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Oxidative stress is defined as the imbalance between reactive
oxygen species (ROS) formation and enzymatic and nonen-
zymatic antioxidant defence favouring the former. Thus,
enhanced oxidative stress occurs when ROS formation is
increased by an array of exogenous and endogenous factors,
for example, smoking, exposure to pollution, unhealthy
diet, and chronic/low-grade inflammation, when the antiox-
idant defence capacity is compromised or both. Enhanced
oxidative stress has been appreciated for its contribution
to the pathogenesis of noncommunicable diseases (e.g.,
cardiovascular disease, metabolic syndrome, cancer, and
brain disorders). Thus, to protect and prevent ROS-related
pathogenesis, enhancing antioxidant defence through diets
appears to be a viable strategy. From that, the antioxidant
activity and the phytochemicals’ content of foods and tradi-
tional medicine plants are an interesting topic of research.
Antioxidant and antiproliferative activities, related to the
content of phenolics, have been reported by M. N. Ombra
et al. for twelve common bean (Phaseolus vulgaris) cultivars
and by D. Zaluski et al. for the Eleutherococcus senticosus
fruits intractum. I. Urquiaga et al. reported the antioxidant
activity of berries’ concentrate in humans after meal and dis-
cussed this result in terms of oxidative reactions that occur
during digestion and the thermal processing of red meat.

In addition to acting as a ROS scavenger, polyphenols
interact with many molecular targets after consumption. F.

Giamogante et al. described the interaction between polyphe-
nolic compounds and PDIA3, a molecule associated to differ-
ent human pathologies. In particular, different flavonoids in
virtue of their chemical backbone structure conformation
can bind to PDIA3, thus preventing its interaction with
DNA. ROS-induced DNA modifications can cause single-
strand and double-strand breaks, leading to genotoxic effects.
Thus, means that protect DNA from ROS and maintain
DNA integrity have a chemopreventive potential. Agaricus
blazei mushroom has been used in traditional medicine in
the form of a medicinal extract for the prevention and treat-
ment of cancers. L. Živkovic et al. found that this mushroom
displayed antigenotoxic properties that were illustrated using
Comet assay in human peripheral blood monocyte cells
treated with H2O2 and acted as a strong •OH scavenger.

H. Wu et al. discussed on the inhibition of the high-
mobility box 1-mediated pathway which could contribute
to enhance anti-inflammatory and antifibrotic effects of
resveratrol on diabetic cardiomyopathy disease.

In addition to attacking susceptible macromolecules,
protein, DNA, and lipid, ROS modulate the expression of
genes that are regulated by nuclear factor erythroid 2-
related factor 2 (Nrf2) and nuclear factor-kappa B (NF-κB).
For example, Nrf2 stimulates the transcription of antioxidant
enzymes through the antioxidant-responsive elements (ARE)
and the activation of NF-κB elicits the gene expression of
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inflammatory cytokines. Therefore, there is a concerted mod-
ulation of Nrf2 and NF-κB in inflammation and oxidative
stress. In this context, many nutraceuticals exert their anti-
inflammatory and antioxidant effects through the inhibition
of NF-κB and the activation of Nrf2, respectively.

The organosulfur compound sulforaphane (SFN) has
been evaluated by A. Dong et al., who observed that this com-
pound upregulated Nrf2 expression as well as attenuated the
inflammation process, by inhibiting NLRP3 and NF-κB path-
ways, in acute pancreatitis, a pathology in which oxidative
stress is closely related to tissue damage.

A. Gegotek et al. observed the effects of the flavonoid
rutin in UV-irradiated fibroblasts, in which it reduced the
proinflammatory response measured by TNF-α and NF-κB
levels; the oxidative response of xanthine and NADPH oxi-
dases involved in the generation of superoxide radicals also
diminished, linked with an increase in Nrf2 expression. E.
Profumo et al. reported that the anti-inflammatory effect of
the nutraceutical Dehydrozingerone is in part due to the
inhibition of the NF-κB pathway. On the other hand, the
anti-inflammatory activity could be mediated also by other
pathways. S. Qi et al. reported that myricitrin suppressed
the production of free radicals and inflammatory cytokines
and decreased the mRNA levels of nitric oxide synthase, the
assembly of the components of the NADPH oxidase enzyme
complex (gp91 phox and p47 phox), and the phosphoryla-
tion of Janus kinases (JAKs) and signal transducer and acti-
vator of transcription 1 (STAT1).

In order to overcome the problem of the low solubility
and bioavailability of polyphenols, M. R. Lauro et al. devel-
oped and tested an eriocitrin/hydroxypropyl β-cyclodextrin
inclusion complex as dietary flavonoid supplement to be
employed in osteoarthritis.

In humans, also the subjects’ characteristics influence the
response to nutraceuticals. T. Magrone et al. reported that the
peripheral blood mononuclear cells from obese and normal-
weight subjects respond to the treatment with red grape poly-
phenols in vitro in a different manner, in particular, in terms
of IL-2 and IL-21 production. A. Finamore et al. pointed out
that the effects of Spirulina on cytokines and on lymphocytes’
proliferation depend on age, gender, and body weight dif-
ferences. Ageing and obesity are both associated with
chronic low-grade inflammation, immune impairment, and
intestinal dysbiosis. In this context, one of the most promis-
ing areas for the development of functional foods lies in mod-
ulation of the immune system by the use of probiotics,
prebiotics, and synbiotics. Particularly, research examining
the interactions occurring between probiotics, prebiotics,
and nutraceuticals at the levels of the gut microbiota and of
the gut-associated lymphoid tissue (GALT) is emerging.
These interactions are relevant in the design of nutraceuticals
and functional food for the prevention of noncommunicable
diseases associated with dysbiosis, oxidative stress, and
chronic low-grade inflammation.

P. Kleniewska and R. Pawliczak reported that a 7-week
synbiotics (Lactobacillus casei+ Inulin) supplementation
improved oxidative stress markers (malondialdehyde, hydro-
gen peroxide, glutathione, and free sulfhydryl groups) in
healthy subjects.

Medicinal botanicals contain a diverse range of sub-
stances exerting multifaceted bioactions potentially beneficial
to human health. Leonurus sibiricus L. has been reported to
possess cardioprotective, anticancer, analgesic, anti-inflam-
matory, and neuroprotective activities. Adding the list of
these bioactions, P. Sitarek et al. examined the antibacterial,
anti-inflammatory, antioxidant, and antiproliferative proper-
ties of essential oils in Leonurus sibiricus L. Using several
in vitro platforms, they reported that essential oils, such as
β-selinene, β-caryophyllene, and germacrene, contributed
to the antibacterial, anti-inflammatory, antioxidant, and
antiproliferative properties of Leonurus sibiricus L. These
results support future studies to examine their therapeutic
applications, as well as their use as food preservative. The
same research group also applied the same methodologies
to examine antimicrobial, anti-inflammatory, and antioxi-
dant properties of a Rhaponticum carthamoide root. This
medicinal plant has been traditionally used to treat overstrain
and weakness. The study of E. Skala et al. showed that essen-
tial oils of Rhaponticum carthamoide root exhibited antimi-
crobial, anti-inflammatory, and antioxidant activities.

M. Remely et al. reported the beneficial effects of EGCG
on gut microbiota, stressing out their anti-inflammatory,
antioxidant, and epigenetic effects. M. Camps-Bossacoma
et al. discussed on the potential tolerogenic role of cocoa diet
on gut microbiota in orally sensitized mice. L. Dugo et al.
examined the effect of cocoa polyphenolic extract on macro-
phage polarization from the proinflammatoryM1 to the anti-
inflammatory M2 state. They found in this vitro experiment
that cocoa polyphenolic extract not only suppressed inflam-
mation of macrophages in the M2 state but also changed
macrophage metabolism by promoting oxidative pathways.
However, the interpretation of the noted positive data
must be taken with some cautions as cocoa polyphenols
may not be present in the same chemical forms after absorp-
tion in the gastrointestinal tract. Further, future studies are
warranted to identify pathways or molecular signals involved
in the M1/M2 switch of macrophages.

In conclusion, this special issue highlights the impor-
tance of using different methodological approaches in
order to clarify the mechanisms of the potential health
effects of nutraceuticals.
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Polyphenols-rich cocoa has many beneficial effects on human health, such as anti-inflammatory effects. Macrophages function as
control switches of the immune system, maintaining the balance between pro- and anti-inflammatory activities. We investigated
the hypothesis that cocoa polyphenol extract may affect macrophage proinflammatory phenotype M1 by favoring an alternative
M2 anti-inflammatory state on macrophages deriving from THP-1 cells. Chemical composition, total phenolic content, and
antioxidant capacity of cocoa polyphenols extracted from roasted cocoa beans were determined. THP-1 cells were activated with
both lipopolysaccharides and interferon-γ for M1 or with IL-4 for M2 switch, and specific cytokines were quantified. Cellular
metabolism, through mitochondrial oxygen consumption, and ATP levels were evaluated. Here, we will show that cocoa
polyphenolic extract attenuated in vitro inflammation decreasing M1 macrophage response as demonstrated by a significantly
lowered secretion of proinflammatory cytokines. Moreover, treatment of M1 macrophages with cocoa polyphenols influences
macrophage metabolism by promoting oxidative pathways, thus leading to a significant increase in O2 consumption by
mitochondrial complexes as well as a higher production of ATP through oxidative phosphorylation. In conclusion, cocoa
polyphenolic extract suppresses inflammation mediated by M1 phenotype and influences macrophage metabolism by promoting
oxidative pathways and M2 polarization of active macrophages.

1. Introduction

Monocyte-derived macrophages play a crucial role in inflam-
mation, host defense, and tissue repair [1, 2]. Macrophages
have important pathogenic roles in many chronic diseases,
such as asthma, inflammatory bowel disease, atherosclerosis,
rheumatoid arthritis, and fibrosis [2–4]. Many studies have
attempted to simulate the process of monocyte to macro-
phage differentiation in vitro, through the culture of mono-
cytes with or without addition of different cytokines [5].
Phenotypic and functional flexibility is a key property of

macrophages [6–9]. In vivo, human macrophages can be
classified into two categories according to their activation
states. A classical M1 phenotype and an alternative M2 phe-
notype have been characterized on the basis of their reactions
to different stimuli. Over the last few years, considerable
progress has been made toward characterization of epige-
netic mechanisms, transcription, and posttranscriptional fac-
tors regulating macrophage polarization [10]. M1 activation
is drived by the cytokine interferon- (IFN-) γ and the activa-
tion of Toll-like receptors (TLRs) by lipopolysaccharide
(LPS), while M2 activation is triggered by interleukin- (IL-)
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4 [6]. It is now known that other mediators, besides IL-4, as
well as IL-13 can drive M2 polarization [11, 12]. However,
M1 and M2 phenotypes are two limits of a variety of func-
tional states, which make up the complexity of macrophage
flexibility [13–15]. M1 macrophages are characterized by
high production of proinflammatory cytokines (including
tumor necrosis factor- (TNF-) α, IL-1β, IL-6, and IL-12)
and reactive nitrogen and oxygen species (RNS, ROS),
promoting T helper- (h-) 1 cells that express IFN-γ
response and having strong tumoricide and microbicide
activity [15]. On the other hand, M2 macrophages have
immune regulatory function, an efficient phagocytic activity
and are characterized by high levels of scavenging molecules,
by the production of ornithine and polyamines through
the arginase pathway and by the expression of mannose
and galactose receptors [9].

The onset of a pathological state is frequently associated
with dynamic changes in macrophage stimulation; in fact,
M1 macrophages are involved in initiating and sustaining
inflammation while M2 macrophages are linked with resolu-
tion or chronic inflammation [7, 16]. Polarized phenotypes
are reversible in vitro and in vivo [17–19]. Modulation
of macrophage function is an off-target effect for various
therapeutic agents such as STAT3/STAT6 inhibitors, imi-
dazoquinolines, peroxisome proliferator-activated receptor-
(PPAR-) γ agonists, and CD40 [6].

Bioactive food compounds, such as the polyphenols, have
recently gained consideration for their anti-inflammatory
properties, which might have an impact on macrophage
phenotype favoring an alternative M2 anti-inflammatory
state. It was demonstrated that pomegranate polyphenols
dose dependently attenuated macrophage response to M1
proinflammatory activation in the J774.A1 macrophage-like
cell line [20]. This was supported by a significant decrease
in the proinflammatory cytokine secretion in response to
stimulation by IFN-γ and LPS and by a significant increase
in IL-10 secretion promoting the differentiation of a M2
anti-inflammatory phenotype [20].

Various in vitro studies have attributed downregulation
of the inflammatory response to cocoa polyphenols. Cocoa,
a product derived from the beans of Theobroma cacao plant,
is a rich source of monomeric polyphenolic antioxidants,
mainly epicatechin and catechin, and various polymers
derived from these monomers, identified as procyanidins
[21]. Cocoa has a potent antioxidant capacity, as compared
with other products [22], related to flavonoid content
[23]. In addition to their potent antioxidant characteristic,
cocoa polyphenols were shown to possess remarkable anti-
inflammatory properties [24]. In vitro, flavonoids present
in cocoa decreased the production of inflammatory cyto-
kines (TNF-α, IL-6, and IL-1β), ROS, and RNS, in LPS-
stimulated macrophages [25]. In a healthy population of
Southern Italy, regular intake of dark chocolate was inversely
associated to serum C-reactive protein level [26, 27]. Fur-
thermore, cocoa treatment was shown to be effective in the
prevention of cardiovascular diseases and in the modulation
of blood pressure in animal and human studies [20–30].
With regard to its effect in inflammatory conditions, they still
need to be further explored [31]. In animal models of

diseases, such as inflammatory bowel disease, arthritis, and
colitis, cocoa polyphenols reduced both the inflammatory
response and the oxidative stress [32, 33]. In this context,
cocoa has been shown to modulate the immune system, in
particular, the systemic and intestinal immune responses
and the inflammatory innate response [34].

About the mechanism by which cocoa flavonoids modu-
late immune function, it has been suggested that they reduce
redox sensitive nuclear factor kappa-light-chain-enhancer of
activated B cell (NF-kB) activation and, consequently, the
expression of many genes involved in cytokine secretion
[24, 35, 36]. They can also directly interact with gene expres-
sion factors and cell signaling involved in cytokine secretion,
such as activator protein 1 (AP-1) [37] and signal transducer
and activator of transcription 4 (STAT4) [38]. Further
studies are needed to elucidate the interactions between
cocoa and the redox-sensitive signalling pathways involved
in the expression of many genes and, consequently, in several
cell functions, such as the immune response.

The identification of mechanisms and molecules asso-
ciated with macrophage flexibility and polarization will
provide a basis for macrophage-centered diagnostic and
therapeutic strategies. Although previous studies demon-
strated that cocoa polyphenols possess anti-inflammatory
effects, to the best of our knowledge, a research focused
on the direct effect of the cocoa polyphenols on macro-
phage inflammatory phenotype has never been performed.

In this study, we have investigated the hypothesis that a
cocoa polyphenolic extract may influence the macrophage
polarization through the metabolic switch promoting a M2
anti-inflammatory state.

2. Materials and Methods

2.1. Cocoa Polyphenol Extraction. Cocoa beans, commer-
cially available locally, was originated from Ghana, West
Africa. Polyphenol extraction was carried out as previously
described [26] with some modifications as shown below.
To remove lipids, cocoa beans (3 g) were ground to a pow-
der with quartz sand, then was vortexed in 10ml of hex-
ane, and centrifuged for 5 minutes at 800×g and 4°C.
Hexane extraction was repeated for three times. Subse-
quently, nonfat cocoa grain was dissolved in 10ml of
methanol/water solution, 70 : 30 (v/v), and polyphenols
were extracted by three centrifugations at 800×g and 4°C
for 5 minutes. Cocoa polyphenolic extract was filtered and
evaporated until dry in a rotary evaporator. Finally, samples
were dissolved in methanol/water/acetic acid solution,
70 : 28 : 2 (v/v/v).

2.2. Determination of Phenolic Compounds and Total
Antioxidant Capacity in Cocoa Polyphenolic Extract. Pheno-
lic content of cocoa extract was measured by a modified
Folin-Ciocalteu method using gallic acid as standard [39].
The diluted 1 : 40 (v/v) aqueous solution of extract (20μl)
was mixed with Folin-Ciocalteu reagent (100μl) and was
incubated with Na2CO3 1.89M for 2 hours. The absorbance
was measured at 765nm by a multifunctional microplate
reader (InfiniteM 200 Pro, TECAN, Italy) in the samples
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dispensed in triplicate in a 96-well cell culture plate (Greiner
Bio-One, Germany). The results were expressed as mg of
gallic acid equivalent (GAE)/l.

Total antioxidant capacity of cocoa extract was measured
by using the Trolox equivalent antioxidant capacity (TEAC)
assay [40]. Briefly, 10μl of cocoa polyphenolic extract was
mixed with 200μl of ABTS+ solution in a 96-well cell culture
plate and the absorbance was recorded at 734 nm for 90
seconds by a multifunctional microplate reader (InfiniteM

200 Pro, TECAN, Italy). TEAC values were calculated from
the Trolox standard curve (60–300μM).

2.3. RP-HPLC/PDA/MS Analysis of Cocoa Polyphenolic
Extract. Cocoa polyphenolic extracts, before the RP-HPLC/
PDA/MS analysis, were filtered to a 0.45μm Acrodisc filter
(Pall Life Sciences, Ann Arbor, MI, USA).

HPLC analyses, performed on 2μl of the injection
volume, were carried out as previously described [40]. In
particular, the mobile phase contained water (Sigma-
Aldrich) /formic acid (Riedel-de Haën, Hanover, Germany)
(99.9 : 0.1, (v/v)) (solvent A) and acetonitrile (Sigma-
Aldrich)/formic acid (99.9 : 0.1, (v/v)) (solvent B), and the
stepwise gradient profile was as follows: 0 minutes, 5% B;
30 minutes, 30% B; 35 minutes, 100% B; and 36 minutes,
0% B. Flow rate was 0.7ml/minute. An SPD-M20A UV
detector and an LCMS-2020 were employed. Data were
obtained by a photodiode array (PDA) detector in the range
190–400nm. Time constant was 0.64 s and sample frequency
1.5625Hz. MS acquisition was carried out using ESI interface
(Shimadzu), in negative mode by the LCMS solution Ver.
3.30 software (Shimadzu). 200μl of the whole LC flow rate
was directed to the interface, and the total flow was switched
to waste (500μl) and to interface (200μl) by means of a flow
splitter. ESI conditions: mass spectral range, m/z 100–1200;
even time, 1 s; scan speed, 1154 amu/s; nebulizing gas (N2)
flow, 1.5 l/minute; ESI temperature, 300°C; heat block,
300°C; DL (desolvation line) temperature, 250°C; DL voltage,
34V; probe voltage, +4.5 kV; Qarray voltage, 1.0V; and
detection gain, 1.05 kV.

2.4. Cell Culture and Differentiation. The THP1 cell line was
acquired from ATCC and cultivated in RPMI 1640 medium
(Lonza, Belgium) supplemented with 10% fetal bovine serum
(FBS; Lonza, Belgium), 1mM L-glutamine (Sigma-Aldrich,
Milan, Italy), 100U/ml penicillin, and 100μg/ml strepto-
mycin (Sigma-Aldrich, Milan, Italy) in 5% CO2 at 37°C
to give a final concentration of approximately 2× 105cells/ml.
THP-1 cellswere differentiated for 72hours intomacrophages
(M0) by stimulation with 100ng/ml phorbol 12-myristate
13-acetate (PMA, Sigma-Aldrich, Milan, Italy). After mac-
rophage differentiation, cells were cultured for another 24
hours with either LPS (1μg/ml) + INF-γ 20 ng/ml to gener-
ate M1-macrophages, or with IL-4 (20 ng/ml) to generate
M2-macrophages [41], in the absence or in the presence
of cocoa polyphenolic extract at different concentration
expressed as μM GAE as indicated in the figures.

2.5. Cell Viability.M1-polarized cells were seeded in a multi-
wall plate at concentration of 80000 cells/well and incubated

for 24 hours in the absence (control) and in the presence of
cocoa polyphenolic extract (0.1–100 μΜ GAE). Successively,
cell culture medium was discarded, and each well was washed
with 200μl Hank’s balanced salt solution (HBSS+, Gibco,
Waltham, MA, USA). MTT solution (0.5mg/ml, 100μl
Sigma-Aldrich, Milan, Italy) was added to cells in each well,
and the plate was incubated at 37°C+5% CO2 for about 3
hours, until MTT formazan crystals were visible in the cul-
ture liquid. Then MTT solution was removed, and dimethyl
sulfoxide (DMSO, Sigma-Aldrich, Milan, Italy) (70μl/well)
was added to each well for dissolving the formazan crystals.
Optical density (OD) was measured at 565nm using a multi-
functional microplate reader (InfiniteM 200 Pro, TECAN,
Italy). Viability was calculated as the ratio of the mean of
OD obtained for each condition to that of control (absence
of cocoa polyphenolic extract) condition.

2.6. Cytokine Secretion. The levels of cell-released TNF-α,
IL-6, IL-1β, IL-12, and IL-10 were measured in the har-
vested supernatants by using an ELISA Ready-Set-Go kit
(eBioscience, San Diego, CA, USA), following the manufac-
turer’s instructions. Optical density was determined using
the microplate reader InfiniteM 200 Pro, TECAN (Italy).

2.7. Evaluation of Mitochondrial Respiratory Activity. Mito-
chondrial oxygen consumption was measured polarographi-
cally with a Clark-type oxygen electrode in a thermostated
gas-tight chamber (Hansatech Instruments, Norfolk, UK)
[42, 43]. Measurements of substrate-supported respiration
were carried out in intact exponentially growing cells. The
culture medium was changed 1 day before the assays. Cells
were trypsinized, centrifuged, and resuspended at 2× 106
cells/ml in 0.137M NaCl, 5mM KCl, 0.7mM Na2HPO4,
and 25mM Tris–HCl, pH7.4. An aliquot of cell suspension
was used for counting and protein determination. The cells
were then transferred into the polarographic chamber. For
the measurement of respiration rates by exogenous sub-
strates, after full uncoupling of the endogenous respiration
of intact cells with 30μM dinitrophenol (DNP), digitonin
(30μg/106 cells) was added. After 2 minutes, added respira-
tory substrates were as follows: pyruvate (5mM)/malate
(2.5mM) for complex I, succinate (5mM) for complex II
+ complex III, in the presence of inhibitor of complex I, and
rotenone (200 nM) and inhibitor of complex III antimycin
A (13 nM). All amounts of oxygen depletion were normalized
to cellular protein content.

2.8. ATP Measurement. Cellular ATP levels under basal
conditions were measured by a luminometer (InfiniteM

200 Pro, TECAN, Italy) with the ATP lite kit (Perkin
Elmer, Waltham, MA) through a luciferin-luciferase reac-
tion system, according to the manufacturer’s instructions.
Macrophage differentiated from THP-1 cells M0, and
M1/M2 polarized cells were collected from Petri dishes
with 0.05% trypsin, 0.02% EDTA, pelleted by centrifuga-
tion at 500×g, and washed in phosphate-buffered saline
(PBS), pH7.4. For each assay, 60000 cells in multiwell
plate were used. For the evaluation of ATP content under
strict glycolytic conditions, M0, M1, and M2 were incubated
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for 5 hours at 37°C in both in the presence of rotenone
(1mmol/l) that of antimycin A (1mmol/l), [44]. An ATP cal-
ibration curve was made using known concentration ATP
solutions. An aliquot of cell lysate was employed for protein
content quantification.

2.9. Statistical Analysis. In order to evaluate the dose-
response effects, we applied the one-way repeated measures
analysis of variance, whereas the differences between treated
and untreated M0, M1, and M2 cells were analyzed by the
two-way repeated measures ANOVA (two-factor repetition).
Student-Newman-Keuls Method was used as all pairwise
multiple comparison procedure. The results are given as
mean± SD. Values of p ≤ 0 05 were chosen as the criteria
for statistically significant difference.

3. Results

3.1. Cocoa Polyphenol Extract Characterization: Total
Phenolic Content, Antioxidant Capacity, and Chemical
Composition. The total phenolic content and the antioxidant
capacity of cocoa polyphenolic extract were determined by
Folin-Ciocalteu and TEAC assays, respectively. The results
presented in Table 1 suggest that the values of total phenolic
content, expressed as mg gallic acid equivalent (GAE)/l,

reflect the antioxidant activity, expressed as mM Trolox
equivalent (TE)/g fresh mass, of cocoa extract.

Through HPLC-PDA-MS qualitative analysis, chemical
composition of cocoa polyphenol extract was determined
(Figure 1, Table 2). As can be seen from the chromatogram
reported in Figure 1, the sample analyzed contains 23 bioac-
tive molecules. Phenolic acids, flavan-3-ols, alcaloids, and
cyanidins represent the class of bioactive molecules present
in the sample of our interest.

3.2. Cocoa Polyphenols Increased Viability and Attenuate
Macrophage Inflammatory Response. To test the effect of
cocoa polyphenols on cell viability and inflammatory
response, THP-1 macrophages were incubated with increas-
ing concentration of CPE, expressed as μΜ GAE (0.1–100
μΜ GAE), earlier to exposure to M1 activation induced by
the INF-γ and LPS.

As presented in Figure 2(a), cocoa extract at up to 100
μΜ GAE concentration failed to display toxicity toward dif-
ferentiated cells. Indeed, after exposure to higher concentra-
tions of cocoa extract from 5 μΜ up to 100 μΜ GAE for 24
hours, cell viability was significantly increased. In particular,
cocoa extract at 100 μΜ GAE increased cell viability of about
30% compared to control (Figure 2(a)).

Table 1: Chemical properties of cocoa polyphenol extract. GAE, gallic acid equivalent, TE, Trolox equivalent. Data were expressed as mean of
five replicates± standard deviation. Polyphenol extraction yield was calculated as follows: % (w/w) =mass in dry basis/mass of initial weight
fed for extraction× 100.

Beans weight
(g)

Extraction solvent
(v/v)

Yield (mg polyphenols/g
fresh mass)

Polyphenol content
(mg GAE/l)

Antioxidant capacity
(mM TE/g fresh mass)

3 Me OH/ H2O (70 : 20) 170 8.4± 0.5 158± 1.6
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Figure 1: RP-HPLC-PDA chromatogram (extracted at 280 nm) of cocoa polyphenol extract. The chromatogram shows the phenolic
compounds present in the cocoa extract. For peak identification, see Table 2. Almost 18 compounds were identified by LC-MS as described
under the Materials andMethods.
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Later, for investigating the effect of cocoa polyphenolic
extract on inflammatory response, production of proinflam-
matory cytokines, IL-1β (Figure 2(b)) and IL-6 (Figure 2(c)),
was quantified in M1 inflammatory macrophages in a dose-
dependent manner. A concentration range from 5 μΜ up
to 100 μΜ GAE was selected because it showed a significant
increase in cell viability (Figure 2(a)). The results showed in
Figures 2(b) and 2(c) suggest that cocoa extract attenuated
macrophage response to M1 proinflammatory activation
through the reduction of about 30% (at 100 μΜ GAE) of
proinflammatory cytokines.

3.3. Cocoa Extract Influences a Macrophage M1 to M2
Phenotypic Switch. To investigate the effect of cocoa
polyphenolic extract (CPE) on macrophage alternative M2
phenotype, the secretion of the proinflammatory and anti-
inflammatory cytokines was then determined and compared
to the control basal level in untreated cells. CPE significantly
decreased macrophage response to M1 activation through
the reduction of the secretion of proinflammatory cytokines
TNF-α (Figure 3(a)) and IL-12 (Figure 3(b)) in M1 pheno-
type by up to 20% and 30%, respectively, compared to
untreated cells. Furthermore, CPE increased by up 47% the
release of the anti-inflammatory IL-10 (Figure 3(c)) in M1
macrophages. Cocoa extract did not exert any effect on cyto-
kine secretion in M0 and M2 macrophages. Taken together,
these results indicate that cocoa extract not only reduces

inflammation in M1 cells but also promotes macrophage
polarization toward the M2 alternative phenotype.

3.4. Effect of Cocoa Polyphenol Extract on M1/M2 Phenotype
through Metabolic Switch. Macrophage metabolism was
evaluated through measurement of cellular ATP levels
(Figure 4) and of oxygen consumption by mitochondrial
complexes (Figure 5) in the differentiated THP-1 (M0) and
polarized M1 and M2 cells. The results presented in
Figure 4 represent the ATP levels under strict glycolytic con-
dition, in the presence of mitochondrial respiratory chain
inhibitors as described under the Materials and Methods.

The results presented in Figure 4(a) show that ATP levels
did not decrease in M1 macrophages, in the presence of
rotenone and antimycin A. On the other hand, in M0 and
M2 cells, they were significantly reduced in the presence of
mitochondrial inhibitors. In Figure 4(b), the effect of cocoa
polyphenolic extract on ATP levels was estimated in M0,
M1, and M2. The results presented in Figure 4(b) indicate
that, after cocoa polyphenolic extract treatment, ATP levels
decreased in M1 macrophages, in the presence of rotenone
and antimycin almost at the same levels of M0 andM1. How-
ever, cocoa extract did not influence ATP levels in M0 and
M2 macrophages in comparison to untreated cells.

Then, measurement of oxygen consumption was
performed for evaluating mitochondrial functionality in
macrophage phenotypes. The activities of complex I

Table 2: Identification by HPLC-PDA-MS of cocoa polyphenolic bioactive molecule extract. UVmaximum absorption (UV), retention times
(tR), and m/z ([M-H]−) values of polyphenols identified in cocoa extract were analyzed.

Peak number Compound UV tR m/z [M-H]−
1 Unknown 272 1.7

2 Caffein 272 2.0 195

3 Unknown 210, 270 2.2 387, 453

4 Chrysophanol-hexoside 210, 274 3.3 415, 253

5 Quinic acid 298, 320 3.6 191

6 Vanillic acid derivative 220, 275 4.7 282

7 Unknown 296 5.1 449

8 Theobromina 272 7.5 181

9 Protocatechuic acid 228, 260, 294 8.0 153

10 Unknown 467 9.2 467

11 Cinnamic acid derivative 213, 301, 320 11.2 294

12 Catechin-3-O-glucoside 278 11.4 451, 289

13 Catechin derivate 278 12.0 497, 451

14 Catechin sulphonic acid 274 12.6 369, 289

15 Unknown 294, 298, 307 13.6 407, 305

16 Procyanidin B dimer 278 14.4 577

17 Procyanidin B dimer 278 15.5 577

18 Procyanidin trimer 278 17 865

19 Procyanidin tetramer 278 17.5 1153

20 Clovamide 320 17.9 358

21 Catechin derivative 278 18.6 720

22 Procyanidin B dimer 278 21.5 577

23 Dideoxyclovamide 320 23.8 326, 282
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(Figure 5(a)), rotenone sensitive, and complexes II + III
(Figure 5(b)), antimycin A sensitive, expressed as nmol
O2/mg total proteins, were lower in the M1 macrophages
than in M2 cells. The incubation in the presence of
cocoa polyphenol extract induced a significant increase of
oxygen consumption in M1 by both mitochondrial
complexes (Figures 5(a) and 5(b)), thus, suggesting a
more oxidative metabolism like phenotype M2. Cocoa
treatment had no effect on M0 and M2 macrophages.

4. Discussion

This study demonstrates novel findings on the anti-
inflammatory role of cocoa and its polyphenols, in vitro in
a model of THP-1-derived macrophages. We show, for the
first time, that cocoa extract dramatically inhibited the secre-
tion of the proinflammatory cytokines TNF-α, IL-6, IL-1β,
and IL-12 in INF-γ/LPS-stimulated macrophages of the same

percentage by which it increased cell viability (about 30%),
compared to control. More interesting, however, is the
finding related to cocoa polyphenol-induced production
of the anti-inflammatory cytokine IL-10 in inflammatory
M1 macrophages whose levels are similar to those observed
in M2 state. Thus, after cocoa treatment, M1 macrophages
showed the same levels of IL-12 and IL-10 present in M2
phenotype. In conclusion, following cocoa treatment, M1
macrophages are comparable to M2 cells regarding cytokine
production, suggesting that cocoa could promote a shift
toward an alternative M2 macrophage phenotype. Our
results also demonstrated that cocoa extract influences
macrophage metabolism, increasing ATP production
through oxidative phosphorylation and O2 consumption
by mitochondrial respiratory complexes in M1 macro-
phages. ATP production by oxidative phosphorylation is
blocked at the level of NADH dehydrogenase or complex
I, which is the first protein in the electron transport chain,
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Figure 2: Effect of cocoa polyphenolic extract on cell viability and on macrophage M1 inflammatory state. THP-1 macrophages were
stimulated with 20 ng/ml INF-γ+ 100 ng/ml LPS as described under the Materials and Methods and incubated in the presence of cocoa
polyphenolic extract expressed (CPE) in μΜ GAE as indicated. (a) Cell viability assayed by MTT methods was expressed as % of control
(0 μΜ GAE). (b) Levels of IL-1β and (c) IL-6, determined by ELISA assay, were expressed as pg standard/ml. White bars indicate the
controls, and grey scale the increasing concentrations of GAE. All data represent the means of 3/5 replicates± standard deviation. One-
way repeated measures analysis of variance, followed by Student-Newman-Keuls method. ∗∗∗p < 0 001 cells treated with GAE versus
untreated cells; ‡p < 0 01 and †p < 0 001 other concentrations versus 100 μΜ GAE.
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by rotenone and at the level of cytochrome c reductase or
complex III, which represents the second protonic pump
by antimycin A. Both complexes contribute to generate
electrochemical gradient across mitochondrial membrane
used for the synthesis of ATP by oxidative phosphoryla-
tion. In M1 macrophages, in the presence of rotenone
and antimycin A, ATP levels do not changed, so M1 phe-
notype has mainly a glycolytic metabolism as confirmed
by others [16]. On the other hand, ATP levels are reduced
in M2 cells in the presence of mitochondrial inhibitors in
a significant fashion, thus, suggesting that an aliquot of

cellular ATP has been produced by oxidative phosphoryla-
tion and, therefore, M2 phenotype exhibits a more oxida-
tive metabolism. Once identified M1 and M2 glycolytic/
oxidative metabolism, M1 macrophages produced more
ATP through oxidative phosphorylation after cocoa poly-
phenol treatment. This reduction of glycolytic ATP in
M1 cells suggests that this phenotype acquires a more
oxidative metabolism in the presence of cocoa polyphe-
nols, similar to that of M2 phenotype. However, cocoa
extract does not influence ATP levels both in M0 and
M2 macrophages.
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Figure 3: Effect of cocoa polyphenolic extract on M1/M2 phenotype switch. Macrophage-differentiated THP-1 (M0) cells and polarized
(M1, M2) cells as described under the Materials and Methods were incubated in the absence (−) and in the presence (+) of cocoa
polyphenolic extract (CPE) which concentration was expressed as 100 μM GAE. Levels of (a) TNF-α, (b) IL-12, and (c) IL-10
expressed as pg/ml were measured in the collected incubation medium. Error bars represent data from 3 independent experiments:
two-way repeated measures ANOVA (two-factor repetition), followed by Student-Newman-Keuls method. ∗p < 0 05, ∗∗∗p < 0 001,
cells treated with CPE versus untreated. Comparisons M1 versus M2 within treatment: ‡p < 0 01 and †p < 0 001.
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Figure 5: Effect of cocoa polyphenol extract on mitochondrial complex I and complexes II + III in macrophage phenotypes. Macrophage-
differentiated THP-1 (M0) cells and polarized (M1, M2) cells were incubated in the absence (−) and in the presence (+) of cocoa
polyphenolic extract (CPE) at concentration 100 μM GAE as described under the Materials and Methods. The activities of complex I (a),
rotenone sensitive, and complexes II + III (b), antimycin A sensitive, estimated in M0, M1, and M2 phenotypes, through polarografic
assay, were expressed as nmol O2/mg total proteins. For further details, see under the Materials and Methods. Error bars represent data
from 3–5 independent experiments: two-way repeated measures ANOVA (two-factor repetition), followed by Student-Newman-Keuls
method. ∗p < 0 05, ∗∗∗p < 0 001, cells treated with CPE versus untreated. Comparisons M1 versus M2 within treatment: †p < 0 001.
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Figure 4: Effect of cocoa polyphenol extract on ATP production by oxidative phosphorylation in macrophage phenotypes. Macrophage-
differentiated THP-1 (M0) cells and polarized (M1, M2) cells were incubated in the presence of rotenone (R) and antimycin A (Aa) as
indicated under the Materials and Methods. Cellular ATP, expressed as % of control (in the absence of rotenone and antimycin A), was
estimated in the absence (a) and in the presence (b) of cocoa polyphenolic extract at concentration 100 μM GAE. Error bars represent
data from 3 independent experiments: two-way repeated measures ANOVA (two-factor repetition), followed by Student-Newman-Keuls
method. ∗p < 0 05, ∗∗∗p < 0 001, cells treated with R and Aa versus untreated. Comparisons M1 versus M2 within treatment: †p < 0 001.
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Measurement of oxygen consumption, performed for
evaluating mitochondrial functionality in macrophage
phenotypes, in particular, activity of complex I, rotenone
sensitive, and complexes II + III, antimycin A sensitive,
suggests that M1 macrophages show a lower oxygen con-
sumption by mitochondrial respiratory chain. Therefore,
M1 cells show a lower respiratory capacity and high levels
of glycolytic ATP. Conversely, the mitochondrial complexes
I and II + III consumed more oxygen in M2 macrophages,
indicating that these cells have a good respiratory capacity.
In the presence of cocoa, oxygen consumption by complex
I is similar in M1 and M2 cells. Cocoa treatment has no effect
on M0 and M2 macrophages. This suggests that cocoa flavo-
noids, due to their antioxidant activity, act mainly at the level
of complex I, which is redox sensitive. Therefore, cocoa
polyphenolic extract not only suppresses inflammation in
macrophage inflammatory phenotype but also changes
macrophage metabolism, promoting oxidative pathways.

The main phenolic compounds present in cocoa extract
belong to the flavonoid group, which are powerful antioxi-
dants acting on the inflammatory pathway and immune
system [31, 45]. We demonstrate in this study that cocoa
flavonoids, when present together as in the cocoa extract,
have a notable anti-inflammatory effect in polarized mac-
rophages, as previously demonstrated for other foods, for
example, pomegranate juice [20]. Although the concentra-
tion in plasma of cocoa flavonoids and their metabolites is
known to be low in humans [46, 47], research based on
flavonoid-enriched cocoa-derived products with enhanced
bioavailability is ongoing [48–50]. In this context, it has
been reported that, in healthy subjects, (−) epicatechin
reached maximal concentrations of 5.92± 0.60μmol/l 2 h
after the consumption of 0.375 g cocoa/kg body wt. of a
flavanol-rich cocoa beverage [51]. Furthermore, it must
be taken into account that macrophages do not differentiate
in the circulation and that data from animal models
reported a tissue and/or dose-dependent accumulation
[52, 53]. Therefore, our in vitro results suggest an interesting
hypothesis for in vivo study design. The anti-inflammatory
actions of cocoa polyphenols in vitro, which are demon-
strated in this study, are likely due to bioavailability of
flavonoids present in cocoa, but the exact mechanism by
which they enter into the cells and the molecular pathways
involved is unclear. There is some evidence that certain
cocoa flavonoids can directly interact with cell signalling
and gene expression factors, which regulate expression of
many cytokine genes [54, 55]. Further research is needed
to shed light on the interactions between cocoa and cell
physiology, contributing thus to the body of knowledge
of the effects of food compounds on health.

5. Conclusions

The present work demonstrated that cocoa polyphenolic
extract is able (i) to reduce inflammatory response in M1
macrophage, favoring secretion of anti-inflammatory cyto-
kines; (ii) to induce a phenotypic switch in polarized macro-
phages, favoring anti-inflammatory or alternative M2-state;
(iii) and to influence macrophage metabolism, favoring

oxidative pathways. In this work, we demonstrated the
anti-inflammatory and metabolic effects of cocoa and its
polyphenols on polarized macrophages, indicating polarizing
ability of cocoa toward the M2 phenotype. For using cocoa as
dietary supplementation or in the prevention of patholo-
gies, more work is needed to better evaluate the effects
of cocoa polyphenolic extract on primary cell lines and/
or in vivo and to identify pathways or molecular signals
involved in the M1/M2 metabolic switch, induced by the
cocoa polyphenols extract.
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Myricitrin, a naturally occurring polyphenol hydroxy flavonoid, has been reported to possess anti-inflammatory properties.
However, the precise molecular mechanism of myricitrin’s effects on LPS-induced inflammation is unclear. In the present
study, myricitrin significantly alleviated acute lung injury in mice. Myricitrin also markedly suppressed the production of
NO, TNF-α, IL-6, and MCP-1 in RAW264.7 macrophage cells. The inhibition of NO was concomitant with a decrease
in the protein and mRNA levels of iNOS. The phosphorylation of JAKs and STAT-1 was abrogated by myricitrin.
Furthermore, myricitrin inhibited the nuclear transfer and DNA binding activity of STAT1. The JAK-specific inhibitor
ruxolitinib simulated the anti-inflammatory effect of myricitrin. However, myricitrin had no impact on the MAPK
signalling pathway. Myricitrin attenuated the generation of intracellular ROS by inhibiting the assembly of components
of the gp91phox and p47phox. Suppression of ROS generation using NAC or apocynin or by silencing gp91phox and
p47phox all demonstrated that decreasing the level of ROS inhibited the LPS-induced inflammatory response. Collectively,
these results confirmed that myricitrin exhibited anti-inflammatory activity by blocking the activation of JAKs and the
downstream transcription factor STAT1, which may result from the downregulation of NOX2-dependent ROS production
mediated by myricitrin.

1. Introduction

Acute lung injury/acute respiratory distress syndrome
(ALI/ARDS) refers to a variety of conditions characterized
by acute, progressive, hypoxic respiratory failure primarily
caused by an inflammatory response rather than cardiogenic
factors. Endotoxin or LPS, a component of the cell wall of
gram-negative bacteria, is a strong inducer of inflammatory
responses. Endotoxaemia caused by a severe gram-negative
bacterial infection easily leads to acute lung injury. Clinical
studies indicate that the mortality rate from ALI and the
more severe form, ARDS, of patients in China varies from
30% to 67.7%, and it is positively correlated with pulmonary

inflammation and colloid osmotic pressure in the body [1–3].
Exposure of macrophages to LPS rapidly induces the secre-
tion of proinflammatory mediators, such as NO, prosta-
glandin E2 (PGE2), ROS, and proinflammatory cytokines,
including IL-6, TNF-α, and MCP-1. These cytokines fur-
ther aggravate asthmatic pathological alterations and lung
inflammatory responses [4].

Toll-like receptor 4 (TLR4) is the primary pathogen
recognition receptor for LPS. LPS bound to TLR4 activates
multiple signalling cascades, such as the MAPK as well as
Janus kinase and signal transducer and activator of tran-
scription (JAK-STAT) pathways [5–7]. Once LPS binds to
TLR4, different JAKs are brought into close proximity and
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transphosphorylated. Activated JAKs provide docking sites
and recruit their primary substrates, the STATs. STATs are
consequently phosphorylated and form homo- or heterodi-
mers. Then, they translocate into the nucleus and regulate
STAT target genes [8]. In macrophages, STAT1 and STAT3
have been implicated as important transcription factors
[9, 10]. For instance, phosphorylation at tyrosine residue
705 on STAT3 is essential for IL-1β and IL-6 production
in RAW264.7 cells after LPS stimulation [11]. The previ-
ous reports have demonstrated that LPS rapidly activates
STAT1 through TLR4, and genetic ablation of STAT1 pro-
tects against LPS-induced lethality, which suggests that
STAT1 may have a key role in LPS-induced inflammation.
The STAT1 S727 phosphorylation site selectively regulates
TNF-α expression in response to stimulation from multi-
ple TLRs [12]. Meanwhile, a lack of induction of IL-6 gene
expression is observed in STAT1-deficient mice [13]. After
being phosphorylated by JAKs, STATs can regulate the
gene expression of acute phase proteins such as MCP-1
and CD40 [14, 15]. In addition, it has been shown that
LPS-induced interleukin-1β (IL-1β) production in macro-
phages is, in part, regulated through JAK2 [16, 17].
Mitogen-activated protein kinases (MAPKs) are classified
into three subfamilies: extracellular signal-regulated kinases
1/2 (ERK1/2), p38, and c-Jun N-terminal kinase (JNK).
MAPKs, members of another major inflammatory signalling
pathway, play important roles in regulating the expression
of several inflammatory genes in various cell types [18].
MAPK-mediated JAK/STAT phosphorylation is important
in proinflammatory cytokine-mediated signalling pathways.

ROS refer to a series of highly reactive molecules that
include free radicals such as hydroxyl radicals, superoxide,
and singlet oxygen, as well as nonradical species, for example,
hydrogen peroxide [19–21]. Rather than being simply a by-
product of aerobic metabolism, the importance of ROS in
innate immunity was first recognized in professional phago-
cytes undergoing a “respiratory burst” upon activation. It is
now recognized that specific enzymes—the NOX and Duox
(dual oxidase) enzymes—seem to have the sole function of
generating ROS in a carefully regulated manner [22]. In addi-
tion, as secondary messengers, ROS participate in cell
growth, adhesion, differentiation, senescence, and apoptosis
as well as the modification of various signalling molecules
[23, 24]. However, excessive production and accumulation
of ROS are detrimental to cells and tissues. An unbalanced
redox state plays a key role in the development and progres-
sion of various inflammatory diseases [25].

The first NOX was found in phagocytic cells involved in
the innate immune response. When phagocytes are exposed
to bacteria, NOX assembles multiple protein components
and generates a rapid increase in the level of ROS [26].
NOX members comprise the catalytic subunits of the
membrane-bound proteins gp91phox and p22phox and the four
cytosolic proteins p47phox, p67phox, p40phox, and the small
GTPase Rac [27]. During full activation of the NADPH
oxidase, at least three cytosolic subunits, p47phox, p67phox,
and p40phox, form a complex and translocate to the mem-
brane, where they integrate with the gp91phox-p22phox

complex. The gp91phox catalytic subunit and the p47phox

regulatory subunit play a key role in acute activation of
NADPH oxidase [28]. Phosphorylation of p47phox breaks
away intracellular inhibitory components and tends to bind
to gp91phox-p22phox complex, thereby increasing NADPH
oxidase activation [29]. Our previous studies demon-
strated that ROS are upstream signalling molecules induced
during the inflammatory response in RAW264.7 cells
through AKT and NF-κB pathways [30]. Apocynin, an
NOX inhibitor, has protective effects against LPS-induced
ALI in rats [31]. In THP-1 cells and primary human
monocytes, an IRAK-dependent p67phox-NOX2 interaction
induced by LPS-mediated TLR4 activation promoted ROS
generation. Eliminating intracellular ROS inhibits IL-1β
transcription and processing [32]. Moreover, STAT1 sig-
nalling plays a critical role in intracellular redox signalling
in activated macrophages [33]. NOX2-dependent ROS
regulate the macrophage immune response via gp91phox

and p47phox, interacting with TLR3 and activating STAT1
phosphorylation and then promoting inflammatory media-
tor release [34].

Myricitrin (3′, 4′, 5′, 5, 7-five hydroxyflavone-3-O-α-L-
rhamnoside) (Figure 1) is a naturally occurring polyphenol
hydroxy flavonoid that is abundant in bayberry fruits,
branches, bark, and leaves, as well as in other varieties of
plants [35, 36]. Myricitrin has a variety of beneficial proper-
ties, such as antiviral, antimicrobial [37], antinociceptive
[38], and anticarcinogenic [39, 40] activities. In particular,
myricitrin possesses stronger oxidative resistance and free
radical scavenging activity than other flavonol rhamnosides
or quercetin [41]. In addition, the potent antioxidative
activities of myricitrin may be attributed to its polyhydroxy
structure. The previous reports have shown that myricitrin
can suppress acrylamide-induced cytotoxicity by inhibiting
ROS production [42]. Myeloperoxidase generates excess
oxidants, which cause oxidative stress and oxidative tissue
damage. Myricitrin can irreversibly inactivate myeloperoxi-
dase activity [43]. Shimosaki et al. confirmed that myricitrin
inhibited TNF-α production in RAW264.7 macrophages
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Figure 1: Chemical structure of myricitrin (C21H20O12, molecular
weight = 464.3763).
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[44]. Moreover, myricitrin reduced iNOS expression and the
production of its product, NO, induced by LPS [45].

In spite of studies indicating that myricitrin has anti-
oxidant activity and anti-inflammatory potential, only a
few studies have focused on whether myricitrin can influence
signalling pathways involved in the inflammatory response
in LPS-activated macrophages. The specific molecular
mechanism involved in myricitrin scavenging of intracellu-
lar LPS-induced ROS has not been fully elucidated. In the
present study, a mouse model of LPS-induced ALI was
employed to assess the potential anti-inflammatory effects
of myricitrin. To explore the molecular mechanisms, we
also evaluated its effect on MAPK and JAK/STAT activa-
tion. The role of gp91phox/p47phox activation in ROS pro-
duction and the anti-inflammatory effect of myricitrin
were further investigated.

2. Materials and Methods

2.1. Antibodies and Reagents. Myricitrin was obtained
from Aladdin Industrial Corporation (Shanghai, China).
Monoclonal and polyclonal antibodies against iNOS, COX-2,
JNK, phospho-JNK (Thr183/Tyr185), p38, phospho-p38
(Thr180/Tyr182), ERK1/2, phospho-ERK1/2 (Thr202/
Tyr204), JAK1, phospho-JAK1 (Tyr1022/1023), JAK2,
phospho-JAK2 (Tyr1007/1008), STAT1, phospho-STAT1
(Tyr701), STAT3, phospho-STAT3 (Tyr705), phospho-
STAT3 (Ser727), TBP, gp91phox, Na/K ATPase-α1, and
GAPDH were purchased from Cell Signaling Technology
(Beverly, MA, USA). Antibody to p47phox was obtained
from Santa Cruz Biotechnology (CA, USA). All secondary
antibodies used for western blotting were purchased from
LI-COR Biosciences (Lincoln, NE, USA). LPS (from
Escherichia coli 0111:B4), NAC, and DAPI were obtained
from Sigma-Aldrich (St. Louis, MO, USA). CCK-8 was
purchased from KeyGen Biotech (Nanjing, JS, China).
CM-H2DCFDA was obtained from Invitrogen (Carlsbad,
CA, USA). Ruxolitinib and apocynin were purchased from
Selleck Chemicals (Houston, TX, USA). All ELISA kits
were purchased from R&D Systems China Co. Ltd.
(Shanghai, China).

