduced serum levels of creatinine kinase MB and cardiac
troponin I and attenuated diabetic rat myocardial ultrastruc-
tural disorder. Myocardial apoptosis was reduced by Ginse-
noside Rg1 associated with reduced levels of caspase-3 and
increased levels of B-cell lymphoma-extra-large (Bcl-xL) in
the diabetic rat myocardium.

4.9. Others. Broccoli sprout extract at high dose (estimate an
Nrf2 activator- sulforaphane availability at 1.0mg/kg) by
gavage every other day for 3 months significantly prevents
cardiac dysfunction of diabetic db/db mice by upregulating
Nrf2 transcription [104]. Cardiac lipid accumulation and
deposition of collagen are inhibited by 8-week oral treatment
of Dendrobium officinale Kimura et Migo at dose of 75, 150,
and 300mg/kg/d [105]. Dendrobium officinale Kimura et
Migo attenuates the diabetic heart injury by downregulating
the NF-κB-mediated inflammation cascade [105]. Flos Puer-
ariae extract at dose of 100 and 200mg/kg/d for 10 weeks
prevents myocardial apoptosis in STZ-induced diabetic heart
through inhibiting oxidative stress, associated with suppres-
sion of JNK and p38 MAPK activation [106]. Mangiferin
(20mg/kg/d p.o. 16 weeks) inhibits ROS accumulation,
AGEs/RAGE production, and NF-κB nuclear translocation,
attenuating cardiac injury induced by STZ and high-fat diet
[107]. Total aralosides of Aralia elata (Miq) seem (TASAES)
from Chinese traditional herb Longya Aralia chinensis L was
found to prevent diabetes-induced cardiac dysfunction and
pathological damage through upregulating L-type Ca2+

channel current in cardiac cells and decreasing connective
tissue growth factor expression at dose of 4.9, 9.8mg/kg,
and 19.6mg/kg/d by gavage, respectively, for 8 weeks [108].
Duan et al. [109] showed that the total saponins of Aralia
taibaiensis exerted cytoprotective effects against oxidative
stress induced by hyperglycemia through the Nrf2/ARE
pathway. Chang et al. showed that berberine, a plant alkaloid,
improves insulin resistance in H9c2 cardiomyocytes partly
due to stimulation of AMPK activity [110]. They further
found that berberine improved cardiac function and attenu-
ated cardiac hypertrophy and fibrosis in a high-fat diet and
STZ-induced diabetic rats through activation of AMPK and
Akt [111]. According to Shen et al. [112], Shensong Yangxin
Capsule inhibits diabetic myocardial fibrosis via suppressing
TGF-β pathway.
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5. Conclusion and Future Perspectives

DCM, featured by structure and function alteration, is a mul-
tifactorial disease. Extensive preclinical studies investigated
the molecular targets for pathogenesis of DCM, and identi-
fied herbs that act on these targets are potential therapeutic
approaches for DCM. However, at present, most clinical
studies have small sample sizes and are not performed using
a randomized design, and thus hamper the application of
herbal medicines in patients with DCM. The combination
of the herbs with Western medicine and joint application of
herbal medicine on diabetic cardiomyopathy are superior to
individual applications and are still under exploring. Hence,
clinical trials in high-quality are needed in the future.
Furthermore, exploring potential therapeutic target will
contribute to detect new herbs for the treatment of DCM.
The safety and drug interaction should be paid attention to
ensure the wild and effective application of herbs in the
DCM treatment.
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