2.2. DNA Constructs and RNA Interference. Small hairpin
RNA (shRNA) constructs against p47phox mediated by
a pFU-GW-007 shRNA vector (Ncf-1, GenBank_ID:
NM_001286037), shRNA constructs against gp91phox medi-
ated by a pFU-GW-007 shRNA vector (Cybb, GenBank_ID:
NM_007807), and pFU-GW-007 as a negative control were
constructed by Ji Kai Gene Chemical Technology (Shanghai,
China). All of the constructs were verified by DNA sequenc-
ing. RAW264.7 cells were transfected with shRNA or nega-
tive control using polyethylenimine (PEI) transfection
reagent (Sigma-Aldrich, St. Louis, MO, USA) according to
the manufacturer’s instructions. Interference efficiency was
confirmed by immunoblot analysis after 72 h of transfection
using p47phox and gp91phox antibody.

2.3. Cell Culture and Transfection. RAW264.7 cells derived
from murine macrophages (ATCC number: TIB-71) were

obtained from the Institute of Kunming Cell Bank, the
Chinese Academy of Sciences (Kunming, YN, China).
RAW264.7 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, HyClone, Logan, UT, USA) containing
10% fetal bovine serum (HyClone, Logan, UT, USA) at
37°C in a 5% CO2 incubator. Transient transfection was
performed with PEI transfection reagent (Sigma-Aldrich,
St. Louis, MO, USA) according to the manufacturer’s
instructions. In all cases, the total amount of DNA was
normalized by empty control plasmids.

2.4. Cell Viability Assay. RAW264.7 cells seeded at 1× 104
cells/well in 96-well plates were treated with myricitrin of
different concentrations (0, 10, 50, 100, 150, 200, 250,
300, 400, and 500μg/ml). For the blank group, only cell
culture medium was added. After 24h, the culture
medium was replaced and 10μl of CCK-8 reagent was
added. Then, cells were incubated at 37°C for 2 h and
slightly mixed. The absorbance (A) at 450nm was mea-
sured using a Thermo Multiskan GO Universal Microplate
Reader (Waltham, USA). Cell viability was calculated
using the following formula: Cell viability % = A dosing
–A blank / A dosing –A blank ∗100

2.5. Reactive Oxygen Species (ROS) Detection. The intra-
cellular accumulation of ROS, including H2O2 and other
peroxides, was monitored using the fluorescent probe CM-
H2DCFA. At the end of the treatment, cells were loaded with
10μMCM-H2DCFA and incubated at 37°C for 30min in the
dark. Cells were then rinsed and resuspended in PBS. Sam-
ples were examined using an Olympus IX51 fluorescence
microscope (Tokyo, Japan).

2.6. Cytokine Measurement. RAW264.7 cells seeded at 2× 105
cells/well in 12-well plates were treated as indicated in the fig-
ure legends. Cultured medium was collected and centrifuged
at 10,000 rpm for 5min. Cytokine levels (PGE2, IL-6, TNF-α,
and MCP-1) in the culture supernatant were determined
using commercially available ELISA kits (R&D Systems),
according to the manufacturer’s protocol.

2.7. Nitrite Analysis. The accumulation of nitrite, the stable
metabolite of NO, in the culture medium was measured
as an indicator of NO production. Levels of nitrite in the
culture media were measured using a commercially avail-
able Griess assay kit (KeyGen Biotech, Nanjing, JS, China)
according to the manufacturer’s instructions. Absorbance
at 550nm was measured, and nitrite concentrations were
calculated by comparison with standard solutions of
sodium nitrite.

2.8. Isolation of Subcellular Fractions. Cell stimulation was
terminated by the addition of ice-cold PBS. The nuclear,
cytosolic, and membrane protein extracts were prepared
using a nuclear and cytoplasmic protein extraction kit and
a membrane and cytosol protein extraction kit (Beyotime,
Shanghai, China) according to the manufacturer’s instruc-
tions. All steps of the subcellular fractionation were
performed at 4°C. Fraction purity was tested by western
blotting using GAPDH as the cytoplasmic marker, TBP

3Oxidative Medicine and Cellular Longevity



as the nuclear marker, and Na/K ATPase-α1 as the
membrane marker.

2.9. Western Blotting. Cells were rinsed twice with ice-cold
PBS and solubilized in RIPA lysis buffer (Beyotime,
Shanghai, China) containing a protease inhibitor (Roche,
Basel, Switzerland) for 30min on ice. Lysates were centri-
fuged (15,000×g) at 4°C for 10min. Equal amounts of the
soluble protein were denatured in SDS, electrophoresed on
an 8–12% SDS-PAGE gel, and transferred to nitrocellulose
membranes (Millipore, Boston, MA, USA). Transferred
proteins were incubated with the corresponding primary
antibodies at 4°C overnight. After extensive washing (three
times for 5min each in Tris-buffered saline with Tween
20 (TBST)), proteins were detected by incubation with
IRDye 800-conjugated IgG secondary antibodies (LI-COR
Biosciences, Lincoln, NE, USA) at room temperature for
1 h. The proteins were visualized using a LI-COR Odyssey
infrared imaging system (Lincoln, USA).

2.10. Quantitative Real-Time Reverse Transcription
Polymerase Chain Reaction (qRT-PCR) and RT-PCR. Total
RNA was extracted from treated cells using TRIzol reagent
(Invitrogen, Paisley, Scotland) and used to synthesize cDNA
using a Thermo Scientific RevertAid First Strand cDNA
Synthesis Kit (Thermo, USA) according to the manufac-
turer’s instructions. The qPCR was performed using
Thermo Maxima SYBR-Green/ROX qPCR Master Mix
(Waltham, USA). The primer sequences were as follows:
5′-GGGTCTTGTTCACTCCACGG-3′ (forward) and 5′-
GCTCAGAACAGCACAAGGGG-3′ (reverse) for iNOS
and 5′-CTGACCCCCAAGGCTCAAAT-3′ (forward) and
5′-GGGGATACACCTCTCCACCA-3′ (reverse) for COX-
2. The relative amount of iNOS and COX-2 mRNA spe-
cies was compared to that of GAPDH and calculated using
the 2−△△Ct data analysis method. Each Ct value used for
the calculations was the mean of three experiments per-
formed for each reaction. mRNA expression was normal-
ized to the housekeeping gene GAPDH. The primer pairs
used for PCR were the same as those used for qRT-PCR.
PCR products were resolved on 1.5% agarose gels and
were stained with GoldView. RT-PCR was used to verify
the effectiveness and specificity of primers.

2.11. Electrophoretic Mobility Shift Assays (EMSAs). Nuclear
proteins were extracted using a nuclear and cytoplasmic
protein extraction kit (Beyotime, Shanghai, China) accord-
ing to the manufacturer’s instructions. Protein was quanti-
fied by the BCA method (Beyotime, Shanghai, China). All
extracts were stored at −80°C until use. A DNA-binding
assay was performed on nuclear extracts using a biotin
probe-labelling EMSA kit (Beyotime, Shanghai, China)
according the manufacturer’s instructions. The STAT1
double-stranded oligonucleotide probe sequence used in
this study was 5′ biotin-CATGTTATGCATATTCCTG
TAAGTG-biotin3′, which was synthesized by GenScript
(Nanjing, China). The binding reaction was performed in
a 10μl mixture containing 4μl of nuclease-free water, 2μl
of EMSA/gel-shift binding buffer, 2μg of nuclear extracts,

and 1μl of the indicated probes. To ensure the specificity
of the binding, we simultaneously prepared unlabelled
and mutant probe groups along with the supershift
group. After a 30min incubation at room temperature,
1μl of EMSA/gel-shift loading buffer was added and the
samples were electrophoresed through a 6.5% nondenaturing
polyacrylamide gel at 150V in an ice bath for 2 h. Then, the
samples were transferred to a nylon membrane and cross-
linked for 15min on a UV transilluminator at 312 nm.
Biotin-labelled DNA-protein complexes were detected by a
Vilber Quantum-ST5 gel imaging system (Beijing, China)
and photographed.

2.12. Immunofluorescence Staining and Confocal Microscopy.
To study the subcellular distribution of signalling molecules,
RAW264.7 cells were sequentially immunostained, first with
primary antibodies against p-STAT1, p47phox, or gp91phox

and then with the appropriate Alexa Fluor 555-conjugated
or Alexa Fluor 488-conjugated secondary antibody. Briefly,
RAW264.7 cells were fixed in 4% paraformaldehyde in PBS
for 15min at room temperature, permeabilized with 0.1%
Triton X-100 in PBS for 5min, and then blocked for 1 h in
PBS containing 3% bovine serum albumin. Cells were incu-
bated with primary antibody for 1 h at room temperature in
blocking buffer. After rinsing 3 times in PBS solution, sam-
ples were incubated with the appropriate secondary antibod-
ies. Slides were counterstained with 0.1μg/ml DAPI. Images
were captured with a Leica TCS SP8 confocal laser micro-
scope system (Heidelberg, Germany).

2.13. Animals. Male BALB/c mice (6–8 weeks old, 20–25 g)
obtained from Vital River Inc. (Beijing, China) were main-
tained in pathogen-free environments in the animal centre
of our college. The mice were kept in a temperature-
controlled room with a standard 12h light/dark cycle. Food
and drinking water were available ad libitum. Before the
experiments started, the mice underwent an acclimatization
period of at least 7 days. All the procedures in the animal
experiments were approved by the Chinese Experimental
Animals Administration Legislation and performed strictly
according to the Guide for the Animal Care and Use
Committee of Wannan Medical College. All operations were
performed under anaesthesia with chloral hydrate (3.5%
chloral hydrate, 0.35 g/kg, i.p.). All efforts were made to
minimize suffering of the animals.

2.14. Establishment of an Acute Lung Injury (ALI) Model. An
ALI model was set up in mice by intratracheal injection of
LPS. Briefly, mice were anaesthetised with 0.35 g/kg of chloral
hydrate, and then, they received an intratracheal instillation
of 100μg of LPS in 50μl of sterile saline using a 3-gauge
needle. Then, the mice were placed in a vertical position
and rotated for 1min to distribute the instillation in the
lungs. Forty male BALB/c mice were randomly divided into
4 groups (n = 10): control group, dexamethasone (0.5mg/kg)
group, ALI group, and myricitrin (120mg/kg) treatment
group. The mice in the control group only received 50μl
of sterile saline. In the dexamethasone group (0.5mg/kg)
and myricitrin (120mg/kg) treatment group, mice were
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Figure 2: Continued.
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treated with dexamethasone and myricitrin for 4 h via
penis vein injection prior to the LPS challenge. Twelve
hours after the LPS challenge, mice were sacrificed for
further analysis.

2.15. Histopathological Analysis. Twelve hours after LPS
administration, the mice were anaesthetised with 0.35 g/kg
of chloral hydrate and decapitated and bled from the neck
to prevent alveolar congestion. After priming the lung tissue
with 4% paraformaldehyde and tying up the tracheal open-
ing, the lung tissue of each mouse was fixed in 4% parafor-
maldehyde, embedded in paraffin, and cut into 5μm thick
sections. Following hematoxylin and eosin (H&E) staining
according to the regular staining method, the pathological
alterations in the lung tissues were evaluated under a light
microscope by an experienced observer, and then, photomi-
crographs were taken.

2.16. Statistical Analysis. Values are presented as the
mean± SD. Statistical analysis was performed by Student’s
t-test and one-way ANOVA. SPSS 13.0 software was used to
calculate P values. Each value of P < 0 05 was considered
statistically significant.

3. Results

3.1. Effect of Myricitrin on the Production of Proinflammatory
Mediators and Cytokines. NO and PGE2 are important
inflammatory mediators generated at sites of inflammation.
Our previous studies showed that in LPS-stimulated
RAW264.7 cells, the levels of NO and PGE2 were substan-
tially increased [30]. To evaluate the anti-inflammatory
effects of myricitrin, we first measured the production of
NO and PGE2 in RAW264.7 cells following LPS treatment.
Our results showed that LPS triggered an obvious increase
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Figure 2: Noncytotoxic level of myricitrin inhibited LPS-induced inflammatory-associated cytokine and mediator production. RAW264.7
cells were treated with myricitrin (100, 200, and 400μg/ml) or vehicle for 2 h. Next, cells were stimulated with LPS (100 ng/ml) for 16 h.
(a) The supernatants were taken, and the amounts of NO were measured by Griess reagents. (b–e) The levels of PGE2, TNF-α, IL-6, and
MCP-1 were measured in the culture medium by ELISA kits. (f) RAW264.7 cells were treated with indicated concentration of myricitrin
for 24 h. Cell viability was evaluated using the CCK-8 assay, and the results were expressed as percentage of surviving cells over the
control group. RAW264.7 cells were incubated with 100, 200, and 400μg/ml of myricitrin or vehicle for 2 h and then were stimulated
with LPS (100 ng/ml). (g–h) After incubation of 16 h, cell lysates were prepared and subjected to western blotting by using anti-iNOS
and anti-COX-2 antibodies. GAPDH was the internal control. After incubation of 8 h, total RNA was isolated and iNOS and COX-2
mRNA were determined by RT-PCR (i) and qRT-PCR (j). Each bar represents the mean± SD of three independent experiments.
∗P < 0 05 and ∗∗P < 0 01 versus LPS-stimulated groups.
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Figure 3: Noncytotoxic level of myricitrin inhibited LPS-induced JAK and STAT activation but had no impact on MAPKs phosphorylation.
RAW264.7 cells were stimulated with LPS for (a) 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, and 60min; (c) 0, 2, 5, 10, 15, and 30min; and (d) 0, 0.5,
1, 2, 4, and 6 h. In addition, RAW264.7 cells were pretreated with myricitrin at 100, 200, and 400μg/ml for 2 h and then stimulated with LPS
for 30min (b), 15min (e), and 4 h (f). Total protein was subjected to 10% SDS-PAGE followed by western blotting using specific antibodies
against phospho-ERK, phospho-JNK, and phospho-P38 (a, b); phospho-JAK1 and phospho-JAK2 (c, e); and phospho-STAT1 and phospho-
STAT3 (d, f). Nonphosphorylated antibodies were the internal control. Each value indicated the mean± SD and was a representative of the
results obtained from three individual experiments. ∗∗P < 0 01 versus LPS-stimulated groups.
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in NO and PGE2 levels in the culture media. Myricitrin
suppressed NO production in a concentration-dependent
manner, but had no effect on PGE2 (Figures 2(a) and 2(b)).
It has been reported that LPS induces NO production by
increasing the expression of iNOS, and COX-2 is the induc-
ible enzyme of PGE2 [46–48]. Therefore, we detected the
protein and mRNA levels of iNOS and COX-2. As we
expected, myricitrin decreased LPS-induced iNOS expres-
sion. COX-2 levels exhibited no significant changes after
treatment, which was consistent with the PGE2 results
(Figures 2(g)–2(j)). LPS can induce RAW264.7 cells to gener-
ate large amounts of proinflammatory cytokines [49, 50].
Thus, we measured the release of IL-6, TNF-α, and MCP-1.
Different doses of myricitrin alone had no effect on cytokine
production; however, myricitrin markedly suppressed IL-6,
TNF-α, and MCP-1 production in the LPS-stimulated group
(Figures 2(c)–2(e)). To exclude the possibility that cytotoxic
activity of myricitrin caused inhibition of inflammation-
associated mediators and cytokines, we tested cell viability
with a CCK-8 assay. The results indicated that within the
range of different doses used, cell viability was above 95%,
which showed that myricitrin was not cytotoxic to
RAW264.7 cells (Figure 2(f)). These results suggested that
myricitrin inhibited the LPS-related inflammatory response
in RAW264.7 cells.

3.2. Effect of Myricitrin on LPS-Induced JAK/STAT1 and
MAPK Phosphorylation. Recent studies have provided evi-
dence that LPS activates MAPK (ERK1/2, p38, and JNK1/2)
and JAK/STAT signalling pathways and thereby causes

intracellular inflammation [51, 52]. To clarify the mecha-
nisms underlying the anti-inflammatory effects of myricitrin,
we examined whether myricitrin affected MAPK and JAK/
STAT signalling activation. Figure 3(a) shows that phosphor-
ylation of MAPKs induced by LPS peaked at 30min and was
sustained until 60min. However, pretreatment with myrici-
trin had no obvious impact on the LPS-triggered activation
of MAPK signalling molecules (Figure 3(b)). Then, we evalu-
ated the role of STAT signalling activation in the myricitrin-
mediated anti-inflammatory effect. As demonstrated in
(Figure 3(d)), STAT1 and STAT3 activation was initiated at
0.5 h, peaked at 4 h, and weakened at 6 h. Thus, in subsequent
experiments, we used the 4 h time point as the stimulation
time of STATs. Myricitrin treatment significantly suppressed
LPS-stimulated STAT1 phosphorylation. However, there
were no visible changes in p-STAT3 after myricitrin treat-
ment (Figure 3(f)). Phosphorylated STAT proteins form a
dimer, translocate to the nucleus, bind to specific DNA
elements, and thus regulate the transcription of thousands
of genes [53]. We extracted cytoplasmic and nuclear pro-
teins. The results of western blotting showed that the protein
expression of nuclear STAT1 increased after treatment with
LPS and this response was inhibited in all myricitrin groups.
As expected, LPS promoted STAT3 translocation into the
nucleus, but myricitrin could not reverse the change
(Figure 4(c)). Confocal microscopy was performed to further
observe the nuclear localization of STAT1. As shown in
Figure 4(d), in control and myricitrin alone groups, STAT1
(red) was scattered in the cytoplasm. In the LPS treatment
group, STAT1 entered the nucleus and merged (pink) with
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Figure 4: Noncytotoxic level of myricitrin inhibited LPS-induced JAK activation, which was required for LPS-induced STAT
phosphorylation and nuclear translocation as well as inflammation-related substances. (a) RAW264.7 cells were treated with LPS (100 ng/ml)
for 6 h in the presence or absence of 10μM ruxolitinib for 2 h. Phosphorylation of STAT1 and STAT3 was measured by western blotting
analysis using specific antibodies. (b) RAW264.7 cells were pretreated with 10μM ruxolitinib or 20 μM NAC for 2 h and stimulated with
100 ng/ml LPS for 16 h. Expression levels of iNOS and COX-2 protein were determined by immunoblotting. RAW264.7 cells were
pretreated with the indicated concentrations of myricitrin for 2 h before incubation with LPS (100 ng/ml) for 6 h. (c) The nuclear and
cytoplasm proteins were extracted. Equal amounts of protein were subjected to immunoblot analysis with antibodies against STAT1 and
STAT3. GAPDH was used as the cytoplasmic internal control and TBP was used as the nucleus internal control. (d) Immunostaining
was performed with STAT1 (in red) and nuclei were stained with DAPI (in blue). Scale bars: 10 μm. Nuclear translocation of STAT1
was observed under a fluorescence microscope. (e) Nuclear extracts were analyzed for STAT1 activity by EMSA in the presence or
absence of excess amounts of cold probe, mutant probe, or STAT1 antibody. (f) RAW264.7 cells were treated with ruxolitinib (10 μM)
for 2 h. Next, cells were stimulated with LPS (100 ng/ml) for 16 h. Levels of TNF-α, IL-6, MCP-1, and PGE2 in culture supernatants
were determined by ELISA. The amounts of NO were measured by Griess reagents. The data obtained from three different areas were
mean± SD. One of the representative data obtained from three individual experiments was shown. ∗P < 0 05 and ∗∗P < 0 01 were
compared with the LPS group.
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Figure 5: Continued.
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DAPI (blue). Myricitrin pretreatment inhibited STAT1
nuclear translocation. To measure the transcriptional regu-
latory activity of STAT1, we conducted EMSA with the cor-
responding biotin-labelled consensus sequences of STAT1.
We found increased binding activity of STAT1 in nuclear
extracts prepared from the LPS treatment group. The
enhanced binding affinity was significantly inhibited by
myricitrin (Figure 4(e)).

JAK1 and JAK2 are the upstream kinases of STATs.
LPS induced the activation of JAK1 and JAK2 from
2min to 30min, and the activation peaked at 5min
(Figure 3(c)). This response of JAK2 was dramatically
blocked by the treatment with myricitrin in a dose-
dependent manner. p-JAK1 levels were less changed than
those of p-JAK2 after myricitrin treatment (Figure 3(e)).
To further determine the anti-inflammatory effects medi-
ated by myricitrin via inhibition of the JAKs/STAT1 sig-
nalling pathway, we explored whether the JAK-specific
inhibitor ruxolitinib could simulate the anti-inflammatory
effect of myricitrin. We found that 10μM ruxolitinib could
effectively inhibit phosphorylation of the downstream sig-
nalling molecules STAT1 and STAT3 (Figure 4(a)). The
results showed that ruxolitinib could markedly inhibit
iNOS expression and weakly restrain COX-2 expression
(Figure 4(b)). In addition, the production of the inflamma-
tory cytokines IL-6, TNF-α, and MCP-1, as well as the
inflammatory mediator NO, was clearly suppressed by ruxo-
litinib (Figure 4(f)). In general, myricitrin exerted anti-
inflammatory effects by inhibiting JAK/STAT1 activation,
preventing phosphorylation of STAT1, which prevented it
from entering the nucleus and reduced the transcriptional
activity of STAT1.

3.3. Effect of Myricitrin on LPS-Induced ROS Production.
Excessive ROS levels can induce the inflammatory response
in RAW264.7 cells through activation of transcription
factors, including NF-κB and STATs [30, 54]. To ascer-
tain the role of ROS in LPS-triggered inflammation and
the relationship between ROS and myricitrin, we measured
ROS production using the fluorescent probe CM-H2DCFA.
As seen in Figure 5(a), LPS stimulation generated large
amounts of ROS, which were attenuated after myricitrin
treatment. Furthermore, pretreatment of RAW264.7 cells
with N-acetyl-L-cysteine (NAC), an ROS scavenger, signifi-
cantly inhibited LPS-induced iNOS and COX-2 protein
expression (Figure 4(b)). As shown in Figure 5(b), NAC also
decreased IL-6, TNF-α, MCP-1, and NO production, while
showing a weak impact on the production of PGE2. Thus,
myricitrin likely inhibits LPS-associated inflammatory
responses by preventing intracellular ROS generation in
LPS-stimulated RAW264.7 cells.

3.4. Effect of Myricitrin on LPS-Stimulated NADPH Oxidase
Activity. NADPH oxidases are the primary source of cellular
ROS, generated in response to xenobiotics, cytokines, and
bacterial invasion [55, 56]. Figure 5(c) shows that the
NADPH oxidase-specific inhibitor apocynin significantly
blocked the LPS-induced ROS generation. Moreover, pre-
treatment with apocynin significantly reduced iNOS and
COX-2 expression (Figure 5(d)) and inhibited phosphoryla-
tion of JAKs and STAT1 (Figures 5(e) and 5(f)). The results
prompted us to assess whether NADPH oxidases were the
target by which myricitrin inhibited the inflammatory
response. First, we explored the changes in NADPH oxidases
before and after LPS treatment. The p47phox regulatory
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Figure 5: Noncytotoxic level of myricitrin inhibited NOX2-derived ROS generation, whose ROS was required for LPS-induced JAK/STAT1
activation as well as inflammatory cytokine and mediator production. (a) RAW264.7 cells were pretreated with myricitrin for 2 h and then
exposed to LPS (100 ng/ml) for 5min. After treatment, cells were washed with PBS and the fluorescence intensity was measured by flow
cytometry as described in Materials and Methods. (b) RAW264.7 cells were incubated with or without NAC (20 μM) for 2 h and then
stimulated with LPS (100 ng/ml) for 16 h. Culture media were assayed for NO production with the Griess reaction and for TNF-α, IL-6,
MCP-1, and PGE2 production by ELISA. (c) RAW264.7 cells were pretreated with apocynin (500 μM) for 2 h and then exposed to LPS
(100 ng/ml) for 5min. The treatment of cells was the same as (a). RAW264.7 cells were incubated with apocynin (500 μM) for 2 h and
then stimulated with 100 ng/ml LPS for 16 h (d), 4 h (e), and 15min (f). Cells were harvested, and equal amounts of whole cell lysates
were analyzed by western blotting with anti-iNOS or anti-COX-2 antibody (d), p-STAT1 or p-STAT3 antibody (e), and p-JAK1 or
p-JAK2 antibody (f). Western blot detection of GAPDH or nonphosphorylated antibodies was estimated as the protein-loading control
for each lane. Data were mean± SD values of three independent experiments. ∗P < 0 05 and ∗∗P < 0 01 versus LPS-treated group.
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subunit and the membrane catalytic subunit gp91phox play
critical roles in activation of NADPH oxidases [57]. How-
ever, during the period of LPS treatment, the protein levels
of p47phox and gp91phox exhibited no obvious changes
(Figure 6(a)). The previous studies have confirmed that upon

cell activation, the cytosolic component p47phox is phosphor-
ylated and migrates to the plasma membrane, where it asso-
ciates with gp91phox to activate NADPH oxidases, which
produce superoxide anions [57, 58]. Thus, we observed the
subcellular localization of p47phox and gp91phox. Our results
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Figure 6: Noncytotoxic level of myricitrin inhibited p47phox which was transferred to the membrane and suppressed the interaction between
p47phox and gp91phox. (a) RAW264.7 cells were treated with LPS (100 ng/ml) for indicated time points. Cell lysates were prepared and
subjected to western blotting by using p47phox and gp91phox. (b) RAW264.7 cells were pretreated with 400μg/ml myricitrin for 2 h or not
and then were incubated with LPS (100 ng/ml) for 15min. The cytosolic and membrane fractions were analyzed for detection of p47phox

and gp91phox by western blotting analysis. (c) RAW264.7 cells were treated as similar as (b). Double immunostainings were performed
with anti-gp91phox (in green) and anti-p47phox (in red); nuclei were stained with DAPI (blue). Scale bars: 10μm. The results were
expressed as mean± SD of three independent experiments. ∗∗P < 0 01 versus LPS-treated group.
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demonstrated that LPS induced a decrease in the p47phox

levels in cytoplasmic lysates, and myricitrin reversed this
trend. Simultaneously, in the membrane lysates, LPS treat-
ment led to an increase in p47phox, and myricitrin reduced
the p47phox content in these fractions. gp91phox was present
in the membrane lysates from each experimental group
(Figure 6(b)). These results implied that LPS treatment could
prompt p47phox transfer from the cytoplasm to the mem-
brane. Next, we further detected the position of NADPH
oxidase subunits using confocal laser microscopy. As
shown in Figure 6(c), in the resting state, p47phox was
scattered in the cytoplasm and gp91phox was distributed
in the membrane. There was no overlap between them.
Upon LPS stimulation, p47phox was relocated to the
membrane and colocalized with gp91phox, which is
highlighted in yellow. Myricitrin pretreatment completely
reversed this change. The results indicated that activated
p47phox translocated to the plasma membrane and associ-
ated with the gp91phox subunit to assemble into an active
enzyme complex.

To further clarify the role of NAPDH oxidases in
LPS-initiated inflammation and to determine whether

ROS are the upstream target molecules through which
myricitrin regulates intracellular inflammation, we con-
structed three shRNA groups with interference plasmids
of p47phox and gp91phox and detected the interference effi-
ciency. Figure 7(a) shows that p47phox shRNA2 effectively
suppressed p47phox expression. In the 4μg p47phox shRNA2
transfected group, the inhibition rate achieved 80%. Mean-
while, gp91phox shRNA1 knocked down endogenous
gp91phox expression. Transfection with 4μg gp91phox

shRNA1 plasmids into RAW264.7 cells inhibited approxi-
mately 70% of the gp91phox expression. In subsequent exper-
iments, we selected the above interference conditions. As
expected, in the LPS test groups, the level of ROS production
clearly increased following LPS treatment. p47phox or
gp91phox shRNA single transfection significantly reduced
the intracellular ROS level compared to the scrambled
shRNA transfection. p47phox and gp91phox shRNA cotrans-
fection had an even better inhibitory effect. In the control
groups, transfection of RAW264.7 cells individually with
scrambled shRNA, p47phox shRNA or gp91phox shRNA, had
no impact on the basal ROS expression level (Figure 7(b)).
An immunoblot analysis showed that p47phox or gp91phox
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Figure 7: p47phox and gp91phox RNAi inhibited the generation of intracellular ROS. (a) RAW264.7 cells were transiently transfected with 1μg,
2μg, or 4μg pFU-GW-p47phox, pFU-GW-gp91phox shRNA plasmid, or pFU-GW plasmid vector, respectively. After 48 h transfection, cell
lysates were subjected to immunoblotting using antibodies against p47phox and gp91phox. GAPDH was used as the loading control. (b)
RAW264.7 cells were, respectively, transfected with shRNA-p47phox and shRNA-gp91phox or cotransfected with shRNA-p47phox and
shRNA-gp91phox. In the scrambled RNAi group, cells were transfected with pFU-GW plasmid vector. After 48 h transfection, cells were
stimulated with LPS (100 ng/ml) for 5min. After treatment, cells were washed with PBS and the fluorescence intensity was measured by
flow cytometry as described in Materials and Methods. These experiments were independently repeated for three times and the results
were expressed as mean± SD. ∗P < 0 05 and ∗∗P < 0 01 versus scrambled RNAi group.
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Figure 8: p47phox and gp91phox RNAi inhibited LPS-induced JAK/STAT1 activation and decreased iNOS and COX-2 expression. RAW264.7
cells were, respectively, transfected with shRNA targeting p47phox or gp91phox and cotransfected with p47phox and gp91phox shRNA. The
scrambled RNAi group was transfected with pFU-GW plasmid vector. Forty-eight hours after transfection, RAW264.7 cells were
stimulated with LPS (100 ng/ml) for 15min (a), 4 h (b), and 16 h (c). Cell lysates were prepared and subjected to western blotting by using
phospho-JAK1 and phospho-JAK2 antibodies (a), phospho-STAT1 antibody (b), and anti-iNOS and anti-COX-2 antibodies (c). GAPDH
and nonphosphorylated antibodies were estimated as the protein-loading control for each lane. p47phox and gp91phox were estimated to
identify the effect of interference. Each bar represents the mean± SD of three independent experiments. ∗P < 0 05 and ∗∗P < 0 01 versus
scrambled RNAi group.
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knockdown reduced LPS-triggered iNOS expression and
JAK/STAT1 phosphorylation, while simultaneous knock-
down of p47phox and gp91phox achieved the best inhibitory
effect (Figures 8(a), 8(b), and 8(c)).

3.5. Effect of Myricitrin on LPS-Induced Acute Lung Injury
(ALI) in Mice. LPS inhalation is a widely used model of
acute lung injury (ALI), which is characterized by infiltration
of inflammatory cells, interalveolar septal thickening, pul-
monary oedema, patchy haemorrhage, hyaline membrane
formation, exudation in the alveolar cavity, and some col-
lapsed alveoli [59–61]. To evaluate the effects of myricitrin
on ALI, histological changes in the lung tissues were investi-
gated by H&E staining 12h after LPS inhalation. As illus-
trated in Figure 9, the lung tissues in the control animals
exhibited consistent alveolar lobule structural integrity and
a clean alveolar cavity, without haemorrhage or effusion in
the alveolar spaces. In the lungs of model animals, the LPS
injection caused significant inflammatory cell infiltration in
the airway and alveolar space, which indicated the success
of the ALI model. However, these pathological alterations
induced by LPS were markedly attenuated by myricitrin
treatment. Dexamethasone is a steroid anti-inflammatory
medication that is used to treat bacterial pneumonia and
has widespread clinical use. In our experiment, we used
dexamethasone as a positive control drug to assess the
anti-inflammatory effect of myricitrin. Figure 9 shows that
dexamethasone greatly ameliorated the pathological changes
in ALI. Myricitrin has a therapeutic effect similar to dexa-
methasone. Therefore, myricitrin has a great potential as a
clinical anti-inflammatory medication.

4. Discussion and Conclusion

The activation of macrophages through excessive production
of various proinflammatory cytokines and mediators, reac-
tive oxygen species, and reactive nitrogen species, all of which
further exacerbate inflammation, is known to play a central
role in inflammation and host defence mechanisms [62]. In
this study, we confirmed that myricitrin inhibited the pro-
duction of NO, TNF-α, IL-6, and MCP-1 in LPS-stimulated
RAW264.7 macrophage cells. In vivo, we also demonstrated
that myricitrin relieved acute lung injury in mice and inhib-
ited LPS-induced inflammatory responses in macrophages.
Myricitrin markedly reduced the infiltration of inflammatory
cells in lung tissues. In addition, myricitrin decreased the
mRNA and protein level of iNOS, which is the catalytic
enzyme that produces NO. This demonstrated that the effect
of myricitrin on NO production was due to its ability to
reduce iNOS mRNA generation and then inhibit iNOS
protein expression. These results indicate that myricitrin
has anti-inflammatory effects, but the precise mechanism of
action has not been fully elucidated.

STAT1 undergoes rapid phosphorylation in response to
stimulation by multiple TLR ligands. Phosphorylated STAT1
directly recruits TLR4 and regulates genes involved in the
production of proinflammatory cytokines and mediators,
which suggests a key role for STAT1 in TLR4-induced
inflammation [12]. Our results showed that myricitrin
inhibited LPS-induced STAT1 phosphorylation in a dose-
dependent manner. We further demonstrated that myrici-
trin suppressed phosphorylation of JAK1/2. Myricitrin
also inhibited nuclear translocation and DNA binding of

(a) (b)

(c) (d)

Figure 9: Effects of myricitrin on histopathological changes in the lung tissues of the mice with LPS-induced acute lung injury (ALI). Mice
received a single dose of intratracheal instillation of 50μl saline with or without (5mg/kg) LPS, and some of LPS-exposed mice were
pretreated with myricitrin (120mg/kg) or dexamethasone (0.5mg/kg) via penis vein injection for 4 h. Twelve hours after LPS challenge,
mice were euthanized with diethyl ether. The whole lung tissue of mice was primed with paraformaldehyde. The lungs from each group
were processed for histological evaluation at 12 h after LPS challenge. (a) Control group; (b) LPS (5mg/kg) group; (c) dexamethasone
(0.5mg/kg) + LPS (5mg/kg); (d) myricitrin (0.5mg/kg) + LPS (5mg/kg). Representative histological changes of lungs obtained from mice
of different groups are shown here (hematoxylin and eosin staining, magnification: 400x).
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STAT1 in LPS-activated RAW264.7 cells. Ruxolitinib, a
specific JAK1/2 inhibitor, completely simulated the anti-
inflammatory effect of myricitrin, including inhibition of
TNF-α, MCP-1, IL-6, and NO production, as well as
STAT1 activation and iNOS protein generation. These
results suggest that myricitrin exerts anti-inflammatory
effects via STAT1 signalling through mechanisms involving
upstream targets, resulting in nuclear translocation and
DNA binding of STAT1.

STAT1, STAT3, and STAT4 have a conserved MAPK
phosphorylation site, Pro-X-Ser-Pro. Treatment of cells
with IFN-β causes MAPKs to physically interact with the
alpha subunit of STAT1. All of these data imply that there
may be a functional communication between MAPK and
JAK/STAT signalling pathways [63–65]. In our studies,
LPS induced phosphorylation of MAPKs, but myricitrin
pretreatment had no effect on the activation of MAPKs.
The cytokines IL-2 and IL-6 appear to regulate STAT
phosphorylation in a MAPK-independent fashion [8].
Thus, we speculated that in LPS-stimulated RAW264.7
cells, the activation of STAT1 did not pass through the
MAPK pathway.

Emerging evidence suggests that LPS stimulates TLR4
and promotes the production of ROS in macrophages [66].
Despite their well-established oxidation activities, recent
studies have shown that ROS act as a second messenger
upstream of diverse biological responses involving TLR-
induced innate immune responses, including autophagy
and inflammation [24, 67, 68]. We observed that the level
of intracellular ROS increased sharply following LPS treat-
ment. Different concentrations of myricitrin effectively
reduced the amount of ROS generated. In the highest dose
group, ROS levels dropped to background level. After treat-
ment with NAC, an ROS scavenger, clearing the intracellular

ROS, the LPS-induced release of TNF-α, IL-6, MCP-1, and
NO, as well as the iNOS expression, were inhibited. We spec-
ulate that myricitrin may exert anti-inflammatory effects by
regulating the intracellular level of oxidative stress.

NOX2-dependent ROS generation is required for TLR4-
dependent inflammatory responses in macrophages [69].
The subunits gp91phox and p47phox are essential components
of NADPH oxidase. Our findings indicated that myricitrin
had no effect on the protein expression level of gp91phox

and p47phox. ROS generation did not seem to be related to a
reduced NOX expression but was more likely related to
reduced activity. Further studies confirmed that p47phox

was recruited into the cell membrane and bound with
gp91phox after LPS treatment. Meanwhile, myricitrin
completely reversed the action of LPS. Apocynin, a
NOX2-specific inhibitor, scavenges intracellular ROS and
decreases the production of proinflammatory cytokines
and mediators. Apocynin also inhibited the activation of
JAK1/2 and STAT1. In contrast to myricitrin, apocynin
significantly inhibited COX-2 expression. To exclude non-
specific effects of apocynin, we knocked down p47phox

and gp91phox. In cells separately transfected with p47phox

or gp91phox, LPS-induced intracellular ROS accumulation,
JAKs/STAT1 activation, and iNOS expression were weak-
ened. The p47phox and gp91phox cotransfection group
achieved the best inhibitory effect. The protein level of
COX-2 showed no significant change after transfection. In
addition, myricitrin had no obvious effect on the LPS-
triggered activation of STAT3. It has been reported that
STAT3 is primarily distributed in mitochondria and regu-
lated by mitochondrial peroxide under oxidative stress
[70]. We speculate that myricitrin mainly adjusted NOX-
derived ROS levels, while STAT3 was influenced by mito-
chondria peroxide. The discrepancy in the change in
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Figure 10: Schematic diagram illustrating the proposed signalling pathway involved in myricitrin’s inhibition of LPS-induced inflammation-
associated proteins in RAW264.7 cells. LPS activated the NOX2 (gp91phox/p47phox) pathway to enhance ROS generation, which in turn
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COX-2 between myricitrin, apocynin, and RNAi treat-
ments, as well as the different effects of myricitrin on
STAT1 and STAT3, further confirmed that the target of
myricitrin was the NOX enzyme complex.

In brief, as shown in Figure 10, LPS-boosted ROS
generation was essential for the activation of JAK1/JAK2,
promoting STAT1 phosphorylation and nuclear transloca-
tion, which plays a key role in the release of inflammatory
mediators and cytokines. Myricitrin blocked JAKs/STAT1
signalling transduction by scavenging intracellular ROS. Fur-
thermore, myricitrin inhibited the assembly of the compo-
nents of the NOX enzyme complex (gp91phox and p47phox).
The critical role of NOX-derived ROS in myricitrin regula-
tion of LPS-induced inflammation suggested that myricitrin
has the potential to become an anti-inflammatory drug
possessing a specific targeting ability.
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The aim of this study was to evaluate the antidegenerative effect in osteoarthritis damage of eriocitrin alone and eriocitrin
formulated as innovative “dietary flavonoid supplement.” A complexation between eriocitrin and hydroxypropyl 𝛽-cyclodextrin
by solubilization/freeze-drying method was performed. The complex in solution was evaluated by phase solubility studies and
the optimal 1 : 2 flavanone/cyclodextrin molar ratio was selected. Hydroxypropyl 𝛽-cyclodextrin was able to complex eriocitrin
as confirmed by UV-Vis absorption, DSC, and FTIR studies. The complex formed increased the eriocitrin water solubility (from
4.1 ± 0.2 g⋅L−1 to 11.0 ± 0.1 g⋅L−1) and dissolution rate (from 37.0% to 100%) in 30min. The in vitro studies exhibit the notion
that eriocitrin and its complex inhibit AGEs in a similar manner because hydroxypropyl 𝛽-cyclodextrin does not interfere with
the flavanone intrinsic property. Instead, the presence of cyclodextrin improves eriocitrin antioxidant stability maintaining a high
fluorescence value until 8 hours with respect to the pure materials. Moreover, hydroxypropyl 𝛽-cyclodextrin showed moderate
GAGs restoration acting synergistically with the complexed compound to maintain the structural chondrocytes integrity. The
results point out that ERT/HP-betaCDcomplex possesses technological and biological characteristics able to obtain an easily soluble
nutraceutical product, which reduces the degenerative and oxidative damagewhich occurs in osteoarthritis, and improve the patient
compliance.

1. Introduction

Osteoarthritis (OA) is a progressive degenerative joint disease
with a high impact on quality of life. During the OA process,
a number of aging-related changes in joint tissue structure
and function are involved. In the literature, it is reported
that oxidative stress is extremely increased in OA and it is
responsible for the etiopathogenesis of the disease [1]. Oxida-
tive damage may be caused by chondrocyte senescence and
cartilage aging [2, 3], with a loss of extracellular matrix
(ECM) turnover and an increase ofmatrixmetalloproteinases
(MMPs) and cytokines production [4].

Moreover, the Advanced Glycation End products (AGEs)
accumulation in many tissues, including the joints, is related

to oxidative stress and contributes to the development of OA
[5]. In fact, elevated AGEs levels lead to augmented MMPs
production by chondrocytes, especially collagenases, which
in turn induce degradation of cartilage and release of proteo-
glycans (PG) fragments [6].

On these bases, the reduction of oxidative stress, AGEs
accumulation, and PG release may represent a good thera-
peutic approach in the prevention of the cartilage destruction
in OA.

The latest research suggests that “conscious nutrition”
from fruits and vegetables can be able to protect bone mass
in time [7]. Nutraceuticals and dietary supplements derived
from herbs play an important role in inflammation and joint
destruction in OA [8]. In fact, since among risk factors there
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Figure 1: Chemical structures of eriocitrin ((a), ERT) and 2-hydroxypropyl 𝛽-cyclodextrin ((b), HP-betaCD).

is poor intake of natural anti-inflammatory compounds such
as some flavonoids, antioxidants, and essential fatty acids,
the treatment plan for OA includes also medical nutrition
with a blend of natural ingredients from phytochemical food
[9]. A market formulation of a mixture of two polyphenols,
baicalein and catechins, respectively, active in inhibiting
cyclooxygenase and lipoxygenases in in vitro and in vivo
animal models, is just used for the treatment of chronic OA
[10]. Moreover, in the literature, it is reported that many
Citrus flavonoids inhibit the cartilage degradation process,
via MMPs inhibition [11], with a reduction of glycosamino-
glycans (GAGs) release and restoration of nitric oxide (NO)
levels [12].

The purpose of this study was to investigate the antide-
generative effect of eriocitrin (ERT) (Figure 1(a)), a flavanone
glycoside abundantly present in lemon and lime fruits [13].
We developed an innovative easily handled powder formula-
tion with improvement of ERT technological characteristic
to produce a new “dietary flavonoid supplement” able to

protect from OA damage and to enhance patient compli-
ance. The limiting of flavonoids use in therapy is due to
their low water solubility, a characteristic which leads to a
very low dissolution rate and in vivo irregular absorption
when administered as an oral solid dosage form [14, 15].
For this reason, hydroxypropyl 𝛽-cyclodextrin (HP-betaCD)
(Figure 1(b)) was employed to develop ERT/hydroxypropyl
𝛽-cyclodextrin inclusion complex as easily soluble and stable
powders of ERT dietary supplement. HP-betaCD is a soluble
derivative of 𝛽-cyclodextrin and was selected because in the
literature it is reported that it forms inclusion complexes with
flavonoids and enhances their aqueous water solubility and
dissolution rate [16–18]. Moreover, HP-betaCD appears to be
useful in many diseases correlated to an increase of GAGs
[19, 20], with PG also involved in OA.

In order to establish the ERT :HP-betaCD molar ratio,
phase solubility studies have been applied and in vitro
dissolution tests analyses have been also performed on ERT
and its inclusion complex.
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To evaluate the ability of flavanone alone and flavanone
formulated to protect from OA damage, we assayed the anti-
oxidant efficacy (ORAC assay) and antiglycation activity.The
capability to prevent glycosaminoglycans (GAGs) release in
human articular chondrocytes stimulatedwith interleukin-1𝛽
(IL-1𝛽) cellular model of OA [21, 22] was also evaluated.

2. Materials and Methods

2.1. Chemicals. Eriocitrin (ERT) was supplied by Sigma-
Aldrich (Milan, Italy). Hydroxypropyl 𝛽-cyclodextrin (HP-
betaCD) was purchased from Cyclolab (Cyclolab Cyclodex-
trin Research & Development Laboratory, Ltd., Hungary,
medium molecular weight: 8500 gmol−1). All other chemi-
cals used were of reagent grade.

2.2. Phase Solubility Studies

Eriocitrin Solubility. The solubility of ERT was previously
determined in water (𝑠 = 4.1 g⋅L−1) as follows: an excess
amount of raw ERT was introduced into a flask containing
50mL of solvent; according to the “shake flask method” [23],
the sample was shaken for 3 days and then stored at room
temperature (25∘C) [24]. After 3 days, the amount of dissolved
flavonoid was determined by HPLC and UV method of the
supernatant solution previously filtered.

UV-Vis Method. UV-Vis assay was performed according to
ICH [Q2(R1)] guideline and validated statistically using %
Relative Standard Deviation (% RSD). Active concentration
in the supernatant was evaluated by measuring absorbance
at 𝜆max ERT of 284 nm in 1mm cell (UV-Vis 1601 Shimadzu
Europa, Duisburg, Germany). The concentration of the dis-
solved substances in the sample is calculated by Lambert-Beer
Law according to USP 37:

𝐴 = 𝐸1%
1 cm × 𝑐 × 𝑙, (1)

where 𝐸1%
1 cm is the absorbance of 1 g/100mL (1% w/v)

solution in 1 cm cell, 𝑐 is the concentration of the solution
(g/100mL), and 𝑙 is the path length of the cell which the
sample is held in.

To validate the method, the active concentration was
calculated using also the standard calibration curve. Linearity.
The proportionality between absorbance and concentration
was verified at room temperature at five concentration levels
in the range of 25.0 to 250.0mg⋅L−1 (𝑦 = 32.769𝑥 − 0.235,
𝑅2 = 0.999, where 𝑦 is the absorbance and 𝑥 is the concen-
tration used). Reference standard solutions were prepared in
triplicate and 5mL of each solution was analyzed in triplicate
and the results are expressed as % average value ± % RSD.

HPLC Method. ERT concentration was also evaluated by an
HPLC apparatus (Varian Prostar mod. 230, Varian, Milan,
Italy) equipped with a 20𝜇L Rheodyne 7125 injection valve
(Rheodyne, Cotati, CA, USA) autosampler Varian mod. D10
(Varian, Milan, Italy) and a UV-Vis detector set at 𝜆 284
and Software Galaxie. Chromatographic analyses were per-
formed on a LiChrospher� 100 C18RP column (particle

size 5𝜇m; 250 × 4mm ID; Merck, Darmstadt, Germany),
equipped with a 5𝜇m LiChrospher 100 C18RP guard column
(4 × 4mm ID; Merck, Darmstadt, Germany) and eluted iso-
cratically at room temperature. The mobile phase consisted
of a 50 : 50 (v/v) mixture of methanol/water; the flow rate
was set at 1.0mL/min. Linearity.Reference standard solutions
were prepared in triplicate at five concentration levels (0.1–
1.0 𝜇g⋅mL−1). 20 𝜇L of each solution was analyzed in trip-
licate. The standard curve was analyzed using linear least-
squares regression equation derived from the peak areas (𝑦 =
1611.4𝑥 − 0.32, 𝑅2 = 0.999) where 𝑦 is the peak area and
𝑥 is the concentration used. Specificity. The peak associated
with ERT was identified by retention time and confirmed by
coinjection, as well as by UV (UV-Vis 1601 Shimadzu Europa,
Duisburg, Germany).

Isotherm Solubility and Stability Constant. The solubility
phase diagrams of the inclusion complex were determined
by Higuchi and Connors’s method [25]. An excess amount
of ERT (1.0 × 10−3mol) was suspended in 100mL of water
and then different amounts of HP-betaCD in themolar ratios
1 : 0.25, 1 : 0.5, 1 : 1, 1 : 1.5, 1 : 2, and 1 : 3 (ERT/HP-betaCD)
were added. Six samples for each molar ratio were prepared,
shaken, stored at 25∘C, and then checked at 15, 30, 45, 60, 75,
and 90min after centrifugation for 5min at 3000 rpm. The
supernatants were analyzed in UV apparatus in 1 cm cell at 𝜆
284 nm and, after 1 hour, equilibrium was reached.

Each experiment was carried out in triplicate (RSD< 3%).

2.3. Complex Preparation and Characterization

Preparation of the Solid Complex. The ERT/HP-betaCD solid
complex was prepared with the solubilization/freeze-drying
method [26] as follows: 2 × 10−4mol of ERT was suspended
in 100mL of water and then was added with 4 × 10−4mol of
HP-betaCD. The sample was vortexed for 60 sec, stored for 1
hour at−4.0∘C, and lyophilized for 24 h to obtain the clathrate
ERT/HP-betaCD.

Absorption Spectra. The absorption spectra of ERT/HP-
betaCD complex (2 : 1 molar ratio) and raw materials were
taken with a Shimadzu UV-Vis spectrometer model UV-1601.
The molar concentrations examined were 2 × 10−2mol for
ERT and 4 × 10−2mol for HP-betaCD.

Drug Content and Inclusion Efficiency (IE). The drug content
and IE in ERT/HP-betaCD were assessed by both UV and
HPLC.

UV Method. Samples (2mg) of each complex were dissolved
in 3mL of water and vortexed for 60 sec. The drug content
was determined spectrophotometrically (UV-Vis 1601, Shi-
madzu,MA, USA) at 𝜆 284 nm (1mm cell; SpectraComp 602,
Advanced Products Srl, Milan, Italy). Each analysis wasmade
in triplicate and the results were expressed as average value.
Values were superimposable to those obtained by HPLC
analyses.
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Table 1: Percentage of theoretical drug content (TDC%), UV, and HPLC recovery of actual drug content (ADC), inclusion efficiency (IE%)
of ERT in physical mixture (ERT/HP-betaCD mix) and in ERT/HP-betaCD inclusion complex (HP-betaCD/ERT complex), and amount of
active ERT (ERT amount, %) in pure ERT and in the mixture.

Sample TDC% ADC UV% recovery ADC HPLC% recovery IE ERT amount%
ERT 100 100.1 ± 0.2 100.2 ± 0.1 — 100.1 ± 0.2
ERT/HP-betaCD mix 100 99.8 ± 0.1 99.9 ± 0.1 — 99.8 ± 0.1
ERT/HP-betaCD complex 100 100.1 ± 0.1 100.1 ± 0.1 100.1 ± 0.1

HPLC Method. Three samples (2mg) of ERT, ERT/HP-
betaCD physical mixture (ERT/HP-betaCD mix), and ERT/
HP-betaCD complex were dissolved in 3mL H

2
O, vortexed

for 60 sec, and centrifuged at 3000 rpm for 5min. The con-
centration was determined in the supernatant solutions using
the same chromatographic conditions described in the prece-
dent section. Each analysis was performed in triplicate and
the results, expressed as average value, are reported in Table 1.

The inclusion efficiency (IE) was calculated from the ratio
of actual drug content (ADC) to theoretical drug content
(TDC) in a freeze-dried complex (Table 1).

Differential Scanning Calorimetry (DSC). Raw materials,
ERT/HP-betaCD mix, and ERT/HP-betaCD complex were
analyzed by differential scanning calorimetry on an indium
calibrated Mettler Toledo DSC STARe (Mettler Toledo, OH,
USA). Thermograms were recorded by placing accurately
given quantities (1-2mg weighed with a microbalance MTS
Mettler Toledo, OH, USA) of each sample in a 40 𝜇L alu-
minium pan which was sealed and pierced. The sample was
scanned (10∘C/min) between 25 and 350∘C [27]. Melting
temperature (𝑇

𝑚
) and heat of fusion (Δ𝐻

𝑚
) were measured.

Fourier Transform Infrared Spectroscopy (FTIR). Fourier
transform infrared spectra were obtained using a Jasco FT-
300 (Tokyo, Japan) Fourier transform IR (FTIR) spectrome-
ter. Samples of complex CD/IDB and of raw materials were
analyzed as KBr discs in the spectral region 400–4000 cm−1.

2.4. In Vitro Dissolution Studies. The sample of complex
corresponding to about 2.4mg of ERT (sink conditions) was
analyzed spectrophotometrically at 𝜆 284 nm in water.

In vitro dissolution/release test of ERT/HP-betaCD com-
plex was carried out in 1000mL of water under sink condi-
tions (corresponding to about 2 g/L of ERT) using a SOTAX
AT Smart Apparatus (Basel, CH) in line with a spectropho-
tometer at 284 nm (UV-Vis spectrometer Lambda 25, Perkin-
Elmer Instruments, MA, USA) and USP 37 dissolution test
apparatus n.2: paddle, 100 rpm at 37∘C. All the dissolution/
release tests were performed in triplicate; only the mean
values are reported in the graph.

ERT alone and ERT/HP-betaCD physical mixture
(ERT/HP-betaCD mix) were used as control.

2.5. Antioxidant Efficiency (ORAC Assay). A modified oxy-
gen radical absorbance capacity (ORAC) assay was used to
determine the antioxidant qualitative activity of ERT, HP-
betaCD, and ERT/HP-betaCD complex [11]. The tested com-
pounds (25𝜇L) were placed in 96-well tissue culture plates.

150 𝜇L of fluorescein (FL) (10 nM) was used as the probe to
assess the antioxidant activity. 25 𝜇L of the water-soluble azo-
compound 2,2-azobis(2-amidinopropane) dihydrochloride
(AAPH, 100mM) was used as a radical initiator to generate
free radicals at a constant rate. A positive control (FL solution
containing AAPH), a negative control (FL solution contain-
ing no AAPH), and all the samples tested (1mg⋅mL−1) were
run simultaneously. A timer was started upon introduction
of the free radical generator and the plate was stored in the
dark at 37∘C. At each specified time point, the fluorescence
of the solution was measured (excitation 492 nm, emission
535 nm) using a Wallac 1420 Victor 3 96-well plate reader
(PerkinElmer, USA) fluorimeter and plotted as a function
of time with Origin�7 (OriginLab Corporation, Northamp-
ton, USA). The 𝑦-axis graph was split as follows: 5000 to
6000RFU.

2.6. Antiglycation Activity. The inhibition of fluorescence
produced by AGEs formation throughMaillard reaction [28]
was evaluated. The protein model bovine serum albumin
(BSA) (10mg/mL) was incubated with D-fructose (0.5M) in
a phosphate buffer (50mM, pH 7.4) (NaN

3
0.02%) to obtain

positive controls. BSA alone was the negative control corre-
sponding to no fluorescence AGEs formation. Aminoguani-
dine (AMG) (400 𝜇g/mL) was used as a reference compound
for its AGEs inhibition property [29]. The final glycated
BSA solutions (300 𝜇L) alone and with ERT, HPBCD, or
ERT/HPBCD complex (400 𝜇g/mL) were incubated at 37∘C
in 96-well microtiter plates closed with their silicon lids for
7 days. The AGEs fluorescence measurement (𝜆exc 370 nm;
𝜆em 440 nm)was performed using aVictorWallac 1420Mul-
tilabel Counters fluorimeter (PerkinElmer, USA).The results
are reported in relative fluorescence units (RFU) and the
percentage of inhibition with respect to the positive control
(BSA with fructose) and are calculated from the following
equation:

% of inhibition

= {1 − [ RFU sample (nm)
RFU Positive control (nm)]} × 100.

(2)

2.7. Biological Cellular Assay

2.7.1. HumanArticular Chondrocytes Culture. Normal human
articular cartilage was obtained at replacement surgery from
healthy patients (30–40 years old) and with femoral neck
accidental fractures. Informed consent was previously
obtained. The isolation procedure was conducted under
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antiseptic conditions. The cartilage was cut into small
fragments and carefully washed using Dulbecco’s Modified
Eagle’s Medium (DMEM) containing NaHCO

3
, 25mM

Hepes, 1mM sodium pyruvate, 50mg/mL gentamycin,
100U⋅mL−1 penicillin, 100mg⋅mL−1 streptomycin, and
2.5mg⋅mL−1 amphotericin B. Chondrocytes were isolated
through three sequential passages of enzymatic digestion of
the extracellular matrix: incubation with 0.1% hyaluronidase
type III (1mg⋅mL−1 for 100mg of cartilage), for 30min at
37∘C; incubation with 0.5% pronase type XIV (5mg⋅mL−1
for 100mg of cartilage), for 60min at 37∘C; and, finally,
incubation with 0.2% collagenase type IA (2mg⋅mL−1 for
100mg of cartilage), for 45min at 37∘C.The obtained cellular
suspension was filtered (filters from 100 and 70mm) to
eliminate the residues of the digestion, cellular aggregates.
Freshly isolated chondrocytes were seeded into monolayer
culture at a cell density of 2 ⋅ 105 cells and cultured in 1mL of
DMEM supplemented with 10% foetal bovine serum (FBS)
at 37∘C in 5% CO

2
/95% air [30]. Confluent chondrocytes of

primary culture were plated and treated as follows: untreated
control, IL-1𝛽 at 10 ng/mL as a positive control, and the tested
compounds (ERT, HPBCD, and ERT/HPBCD complex),
dissolved in DMSO and appropriately diluted in Dulbecco’s
Modified Eagle’s Medium (DMEM) at two final concentra-
tions (10 𝜇g⋅mL−1 and 100 𝜇g⋅mL−1). After 48 and 72 hours,
the supernatants of chondrocytes culture were collected for
different assays.

2.7.2. Cell Viability Assay. The cytotoxic effect of the exper-
imental substances was evaluated by a cell viability test
based on the cleavage of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide (MTT) bymitochondrial dehy-
drogenases of metabolically active cells [31].

2.7.3. Determination of GAGs. The level of GAGs, an index of
cartilage damage, was measured by spectrophotometry with
a solution of 1,9-dimethylmethylene blue at 𝑘 = 535 nm.
The amount of glycosaminoglycans was calculated from a
standard curve (100–500 𝜇g/mL) obtained for shark chon-
droitin sulphate C, derived from shark cartilage [32].

3. Results and Discussion

ERT was formulated in the presence of HP-betaCD polymer
to obtain a complex active in osteoarthritis disease and with
improvement of its aqueous solubility and dissolution rate.

3.1. Phase Solubility Studies. The poor water ERT solubility
(4.1 ± 0.2 g⋅L−1) at room temperature was notably affected by
the presence of HP-betaCD. In fact, ERT/HP-betaCD com-
plex showed water solubility of 11.0 ± 0.1 g/L. According to
Connors and Higuchi [25], the presence of HP-betaCD gave
an A-type phase solubility profile typical of soluble cyclodex-
trin with a positive deviation from linearity (Ap-type, Fig-
ure 2).This indicates that the complex is first order compared
with the substrate but is second or higher order compared
with the ligand. The most common stoichiometry associated

0

0.1

0.2

0.3

0.4

0.5

0.6

0 3 6 9 12 15 18 21

0.195
0.2

0.205
0.21

0.215

0 2 4 6 8ER
T 

co
nc

en
tr

at
io

n
(M

-3
)

(M-3)

HP-betaCD concentration (M-3)

HP-betaCD concentration

ER
T 

co
nc

en
tr

at
io

n 
(M

-3
)

Figure 2: Solubility phase diagram of ERT in the presence of HP-
betaCD.

with the Ap profile is the 1 : 2 active/HP-betaCD molar ratio
complex.

For this reason, conventionally, we assumed a 1 : 2
ERT/HP-betaCD molar ratio to obtain an inclusion com-
plex (ERT/HPBCD complex) by solubilization/lyophilization
method.

3.2. UV-Vis Absorption Study. The interactions of ERT and
HP-betaCD in the aqueous solution can be examined by
comparing the UV-Vis spectra of ERT with those of the
inclusion compound (Figure 3). It is possible that both inclu-
sion and noninclusion forms coexist in the solution, so we
performed this test in water in which the complexes were
highly soluble compared with ERT. ERT spectrum is accord-
ing to 𝑛 → 𝜋 and 𝜋 → 𝜋∗ associated with electronic
transition of the carbonyl chromophore group alpha to the
aromatic ring [33]. The intense maximum peak is at 284 nm
(called band II) with a shoulder at 327 nm (called band I).
Only in ERT/HP-betaCD complex was a slight modification
both of the absorption maximum and of the wavelength val-
ues observed. Also, amodification of the absorption of band I
was noted (from 327 nm to 330). According to literature data
for other flavonoids analogue of ERT [34], the measurements
were carried out taking into consideration band II of ERT.
The addition of HP-betaCD led to a hypsochromic shift of
2 nm (from 284 nm to 286 nm) and a bathochromic effect (k
band decrease in intensity). These results were probably due
to the inclusion of ERT in HP-betaCD cavity suggesting an
ERT/HP-betaCD complex formation with weak bonds [35].

3.3. Drug Content and Inclusion Efficiency (IE). The actual
ERT content values determined by both UV and HPLC
analyses were in perfect agreement. The percentage of ERT
in the samples ranged from 99.8 ± 0.1 to 100.1 ± 0.2 (𝑛 = 3),
indicating that it was uniformly distributed (Table 1).

3.4. DSC and FTIR Analyses. The DSC method reveals some
information on host-guest solid state interactions.The occur-
rence of the complexation is usually evidenced by the
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Figure 3: UV spectra analyses of ERT/HP-betaCD complex in comparison with ERT and HP-betaCD pure materials.

decreased intensities or disappearance of the drug melting
temperature [36]. ERT (Figure 4) showed a broad endother-
mic event between 35 and 90∘C due to moisture loss. The
“melting point” at 152∘C was detected near a phase transition
peak (135∘C). As in other flavonoids, this was probably due
to a molecular rearrangement of ERT polymorph in a plastic
substance [37]. Peaks occurring over 250∘C were due to the
ERT decomposition. HP-betaCD and ERT/HP-betaCD mix-
ture (ERT/HP-betaCD mix) exhibit an endothermic event in
the range of 40–110∘C, because of the loss of water. Moreover,
in ERT/HP-betaCD mix ERT lower melting peak intensity
may be due to the HP-betaCD lower fusion temperature
that amorphized ERT. In the freeze-drying ERT/HP-betaCD
system, ERT signal disappears definitively confirming the
complex formation.

The complexation process of ERT with the cyclodextrin
has been confirmed by the FTIR spectroscopy (Figure 5).
FTIR spectra of ERT/HP-betaCD complex show differences
in the peak patterns with respect to raw materials. FTIR
spectrum of ERT showed a band at 2925.2 cm−1 as a result
of the CH-aliphatic vibration. The bands at 1643.4, 1622.1,
and 1531.4 cm−1 correspond to that of the aromatic bond –
C=C. The absorption bands in 1000–700 cm−1 interval are
specific for the pulsation vibrations in glucopyranosyl unit
and for the deformation vibrations of C-H bonds [34]. The
HP-betaCD signals at 3390 cm−1, 2931.5 cm−1, 1159 cm−1, and
1082 cm−1 correspond to symmetrical, stretching, antisym-
metric ] [OH], ] [CH

2
], and ] [CC], and bending ] [OH]

phenomena, respectively [36]. The characteristic signals of

both components of ERT/HP-betaCD mix are evident and
indicate weaker or no interaction between ERT and HP-
betaCDwhen physicallymixed. Any newpeakswere found in
ERT/HP-betaCD complex spectra; HP-betaCD signals shift
at lower fields confirming a physical interaction due to the
presence of weak hydrogen bonds. Instead, both did not show
bands typical for intensity and position. In particular, the
ERT signal at 1640.3 and 1622 cm−1 disappears, while the
signals shift (1600–1550 cm−1, C=C valence vibrations in the
benzene rings; 950–750 cm−1, interval specific for the pulsa-
tion vibrations in glucopyranosyl unit and for the deforma-
tion vibrations of C-H bonds) and their intensity strongly
decreases. These results suggest the inclusion of the ERT in
the cavity of cyclodextrin and the formation of hydrogen
bond between the flavanol and HP-betaCD.

3.5. In Vitro Dissolution/Release Test. The dissolution/release
profiles of ERT from ERT/HP-betaCD complex in compar-
ison with dissolution profiles of ERT/HP-betaCD mix and
neat ERT in water are reported in Figure 6. All the results
showed a standard deviation < 5%.

All the loaded dose (100.0%) of ERT was released in
30min from ERT/HP-betaCD, while about 65.0% of the fla-
vanone dissolved from ERT/HP-betaCD mix and only 37.0%
of ERT alone dissolved at the same time. These results may
be explained by an increase of the ERT water interaction due
to the presence of soluble HP-betaCD polymer that was
able to complex ERT and to improve drug wettability and
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Figure 4: DSC of ERT and HP-betaCD alone, physical mixture
(ERT/HP-betaCD mix), and ERT/HP-betaCD complex.

water solubility. The technological features of the water-
soluble powders developed can increase patients compliance
reducing their discomfort to swallow solid dosage forms.

3.6. Antioxidant Efficiency. To verify the ability of ERT/HP-
betaCD formulation to maintain or prolong the antioxidant
capability of active included compound, we used the ORAC
assay.

Figure 7 reports the fluorescence value (RFU) in a func-
tion of time (hours) of all tested compounds. Both ERT and
ERT/HP-betaCD complex possess a good capability to delay
the reduction of FL fluorescence. Particularly, while HP-
betaCD and ERT as purematerials lose their effect after 2 and
6 hours, respectively, ERT/HP-betaCD complex maintains a
high fluorescence value (1980 nm) until 8 hours. This trend
indicates that the formulation improves the ERT antioxidant
stability, confirming its high scavenger radical effect.

3.7. Antiglycation Activity. In the literature, it is reported that
oxidative/nitrosative stress and inflammation, which occur
in OA disease [38], induce tissue AGEs accumulation that

HP-betaCD

ERT/HP-betaCD complex

ERT/HP-betaCD mix

ERT

4000 3500 3000 2500 2000 1500 1000 500
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Figure 5: FTIR spectra (from 4000 to 500 cm−1) of ERT and
HP-betaCD alone, physical mixture (ERT/HP-betaCD mix), and
ERT/HP-betaCD complex.
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Results are means ± SD at ∗𝑝 < 0.05 compared with positive control
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causes property modification of ECM components [39, 40]
with consequent cartilage degradation [41].

On this basis, we evaluated the inhibitory effect of ERT
and ERT/HP-betaCD complex on AGEs formation (Fig-
ure 8). Both samples reduce themax fluorescent value of pos-
itive control (BSAwith fructose), compared with HP-betaCD
alone that exhibits the same fluorescence value. This indi-
cates that the cyclodextrin used does not interfere with the
intrinsic property of ERT. In fact, ERT alone or formulated
showed a good capability to inhibit the AGEs formation with
77.3% and 75.3% of inhibition (fluorescence value of 3006 nm
and 3269 nm), respectively, maintaining a fluorescence value
higher than reference assay standard AMG (40%).

3.8. Cellular Assay. IL-1𝛽 is a proinflammatory cytokine
involved in the activation of different cellular OA mediators,
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Figure 9: Determination of GAGs levels (𝜇g⋅mL−1) (means ± SD)
in the culture medium of articular chondrocytes, stimulated with
10 ng⋅mL−1 of IL-1𝛽, 48 hours after the addition of the tested
compounds at 10𝜇g/mL. ∗Significantly different from IL-1𝛽 treated
samples (𝑝 < 0.05).

as nitric oxide (NO), prostaglandin E
2
(PGE
2
), and MMPs,

causing degradation of structural collagen macromolecules,
like GAGs [12]. Indeed, the chondrocytes stimulation with
IL-1𝛽 (10 ng⋅mL−1) was used as a cellular model of OA to test
the ability of compounds to protect the cartilage degradation
process.

3.8.1. MTT Assay. TheMTT assay was performed to evaluate
the cell viability after treatment with the tested compounds.
The results showed that treatment for 72 hours reduces the
ability of chondrocytes to metabolize tetrazolium at both
used concentrations (10𝜇g⋅mL−1 and 100 𝜇g⋅mL−1). Instead,
treatment with 10 𝜇g⋅mL−1 for 48 hours did not interfere with
the cells viability (data not shown). So, this dosage may be
used to evaluate the GAGs effect of compounds.

3.8.2. Determination of GAGs Levels. The cartilage degrada-
tion process in OA is due to cross-linking between AGEs,
formed from inflammatory/oxidative stress, and long-lived
proteins of ECM, contributing to a loss of ECM components
such as GAGs levels, which represent an index of cellular
damage [39].

Figure 9 reports the GAGs levels, expressed in 𝜇g/mL,
on the supernatant of chondrocytes after treatment with IL-
1𝛽 (10 ng⋅mL−1) and at the presence of tested compounds
(10 𝜇g⋅mL−1). IL-1𝛽, responsible for the altered cellular bal-
ance and ECM synthesis, induces a loss of GAGs levels
(47.7 𝜇g⋅mL−1), which are significantly elevated (350𝜇g⋅
mL−1) in untreated control. Both ERT and ERT/HP-betaCD
restore the GAGs levels, protecting the chondrocytes from
the proinflammatory cytokine action. In particular, theGAGs
levels of ERT/HP-betaCD (349𝜇g⋅mL−1) are superimpos-
able with that of untreated control, showing the struc-
tural integrity of chondrocytes. This is due partially to the
effect of HPBCD acting synergistically with the complexed
compound. In fact, it shows moderate GAGs restoration
(198 𝜇g⋅mL−1) for its capability to form hydrogen bonds with
polysaccharides, as GAGs [19]. From this result, the potential
role of HP-betaCD as a therapeutic agent also emerges for the
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prevention and treatment of a group ofmetabolic disorders in
which abnormal accumulations of GAGs occur.

4. Conclusions

Inflammatory/oxidative stress plays a central role in OA
development. In fact, during cartilage degradation, an
increase of proinflammatory cytokines, free radicals, met-
alloproteinases, and also AGEs accumulation occurs, which
induce the release of ECM components as GAGs. In recent
years, Citrus flavonoids were considered good agents to
prevent OA damage [11]. On the bases of the renaissance
of the plant derivatives and the consumer interest in novel
healthy food ingredients, we developed and tested an inno-
vative ERT/HP-betaCD inclusion complex (1 : 2 molar ratio)
as dietary flavonoid supplement to be employed in OA. The
results exhibit the ERT activity on oxidative/inflammatory
and cartilage degenerative factors. In fact, the examined
flavonoid was able to inhibit AGEs formation and restore
GAGs. These ERT intrinsic activities improved when ERT is
complexed with HP-betaCD, a soluble beta-cyclodextrin able
to also enhance ERT solubility, wettability, and dissolution
rate. Moreover, ERT/HP-betaCD complex improved ERT
antioxidant effect and restored GAGs.This behavior can lead
to increased in vivo ERT release and to the improvement of its
bioavailability and activity. In addition, according to the lit-
erature [19, 20], an intrinsic activity of HP-betaCD on GAGs
restoration also emerges, indicating its potential function in
the treatment and prevention of many diseases associated
with the imbalance of GAGs.

This approach might be suitable to obtain an extempo-
raneous solution of ERT active in OA damage and with an
increase of patient compliance.
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[19] B. Fumić, M. Z. Končić, and M. Jug, “Therapeutic potential
of hydroxypropyl-𝛽-cyclodextrin-based extract of medicago
sativa in the treatment of mucopolysaccharidoses,” Planta
Medica, vol. 83, pp. 40–50, 2017.

[20] B. Ren, B. Jiang, R. Hu et al., “HP-𝛽-cyclodextrin as an inhibitor
of amyloid-𝛽 aggregation and toxicity,” Physical Chemistry
Chemical Physics, vol. 18, no. 30, pp. 20476–20485, 2016.

http://www.limbrel.com
http://www.limbrel.com


10 Oxidative Medicine and Cellular Longevity

[21] A. Panico, V. Cardile, N. A. Santagati, and R. Messina, “Antiox-
idant and protective effects of Sumac Leaves on chondrocytes,”
Journal of Medicinal Plants Research, vol. 3, no. 11, pp. 855–861,
2009.

[22] P. Vicini, L. Crasc̀ı, M. Incerti, S. Ronsisvalle, V. Cardile, and
A. M. Panico, “Benzisothiazolyliminothiazolidin-4-ones with
chondroprotective properties: searching for potent and selective
inhibitors of MMP-13,” ChemMedChem, vol. 6, no. 7, pp. 1199–
1202, 2011.

[23] A. T. Florence and D. Attwood, “Physicochemical principles
of pharmacy,” in Manufacture, Formulation and Clinical Use,
Pharmaceutical Press, London, UK, 6th edition, 2016.

[24] F. Sansone, P. Picerno, T. Mencherini et al., “Enhanced techno-
logical and permeation properties of a microencapsulated soy
isoflavones extract,” Journal of Food Engineering, vol. 115, no. 3,
pp. 298–305, 2013.

[25] K. A. Connors and T. Higuchi, “Phase solubility techniques,”
in Advances in Analytical Chemistry Instrumentation, vol. 4, pp.
117–212, Wiley-Interscience, 1965.

[26] F. Sansone, T.Mencherini, P. Picerno et al., “Microencapsulation
by spray drying of Lannea microcarpa extract: technological
characteristics and antioxidant activity,” Journal of Pharmacy
and Pharmacognosy Research, vol. 2, no. 4, pp. 100–109, 2014.

[27] M. R. Lauro, C. Carbone, R. Auditore et al., “A new inclusion
complex of amlodipine besylate and soluble 𝛽-cyclodextrin
polymer: preparation, characterization and dissolution profile,”
Journal of Inclusion Phenomena andMacrocyclic Chemistry, vol.
76, no. 1-2, pp. 19–28, 2013.
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The ability of Agaricus blazei mushroom in its dried and powdered mycelial form was evaluated for its antigenotoxic properties
for the first time. Antigenotoxic effects in human peripheral blood cells against H

2
O
2
-induced DNA damage were examined in

pretreatment and posttreatment protocol by comet assay. The results showed better antigenotoxic properties of Agaricus blazei
on the interventional level, respectively, after treatment. Agaricus blazei in concentration of 250𝜇g/mL after treatment was most
efficient in regard to its action against DNA damage. The evaluation of repair kinetics showed decrease in H

2
O
2
induced DNA

damage 15min after the application of A. blazei, reaching the maximum potency after 30min. Analysis of antioxidant properties of
Agaricus blazei revealed strong ∙OH scavenging properties and moderate reducing power, while its DPPH scavenging ability was
weak. In regard to our findings, we can conclude that our preliminary results demonstrated antigenotoxic properties of Agaricus
blazei and its strong ∙OH scavenging ability. Mechanisms underlying its properties should be further evaluated in in vivo studies.

1. Introduction

Agaricus blazei, also known as God’s mushroom, Mushroom
of life, Royal Sun Agaricus, Mushroom of the Sun, Almond
mushroom, or Princess, is coming from southern Brazil [1,
2]. This is an edible mushroom with identified beneficial
health effects, like prevention of diabetes, hyperlipidemia,
arteriosclerosis, and chronic hepatitis [2]. Agaricus blazei is
vastly used in traditional medicine in the form of a medicinal
extract for the prevention and treatment of cancer, as it
shows strong immunomodulating properties [3, 4]. Potential
antigenotoxic and antimutagen activities have been reported.
However, the protective effects of Agaricus blazei against well
known mutagens have not been established [5–14].

In general, the major composition of the mushrooms is
water (90%), protein (2–40%), carbohydrate (1–55%), fiber
(3–32%), and ash (8–10%) (ash is mainly composed of salts
and metals like calcium and magnesium) [3]. Among the

carbohydrates are some biologically active polysaccharides,
such as 𝛽-glucans, that attract the attention of researchers
[15]. The polysaccharides phytocomplex is thought to be
responsible for its pharmacotoxicological effects [16]. The
results ofKozarski et al. indicated that polysaccharide extracts
of medicinal mushrooms Agaricus bisporus and Agaricus
brasiliensis act as natural antioxidants [17].

The plentiful presence of free radicals in the environ-
ment is associated with the appearance of oxidative stress,
which is a basis of aging and the initiation and progress
of various diseases and disorders [18]. Hydrogen peroxide
causes oxidative DNA damage through the production of a
hydroxyl radical (∙OH-), which can generate multiple DNA
modifications, such as base damage, sugar damage, and DNA
protein crosslinks.These modifications can ultimately lead to
single-strand and double-strands break, inducing genotoxic
effects. These alterations can affect the immune response not
only in inflammatory diseases but also in cancers [19, 20].
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The comet test is a well-established and highly sensitive
method that has been used for examining DNA damage and
can be applied to assess the genotoxic and genoprotective
potentials of several natural products [19–21]. At the same
time, the comet assay can be used to measure DNA repair
potential in individual cells [19].

A genoprotective activity of the mushroom can play
a significant role in prevention and treatment of several
mentioned disorders, but very few studies have been done to
examine it as a possible therapeutic approach [22, 23].Menoli
et al. observed antigenotoxic potential against DNA damage
induced by methyl methanesulfonate in the comet assay [8].

Based on the above findings, the aim of this study was
to evaluate genotoxic potential of Agaricus blazei on human
peripheral white blood cells in vitro in a range of concen-
trations, to determine its safe nongenotoxic concentrations
and to further test its antigenotoxic effects against H

2
O
2

induced DNA damage. Also, the objective was to assess
antioxidant potential ofAgaricus blazeiusing reducing power,
OH scavenging, and DPPH assays.

2. Material and Methods

2.1. Subjects. Peripheral blood samples were collected from
three healthy participants: females, between the ages of 20
and 35 years. They did not use cigarettes, alcohols, medica-
ments, or food supplements in a period of two months.
Participants gave their consent in accordance with the regula-
tions of the ethical standards of Ethics Committee for Clinical
Trials of the Faculty of Pharmacy, University of Belgrade.

2.2. Study Design. In the current study a commercial prod-
uct of Agaricus blazei was tested in the form of capsules
(Agaricus blazei, Aloha Medicinals, Inc, Carson City, NV,
USA/Santa Cruz, CA, USA facility). The capsules contained
the mushroom in its mycelial form which had been grown
on white sorghum, aged, dried, and powdered. The powder
was dissolved in phosphate-buffered saline (PBS), stirred for
30min at 37∘C, and filtered through a filter paper. Three
concentrations of 250, 500, and 1000𝜇g/mL were made to
perform the comet assay experiments.

2.2.1. Genotoxic and Antigenotoxic Assessment of Agaricus
blazei by Comet Assay. A comet assay was performed to
evaluate the genotoxic and antigenotoxic properties ofAgari-
cus blazei mushroom. A concentration of 50 𝜇M H

2
O
2
was

chosen to induce a consistent level of DNA damage in
human peripheral white blood cells. Suspension of human
peripheral blood cells was embedded in a 0.67% low-melting-
point agarose and spread to microscopic slides. The cells
were exposed to the following treatments: (1) to evaluate
the genotoxicity of the mushroom, the cells were exposed to
Agaricus blazei in three different concentrations (250, 500,
and 1000𝜇g/mL) for 30min at 37∘C; two protocols were used
to evaluate antigenotoxic potential, before treatment and after
treatment: (2) before treatment, the cells were incubated
with the Agaricus blazei prior to their exposure to H

2
O
2

(an assessment of the mushrooms’ action at the preventive

level); and (3) after treatment, the cells were treated with the
mushroomafter their exposure toH

2
O
2
(an assessment of the

mushrooms’ action at the interventional level).The cells were
treatedwithA. blazei for 30min at 37∘C, while treatment with
H
2
O
2
was conducted for 20min at 4∘C.

In the antigenotoxic assessment, a solution of a well
known antioxidant, quercetin in PBS, was used as a positive
control. Quercetin has demonstrated high antioxidant and
antigenotoxic activity previously in our experimental con-
ditions for tested concentrations: 100, 250, and 500 𝜇g/mL,
whereas H

2
O
2
treatment of the cells was performed as a

negative control.
For the test of genotoxicity, the cells were treatedwith PBS

as a negative control and H
2
O
2
as a positive control.

2.2.2. Kinetics of Attenuation of H2O2-Induced DNA Damage
with Agaricus blazei after Treatment by Comet Assay. To
evaluate the repair kinetics in H

2
O
2
-induced DNA dam-

age after treatment with Agaricus blazei, the most effective
concentration was chosen from previous posttreatment tests.
Following 20min ofH

2
O
2
(50 𝜇M) treatment at 4∘C, cells that

have been treated with the A. blazei were incubated at 37∘C
for 4 time periods: 15, 30, 45, and 60min.. Simultaneously,
for the positive controls, the cells were treated with PBS and
examined at the same intervals.

2.3. The Single Cell Gel Electrophoresis Assay (Comet Assay).
The viability of cells used in different treatments was checked
with trypan blue exclusion method. For the estimation of the
dead cell fraction, cell samples were stained with a 0.4% solu-
tion of trypan blue in PBS.Thenumber of blue-stained (dead)
cells within 2,000 cells was counted on haemocytometer. The
cell viability was above 90%.

The comet assay was performed essentially as described
by Singh et al. [24]. Briefly, 6 𝜇L of whole blood samples
was suspended in 0,67% low-melting-point agarose (LMP)
(Sigma-Aldrich, St. Louis, MO) and pipetted onto super-
frosted glass microscope slides precoated with a layer of 1%
of normal-melting-point agarose (Sigma-Aldrich, St. Louis,
MO), spread by a coverslip, and maintained for 5min in the
freezer to solidify. After gently removing the coverslips, the
cell suspensions on slides were treated with testedmushroom
and H

2
O
2
as described above in three mentioned types

of experiments. Following the treatments, all slides were
covered with the third layer of 0,5% LMP agarose and again
allowed to solidify in the freezer for 5min. After removal of
the coverslips, the slides were placed in cold lysing solution
(2,5M NaCl, 100mM EDTA, 10mM Tris, 1% Triton X 100
and 10% dimethylsulfoxide, pH 10 adjusted with NaOH) at
4∘C overnight. The next day, the slides were removed from
lysing solution, placed in the horizontal gel electrophoresis
tank (CHU2 manufacturer, connected to a Power Supplier
EPS 601), and flooded with cold fresh electrophoresis buffer
(10MNaOH, 200mM EDTA) allowing the DNA to denature
for 30min before electrophoresis. The electrophoresis was
conducted in dimmed light at 25V and 300mA for 30min,
and slides were afterwards stained with ethidium bromide,
performed as described by Singh et al. [24]. The comets were
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Figure 1: The example of comet assay slide preparation with differ-
ent classes of comets (cell nuclei stained with ethidium bromide).

observed and analyzed usingOlympus 50microscope (Olym-
pus Optical Co., GmbHHamburg, Germany), equipped with
a fluorescence recording device at 100x magnification.

The numbers of comets were used as parameter that
reflected DNA damage. Nuclei of cells, resembling comets,
were graded by eye inspection into 5 classes, depending on
the extent of DNA damage, as described by Anderson et
al. [19] representing (1) class A: undamaged cells with no
comet tail (<5%damagedDNA); (2) class B: low-level damage
(5%–20%); (3) class C: medium-level damage (20%–40%);
(4) class D: high level damage (40%–95%); and (5) class
E: total destruction (>95%). The example of comet assay
slide preparation with different classes of comets is given in
Figure 1. DNA damage was characterized as DNA migration
when the damage was more than 5% (B + C + D + E comet
classes). The mean value was calculated for 100 comets total
per subject (the mean number from 100 on each of two
slides), for each experiment. Apoptotic and necrotic cells
were excluded from the analyses.

2.4. Reducing Power Assay. The reducing power was deter-
mined according to the method of Oyaizu [25]. Each con-
centration of A. blazei (0,062–2mg/mL) in 50% DMSO
deionized water was mixed with 2,5mL of 200mM/L sodium
phosphate buffer (pH 6,6) and 2,5mL of 10mg/mL potas-
sium ferricyanide, and the mixture was incubated at 50∘C
for 20min. Afterwards 2,5mL of 100mg/mL trichloroacetic
acid was added to the mixture and then centrifuged at
200𝑔 for 10min. The upper layer was mixed with 5mL of
deionized water and 1mL of 1mg/mL ferric chloride; the
absorbance was then measured at 700 nm against a blank. A
higher absorbance value indicated a higher reducing power.
Butylated hydroxytoluene (BHT) was used as standard. The
concentrations of the Agaricus blazei and BHT used for the
analysis were in a range of 0.019, 0.039, 0.078, 0.156, 0.132,
0.625, 1.25, 2.50, and 5.00mg/mL.

2.5. Determination of DPPH Radicals Scavenging Ability. The
scavenging ability on 1,1-diphenyl-2-picrylhydrazyl (DPPH)
radicals was determined according to themethod of Shimada
et al. [26]. Each concentration of A. blazei (0,062–2mg/mL)
in 50% DMSO was mixed with 1mL of methanolic solution
containing DPPH (Sigma-Aldrich, St. Louis, MO) radicals,

resulting in a final concentration of 0,2mM/L DPPH. The
mixture was shaken vigorously and left to stand for 30min
in the dark. The absorbance was then measured at 517 nm
against a blank. The scavenging ability was calculated as
follows:

Scavenging ability (%)

= [Δ𝐴517 of control − Δ𝐴517 of sample
Δ𝐴
517

of control
] × 100.

(1)

IC
50

value (mg/mL) shows the effective concentration at
which 50% of DPPH radicals were inhibited and were
obtained by interpolation from linear regression analysis.
Trolox was used as standard for comparison. The concentra-
tions of the Agaricus blazei and Trolox used for the analysis
were in a range of 0.062, 0.125, 0.250, 0.500, 1.00, and
2.00mg/mL.

2.6. Determination of Hydroxyl Radical Scavenging Activity.
The effect of hydroxyl radical was assayed using the 2-
deoxyribose oxidation method described in Chung et al.
[27]. 2-Deoxyribose is oxidized by the hydroxyl radical
that is formed by the Fenton reaction and degraded to
malondialdehyde. The reaction mixture contained 0,45mL
of 0,2M sodium phosphate (pH 7,6), 0,15mL of 10mM 2-
deoxyribose, 0,15mL of 10mM FeSO4-EDTA, 0,15mL of
10mM hydrogen peroxide, 0,525mL of distilled water, and
0,075mL (0,062–2mg/mL) ofA. blazei solution in a tube.The
reaction was started by the addition of hydrogen peroxide.
After incubation at 37∘C for 1 h, the reaction was stopped
by adding 0,75mL of 2,8% (w/v) trichloroacetic acid and
0,75mL of 1.0% (w/v) of thiobarbituric acid.Themixture was
boiled for 10min., cooled in ice, and thenmeasured at 535 nm.
The reaction mixture not containing test sample was used as
the control. Trolox (0,0078–2mg/mL) was used as standard
antioxidant.The scavenging activity on hydroxyl radicals was
expressed as follows:

Scavenging ability (%)

= [Δ𝐴535 of control − Δ𝐴520 of sample
Δ𝐴
535

of control
] × 100.

(2)

IC
50
value (mg/mL) was the effective concentration by which

50% of 2-deoxyribose was degraded and was obtained by
interpolation from linear regression analysis. Trolox was
used as standard for comparison. The concentrations of the
Agaricus blazei and Trolox used for the analysis were in a
range of 0.007, 0.015, 0.031, 0.062, 0.125, 0.250, 0.500, 1.00, and
2.00mg/mL.

2.7. Statistical Analysis. Thestatistical analysiswas performed
using a Kruskal Wallis test, with Dunn’s post hoc for
comparisons of different treatments versus the respective
controls. Data were expressed as mean ± standard error of
the mean (SEM), with 𝑛 = 3. A difference at 𝑝 < 0,05
was considered statistically significant. GraphPad Prism (5.0)
statistical software (GraphPad Software Inc, La Jolla, CA,
USA) was used for the analysis.
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Genotoxic potential
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Figure 2: The evaluation of genotoxic effects of Agaricus blazei
in 3 tested concentrations after 30min of incubation at 37∘C. Bars
representmean number of cells withDNAdamage± SEM, for 𝑛 = 3.

3. Results

3.1. Genotoxic Properties of Agaricus blazei. In the assessment
of the genotoxic potential of Agaricus blazei, it was found
that the tested range of concentrations applied to agarose-
embedded blood cells did not increase DNA migration in
comparison to the negative control (i.e., the PBS) (Figure 2).
Moreover, for all tested concentrations, the basal level of
primary lesions decreased in regard to the control. Based on
our results, the Agaricus blazei in the tested concentrations
indicated a lack of a genotoxic effect.

3.2. Antigenotoxic Properties of Agaricus blazei. The antige-
notoxic effects of Agaricus blazei were examined under
two experiment protocols: pretreatment with the mushroom
prior to H

2
O
2
exposure and posttreatment with the mush-

room after the treatment with H
2
O
2
that causes oxidative

DNA damage through the production of a hydroxyl radical
(∙OH).

Figure 3(a) shows that pretreatment application of the
mushroom displayed slight reduction in the mean number
of damaged cells, where concentration of 500𝜇g/mL exhib-
ited significant attenuation in comparison to the control
(cells treated with 50 𝜇MH

2
O
2
). Interestingly, the U-shaped

concentration-dependent trend could be noticed in the pre-
treatment attenuation of the DNA damage induced by H

2
O
2
.

Posttreatment conditions are displayed in Figure 3(b).
Results showed that all three concentrations significantly
decreased the number of cells with DNA damage (𝑝 < 0,05),
displaying an antigenotoxic effect of Agaricus blazei at an
intervention level.

Figure 4 shows the results of positive controls inwhich the
cells were treated with 100, 250, and 500𝜇g/mL of quercetin,
where the percentage of DNA damaged cells decreased in
a concentration-dependent manner for both pretreatment
and posttreatment experiment. However, the antigenotoxic
effect of quercetin was more profound in posttreatment
experiment, as well.

Table 1: DPPH scavenging ability of Agaricus blazei compared to
Trolox, expressed as % inhibition (𝑛 = 3).

Percentage inhibition %
Amount (mg/mL) Agaricus blazei Trolox
0.062 0.33 ± 0.08 18.99 ± 0.29
0.125 0.62 ± 0.12 42.15 ± 0.22
0.25 0.80 ± 0.05 90.12 ± 0.30
0.5 0.99 ± 0.12 96.00 ± 0.04
1 1.70 ± 0.15 95.96 ± 0.08
2 3.16 ± 0.22 96.25 ± 0.21

According to posttreatment results of Agaricus blazei, the
concentration of 250𝜇g/mL was chosen as the most efficient
in action on intervention level. It was later used to investigate
a time course of DNA repair (the reparation kinetics in
H
2
O
2
induced DNA damage). The results of attenuation

of H
2
O
2
-induced DNA damage in 4 times periods: 15, 30,

45, and 60min, both in cells treated with A. blazei and in
control, are presented in Figure 5. In the control, where
cells were incubated for the mentioned periods without any
additional treatment after the H

2
O
2
exposure, the levels of

H
2
O
2
-induced DNA lesions were not significantly decreased

(Figure 5(a)), although data showed that untreated cells
displayed potential to attenuate DNA damage. However, it
should be noted that, in the presence of A. blazei at the time
points 15, 30, and 45min, there was significant attenuation of
H
2
O
2
induced damage (Figure 5(b)).

3.3. Determination of Reducing Power of Agaricus blazei.
The reducing power of A. blazei is presented in Figure 6.
In tested concentrations (0,062–5mg/mL) A. blazei showed
concentration-dependent moderate reducing power ability
when compared to BHT as control.

3.4. Determination of DPPH Radical Scavenging Activity of
Agaricus blazei. The DPPH∙ radical scavenging effects of A.
blazei are presented in Table 1. Results show that A. blazei in
concentrations used in this test has no free radical scavenging
activity. The free radical scavenging activity of A. blazei was
compared to Trolox, a synthetic antioxidant. A. blazei of
2mg/mL showed only 3% inhibition of DPPH.

3.5. Determination of Hydroxyl Radical Scavenging Activity of
Agaricus blazei. Figure 7 shows the hydroxyl radical scav-
enging effects determined by the 2-deoxyribose oxidation
method.The scavenging effect ofA. blazei onhydroxyl radical
showed 50% inhibition for all tested concentrations above
0,196mg/mL (IC

50
= 0,196mg/mL), while Trolox as standard

at the same concentration showed 60% inhibition. These
results indicate an excellent hydroxyl radical scavenging
activity of Agaricus blazei.

4. Discussion

In this work, we assessed the genotoxicity and antigeno-
toxicity effects of A. blazei on human peripheral blood
cells. DNA strand breaks were measured using a simple
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Figure 3: The evaluation of antigenotoxic properties of Agaricus blazei against DNA damage induced by H
2
O
2
in (a) pretreatment and (b)

posttreatment protocol. Bars represent mean number of cells with DNA damage ± SEM, for 𝑛 = 3; ∗𝑝 < 0.05, versus H
2
O
2
treated control

(by Kruskal Wallis and Dunn’s post hoc test).
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Figure 4: The evaluation of antigenotoxic properties of quercetin against the DNA damage induced by H
2
O
2
in (a) pretreatment and (b)

posttreatment protocol. Bars represent mean number of cells with DNA damage ± SEM, for 𝑛 = 3; ∗𝑝 < 0.05, versus H
2
O
2
treated control

(by Kruskal Wallis and Dunn’s post hoc test).
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Figure 5: A Time course of DNA damage repair of cells exposed to H
2
O
2
and afterwards incubated for 15, 30, 45, and 60min (a) without any

treatment; (b) with 250 𝜇g/mL of the Agaricus blazei. Bars represent mean number of cells with DNA damage ± SEM, for 𝑛 = 3; ∗𝑝 < 0.05,
versus H
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2
as control (by Kruskal Wallis and Dunn’s post hoc test).
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Figure 6:The reducing power of Agaricus blazei compared to BHT.

and reproducible technique, the comet assay. Compared to
many other macromolecules, DNA is a sensitive molecule
and damage may result from exposure to exogenous agents.
Prolonged or repeated DNA damage and genomic instability
can contribute to multiple diseases including cancer [28].

In the current study, no genotoxic effects of A. blazei
on human peripheral blood cells were determined. This is
in agreement with the reports by Radaković et al. [29] and
Guterrez et al. [10, 12]. Namely, the exposure of cells to the
mushroom in our experiment even leads to a reduction of
the baseline level of DNA damage. Meanwhile, the beneficial
role of Agaricus blazei in reduction of H

2
O
2
induced DNA

damage in whole blood cells was demonstrated. As a positive
control quercetin was used. Quercetin is a standard antiox-
idant that effectively reduces H

2
O
2
-induced DNA damage

[30]. The reduction of DNA damage by quercetin in this
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Figure 7: Hydroxyl radical scavenging activity of Agaricus blazei in
a range of concentrations (0,007–2mg/mL) compared to Trolox.

experiment was a confirmation that a ROS attack on theDNA
underlies the origin of strands breaks. Therefore, it can be
noted thatAgaricus blazei also exhibited effective attenuation
of free radical induced DNA strand breaks.

To elucidate the possible mechanism behind the
antigenotoxic action of the A. blazei, two approaches were
applied in order to investigate whether the mushroom
could act at the preventive and the interventional level.
In pretreatment conditions, A. blazei was added to cells
30min before administration of the oxidant, allowing them
to be active at the prevention level [31]. Under pretreatment
conditions the mushroom may act by increasing the
antioxidant capacity of the cells, making themmore resistant
to oxidative DNA damage [32]. The results of pretreatment
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showed moderate ability to decrease the number of DNA
damaged cells, where 500𝜇g/mL concentration displayed a
significant protective effect against H

2
O
2
. It was shown by de

Sá-Nakanishi et al. [33] that the administration of A. blazei
was protective to the brain of old rats against oxidative stress
by increasing the brains enzymatic antioxidant capacity,
showing an inducible effect on their activities. Also, the
action of anA. blazei pretreatment on the paracetamol injury
in rats exhibited the ability of boosting the levels of the
catalase [34].

On the other hand, posttreatment data displayed a signif-
icant decrease in the number of cells with DNA damage at
all tested concentrations showing prominent interventional
activities of A. blazei. Antigenotoxic effect of A. blazei
seen after treatment could be assigned to synergistic action
of independent mechanisms which possibly contributed in
DNA damage reduction: free radical scavenging and stimu-
lation of DNA repair.

It has been established that mushrooms can demonstrate
their antioxidant properties at different stages of the oxidation
process and by different mechanisms [35]. The antioxidant
properties in this study were examined by the reducing
power method and scavenging abilities on OH radicals
and DPPH radicals. The reducing power of Agaricus blazei
showed a concentration-dependent trend and was 0,3 at
2mg/mL which is considered as a moderate power. This is in
accordance with previous results shown by Tsai et al. [36] that
demonstrated similar reducing power of ethanolic extract of
A. blazei.

The scavenging ability is important antioxidant protec-
tion against high reactivity of free radicals. Our data on
DPPH scavenging ability showed that the activity of A.
blazei was extremely modest. This could be explained by the
fact that the antioxidant activity of natural compounds is
associated with their structures, and their accessibility to the
radical centre of DPPH∙ could influence their antioxidant
power [37]. It should be emphasized that we evaluated the
ability of Agaricus blazei as a mushroom in its dried and
powdered mycelial form dissolved in PBS, so the structure of
its compounds could affect its antioxidant abilities. Work by
Tsai et al. [36] showed different antioxidant properties of A.
blazei dependent on the extraction procedure. On the other
hand, A. blazei in our study showed pronounced OH scav-
enging properties for the concentrations above 0,196mg/mL.
Hydroxyl radical is themost reactive chemical species known
to induce oxidative damage to proteins, lipids, and DNA.
Accordingly, the compounds with OH scavenging properties
are of extreme importance in biological systems. It should be
noted that the application of A. blazei in the posttreatment
comet assay provided the best attenuation of DNA damage
at the 250𝜇g/mL concentration and which at the same time
showed 70% inhibition of OH radical.

In order to assess the next mechanism that could have
contributed to the posttreatment efficiency, a time course
of DNA repair in the cells treated with the optimal con-
centration of Agaricus blazei was investigated and compared
with untreated cells (exposed only to PBS). Data showed that
posttreatment with the mushroom significantly decreased
the level of cells with DNA damage in the 15, 30, and 45

time course, while the cells treated only with PBS did not
display significant reduction of the DNA damage in the same
time frame. It should be mentioned that a similar trend in
DNA damage reduction was detected in both experimental
conditions: a decrease in DNA damage was observed already
at 15min, reaching the maximum reduction after 45min.
Previous studies showed that significant repair of DNA
damage occurredwithin 1 h after the exposure to the oxidative
agent [38]. Therefore, those results indicate that Agaricus
blazei could significantly stimulate the repair process in
DNA damaged cells, and the repair capacity of cells treated
with mushroom is more efficient than the repair capacity of
untreated cells. Study of Da Silva et al. [39] showed protective
effect of 𝛽-glucan extracted from Agaricus blazei on the
expression of the genes ERCC5 (involved in excision repair
of DNA damage) on HepG2 cells.

Bearing in mind that efficiency of pretreatment can
be explained by Agaricus blazei property of being able to
increase the cells’ antioxidant capacity, possible synergistic
(additional) mechanism of posttreatment action could be the
antioxidant enzymes stimulation.

Summarizing previous findings, Agaricus blazei activity
on the interventional level can be attributed to its scavenging
properties, stimulation of DNA repair, as well as additional
antioxidant enzyme activation. It should be especially empha-
sized that for the first time it has been revealed that Agaricus
blazei has strong potential in reduction of OH groups.

Our study was conducted as an in vitro test, which
should contribute to highlighting Agaricus blazei as an
antioxidant that attenuates the impact of oxidative stress to
DNA. According to these findings, it is necessary to perform
further investigation of its properties on in vivo systems.

5. Conclusion

Agaricus blazei is under investigation for a broad range
of applications. This preliminary study shows antigenotoxic
properties ofAgaricus blazei on human peripheral blood cells
against H

2
O
2
-induced DNA damage on the interventional

level. Also, for the first time, it was shown that Agaricus
blazei has strong OH scavenging properties. Mechanisms
underlying the antigenotoxic properties should be further
evaluated in in vivo studies.
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The aim of the present study was to assess synbiotic (Lactobacillus casei + inulin) influence on oxidative stress parameters
such as concentrations of malondialdehyde (MDA), hydrogen peroxide (H

2
O
2
), glutathione, and free sulfhydryl groups content.

Experiments were carried out on healthy volunteers (𝑛 = 32).The subjects were divided into women group (𝑛 = 16) andmen group
(𝑛 = 16) and randomly assigned to synbiotic and control groups. Blood samples were collected before synbiotic supplementation
and after 7wks, at the end of the study.The administration of synbiotic resulted in a significant decrease in MDA (𝑝 < 0.01), H

2
O
2

(𝑝 < 0.01), and GSSG concentrations (𝑝 < 0.05) as compared with the control groups and significant increase in the concentrations
of GSHt (𝑝 < 0.001), GSH (𝑝 < 0.01), and -SH group content (𝑝 < 0.05) versus control. Synbiotics containing L. casei plus inulin
may have positive influence on selected oxidative stress markers.

1. Introduction

Reactive oxygen species (ROS) are defined as chemical
molecules generated by a partial reduction of molecular oxy-
gen [1]. ROS can be divided into oxygen-centered radicals, for
example, superoxide anion and oxygen-centered nonradicals
such as hydrogen peroxide [2–4].

ROS that are generated in many ways during different
endogenous and exogenous processes have many physio-
logical functions but they are also involved in pathological
conditions [5, 6]. Fortunately, a human body has developed
a number of nonenzymatic defense mechanisms against
harmful effects of ROS.There are hydrophilic and hydropho-
bic antioxidants. The first group includes glutathione or
ascorbate (vitamin C). They aim at protecting the aquatic
environment of the cell. Hydrophobic antioxidants include
carotenoids, vitamin and provitamin D

3
, and tocopherols.

Their goal is to remove ROS from the area of cell membranes
and inhibit lipid peroxidation [7, 8].

Synbiotics are products which contain both probiotics
and prebiotics (nondigestible food ingredients that benefi-
cially affect the host by selectively stimulating the growth
or/and activity of one/or a limited number of bacteria in the
colon) [9].

There are pieces of evidence that confirm the antiox-
idative properties of probiotics/synbiotics. Strains that are
considered to be the most important probiotics in this
area are Lactobacillus and Bifidobacterium. A decrease in
the number of oxidative stress markers after probiotics
supplementation in many studies was reported [10, 11]. Suo
et al. [12] showed that after administration of L. fermen-
tum Suo to mice with gastric injuries MDA concentrations
were significantly reduced when compared to the mice
which were not supplemented with this probiotic. Similarly,
Tian et al. [13] evaluated the influence of L. rhamnosus
CCFM1107 on alcohol induced-liver injury in the ICR mice.
The study revealed that concentrations of plasma MDA were
significantly lower after supplementation of these bacteria.
Also, Zhang et al. [14] confirmed that male Sprague Daw-
ley rats after application of L. casei Zhang demonstrated
decreased MDA plasma levels. Other study [15] assessed
protective effects of L. plantarum CCFM8610 against acute
cadmium toxicity in adult male Kunming mice. Uskova and
Kravchenko [16] observed that only L. casei spp. (including
L. casei 114001) had antioxidant properties which affected
the blood plasma, liver, and intestines of Wistar rats and
contributed to a decrease in the MDA content in the blood
plasma. Al-Sheraji et al. [17] examined the effect of a yoghurt
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supplement containing B. pseudocatenulatum G4/B. longum
BB536 on lipid peroxidation in rats fed a cholesterol-enriched
diet. Animal groups which were fed this diet, supplemented
with B. pseudocatenulatum G4 or B. longum BB536, demon-
strated a significantly lower plasma MDA level. Gao et al.
[18] observed that FC225 strains of L. plantarum provide
antioxidant properties. Authors of another study [19] proved
that supplementation of the probiotic decreased MDA levels
in the serum of 90 kg pigs.

The aim of the study was to evaluate selected oxidative
stress parameters such as concentration of MDA, H

2
O
2
,

GSHt, GSSG, GSH, and free sulfhydryl (-SH) groups content
after administration of synbiotic in human plasma of healthy
volunteers.

2. Materials and Methods

2.1. ExperimentalDesign. Aswedescribed previously [20] the
study was carried out in Poland between December 2014 and
February 2015 on 32 healthy volunteers (20–35 years old),
randomly divided into synbiotic and control groups. Exclud-
ing criteria of the experiment were administration of antimi-
crobial, anti-inflammatory, or nonsteroidal drugs over last
three months, gastrointestinal disease, food allergy or acute
infections, and administration of yoghurt/vitamins/other
products that may influence antioxidant activity of plasma.
Also athletes and active and passive smokers were excluded.
Blood samples from the forearm veins were collected before
synbiotic administration and after 7wks when the study
finished. The protocol of the study was approved by the
Ethical Committee of Medical University of Lodz (number
RNN/801/14/KB).

2.2. Tested Dietary Supplement. A synbiotic (Lactobacillus
casei with inulin) was purchased from ICN Polfa Rzeszow
SA, Poland. Each capsule contained 4 × 108 CFU lyophilized
Lactobacillus casei and 400mg of inulin. Subjects were given
one capsule of synbiotic per day, at dinner time for 7 weeks
[20].

2.3. Measurement of MDA Concentration in Human Plasma.
To measure MDA concentration, Lipid Peroxidation Assay
Kit (Colorimetric/Fluorometric) (Item number ab118970),
manufactured by Abcam (Symbios Sp. z o.o. 83-010 Straszyn,
ul. Modrzewiowa 37, Poland) was used.This method is based
on the reaction of free MDA (present in the sample) with
thiobarbituric acid (TBA) to generate a MDA-TBA adduct
[21].

2.3.1. Chemicals. Lipid Peroxidation Assay Kit (Item number
ab118970) consisted of MDA lysis buffer, phosphotungstic
acid solution, BHT (100x),MDAStandard, andTBA solution;
one vial of TBAwas reconstituted with 7.5mL of glacial acetic
acid; in the next step ddH

2
O was added to 25mL.

2.3.2. Sample Preparation. To prepare samples 10𝜇L of
plasma with 500𝜇L of 42mM H

2
SO
4
was mixed. Then

125 𝜇L of phosphotungstic acid was added and mixed. In the
next step, the samples were incubated (room temperature, 5

minutes) and centrifuged at 13000 for 3 minutes; then the
pellet was collected and resuspended on ice with 100 𝜇L of
ddH
2
O. At the end, 200𝜇L of ddH

2
O
2
was adjusted to the

final volume.

2.3.3. Assay Protocol. After preparation of MDA standard
(0.1M—10 𝜇L of 4.17MMDA Standard was diluted in 407 𝜇L
of ddH

2
O; 2mM—10 𝜇L of 0.1MMDA Standard was diluted

in 490 𝜇L of ddH
2
O) each well on the plate was filled with

600𝜇L of TBA reagent and incubated at 95∘C for 60 minutes
and cooled to room temperature on ice for 10 minutes. Then,
300 𝜇L of n-butanol and 100 𝜇L of 5M NaCl were added to
wells. The layers were separated by centrifugation (3min at
16,000×g). Next step was to transfer the MDA-TBA adduct
to a new tube and evaporate the n-butanol. Then, MDA-TBA
adduct was dissolved in 200𝜇L of ddH

2
O and placed into the

96-well plate microplate for analysis. Absorbance was read
at 532 nm with plate reader (TECAN Sunrise with software
Magellan Standard).

2.4. Measurement of H2O2 Concentration in Human Plasma.
To measure H

2
O
2
concentration Hydrogen Peroxide Assay

Kit (Item number ab102500) manufactured by Abcam (Sym-
bios Sp. z o.o. 83-010 Straszyn, ul. Modrzewiowa 37, Poland)
was used. This method is based on the reaction of sub-
strate for hydrogen peroxide with H

2
O
2
in the presence of

horseradish peroxidase to produce product with color [22].

2.4.1. Chemicals. HydrogenPeroxideAssayKit (Itemnumber
ab102500) consisted of 25mL of H

2
O
2
Assay Buffer and

200𝜇L of OxiRed Probe (in DMSO) 100 𝜇L of 0.88M H
2
O
2

Standard and HRP dissolved in 220 𝜇L Assay Buffer.

2.4.2. Sample Preparation. The plasma was centrifuged at
1000×g for 15minutes at 4∘C; then the pelletwas removed and
kept on ice and deproteinization was carried out according to
the manual.

2.4.3. Assay Procedure. After preparation of H
2
O
2
Standard

wells (10mM—10 𝜇L of H
2
O
2
0.88M Standard was diluted

in 870 𝜇L of dH
2
O; 0.1mM—10 𝜇L of 10mMH

2
O
2
Standard

was dissolved in 990 𝜇L of dH
2
O) each well on the plate

was filled with 50𝜇L of Reaction Mix into each well and
incubated at room temperature for 10min. Absorbance was
read at 570 nm.

2.5. Measurement of GSHt, GSSG, and GSH Concentration
in Human Plasma. To measure GSHt concentration mixture
containing 50 𝜇L of the plasma, 700 𝜇L of 0.2mM NADPH,
100 𝜇L of 0.6mM DTNB, and 150 𝜇L of H

2
O were prepared.

The cuvette was incubated at +37∘C for 5min and then
supplemented with 0.7U of glutathione reductase (GR).
The reaction kinetics was traced for 5min by monitoring
the increase in absorbance. GSSG content was determined
using the same protocol after optimization of pH to 6-7
with 1M TEA, and endogenous GSH was determined with
2-vinylpyridine. The GSH concentration was calculated as
the difference between GSHt and GSSG. The increments in
absorbance at 412 nm were converted to GSH and GSSG
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Table 1: The influence of synbiotic containing Lactobacillus casei and inulin on the concentrations of selected oxidative stress parameters.
Data is shown as mean ± SEM. ∗𝑝 < 0.01, ∗∗𝑝 < 0.001, and #𝑝 < 0.05 versus control group.

Study groups OS parameters
MDA [nmol/mL] H

2
O
2
[pmol/𝜇L] GSHt [𝜇M] GSH [𝜇M] GSSG [𝜇M] GSH/GSSG [𝜇M] -SH groups [𝜇M]

Control “0” 7.32 ± 0.10 0.37 ± 0.01 18.42 ± 0.77 17.13 ± 0.85 1.29 ± 0.23 13.28 ± 0.90 82.58 ± 0.61

Control “7 wks” 7.94 ± 0.44 0.45 ± 0.01 19.09 ± 0.98 17.21 ± 1.24 1.88 ± 0.07 9.15 ± 0.76# 84.06 ± 0.82

Synbiotics “0” 9.44 ± 0.01 0.49 ± 0.01 19.93 ± 0.89 18.78 ± 0.89 1.15 ± 0.15 16.33 ± 1.98 76.98 ± 0.75

Synbiotics “7wks” 8.68 ± 0.01∗ 0.38 ± 0.02∗ 25.21 ± 0.12∗∗ 24.43 ± 0.97∗ 0.78 ± 0.21# 31.32 ± 1.99∗∗ 86.89 ± 0.68#

Female control “0” 7.03 ± 0.11 0.36 ± 0.03 18.36 ± 0.23 18.13 ± 0.45 1.37 ± 0.04 13.23 ± 0.89 79.43 ± 0.11

Female control
“7 wks” 7.58 ± 0.12 0.45 ± 0.02 19.28 ± 0.10 17.21 ± 0.11 1.83 ± 0.03 9.40 ± 0.67 80.93 ± 0.13

Female synbiotic
“0” 9.24 ± 0.22 0.49 ± 0.01 18.99 ± 0.21 19.78 ± 0.24 1.17 ± 0.01 16.08 ± 0.87 77.04 ± 1.23

Female synbiotic
“7 wks” 8.20 ± 0.10∗ 0.36 ± 0.01∗∗ 26.68 ± 0.45∗∗ 28.61 ± 0.19∗∗ 0.81 ± 0.06∗∗ 35.32 ± 0.69 90.99 ± 0.19∗∗

Male control “0” 7.60 ± 0.40 0.38 ± 0.02 18.46 ± 0.40 16.13 ± 0.42 1.23 ± 0.10 14.09 ± 0.41 85.73 ± 0.41

Male control
“7 wks” 8.30 ± 0.20 0.40 ± 0.01 18.91 ± 0.20 17.21 ± 0.20 1.92 ± 0.09 8.96 ± 0.90 87.19 ± 0.20

Male synbiotic “0” 9.65 ± 0.03 0.52 ± 0.02 20.87 ± 0.10 18.78 ± 0.14 1.13 ± 0.06 16.62 ± 0.65 76.91 ± 1.11

Male synbiotic
“7 wks” 9.15 ± 0.10# 0.44 ± 0.05 23.74 ± 0.11∗ 19.94 ± 0.10# 0.75 ± 0.07∗ 25.59 ± 0.14 82.79 ± 0.17∗

levels using a standard curve (3.2–500𝜇M of GSH for GSHt
and 0.975–60𝜇M of GSSG for GSSG). Obtained results
were expressed in 𝜇M. The redox ratio of each sample was
calculated by dividing its reduced glutathione content by its
oxidized glutathione content.

2.6. Measurement of Free -SH Groups Concentration. The
total sulfhydryl groups content was determined using the
Ellman method [23], based on the reaction of 5,5-dithio-
bis (2-nitrobenzoic acid) with thiol groups of proteins. To
measure -SH group concentration we prepared a mixture
containing 500 𝜇L of the plasma, 500 𝜇L of 0.3M Na

2
HPO
4
,

and 500 𝜇L of 0.04% Ellman reagent (DTNB). The last
component was freshly dissolved in a solution of 10% sodium
citrate. Absorbance was measured at 412 nm with a spec-
trophotometer (Perkin-Elmer Lambda 25).

2.7. Statistical Analysis. The data are presented as mean ±
SEM (standard error of the mean) in each group. The
statistical analysis was performed by ANOVA followed by a
post hoc Duncan’s multiple range test. A 𝑝 value lower than
0.05 was considered significant.

3. Results

3.1. Evaluation of MDA and H2O2 Concentrations. An
insignificant increase in MDA levels was observed in the
control group, female-control group, andmale-control group.
A significant decrease in MDA levels was observed in the
synbiotic group (𝑝 < 0.01), female-synbiotic group (𝑝 <
0.01), and male-synbiotic group (𝑝 < 0.05) in comparison to
the their control groups (resp.) before experiments (Table 1).

An insignificant increase in the H
2
O
2
concentration in

the control group, female-control group, and male-control

group was observed. A significant decrease in H
2
O
2
concen-

tration was observed in the synbiotic group (𝑝 < 0.01) and
female-synbiotic group (𝑝 < 0.001) in comparison to the
their control groups before experiments (resp.).There was an
insignificant decrease in the H

2
O
2
level in the male-synbiotic

group versus control group (Table 1).

3.2. Evaluation of GSHt, GSSG, and GSH Concentrations
and -SH Groups Content. Levels of GSHt and GSH in the
control group, female-control group, andmale-control group
were not significantly higher than those of the control group
before experiment. Supplementation of synbiotic signifi-
cantly improved levels of GSHt and GSH in the synbiotic
group (resp. 𝑝 < 0.001 and 𝑝 < 0.01), female-synbiotic
group (resp. 𝑝 < 0.001 and 𝑝 < 0.001), and male-synbiotic
group (resp. 𝑝 < 0.01 and 𝑝 < 0.05) in comparison to the
their control groups before experiments. Concentrations of
GSSG in the synbiotic group (𝑝 < 0.05), female-synbiotic
group (𝑝 < 0.001), andmale-synbiotic group (𝑝 < 0.01) were
lower versus control groups. There was a significant decrease
in the GSH/GSSG ratio in the control groups (𝑝 < 0.05).
Administration of synbiotics resulted in an increase in the
GSH/GSSG ratio in the synbiotic group (𝑝 < 0.001), female-
synbiotic group (𝑝 < 0.001), and male-synbiotic group (𝑝 <
0.05), compared with the control groups (Table 1).

The supplementation of synbiotics resulted in an increase
in -SH groups in the synbiotic group (𝑝 < 0.05), female-
synbiotic group (𝑝 < 0.001), and male-synbiotic group (𝑝 <
0.01) versus control groups (Table 1).

4. Discussion

Our results indicate that the concentration ofMDAandH
2
O
2

in human plasma was a higher in synbiotic “0” group than
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in control “0” group but there was no significant difference.
This observed group variation in oxidative stress parameters
could be explained by influence of various factors. Some
published work has focused on influence of environmental
factors, for example, seasonal variations [24, 25] on oxidative
stress parameters. Also, when the physical exercise takes place
under environmental conditions such as cold and pollution
or when the intensity is high there is overproduction of H

2
O
2

(autoxidation of haemoglobin) [26].
This paper shows that administration of synbiotics caused

a significant decrease in the MDA and H
2
O
2
concentration

in the human plasma. These finding are consistent with
a recent study [10]. We observed a greater reduction in
the concentration of MDA and H

2
O
2
in female-synbiotic

group. This fact can be explained by the increased activity
of antioxidant enzymes (particularly CAT) in women who
took synbiotics [20]. Melatonin can regulate CAT activity.
Its concentration during the day is higher in autumn and
winter [27]. Moreover, its levels are higher in females with
psychological stress [28] derived from lifestyle habits, liv-
ing environment, or premenstrual syndrome. This observed
group variation could be explained also by different levels
of hormones (testosterone and oestradiol). Estrogens have in
vitro and in vivo antioxidant effects [29]. These parameters
were not measured at work.

However, several studies [11, 30] have shown no signifi-
cant differences in MDA concentrations after the probiotics
application in humans. Mazloom et al. [11] examined the
effect of probiotic administration on the MDA concentration
in patients with type 2 diabetes. The authors showed a
decrease inMDA levels, but these results were not statistically
significant. Vaghef-Mehrabany et al. [30] reported no sig-
nificant differences in MDA concentrations after probiotics
application. A study was carried on 46 woman with rheuma-
toid arthritis (RA). They received probiotic containing L.
casei for 8wks.

Several other studies confirm the ability of probiotics
strains to decrease oxidative stress parameters, especially
MDA level. Yadav et al. [31] observed that probiotic contain-
ing L. acidophilus NCDC14 and L. casei NCDC19 decreased
STZ-induced oxidative damage in pancreatic tissues by
inhibiting lipid peroxidation. Rajpal and Kansal [32] proved
that probiotic (L. acidophilus + B. bifidum) stimulates antiox-
idant pathways in rats. Hathout et al. [33] evaluated the
protective effect of L. casei or/and L. reuteri against aflatoxin-
(AFs-) induced oxidative stress in female Sprague Dawley
rats. Administration of combined L. casei and L. reuteri in
rats showed decrease in MDA concentration in these organs.
Treatment with L. casei did not affect MDA levels; on the
other hand, treatment with L. reuteri caused a significant
decrease in MDA level in the liver but insignificant decrease
in the kidney.

Other authors [34] focused on B. longum subsp. longum
strains and their bioaccessible antioxidants. Mikelsaar and
Zilmer [35] noted that L. fermentum ME-3 has antioxidative
properties. They confirmed that this probiotic increased
antioxidative activity in different types of clinical studies
(double-blind, placebo-controlled, crossover) and in different
subjects (healthy volunteers, allergic patients, and those

recovering from stroke). The authors observed its good
hydroxyl radical scavenging efficiency and ability to survive
in high hydrogen peroxide environment.

Our results show that administration of synbiotic resulted
in a significant increase in the GSHt, GSH, and -SH free
groups content. Moreover, levels were higher in women than
in men after synbiotic administration. This gender variation
could be explained by different concentrations of hormones,
such as oestradiol and testosterone [29]. It is reported
that psychological stress reduces GSH concentrations and
leads to increased oxidative stress parameters [36–38]. Stress
may increase superoxide anion formation and subsequently
H
2
O
2
generation. Moreover, GSH deficiency can result from

inadequate dietary intake of methionine or cysteine [39, 40].
The activity of GPx was also decreased in rats exposed to
stress [41]. Moreover, plasma iron and factors that could
affect its levels, for example, diet, are associatedwith oxidative
stress parameters concentration in human [42]. Some authors
described that high plasma 𝛼-tocopherol and high 𝛽+𝛾-
tocopherol levels were associated with elevated plasma MDA
level [43].

Several studies have shown that probiotics can enhance
the activity of nonenzymatic antioxidants, for example, glu-
tathione. Asemi et al. [44] described effects of daily consump-
tion ofmultispecies probiotic supplements on oxidative stress
in diabetic patients. After administration of this probiotic
supplement, consisting of 7 viable and freeze-dried strains
L. acidophilus, L. casei, L. rhamnosus, L. bulgaricus, B. breve,
B. longum, and S. thermophilus, plasma GSHt was increased.
Another study [45] confirmed that consumption of synbiotic
(L. sporogenes) food by diabetic patients for 6 weeks had
significant positive effects on plasmaGSHt levels. Taghizadeh
et al. [46] proved that consumption of synbiotic food for
9 weeks resulted in a significant rise in plasma GSH levels
versus control. Similarly, another study [47] analyzed effects
of probiotic (L. casei, L. acidophilus, and B. bifidum/7wks)
supplementation on biomarkers of oxidative stress in patients
with major depressive disorder (MDD). An increased glu-
tathione level was observed after probiotic supplementation
compared with the placebo group.

Many authors describe correlations between probiotics
and glutathione concentrations in animals.

Erginel et al. [48] evaluated antioxidant mechanisms of
probiotics on gut mucosa in peritonitis. Rats were treated
with probiotics after CLP-induced peritonitis/5 days or
before the CLP procedure and after the surgery/5 days.
The authors reported increased glutathione levels. Ogita et
al. [49] obtained similar results. Tian et al. [13] observed
that administration of L. rhamnosus CCFM1107 elevated the
glutathione level in mice.

Verma and Shukla [50] showed that the use of synbiotics
(L. rhamnosus + L. acidophilus + inulin) is a better prophy-
lactic strategy than the use of probiotic and prebiotic alone
because of a greater increase in antioxidants concentration
(particularly GSH), associated with stronger attenuation of
DMH-induced tumorigenesis. Kavitha et al. [51] assessed the
effect of combination treatment of insulin, pioglitazone, and
synbiotic on streptozotocin- (STZ-) induced diabetic rats.
They observed increased GSH concentration. Lutgendorff
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et al. [52] confirmed that probiotics enhanced the biosyn-
thesis of glutathione, which may have reduced activation
of inflammation and acinar cell injury and ameliorated
experimental AP, via a reduction in oxidative stress. Şengül
et al. [53] assessed two probiotic strains, L. delbrueckii subsp.
bulgaricus B3 and L. delbrueckii subsp. bulgaricus A13, and
proved that EPS-producing probiotic bacteria significantly
attenuate oxidative stress in experimental colitis.

However, some authors have noted a decrease in
glutathione level after probiotic supplementation. Coşkun
Cevher et al. [54] evaluated the effect of L. delbrueckii
subsp. bulgaricus administration on systemic and intestinal
oxidant-antioxidant events in splenectomized rats. Plasma
and small intestine tissue lipid peroxidation, -SH group, and
glutathione levels were determined. In this work, thiobarbi-
turic acid reactive substances (TBARS) level was decreased
by L. delbrueckii subsp. bulgaricus supplementation after or
both after and before splenectomy but GSHt level was lower.
Similarly, Erdoĝan et al. [55] proved that synbiotics and
phytobiotics in combination (Enterococcus faecium, FOS) sig-
nificantly increased plasma malondialdehyde (MDA) levels
and decreased GSHt concentration in the blood of broilers.
Recently, Bahmani et al. [56] observed that consumption of
synbiotic bread for 8 weeks among patients with T2DM had
beneficial effects on plasmaMDAconcentration but it did not
affect plasma GSH level.

Recent studies support a gender-dependent difference/
signaling pathway that could be based in the intestine and/or
immune system [57]. Alzamora et al. [58] described that
estrogen can affect gut and immune system function. Pacifici
[59] proved that probiotic (L. reuteri) impacts estrogen
or/and progesterone sensitive pathways in male mice that are
fully active in adult females (insensitive to the bacterium).
Many authors [60–63] claim that supplementation of pro-
biotics with or without inulin increases serum testosterone
level. This effect is associated with the hypocholesterolemic
action of probiotics by metabolizing cholesterol to testos-
terone synthesis.

Another theory says that gut microbiota composition
depends on interactions between host diet and gender. In
Bolnick et al. study [64] diet-microbiota associations were
sex dependent in humans. Experimental diet manipulations
in mice confirmed that diet affects microbiota differently
in males versus females. The prevalence of genotype by
environment (sex by diet) interactions implies that therapies
to treat dysbiosis might have sex-specific effects.

It has been reported that gender is a crucial determinant
of probiotic effects. For example, an application of the L.
reuteri (ATCC PTA 6475) on mice has elicited gender-
dependent responses in TNF-𝛼 suppression and bone den-
sity [57]. Another study also suggested that gut-associated
microorganisms with host immune system responses and
metabolic activity are supported by biology distinct to the
host gender [65]. Lönnermark et al. [66] described that
gender, but not administration of the probiotic,may influence
acute symptoms during Salmonella infection and possibly
clearance of Salmonella. There was a difference in gender
symptoms in the postinfectious phase, which were modified
by the probiotic.

A weakness of the study is the use of only five biomarkers
of oxidative stress. Measurement of more oxidative stress
parameters will give a more comprehensive picture of their
significance. In our work, there was a significant negative
correlation between plasma glutathione andMDA levels after
synbiotics administration (Pearson correlation coefficient =
−0.469, 𝑝 < 0.001). However, present study had several
others limitations. There was not significant trend between
other OS parameters. For example, there was a positive
but not significant correlation between GSH and -SH free
groups content. Moreover, there were several factors which
might have influence on OS parameters levels, for exam-
ple, psychological stress [28] derived from lifestyle habits,
living environment, or premenstrual syndrome (female). In
this study we applied widely used method for oxidative
stress parameters determination at different sensitivity. To
measure the concentration of MDA special kit was used.
The assay kit detects malondialdehyde concentration as
low as 1 nmol/well colorimetrically. MDA level is the most
reliable biomarker, because it is a product of lipid oxidation.
Glutathione measurement is important to assess oxidative
stress parameters. Also -SH free groups contentmeasurement
may provide additional information on the redox state of a
subjects. Sensitivity of the determination of total sulfhydryl
groups in plasma using Ellman’s reagent is 50 𝜇M to 1000 𝜇M
(glutathione determination = 0.1 𝜇M).

The work was not blinded because the control group
did not consume any supplements during the experiment.
The key difference between presented study and others with
placebo group is that their experimentwas carried out only on
patients with different diseases, for example, that increasing
oxidative stress.

Our results are consistent with the results of Martarelli
et al. [67]. Authors proved that probiotics protect the human
body from oxidative stress damage in a healthy volunteers (in
not blinded study).

5. Conclusion

Synbiotics containing L. casei plus inulin are effective com-
pounds that protect a human body from oxidative stress
damage. Synbiotics may have a positive influence on selected
oxidative stress parameters, such as MDA and glutathione
concentrations.
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Increasing evidence is emerging suggesting a relation between dietary compounds, microbiota, and the susceptibility to allergic
diseases, particularly food allergy. Cocoa, a source of antioxidant polyphenols, has shown effects on gut microbiota and the ability
to promote tolerance in an oral sensitization model. Taking these facts into consideration, the aim of the present study was to
establish the influence of an oral sensitization model, both alone and together with a cocoa-enriched diet, on gut microbiota. Lewis
rats were orally sensitized and fed with either a standard or 10% cocoa diet. Faecal microbiota was analysed through metagenomics
study. Intestinal IgA concentration was also determined. Oral sensitization produced few changes in intestinal microbiota, but in
those rats fed a cocoa diet significantmodifications appeared. Decreased bacteria from the Firmicutes and Proteobacteria phyla and
a higher percentage of bacteria belonging to the Tenericutes and Cyanobacteria phyla were observed. In conclusion, a cocoa diet is
able to modify the microbiota bacterial pattern in orally sensitized animals. As cocoa inhibits the synthesis of specific antibodies
and also intestinal IgA, those changes in microbiota pattern, particularly those of the Proteobacteria phylum, might be partially
responsible for the tolerogenic effect of cocoa.

1. Introduction

Apart from its nutritional role, food intake influences intesti-
nal tissue and increasing evidence exists regarding the inter-
action among diet, immune system, and microbiota. Food
intake determines the composition of microbiota and the
function of gut-associated lymphoid tissue (GALT). These
last two factors are also closely related, so a vast number of
diets alter bacteria composition, thereby affecting immune
homeostasis, and vice versa [1]. Gut microbiota, which in the
adult human tract contains more than 100 trillion bacteria
andmore than 150 times the number of genes compared to the
host genome [2, 3], provides several benefits to the intestinal
immune system. Therefore, intestinal bacteria are critical for
the regulation of the immune system and barrier function
[3] and play an important role in the development of both
innate and acquired response, promoting the expansion of B

and T cells in Peyer’s patches and mesenteric lymph nodes
[4].The intestinal immune system characteristically produces
antibodies belonging to the immunoglobulinA (IgA) isotype.
IgA is the most abundant immunoglobulin in the body and
is considered to be the first line of defence in protecting the
intestine against ingested pathogens [5].

Among the most prevalent diseases related to a faulty
immune system function are allergic diseases. In Western
countries, the prevalence of allergic diseases, including food
allergy, is increasing and has become a major public health
concern [3]. An allergic response generally occurs when
antigen-presenting cells present the antigen to T helper
(Th) lymphocytes, which once activated, proliferate and turn
mainly into Th2 effector cells, secreting their characteristic
cytokine pattern [6]. Nowadays, an association between
changes in microbiota and high susceptibility to allergy is
recognized [7, 8]. Therefore, the hygiene hypothesis suggests
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that the later the microbial exposure, the greater the preva-
lence of allergic diseases [9]. It has been reported that germ-
free mice undergo an increase in the development of oral
allergic sensitization, which is the first step in allergy disease
[10]. Therefore, microbiota is important for the induction
of oral tolerance that protects from food allergies [11]. In
particular, the administration of a main human bacterium,
Bacteroides fragilis [12], and amixture ofClostridia strains [13]
can increase the development of regulatory T (Treg) cells and,
therefore, inhibit the development of oral allergy.

As previously stated, food influences microbiota and the
intestinal immune system. Among the bioactive components
with this recognized action are flavonoids, a kind of polyphe-
nols, which, besides their antioxidant properties, modulate
bacterial growth and composition and which influence toll-
like receptor (TLR) activation as well as inflammatory and
immune response activation [14]. Oligomeric and polymeric
polyphenols can reach the colon [15], and published data
in human and in vitro and in vivo animal models indicate
their role in changing microbiota composition (reviewed
in [16, 17]). In addition, some flavonoids have shown their
antiallergic potential (reviewed in [18]), a fact that could be
related to their impact on the composition of gut microbiota
[19]. One food relatively rich in flavonoids is cocoa, which
also contains carbohydrates, proteins, lipids, fibre, minerals,
and methylxanthines. A few studies have been published that
discuss the effect of cocoa on gut microbiota. Feeding of 10%
cocoa diet for 6weeks inWistar rats decreased the proportion
of Bacteroides, the Staphylococcus genus, and the Clostridium
histolyticum subgroup [20]. Another study in which three
different amounts of cocoa polyphenols were given to the
same rat strain for 4 weeks described the age-dependent
inhibition of the growth of Staphylococcus, Streptococcus,
Clostridium histolyticum, and Clostridium perfringens, which
was partially attributed to their polyphenol content [21].

Recently we demonstrated the tolerogenic effect of a 10%
cocoa diet on a rat oral sensitizationmodel [22].These results
led us to ascertain whether a cocoa diet may exert its effects,
at least partially, by influencing the microbiota composition
in this rat oral sensitization model [22, 23]. Taking all these
facts into consideration, the aim of the present study was
to establish the influence of an oral sensitization model,
both alone and together with a cocoa-enriched diet, on gut
microbiota.

2. Materials and Methods

2.1. Animals and Diets. Female Lewis rats were obtained
from Janvier (Saint-Berthevin Cedex, France) and housed in
cages under controlled temperature and humidity in a 12 h
light-12 h dark cycle in the Faculty of Pharmacy and Food
Sciences’ animal facility. The procedures used in the current
study were approved by the Ethics Committee for Animal
Experimentation of the University of Barcelona (CEEA/UB
ref. 5988).

Three-week-old rats were randomly distributed into three
groups (𝑛 = 6 each) according to the diet and the oral
sensitization procedure: the reference (RF) group (standard
diet and no oral sensitization), the ovalbumin (OVA) group

(standard diet and oral OVA sensitization), and the OVA/C
group (10% cocoa diet and oral OVA sensitization). The diet
lasted for fourweeks duringwhich the animals had free access
to food and water. AIN-93M (from Harlan Teklad, Madison,
Wisconsin, USA) formula was used as the standard diet and
a 10% cocoa diet was produced through modification of the
standard formula, adjusting the amounts of carbohydrates,
proteins, lipids, and fibre in accordance with the 10% of
cocoa powder (from Idilia Foods SL, formerly Nutrexpa SL,
Barcelona, Spain) as described previously [22].The diets were
isoenergetic and had the same proportion of macronutrients
and micronutrients. The cocoa diet contained 40.18mg/g
of total polyphenols (expressed as catechin) determined
according to Folin-Ciocalteu method.

2.2. Oral Sensitization. Rat oral sensitization was induced
as previously described [22]. In brief, rats from sensitized
groups received orally 50mg of OVA (grade V; Sigma-
Aldrich, Madrid, Spain) with 30 𝜇g of cholera toxin (CT;
Sigma-Aldrich) as adjuvant in 1mL of distilled water by oral
gavage, three times per week for three weeks (on days 0,
2, 4, 7, 9, 11, 14, 16, 18, and 21). However, the RF group
received just 1mL of the vehicle with the same frequency of
administration.This procedure is able to induce the synthesis
of specific anti-OVA antibodies [22, 23].

2.3. Sample Collection and Processing. Faecal samples were
collected before oral sensitization and once per week
afterwards (days 0, 7, 14, 21, and 28) and processed in
order to obtain faecal homogenates as previously described
[24]. Briefly, faecal samples were dried and weighed, and
phosphate-buffered saline (PBS, pH 7.2) was added to obtain
a final concentration of 20mg/mL. Immediately, the mix
was homogenized with a Polytron� (Kinematica, Lucerne,
Switzerland) and centrifuged, and supernatants were frozen
at −20∘C until total IgA quantification. Moreover, fresh faecal
samples from day 23 were, on the one hand, weighed, dried
for 5 h at 37∘C, and weighed again in order to determine the
percentage of humidity as an indicator of faecal consistency
and, on the other hand, used for faecal pH determination
using a surface electrode (Crison Instruments, SA, Barcelona,
Spain).

2.4. Quantification of Intestinal IgA. IgA from faecal homo-
genates was quantified using a sandwich enzyme-linked
immunoabsorbent assay (ELISA) technique with a Rat IgA
ELISA Quantification Set (E110-102) from Bethyl Labo-
ratories (Montgomery, TX, USA). Briefly, 96-well plates
(Nunc MaxiSorp�, Wiesbaden, Germany) were coated with
2 𝜇g/mL of the capture antibody in carbonate buffer (pH
9.6). After blocking, the standard and the samples were
incubated. Finally, an adequate dilution of the peroxidase-
conjugated detection antibody was added and, after washing,
an o-phenylenediaminedihydrochloride-H2O2 (OPD-H2O2)
(Sigma-Aldrich) solution was added. Absorbance was mea-
sured in a microplate photometer. Data were interpolated
by Multiskan Ascent v2.6 software (Thermo Fisher Scientific
SLU, Barcelona, Spain) according to the concentration of the
standard.
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Figure 1: Faecal pH and humidity at day 23 of the study. Values are expressed as mean ± standard error (𝑛 = 6). Percentage of humidity
was calculated as follows: ((initial faecal weight − dry faecal weight)/initial faecal weight) × 100. Dry faecal weight was considered after 5 h at
37∘C. Statistical differences: ∗𝑝 < 0.05 versus RF group (Mann–Whitney U test).

2.5. Faecal Metagenomic Analysis. DNA from three repre-
sentative faecal samples from each group from the 28th day
of the experimental design was extracted using a FastDNA�
SPIN kit (MP Biomedicals, Solon, Ohio, USA) according to
the manufacturer’s instructions. An Ion 16S�Metagenomics
kit (Life Technologies, Madrid, Spain) was used for the
metagenomic study carried out by Bioarray Genetic Diagno-
sis (Bioarray, Alicante, Spain).

After confirming that all DNA samples had good levels
of concentration, purity, and integrity, a massive sequentia-
tion was carried out with the platforms QIIME v1.8.0 and
USEARCH v.7.0.1090. In order to assign the taxonomy, the
different sequences with 97% similarity were assembled into
operational taxonomic units (OTUs) using the data base
GreenGenes v13 8 with the UCLUST method.

2.6. Statistical Analysis. Statistical analysis was performed
using IBM’s Statistical Package for Social Sciences program
(SPSS, version 22.0, Chicago, IL, USA). Differences were
considered statistically significant when 𝑝 < 0.05.

In order to determine equality of variance and normal
distribution, the Levene and Kolmogorov-Smirnov tests,
respectively, were carried out. One-way ANOVA and Bonfer-
roni’s post hoc test were performed on the results with equal-
ity of variance and normal distribution. The nonparametric
Mann–Whitney U test was performed on the data that did
not have equality of variance and/or normal distribution.

Bivariate Pearson correlation was used to determine
whether an association exists between intestinal IgA concen-
tration and either relative abundance, absolute abundance, or
the number of detected bacterial species.

3. Results

3.1. Effect of Cocoa on Faecal pH and Humidity in Orally
Sensitized Rats. Faecal pH and humidity were determined on
day 23 of the study (Figure 1). The RF group had a faecal pH
average of 7.52 and no differences were detected due to the
oral sensitization or the cocoa diet (Figure 1(a)). In contrast,
the orally sensitized group showed a higher faecal humidity
(Figure 1(b)), exhibiting more water content than the RF
group, whereas no significant differences with respect to the
OVA/C group were found.

3.2. Effect of Cocoa on the Intestinal IgA Concentration in
Orally Sensitized Rats. Faecal IgA determination revealed
that the animals fed the standard diet, whether or not they
received the oral sensitization, increased IgA concentration
during the study. However, this time-dependent increase was
inhibited from day 7 due to the 10% cocoa diet (Figure 2).

3.3. Effect of Cocoa on Gut Metagenome in
Orally Sensitized Rats

3.3.1. Quantitative Metagenomic Study. As shown in Fig-
ure 3(a), from the total microbiota detected in reference rats,
61% of the bacteria belonged to the Firmicutes phylum, 33%
to Bacteroidetes, 6% to Proteobacteria, and less than 1% to
the Tenericutes, Actinobacteria, Cyanobacteria, Verrucomi-
crobia, and TM7 phyla. From these phyla, no significant
differences were found in the OVA group with respect to
the RF group. However, those sensitized rats fed a cocoa-
enriched diet (OVA/C group) showed a higher proportion
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Figure 2: Intestinal IgA concentration during the study. Values are
expressed as mean ± standard error (𝑛 = 6). Statistical differences:
∗𝑝 < 0.05 versus RF group and 𝛿𝑝 < 0.05 versusOVAgroup (Mann–
Whitney U test).

of bacteria belonging to the Tenericutes and Cyanobacteria
phyla compared to those from the RF and OVA groups.

The study of absolute bacterial abundance also revealed
significant changes in animals from the OVA/C group (Fig-
ure 3(b)). The orally sensitized group fed a cocoa diet had a
lower amount of total bacteria compared to the RF group,
which could be attributed to a reduction in the number of
Firmicutes and Proteobacteria. However, a higher proportion
of Tenericutes with respect to the RF and OVA groups was
observed.

Furthermore, a deeper analysis revealed significant
changes in the relative abundance inside each phylum
(Table 1). Oral sensitization decreased the proportion of bac-
teria belonging to the Erysipelotrichales order (Firmicutes
phylum) in animals fed with either a standard or cocoa diet.
Moreover, the cocoa diet lowered the proportion of bacteria
from the RF32 order belonging to the Alphaproteobacteria
class (Proteobacteria phylum). However, this diet favoured
the presence of Chloroplast class (Cyanobacteria phylum),
particularly the Streptophyta order, and increased the per-
centage of the Mollicutes class, specifically the RF39 order.

Table 2 shows the changes found at family, genus, and
species level. OVA sensitization with both standard and
cocoa diets decreased the relative abundance of an unknown
species of the Bacteroidales order, Clostridium metallolevans,
and Allobaculum sp. Moreover, animals from the OVA/C
group had lower percentages of Ruminococcus flavefaciens,
one species belonging to the Erysipelotrichaceae family,
Holdemania sp., and one specific species of the RF32 order,
compared to the RF and/or OVA groups. On the other hand,
the proportion of three species of the Prevotellaceae family,
a species of the Streptophyta order, Lactobacillus reuteri,
Anaerostipes sp., a species of the Mogibacteriaceae and
Erysipelotrichaceae families, and a species of the Mollicutes
class had a higher percentage in the cocoa-fed animals
(OVA/C group) with respect to the RF and/or OVA groups.
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Figure 3: Bacteria phyla on faecal gut microbiota. (a) Relative
abundance (%) and (b) absolute abundance in the groups of study.
Values are expressed as mean ± standard error (𝑛 = 3). OTUs:
operational taxonomic units. Statistical difference: ∗𝑝 < 0.05 versus
RF group and 𝛿𝑝 < 0.05 versusOVA group (Mann–WhitneyU test).

3.3.2. Qualitative Metagenomic Study. The metagenomic
analysis also provides us with qualitative information about
the gut bacterial pattern. The number of species present in
at least two of the three rats from each group was counted.
A total of 90 species were detected in the RF group, 84
species in theOVA group and 86 species in theOVA/C group.
The number of different species classified into the different
phyla is shown in Figure 4(a). For all animals, the highest
bacteria richness was found in the Firmicutes, Bacteroidetes,
and Proteobacteria phyla.

In order to establish the differences among the bacteria
species found in each group, a Venn diagram was plotted
(Figure 4(b)). Out of all the faecal detected species, 74
were present in the three studied groups. However, some
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Table 1: Bacteria order on faecal gut microbiota. Relative abundance (%) of the statistically different significant orders of bacteria. Values are
expressed as mean ± standard error (𝑛 = 3). Statistical difference: ∗𝑝 < 0.05 versus RF and 𝛿𝑝 < 0.05 versus OVA group (Mann–Whitney U
test).

Phylum Class Order RF OVA OVA/C
Cyanobacteria Chloroplast Streptophyta 0.000 ± 0.000 0.000 ± 0.000 0.017 ± 0.010∗𝛿

Firmicutes Erysipelotrichi Erysipelotrichales 4.033 ± 1.368 0.999 ± 0.494∗ 0.716 ± 0.241∗

Proteobacteria Alphaproteobacteria RF32 0.905 ± 0.234 0.842 ± 0.555 0.278 ± 0.065∗

Tenericutes Mollicutes RF39 0.083 ± 0.037 0.270 ± 0.193 2.536 ± 1.662∗𝛿

modifications were detected due to the oral sensitization,
the cocoa diet, or both. In reference conditions, eight
different species were unique in the RF group, meaning
that these species disappeared due to the oral sensitization
(OVA and OVA/C groups). Four of these belonged to the
Firmicutes phylum, three to the Proteobacteria phylum,
and one to the Verrucomicrobia phylum (Table 3). Three
species from the Firmicutes phylum were included in the
Staphylococcus genus (e.g., S. equorum), whereas the other
one corresponded to Clostridium metallolevans. With regard
to the Proteobacteria phylum, the three species that disap-
peared due to the oral sensitization procedure belonged to
either the Alphaproteobacteria class (Rhodospirillales order),
the Deltaproteobacteria class (Spirobacillales order), or the
Gammaproteobacteria class (Vibrionales order). In addition,
Akkermansia muciniphila, from the Verrucomicrobia phy-
lum, was not found in orally sensitized groups.

In the OVA group, four new species were detected with
respect to the RF animals. Three of them were only found
in sensitized animals fed a standard diet and one was also
present after the cocoa diet. From these new species, two
belonged to the Firmicutes phylum, one to the Tenericutes
phylum, and one to the Actinobacteria phylum. The Firmi-
cutes phylum species included Bacillus and Christensenella
genera, the Tenericutes phylum included the Anaeroplasma
genus (Table 3), and the Actinobacteria phylum species also
found in the OVA/C group was Bifidobacterium pseudo-
longum (Table 4).

With regard to the sensitized group fed a cocoa diet, nine
different species were found with respect to the RF and OVA
groups (Table 3). Two species belonged to the Bacteroidetes
phylum, one of those being Prevotella copri. From the
Cyanobacteria phylum, one species from the Streptophyta
order was present. As regards the Firmicutes phylum, three
species from the Clostridiales order were detected, belonging
to the Dehalobacteriaceae, Lachnospiraceae and Veillonel-
laceae families. Moreover, two new species appeared from
the Proteobacteria phylum (Ralstonia sp. and Desulfovibrio
sp.), and a new TM7 bacterium was also found in the OVA/C
group.

It is worth noting that two bacterial species were not
found in the OVA group but were present in both the RF
and OVA/C groups, suggesting that the cocoa diet failed to
eliminate these species due to the oral sensitization. These
bacteria belonged to the Bacteroidetes phylum, Bacteroides
uniformis and Prevotella sp. in particular (Table 4). More-
over, six species present in both the RF and OVA groups
disappeared with the cocoa diet: five of those belonged to
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Figure 4: Number of detected species in faeces from each studied
group. (a) Data is expressed as the total number of species detected.
A species was detected if present in at least two of the three rats of
each group. (b) Venn diagram of the different detected species. The
diagram shows the absolute number of detected species that belong
to each group, the detected species in common between each pair of
groups, and, in the centre, the detected species in common among
all three groups.

the Firmicutes phylum, in particular the Clostridia (e.g.,
Clostridium perfringens, Blautia producta, and Epulopiscium
sp.) and Erysipelotrichi (Coprobacillus sp.) classes and one
to the Proteobacteria phylum, specifically Desulfovibrio sp.
(Table 4).
3.4. Intestinal IgA and Microbiota Associations. In order to
determine whether microbiota was associated with intestinal
IgA, a linear regression analysis was performed between IgA
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Table 3: Bacteria exclusively detected in one of the groups.

Group Phylum Class Order Family Genus Species

RF

Firmicutes Bacilli Bacillales Staphylococcaceae Staphylococcus Others
Bacilli Bacillales Staphylococcaceae Staphylococcus
Bacilli Bacillales Staphylococcaceae Staphylococcus equorum

Clostridia Clostridiales Peptostreptococcaceae Clostridium metallolevans
Proteobacteria Alphaproteobacteria Rhodospirillales Acetobacteraceae

Deltaproteobacteria Spirobacillales
Gammaproteobacteria Vibrionales Vibrionaceae Vibrio Others

Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae Akkermansia muciniphila

OVA
Firmicutes Bacilli Bacillales Bacillaceae Bacillus

Clostridia Clostridiales Christensenellaceae Christensenella
Tenericutes Mollicutes Anaeroplasmatales Anaeroplasmataceae Anaeroplasma

OVA/C

Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Other Others
Bacteroidia Bacteroidales Prevotellaceae Prevotella copri

Cyanobacteria Chloroplast Streptophyta
Firmicutes Clostridia Clostridiales Dehalobacteriaceae

Clostridia Clostridiales Lachnospiraceae Anaerostipes
Clostridia Clostridiales Veillonellaceae

Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Ralstonia
Deltaproteobacteria Desulfovibrionales Desulfovibrionaceae Desulfovibrio Others

TM7 TM7-3 CW040 F16

Table 4: Bacteria present in two of the groups.

Phylum Class Order Family Genus Species Groups
RF OVA OVA/C

Firmicutes Clostridia Clostridiales Clostridiaceae Clostridium Others Yes Yes No
Clostridia Clostridiales Clostridiaceae Clostridium perfringens Yes Yes No
Clostridia Clostridiales Lachnospiraceae Blautia producta Yes Yes No
Clostridia Clostridiales Lachnospiraceae Epulopiscium Yes Yes No

Erysipelotrichi Erysipelotrichales Erysipelotrichaceae Coprobacillus Yes Yes No
Proteobacteria Deltaproteobacteria Desulfovibrionales Desulfovibrionaceae Desulfovibrio Yes Yes No
Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae Bacteroides uniformis Yes No Yes

Bacteroidia Bacteroidales Prevotellaceae Prevotella Others Yes No Yes
Actinobacteria Actinobacteria Bifidobacteriales Bifidobacteriaceae Bifidobacterium pseudolongum No Yes Yes

values and data from relative and absolute abundance of
bacteria and the number of detected species of each phylum.
As shown in Table 5, although no significant correlation
for total values was found in any of the above variables, a
strong positive correlation between intestinal IgA levels and
Proteobacteria phylum relative abundance was found. Apart
from that, no significant correlations were seen between
the relative abundance, absolute abundance, or the number
of detected species from each phylum and intestinal IgA
concentration.

4. Discussion

In healthy conditions, cocoa components are able to produce
some modifications in both human and rat intestinal micro-
biota as previously demonstrated by using FISH technique
[20, 25]. The current study, by means of a metagenomic
approach, was able to go more deeply into establishing the
effect of a cocoa diet and also an oral sensitization procedure

Table 5: Correlation between intestinal IgA and microbiota. Pear-
son’s correlation between intestinal IgA concentration and data from
the absolute and relative abundance of phylum and the number
of detected species of each phylum (𝑛 = 9). Statistical difference:
∗𝑝 = 0.017 (Pearson’s correlation).

Relative
abundance

Absolute
abundance

Number of
detected species

Firmicutes 0.318 0.402 0.427

Bacteroidetes −0.403 −0.400 −0.621

Actinobacteria −0.375 0.253 −0.111

Proteobacteria 0.843∗ 0.731 0.351

Cyanobacteria −0.535 −0.483 −0.640

Tenericutes −0.475 −0.440 −0.522

TM7 −0.342 −0.570 −0.243

Deferribacteres −0.402 −0.402 −0.402

Verrucomicrobia −0.130 0.304 −0.136

Total 0.500 0.332 0.650
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Figure 5: Summary of the changes on gut microbiota on a rat oral sensitization model fed either a standard diet or a 10% cocoa diet and its
possible effects on the immune system. Discontinuous red arrows show the possible mechanism induced by the altered gut microbiota on the
immune system. ↓ = decrease on the relative or absolute abundance. ↑ = increase on the relative or absolute abundance. ↓↓ = disappearance of
the species. ↑↑= appearance of the species. Ab: antibody; B: B lymphocyte;DC: dendritic cell;MLN:mesenteric lymphnode;OVA: ovalbumin;
PC: plasma cells; Th: T helper; TLR: toll-like receptor; Treg: T regulatory lymphocyte.

on rat gut microbiota. In this study we describe microbiota
changes appearing in orally sensitized animals fed both a
standard and cocoa diet (Figure 5), which means that the
changesmust be due to oral sensitization;moreover, we found
microbiota alterations only in the orally sensitized animals
fed the standard diet meaning that the cocoa diet prevented
such effects induced by OVA and CT; and finally we observed
microbiota modifications only in animals fed cocoa, which
suggest these were mainly due to cocoa diet.

The oral sensitization did not induce any significant
change at the phyla level. These results do not match studies
demonstrating alterations in microbiota due to food allergy,
such as increases in the abundance of bacteria from the
Firmicutes phylum and decreases in those belonging to the
Bacteroidetes, Proteobacteria, and Actinobacteria phyla [26,
27]. Although no significant modifications at phyla level
were observed in our sensitization model, in the Firmicutes
phylum, the OVA plus CT administration in both diets

decreased the relative abundance of bacteria belonging to the
Erysipelotrichales order, which is in line with data obtained
after the oral sensitization of Il4raF709 transgenic mice
[28]. A deeper analysis revealed that the oral sensitization
reduced the relative abundance of the Erysipelotrichaceae
family and the Allobaculum genus. It must be noted that
the Erysipelotrichi class, and particularly the Allobaculum
genus, have been associated with a better mucus layer in
the colon [29], suggesting that their decrease reflects the
alteration of the mucus layer by oral sensitization that could
not be prevented by the cocoa diet. On the other hand,
some qualitative changes in the microbiota composition
appeared due to sensitization: new bacteria colonized the
damaged mucosa (four new species) and some others could
not resist the new environment (ten species disappeared),
which also suggests lower diversity, which is in accordance
with what happened in children with eczema [30]. With
regard to the bacteria species that were not found in orally
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sensitized animals, the absence of Akkermansia muciniphila,
from the Verrucomicrobia phylum, is of particular interest.
This Gram-negative anaerobic bacterium plays a role in host
immune response and the restoration of mucus layer thick-
ness and mucus production, secreting important proteins to
the mucus [31], and is decreased in many diseases, such as
intestinal disorders, inflammatory diseases, obesity, and type
2 diabetes [32]. A. muciniphila has recently been proposed as
a new functional microbe with probiotic properties [33] and
its absence in orally sensitized animals found here affirms its
protective role.

On the other hand, the altered intestinal environment
induced by the oral sensitization procedure in both standard
and cocoa-fed animals led to the new colonization of the
Bifidobacterium pseudolongum, which belongs to the less
predominant Bifidobacteria in infants, representing in those
around 2% of the Bifidobacterium count [34]. It has been
described that B. pseudolongum increased differentially in
rats fed two kinds of prebiotic diets [35]. Therefore, we
suggest that the sensitization procedure may affect rat’s
diet components biodisponibility and lead to a significant
difference in the gut environment that selectively enhances
this particular bacteria’s growth. In addition, our results are in
line with the absence of these bacteria in 18-week-old healthy
Wistar rats and with their abundance in animals under two
other dysbiotic conditions: exercise and obesity [36].

Considering the effect of a cocoa diet on orally sensitized
animals, a vast number of modifications were seen with
respect to animals fed standard diets both in healthy and
in sensitized conditions. The cocoa diet in this sensitization
model decreased the total bacterial count similarly to healthy
rats fed cocoa containing 2% polyphenols [21]. Specifically,
the cocoa diet favoured the reduction of the absolute abun-
dance of the Firmicutes and Proteobacteria phyla, whereas
more Tenericutes were observed. Moreover higher relative
abundance of Tenericutes and Cyanobacteria spp. was found.
With regard to the increase in Cyanobacteria, this was
accompanied by the appearance of bacteria belonging to the
Streptophyta order in rats fed cocoa, but not in rats fed a
standard diet. As far as we know, the role of such bacteria in
the intestinal microbiota remains to be elucidated, and fur-
ther studies must be carried out to establish the relationship
between these specific bacteria and the tolerance effects of
cocoa. On the other hand, the increase in the Tenericutes
phylum, partially due to bacteria belonging to RF39 order
(Mollicutes class), together with the appearance of a species
belonging to the TM7 phylum, could be an adaptation to
the fibre content of the cocoa diet because both phyla have
been associated with crude fibre digestibility in pigs [37]. In
addition, bacteria from theTenericutes phylumcould provide
some beneficial effects in the intestinal integrity because
lower counts of these bacteria were found in intestinal
inflammation induced by dextran sodium sulphate [38].

Although a cocoa diet did not influence the absolute
abundance of the Bacteroidetes phylum, it increased some
families from this phylum. Thus, orally sensitized rats fed a
coca diet increased the relative abundance of the Prevotella
genus and Bacteroides uniformis.These results could be asso-
ciated with cocoa’s polyphenol content since they are found

elevated in humans who consume red wine polyphenols daily
[39], and Prevotella is more common in people consuming
a plant-rich diet [40]. Moreover, B. uniformis is able to
secrete antimicrobial proteins that antagonize strains of the
same species [41], which could explain why the cocoa diet
decreased other Bacteroidales bacteria. With regard to the
Prevotella genus, P. copri, which has been associated with
improvements of glucose tolerance in mice [40], appeared in
orally sensitized rats fed cocoa. This could partially explain
the effect on glucose tolerance by a similar cocoa diet on
Zucker diabetic fatty rats [42].

The cocoa diet also influenced the bacterial pattern of the
Firmicutes phylum. The cocoa diet decreased the absolute
counts of these bacteria, which was accompanied not only
by decreases but also increases in some particular families of
bacteria. In animals fed cocoa there was a higher proportion
of Lactobacillus reuteri, beneficial bacteria that when admin-
istered orally in humans induced the expression of proin-
flammatoryTh1 cytokines but not the anti-inflammatoryTh2
ones [43]. This effect, which is in line with the attenuation
of Th2 responses by cocoa [44], might contribute to the
prevention of sensitization observed here and demonstrated
with an oral treatment with live L. reuteri in amodel of airway
allergy [45]. On the other hand, the cocoa diet decreased
the counts of Ruminococcus flavefaciens and some bacteria of
the Erysipelotrichaceae family, although an unknown species
from the latter family increased significantly. R. flavefaciens
are bacteria able to degrade plant cell-wall polysaccharide
[46], but they were found to be decreased after a particular
condensed tannins diet in bovine rumen, which suggests
again that cocoa components canmodify the bacterial growth
pattern in the gut [47].

On the other hand, as previously described in the same
oral sensitization procedure, a cocoa diet is able to induce oral
tolerance and inhibit the synthesis of specific anti-OVA anti-
bodies [22]. These effects were accompanied by an increase
in TCR𝛾𝛿 cells and CD103+CD8+ cells in mesenteric lymph
nodes from cocoa-fed animals [22], cells associated with a
regulatory function. In addition, as gut microbiota enhance
Treg development and function [48], changes effected in
the gut microbiota by cocoa could also contribute to oral
tolerance throughout Treg cells (Figure 5).

Finally, here we found that both groups of rats fed
a standard diet produced increasing amounts of intestinal
IgA during the study period. On the other hand, the oral
sensitization increased faecal water content in line with
results obtained by using CT as an oral adjuvant [49]. The
cocoa diet partially avoided the increase in faecal humidity
and also reduced the time-dependent increase in intestinal
IgA. This last effect is in line with previous results obtained
in healthy conditions [50] and also confirms those derived
from gut lavage and serum in the same rat oral sensitization
procedure [22]. It is worth noting the correlation between
intestinal IgA and the Proteobacteria phylum, whereby the
more relative abundance of Proteobacteria, the higher IgA
levels.These results agree with suggestions that bacteria from
the Proteobacteria phylum are the main inducers of IgA
by B cells [51]. B cells are responsible for the regulation
of commensal bacteria producing IgA [52], so the more
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relative abundance of Proteobacteria could activate B cells for
IgA production, evidencing higher levels of these mucosal
antibodies. Previous studies have associated the effect of a
10% cocoa diet on the reduction of IgA with gene expression
modifications of several genes involved in the differentiation
and maturation of B cells [53, 54]. In this sense, IL-6
gene expression is reduced by the cocoa diet [53], which
could reflect a lower IL-6 secretion by dendritic cells, thus
partially explaining the possible dendritic cell involvement
in that process. Anyway, our results allow us to suggest
that oral tolerance can be achieved with low levels of IgA,
although this antibody has been associated with this kind of
unresponsiveness [55].

5. Conclusions

This study demonstrates that a cocoa diet, by means of its
content of antioxidant polyphenols, fibre, or other bioactive
compounds, such as theobromine, is able to modify the
microbiota bacterial pattern in orally sensitized animals. As
cocoa inhibits the synthesis of specific antibodies and also
the production of intestinal IgA, those changes in microbiota
composition, particularly those of the Proteobacteria phy-
lum, might be partially responsible for this tolerogenic effect
of cocoa.
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The in vitro ability of polyphenols, extracted from red grape, to modulate peripheral blood mononuclear cell responses has
been evaluated in 20 obese (Ob) people. With regard to cytokine release in response to phorbol myristate acetate (PMA), levels
of interleukin-2 (IL-2), interferon-𝛾 (IFN-𝛾), IL-4, IL-10, and IL-17 were higher in the Ob than in healthy (H) subjects. Vice
versa, IL-21 concentrations were detected only in H people but they were undetectable in the Ob counterpart. In general terms,
levels of IL-1𝛽, IL-6, IL-8, and tumor necrosis factor-𝛼 were higher in Ob people when compared to H controls. On the other
hand, polyphenols did not modify IFN-𝛾, IL-4, and IL-17 levels. However, an increase in IL-2 was observed in H individuals,
whereas its levels were decreased in the Ob counterpart. Polyphenols significantly increased IL-10 release from H donors, whereas
a trend to increase was observed in Ob people. In addition, polyphenols were able to significantly increase levels of H IL-21,
while this was not the case in Ob people. Since IL-21 is an inducer of Th17 cells, it is likely that polyphenols may suppress the
sources of this cytokine via production of IL-10. Accordingly, polyphenols decreased IL-1𝛽 and IL-6 release in comparison to H
controls.

1. Introduction

Obesity is aworldwide epidemic in continuous growth,which
is associated to high mortality and morbidity [1, 2]. It is
characterized by an early inflammation of adipose tissue,
which later on becomes systemic, thus resulting in type 2
diabetes, cardiovascular disease, and cancer [3–6]. From an
immunological point of view, obesity is featured by several
perturbations of immune response [7, 8]. Furthermore,
immune cells and adipocytes both represent a remarkable
source of inflammatory cytokines in the context of visceral
fat [9]. Several immune cells, even including T cells, B
cells, macrophages, and neutrophils have been identified in

adipose tissue, and obesity seems to influence both quantity
and profile of immune cell subsets. For these reasons, adipose
tissue has been considered as a large immunologically and
endocrinologically active organ in the course of obesity
[10, 11]. However, despite the presence of hematopoietic
lineage cells in adipose tissue, their direct role in immune
surveillance or host defense needs further investigation [10].
Pandolfi et al. [12] have provided recent evidence for the
high inflammatory role exerted by T helper (h) 17 cells in
visceral adipose tissue from obese (Ob) people, with release
of elevated levels of interleukin (IL)-1𝛽, IL-6, and IL-17. At
the same time, production of IL-21 contributes to perpetuate
inflammation via activation of another wave of Th17 cells

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2017, Article ID 9210862, 11 pages
https://doi.org/10.1155/2017/9210862

https://doi.org/10.1155/2017/9210862


2 Oxidative Medicine and Cellular Longevity

[6, 13]. It is to note that expansion of Th17 cells in visceral
fat is associated to a decrease of Treg cells [9, 11].

In Ob individuals, the number of leukocytes in the blood
is increased as compared to the lean counterpart [14]. In
particular, monocyte number is elevated and reduction of fat
body positively correlates to the decrease of these cells [8, 15,
16]. Then, monocytes migrate to adipose tissue and differen-
tiate into M1 and M2 macrophages [17]. The former play an
inflammatory function and are predominant in Ob adipose
tissue, while the latter are more prevalent in lean adipose
tissue, with production of the anti-inflammatory cytokine IL-
10 [18]. In terms of adaptive immunity, exaggerated release
of leptin (an adipokine) from adipocytes of the visceral fat
acts upon Th1 and Th2 cells, thus increasing production of
IL-2 and IL-4 as well as T lymphocyte proliferation [19, 20].
The activity of leptin is reinforced by the contemporary
release of resistin and visfatin, which both contribute to the
production of IL-1𝛽, IL-6, IL-8, and IL-12, respectively [19,
20].

Polyphenols are natural compounds largely present in
fruits, vegetables, and cereals.They are endowed with antiox-
idant and anti-inflammatory activities, as shown in animal
models and clinical trials [21]. According to our personal
experience, using polyphenols, isolated from red wine and
fermented grape marc (FGM), we have found that these
compounds are able to induce and activate peripheral human
Treg cells [22]. In turn, release of IL-10 by these cells led
to a condition of immune homeostasis among the various
T cell subsets [23]. Also a direct effect of FGM on human
polymorphonuclear cells, monocytes, and basophils was
observed in terms of reduced release of reactive oxygen
species (ROS) and inhibition of basophil degranulation,
respectively [24]. Furthermore, in vitro treatment of human
monocytes by red wine polyphenols inhibited binding of
endotoxins to Toll-like receptor 4, with reduced activation of
NF-𝜅B and decreased release of proinflammatory cytokines
[25].

In obesity, the beneficial effects of dietary polyphenols
have been reported by several authors. Ricordi et al. [26]
have pointed out the ability of polyphenols to exert an anti-
inflammatory activity in obesity, diabetes, and metabolic
syndrome, thus leading to the modulation of glucose and
insulin levels. Rı́os-Hoyo et al. [27] have shown the prop-
erties of polyphenols to avoid cardiovascular complica-
tions of obesity, thus promoting vasodilation, antiathero-
genetic, and antithrombotic effects. Moreno-Indias et al.
[28] have reported the effects of a moderate intake of red
wine polyphenols on the modulation of the gut micro-
biota and reduction of inflammatory markers in Ob people.
Experimentally, green tea polyphenols have been shown to
attenuate inflammatory functions of Ob rat neutrophils in
terms of decreased release of ROS and proinflammatory
cytokines [29]. Lastly, Molina et al. [30] have documented
in Ob rats, treated with green tea polyphenols, a reduced
release of inflammatory cytokines and an increase in IL-
10.

On these bases, the aim of the present work is to
investigate the in vitro effects of polyphenols isolated from
seeds of red grape (Nero di Troia cultivar) on peripheral

blood mononuclear cells (PBMCs) from Ob people. Both
absolute numbers of PBMCs and cytokine release (Th1-,Th2-
Treg-,Th17-related cytokines and canonical proinflammatory
cytokines) will be evaluated in the presence or the absence of
polyphenols in comparison to healthy (H) donors.

2. Materials and Methods

2.1. Enrolment of Ob People. Ob individuals were consec-
utively enrolled at the outpatient ambulatory of the Clin-
ical Oncology Section, c/o Department of Biomedical Sci-
ences and Human Oncology, University of Bari, School of
Medicine, Bari, Italy. They were addressed by family doctors
to the Outpatient Clinic for losing weight and receiving
dietary and lifestyle recommendations.

With regard to the criteria of inclusion to the study,
subjects having a body mass index (BMI) over 25.0, older
than 18 years, and not using any kind of drug (including hor-
mone replacement therapy and oral contraception for pre-
and postmenopausal manifestations, resp.) were enrolled.
Actually, at the moment of the recruitment, they were still
untreated for their condition of obesity.

Exclusion criteria were represented by having diabetes
mellitus, chronic inflammatory diseases, and cardiovascular
disease. On these bases, according to the inclusion and
exclusion criteria, twenty consecutive Ob individuals were
enrolled (eight males and twelve females).

Informed consent was verbally given by all subjects
recruited, and approval of the study was in accordance with
the ethical standards of the ad hoc local committee on human
experimentation as well as with the 1975Helsinki declaration,
as revised in 2000.

No participant was on a limited calorie diet nor had been
taking part in intense physical activity before enrollment.
The day prior to immunological evaluation, the subjects were
requested to refrain from taking alcohol and caffeine.

2.2. Normal Donors. Twenty heparinised peripheral blood
samples from H donors (age range: 32–52) were recruited at
the Blood Bank from the Polyclinic Hospital, Bari, Italy, after
giving a written consent.

2.3. Polyphenol Extraction. Canosina red grape from Nero di
Troia is an autochthonous Vitis vinifera grape cultivar which
grows in Apulia (South Italy). It is characterized by thick
skinned and small sized berries. Frozen seeds from berries
were extracted by percolation using ethanol/water (70 : 30).
Then, the extract was first analyzed by means of liquid
chromatography with diode array detection to define the
polyphenol composition. Thereafter, the extract was purified
on a synthetic adsorbent brominated resin and percentage
of polyphenol content was determined. The extracts were
evaluated for their potential antioxidant effects by using
the 2,2-diphenyl-1-picrylhydrazyl assay which measures the
ability of test agents to scavenge radicals [31].

2.4. Experimental Design. PBMCs from both H and Ob
people were separated on a gradient of Ficoll and resus-
pended in complete medium constituted by RMPI 1640
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Table 1: Main characteristic of Ob people.

Sex Mean age BMI (25.0–29.9)
(overweight)

BMI (30.0–39.9)
(moderate obesity)

BMI (>40.0)
(severe obesity)

Female 44 5 4 3
Male 50 3 5 0

(Miltenyi Biotec, Bergisch Gladbach, GE) and supplemented
with gentamycin (Sigma-Aldrich, Milan, Italy), penicillin
(100mg/mL) (Biowhittaker, Walkersville, USA), sodium
pyruvate (Sigma-Aldrich), hepes buffer (Sigma-Aldrich),
and 30% fetal bovine serum (Biowhittaker). PBMCs were
adjusted to a concentration of 3 × 106/ml and, then, stim-
ulated with three different amounts (1, 3, and 5𝜇g, resp.)
of polyphenols. These PBMC samples were used either
to characterize their absolute numbers or to evaluate the
release of various cytokines by means of a flow cytometric
assay. Unstimulated PBMCs served as negative controls,
while cells treated with phorbol myristate acetate (PMA)
(Sigma-Aldrich) plus ionomicyn (Sigma-Aldrich) served as
positive controls from both H and Ob individuals. The
different cell suspensions were separately incubated for
24 h, at 37∘C, 5%/CO2. Then, supernatants of each sample
were collected and centrifuged at 10000 rpm for 10min
and stored at −30∘C until use. Instead, cell pellets of each
sample were utilized to characterize the absolute numbers of
PBMCs.

2.5. Analysis of Absolute Numbers of PBMCs. Cell suspen-
sion were dispensed into two different tubes and, then,
separately added with the following monoclonal antibodies:
CD3FITC, CD8PE, CD4APC, CD45APC-Cy7, CD3FITC,
CD16PECD56PE, and CD19APC, respectively.

After 40min incubation at 37∘C in the dark, each tube
was centrifuged at 1200 rpm for 10 minutes. Thereafter,
supernatants were discarded and each tube was added with
500𝜇l of phosphate buffer saline (PBS).

Marked cells were then analyzed by flow cytometry
[FACS Aria III, Becton Dickinson (BD), Milan, Italy].

Data acquisition and analysis were performed with the
FACS Diva Software version 6.1.3 in the form of list-mode
data files version FCS 3.00, using the default biexponential
transformation.

2.6. Cytokine Assay. Cell supernatants were incubated with
the cytometric bead array (CBA) human soluble protein Flex
Set kit (BD). This kit permitted to determine the following
cytokines: IL-2; IL-12; IFN-𝛾; IL-4; IL-10; IL-17; IL-21; IL-1𝛽;
IL-6; IL-8 and tumor necrosis factor (TNF)-𝛼.

The capture beads provided in each CBA human soluble
protein Flex Set were dispensed in each cell supernatant and,
after 1 h incubation at dark, a human soluble protein Flex
Set PE detection was added for 2 h in the dark. Afterwards,
each sample suspended in 1ml PBS was centrifuged at
800 rpm 10min, then supernatants were carefully discarded,
and finally, 500 𝜇l PBS was added to pellets.

Samples were acquired using the FACS DIVA software,
which is able to distinguish different types of cytokines
according to some properties such as forward scatter,
side scatter, and mean fluorescence of the following fluo-
rochromes: PE, APC e APC-Cy7. The standard curve for
all cytokines was initially prepared. The FCAP software
(BD) was used to quantify all cytokines in standards and
samples.

2.7. Statistical Analyses. Statistical analysis was performed
using Bonferroni’s test for comparison between H and Ob
samples. GraphPad Prism statistical software release 5.0 for
Windows Vista was used. Statistical significance was set at
𝑝 < 0.05.

3. Results

In Table 1, demographic and anthropometric features of Ob
individuals recruited are illustrated.

3.1. Absolute Numbers of PBMCs. In Figures 1(a)–1(c) and
in Figures 2(a) and 2(b), absolute numbers of PBMCs,
as determined by flow cytometry, are indicated. The cell
absolute numbers of CD3+ (Figure 1(a)) CD4+ (Figure 1(b)),
CD8+ (Figure 1(c)), CD19+ (Figure 2(a)), and CD16+CD56+
(Figure 2(b)) were significantly higher in Ob people than in
the H group.

In both figures, the effects of polyphenols on the absolute
numbers of PBMCs are indicated. These data will be dis-
cussed in a specific subheading in this section.

3.2. Effects of PMA on Th1 and Th2-Related Cytokine Release.
In Figure 3, release of IL-2 (a) and IFN-𝛾 (b) is repre-
sented. Both Th1-related cytokine spontaneous release is
undetectable in H and Ob individuals, respectively. However,
in the presence of PMA, only Ob subjects produced elevated
amount of IL-2 and IFN-𝛾. In Figure 4, IL-4 production
increased in a statistically significant manner only in Ob
PBMC in presence of PMA.

3.3. Effects of PMA on Treg/Th17-Related Cytokines. In Fig-
ure 5(a), levels of IL-10 significantly increased in pres-
ence of PMA in Ob PBMCs only. Conversely, H and Ob
untreated PBMCs did not release significant amounts of IL-
10. Detectable levels of IL-17 (Figure 5(b)) were documented
only in the case of PMA-treated Ob PBMCs. Instead, IL-
21 release (Figure 5(c)) was observed only in unstimulated
and PMA-stimulated H PBMCs in comparison with the Ob
counterpart where levels of this cytokine were undetectable.
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Figure 1: Absolute numbers of PBMCs from H and Ob individuals. (a) Absolute numbers of CD3+ cells from untreated and treated cells
with 1, 3, and 5𝜇g polyphenols, respectively. (b) Absolute numbers of CD4+ cells from unstimulated and treated cells with 1, 3, and 5𝜇g
dose polyphenols, respectively. (c) Absolute numbers of CD8+ cells from untreated and treated cells with 1, 3, and 5 𝜇g dose polyphenols,
respectively. H = healthy donors, Ob = obese people. Statistical analysis was performed using the GraphPad Prism statistical software release
5.0 for Windows Vista. Bonferroni’s test was used for comparison between the H and Ob samples. Statistical significance was set at 𝑝 < 0.05.
(a) @𝑝 < 0.0001Hunstimulated versusOb unstimulated, @𝑝 < 0.0001H 1 𝜇g/ml versusOb 1 𝜇g/ml, @𝑝 < 0.0001H3𝜇g/ml versusOb 3 𝜇g/ml;
@𝑝 < 0.0001 H 5 𝜇g/ml versus Ob 5 𝜇g/ml: (b) #𝑝 < 0.001 H unstimulated versus Ob unstimulated, #𝑝 < 0.001 H 1 𝜇g/ml versus Ob 1 𝜇g/ml,
#𝑝 < 0.001 H 3𝜇g/ml versus Ob 3 𝜇g/ml, ∗𝑝 < 0.05 H 5 𝜇g/ml versus Ob 5 𝜇g/ml; (c) @𝑝 < 0.0001 H unstimulated versus Ob unstimulated,
@𝑝 < 0.0001H 1 𝜇g/ml versus Ob 1 𝜇g/ml, @𝑝 < 0.0001H 3 𝜇g/ml versus Ob 3𝜇g/ml, @𝑝 < 0.0001H 5 𝜇g/ml versus Ob 5 𝜇g/ml.

3.4. Effects of PMA on Proinflammatory Cytokine Release. In
Figure 6(a), IL-1𝛽 was significantly increased in Ob PBMCs
in presence of PMA in comparison to Ob untreated cells. In
H individuals levels of this cytokine were lower than the Ob
counterpart. TNF-𝛼 amounts (Figure 6(b)) were statistically
significant in PMA-treated Ob PBMCs in comparison to
Ob untreated and PMA-treated H PBMCs, respectively. In
Figure 6(c), there is evidence that all samples produced
IL-8, whose levels were statistically significantly higher in
both Ob and H cells treated with PMA in comparison
with untreated PMBCs, respectively. IL-6 levels (Figure 6(d))
were statistically significantly higher in Ob cells plus PMA

in comparison with untreated Ob and H cells plus PMA,
respectively.

3.5. In Vitro Effects of Polyphenols on H and Ob PBMCs.
Polyphenols did not modify absolute numbers of H and Ob
PBMCs at all concentrations, as indicated in Figures 1 and 2.

Moreover, treatment with polyphenols did not affect the
release of IFN-𝛾 and IL-4 (data not shown). Conversely,
as indicated in Figure 7, while polyphenols moderately
increased IL-2 release from H PBMCs, they decreased the
spontaneous production of this cytokine from Ob PBMCs.
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Figure 2: Absolute numbers of PBMCs in H and Ob individuals. (a) Absolute numbers of CD19+ cells from untreated and treated cells with
1, 3, and 5 𝜇g dose polyphenols, respectively. (b) Absolute numbers of CD16+CD56+ cells from untreated and treated cells with 1, 3, and 5𝜇g
dose polyphenols, respectively. For abbreviations and statistical analysis, see Figure 1. (a) #𝑝 < 0.001H unstimulated versusOb unstimulated,
@𝑝 < 0.0001 H 1 𝜇g/ml versus Ob 1 𝜇g/ml, ∗𝑝 < 0.05 H 3 𝜇g/ml versus Ob 3𝜇g/ml (b) @𝑝 < 0.0001 H unstimulated versus Ob unstimulated,
@𝑝 < 0.0001H 1 𝜇g/ml versus Ob 1 𝜇g/ml, #𝑝 < 0.001H 3 𝜇g/ml versus Ob 3 𝜇g/ml, #𝑝 < 0.001H 5𝜇g/ml versus Ob 5 𝜇g/ml.
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Figure 3: Release of Th1-related cytokines in presence or absence of PMA. (a) IL-2 levels released from H and Ob PBMCs in presence or
absence of PMA. (b) IFN-𝛾 levels released from H and Ob PBMCs in presence or absence of PMA. For abbreviations and statistical analysis,
see Figure 1. (a) ∗𝑝 < 0.0001 H/PMA versus Ob/PMA; ∗𝑝 < 0.0001 Ob unstimulated versus Ob/PMA; (b) ∗𝑝 < 0.0001 H/PMA versus
Ob/PMA; ∗𝑝 < 0.0001 Ob unstimulated versus Ob/PMA.

In Figure 8(a), IL-10 release from H and Ob PBMCs
is expressed. Quite interestingly, IL-10 production from H
cells was increased in the presence of 5𝜇g polyphenols in
comparison to unstimulated cells. Of note, with the same
dose of polyphenols, a trend to increase of IL-10 levels
from Ob PBMCs in comparison with unstimulated cells was
observed.

In Figure 8(b), IL-21 release from H and Ob PBMCs
is depicted. Quite interestingly, no release of IL-21 from

unstimulated and polyphenol-stimulated Ob cells was noted.
Conversely, polyphenols at all doses were able to significantly
increase the release of IL-21 from H cells.

IL-17 was not detectable in H and Ob PBMCs, respec-
tively, in the presence of polyphenols (data not shown).

In Figure 9, release of IL-1𝛽 (a), TNF-𝛼 (b), IL-8 (c), and
IL-6 (d), respectively, is expressed. As far as IL-1𝛽 release
is concerned, 5 𝜇g polyphenols increased its release in H
cells. Polyphenols were not effective at all doses on Ob cells.
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Figure 4: Release ofTh2-related cytokine in presence or absence of PMA. IL-4 levels released fromH and Ob PBMCs in presence or absence
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Figure 5: Release of Treg/Th17-related cytokines. (a) IL-10 levels released from H and Ob PBMCs in presence or absence of PMA. (b) IL-17
levels released fromH andOb PBMCs in presence or absence of PMA. (c) IL-21 levels released fromH andOb PBMCs in presence or absence
of PMA. For abbreviations and statistical analysis, see Figure 1. (a) ∗𝑝 < 0.0001H/PMA versusOb/PMA; ∗𝑝 < 0.0001Ob unstimulated versus
Ob/PMA; (b) ∗𝑝 < 0.0001H/PMA versus Ob/PMA, ∗𝑝 < 0.0001 Ob unstimulated versus Ob/PMA; (c) ∘𝑝 < 0.05H unstimulated versus Ob
unstimulated.
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Figure 6: Release of proinflammatory cytokines. (a) IL-1𝛽 levels released fromH and Ob PBMCs in presence or absence of PMA. (b) TNF-𝛼
levels released fromH and Ob PBMCs in presence or absence of PMA. (c) IL-8 levels released fromH and Ob PBMCs in presence or absence
of PMA. (d) IL-6 levels released fromH andOb PBMCs in presence or absence of PMA. For abbreviations and statistical analysis, see Figure 1.
(a) §𝑝 < 0.001 Ob unstimulated versus Ob/PMA; (b) ∗𝑝 < 0.0001 H/PMA versus Ob/PMA, ∗𝑝 < 0.0001 Ob unstimulated versus Ob/PMA;
(c) ∗𝑝 < 0.0001 H unstimulated versus H/PMA, ∗𝑝 < 0.0001 Ob unstimulated versus Ob/PMA; (d) ∗𝑝 < 0.0001 H/PMA versus Ob/PMA,
∗𝑝 < 0.0001 Ob unstimulated versus Ob/PMA.

Instead, TNF-𝛼 and IL-8 were produced by H and Ob cells in
the presence of polyphenols at the same manner without any
statistically significant difference. With regard to Ob IL-6, a
decrease of this cytokine in the presence of 5 𝜇g polyphenols
was observed in comparison to the H counterpart.

4. Discussion

Obesity is a serious health problem worldwide, characterized
by a systemic inflammatory status and comorbidities, such
as type II diabetes, cardiovascular disease, and cancer [3–
7, 32]. Our present data confirm and extend the reported
altered immunological homeostasis in obesity [8, 14–16].
Accordingly, our evidence for the increased absolute numbers
ofOb PBMCs seems to be related to the exaggerated secretion
of IL-2 in response to PMA stimulation of Ob cells. Quite

interestingly, H PBMCs are unresponsive to PMA and their
absolute numbers are lower than those of Ob stimulated
peripheral immune cells. These data suggest a condition of
preexisting activation of ObTh1 cells, the major source of IL-
2, which acts as a potent growth factor [33]. In this direction,
in vivo several circulating antigens, such as saturated fatty
acids and bacterial endotoxins, continuously stimulate Ob
immune cells, thus leading to their hyperactivation with a
consequent imbalance of the immune networks [34, 35]. At
the same time, the observed augmented release of IFN-𝛾 by
PMA-stimulated Ob PBMCs may contribute to the mainte-
nance of the inflammatory status with release of other waves
of proinflammatory cytokines and ROS from monocytes-
macrophages and neutrophils [36]. Conversely, in our test
system, H PBMCs do not produce both IL-2 and IFN-𝛾 in
response to PMA stimulation. Similar pattern of response can
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Figure 8: Release of Treg related cytokines in presence or absence of polyphenols. (a) IL-10 levels released fromH andOb PBMCs in presence
or absence of 1, 3, and 5 𝜇g dose polyphenols, respectively. (b) IL-21 levels released from H and Ob PBMCs in presence or absence of 1, 3, and
5 𝜇g dose polyphenols, respectively. For abbreviations and statistical analysis, see Figure 1. (a) ∘𝑝 < 0.05 H unstimulated versus H 5 𝜇g/ml,
∗𝑝 < 0.0001 H 1 𝜇g/ml versus H 5 𝜇g/ml, ∘𝑝 < 0.05 H 3 𝜇g/ml versus H 5 𝜇g/ml, §𝑝 < 0.001 H 5 𝜇g/ml versus Ob 5 𝜇g/ml; (b) ∗𝑝 < 0.0001
H unstimulated versus H 5𝜇g/ml, ∗𝑝 < 0.0001 H 1 𝜇g/ml versus H 5 𝜇g/ml, §𝑝 < 0.001 H 3 𝜇g/ml versus Ob 3 𝜇g/ml, ∗𝑝 < 0.0001 H 5 𝜇g/ml
versus Ob 5𝜇g/ml.

be observed in the case of the increased secretion of IL-4 by
PMA-stimulated Ob PBMCs. Also in this instance, H Th2
cells do not produce IL-4 under the same experimental con-
ditions. Increased amounts of IL-4 in obesity may contribute
to a more sustained production of antibodies, involved in
the formation of immune complexes, and/or auto antibodies
[37]. In addition, the frequent association of asthma with
obesity may rely on a more pronounced IgE switch in
response to environmental allergens [38]. Our data on the
Treg/Th17-related cytokines provide new insights on the
immune pathogenesis of obesity. Only Ob PBMCs produce
both IL-10 and IL-17 upon stimulation with PMA but this is
not the case for H cells. However, in our test system, a key

cytokine appears to be IL-21, as a product of various T cells,
even including Th17 cells [39]. In fact, IL-21 acts as a strong
inducer of Th17 cells, thus contributing to the maintenance
of an inflammatory status in various pathologies [39, 40].
Quite interestingly, Ob PBMCs do not produce detectable
amounts of IL-21 in the absence or presence of PMA. By
contrast, H PBMCs spontaneously produce IL-21 and, to a
higher extent, in the presence of PMA. In order to better
clarify the present findings, one can hypothesize that Ob IL-
10 keeps in check the overproduction of IL-17 in an indirect
manner via abrogation of IL-21 production. However, our
findings are in disagreement with those of current literature.
In fact, Fabrizi et al. [13] demonstrated elevated expression
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Figure 9: Release of proinflammatory cytokines in presence or absence of polyphenols. (a) IL-1𝛽 levels released from H and Ob PBMCs
in presence or absence of 1, 3, and 5𝜇g dose polyphenols, respectively. (b) TNF-𝛼 levels released from H and Ob PBMCs in presence or
absence of 1, 3, and 5 𝜇g dose polyphenols, respectively. (c) IL-8 levels released from H and Ob PBMCs in presence or absence of 1, 3, and
5 𝜇g dose polyphenols, respectively. (d) IL-6 levels released fromH and Ob PBMCs in presence or absence of 1, 3, and 5 𝜇g dose polyphenols,
respectively. For abbreviations and statistical analysis, see Figure 1. (a) ∘𝑝 < 0.05 H unstimulated versus H 5𝜇g/ml, §𝑝 < 0.001 H 1 𝜇g/ml
versus H 5 𝜇g/ml, ∘𝑝 < 0.05 H 3𝜇g/ml versus H 5𝜇g/ml, ∗𝑝 < 0.0001 H 5𝜇g/ml versus Ob 5𝜇g/ml; (d) §𝑝 < 0.001 H 5𝜇g/ml versus Ob
5 𝜇g/ml.

of IL-21 and IL-21 mRNA in adipose tissue of high fat diet
(HFD) mice and in the stromal vascular fraction of obese
patients. In parallel, Treg cells were more abundant in IL-21
knockout mice in comparison to wild type animals fed both
normal diet and HFD. These results have been confirmed
by Knudsen and Lee [41] who demonstrated that IL-21 is
a major negative regulator of interferon regulatory factor 4,
thus inhibiting Treg cell accumulation in adipose tissue and
systemic insulin sensitivity. Increase in IL-17 and IL-21/22 in
the liver of HFD mice has been reported by Cavallari et al.
[42]. However, these authors found elevated levels of the same
cytokines in the ileum and colon of HFD mice. In a different
clinical setting, recently we have reported an increase of IL-21
secretion from PBMCs of patients with chronic upper respi-
ratory tract infections [43]. At the same time, an increase in

IL-17 release was noted in the same patients, thus suggesting
a positive correlation between IL-21 and IL-17 levels. It is
likely that in our group of Ob people the maintenance of the
inflammatory/anti-inflammatory equilibrium, as supported
by IL-10 secretion in response to PMA, may lead to IL-
21 suppression and contemporary containment of Th17 cell
expansion.

Concerning proinflammatory cytokines, amounts of IL-
1𝛽, TNF-𝛼, IL-6, and IL-8 are higher than those observed
in the case of H individuals upon PMA stimulation, thus
suggesting the propensity of Ob monocytes to polarize
toward an inflammatory profile.

Addition of polyphenols to H and Ob cells does not affect
absolute numbers of PBMCs and release of IL-4 and IL-17.
Instead, polyphenols slightly increase IL-2 production in H
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cells at all concentrations but abrogate IL-2 release from Ob
cells.

IL-10, as amajor product of Treg cells [44], is significantly
increased in H PBMCs at 5 𝜇g dose, as also previously
reported [22]. In the case of Ob cells, the same dose leads to
a trend to increase of this cytokine.

H cells in the presence of polyphenols increase the release
of IL-21 in a dose-dependent fashion. The same event does
not occur when Ob cells are treated with polyphenols, thus
indicating that these compounds may act inhibiting the
cellular sources of IL-21. In fact, there is evidence that dietary
polyphenols are able to inhibit serum levels of IL-17 in
volunteers who have ingested a high-caloric breakfast [45].
Finally, a significant decrease of IL-1𝛽 and IL-6 release can be
observed when Ob PBMCs are treated with 5 𝜇g polyphenols
in comparison to treated H cells with the same dose.This fact
may be ascribed to the trend of polyphenol to increase IL-10
production by Ob cells.

5. Conclusions

With regard to polyphenol effects on Ob PBMCs, the most
striking finding is represented by their inability to induce IL-
21 production. On the other hand, in H individuals, polyphe-
nols do increase production of IL-21, which contributes to the
host protection, thus potentiating CD8 and natural killer cell
function, and production of IgG1 by B cells [39]. In order to
explain the polyphenol-mediated abrogation of IL-21 in Ob
people, one should take into account the evidence that these
compounds tend to increase the secretion of IL-10, which per
se is enhanced under PMA stimulation.

From a translational point of view, our in vitro data sug-
gest that assumption of dietary polyphenols by obese people
may prevent obesity-related complications, even including
vascular damage. This view is supported by a recent report
which has demonstrated that pomegranate juice polyphenols
are able to shift the M1 macrophage response to the M2
type response with production of IL-10 [46]. Therefore, this
switch toward an anti-inflammatory macrophage phenotype
has been shown to attenuate the inflammatory status of
atherosclerotic aorta in mice. Additionally, one should also
take into consideration the ability of polyphenols to reduce
the reactive oxygen species (ROS) generation by human
leukocytes [24]. In this respect, evidence has been provided
that green tea polyphenol supplementation to obese women
led to a decrease of ROS production by polymorphonuclear
cells [47].

Taken together, all these findings support the usefulness
of a dietary approach to limit inflammation in the course of
obesity.
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This study formulated and characterized an antioxidant-rich concentrate of berries (BPC-350) produced in Chile, which was used
to perform a crossover study aimed at determining the effect of the berries on the modulation of plasma postprandial oxidative
stress and antioxidant status. Healthy male volunteers (𝑁 = 11) were randomly assigned to three experimental meals: (1) 250 g
of ground turkey burger (GTB) + 500mL of water; (2) 250 g of GTB + 500mL of 5% BPC-350; (3) 250 g of GTB prepared with
6% BPC-350 + 500mL of 5% BPC-350. Venous blood samples were collected prior to meal intake and every hour for six hours
after intake. Malondialdehyde (MDA), carbonyls in proteins, and DPPH (2,2-diphenyl-1-picrylhydrazyl) antioxidant capacity were
quantified in plasma. Significant differences indicated that BPC-350 decreases MDA plasma concentration and protein carbonyls
(𝑝 < 0.05). Additionally, a significant increase in the DPPH antioxidant capacity was observed in Meals 2 and 3 when compared to
Meal 1 (𝑝 < 0.05). The results are discussed in terms of oxidative reactions that occur during digestion at the stomach level and the
important effect of oxidative reactions that occur during the thermal processing of red meat.

1. Introduction

Polyphenols widely present in foods such as fruits, vegetables,
and red wine have been proposed as keymolecules associated
with the beneficial effects of a Mediterranean diet [1–3].
Considerable evidence has demonstrated that foodstuffs or
extracts with a high polyphenol content can induce protective
effects against oxidative stress and inflammation in cells
and animals [4–6]. Dietary intervention and postprandial
studies in humans have also showed protective effects against
oxidative stress and inflammation [7–11]. Oxidative stress
has been closely associated with the pathogenesis of numer-
ous chronic diseases as well as metabolic syndrome [12].
Plasma concentrations of oxidative stress markers such as
malondialdehyde (MDA), 8-isoprostane, and isofurans are
significantly increased in diabetic subjects as well as patients
with cardiovascular diseases [13–15]. Additionally, plasma

postprandial concentrations of MDA increase after high-
fat meals. MDA can react through a Michael addition with
glutathione, proteins, and nucleic acids, inducing cytotoxicity
in cells and acting as a genotoxic agent [16, 17].

The postprandial oxidative response to eating depends
on several factors including the chemical nature of the
macronutrient intake [18, 19], the unsaturation degree of
dietary fatty acids [20], the lipid intake dose [18], phy-
tonutrient quantity [21], gender [22, 23], smoking habits
[24], and race [25], among others. This oxidative response
generates an increase in the plasma concentrations of MDA
[26], lipid peroxides [27], protein carbonylation [20, 28],
and hydrogen peroxide [20]. Postprandial oxidative stress
induced by intake of high-saturated fatty acids can also alter
the proteomic profile of peripheral blood mononuclear cells
in patients with metabolic syndrome, which has been related
to an increase in THBS-1 expression [29], a glycoprotein
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that promotes platelet aggregation [30]. This information
underscores the importance of developing functional foods
aimed at effectively reducing levels to the postprandial state
[31].

Polyphenols present in red wine and roasted ground
coffee effectively protect against postprandial oxidative stress,
decreasing plasma concentrations of MDA after red meat
cutlet intake [10, 32]. This effect has been explained by
the ability of polyphenols to prevent oxidative reactions
occurring during digestion primarily at the stomach level,
where an acidic environment can enhance lipid peroxidation
reactions [33].

Native Chilean berries possess high antioxidant activity
and, among 120 species and varieties studied, native berries
such as maqui (Aristotelia chilensis), murta (Ugni molinae),
and calafate (Berberis microphylla) displayed the highest
Oxygen Radical Absorbance Capacity (ORAC) antioxidant
activities [34]. In human endothelial cell cultures, the addi-
tion of maqui, blackberry, or strawberry juice significantly
protects cells from hydrogen peroxide-induced intracellular
oxidative stress, with maqui and blackberry inhibiting more
effectively than strawberry [35]. In addition to the in vitro
antioxidant capacities, intracellular antioxidant responses
are activated by berry polyphenols, including Chilean wild
raspberries (Rubus geoides Sm.), which induced an increase
in the intracellular glutathione content [4].

This work develops and characterizes a Chilean berry
concentrate that consists of four berries produced in Chile,
two of which are native species, with a high antioxidant
capacity. In a randomized, crossover study, the effects of
ingesting a dilute beverage prepared from the berry concen-
trate with a turkey meat burger prepared with or without
6% of the same concentrate were assessed on postprandial
response, in terms of oxidative stressmarkers and antioxidant
capacity.

2. Methods

2.1. Berry Concentrate Composition. The berry concentrate
liquid mixture (BPC-350) was designed by the Center for
Molecular Nutrition and Chronic Diseases, Pontificia Uni-
versidad Católica de Chile and provided by the Bayas del
Sur S.A. Company (Purranque, Chile). The BPC-350 had a
pH of 3.91 and 65∘Bx and was prepared from the concentrate
of four different berries, among them cranberry, blackberry,
blueberry, raspberry,murta, andmaqui, in a specific formula-
tion to obtain a high antioxidant capacity mixture with good
taste. Murta (Ugni molinae) and maqui (Aristotelia chilensis)
are two native Chilean berries.

Good quality fruit was washed, sorted, and crushed with
equipment specific to each operation.The juice obtained after
pressing the crushed fruit mass was filtrated. For temporary
preservation (inactivate enzymes and microorganisms) an
operation with heat exchangers at ∼80∘C during 60 s was
conducted. Concentrated juice production was performed
by evaporation under a vacuum (0.5 bar residual pressure)
at 40∘C up to a concentration of 65∘Bx, which assured
preservation without further pasteurization.

2.2. Antioxidant Capacity and Polyphenol Determination in
BPC-350. Antioxidant capacity was measured by ORAC and
Ferric Reducing Antioxidant Power (FRAP) and determined
according to Cao et al. [39] and Benzie and Strain [40],
respectively. The ORAC was expressed as 𝜇mol Trolox
equivalents per g and FRAP was expressed as 𝜇mol Fe+2
equivalents per g. Total polyphenol concentration was deter-
mined with Folin-Ciocalteu method [41] and was expressed
as mg of gallic acid equivalents per g. Total monomeric
anthocyanins were determined through the AOAC Official
Method 2005.02 [42] and were expressed as mg of cyanidin
3-glucoside equivalents per g. Identification of the berry
concentrate polyphenols was conducted by HPLCwith UVA-
visible detection at 280 nm, 360 nm, and 518 nm, comparing
the retention times and UV-visible spectra of the com-
pounds with pure standards. The polyphenol content was
quantified by interpolation in a calibration curve built with
the pure standards. This analysis was performed in three
different polyphenol fractions: neutral, acid, and aqueous,
according to the method originally reported by Salagoı̈ty-
Auguste and Bertrand [43] and modified for berry juice
analysis by Miranda-Rottmann et al. [35]. In brief, neutral
fraction was prepared by adjusting BPC-350 to a pH of 7.0
by adding 1MNaOH and extracted in triplicate by agitation
for 30min in the dark with ethyl acetate. The organic
phase was collected and evaporated to dryness with nitrogen
and dissolved in HPLC-grade methanol (Merck, Darmstadt,
Germany). The acid phase was collected from the previously
obtained aqueous phase and the pH adjusted to 2.0 with
1M HCl and extracted three times with ethyl acetate, as
previously described.The organic phase obtained constituted
the acid fraction and the remaining aqueous phase con-
tained the anthocyanins. Neutral, acid, and aqueous fractions
were analyzed by HPLC detecting at 360, 280, and 518 nm,
respectively.

2.3. Test Meals and Beverage. Ground turkey leg meat was
provided by Sopraval S.A (LaCalera, Chile).The groundmeat
wasmixedwith vegetable oil (90% soya, 10% sunflower) at 6%
w/w and salt at 0.25% w/w and then cooked as a burger in an
electric oven for 20min at 250∘C.Once cold, the burgers were
vacuum packed and stored at −20∘C until use. Burgers with
BPC-350 were prepared using the same recipe and included
6% w/w BPC-350 concentrate in the mix of ground meat,
vegetable oil, and salt. The BPC-350 beverage was made with
BPC-350 concentrate at 5% w/v, purified water, and sucralose
as sweetener and was then pasteurized.

MDA levels were quantified in representative samples of
turkey burgers according to the Csallany et al. protocol with
modifications [44]. Briefly, 2 g of meat were homogenized
in 10mL of Milli-Q water using a tissue homogenizer for
30 s. Then 10mL of trichloroacetic acid (TCA, 10%) was
added, the solution was homogenized and centrifuged at
10000 rpm for 10min at 4∘C, and the supernatant was filtered.
Of this solution, 700𝜇L was treated with 500 𝜇L of 0.6% 2-
thiobarbituric acid (TBA) solution and incubated at 90∘C for
45min, and the complex MDA-TBA

2
was detected by HPLC

using the methodology described below.
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Table 1: Anthropometric, clinical, and biochemical characterization
of subjects participating in this study (𝑁 = 11).

Parameter Median Range Reference values
Age (year) 20.2 18.7–27.3
Waist circumference (cm) 87.4 74.0–100.5 <102∗

BMI (kg/cm2) 24.6 20.7–29.4 18.5–24.9∗∗

Systolic BP (mmHg) 117.5 112.5–130.0 ≤130∗

Diastolic BP (mmHg) 70.0 57.5–90.0 ≤85∗

Fasting glucose (mg/dL) 84 75–95 ≤100∗

Triglycerides (mg/dL) 71 37–193 ≤150∗

Total cholesterol (mg/dL) 150 113–177 <200∗

HDL (mg/dL) 49 32–59 >40∗

LDL (mg/dL) 93 51–105 <130∗

GGT (U/L) 18 8–27 9–31∘

SGOT (U/L) 21 15–26 5–40∘

Leukocytes 5.9 5.0–8.5 4–11∘
∗Cutoff points for metabolic syndrome components according to NCEP-
ATPIII definition [36].
∗∗BMI range for normal weight subjects [37].
∘Normal range for males aged 18 to 35 years [38].

2.4. Subjects. Eleven presumably healthy male subjects be-
tween 18 and 35 years old were recruited through an adver-
tisement placed at the Biological Sciences Faculty at the
Pontificia Universidad Católica de Chile, Santiago, Chile.The
inclusion criteria were males between 18 and 35 years old
that agree to participate in the study and have read and
signed the informed consent form. The exclusion criteria
were (1) pharmacological treatment that would affect lipid
profile, arterial pressure, carbohydratemetabolism, or plasma
antioxidant profile; (2) diabetes mellitus, arterial hyperten-
sion, or dyslipidemias; or (3) chronic inflammatory diseases.
Two subjects did not complete the study and were excluded
from the analysis.

Subjects were evaluated through a medical interview
to determine family antecedents and cardiovascular dis-
ease risk factors with special emphasis on evaluation of
metabolic syndrome components, including arterial pressure
and anthropometric parameters, among others. Additionally,
each volunteer was evaluated through validated self-reported
questionnaires, including Chilean Mediterranean Diet Index
(Chilean-MDI), instrument developed and validated for the
Center of Molecular Nutrition and Chronic Diseases of
the Pontificia Universidad Católica de Chile, and physical
activity, through the IPAQ (International Physical Activity
Questionnaire) [45]. The subjects consisted of nine men
with normal blood lipid and glucose levels with a mean
age of 20 years and body mass index of 24.9 kg/m2 (further
information in Table 1).

2.5. Bioethical Statement. This study was approved by the
bioethics committee of the Biological Sciences Faculty of the
Pontificia Universidad Católica de Chile and accomplished
with the World Medical Helsinki Declaration.

2.6. StudyDesign, Treatments, and Procedures. A randomized
type I clinical trial with a crossover design was conducted.
The basic design involved administration of a test meal
followed by blood sampling. Each subject consumed, in a
random order, three different test meals on three different
occasions separated by ≥1 week.

Subjects reported to the laboratory in themorning follow-
ing a 12 h overnight fast.They were asked to exclude intake of
creams and fried foods and to have no more than 1 cup of
alcohol and not to smoke the day before each intervention.
Test meals consisted of (a) Meal 1: 250 g of ground turkey leg
meat burger and 500mL of purified water (without gas); (b)
Meal 2: 250 g of ground turkey leg meat burger and 500mL
of 5% BPC-350 beverage; (c) Meal 3: 250 g of ground turkey
leg meat burger prepared with 6% BPC-350 and 500mL of
5% BPC-350 beverage. A cannula was inserted into the vein
of the forearm and a baseline (time 0) fasting blood sample
was collected in corresponding tubes. The subjects then
ate a test meal within 20min. Blood samples (15mL) were
drawn every hour for 6 hours after consumption. Analyses
including biochemical profile, lipid profile, and glycaemia
were performed at the Clinic Hospital of the Pontificia
Universidad Católica de Chile. Analyses of oxidative stress
markers (MDA and protein carbonyls), antioxidant capacity
(FRAP, and DPPH), and Vitamin C were performed at the
Molecular Nutrition and Chronic Diseases Center of the
Pontificia Universidad Católica de Chile. Vitamin C was
determined by spectrophotometry according to Day et al.
[46]. During the analysis the researchers were blinded to
exclude possible bias.

2.7. Malondialdehyde Determination. MDA was quantified
according to the Templar et al. [47] protocol with somemod-
ifications. Briefly, human plasma was deproteinized using 5%
TCA and supernatant was treated with fresh 0.6% TBA and
incubated for 45min at 90∘C.Themixturewas cooled at room
temperature (25∘C) and 120 𝜇L was injected in the HPLC.
The MDA concentration was determined by interpolating
the area of the peak corresponding to the adduct MDA-
TBA
2
of the sample into a MDA calibration curve prepared

through acid hydrolysis of 1,1,3,3-tetraethoxypropane. The
HPLC measurements were performed using a reverse-phase
HPLC Merck-Hitachi 7000 series (Merck-Hitachi, Darm-
stadt, Germany) equipped with an autosampler device. The
separation was reached using an Inertsil ODS-3 column (GL
Sciences, Tokyo, Japan) and a mobile phase composed of a
50mM sodium phosphate buffer, pH 7 (65%) and methanol
(35%). The detection was conducted using a UV-visible
photodiode array detector and a fluorescence detector (𝜆EXC
= 515 nm; 𝜆EM = 550 nm). The fluorescence chromatograms
were only used for MDA analysis.

2.8. Protein Carbonyl Content. Determination of carbonyl
groups in oxidized plasma proteins was assessed by deriva-
tization with 2,4-dinitrophenylhydrazine, according to the
method of Levine et al. [48]. Spectrophotometric mea-
surement of plasma reactive carbonyl derivatives was per-
formed and calculated using the extinction coefficient of
2,4-dinitrophenylhydrazine-reactive carbonyl derivatives at
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370 nm = 22 × 103 L mol−1 cm−1 and expressed as 𝜇mol/mg
of proteins [48].

2.9. Antioxidant Capacity Determination. Antioxidant activ-
ity in human plasma was measured using the DPPH method
adapted from Chrzczanowicz et al. [49] with some modifi-
cations. Briefly, plasma samples (100𝜇L) were deproteinized
by adding 300 𝜇L of acetonitrile and centrifuging for 10min
(4∘C, 9500×g). Supernatant was immediately collected and
50𝜇Lwas transferred to amicroplate, then 100 𝜇L of 0.15mM
DPPH was added, and the absorbance was read at 517 nm
during a 30min incubation period at room temperature
(25∘C).

A negative control was conducted with acetonitrile (at the
same concentration) and the experiments were performed in
triplicate. A calibration curve was built with Trolox where
the absorbance values were interpolated and the results
were expressed as Trolox equivalents. To distinguish and
compare the differences between each meal, DPPH-DPPH

0

was calculated, where DPPHmeans the Trolox equivalents at
any time and DPPH

0
means the Trolox equivalents at time

zero. The FRAP was determined in plasma obtained from
heparin tubes, according to Benzie and Strain [40].

2.10. Statistical Analysis. Subject descriptive characteristics
are presented as median and range. Oxidative stress (MDA
and protein carbonyls) and antioxidant status biomarkers
(DPPH, FRAP, and Vitamin C), were analyzed using a 3
(meal) × 7 (time) repeated measures analysis of variance
(ANOVA). Significant interactions and main effects were
further analyzed using Tukey’s post hoc tests. For each
biomarker, the area under the curve (AUC) was calculated
using the trapezoidal method. One-Way ANOVA and paired
Student’s t-tests were used to analyze statistical differences
between AUCs. Student’s t-test for independent samples
was used to analyze statistical differences between MDA in
uncooked and cooked meats. Data processing and statistical
analyses were performed using the SPSS statistical software
package, version 17.0 (SPSS Inc., Chicago, IL) and R (Team
RC. R: A Language and Environment for Statistical Comput-
ing. 2014.). 𝑝 ≤ 0.05 was considered statistically significant.

3. Results

3.1. BPC-350 Characterization. The BPC-350 antioxidant
capacity determined by ORAC and FRAP assays was 453.74
± 19.95 𝜇mol Trolox equivalents per g and 313.4 ± 16.9 𝜇mol
equivalents Fe+2 per g, respectively (Table 2). Total phenolics
determined by Folin-Ciocalteu were 25.56 ± 1.08mg gallic
acid equivalents per g (GAE/g) and total anthocyanins
determined by the pHdifferentialmethodwere 5.62± 0.19mg
cyanidine 3-glucoside equivalents per g (Table 2). The total
quantification of the main compounds present in BPC-350
in terms of the three polyphenol families analyzed was
anthocyanins (5,170 𝜇g/g) > phenolic acids (411.7 𝜇g/g) >
flavonoids (263.4𝜇g/g).

The pasteurized BPC-350 beverage made with BPC-350
concentrate at 5% w/v, purified water, and sucralose as

Table 2: Concentration of total polyphenols, total anthocyanins,
and antioxidant capacity of BPC-350 and 5% BPC-350 beverage.

Assay BPC-350
(mean ± SD)

5% BPC-350 beverage
(mean ± SD)

ORAC (𝜇mol Trolox eq/g) 453.74 ± 19.95 14.23 ± 0.19
Total polyphenols (mg
GAE/g) 25.56 ± 1.08 1.39 ± 0.05

Total anthocyanins (mg
CE/g) 5.62 ± 0.19 0.18 ± 0.03

GAE: gallic acid equivalents; CE: cyanidine 3-glucoside equivalents.

sweetener had an ORAC of 14.23 ± 0.19 𝜇mol Trolox equiv-
alents per g, total phenolics of 1.39 ± 0.05mg GAE/g, and
total anthocyanins of 0.18 ± 0.03mg cyanidine 3-glucoside
equivalents per g (Table 2).

The HPLC analysis of polyphenols from neutral, acid,
and aqueous fractions of BPC-350 are displayed in Figure 1.
Through HPLC analysis performed by comparing the
retention times and UV-visible spectra with pure standards,
it was possible to identify 7 flavonoids, 4 phenolic acids,
and 10 anthocyanins present in neutral, acid, and aqueous
fractions, respectively (Figure 1). The principal components
of the anthocyanin family were identified as Cyanidine 3-
glucoside and Cyanidin3-O-(6-O-E-p-coumaroyl-2-O-𝛽-D-
xylopyranosyl)-𝛽-D-glucopyranoside-5-O-𝛽-D-glucopyra-
noside. Alternatively, isoquercetin and ellagic acid were the
principal components of the neutral and acid fractions,
respectively (Figure 1).

3.2. Test Meal Analysis. To determine whether BPC-350
could affect MDA generation during thermal meat pro-
cessing, the MDA concentration was quantified in turkey
burger samples. Control turkey burgers processed thermally
(cooked) presented MDA concentration 8.7 times higher
than uncooked burgers (Figure 2). However, turkey burgers
prepared with 6% BPC-350 concentrate did not increase
MDA concentration after cooking (Figure 2).

3.3. Postprandial Study. To determine the effect of the
Chilean berry concentrate BPC-350, a type I clinical trial with
a crossover design was performed with 11 healthy male sub-
jects. On different days, after fasting overnight, the volunteers
consumed the following meals: 250 g of oven-cooked turkey
burger (11.25 𝜇mol of MDA) and 500mL of water (Meal 1);
similar burger (11.25 𝜇mol of MDA) and 500mL of 5% BPC-
350 beverage (639mgGAE of polyphenols) (Meal 2); or 250 g
of oven-cooked turkey burger with 6% BPC-350 concentrate
(383mg GAE of polyphenols, 0.5 𝜇mol MDA) and 500mL of
5% BPC-350 beverage (639mg GAE of polyphenols) (Meal
3). Postprandial changes in glucose, triacylglycerol, MDA,
protein carbonyls, DPPH, FRAP, and Vitamin C were mea-
sured over the 360min (6 h) experimental period at 60min
intervals after meal consumption. No differences were found
in glucose and triacylglycerol patterns, nor in the values
of the areas under the curve between the meals (data not
shown). The time profile of MDA per mg of triacylglycerol
can be observed in Figure 3(a). The intake of Meals 1 and 2
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6C 18.59 10.5
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Protocatechuic acid

p-Coumaric acid
Ellagic acid 8C 20.53 213.8
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Figure 1: Identification and quantification of polyphenolic compounds present in BPC350 by HPLC-UV-Vis chromatography. Panel (a)
shows the chromatographic profile, detecting at 360 nm (neutral fraction). Panel (b) shows chromatographic profile detecting at 360 nm
(acid fraction). Panel (c) shows chromatographic profile detecting at 518 nm (aqueous fraction). Tables show identification and quantification
of chromatographic peaks.
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Figure 2: Malondialdehyde content in experimental foods used to
perform the crossover study. Malondialdehyde concentrations were
quantified in uncooked and cooked turkey burgers prepared with
or without BPC-350 at 6% (𝑁 = 3). Data were expressed as the
mean ± SD. ∗ indicates significant differences when compared to
uncooked turkey burger, uncooked turkey burger + BPC-350, and
cooked turkey burger + BPC-350 (𝑝 < 0.05).

significantly increased the mean values (𝑁 = 11) of MDA
per mg of triacylglycerol during study time, reaching values
∼5 and ∼3 times higher than basal levels for Meals 1 and 2,
respectively, which remained high after 6 hours (Figure 3(a)).
However, comparing postprandial changes in MDA per mg
of triacylglycerol at 5 h and 6 h, Meal 2 showed significantly
lower concentrations of MDA per mg of triacylglycerol than
Meal 1 (𝑝 < 0.05). Meal 3 did not significantly increase
(𝑝 > 0.05) the MDA content of plasma in comparison to the
baseline (time 0). Significant differences over the entire time
range analyzed (6 hours after intake) were found when
compared with Meals 1 or 2; this treatment completely
prevented MDA accumulation in plasma.

The mean value of the area under the curve of the time
profile of volunteer MDA/TG for the three meals is displayed
in Figure 3(b). Compared to Meal 1, the mean value of the
area under the curve ofMDA/TG forMeals 2 and 3 presented
a statistically significant reduction (𝑝 < 0.05). Meal 3 also
presented a statistically significant decreased area under the
curve compared with Meal 2 (𝑝 < 0.05).

The time profile of protein carbonyls after intake of the
three experimental meals is shown in Figure 3(c). No signifi-
cant changes in protein carbonyls were observed after intake
of Meal 1 in the time ranges analyzed. However, decreases in
the protein carbonyl concentrations were observed for Meals
2 and 3. When compared with Meal 1, statistically significant
differences were found at 4 h and 6 h with Meal 2 and at
2 h to 6 h with Meal 3. The area under the curve of the

time profiles for proteins carbonyls (Figure 3(d)) displayed
significant decrease after Meals 2 and 3 compared to Meal 1.

To determine the effect of BPC-350 on antioxidant activ-
ity, human plasma was evaluated with the FRAP and DPPH
radical scavenging capacity. Only the DPPH antioxidant
assay presented statistically significant differences between
meals. The changes in the scavenging capacity of DPPH
radical activity during the study are exhibited in Figure 4(a).
Meal 1 consumption decreased the antioxidant activity of
volunteers’ plasma along the time range (𝑝 < 0.05)
(Figure 4(a)). After intake of Meal 2, plasma antioxidant
activity remained constant until 5 h. Alternatively, Meal 3
consumption increased plasma antioxidant activity 1 hour
after intake, which remained high and only decreased after 6
hours (Figure 4(a)).When comparedwithMeal 1, statistically
significant differences were found at 3 h with Meal 2 and at
2 h, 5 h and 6 h with Meal 3.

The area under the curve for changes in volunteer DPPH
scavenging activity after meals is presented in Figure 4(b).
The area under the curve of DPPH time profiles for Meals
2 and 3 displayed a significant increase compared with Meal
1 (𝑝 < 0.05).

The time profile of Vitamin C after intake of the three
experimental meals is shown in Figure 5. Vitamin C did not
present statistically significant differences between meals.

4. Discussion

Numerous epidemiologic and experimental studies have
provided significant evidence regarding the beneficial effects
of regular consumption of fruits and vegetables, which is
associated with a high polyphenol content [50–52]. Red wine
is one of the most studied and characterized beverages,
generally known for having a high polyphenol content,
which is concomitant with a high antioxidant capacity [3, 9,
53]. Gorelik et al. demonstrated that one of the functional
properties of red wine is the ability to reduce postpran-
dial oxidative responses (in terms of MDA quantities) in
humans, produced by the intake of red meat [9]. This fact
has been explained by the inhibition of oxidative reactions
that occur at the stomach level that could be catalyzed
by Fe+2 through a Fenton reaction, among others [32, 33].
However, medical recommendation of wine consumption
possesses the limitations inherent to alcoholic beverages
and could not be implemented as a public health strategy
to reduce chronic diseases. In this sense, this work aimed
to elaborate a nonalcoholic drink with a high antioxidant
capacity that could be similar to the one found in red wine
and to determine whether it could exert protective effects
in the postprandial response in terms of oxidative stress,
and antioxidant capacity in healthy humans. Considering the
high antioxidant capacity [34] and evidence supporting the
health effects of berry consumption [35, 54], the Chilean
berries were selected for this study. The effects of 5% w/v
BPC-350 beverage were assessed through a crossover study
performed with 11 healthy male volunteers, determining the
responses in terms of oxidative stress markers (MDA and
protein carbonyls) and antioxidant status biomarkers (DPPH,
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Figure 3: Plasma postprandial malondialdehyde and protein carbonyls in human healthy subjects after the intake of three different meals:
◼ Meal 1 (turkey burger + water); e Meal 2 (turkey burger + 5% BPC 350 beverage);  Meal 3 (turkey burger prepared with 6% BPC-350
+ 5% BPC-350 beverage). Panels (a) and (c) show the time profile of malondialdehyde corrected by triglycerides and protein carbonyls
concentrations after the intake of the three different meals, respectively. Panels (b) and (d) show the area under the curve of the different time
profiles corresponding to three different meals for malondialdehyde and protein carbonyls, respectively. Data were expressed as the mean
± SD. In Panels (a) and (c), ∗ shows significant differences for each time compared to Meal 1 (𝑝 < 0.05). In Panels (b) and (d), ∗ shows
significant differences between meals (𝑝 < 0.05).

FRAP, andVitaminC) induced by the intake of three different
meals.

The analysis of BPC-350 antioxidant capacity was
evaluated using two different antioxidant assays: ORAC
and FRAP (Table 2). These results indicate a high
antioxidant capacity in comparison to other berries [34, 55].
Anthocyanins are the main phenolic compounds reported
in native Chilean berries such as maqui (Aristotelia chilensis)
or calafate (Berberis microphylla) [35, 55, 56]. The analysis of
BPC-350 phenolic content by HPLC (Figure 1) indicated that
anthocyanins are the primary polyphenols present in BPC-
350 (88.5%), and flavonoids and phenolic acids account for

4.5% and 7%, respectively.The primary anthocyanins present
in BPC-350 were cyanidin3-O-(6-O-E-p-coumaroyl-2-O-𝛽-
D-xylopyranosyl)-𝛽-D-glucopyranoside-5-O-𝛽-D-glucopy-
ranoside and cyanidin 3-glucoside (Figure 1), which are
present in high amounts in berries such as Sambucus
nigra [57] and Ribes (magellanicum and cucullatum) [56],
respectively. In red wine, anthocyanins represent ∼70%, and
are primarily malvidin glucosides but also contain a quantity
of cyanidin 3-glucoside [58]. The reactivity of the primary
anthocyanins against numerous reactive oxygen species is
similar in the 5% w/v BPC-350 beverage and red wine [59],
despite this beverage presenting lower total polyphenols
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Figure 4: Changes in the plasma antioxidant activity determined by means of DPPH method before and after the intake of three different
meals. ◼Meal 1 (turkey burger + water); eMeal 2 (turkey burger + 5% BPC 350 beverage); Meal 3 (turkey burger prepared with 6% BPC-
350 + 5% BPC-350 beverage). Panel (a) shows the time profile of changes in DPPH antioxidant activity. Panel (b) shows the area under the
curve of the time profiles, corresponding to the three different meals. Data were expressed as the mean ± SD. In Panel (a), ∗ shows significant
differences for each time compared to Meal 1 (𝑝 < 0.05). In Panel (b), ∗ shows significant differences between meals (𝑝 < 0.05).
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Figure 5: Plasma postprandial VitaminC in human healthy subjects
after the intake of three different meals: ◼ Meal 1 (turkey burger +
water); eMeal 2 (turkey burger + 5% BPC 350 beverage); Meal 3
(turkey burger prepared with 6%BPC-350 + 5%BPC-350 beverage).
Data were expressed as the mean ± SD.

content and antioxidant activity than an average red wine
[60]. This formulation was created to obtain a high quality
polyphenols beverage with good taste.

Volunteers participating in this study were considered
normal according to international recommendations and no
subjects with diabetes or metabolic syndrome were detected
in this population (Table 1) [38]. This allows the comparabil-
ity of data obtained from the postprandial responses analysis
since alterations in glycemia, triacylglycerides, oxidative

stress markers, and serum antioxidant enzyme activity have
been reported in cases with diabetes andmetabolic syndrome
[61–64].

When volunteers ate the turkey burger with water, plasma
MDA/TG levels rose, but when volunteers drank 5% w/v
BPC-350 beverage instead of water they exhibited a 35%
reduction in the area under the curve of plasma MDA/TG
concentration during the 6 hour after meal period. This
beverage diminishedMDA accumulation in plasma. Interest-
ingly, intake of the turkey burger with water did not change
carbonyls in plasma proteins. However, the 5% w/v BPC-350
beverage produced a significant decrease in plasma protein
carbonyl concentration.These results indicate that the 5%w/v
BPC-350 beverage, under the scheme of this study, prevented
lipid peroxidation and the consequent formation of MDA
and MDA-protein adduct that occurs during digestion at the
stomach level [65].

These results agree with the work of Gorelik et al., which
analyzed the effect of red wine on postprandial oxidative
stress modulation [9]. They also found decreased plasma
MDA levels after intake of 250 g of red meat turkey cutlets
soaked in red wine concentrate after heating plus 200mL
of wine, compared to eating 250 g of red meat cutlets plus
water [9]. However, the magnitude of the red wine effect
was double that of the 5% w/v BPC-350 beverage even with
a similar quantity of polyphenols. The difference could be
explained by the diversity in polyphenol quality, especially on
the capacity to quench lipid oxidation. Alternatively, turkey
burgers prepared with vegetable oil (60% polyunsaturated
fatty acids) at 6% w/w are susceptible to oxidation, which
could result in a polyphenol quantity insufficient for stopping
the oxidation reactions. Additionally, due to the suspension
of polyphenols in 500mL of 5% w/v BPC-350 beverage, it is
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possible that the beverage passed from the stomach to the
intestine too quickly and lacked sufficient contact with the
meat to act as an antioxidant.

Reports indicate that MDA derived frommeat consump-
tion modified low-density lipoprotein (LDL) in vivo, and
this modification was directly dependent on the increased
plasma MDA level following a meal [33]. Aldehydes such as
MDA may react with lysine residues in the LDL apo B-100
moiety, resulting in a decreased apo B-100 affinity for the LDL
receptor [66]. Also, albumin and plasma proteins react with
MDA or other electrophiles produced during lipid oxidation
[67]. This reaction has been studied in vitro, demonstrating
than the rate of generation of protein carbonyl is low at
physiological pH [68]. This could explain in part the absence
in protein carbonyl increase after the intake of Meal 1, even
when this meal increased significantly the plasma levels of
MDA.

Rising evidence supports that compounds like MDA can
have specific signaling roles inducing adaptive responses
driven to decrease oxidative damage and improve antioxidant
defenses [69]. In fact, it has been reported an increase in
the plasma levels of thiols after the intake of high-fat meals
[70]. This endogenous antioxidant response to postprandial
oxidative stress, proposed as part of a protein oxidation
defense [70], involves the activation of the transcription
factor Nrf2, being the master regulator factor [69]. Also, in
vitro studies have demonstrated that carbonylated proteins
can be reduced by a nonenzymatic reaction with sulfhydryl
groups present in cysteine and glutathione [71]. So an increase
in plasma thiols after intake of Meal 1 could prevent protein
oxidation according to a physiological mechanism of protec-
tion. However, we did not measure plasma thiols so this is a
hypothesis that should be demonstrated.

Similar reasons as Meal 1 could explain in part the
decrease in protein carbonyl after eating the turkey burger
with the 5% w/v BPC-350 beverage (Meal 2). But in this case
plasma MDA level was significantly lower than after intake
Meal 1. Lower plasma MDA quantity means less reaction
with protein and, therefore, less carbonyl in plasma protein
considering the relatively low reaction rate between proteins
and MDA. The proteins synthetized de novo could contain
less carbonyl than older proteins in the basal state.

On the other hand, polyphenolic enriched extracts of the
Chilean native berry Rubus Geoides have shown to increase
glutathione levels in AGS cells [4]. Also, in Wistar rats an
increase in plasma glutathione after intake of a mixture of
grape seed proanthocyanidin and docosahexaenoic acid has
been reported [72]. In this sense, the intake of BPC-350 rich in
polyphenols could increase plasma glutathione and promote
decarbonylation of protein. Evidence suggests that polyphe-
nols may induce cellular defense genes by a mechanism that
includes Nrf2 activation [4, 73, 74]. As mentioned before,
plasma thiols and glutathione were not measured in this
study, so additional experiments are necessary to confirm our
hypothesis.

MDA, a red meat-derived aldehyde, can interact and
modify LDL in plasma, possibly enhancing atherosclerotic
plaque production [33]. Ahotupa et al. found that food
lipid peroxides are incorporated into serum triglyceride-rich

lipoproteins and LDL, directing the lipid peroxide flow
towards peripheral tissues [75].They propose that the specific
atherosclerosis-related effects of serum lipoproteins are not
explained only by cholesterol transport but also from the
transport of atherogenic lipid peroxides [75].

Meat consumption with plant derived polyphenols (e.g.,
redwine or coffee polyphenols) can prevent the appearance of
MDA in plasma and LDL modification [9, 10]. Therefore, we
suggest that the harmful consequences of red meat product
consumption might be partially diminished by simultaneous
polyphenol addition to meals with red meat. Polyphenol
treatment of red meat during preparation (e.g., cooking
and processing) may also significantly contribute to the
prevention of hazardous and deleterious effects of red meat
products.

Other studies have demonstrated the effect of polyphe-
nols, primarily wine, on postprandial oxidative stress [76].
Natella et al., who used a test meal consisting of “Milanese”
meat and fried potatoes, observed that intake of the meal
with 400mL of red wine provoked a significant increase
in total plasma antioxidant capacity and a reduction in the
postprandial increase of LDL susceptibility to oxidation [77].
In a similar study, Di Renzo et al. used a McDonald’s Meal
(N.1 Big Tasty Bacon Sandwich and N.1 small French Fries)
with 250mL of red wine, which resulted in lower (𝑝 <
0.05) values of postprandial ox-LDL than meal consumption
without red wine [78].

When MDA plasma concentrations were analyzed after
intake of Meal 3, no significant differences were observed
when comparing MDA basal levels (time 0) with those
produced 6 hours after intake, indicating the inhibitory effect
of plasma MDA produced by this meal. The mean values of
the area under the curve indicate a complete reduction of
MDA absorption compared with the response after intake
of Meals 1 and 2. In agreement with this information, we
determined that the MDA quantity of Meal 3 (turkey burger
prepared with BPC-350 concentrate and cooked) was 22.5
times less than the MDA quantity of Meal 1 and 2 (turkey
burger prepared without BPC-350 and cooked).

These data suggest that the strong effect observed forMeal
3 was due to the inhibition capacity of lipid peroxidation
reactions by BPC-350 concentrate when the turkey burger
was thermally processed. There was a dual protective effect
produced by the inhibition of lipid peroxidation reactions,
occurring at the stomach level and during thermal food
processing. This fact is also consistent with in vitro stud-
ies that have demonstrated anthocyanins ability to inhibit
lipoperoxidation [79, 80].

The effect of BPC-350 intake on the antioxidant capacity
was determined in plasma by FRAP and DPPH measure-
ments. Significant differences for the plasma antioxidant
capacity were found when the different meals were compared
using DPPH values. Considering that human plasma was
deproteinized before DPPH antioxidant activity determina-
tion, to ensure reproducibility [49], any effect associated
with scavenging of DPPH radical due to changes in protein
expression can be discarded. This implies that the increase
in the antioxidant capacity determined by DPPH after intake
of Meals 2 and 3 could be due to low molecular weight
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molecules, including polyphenols, Vitamin C, and urate.
We did not observe significant differences between meals
comparing Vitamin C plasma concentrations curves either
point to point or calculating the area under the curve.
Therefore, considering that BPC-350 do not contain Vitamin
C, the increase in the antioxidant activity induced by BPC-
350 intake (especially in Meal 3) could be attributed to other
compounds present in this concentrate or synthesized in
the organism after consumption. Human plasma analysis
after intake of blueberries indicated the presence of 19
out of 25 anthocyanins originally present in the fruit [81],
which suggests the possibility of anthocyanins contribution
to the antioxidant activity found in this study. However, the
contribution of phenolic acids cannot be discarded, including
those produced from anthocyanin metabolism occurring in
the liver and microbiota. In this sense, a study of urate
levels after intake of BPC-350 could clarify the mechanisms
associated with the increased antioxidant activity observed in
this study.

The intake of Meal 1 diminished the antioxidant capacity
of plasma measured as DPPH, according to the increase in
MDA plasma concentrations. This could be explained by the
utilization of endogenous antioxidants (able to react with
DPPH radical) such as urate and glutathione [82, 83], due to
hydroperoxide absorption, which promotes lipid oxidation.
The postprandial state induces immediate oxidative stress
that triggers atherogenic changes including inflammation,
endothelial dysfunction, hypercoagulability, and sympathetic
hyperactivity [84].

Postprandial oxidative stress, which occurs after eating
meat fat, is associated with a higher risk for atherosclerosis,
diabetes, and obesity. In Western societies, a significant
portion of the day is spent in a postprandial state. Lipid
hydroperoxides present in the diet are absorbed, producing
endothelium-dependent vasodilation. Postprandial oxidative
stress is attenuated when dietary antioxidants are supplied
with a meal rich in oxidized or oxidizable lipids. Ingestion
of dietary polyphenols, for example, from wine, cocoa, or
tea, improves endothelial dysfunction and lowers LDL lipid
susceptibility to oxidation. Polyphenols affect endothelial
function not only as antioxidants but also as modulatory
signaling molecules.

The consumption of high-fat and high-iron potentially
prooxidant foods such as red meat produced postprandial
oxidative stress, as detected by the increment in plasmaMDA
and the reduction in plasma antioxidant capacity. The intake
of food- or beverage-derived polyphenols with the meal
prevented plasma oxidative stress, as evidenced by this work
and those of other researchers [9, 76, 85].

The Mediterranean diet is currently considered a healthy
dietary pattern. It includes a great variety of foods, which
are eaten in moderation and within a positive social envi-
ronment. The way of cooking food in Mediterranean cuisine
has been associated with lower cardiovascular risk. The basis
of Mediterranean dishes is the sauté of onion, garlic, and
tomato in olive oil; this source of antioxidants is used to
flavor vegetables such as zucchini, eggplant, potatoes, and
haricot verts; cereals such as rice or pasta; legumes such as
beans or chickpeas; and even meat, poultry, or fish. A wide

variety of spices and condiments like lemon, vinegar, parsley,
mint, oregano, herbs, cinnamon, and many others, is used
for seasoning salads and different preparations. Polyphenols
widely present in characteristic Mediterranean foods such as
fruits, vegetables, andwine red and the way to use them in the
Mediterranean cuisine could explain the beneficial effects of
Mediterranean diet.

The results obtained in this study indicate the usefulness
of a berry-based drink to decrease postprandial oxidative
stress. Our results emphasize the effectiveness of a berry con-
centrate for inhibiting lipoperoxidation reactions occurring
at the stomach level but primarily during thermal treating of
foods. The way in which food is prepared is critical to our
health.
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Essential oils obtained from the NR (normal roots) and HR (hairy roots) of the medicinal plant Leonurus sibiricus root were used
in this study. The essential oil compositions were detected by GC-MS. Eighty-five components were identified in total. Seventy
components were identified for NR essential oil.Themajor constituents in NR essential oil were 𝛽-selinene (9.9%), selina-4,7-diene
(9.7%), (E)-𝛽-caryophyllene (7.3%),myli-4(15)-ene (6.4%), and guaia-1(10),11-diene (5.9%). Sixty-seven components were identified
in HR essential oil, the main constituents being (E)-𝛽-caryophyllene (22.6%), and germacrene D (19.8%). The essential oils were
tested for cytotoxic effect, antimicrobial, anti-inflammatory, and antioxidant activities. Both essential oils showed activity against
grade IV glioma cell lines (IC

50
= 400 𝜇g/mL), antimicrobial (MIC and MFC values of 2500 to 125𝜇g/mL), and anti-inflammatory

(decreased level of IL-1𝛽, IL-6, TNF-𝛼, and IFN-𝛾 in LPS-stimulated cells).The essential oils exhibitedmoderate antioxidant activity
in ABTS (EC

50
= 98 and 88 𝜇g/mL) assay.This is the first study to examine composition of the essential oils and their antimicrobial,

antioxidant, antiproliferative, and anti-inflammatory activities. The results indicate that essential oils form L. sibiricus root may
be used in future as an alternative to synthetic antimicrobial agents with potential application in the food and pharmaceutical
industries.

1. Introduction

For millennia, plants have held great economic value, not
only by playing a significant role in the food supply but

also by acting as therapeutic agents [1]. Interest has recently
grown in the application of plants as medicinal agents since
several side effects have been found to be associated with
synthetic drugs. Plants are known to have therapeutic ability
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and contribute to reducing the risk of various inflammatory
conditions and cancers and are the most important global
source of drugs; about 50 percent of drugs produced in
the world are of natural origin [2]. According to the World
Health Organization, about 80% of people rely on traditional
remedies such as herbal drugs, which are found in many
modern medicinal formulations. Many naturally occurring
agents in plant extracts or oils have shown antimicrobial,
antioxidant, anticancer, and anti-inflammatory potential in
several animal models and bioassay systems and have an
effect on human disease [3–6].

One particularly interesting group of compounds are the
essential oils obtained from various parts of plants. Although
essential oils only represent a small fraction of plant’s
composition, they nevertheless confer the characteristics by
which aromatic plants are used in the food, cosmetic, and
pharmaceutical industries [7]. The antioxidant activity of
essential oils is another biological property of great interest
because they may preserve foods from the toxic effects of
oxidants [8]. Moreover, their free radical scavenging ability
may play an important role in some diseases’ prevention
such as brain dysfunction, cancer, heart disease, and immune
system decline [9, 10].

One plant which shows a broad spectrum of biological
activity is Leonurus sibiricus L. Modern pharmacological
studies have shown that the active components in various
parts of Leonurus sibiricus possess a wide range of pharmaco-
logical activities, with effects on the uterus, as well as bestow-
ing more general cardioprotective, antioxidative, anticancer,
analgesic, anti-inflammatory, neuroprotective, and antibac-
terial effects [11–14]. Earlier studies have demonstrated the
anticancer and antioxidant activities of various parts of this
plant [15].Themost interesting results for extract of Leonurus
sibiricus were obtained for in vitro culture transformed and
normal roots [16]. Literature data shows that transformation
of the roots can encourage the production of valuable
secondary metabolites [17]. Therefore, the present study was
carried out to evaluate the antimicrobial, anti-inflammatory,
antioxidant, and antiproliferative activities and identify the
chemical profile of essential oils from L. sibiricus normal and
hairy roots.

2. Materials and Methods

2.1. Plant Material of L. sibiricus Roots. In this study, normal
(NR) and hairy roots (HR) of L. sibiricus were tested. The
hairy roots were obtained by infection of five-week-old in
vitro shoots of L. sibiricus with Agrobacterium rhizogenes
strain A4. Establishment of hairy root (HR) cultures has been
described previously by Sitarek et al. [15].

2.2. Isolation and Analysis of Essential Oils. The essential oils
of NR and HR roots (about 50 g of each) were obtained
by hydrodistillation, using a clevenger-type apparatus for
5 h. Chemical analysis of essential oils composition was
performed by GC-MS method according to Makowczyńska
et al. [18]. Apparatus details are as follows: Trace GC Ultra
with FID and MS DSQ II detector and MS-FID splitter,
with column Rtx-1ms (Restek), 60m × 0.25mm i.d., and

film thickness 0.25 𝜇m; temperature program, 50–310∘C at
2∘C/min; injector temp. 280∘C; FID temp. 300∘C; carrier
gas helium and ionization voltage 70 eV; ion source temp.
200∘C. The identification of the compounds was based on
the comparison of their RIs and MS spectra with those
stored in the computer libraries and literature data [19,
20]. The percentages were computed from FID response
without the use of correction factors. The results are showed
in Table 1.

2.3. Cell Culture. Normal human astrocytes (NHA) were
grown in AGM medium according to the manufacturer’s
protocol. The cells were seeded at a density of 4 × 105 cells
per 25 cm2 flask. Under these conditions, the cell cycle of this
line was approximately 12 hours. Glioma cells in IV grade
were derived from tumour patient. Condition and further
procedures are described in a previous study by Sitarek et al.
[15].

2.4.MTTAssay. Cell viability was determined byMTT assay.
Briefly, NHA (normal human astrocytes) and glioma cells in
IV grade (4×105 cells) were cultured in four-well plates for 24
hours after treatment by each concentration (0–3200𝜇g/mL)
of HR and NR essential oils of L. sibiricus root. Further
procedures are described in a previous study by Sitarek et al.
[15].

2.5. Antimicrobial Properties

2.5.1. Microbial Strains and Growth Conditions. The bacterial
strains Enterococcus faecalis (ATCC29212), Staphylococcus
aureus (ATCC25923),Pseudomonas aeruginosaATCC27853,
and Escherichia coli ATCC 25922 were incubated at 37∘C
in Mueller-Hinton medium (Biokar Diagnostics, Beauvais,
France). The yeasts Saccharomyces cerevisiae ATCC 2601 and
Candida albicans ATCC 10231 were grown in Sabouraud
Dextrose Agar (Difco).

2.5.2. Microdilution Method. The essential oil minimum
inhibitory concentrations (MICs) were determined using the
twofold serial broth microdilution assay [21]. For bacteria,
the samples dissolved in DMSO were diluted in the range
500 to 0.48𝜇g/mL in Mueller-Hinton broth medium, while,
for the yeasts, the samples were diluted in the range 5000
to 4.88 𝜇g/mL in Sabouraud medium. The antimicrobial
activity of DMSO was evaluated. Vancomycin, norfloxacin,
and amphotericin B were used as controls. The lowest
concentrations of the samples that inhibited the growth of
the microorganisms after 24 hours of incubation at 37∘C
were adopted as the MIC values; these are presented in
𝜇g/mL. Microbial growth was measured at 620 nm using an
Absorbance Microplate Reader (Thermo scientific Multiskan
FC). Assays were carried out in triplicate for each tested
microorganism.

2.5.3. Minimum Bactericidal Concentration (MBC) or Mini-
mum Fungicidal Concentration (MFC). Following the MIC
determination, the MBC or MFC was found for each set
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Table 1: Constituents of essential oils from NR and HR Leonurus sibiricus root.

Peak number Constituent RIexp RIlit NR HR Class of compounds
(1) Hexanal 771 770 0.4 0.3 O
(2) Hexanol 841 837 t 0.1 O
(3) Heptanal 879 879 0.2 0.1 O
(4) Benzaldehyde 936 941 t t O
(5) 𝛼-Pinene 930 936 3.2 1.0 MH
(6) Oct-1-en-3-one 952 956 0.3 0.3 O
(7) Oct-1-en-3-ol 961 962 3.5 3.6 O
(8) 𝛽-Pinene 972 978 0.5 0.1 MH
(9) Pentylfuran 975 977 0.9 0.8 O
(10) Octan-3-ol 983 981 t 0.2 O
(11) Myrcene 982 987 0.4 0.1 MH
(12) Phenylacetaldehyde 1009 1012 t t O
(13) p-Cymene 1011 1015 0.1 t MH
(14) 𝛽-Phellandrene 1019 1023 0.1 t MH
(15) Limonene 1022 1025 0.9 0.3 MH
(16) (Z)-𝛽-Ocimene 1028 1029 0.6 t MH
(17) (E)-Oct-2-enal 1032 1034 — 0.1 O
(18) (E)-𝛽-Ocimene 1038 1141 0.2 0.1 O
(19) p-Cymenene 1072 1075 0.1 t MH
(20) Terpinolene 1078 1082 0.1 0.0 MH
(21) Nonanal 1072 1176 0.3 0.5 O
(22) Linalool 1083 1186 0.5 0.4 MO
(23) Menthone 1132 1136 0.1 0.1 MO
(24) (E)-Non-2-enal 1135 1139 0.3 0.4 O
(25) Nonanol 1147 1149 t t MO
(26) Borneol 1148 1150 t 0.1 O
(27) p-Cymen-9-ol 1156 1157 0.1 0.1 MO
(28) Terpinen-4-ol 1157 1158 0.5 0.1 MO
(29) Methyl salicylate 1168 1171 0.1 0.1 O
(30) 𝛼-Terpineol 1171 1176 0.3 0.2 MO
(31) Safranal 1176 1182 0.0 0.1 MO
(32) Decanal 1181 1180 0.4 0.7 O
(33) 𝛽-Cyclocitral 1192 1195 0.1 0.1 MO
(34) Trans-chrysanthenyl acetate 1213 1217 0.1 0.1 MO
(35) Thymol 1255 1267 0.3 0.6 MO
(36) Decanol 1260 1264 — 0.1 O
(37) Bornylacetate 1266 1270 0.1 0.1 MO
(38) Undecanal 1285 1290 0.1 0.2 O
(39) (2E,4E)-Deca-2,4-dienal 1286 1291 0.1 0.1 O
(40) Bicycloelemene 1336 1338 1.7 3.0 SH
(41) 𝛽-Damascenone 1361 1363 0.5 0.9 O
(42) 𝛼-Ylangene 1373 1376 0.3 t SH
(43) 𝛼-Copaene 1376 1379 0.4 5.0 SH
(44) 𝛽-Bourbonene 1383 1386 0.2 3.0 SH
(45) 𝛽-Elemene 1389 1389 1.7 0.5 SH
(46) Myli-4(15)-ene 1411 1418 6.4 0.5 SH
(47) (E)-𝛽-Caryophyllene 1419 1421 7.3 22.6 SH
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Table 1: Continued.

Peak number Constituent RIexp RIlit NR HR Class of compounds
(48) 𝛽-Duprezianene 1427 1423 0.7 1.1 SH
(49) 𝛼-Guaiene 1443 1440 1.6 — SH
(50) Isogermacrene D 1447 1445 — 0.2 SH
(51) (E)-𝛽-Farnesene 1447 1448 — 0.1 SH
(52) 𝛼-Humulene 1452 1455 2.2 3.3 SH
(53) 𝛽-Ionone 1465 1468 0.2 0.5 O
(54) 𝛾-Gurjunene 1469 1472 0.5 — SH
(55) Selina-4,7-diene 1469 1470 9.7 — SH
(56) Selina-4,11-diene 1475 1475 4.4 — SH
(57) Germacrene D 1477 1479 1.2 19.8 SH
(58) cis-𝛽-Guaiene 1482 1488 1.3 — SH
(59) 𝛽-Selinene 1484 1486 9.9 0.9 SH
(60) Pentadec-1-ene 1488 1486 — 0.7 O
(61) Bicyclogermacrene 1492 1494 — 2.1 SH
(62) 𝛼-Muurolene 1492 1496 2.1 — SH
(63) (E,E)-𝛼-Farnesene 1494 1498 — 0.6 SH
(64) 𝛾 -Cadinene 1506 1507 0.2 0.2 SH
(65) Guaia-1(10),11-diene 1515 1517 5.9 — SH
(66) 𝛿-Cadinene 1519 1520 — 1.1 SH
(67) trans-Calamenene 1517 1517 0.3 0.1 SH
(68) 𝛼-Calacorene 1527 1528 0.3 0.1 SH
(69) (E)-𝛼-Bisabolene 1531 1530 1.2 1.1 SH
(70) Nerolidol 1546 0.3 0.5 SO
(71) Guaia-6,9-dien-4-𝛽-ol 1564 1465 0.5 — SO
(72) Spathulenol 1567 1572 — 1.6 SO
(73) Caryophyllene epoxide 1570 1578 4.5 8.0 SO
(74) Humulene epoxide II 1598 1602 0.6 1.2 SO
(75) 𝛼-Corocalene 1600 1.2 — SH
(76) Caryophylla-3(15),7(14)-dien-6-ol 1620 1636 0.4 0.4 SO
(77) T-Muurolol 1625 1633 0.2 0.3 SO
(78) 𝛽-Eudesmol 1635 1641 0.9 0.9 SO
(79) 𝛼-Cadinol 1637 1643 0.4 0.5 SO
(80) Cadalene 1646 1659 t — SH
(81) Myristic acid 1742 1748 0.3 0.2 O
(82) Farnesylacetone 1888 1890 0.1 0.2 O
(83) Methyl palmitate 1902 1901 0.1 0.2 O
(84) Palmitic acid 1945 1942 2.4 2.2 O
(85) Phytol 2095 2114 0.4 1.3 O

Total identified 86.5 96.1
Monoterpene hydrocarbons MH 6.0 1.5
Oxygenated monoterpenes MO 2.1 1.9
Sesquiterpene hydrocarbons SH 60.2 64.8
Oxygenated sesquiterpenes SO 6.8 13.4

Other O 10.8 14.0
The concentrations of the main compounds were signified in bold.
RI: relative retention index on Rtx-1ms column, RIlit: relative retention index of literature, NR: essential oil of normal roots of L. sibiricus, and HR: essential
oils of hairy roots of L. sibiricus.
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of wells. A loopful of broth was collected from the wells
which did not show any growth, and this was inoculated
on sterile Mueller-Hilton medium broth for bacteria and
Sabouraud medium for yeasts by streaking; these media
were then incubated at 37∘C for 24 hours. After incubation,
the lowest concentration at which no visible growth was
observed was recorded as MBC (for bacteria) or MFC (for
yeasts).

2.6. Anti-Inflammatory Activity. Levels of IL-1𝛽, IL-2, IL-4,
IL-6, IFN-𝛾, and TNF-𝛼 in supernatant were measured by
ELISA. The astrocytes cells (NHA) were subcultured in 6-
well plates (5 × 105 cells/mL) and incubated with NR and
HR essential oil (15, 30, and 60𝜇g/mL) or DMSO (vehicle)
for 24 hours and incubated with LPS (1𝜇g/mL) for 24 h.
After treatments, cell-free supernatant was collected, and
IL-1𝛽, IL-2, IL-4, IL-6, IFN-𝛾, and TNF-𝛼 were measured
using ELISA kits, in accordance with the manufacturer’s
instructions (Qiagen, USA).The absorbance was determined
using amicroplate reader. Results represent themean ± SD of
three independent experiments.

2.7. Reverse Transcriptase-PCR Analysis. Total RNA was iso-
lated from astrocyte cells according to the manufacturer’s
instructions using a Total RNA Isolation System (Blirt,
Poland). cDNA was generated by Reverse Transcription
System (A&A Biotechnology, Poland), and 10𝜇L of the
cDNA product was used as a template in the PCR reaction.
Briefly, the PCR amplification consisted of 35 cycles (94∘C,
1min; 55–65∘C, 1min; 72∘C, 2min) with the commercial
oligonucleotide primer sets for human IL-1𝛽, IL-2, IL-4, IL-
6, IFN-𝛾, and TNF-𝛼. These primer sets yield PCR products
of 93, 262, 74, 296, 75, and 406 bp for IL-1𝛽, IL-2, IL-
4, IL-6, IFN-𝛾, and TNF-𝛼, respectively. The final PCR
products were electrophoresed on 1.5% agarose gels. Further
procedures are described in a previous study by Sitarek et al.
[15].

2.8. Antioxidant Activity

2.8.1. Evaluation of DPPH Radical Scavenging Assay. DPPH
(2,2-diphenyl-1-picrylhydrazyl) radical scavenging activity
was assessed according to Blois [22] with somemodifications.
Briefly, a series of dilutions of NR and HR essential oils
were made. Following this, 1.5mL of each concentration
was mixed with 1.5mL of a 0.2mmol/L methanolic DPPH
solution. After a 30-minute incubation period at 25 C, the
absorbance at 520 nm (maximum absorbance of DPPH) was
recorded spectrophotometrically as𝐴 (sample). A blank reading
was taken using a cuvette containing solution without the
test material, and the absorbance was measured as 𝐴 (blank).
The free radical scavenging activity of each solution was then
calculated as percentage inhibition according to the following
equation:

% inhibition = 100(𝐴 (blank) − 𝐴 (sample))/𝐴 (blank)

The antioxidant activity of the essential oil was expressed
as EC

50
, defined as the concentration of the test material

required to cause a 50% decrease in initial DPPH concentra-
tion. BHA was used as a standard. All measurements were
performed in triplicate.

2.8.2. ABTS Radical Cation Scavenging Assay. The capacity
of the samples to scavenge the ABTS (2,20-azinobis-3-
ethylbenzothiazoline-6-sulphonate) radical cation was deter-
mined according to Re et al. [23] with some modifications.
The ABTS radical cations were generated by mixing a
7mmol/L of ABTS at pH 7.4 (5mmol/L NaH

2
PO
4
, 5mmol/L

Na
2
HPO
4
, and 154mmol/L NaCl) with 2.5mmol/L potas-

sium persulfate (final concentration).Themixtures were then
stored in the dark at room temperature for 16 hours. Fol-
lowing this, the mixture was diluted with water to give 𝐴

734

value of 0.69 ± 0.03 units using a spectrophotometer. For the
sample, solutions of the essential oil inmethanolwere allowed
to react with fresh ABTS solution; the absorbance was then
measured six minutes after the initial mixing. BHA was
used as a standard. The free radical scavenging capacity was
expressed as EC

50
(𝜇g/mL), which was determined using the

same equation used for theDPPHmethod. Allmeasurements
were performed in triplicate.

2.9. Statistical Analysis. The results are presented as themean
± standard deviation of at least three separate experiments.
Statistical differences were determined by one-way ANOVA.
Results with 𝑃 < 0.05 were considered statistically signifi-
cant.

3. Results

3.1. Chemical Composition of NR andHR of Essential Oils from
L. sibiricus Roots. In this study we demonstrated qualitative
and quantitative essential oil compositions from NR and HR
of L. sibiricus. Essential oils from NR and HR were obtained
with yields of 0.06% and 0.04%, respectively. Eighty-five
components of NR and HR root essential oils were identified
(Table 1). NR and HR essential oils contained a complex
mixture consisting mainly of sesquiterpene hydrocarbons
(60.2% and 64.8%, resp.), oxygenated sesquiterpenes (6.8%
and 13.4%, resp.), and monoterpene hydrocarbons (6.0%
and 1.5%, resp.). We had a little portion of oxygenated
monoterpenes (2.1% and 1.9%) (Table 1). For NR essen-
tial oil, seventy components were identified. The major
constituents in NR essential oil were 𝛽-selinene (9.9%),
selina-4,7-diene (9.7%), (E)-𝛽-caryophyllene (7.3%), myli-
4(15)-ene (6.4%), and guaia-1(10),11-diene (5.9%). In HR
essential root oil, sixty-seven components were identi-
fied. The main constituents of HR essential oil were (E)-
𝛽-caryophyllene (22.6%), germacrene D (19.8%), and 𝛼-
copaene (5%).

3.2. MTT Viability on Normal Human Astrocytes and Glioma
Cells after Treatment with Essential Oils of L. sibiricus NR and
HR. First, to test the viability of cells after treatment with
LPS, NR, and HR essential oils of L. sibiricus roots, MTT
assay was performed in NHA and glioma in IV grade cells
(Figures 1(a) and 1(b)). LPS did not affect cell viability in
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Figure 1: Viability of NHA cells (a) and IV grade glioma cells (b) treated with NR or HR essential oil from L. sibiricus root for 24 h.The values
are the mean ± SD for triplicate. ∗𝑝 < 0.05 versus control. #𝑝 < 0.05 NR versus HR.

tested concentration (1𝜇g/mL) after 24 h (data not shown).
Our results showed that viabilitywas similar for both essential
oils. The IC

50
value was considered as the concentration of

1600 𝜇g/mL for NR and HR essential oils which caused a
50% decrease in cell viability relative to the negative control,
comprising cell culture and DMSO without either of the
essential oils (Figure 1(a)). Additionally, the NR and TR oils
were found to have a cytotoxic effect on IV grade glioma cells
at the IC

50
concentration of 400𝜇g/mL. The tested NR and

HR root essential oils of L. sibiricus did not affect viability of
the NHA cells in IC

50
concentration for IV grade of glioma

cells (Figure 1(b)).

3.3. Antimicrobial Activity. The antimicrobial activities of the
essential oils from NR and HR of L. sibiricus root were
quantitatively assessed by determination of the MIC and
MBC/MFC, as given in Table 2. MIC and MBC/MFC values
of oils from NR and HR of L. sibiricus roots were in the
range of 125 to 2500 𝜇g/mL for MICs and 500 to 5000𝜇g/mL
for MBC/MFCs for all tested strains. Antibacterial activity
was shown by NR and HR oils of L. sibiricus roots against
all bacterial strains with MICs values in the range of 125–
250 𝜇g/mL, but the highest value was observed against P.
aeruginosa (125 𝜇g/mL). L. sibiricus oils were found to have
substantial antifungal activity against S. cerevisiae and C.
albicans with MIC values of 1250 and 2500 𝜇g/mL, accord-
ing to microdilution assay, and for MFC values of 2500
and 5000𝜇g/mL (Table 2). No significant differences were
observed between the NR and HR essential oils of L. sibiricus
roots.

3.4. Antioxidant Activity. The antioxidant activities of NR
and HR essential oils of L. sibiricus root were assessed by free
radicals (DPPH and ABTS) scavenging assays. No significant
differences were observed between NR and HR essential oils.

In the ABTS assay, EC
50
values were determined to be 92.40±

1.99 𝜇g/mL for NR oil and 88.22 ± 1.35 𝜇g/mL for HR oil,
respectively. In turn, EC

50
values were 500.50 ± 1.37 𝜇g/mL

for NR oil and 489.20±1.45 𝜇g/mL for HR oil in DPPH assay.
Both tested oils showed similar antioxidant effectiveness but
better activity was observed for theABTSmethod.The results
were presented in Table 3.

3.5. Effects of HR and NR Essential Oils from L. sibiricus
Roots on IL-1𝛽, IL-2, IL-4, IL-6, IFN-𝛾, and TNF-𝛼 Level.
The study examined the influence of NR and HR essential
oils of L. sibiricus roots on the LPS-stimulated production
of IL-1𝛽, IL-2, IL-4, IL-6, IFN-𝛾, and TNF-𝛼 in NHA cells.
Our results showed that NR and HR root oils decreased level
of LPS-stimulated IL-1𝛽, IL-6, TNF-𝛼, and IFN-𝛾 compared
to controls (Figure 2). This effect was observed at various
concentrations (15, 30, and 60𝜇g/mL) ofNR andHR essential
oils and was dependent on the dose. No differences in IL-
2 and IL-4 level were observed with regard to controls for
NR or HR essential oils, and no significant differences were
observed between the two essential oils.

3.6. Effects of NR and HR Root Oils of L. sibiricus IL-1𝛽, IL-
2, IL-4, IL-6, IFN-𝛾, and TNF-𝛼 on mRNA Expression. Based
on the previous results, the optimal concentrations for both
essential oils were selected for RT-PCR analysis to determine
whether NR and HR oils of L. sibiricus root can regulate IL-
1𝛽, IL-2, IL-4, IL-6, IFN-𝛾, and TNF-𝛼 mRNA expression.
NHA cells were incubated with LPS and then in the presence
of 60 𝜇g/mL NR and HR root oils. As shown in Figure 3,
the expression of IL-1𝛽, IL-6, IFN-𝛾, and TNF-𝛼 genes was
found to be lower than in LPS-stimulated cells for both
essential oils. No changes in expressionwere found for IL-2 or
IL-4.
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Table 3: Antioxidant activity of the essential oils obtained from NR
and HR roots of L. sibiricus.

Oil plant material
Antioxidant activity

ABTS DPPH
(EC
50
, 𝜇g/mL) (EC

50
, 𝜇g/mL)

HR essential oil 88.22 ± 1.35 489.20 ± 1.45
NR essential oil 92.40 ± 1.99 500.50 ± 1.37
Positive control/BHA 6.25 ± 0.09 4.25 ± 0.10
BHA: butylated hydroxyl anisole, DPPH (2,2-diphenyl-1-picrylhydrazyl),
and ABTS (2,20-azinobis-3-ethylbenzothiazoline-6-sulphonate). Data rep-
resent the mean values ± SD in triplicate.

Control LPS

#

IL-1𝛽 IL-2 IL-4 IL-6 IFN-𝛾 TNF-𝛼

NR 60 𝜇g/mL
NR 30 𝜇g/mL
NR 15 𝜇g/mL
HR 60 𝜇g/mL
HR 30 𝜇g/mL
HR 15 𝜇g/mL

NR 60 𝜇g/mL + LPS
NR 30 𝜇g/mL + LPS
NR 15 𝜇g/mL + LPS
HR 60 𝜇g/mL + LPS
HR 30 𝜇g/mL + LPS
HR 15 𝜇g/mL + LPS
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Figure 2: Effect of NR and HR essential oil of L. sibiricus root
on the production of cytokines IL-6, IL-1𝛽, TNF-𝛼, IL-2, IL-4, and
IFN-𝛾 by LPS induced in NHA cells in various concentrations (15–
60 𝜇g/mL). The supernatants were collected and analysed by ELISA
kits. The data are presented as mean ± SD of three independent
experiments. ∗𝑝 < 0.05: treated group significantly different from
LPS-treated group. #𝑝 < 0.05 NR versus HR.

4. Discussion

Natural plant products have been used since ancient times,
and their use is now increasing. Some essential oils are
known to have various health benefit properties and have
been used as alternative remedies for the prevention and
treatment of many infectious diseases: their antibacterial,
antifungal, anti-inflammatory, anticancer, and antioxidative
activities make them particularly suitable for this role. It
is known that the efficacy of the essential oil depends on
many environmental and genetic factors. It has been proven
that the main factors responsible for the diverse chemical

composition of essential oils include climatic conditions,
geographic origin, time of collection, distillation conditions,
correct farming practices, and the part of the plant from
which oil is extracted [24, 25]. An important characteristic of
essential oils and their components is their hydrophobicity,
which enables them to partition the lipids of the bacterial
cell membrane and mitochondria, disturbing the structures
and rendering themmore permeable, resulting in the leakage
of ions and other cell contents [26]. The antimicrobial, anti-
cancer, anti-inflammatory, and antioxidative properties of
essential oils have been evaluated by many other researchers
[27, 28] and their results support the findings of the present
investigation. The present study investigated the chemical
profile of essential oils derived from the normal and hairy
roots of Leonurus sibiricus and evaluated their antimicro-
bial, anti-inflammatory, antioxidant, and antiproliferative
activities.

The essential oils were isolated from the L. sibiricus herb
or its leaves according to a previous study [29]. This study
is the first to identify the essential oil compositions of L.
sibiricus normal and hairy roots. Dambolena et al. [29] report
that 𝛽-caryophyllene and 𝛼-humulene were two of three
main constituents, amounting in total to 75–80% in both
oils (leaves and herb), with 𝛽-cubebene as the third. In turn,
Almeida et al. found germacrene D to be the most dominant
compound in leaf oil. In other species of the genus Leonurus,
L. japonicus sesquiterpenes (45.4%) with 𝛽-caryophyllene
and its oxide are themain constituents of essential oil isolated
from the herb [30].

In the present study, 𝛽-caryophyllene (22.6% of total)
and germacrene D (19.8%) were found to be the main
constituents in HR essential oil, being present in higher con-
centrations in HR than in NR (7.3%, 1.2%, resp.) essential oil.
Additionally, the analysis of NR essential oil revealed other
compounds including selina-4,7-diene, selina-4,11-diene, and
guaia-1(10),11-diene which were not detected in HR essential
oil. The other main components in NR essential oil were
𝛽-selinene and myli-4(15)-ene. In addition, 𝛽-selinene was
present in ninefold higher concentrations, and myli-4(15)-
ene sixfold higher, in NR essential oil than in HR oil. Despite
the different contents, no significant differences were found
regarding biological activities.

Although many workers have examined the antioxidant
activity of essential oils by DPPH and ABTS assay on a
range of species [31, 32], none have discussed the antioxidant
activity of essential oil from NR and HR of L. sibiricus root.
Our studies showed both oils to have the low reactivity to
DPPH assay (EC

50
= 500𝜇g/mL and EC

50
= 489𝜇g/mL)

and moderate reactivity to ABTS assay (EC
50

= 92 𝜇g/mL
and EC

50
= 88 𝜇g/mL), which may be associated with the

high concentrations of sesquiterpene hydrocarbons in NR
and TR essential oils (60.2% and 64.8%, resp.). Our findings
are consistentwith those ofAndrade et al., which indicate that
the low antioxidant activity of essential oils of Siparuna guia-
nensis results from the high content (59.4%) of sesquiterpene
andmonoterpene hydrocarbons [33].TheDPPH test is based
on the use of a very crowded radical; however, the use of a
low crowded radical such as ABTS can be more suitable [32]:
the ABTS assay gives better results for expressing antioxidant
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Figure 3: Impact of NR and HR essential oil of L. sibiricus root on gene expression. NHA cells were treated with LPS and next NR and HR
essential oil for 24 hours. (a) The bar graph gives the relative density. (b) Expression of mRNA levels of IL-1𝛽, IL-2, IL-4, IL6, IFN-𝛾, and
TNF-𝛼 genes. mRNA values are mean ± SD, ∗𝑝 < 0.05 compared to LPS group. Data were obtained as the mean of three replications.

property because it is sensitive, requires a short reaction
time, and can be used in both organic and aqueous solvent
systems [32]. The difference between the results of the DPPH
and ABTS tests may be attributed to the mechanism of
the involved reaction: the reactions of the ABTS radical
involve electron transfer and take place at a much faster rate
compared to DPPH radicals, whose amount of discoloration
is attributed to the hydrogen donating ability of the test
compounds [31, 32].

The essential oils showed a pronounced effect against
grade IV glioma cell line, with IC

50
values of 400 𝜇g/mL. A

novel aspect of our findings is that they demonstrate that NR
and HR essential oils from L. sibiricus roots have cytotoxic
effects. Legault and Pichette showed that 𝛽-caryophyllene has
an anticancer activity against the cell line MCF-7 [34]. This
compound was identified in the HR and NR essential oils.
In turn, de Oliveira et al. found the oils to have anticancer
effects in various cancer cell lines, with germacrene D as one
of the main compounds in the essential oils [35]. However,
previous studies indicate that the anticancer activity of the
essential oil might be due to the synergic effects of all the
terpenes in the oil; alternatively there may be some other
active compounds responsible for the anticancer activity of
the essential oil, which deserves attention in future study.
The MTT assay found that the NR and HR essential oils
from L. sibiricus root used in the present study did not affect
the viability of NHA cells when applied in the concentration
range 0–800 𝜇g/mL.

The essential oils of many plants are known to have
antimicrobial activity [4, 36, 37], which could act as a chem-
ical defence against various pathogens. The present study
examines the antimicrobial activities against all tested strains,
which may be attributed to the presence of sesquiterpenes
such as (E)-𝛽-caryophyllene or germacrene D in the tested

oils. It is known that 𝛽-caryophyllene and germacrene D
possess strong antimicrobial activity [36]. Dahham et al.
showed that𝛽-caryophyllene has selective antibacterial activ-
ity andmore pronounced antifungal activity [38]. Xiong et al.
note that the oil of Leonurus japonicus possesses antimicrobial
activity against Gram-positive bacteria but not against Gram-
negative bacteria [36]. In contrast, our results showed antimi-
crobial activity against Gram-positive and Gram-negative
bacteria. If the MBC of a pure compound is no more than
four times the MIC value, it can be regarded as bactericidal;
hence these essential oils appear to offer potential as a
bactericide [39]. However, it is difficult to compare our data
with other studies because the variables that influence the
results are the essential oil composition and antimicrobial
test method used. Moreover, the standard criteria for the
evaluation of the activity of the plant essential oils aremissing
and therefore the results obtained by different authors vary
widely. Due to the high antimicrobial activity of essential
oils, they may have valuable use as food preservatives. To
our knowledge, this is the first report to confirm antimi-
crobial properties of essential oils derived from L. sibiricus
root.

The next step in our study was to evaluate the anti-
inflammatory activities of essential oils from L. sibiricus
root on NHA cells. This effect has been proven by ELISA
examination of LPS-induced production of pro- and anti-
inflammatory cytokines such as TNF-𝛼, IL-6, IL-2, IL-4,
IL-1𝛽, and INF-𝛾 and treatment with essential oils. Addi-
tionally, the study examined the expression of genes such
as TNF-𝛼, IL-6, IL-2, IL-4, IL-1𝛽, and INF-𝛾 on mRNA
level. As inflammation is an important aspect of many
human diseases, its reduction could be of therapeutic interest.
Glial cells such as astrocytes and microglia are important
immune cells in the brain [40].The activation of microglia as
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resident microphages initiates the release of several poten-
tially cytotoxic substances including reactive oxygen inter-
mediates, nitric oxide, and proteases [41]. These components
are believed to contribute to the progressive damage observed
in neurodegenerative diseases; hence, reducing their levels
in activated microglia can ameliorate neurodegenerative dis-
ease symptoms [42, 43]. Many cytokines and inflammatory
factors, neurotransmitters, and neuropeptides are known to
affect IL-6 regulation in brain cells. In addition, IL-1𝛽 and
TNF-𝛼 have been observed to induce IL-6 in cultured cortical
neurons and astrocytes, the latter involving the NF𝜅B and
the PKC pathway [44]. LPS has commonly been used as an
inflammogen for activating cells in several in vivo and in
vitro cell models [45]. While LPS normally induces IL-6 in
both astrocytes and microglia, TNF-𝛼 only induces IL-6 in
astrocytes; it does not do so inmicroglia [46]. Species-specific
effects may exist, since, in human cells in vitro, LPS affects
microglia to a greater degree than astrocytes with regard
to the production of TNF-𝛼, IL-1𝛽, and IL-6; however, IL-
1𝛽 is a potent stimulator of IL-6 production in astrocytes
[47]. Therefore, the inhibition of normal human astrocyte
activation and reduction of the release of pro- and anti-
inflammatory mediators represent a promising strategy for
the prevention of neurodegenerative diseases. Our findings
are the first to report that NR and HR essential oils from
L. sibiricus root suppressed TNF-𝛼, IL-6, IL-2, IL-4, and
IL-1𝛽 production induced by LPS stimulation in a dose-
dependent manner. Furthermore, essential oil was found
to suppress the expression of TNF-𝛼, IL-6, IFN-𝛾, and IL-
1𝛽 genes in LPS-activated NHA cells. We suspect that this
is due to the major compounds identified in the essential
oils, that is, sesquiterpenes such as (E)-𝛽-caryophyllene and
germacrene D; however, the literature indicates that this may
be due to the synergistic effect of the constituents in the
oil. Similarly, Baylac and Racine note that sesquiterpenes
such as 𝛽-caryophyllene exhibited activity in the in vitro 5-
lipoxygenase assay in the inflammation process [48].

5. Conclusion

Our findings detail the constituents of the essential oil of
normal and hairy roots (NR and HR) of L. sibiricus and
indicate their promising use as pharmaceuticals, with antimi-
crobial, antioxidant, anti-inflammatory, and antiproliferative
activities. Our results clearly show that these essential oils are
active against grade IV glioma cells, inhibit the growth of food
pathogens, have moderate antioxidant activity in ABTS test,
and suppress LPS-stimulated NHA activation by inhibiting
pro- and anti-inflammatory mediators. The results presented
here can be considered as the first information on biological
properties of NR and HR essential oils of L. sibiricus roots.
Therefore, this plant may be used to safely extend the shelf
life of food and may be an interesting candidate in phytothe-
rapy.
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[18] J. Makowczyńska, E. Sliwinska, D. Kalemba, E. Piątczak, and H.
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and J. N. Djisalov, “Evaluation of caraway essential oil from
different production areas of Serbia,” Horticultural Science, vol.
41, no. 3, pp. 122–130, 2014.

[25] K.Msaada, K.Hosni,M. B. Taarit, T. Chahed,M. E.Kchouk, and
B.Marzouk, “Changes on essential oil composition of coriander
(Coriandrum sativum L.) fruits during three stages of maturity,”
Food Chemistry, vol. 102, no. 4, pp. 1131–1134, 2007.

[26] A. G. Pirbalouti, B. Hamedi, P. F. Malek, E. Rahimi, and NR.
Nasri, “Inhibitory activity of Iranian endemic medicinal plants
against Vibrio parahaemolyticus and Vibrio harveyi,” Journal of
Medicinal Plants Research, vol. 5, no. 32, pp. 7049–7053, 2011.

[27] R. R. Pandey, R. C. Dubey, and S. Saini, “Phytochemical and
antimicrobial studies on essential oils of some aromatic plants,”
African Journal of Biotechnology, vol. 9, no. 28, pp. 4364–4368,
2010.

[28] R. W. Bussmann and A. Glenn, “Medicinal plants used in
Northern Peru for the treatment of bacterial and fungal infec-
tions and inflammation symptoms,” Journal of Medicinal Plants
Research, vol. 5, no. 8, pp. 1297–1304, 2011.

[29] J. S. Dambolena, M. P. Zunino, E. I. Lucini et al., “Essential oils
of plants used in homemedicine in north of Argentina,” Journal
of Essential Oil Research, vol. 21, no. 5, pp. 405–409, 2009.

[30] L. F. R. Almeida, M. E. A. Delachiave, and M. O. M. Marques,
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The highly nutritional and ecofriendly Spirulina (Arthrospira platensis) has hypolipidemic, hypoglycemic, and antihypertensive
properties. Spirulina contains functional compounds, such as phenolics, phycocyanins, and polysaccharides, with antioxidant,
anti-inflammatory, and immunostimulating effects. Studies conducted on Spirulina suggest that it is safe in healthy subjects, but
attitude to eating probably affects the acceptability of Spirulina containing foods. Although the antioxidant effect of Spirulina is
confirmed by the intervention studies, the concerted modulation of antioxidant and inflammatory responses, suggested by in
vitro and animal studies, requires more confirmation in humans. Spirulina supplements seem to affect more effectively the innate
immunity, promoting the activity of natural killer cells. The effects on cytokines and on lymphocytes’ proliferation depend on age,
gender, and body weight differences. In this context, ageing and obesity are both associated with chronic low grade inflammation,
immune impairment, and intestinal dysbiosis. Microbial-modulating activities have been reported in vitro, suggesting that the
association of Spirulina and probiotics could represent a new strategy to improve the growth of beneficial intestinal microbiota.
Although Spirulinamight represent a functional food with potential beneficial effects on human health, the human interventions
used only supplements. Therefore, the effect of food containing Spirulina should be evaluated in the future.

1. Introduction

Spirulina (Arthrospira platensis) is amicroscopic and filamen-
tous cyanobacterium that has been suggested as a sustainable
and ecofriendly microalga useful for bioremediation, nitri-
fication, and carbon dioxide (CO2) fixation. In the context
of the bioremediation, Spirulina is considered a candidate
for the removal of toxicants, such as heavy metals [1–5] and
phenol [6]. Besides, within microalgae and cyanobacteria
Spirulina showed maximum biomass productivity with the
highest CO2 fixation rate [7] and it has been suggested for
the nitrification from urine in urban wastewaters [8]. The
environmentally friendly Spirulina does not need fertile land,
has a rapid growth, and takes less energy input and less water
per kilogram than soya and corn proteins [9]. Due to its cost-
effective and high nutritional value Spirulina has been used as

protein-rich animal feed for improving meat production and
quality [10] and has been proposed as a sustainable approach
to prevent Protein Energy Malnutrition (PEM) and Protein
Energy Wasting (PEW) in humans [9].

On the other hand, Spirulina presents hypolipidemic
[11], hypoglycemic [12], and antihypertensive [13] properties.
Studies in rats suggested that Spirulina increases the lipopro-
tein lipase activity [14] and the pancreatic secretion of insulin
[15]. The latter effect was observed also in mice treated with
phycocyanin isolated from Spirulina andwas accompanied by
a decrease in cholesterol, triglycerides, and malondialdehyde
(MDA) and by an increase in the serum total antioxidant
capacity [16]. On the other hand, the oral administration of an
antihypertensive peptide, purified by Spirulina and resistant
to in vitro digestion by gastrointestinal proteases, decreased
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both systolic (SBP) and diastolic (DBP) blood pressure in
spontaneously hypertensive rats [17].

All these effects could be considered useful in the preven-
tion of the metabolic syndrome. In fact, according to the
World Health Organization (WHO), high serum triglyceride
level, low serum high-density lipoprotein (HDL) cholesterol
level, hypertension, and elevated fasting blood glucose are
four of the five risk factors (three out of the five required)
for the diagnosis of metabolic syndrome [18]. Metabolic syn-
drome is associated with subclinical low grade inflammation,
oxidative stress, and intestinal dysbiosis and it has been sug-
gested that the gutmicrobiota could be a target for nutraceuti-
cals [18]. In this regard, in vitro antimicrobial activity [19–21]
and the capacity to improve the growth of probiotics [22–24]
have been reported for Spirulina.

Furthermore, Spirulina contains many functional bioac-
tive ingredients with antioxidant and anti-inflammatory
activities, including phenolic phytochemicals [25, 26] and the
phycobiliprotein C-phycocyanin [27].

We aimed to evaluate the possibility that Spirulina could
be an antioxidant and immunomodulating functional food
by reviewing the human evidences, after taking into account
safety and acceptability aspects.

2. Functional Compounds of Spirulina

Spirulina has high nutritional values due to its content in
proteins, essential amino acids, minerals, essential fatty acids,
vitamins, and liposoluble antioxidants (vitamin E and caro-
tenoids) [28–38] (Table 1).

Great attention has been given to Spirulina antioxidant
and anti-inflammatory activities in many animal species [16,
34, 38–50] that could not be explained only by Spirulina
macro and micronutrient content (Table 1).

It has been suggested that the antioxidant activity
accounts for the protective role of Spirulina against the toxi-
city induced by carbon tetrachloride (CCl4) [40], by metals
(arsenic, mercuric chloride, chromium, cadmium, and fluo-
ride) [34, 41–44], by the insecticide deltamethrin inmice [39]
and rats [45], and by the drugs tilmicosin (in mice) [46], gen-
tamicin (in rats) [47], and erythromycin in Egyptian Baladi
bucks (Capra hircus) [38].

Furthermore, antioxidant effects of Spirulina have been
reported also in murine models of inflammation [48–50]. In
rat models of experimental colitis (acetic-acid induced) [48]
and arthritis (Freund’s adjuvant-induced [49] and collagen-
induced [50]) the antioxidant activity of Spirulina was asso-
ciated with anti-inflammatory effects. Abdel-Daim et al. [39]
recently observed a decrease of the proinflammatory cytokine
tumor necrosis factor-alpha (TNF-𝛼) in serum and at the
same time an improvement of oxidative stress markers [mal-
ondialdehyde (MDA), nitric oxide (NO), superoxide dis-
mutase (SOD), catalase (CAT), reduced glutathione (GSH),
and glutathione peroxidase (GPX)] in hepatic, renal, and
brain tissues, by using Spirulina platensis powder (500 and
1000mg/kg) 1 h before deltamethrin (15mg/kg) in mice [39].

Hu et al. [51] suggested a potential concerted modula-
tion of nuclear factor-erythroid 2-related factor 2 (Nfr2)/anti-
oxidant responsive elements (ARE) and nuclear factor-kappa

Table 1: Nutritional values and functional compounds of Spirulina.

Content in 100 g
The effects in vitro
and in animal

models
Ref.

Nutritional
values

Proteins 35.4–70.0 g
Amino

acidsGlutamate
7.0–7.3 g

Leucine 5.9–8.4 g
Aspartate 5.2–6.0 g
Lysine 2.6–4.6 g
Tyrosine 2.6–3.4 g
Phenylalanine

2.6–4.1 g
Methionine 1.3–2.7 g

Fat 4.0–16.0 g
% of total fatty
acidsPalmitic
25.8–44.9%

Gamma-linoleic
17.1–40.1%

Linoleic 11.1–12.0%
Oleic 10.1–16.6%

Palmitoleic 2.3–3.8%
Stearic 1.7–2.2%
Carbohydrates
14.0–19.0 g

Crude fiber 3.0–7.0 g
Minerals

Potassium 2.0–2.6 g
Sodium 1.5–2.2 g
Total phosphorus

1.3–2.2 g
Iron 273.2–787.0mg
Magnesium 330

Calcium 120–900mg
Vitamins

B12 5.7–38.5 𝜇g
B2 3.0–4.6mg
B6 0.5–0.8mg

Niacin (B3) 13–15mg
Folic acid

0.05–9.92mg
Carotenoids 0.3–2.6 g
Tocopherol 0.4–9.8 g

[28–
38]

Functional
compounds

Total phenol
0.20–1.73 g

Flavonoids 0.1–0.9 g

Antioxidant
Anti-inflammatory

[25, 26,
83, 84]

Phycocyanins
C-Phycocyanin

13.5–14.8 g
Allophycocyanin 2.3 g
Phycobiliproteins 1.1 g

Antioxidant
Anti-inflammatory

[27, 32,
34, 36,
56–66]

Polysaccharides
0.2–12.5 g Immunostimulating [69–

72]

B (NF-kB) in inflammation and carcinogenesis. Many phe-
nolic antioxidants [52, 53] and C-phycocyanin [54, 55] exert
their anti-inflammatory and antioxidant effects through the
integrated modulation of Nrf2 and NF-kB pathways. In
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particular, C-phycocyanin was able to inhibit NF-kB [54]
and induced Nrf2 activation in pancreatic 𝛽-cell INS-1 [55].
Although Spirulina antioxidant and anti-inflammatory activ-
ities can be due to both phenolic compounds and phycocya-
nins, C-phycocyanin is contained in higher amounts (Table 1)
and has been studied more in vitro [56–63] and in animal
models [27, 57, 64–66]. In addition to the scavenging prop-
erty of C-phycocyanin [56, 57], in cellular models it exerted
the antioxidant activity also regulating the antioxidant enzy-
mes activity, such as SOD, CAT, and GPX [58] and inhibiting
the cyclooxygenase-2 (COX-2) [63] and the inducible nitric
oxide synthase (iNOS) gene expression [63]. Furthermore,
a 50% inhibitory concentration (IC50) of 180 nM has been
found in a COX-2 isolated enzyme assay [62]. The effects of
C-phycocyanin on COX-2 [64, 65] and iNOS [64] were also
confirmed in animals, where a decrease of the proinflamma-
tory TNF-𝛼 expression in the carragenan-induced rat paw
[64] and of the TNF-𝛼 and interleukin-1𝛽 (IL-1𝛽) expression
in the cochlea and inferior colliculus after salicylate-induced
tinnitus in mice was observed [65]. Also Spirulina lipid
extract [67] has been shown to repress proinflammatory
cytokine (TNF-𝛼, IL-1𝛽, and IL-6) expression and secretion
via inhibition of NF-kB pathway. Besides, Spirulina contains
also heptadecane, a volatile component which has been
shown to suppress proinflammatory gene expressions by
reducing NF-kB activity [68]. However, it must be taken
into account that polysaccharides [69] contained in Spir-
ulina (Table 1) can induce NF-kB pathway. In particular,
the high molecular weight polysaccharide Immulina has
been reported have immunostimulatory activity [70–72] and
increased IL-1𝛽 and TNF-𝛼 expression by inducing NF-
kappa B pathway [72]. Despite the fact that the immunos-
timulatory activity could increase inflammation, it must be
taken into account that in syngeneic tumor-implant mice
(C57BL/6 versus B16 melanoma) the antitumor activity and
the increased NK cytotoxicity were observed in parallel
with the production of interferon-gamma (IFN-𝛾) [73]. Fur-
thermore, it was also observed that Spirulina consumption
increased macrophage activation (phagocytic activity and
nitrite production) in chicken [74].Therefore, Spirulina could
modulate immune function, reducing inflammation without
inhibiting the innate immune defences.

3. Microbial-Modulating Activities

It has been recently reported that, in the majority of com-
mercially available Spirulina food supplements, Arthrospira
platensis was the predominant taxon (81.2–100.0%) among
the cyanobacteria [75].

Spirulina (Arthrospira) platensis is able to inhibit the
growth of some Gram-negative (Escherichia coli, Pseudomo-
nas aeruginosa, and Proteus vulgaris) and Gram-positive
bacteria (Staphylococcus aureus, Bacillus subtilis, and Bacillus
pumulis) [76]. In fact, Spirulina produces extracellular meta-
bolites with antibacterial activity (Figure 1) [19–21, 77]. The
methanol extract from grown culture medium of Spirulina
showed a higher antimicrobial activity than hexane [21],
dichloromethane [20, 21], petroleum ether [20], ethyl acetate
[20, 21] extracts, and volatile components (heptadecane and

tetradecane) [20], especially against Streptococcus faecalis
[20], Staphylococcus epidermidis [20] and Candida albicans
[20], Gram-positive bacterium Staphylococcus aureus [21],
and Gram-negative bacterium Escherichia coli [21].

On the contrary, low (minimum inhibitory concentra-
tions, MIC ≥ 512 𝜇g/ml) or no inhibitory effect was found
against other bacteria (Pseudomonas aeruginosa, Salmonella
typhirium, and Klebsiella pneumoniae) [21]. El-Sheekh et al.
[19] purified an antimicrobial compound (molecular formula
C15H18NO8) from Spirulina platensis with no characteristic
odor and yellowish green color. This extract (soluble in
methanol, diethyl ether, chloroform, and dimethyl sulfoxide,
but sparingly soluble in water and acetone) was active against
the unicellular fungus Candida albicans (MIC = 30 𝜇g/ml)
and the Gram-positive Bacillus subtilis (MIC = 60 𝜇g/ml) at
lower concentrations in comparison to the effect against the
Gram-negative bacterium Pseudomonas aeruginosa (MIC =
85 𝜇g/ml) [19]. Besides, Spirulina has been recently used in
the synthesis of biofunctionalized gold nanoparticles with
antibacterial activity against Gram-positive organisms (Bacil-
lus subtilis and Staphylococcus aureus) [77]. Therefore, the
research on advanced medical applications of Spirulina-
derived products in the treatment of infectious diseases
caused by Gram-positive organisms is growing (Figure 1).

On the other hand, it has also been reported that extra-
cellular products of Spirulina, obtained from a culture in late
exponential stage and separated by filtration, significantly
promote the in vitro growth of the lactic acid bacteria (Lacto-
coccus lactis, Streptococcus thermophilus, Lactobacillus casei,
Lactobacillus acidophilus, and Lactobacillus bulgaricus) [22].
Probiotics, including the genera Lactobacillus and Bifidobac-
terium (Figure 1) [78], are largely used as starter bacteria for
the production of yogurt [24], the most popular fermented
diary product worldwide. Spirulina biomass has a stimulatory
effect on the growth (during fermentation) and/or increases
the survival (during storage) of Bifidobacterium [23, 24], Lac-
tobacillus acidophilus [24, 76], Lactobacillus bulgaricus [79–
81], Lactobacillus casei [76], and Streptococcus thermophilus
[23, 76, 79, 80, 82].

Although the better growth and survival have been
attributed to the high level of nitrogenous substances, in par-
ticular free amino acids, in the Spirulina biomass [109], also
phenolic compounds have been shown to exert antimicrobial
or bacteriostatic activities, as well as improving the growth of
probiotics [18]. Therefore, the complex composition of Spir-
ulina could improve the quality of fermented diary products
and the supplementation with Spirulina might represent an
alternative strategy to the synbiotics formulations. The latter
appear more effective than probiotics alone in the prevention
of the dysbiosis (Figure 1) associated with immune-mediated,
inflammatory, and dysmetabolic diseases [78].

Despite the rich literature on in vitro effect of Spirulina,
only few studies have been conducted in vivo. Although
in mice the gut microbiota of the Spirulina-fed group was
70% similar to that of the control mice [110], changes of gut
microbiota ecology induced by Spirulina feeding inmice have
been showed by Rasmussen and collegues [110]. The authors
observed that Spirulina plantensis leads change to gut micro-
biota composition inmice reducing Bifidobacterium animalis
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Figure 1:Microbial-modulating activities of Spirulina could prevent dysbiosis.The antibacterial activity of Spirulina could protect the host by
infections. Changes inmicrobiota composition are commonly associated with several several diseases including inflammatory bowel diseases
(IBD) andmetabolic and immunological diseases. Alterations of gutmicrobial composition also result in changes in themetabolites generated
in the gut frommicrobial activity, essential for a correct gut homeoastasis. Spirulina intake may favour a restabilishment of correct microbial
balance by promoting probiotic species growth.

and increasing Clostridium irregulare, suggesting that num-
bers of this organism are modified through both blue-green
algae supplements [110]. It is largely established that drastic
changes of microbiota composition occur in several gastroin-
testinal, immunological, and metabolic diseases [111, 112]. In
many microbiota related diseases, including Inflammatory
Bowel Disease (IBD), it is well known that a strong unbal-
anced ratio among the genera of potentially protective bac-
teria and normal anaerobic bacteria is present. In particular,
Bacteroides sp., Eubacterium sp., and Lactobacillus sp are
significantly decreased [113]. All these evidences suggest that
Spirulinamay be useful to improve animal and human health
changing the gut microbiota composition and promoting
beneficial batcterial growth.

4. Safety and Acceptability

The Food and Drug Administration (FDA) has catego-
rized Arthrospira products as “generally recognized as safe”
(GRAS) for human consumption and the Dietary Supple-
ments Information Expert Committee (DSI-EC) concluded
that there is not a serious risk to health with consumption of
Spirulina [114].

Reported side effects associated with Spirulina consump-
tion are insomnia and gastric problems with uncertain or
unlikely causality [114] and only few cases of severe side
effects have been reported, including a case of rhabdomyol-
ysis after the consumption of 3 g/day for 1 month [115]. Two
cases of anaphylaxis caused by Spirulina tablets were reported
[116, 117] of which one in a 17-year-oldmale who had a history
of atopic dermatitis, asthma, allergic rhinitis, and a possible
pollen-food syndrome (oral allergy symptoms to tomato and
cucumber) [117]. Three cases of autoimmune-mediated skin
damage were reported, of which one in a 82-year-old woman
[118], whereas the other two cases were observed in subjects
consuming Spirulina as ingredient of multicomponent-nut-
raceuticals (organic cayenne pepper, ethylsulfonylmethane,

and the algae Aphanizomenon flos-aquae and Spirulina or
Ginseng, Ginkgo biloba, and Spirulina) [119]. In this regard, it
is well known that plant-food and herbal supplements could
have adverse effects, such as hepatotoxicity and autoimmune
hepatitis [120]. Besides, the two cases described by Lee and
Werth [119] involved a 57-year-old man with known pemphi-
gus vulgaris and a 45-year-oldwomanwith a history of hyper-
tension, chronic migraines and fibromyalgia. Furthermore, a
case report of hepatotoxicity involved a 52-year-old Japanese
man who had a history of hypertension, hyperlipidemia and
type 2 diabetes (T2D) and taking medications (amlodipine
besilate, simvastatin, and acarbose) [121]. In this context,
potential food-drug interactions have been hypothesized for
Spirulina [122] and for phenolic phytochemicals [123–125].
Therefore, Spirulina should be ingested with caution in sub-
jects with diseases, in particular in patients in treatment with
substrates of cytochrome P450 enzymes, such as immuno-
suppressant, antihypertensive, and lipid lowering drugs [121–
125].

Although Spirulina can be considered safe in healthy
subjects, sensory characteristics of a functional food are
important in the consumer acceptance of the product.

Table 2 shows the studies that have investigated the overall
acceptability of foods with Spirulina, including baby formu-
las, pomegranate juices, biscuits, snacks, pasta, ice creams,
yogurt, and acidophilus milks [32, 36, 85–92]. The number
of panelists ranged between 4 and 43, and the point scale was
different between studies (Table 2). Only a study on func-
tional biscuits containing Spirulina or phycocyanin isolated
from Spirulina reported similar levels of acceptability versus
control [36]. In the other studies, both higher and lower levels
of acceptability were reported (Table 2). The results were
affected by the type of product, by the percentage of Spirulina
and by the type of panelists.

Baby food formulas with added Spirulina had an overall
acceptability scores in the range from 82.72 to 96.37 and the
trained panelists assigned the high scores to products with
Spirulina 5% [32].
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Table 2: Acceptability of Spirulina products.

Products Panelists (𝑛) (point scale, PS) Acceptability Ref.
8 fruit-vegetable (SFV) baby food formulas
(i) Puree of banana 30%, potato 10%, carrot 10%, apple 15%, guava
15%, mango 15%, sugar 5%, Spirulina 0% (1SFV), 2.5% (2SFV), 5%
(3SFV), and 7.5% (4SFV)
(ii) Puree of papaya 30%, potato 10%, carrot 10%, apple 15%, guava
15%, mango 15%, sugar 5%, Spirulina 0% (5SFV), 2.5% (6SFV), 5%
(7SFV), and 7.5% (8SFV)
8 cereal-based (SCP) baby food formulas
(i) Cereals (wheat 30%, barley 30%), legumes (dried peas 10%, lentils
powder 10%), vegetable (dried spinach 10%, dried Cauliflower 10%),
Spirulina 0% (9SCP), 2.5% (10SCP), 5% (11SCP), and 7.5% (12SCP)
(ii) Cereals (rice 30%, barley 30%), legumes (dried peas 10%, lentils
powder 10%), vegetable (dried spinach 10%, dried Cauliflower 10%),
Spirulina 0% (13SCP), 2.5% (14SCP), 5% (15SCP), and 7.5% (16SCP)

Trained (12) (100 PS)

Versus 0%: ↑ (high
scores Spirulina 5%:
3SFV, 7SFV, 3SCP, and

7SCP)

[32]

Pomegranate juice (0%) or pomegranate juice with Spirulina platensis
(4%) and Echinacea (6%) extracts sweetened by stevioside (5%) Semi-trained (10) (10 PS) Versus 0%: ↑ [85]

Biscuits (0%) or biscuits with Spirulina platensis 0.3%, 0.6%, and 0.9%
or phycocyanin extracts 3.0% Untrained (20) (9 PS) Versus 0%:↔ [36]

Snacks: corn flour (coating 6% cheese flavor + 19% palm Olean oil)
with Spirulina 0%, 2.5%, 5%, 7.5%, 10%, and 12.5% Trained (nr) (9 PS)

Versus 0%: 2.5% ↑,
5%↔, 7.5%, 10%, and

12.5% ↓
[86]

Pasta with Spirulina maxima 0%, 0.5%, 1.0%, and 2.0% Untrained (43) (5 PS) Versus 0%: ↑ [87]

Pasta with Spirulina platensis 5%, 10%, and 15% Trained (7) (7 PS) Versus 0%:↔10%; ↓5%;
and 15% [88]

Pasta
(i) Special wheat flour with 0%, 5%, and 10% of Spirulina platensis
(ii) Integral wheat flour with 0%, 5%, and 10% of Spirulina platensis

Consumers (nr) (9 PS)

Versus 0%:↔5%; ↓10%
(special wheat flour
versus integral wheat

flour: ↓)

[89]

Ice cream 0%, 0.075%, 0.15%, 0.23%, and 0.3% of Spirulina to replace
0%, 25%, 50%, 75%, and 100% of stabilizer Judges (4) (100 PS)

Versus 0%: 0.075%↔,
0.15% ↑, 0.23%, and

0.3% ↓
[90]

Yogurt with 0%, 0.1%, 0.2, 0.3, and 0.5% of Spirulina Judges (4) (100 PS) versus 0%: 0.1 and
0.5% ↓; 0.2%↔; 0.3% ↑ [91]

(i) Plain yogurt (only yogurt starters) with 0%, 0.5%, and 1% of
Spirulina platensis
(ii) Probiotic yogurt (L. acidophilus + yogurt starter bacteria) with
0%, 0.5%, and 1% of Spirulina platensis
(iii) Acidophilus milk (only L. acidophilus.) with 0%, 0.5%, and 1%
Spirulina platensis

Trained (5) (5 PS) ↔ versus 0% 0.5% > 1%. [92]

SFV = spirulina with fruits and vegetables-based baby food formula; SCP = spirulina with cereals-based baby food formula; 𝑛 = numbers; PS = point scale.

No significant differences were noticed by semitrained
panelists between the pomegranate juices and formulate
pomegranate beverage with Spirulina (4%) and Echinacea
(6%) extracts (sweetened by stevioside 5%) in appearance,
color, odors, and consistency, while the other parameters
including taste and overall acceptability showed a significant
decrease in the mean values of pomegranate juice compared
to the fresh formulate pomegranate beverage [85].

Trained panelists gave a higher score to a snack with 2.5%
of Spirulina, but the addition of 7.5% or more decreased the
acceptability [86]. The percentage of Spirulina in pasta con-
sidered acceptable is different in trained and untrained pane-
lists. In particular, pasta with a percentage of Spirulina max-
ima up to 2% was preferred by untrained panelists compared
to control pasta [87], whereas the most preferable one by

trained panelists [88] was the pasta enriched with 10% Spir-
ulina platensis. The latter was not acceptable for consumers
[89] who considered less acceptable also pasta produced with
integral wheat flour. The percentage of Spirulina that did not
decrease the acceptability is lower for ice cream compared
with supplemented pasta (Table 2). A panel of judges con-
sidered ice cream with 0.15% of Spirulina a superior product
when compared to 0% and 0.075% ice creams, due to the light
green (pistachio) color, but the intense green color decreased
overall acceptability of the ice cream with 0.23% and 0.3% of
Spirulina [90]. On the contrary, yogurt with Spirulina 0.3%
had a higher score compared to 0%, 0.1%, 0.2, and 0.5% of
Spirulina [91]. Malik et al. [91] suggested that the lower score
at 0.1% level when compared to control may be attributed
to dull color and appearance and less acidic flavor which is
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essential for acceptability of yogurt, whereas the low accept-
ability of the 0.5% can be due to increased acidity and intense
green color. It is well known that Spirulina causes decrease in
pHof yogurts, due to its effect on Lactobacilli growth and via-
bility [82, 126]. Guldas and Irkin [92], with trained panelists
who did not assign excessive sour taste to acidophilic yogurt,
reported that the 0.5% of Spirulina powder additionwasmore
acceptable than 1%, due to the slightly greenish color and algal
flavor of the latter compared to the former. Therefore, differ-
ent sensory expectations, experiences, knowledge, learning,
and attitude to eat affect the overall acceptability [127, 128].

5. From Nutritional Supplement to
Antioxidant and Immunomodulating
Functional Food in Humans

Due to its high nutritional value, Spirulina has been used
for treatment of anemia and malnutrition in undernourished
children [28, 29, 129] and disease patients [29, 103, 130, 131].
Positive effects of Spirulina at doses ranging between 1 g/day
[131] and 200 g/day [28] against anemia have been reported in
children [28, 29, 129], runners [132], senior citizens [133],
patients with pathologies such as nonalcoholic fatty liver
disease (NAFLD) [130], T2D [131], or HIV-infected [29, 103].
Only two studies did not find improvement in Hemoglobin
(Hb) levels after Spirulina supplementation. In the first study
(Spirulina 6 g/day, 30 days), Hb was measured only in a sub-
group of 5 subjects, probably not enough to reach statistical
significance [101]. In the second study, both supplemented
and control groups received also dietary products supplied by
the World Food Program (WFP) and showed improvement
of protidemia [104]. Besides in HIV-infected patients [29,
103] and undernourished children [28, 29] increases in body
weight were reported, probably due to protein content. In
agreement with this hypothesis, in HIV-infected antiretro-
viral-naı̈ve patients an increase in fat free mass (FFM) has
been observed versus soya supplementation [103]. On the
other hand, Spirulina did not affect body weight in subjects
with dyslipidemia [134]. In this context, Spirulina reduced
plasma lipids concentrations in many studies [12, 13, 100,
106, 108, 130, 134–137]. Accordingly, the results of a recent
meta-analysis [11] of 7 Randomized Controlled Trials (RCT)
showed a significant effect of supplementation with Spir-
ulina in reducing plasma concentrations of total cholesterol
(−46.76mg/dL, 𝑝 < 0.001), low density lipoprotein (LDL)
cholesterol (−41.32mg/dL, 𝑝 < 0.001), and triglycerides
(−44.23mg/dL,𝑝 < 0.001) and elevating those ofHDL choles-
terol (+6.06mg/dL, 𝑝 = 0.001). In overweight subjects [13]
and inT2Dpatientswith dyslipidemia [106] the improvement
in the lipid profile was accompanied by a reduction of blood
pressure. Furthermore, some studies found also decreased
levels of glucose or HOMA-IR after Spirulina supplementa-
tion in healthy volunteers [12], in subjects with NAFLD [130],
T2D [138], and HIV-infected antiretroviral-näıve patients
[102, 135].

Table 3 summarizes the 17 studies [29, 93–108] that
investigated the effect of long term consumption (duration

range: 7 days [96]–12 months [102]) of Spirulina or Spirulina-
derived Immulina on markers of immune and redox status.

The majority of the studies had a longitudinal (uncon-
trolled) or parallel design (controlled or uncontrolled), and
only two studies followed a crossover design. The number
of participants in individual trials was extremely variable,
ranging from 8 [100] to 169 [102], and characteristics of sub-
jects varied between studies. In particular, healthy subjects,
elderly, runners, children, patients with HIV infection, and
T2D patients with allergic rhinitis or chronic obstructive
pulmonary disease (COPD) were enrolled (Table 3).

Various biomarkers were used to monitor different
aspects of redox and immune status in biological fluids and
cells.Markers of redox status included total antioxidant status
(TAS, 𝑛 = 4), vitamin C (vit. C, 𝑛 = 2), GSH (𝑛 = 2),
antioxidant enzymes (𝑛 = 4) (e.g., SOD, CAT, and GPX), and
markers of lipid peroxidation (𝑛 = 7) [e.g., MDA, thio-
barbituric acid reactive substances (TBARS), and peroxides
(ROOH)]. Markers of immune function included cytokines
(𝑛 = 3), ex vivo cytokines’ production by peripheral blood
mononuclear cells (PBMC) (𝑛 = 3), lymphocytes’ popula-
tions (𝑛 = 7), lymphocytes’ proliferation (𝑛 = 1), and NK
cytotoxic activity (𝑛 = 2).

Unchanged NK, NKT, and T cells were found after
Spirulina consumption in healthy subjects [96]. Increases in
T helper lymphocytes (CD4+ counts) were reported in HIV-
infected patients (Table 3). In particular, the increase inCD4+
count was always accompanied by a decrease in the viral
load [101–103]. This effect could be mediated by the antiviral
activity against HIV of the natural sulfated polysaccharide
(calcium spirulan), contained in Spirulina [139]. Accordingly,
the increase in lymphocytes was observed in HIV-positive,
but not in HIV-negative undernourished children [29]. Fur-
thermore, Winter et al. [105] reported no effects on viral
load with consequent progression of disease (e.g., decrease
of CD4+ cells), in HIV patients, despite the increase in TAS.
Also other three studies measured both redox and immune
markers [98, 99, 106].

A recent study in elderly found a lower increase in the
IL-2/IL-6 ratio in obese compared to normal weight (NW)
after Spirulina supplementation [98]. Furthermore, only in
NW subjects an improvement of TAS and TBARS levels after
treatment was observed [98]. Also gender differences were
found in elderly after Spirulina consumption, with increase of
IL-2 and SOD in female and decrease of IL-6 accompanied by
increase in TAS in males [99]. The third study, conducted in
T2D patients, found decreased MDA levels that were associ-
ated with decrease of IL-6 only in patients with dyslipidaemia
[106]. Therefore, the concerted modulation of redox and
inflammatory status by Spirulina in humans requires more
studies.

On the other hand, improvement of at least one marker
of redox status (decrease in markers of peroxidation and/or
increase in antioxidant enzymes, TAS, GSH, or vitamin C)
was reported in healthy subjects (7.5 g/day, 3 weeks) [95],
elderly (8 g/day, 12 and 16 weeks) [98, 99], runners (4 g/day,
2 weeks) [100], COPD (1 g and 2 g/day, 60 days) [108], and
T2D (8 g/day, 12 weeks) [106] patients. Only Shyam et al. [97]
reported decreased GSH and unchangedMDA, TAS, vitamin
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Table 3: Human intervention studies measuring markers of immune function or redox status after Spirulina supplementation.

Subjects (𝑛) Study design and treatment Markers of immune function Markers of redox
status Ref.

Healthy (11)
Longitudinal

Spirulina-derived Immulina 400mg/day, 56
days

Proliferation
↓ CA-induced CD19+ (day 56)

↑ CA-induced CD19+ (3–8 days), CD4+
(3–56 days)

↑ TT-induced CD4+ (3–8 days)
Cytokines’ production

↓ TT- induced TNF-𝛼, IFN-𝛾, IL-5 (day
56)

↓ CA and TT- induced IL-4 (day 3)
↔ TT-induced IL-2, IL-12, IL-10
↑ CA-induced TNF-𝛼 (3–8 days), IL-2

(day 3 and 56),
IFN-𝛾 (day 3), IL-6 (3–14 days), IL-5 (3–8

days)
↑ TT-induced TNF-𝛼 (3–8 days), IFN-𝛾

(3–14 days),
IL-6 (3–8 days), IL-5 (3–8 days)

[93]

Healthy (12)
Longitudinal

50ml hot water extract of Spirulina platensis
extract, 8 weeks

↑ NK cell cytotoxic activity
Cytokines’ production
↔ Con A-induced IL-12
↑ BCG-CWS-induced IL-12,

↑ IL-12 and IL12/IL18-induced IFN-𝛾

[94]

Healthy (16)
Parallel (versus soya proteins)

Spirulina platensis or soya 7.5 g/day, 3 weeks
(after exercise)

↑ SOD, GPX
↓MDA [95]

Healthy (20)
Crossover (placebo controlled)

Spirulina-derived Immulina 0.2 g and 0.4 g/day,
7 days

↑ NK cell cytotoxic activity
↔ NK, NKT, T cells [96]

Healthy (30) Parallel (placebo controlled)
Spirulina maxima 1 g/day, 30 days

↔MDA, TAS, vit.
C, SOD
↓ GSH

[97]

Elderly
NW (45)
Obese (33)

Parallel (placebo controlled)
Spirulina 8 g/day, 12 weeks

↑ IL-2 (NW 54.1%, obese 33%)
↓ IL-6 (NW 20%, obese 14.6%)

↔ TNF-𝛼

↑ TAS (only NW)
↓ TBARS (only NW) [98]

Elderly (78) Parallel (placebo controlled)
freeze-dried Spirulina 8 g/day, 16 weeks

↑ IL-2 (female)
↓ IL-6 (male)

↑ SOD (female),
TAS (male)
↔ GPX, TBARS

[99]

Runners (8)
Longitudinal

Spirulina maxima capsules 4 g/day +
200ml/day antioxidants drink†, 2 weeks

↓MDA [100]

HIV+ (84) Parallel (versus untreated)
Spirulina platensis 20 g/day, 8 weeks ↑ lymphocytes [29]

HIV+ (11)

Parallel (uncontrolled)
Spirulina platensis capsules 6 g/day, 3 months

Undaria 5 g/day, 3 months
Spirulina capsules 3 g/day + Undaria 2.5 g/day,

3 months

↑ CD4 (𝑛 = 6)
↓ viral load (𝑛 = 6) [101]

HIV+ (169) Parallel (placebo controlled)
Spirulina platensis powder 10 g/day, 12 months

↑ CD4
↓ viral load [102]

HIV+ (52)
Parallel (uncontrolled)

proteins 1.5 g/kg body weight (25% Spirulina
platensis or soya)

↑ CD4 (both groups, ↑ versus soya)
↓viral load (both groups and ↓ versus

soya)
[103]



8 Oxidative Medicine and Cellular Longevity

Table 3: Continued.

Subjects (𝑛) Study design and treatment Markers of immune function Markers of redox
status Ref.

HIV+ (160) Parallel (placebo controlled)∗
Spirulina 10 g/day, 6 months ↑CD4 (both groups) [104]

HIV+ (73) Parallel (placebo controlled)
Spirulina platensis powder 5 g/day, 3 months

↓CD4 (both groups)
↔ viral load, CD38 expression on the

CD8
↑ TAS [105]

T2D (37) Parallel (placebo controlled)
freeze-dried Spirulina 8 g/day, 12 weeks

↓ IL-6 (only in patients with
dyslipidemia)
↔ TNF-𝛼

↓MDA [106]

Allergic rhinitis
(36)

Crossover (placebo controlled)
Spirulina capsules 1 g and 2 g/day, 12 weeks

Cytokines’ production
↓ PHA-induced IL-4 (only 2 g/day)
↔ PHA-induced IFN-𝛾, IL-2

[107]

COPD (30) Parallel (uncontrolled: 2 doses)
Spirulina capsules 1 g and 2 g/day, 60 days

↑ CAT (only
2 g/day), SOD, GST,

GSH, vit. C
↓MDA, ROOH

[108]

𝑛 = numbers; †antioxidants drink containing 𝛽 Carotene 7600mcg, vitamin A 400 IU, vitamin E 80 IU, vitamin C- 320mg, zinc-2.7mg, and selenium-
40mcg; ∗both groups received also dietary products supplied by the World Food Program (WFP); BCG-CWS: cell wall skeleton of Mycobacterium bovis
Bacillus Calmette-Guérin; CA: Candidaalbicans; CAT: catalase; Con A: concanavalin A; COPD: chronic obstructive pulmonary disease; GSH: glutathione; IL-
: interleukin; MDA: malondialdehyde; PHA: phytohemagglutinin; ROOH: lipid hydroperoxides; SOD: superoxide dismutase; T2D: type 2 diabetes; TAS: total
antioxidant status; TT: tetanus toxoid.

C, and SOD in healthy subjects after Spirulina (1 g/day, 30
days).

Concerning the ex vivo markers of immune function,
NK cytotoxic activity increased after both 7 days [96] and
8 weeks [94] of Spirulina or Spirulina-derived Immulina
supplementation, whereas data on proliferation of lympho-
cytes and cytokines’ production varied with the stimulus
used (BCG-CWS: cell wall skeleton of Mycobacterium bovis
Bacillus Calmette-Guérin; CA: Candida albicans; Con A:
concanavalin A; PHA: phytohemagglutinin; or TT: tetanus
toxoid) and the duration of supplementation (Table 3), also
in the same study [93]. In particular, after the Spirulina-
derived Immulina 400mg/day for 56 days, a significant
correlation between age and the increase in TT-induced
CD4+ proliferation was found, while significant correlations
were not found with respect to CA response. On the other
hand, no effect was observed on TT-induced proliferation
of CD19+, whereas the CA-induced CD19+ proliferation was
increased after 3–8 days but decreased at day 56. Also the
effect on the production of cytokines was temporary.TheCA-
and TT-induced production of IL-5 a Th2-related cytokine
was increased at the beginning of the supplementation (3–
8 days) but was inhibited at 56 days. On the contrary, the
CA- and TT-induced production of IL-4 was decreased at
day 3 and no effect was observed on IL-10 response during
all the supplementation period. Concerning Th1 cytokines,
after 3, 8, and/or 14 days of consumption a significant increase
was observed of the CA- and/or TT-induced production
of TNF-𝛼 (3–8 days, CA and TT), IFN-𝛾 (day 3 CA, 3–14
days TT), and IL-2 (only CA day 3 and day 56), whereas
at day 56 the TT-induced productions of TNF-𝛼 and IFN-
𝛾 were decreased. Although bothTh1 andTh2 improvements
were temporary, the increase in IFN-𝛾 could account for the

increasedNKactivity observed in other studieswith Spirulina
or Spirulina-derived Immulina [94, 96].

Overall, Spirulina seems to affect more innate immunity
than adaptative immunity, but the immunomodulating activ-
ity of Spirulina in humans requires further investigations.

Furthermore, in the majority of the studies the effect
of Spirulina (Arthrospira) platensis or a Spirulina not spec-
ified species has been investigated and only in two studies
Spirulina maxima has been used (Table 3). Therefore, more
studies are needed in order to evaluate the possible specie-
specific effects in humans.

6. Conclusion

The concerted modulation of antioxidant and inflammatory
responses (by Nrf2 and NF-kB pathways), suggested by in
vitro and animal studies (Table 1), requires more confirma-
tion in humans (Table 3). It has been suggested that the
temporary priming effect on the responses of peripheral Th1,
Th2, and B cells to antigenic stimuli could be related to a pro-
inflammatory effect of Immulina [93].However, the effects on
cytokines and on lymphocytes’ proliferation are contrasting,
depending on age, gender, and body weight differences. In
this context, ageing [140], obesity [141, 142], and metabolic
syndrome [142] are associated not only to chronic low grade
inflammation, but also to immune impairment (recurrent
infection and low vaccine efficacy). Therefore the increased
immune response to antigenic stimuli could be protective in
elderly [93].

On the other hand, Spirulina has hypolipidemic, hypo-
glycemic, and antihypertensive properties, useful in the
prevention of the metabolic syndrome [18]. In this context,
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the alteration of gut microbiota is common in elderly [140],
obese [141], and subjects with the metabolic syndrome [18].

From that, the microbial-modulating activities of Spir-
ulina (reported in vitro and in animal models, Figure 1)
suggest that the association Spirulina and probiotics could
represent a new synbiotic, maintaining and/or restoring the
homeostasis at level of gut microbiota. Human intervention
studies are required for confirmation of this hypothesis.

Furthermore, Spirulina improves oxidative stressmarkers
andNK activity in healthy subjects and CD4+ count in HIV+
patients.

However, among bioactive molecules from Spirulina
(Table 1) only Immulina has been tested in humans (Table 3).
Therefore the role of bioactive molecules from Spirulina
for human applications requires further studies. Moreover,
despite the fact that Spirulina might represent a functional
food with potential beneficial effects on human health, the
human interventions used supplements (Table 3). Although
the tested doses (1–20 g/day) in these studies (Table 3) were
not greater than themaximumacceptable percentage (10%) of
Spirulina in functional foods (Table 2), no data are available
on the efficacy of Spirulina containing foods. Therefore, the
healthy effect of food containing Spirulina should be further
evaluated.

Besides, previous studies indicate that some antioxidant
and immunologicalmarkers are sensitive to stimuli that affect
the mood of the individual. In particular, the salivary TAC
increased 30 minutes after the vision of a comical video
[143] and pleasant emotions increase the salivary IgA and
cortisol [144]. In this context different species of Spirulina,
possibly having different biological effects, showed different
acceptability [87, 88]. Therefore, the study of the relationship
between liking and markers of antioxidant and immune
status should be considered in humans studies.
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Background. Rutin is a natural nutraceutical that is a promising compound for the prevention of UV-induced metabolic changes
in skin cells. The aim of this study was to examine the effects of rutin on redox and endocannabinoid systems, as well as
proinflammatory and proapoptotic processes, in UV-irradiated fibroblasts. Methods. Fibroblasts exposed to UVA and UVB
radiation were treated with rutin. The activities and levels of oxidants/antioxidants and endocannabinoid system components,
as well as lipid, DNA, and protein oxidation products, and the proinflammatory and pro/antiapoptotic proteins expression were
measured. Results. Rutin reduced UV-induced proinflammatory response and ROS generation and enhanced the activity/levels of
antioxidants (SOD, GSH-Px, vitamin E, GSH, and Trx). Rutin also normalized UV-induced Nrf2 expression. Its biological activity
prevented changes in the levels of the lipid mediators: MDA, 4-HNE, and endocannabinoids, as well as the endocannabinoid
receptors CB1/2, VR1, and GPR55 expression. Furthermore, rutin prevented the protein modifications (tyrosine derivatives
formation in particular) and decreased the levels of the proapoptotic markers—caspase-3 and cytochrome c. Conclusion. Rutin
prevents UV-induced inflammation and redox imbalance at protein and transcriptional level which favors lipid, protein, and DNA
protection. In consequence rutin regulates endocannabinoid system and apoptotic balance.

1. Introduction

Human skin plays a critical role in protecting individu-
als from daily exposure to external physical and chemical
insults. UV radiation is the primary environmental factor
that contributes to various forms of skin damage including
photoaging and cancer development [1]. The UV spectrum
that reaches the earth’s surface contains UVB (280–320 nm)
and UVA (320–400 nm) radiation. Although these two types
of radiation generate different biological effects, both enhance
the levels of reactive oxygen species (ROS) within cells
and tissues [2]. ROS are produced physiologically during
cellular metabolism and are required for cell signaling, but
these molecules are also responsible for oxidative stress
formation and cellular damage. UV-induced oxidative stress
leads to premature skin aging by enhancing the degradation
of collagen and elastin [3]. Moreover, reactive electrophiles,
such as 4-hydroxyalkenals, are generated during reactions

between ROS and polyunsaturated fatty acids (PUFAs) [4].
Subsequently,membrane phospholipids and proteins, includ-
ing receptors, are modified by the above-mentioned elec-
trophiles. Additional lipid mediators affected by UV-induced
oxidative stress are endocannabinoids [5, 6].They participate
in cell signaling and are ligands for transmembrane receptors
(mainly CB1/2 but also VR1 and GPR55); activation of
CB1 is responsible for oxidative stress formation, whereas
CB2 prevents ROS generation [7, 8]. However, both CB1
and CB2 stimulate the MAP kinase pathway and induce
proinflammatory cascades [9].

The primary dermis cells responsible for the production
of structural components, such as collagen, elastin, and gly-
cosaminoglycans, which confer the physical and mechanical
properties of the skin are fibroblasts [10]. They possess well-
developed defensemechanisms against the prooxidant effects
of UV radiation, including antioxidant enzymes such as
superoxide dismutase, catalase, and glutathione peroxidase,
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as well as a number of small molecular antioxidants, such
as vitamins A and E, which protect skin cells from ROS-
mediated damage [11, 12]. Skin cells are also protected due
to the activities of the redox-dependent transcription factors,
which includeNrf2 [13]. Nrf2 is inhibited under physiological
conditions by forming a complex with Keap1, but oxidative
stress leads to the release, phosphorylation, and transloca-
tion of Nrf2 to the nucleus, where it binds to DNA and
initiates transcription of antioxidant genes [14, 15]. UVA and
UVB radiation enhance Nrf2-responsive expression of genes
encoding catalase, superoxide dismutase, and antiapoptotic
proteins in dermal fibroblasts [5].

Many natural antioxidants are used to prevent oxidative
stress and its molecular consequences. One of these com-
pounds is a plant-derived flavonoid, rutin, which is well-
known nutraceutical. Rutin is present in the products of
daily consumption such as buckwheat groats, vegetables,
and fruits (onions, lemons) [16]. The high concentration
of rutin was also reported in extracts of a number of
common plants, particularly rue, barberry, or wood sorrel
[17]. Rutin is a flavonol glycoside composed of quercetin and
the disaccharide rutinose (Figure 1). Previous studies have
indicated that rutin displays several pharmacological proper-
ties including antioxidant, anticarcinogenic, cytoprotective,
antiplatelet, antithrombotic, vasoprotective, cardioprotective,
and neuroprotective activities [18]. Due to their polyphenol
structure, flavonoids can prevent free radical-induced injury
through direct scavenging of ROS. Rutin can donate electrons
to free radicals, such as hydroxyl radicals and superoxide rad-
icals, thereby converting them into more stable, nonreactive
species that terminate free radical chain reactions [18]. Rutin
may also prevent oxidative stress by inhibiting the enzymes
responsible for ROS generation, such as xanthine oxidase and
NADPH oxidase, in rheumatoid arthritis leukocytes [19]. In
addition to these direct effects on ROS levels, rutin enhances
antioxidant capacity by increasing the activities of Cu, Zn-
SOD, CAT, and GSH-Px and by raising GSH levels which was
observed in the rat brain cells [20]. Moreover, this flavonoid
inhibits the activities of cyclooxygenases and lipoxygenases,
thereby reducing proinflammatory processes in human neu-
trophils [21]. Ischemic rats treated with rutin exhibited
decreased levels of lipid peroxidation products in the kidneys
[22]. Finally, rutin found in plant extracts exerts cytoprotec-
tive effects onmammalian germcells exposed to various types
of radiation by substantially increasing their viability [23].

In addition to the actions of rutin on the above-
mentioned cells, rutin was also shown to exert cytoprotective
effects on fibroblasts. Rutin, by lowering the levels of reactive
oxygen species, decreased expression of metalloproteinases
and protected skin fibroblasts against DNA modifications
following exposure to UV radiation [24, 25]. By facilitating
the production of extracellular matrix proteins, rutin also
promoted the process of wound healing [26]. However,
by modulation of cellular signaling pathways, it inhibited
uncontrolled fibroblast proliferation in themyocardium [27],
but whether rutin is involved in the protection of the redox
balance, as well as prevention of phospholipid metabolism
altered in fibroblasts due to UV radiation, is not yet known.
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Figure 1: Structure of rutin.

Therefore, the aim of this study was to examine the
effects of rutin on redox and endocannabinoid systems, as
well as proinflammatory and proapoptotic processes, in UV-
irradiated skin fibroblasts. Interactions of electrophilic lipid
peroxidation products and endocannabinoids with cellular
signaling pathways after rutin administration were also
examined.

2. Materials and Methods

2.1. Cell Culture and Treatment. Human fibroblasts (CCD
1112Sk) were obtained from the American Type Culture
Collection. Cells were cultured in a humidified atmosphere
of 5% CO2 at 37

∘C in Dulbecco’s Modified Eagle Medium
(DMEM) containing fetal bovine serum (10%) and supple-
mented with 50U/mL penicillin and 50𝜇g/mL streptomycin.
When the cells (passages 6–8) reached 70% confluence, they
were washed with PBS buffer (37∘C) and exposed to UV
radiation. To avoid heat stress and oxidation of the medium
components, cells were exposed to UV radiation on ice
in cold PBS (4∘C). The exposure dose was chosen as that
yielding 70% cell viability. The cells were irradiated at a
distance of 15 cm from the 6 lamps (Bio-LinkCrosslinker BLX
312/365; Vilber Lourmat, Germany), 6W each, which corre-
sponds to 4.2mW/cm2 and 4.08mW/cm2, respectively, for
UVA (365 nm) and UVB (312 nm). Radiation doses totaled
20 J/cm2 and 200mJ/cm2 for UVA and UVB, respectively.
After receiving radiation, cells were incubated for 24 hours
under standard conditions without rinsing; control cells were
incubated in parallel without irradiation.

To examine the effect of rutin on UV-irradiated fibrob-
lasts, cells were cultured in medium containing 25𝜇M rutin
(in 0.2%DMSO) [28] for 12 h before and 24 h after irradiation
or only for 24 h after irradiation. Rutin used in the experiment
was a purified (≥94%) natural origin commercial compound
(Sigma-Aldrich, St. Louis, MO, USA). Control cells were
incubated in medium containing 25𝜇M rutin (for 24 h or
36 h) without irradiation. Changes in cell viability after UV
irradiation and rutin treatment were measured using the
MTT assay [29].
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After treatment, all cells were washed with PBS, collected
by scraping into cold PBS, and centrifuged. Cells were then
resuspended in PBS and subjected to three freeze/thaw cycles.
The total protein content in the cell lysates was measured
using a Bradford assay [30].

2.2. Inflammation Processes and Intracellular ROS Generation

2.2.1. Determination of Proinflammatory Factors. Proinflam-
matory factors TNF𝛼 and NF𝜅B were measured by Western
blotting or by the bioimaging technique described below
(Determination of Protein Expression and Determination of
Protein Localization).

2.2.2. Determination of Prooxidant Enzymes Activities. Xan-
thine oxidase (XO—EC.1.17.3.2) activity was assessed by uric
acid formation from xanthine by measuring the increase in
absorbance at 290 nm, according to the method of Prajda
and Weber [31]. One unit of XO was defined as the amount
of enzyme required to release 1 𝜇M of uric acid per minute.
Analyses were performed in duplicate in three independent
experiments. Enzyme specific activities were calculated in
microunits per milligram of protein and expressed as a
percentage of the enzyme specific activity calculated from the
control cells (53.96 ± 2.98 𝜇U/mg protein).

NADPH oxidase (NOX—EC.1.6.3.1) activity was meas-
ured by luminescence assay using lucigenin as a luminophore.
One unit of NOX activity was defined as the amount of
enzyme required to release 1 nmol of O2

− per minute.
Analyses were performed in duplicate in three independent
experiments. Enzyme specific activities were calculated in
RLUs (Relative Luminescence Units) per milligram protein
[32] and expressed as a percentage of the enzyme specific
activity calculated from the control cells (155 ± 6.78RLU/mg
protein).

2.2.3. Determination of Superoxide Anions. The generation of
superoxide anions was detected using an electron spin res-
onance (ESR) spectrometer e-scan (Noxygen GmbH/Bruker
Biospin GmbH, Germany), where selective interaction of the
spin probe CMH (1-hydroxy-3-methoxy-carbonyl-2,2,5,5-
tetramethylpyrrolidine, 200 𝜇M) with ROS formed a stable
nitroxide CM-radical with a half-life of 4 h.Thus, superoxide
formation was measured from the kinetics of nitroxide
accumulation according to the electron spin resonance (ESR)
amplitude of the low field component of the ESR spectra
[33]. Analyses were performed in duplicate in three indepen-
dent experiments. The generation of superoxide anions was
calculated as superoxide anion micromolar concentration
per minute per milligram of protein and expressed as a
percentage of the value determined from the control cells
(0.035 ± 0.002 𝜇M/min/mg protein).

2.3. Antioxidant Defense System

2.3.1. Determination of Antioxidant Enzymes Activity. Gluta-
thione peroxidase (GSH-Px—EC.1.11.1.6) activity was as-
sessed spectrophotometrically using the method of Paglia
and Valentine [34]. GSH-Px activity was assayed by

measuring the conversion of NADPH to NADP+. One unit
of GSH-Px activity was defined as the amount of enzyme
catalyzing the oxidation of 1 𝜇mol NADPH min−1 at 25∘C
and pH 7.4. Analyses were performed in duplicate in three
independent experiments. Enzyme specific activity was cal-
culated in milliunits per milligram of protein and expressed
as a percentage of the enzyme specific activity determined
from the control cells (10.15 ± 0.73mU/mg protein).

Glutathione reductase (GSSG-R—EC.1.6.4.2) activity was
measured according to themethod ofMize and Longdon [35]
bymonitoring the oxidation ofNADPHat 340 nmat a pH 7.4.
Enzyme activity is expressed in units permilligramof protein.
One unit of GSSG-R oxidized 1mmol of NADPH/min at
25∘C and pH 7.4. Analyses were performed in duplicate
in three independent experiments. Enzyme specific activity
was calculated in milliunits per milligram of protein and
expressed as a percentage of the enzyme specific activity
determined from the control cells (24.1±1.2mU/mgprotein).

Superoxide dismutase (Cu/Zn-SOD—EC.1.15.1.1) activity
was determined according to the method of Misra and
Fridovich [36] as modified by Sykes et al. [37], which
measures the activity of cytosolic SOD. One unit of SOD
was defined as the amount of enzyme, which inhibits
epinephrine oxidation to adrenochrome by 50%. Analyses
were performed in duplicate in three independent experi-
ments. Enzyme specific activity was calculated in milliunits
per milligram of protein and expressed as a percentage of
the enzyme specific activity determined from the control cells
(24.5 ± 1.4mU/mg protein).

The thioredoxin reductase (TrxR—EC.1.8.1.9) activity
was measured using a commercially available kit (Sigma-
Aldrich, St. Louis, MO, USA). The reaction principle on
which this kit is based is the NADPH-mediated reduction
of 5,5-dithiobis(2-nitrobenzoic) acid (DTNB) to 5-thio-
2-nitrobenzoic acid (TNB), which produces a strong yel-
low color that is measured at 412 nm [38]. Analyses were
performed in duplicate in three independent experiments.
Enzyme activity was measured in units per milligram of
protein and expressed as a percentage of the enzyme activity
determined from the control cells (12.3 ± 0.6 U/mg protein).

2.3.2. Determination of Nonenzymatic Antioxidants Level.
Glutathione was quantified using the capillary electrophore-
sis (CE) method of Maeso et al. [39]. Samples were sonicated
in Eppendorf tubes with 2mL of a mixture containing
AcN/H2O (62.5 : 37.5, v/v) and centrifuged at 29,620𝑔 for
10min. The supernatants were immediately measured by
CE. Separation was performed on a 47 cm capillary (40 cm
effective length) and 50m i.d. and was operated at 27 kV with
UV detection at 200 ± 10 nm. Analyses were performed in
duplicate in three independent experiments. The GSH con-
centration was determined using a calibration curve range
of 1–120 nmol/L (𝑟2, 0.9985) and normalized for milligrams
of protein. GSH concentrations are expressed as a percentage
of the GSH concentration found in the control cells (13.19 ±
0.72 nmol/mg protein).

High-performance liquid chromatography (HPLC) was
used to detect the level of vitamin E [40]. Briefly, cell lysates
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were first centrifuged at 1000×g for 10min. Vitamin E was
extracted from the cell lysates using hexane. The hexane
phasewas removed, and the remainingmixturewas dried and
diluted in ethanol before 50 𝜇L of it was injected onto the RP-
18 column. UV detection at 294 nmwas applied.The flow rate
was 1mL/min of methanol and water (95 : 5). The concentra-
tion of vitamin E was determined using a calibration curve
range of 5–25mg/L for vitamin E and was normalized for
milligrams of protein.The correlation coefficient of the curve
was 𝑟2 = 0.9999. Analyses were performed in duplicate in
three independent experiments. The vitamin concentration
is expressed as a percentage of the concentration found in the
control cells (3.97 ± 0.25 𝜇g/mg protein).

Thioredoxin levels were quantified using ELISAs [41].
Prepared standards and cell lysates were diluted 10-fold in
0.05Mcarbonate binding buffer (pH9.6; 0.015M sodium car-
bonate, 0.035M sodium bicarbonate) and applied to ELISA
plate wells (Nunc-Immuno MaxiSorp, Thermo Scientific,
USA). Proteins were adsorbed for 5 h at 4∘C. The plates
were then washed with 300 𝜇L of PBS and incubated with
blocking solution (5% fat-free dry milk in carbonate binding
buffer) for 2.5 h at room temperature, followed by washing
with 0.1% Tween 20 in PBS. The ELISA plates were then
incubated at 4∘C overnight with 100 𝜇L of anti-thioredoxin
primary antibody per well (diluted in 1% BSA in PBS)
(Abcam, Cambridge, MA, USA). After washing the wells
with 0.1% Tween 20 in PBS, the plates were incubated for
30min with peroxidase blocking solution (3% H2O2, 3% fat-
free dry milk in PBS) at room temperature. Next, 100 𝜇L of
goat anti-rabbit secondary antibody solution (diluted 1 : 100
in 1% BSA in PBS) (Dako, Carpinteria, CA, USA) was added
to each well, and the plates were incubated for 1 h at room
temperature, followed again by a washing step. Subsequently,
100 𝜇L of chromogen substrate solution (0.1mgmL−1 TMB,
0.012%H2O2) in citric buffer (0.0265Mcitric acid anhydrous,
0.051M sodium hydrogen phosphate dihydrate) was added
to each well, and the plates were incubated for 40min at
room temperature. The reaction was stopped by adding
50𝜇L of 2M sulfuric acid per well. Spectral absorption
was read at 450 nm with the reference filter set to 620 nm.
Analyses were performed in duplicate in three independent
experiments. The thioredoxin concentration was determined
using a calibration curve range of 0.5–20𝜇g (𝑟2, 0.9978) and
was normalized for milligrams of protein. Thioredoxin levels
are expressed as a percentage of the concentration found in
control cells (1.37 ± 0.07 𝜇g/mg protein).

Transcription factor Nrf2 and its inhibitors and activators
were determined by Western blotting and by the bioimaging
techniques described below (Determination of Protein Expres-
sion and Determination of Protein Localization).

2.4. DNA Modifications

2.4.1. Determination of 8-OHdG. 8-Hydroxy-2-deoxygua-
nosine (8-OHdG) was assayed by the modified LC-MS
method of Dizdaroglu et al. [42]. DNA isolation was
performed using a commercial kit (GenElute Mammalian
Genomic DNA Miniprep Kit, Sigma, USA). The DNA
concentrations in the preparations were determined

spectrophotometrically, and samples were stored at −70∘C
until hydrolysis. DNA hydrolysis into individual nucleosides
was achieved bymixingDNA samples (200 𝜇L)with 100𝜇L of
40mM sodium acetate/0.1mM ZnCl2 (pH 5.1) and 20𝜇L of
nuclease P1 solution (20𝜇g protein). Samples were incubated
for one hour at 37∘C. Thereafter, 30 𝜇L of 1M Tris-HCl (pH
7.4) and 5 𝜇L of alkaline phosphatase solution containing 1.5
units of the enzyme were added to each sample following 1 h
incubation at 37∘C. All DNA hydrolysates were ultrafiltered
using Ultrafree-MC filter units (cut-off of 5000Da). 8-
OHdG concentrations in hydrolysates were determined
using an Agilent 1290 LC system and an Agilent 6460 triple
quadrupolemass spectrometer equippedwith an electrospray
ionization ESI. Solvent A (0.1% formic acid in water) and
solvent B (0.1% formic acid in methanol) were used in
gradient mode to achieve the desired sample separations.The
flow rate was set at 0.4mL/min while the following gradient
was run: 0min, 5% solvent B; 0 to 8.0min, 50% solvent B; 8.0
to 8.1min, 100% solvent B; 8.01 to 12.0min, 100% solvent B;
12.0 to 13.0min, 5% solvent B. LC-MS/MS analysis was per-
formed using an Agilent 1290 HPLC system interfaced with
an Agilent 6560 triple quadrupole mass spectrometer with
an electrospray ionization source (ESI). The samples were
analyzed in the positive-ion multiple reaction monitoring
(MRM) mode and the transitions of the precursors to the
product ions were as follows:m/z 284.1→168 (quantifier ion)
and 284.1→69 (qualifier ion).The concentrations of 8-OHdG
in the samples were calculated using a calibration curve range
of 10–1000 pg/mL (𝑟2 = 0.9995), which was normalized for
milligrams of DNA. Analyses were performed in duplicate
in three independent experiments. 8-OHdG levels are
expressed as a percentage of the 8-OHdG concentration
determined in control cells (7.31 ± 0.36 ng/mg DNA).

2.5. Lipid Metabolism

2.5.1. Determination of Cyclooxygenases Activity. Cyclooxy-
genases 1 and 2 (COX1/2—EC.1.14.99.1) activities were mea-
sured using a commercial assay kit (Cayman Chemical Com-
pany, Ann Arbor, MI, USA), which allows for the determina-
tion of COX activities ranging from 13 to 63 nmol/min/mL.
Peroxidase activity is assayed colorimetrically by moni-
toring the appearance of oxidized N,N,N,N-tetramethyl-
p-phenylenediamine (TMPD) at 590 nm [43]. To distin-
guish COX1 activity from COX2 activity, the specific COX2
inhibitor DuP-697 was used [44]. Analyses were performed
in duplicate in three independent experiments. Enzyme
specific activity was calculated in nanounits per milligram of
protein and expressed as a percentage of the enzyme specific
activity determined from the control cells (6.2 ± 0.3 and
7.3 ± 0.4 nmol/min/mg protein for COX1 and COX2, resp.).

2.5.2. Determination of Lipid Peroxidation Products. Lipid
peroxidation was estimated by measuring the levels of 4-
hydroxynonenal (4-HNE) and malondialdehyde (MDA).
Aldehydes were measured by GC/MSMS, as the O-PFB-
oxime-TMS derivatives, using the modifiedmethod of Luo et
al. [45]. Benzaldehyde-D6 was added as an internal standard
to the cell lysates, and aldehydes were derivatized by the
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addition of O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine
hydrochloride (0.05M in PIPES buffer, 200 𝜇L) and incu-
bation for 60min at room temperature. After incuba-
tion, samples were deproteinized by the addition of 1mL
of methanol, and O-PFB-oxime aldehyde derivatives were
extracted by the addition of 2mL of hexane. The top
hexane layer was transferred into borosilicate tubes and
evaporated under a stream of argon gas, followed by the
addition of N,O-bis(trimethylsilyl)trifluoroacetamide in 1%
trimethylchlorosilane. A 1 𝜇L aliquot was injected onto
the column. Derivatized aldehydes were analyzed using a
7890A GC-7000 quadrupole MS/MS (Agilent Technologies,
Palo Alto, CA) equipped with a HP-5ms capillary column
(0.25mm internal diameter, 0.25𝜇mfilm thickness, and 30m
length). Derivatized aldehydes were detected in selected ion
monitoring (SIM) mode. The ions used were as follows: m/z
333.0 and 181.0 for 4-HNE-PFB-TMS, m/z 204.0 and 178.0
for MDA-PFB. The LOD were as follows: 4 pmol/mL for 4-
HNE and 6 pmol/mL for MDA. Analyses were performed in
duplicate in three independent experiments. Obtained results
were normalized for milligrams of protein. 4-HNE andMDA
concentrations are expressed as a percentage of the values
determined for control cells (54.2±2.8 and 189±10 nmol/mg
protein for 4-HNE and MDA, resp.).

8-Iso-prostaglandin F2𝛼 (8-isoPGF2𝛼) was assayed by
the modified LC-MS method of Coolen et al. [46] using an
Agilent 1290 UPLC system interfaced with an Agilent 6460
triple quadrupole mass spectrometer with an electrospray
ionization source (ESI). Briefly, samples were purified using
a SEP-PAK C18 column containing octadecylsilyl silica gel.
A reverse phase C18 column (2.1mm × 150mm, 3.5mm)
was employed. The separation was performed using a linear
gradient of water (pH 5.7) and acetonitrile. 8-isoPGF2𝛼–d4
was used as an internal standard. 8-isoPGF2𝛼was analyzed in
negative-ion mode using MRM mode: m/z 353.2→193.1 (for
8-isoPGF2𝛼) and 357.2→197.1 (for 8-isoPGF2𝛼-d4). The limit
of detection (LOD) was 1 pg/mL. Analyses were performed in
duplicate in three independent experiments. Obtained results
were normalized for milligrams of protein. 8-isoPGF2𝛼 con-
centrations are expressed as a percentage of the concentration
determined for control cells (6.2 ± 0.3 pg/mg protein).

2.5.3. Determination of Endocannabinoids. Anandamide
(AEA) and 2-arachidonoylglycerol (2-AG) were quantified
using modified ultrahigh performance liquid chromatogra-
phy-tandemmass spectrometry (UPLC-MS/MS) by the Lam
et al. method [47]. Octadeuterated endocannabinoids AEA-
d8 and 2-AG-d8 were added as internal standards to the cell
lysates, and all cannabinoids were isolated using solid phase
extraction (SPE). UPLC-MS/MS analysis was performed
using anAgilent 1290UPLC systemwith aZorbaxExtendC18
column (2.1mm × 150mm, 1.8mm, Agilent, Santa Clara, CA,
USA) and interfaced with an Agilent 6460 triple quadrupole
mass spectrometer with an electrospray ionization source
(ESI). The samples were analyzed in positive-ion mode using
multiple reaction monitoring (MRM). Transition of the
precursor to the product ion was as follows: m/z 348.3→62.1
for AEA; m/z 379.3→287.2 for 2-AG. The LOD were as
follows: 2 pg/mL for AEA and 40 pg/mL for 2-AG. Analyses

were performed in duplicate in three independent experi-
ments. Obtained results were normalized for milligrams of
protein. Endocannabinoids concentrations are expressed as a
percentage of the concentrations found in control cells (16.3±
0.8 and 241 ± 15 fmol/mg protein for AEA and 2-AG, resp.).

2.6. Protein Modifications

2.6.1. Determination of Structure Modifications. Protein ox-
idative modifications were estimated according to the
levels of carbonyl groups, tryptophan, and tyrosine, as
well as tyrosine derivatives. The carbonyl groups were
determined spectrophotometrically (370 nm) using 2,4-
dinitrophenylhydrazine [48]. The concentrations of carbonyl
groups in the samples were calculated using a calibration
curve (0.2–2mmol/L, 𝑟2 = 0.9988). To detect dityrosine and
tryptophan, samples were diluted in 0.1mol/L H2SO4 (1 : 10),
and fluorescence emission/excitation at 325 nm/420 nm and
288 nm/338 nm, respectively, was measured [47]. The results
were normalized to fluorescence of 0.1mg/mL quinine sul-
fate in 0.1mol/L H2SO4 (Ex325 nm/Em420 nm = 405 and
Ex288 nm/Em338 nm = 9.7), which is equivalent to 1U of dity-
rosine or tryptophan, depending on thewavelength. Analyses
were performed in duplicate in three independent experi-
ments. The results were normalized for milligrams of protein
and are expressed as a percentage of the values obtained for
control cells (0.32 ± 0.02U/mg protein and 16.5 ± 0.73U/mg
protein for carbonyl groups and tryptophan, resp.).

Tyrosine and its derivatives (tyrosine, 3-chlorotyrosine,
and 3-nitrotyrosine) were measured by HPLC with spec-
trophotometric (𝜆 = 280 nm) and fluorescence (Ex280 nm/
Em320 nm) detection as previously described [49]. First, 10𝜇L
of freshly prepared sodium borohydride (NaBH4) was added
to the cells. Next, samples were delipidated and relipidated
by the addition of 0.3% deoxycholic acid and 50% TCA. The
protein pellet was hydrolyzed at 110∘C for 24 h in 1mL of
6M HCl and thioglycolic acid and was evaporated under
nitrogen. Next, 25𝜇L of the sample was injected into the
HPLC column.Analyses were performed on anHPLC system
(Agilent 1260 Infinity) with a DAD and fluorescence detector,
and RP C18 columns (250 × 4.6mm, 5 𝜇m) were used.
The tyrosine derivatives were separated using a gradient
mobile phase containing A (buffer of sodium perchlorate
with H3PO4) and B [80%methanol (v/v)] as follows: 0.1min-
2% B; 20min-2% B; 50min-50% B; 55min-50% B; 56min-
2% B; and 60min-2% B. The analysis was carried out at a
constant flow rate of 1mL/min. Analyses were performed in
duplicate in three independent experiments. The concentra-
tions of tyrosine and its derivatives were determined on the
basis of calibration curves prepared for the individual com-
pounds as follows: tyrosine (75–1500mmol/L, 𝑟2 = 0.9998),
3Cl-tyrosine (0.5–10mmol/L, 𝑟2 = 0.9998), and 3NO2-
tyrosine (0.25–15mmol/L, 𝑟2 = 0.9998). Concentrationswere
then normalized for milligrams of protein. The results are
expressed as the percentage of expression found in control
cells (34.6±1.7, 2.87±0.16, and 0.131±0.006 𝜇mol/mg protein
for tyrosine, 3Cl-tyrosine, and 3NO2-tyrosine, resp.).
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2.6.2. Determination of 4-HNE-ProteinAdducts. The4-HNE-
protein adducts level was measured in duplicate in three
independent experiments using ELISAs [50]. 4-HNE-BSA
in BSA (final BSA concentration of 10mg/mL) was used as
a standard. All samples were diluted in PBS to a protein
concentration of 10mg/mL. Prepared samples and standards
were diluted 10-fold in 50mM carbonate binding buffer
(15mM sodium carbonate, 35mM sodium bicarbonate; pH
9.6) and added to ELISA plate wells (Nunc-Immuno Max-
iSorp, Thermo Scientific, USA) at 100 𝜇L per well. Proteins
were adsorbed for 5 h at 4∘C. Plates were washed with 300𝜇L
of PBS and incubated with blocking solution (5% fat-free
dry milk in carbonate binding buffer) for 2.5 h at room
temperature, followed by a washing step (0.1% Tween 20 in
PBS).The primary antibody solution (100 𝜇L of genuine anti-
4-HNE-Hismurinemonoclonal antibody, clone 4-HNE 1g4),
diluted in 1% BSA in PBS, was added, and the plates were
incubated at 4∘C overnight. After washing the wells with 0.1%
Tween 20 in PBS, the plates were incubated for 30min with
peroxidase blocking solution (3% H2O2, 3% fat-free dry milk
in PBS) at room temperature.The goat anti-mouse secondary
antibody solution (100 𝜇L), diluted in 1% BSA in PBS (1 : 100;
Dako, Carpinteria, CA, USA), was added to the primary
antibody solution mixture, and the plates were incubated for
1 h at room temperature, followed again by a washing step.
Next, 100 𝜇L of chromogen substrate solution (0.1mgmL−1
TMB, 0.012% H2O2) in citric buffer (0.0265M citric acid
anhydrous, 0.051M sodium hydrogen phosphate dihydrate)
was added and the plates were incubated for 40min at room
temperature. The reaction was stopped by adding 50 𝜇L of
2M sulfuric acid. Absorption was read at 450 nm with the
reference filter set to 620 nm. The concentrations of 4-HNE-
protein adducts were determined using a calibration curve
range of 0.5–50 pmoles/mg BSA. The correlation coefficient
of the curve was 𝑟2 = 0.9987. Analyses were performed
in duplicate in three independent experiments. The con-
centrations of 4-HNE-protein adducts are expressed as a
percentage of the concentration found in control cells (6.2 ±
0.4 pmoles/mg protein).

2.6.3. Determination of Protein Expression. Western blot
analysis of cellular proteins was performed according to Eissa
and Seada [51]. Each analysis was performed in duplicate
in three independent experiments. Whole cell lysates or
membrane fractions were mixed with sample loading buffer
(Laemmle buffer containing 5% 2-mercaptoethanol), heated
at 95∘C for 10min, and separated by 10% Tris-glycine SDS-
PAGE. The same procedure was used to prepare the negative
control (containing pure PBS buffer) and the positive control
(commercially purchased complete cell lysate: Santa Cruz
Biotechnology, Santa Cruz, CA, USA). As internal loading
controls, 𝛽-actin and Na+/K+ ATPase (for cell lysates and
membrane fractions, resp.) were used. Separated proteins
in the gels were electrophoretically transferred onto nitro-
cellulose membranes. The blotted membranes were blocked
with 5% skim milk in TBS-T buffer (5% Tween 20) for 1 h.
Primary antibodies were raised against Nrf2, phospho-Nrf2
(pSer40), Keap1, TNF𝛼, HO-1, Bcl-2, cyt c, p53, ERK1/2,
GPR55, 𝛽-actin, and Na+/K+ ATPase which were purchased

from Sigma-Aldrich (St. Louis, MO, USA) and used at a con-
centration of 1 : 1000. Bach1, KAP1, p21, p38, p62, NF𝜅B(p52),
CB1, CB2,VR1, and caspases 3, 8, and 9, purchased fromSanta
Cruz Biotechnology (Santa Cruz, CA, USA), were also used
at a concentration of 1 : 1000. Protein bands were visualized
using the BCIP/NBT liquid substrate system (Sigma-Aldrich,
St. Louis, MO, USA) and quantitated using the Versa Doc
System and Quantity One software (Bio-Rad Laboratories
Inc., CA). The results are expressed as a percentage of the
expression determined in control cells.

2.6.4. Determination of Protein Localization. Cells were
seeded in BD Falcon� 96-well black, clear-bottom tissue cul-
ture plates at 10,000 cells per well. These plates are optimized
for imaging applications. Analyses were performed in dupli-
cate in three independent experiments. After incubation, cells
were rinsed with PBS and fixed with a 3.7% formaldehyde
solution at room temperature for 10min. Cells were then
washed three times with PBS and permeabilized with 0.1%
Triton X-100 at room temperature for 5min. Next, the cells
were washed twice with PBS, and nonspecific binding was
blocked by incubation in 3% FBS at room temperature for
30min. The cells were rinsed and incubated with either anti-
Nrf2 rabbit polyclonal antibodies (Sigma-Aldrich, St. Louis,
MO, USA; 1 : 1000) or anti-NF𝜅B (p52) mouse polyclonal
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
for 1 h at room temperature. Cells were then washed three
times with PBS and incubated with FITC-conjugated anti-
rabbit secondary antibodies (BD Pharmingen, San Diego,
CA) for 60min in the dark.Afterwashing, nuclei were stained
with Hoechst 33342 (2𝜇g/mL) and analyzed using a BD
Pathway 855 confocalmicroscopewith a 40x (0.75NA) objec-
tive. The cytoplasmic and nuclear fluorescence intensities of
stained cells were analyzed, and images of FITC-labeled cells
were acquired using a 488/10 excitation laser and a 515LP
emission laser.

2.7. Statistical Analysis. Data were analyzed using standard
statistical analysis methods, including one-way Student’s 𝑡-
test for multiple comparisons, and the results are expressed
as the mean ± standard deviation (SD) for 𝑛 = 3. 𝑝 values less
than 0.05 were considered statistically significant.

3. Results

These experiments were performed using control cells, UVA-
and UVB-irradiated cells, cells treated with rutin only after
irradiation, and cells treated with rutin before and after UV
exposure. However, due to a lack of statistically significant
changes for most parameters in rutin-pretreated cells com-
pared to treated cells, these results were omitted in the follow-
ing descriptions. Consequently, the figures primarily show
results from the cells treated with rutin only after irradiation.

3.1. Inflammatory and Oxidative Processes. Rutin partially
protected fibroblasts against expression of proinflammatory
signaling mediators and intracellular oxidative processes
enhanced byUVAandUVB radiation. Treatment of cells with
rutin reduced NF𝜅B levels, which had been increased 3- to
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Figure 2: The level of proinflammatory factors TNF𝛼 (a) and NF𝜅B (b) in fibroblasts after exposure to UVA [20 J/cm2], UVB radiation
[200mJ/cm2], and rutin [25 𝜇M] treatment, expressed as a percentage of the control cells value. Mean values ± SD of five independent
experiments are presented. xStatistically significant differences versus control group, 𝑝 < 0.05. aStatistically significant differences versus
group without rutin, 𝑝 < 0.05.

4-fold after UV irradiation, by approximately 10% and 20%,
respectively. TNF𝛼 levels were also reduced by approximately
40% after a 4-fold increase followingUVA andUVB exposure
(Figure 2). Moreover, rutin reduced the translocation of
NF𝜅B from the cytoplasm to the nucleus, which had been
enhanced by UVA and UVB exposure to varying degrees
(Figure 3).

Rutin significantly prevented (by approximately 20–30%)
an increase in the activity of themain enzymes responsible for
superoxide anion generation (xanthine oxidase and NADPH
oxidase), which was increased as a consequence of UV irradi-
ation. UVA andUVB irradiation resulted in an approximately
3- and 5-fold increase in the activity of xanthine oxidase and
80%and 120% increase inNADPHoxidase activity (Figure 4).
As a result, the 4- and 5-fold increases (after UVA and UVB
irradiation) in the levels of superoxide anions were reduced
to 3- and 2.5-fold, respectively, by rutin treatment.

3.2. Antioxidant Defense System. Rutin reduced UVA-in-
duced phospho-Nrf2 and UVB-induced HO-1 expression in
fibroblasts by approximately 15% (Figure 5) and reduced
UV-induced Nrf2 translocation from the cytoplasm to
the nucleus (Figure 6). Moreover, rutin counteracted UV-
induced changes inNrf2 inhibitors, causing an approximately
30% increase in the Bach1 and an approximately 10% and 30%
decrease in the Keap1 compared to that observed after UVA
and UVB irradiation without treatment. Moreover, rutin

induces an approximately 70% increase in the expression of
Nrf2 activator p21 compared to that observed after UVA and
UVB irradiation without treatment. However, rutin does not
cause statistically significant changes in the level of otherNrf2
activators KAP1 and p62. Furthermore, rutin reduced p38
levels by approximately 20% in comparison to irradiated cells,
which led to 50% and 70% increases in ERK1/2 levels in UVA-
and UVB-irradiated fibroblasts, respectively (Figure 5).

In addition to transcriptional alterations, changes in the
activities of antioxidant enzymes, as well as the level of
nonenzymatic antioxidants, were observed in cells treated
with rutin following UVA and UVB irradiation (Table 1).
Rutin ameliorated UVA- and UVB-induced decreases in
Cu/Zn-SOD activity by 15% and 50%, respectively. Moreover,
treatment of UV-irradiated cells with rutin decreased GSH-
Px activity by 20% and 45%, respectively, compared to UV-
irradiated cells not treated with rutin. With respect to GSSG-
R activity, rutin treatment resulted in a 16% decrease com-
pared to UVA-irradiated fibroblasts, where approximately 2-
fold increases were observed. Rutin also attenuated decreases
in GSH (by 22% and 31%) and vitamin E levels (by 10% and
15%) compared toUVA- andUVB-treated cells. Furthermore,
rutin treatment prevented a reduction in the thioredoxin
system caused by UVA and UVB irradiation; the thioredoxin
level and thioredoxin reductase activity were higher by
approximately 20% and 30%, respectively (Table 1).
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Figure 3: The cytoplasmic and nucleus level of NF𝜅B in fibroblasts control cells and after exposure of UVA [20 J/cm2], UVB radiation
[200mJ/cm2], and rutin [25 𝜇M] (blue, nucleus; red, NF𝜅B).

Table 1:The activity of enzymatic (GSH-Px, GSSG-R, SOD, and TrxR) and the level of nonenzymatic (GSH, vitamin E, andThx) antioxidants
in fibroblasts after exposure to UVA [20 J/cm2], UVB radiation [200mJ/cm2], and rutin [25 𝜇M] treatment, expressed as a percentage of the
control cells value.

Control UVA UVB

GSH-PX activity Without rutin 100% ± 7% 153% ± 11%x 258% ± 12%x

With rutin 90% ± 4%x 126% ± 7%xa 127% ± 9%xa

GSSG-R activity Without rutin 100% ± 5% 198% ± 10%x 265% ± 13%x

With rutin 129% ± 9%xa 171% ± 8%xa 267% ± 13%x

SOD activity Without rutin 100% ± 6% 83% ± 4%x 54% ± 3%x

With rutin 109% ± 6% 95% ± 4%a 83% ± 5%xa

TrxR activity Without rutin 100% ± 5% 83% ± 4%x 74% ± 3%x

With rutin 108% ± 6% 93% ± 4% 87% ± 5%xa

GSH level Without rutin 109% ± 6% 64% ± 4%a 59% ± 5%xa

With rutin 104% ± 5% 78% ± 3%xa 78% ± 4%xa

Vitamin E level Without rutin 100% ± 6% 88% ± 4%x 74% ± 4%x

With rutin 109% ± 5% 96% ± 4% 86% ± 4%xa

Trx level Without rutin 100% ± 5% 81% ± 4%x 64% ± 4%x

With rutin 104% ± 5% 97% ± 4%a 83% ± 4%xa

Mean values ± SD of five independent experiments are presented.
xStatistically significant differences versus control group, 𝑝 < 0.05.
aStatistically significant differences versus group without rutin, 𝑝 < 0.05.
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Figure 4:The xanthine oxidase activity (a), NADPH oxidase activity (b), and superoxide anion generation (c) in fibroblasts after exposure to
UVA [20 J/cm2], UVB radiation [200mJ/cm2], and rutin [25 𝜇M] treatment and pretreatment, expressed as a percentage of the control cells
value. Mean values ± SD of five independent experiments are presented. xStatistically significant differences versus control group, 𝑝 < 0.05.
aStatistically significant differences versus group without rutin, 𝑝 < 0.05. bStatistically significant differences versus group without rutin
pretreatment, 𝑝 < 0.05.

3.3. Oxidative Modifications of Cellular Components

3.3.1. Lipid Mediators. In fibroblasts exposed to UVA and
UVB radiation, rutin prevented UV-induced increases in
the activities COX1 and COX2, which are responsible
for metabolism of arachidonic acid and the formation of
prostanoids. Rutin reduced the activity of both of these
enzymes by approximately 10% (Figure 7). Rutin treatment
also protected UV-irradiated cells against increased levels
of phospholipid peroxidation products. Rutin reduced the
levels of 4-HNE by 25% and 27% and the levels of MDA
by 40% and 30%, respectively, compared to cells exposed to
UVA and UVB without the addition of rutin. Additionally,
rutin decreased the levels of the iso-prostaglandin F2𝛼 by
approximately 30% in UVA-exposed cells (Table 2).

Changes in the fibroblasts’ endocannabinoid system
caused by UV irradiation were prevented by addition of
rutin. Rutin increased AEA levels approximately 35% and
40% compared to levels in UVA- and UVB-irradiated cells

not treated with rutin, respectively. It also increased the
levels of 2-AG by 50% compared to UVB-irradiated cells
lacking rutin. Furthermore, rutin decreased the expression
of two endocannabinoid receptors (CB2 and GPR55) by
approximately 30% and 15% in UVA- and UVB-exposed
cells, respectively; UVA and UVB irradiation alone enhanced
expression 2- and 3-fold, respectively (Figure 8).

3.3.2. Protein Modifications

(i) Structural Changes. Rutin protected protein functions
within fibroblasts through the prevention of structural modi-
fications afterUV irradiation. It reduced the levels of carbonyl
groups by 5% (UVA) and 20% (UVB), which had increased
after UVA and UVB irradiation by 50% and 90%, respec-
tively (Table 2). Moreover, rutin completely abolished UV-
induced increases in 3Cl-tyrosine, yet only reduced 3NO2-
tyrosine and dityrosine levels by approximately 10–15% and
increased tryptophan levels by approximately 10% (Table 2).
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Figure 5: The level of Nrf2 (a) and phospho-Nrf2 (b), its main target, HO-1 (c), its inhibitors (Bach1 (d), Keap1 (e)), and activators (p21, p62,
KAP1, ERK1/2, and p38 (f–j)) in fibroblasts after exposure to UVA [20 J/cm2], UVB radiation [200mJ/cm2], and rutin [25 𝜇M] treatment
and pretreatment, expressed as a percentage of the control cells value. Mean values ± SD of five independent experiments are presented.
xStatistically significant differences versus control group, 𝑝 < 0.05. aStatistically significant differences versus group without rutin, 𝑝 < 0.05.
bStatistically significant differences versus group without rutin pretreatment, 𝑝 < 0.05.

Additionally, as a result of decreased 4-HNE levels after rutin
treatment, we observed a significant decrease (approximately
20% for both types of radiation) in the formation of 4-HNE-
protein adducts (Table 2).

(ii) Apoptotic Balance. Rutin affected the expression levels of
proteins involved in apoptosis in UV-irradiated fibroblasts
through increased Bcl-2 expression, by approximately 30%
and 100%, in UVA- and UVB-irradiated cells, respectively.
Additionally, we observed slight decreases in the levels of
cytochrome c and caspase-8, as well as a 20% reduction in
caspase-9 expression. Finally, after rutin treatment, caspase-
3 levels were strongly reduced in UVA- and UVB-irradiated
cells by 40% and 15%, respectively (Figure 9).

3.3.3. DNA Modifications. Rutin treatment protected DNA
against UV-induced oxidative damage. In UVA- and UVB-
irradiated fibroblasts not treated with rutin, increased levels
of 8-OHdG (28% and 67%, resp.) compared to control cells
were observed, while inUV-irradiated cells treated with rutin
therewas a greater than 10% reduction in the level of 8-OHdG
(Table 2).

In addition to the metabolic responses observed in
fibroblasts treated with rutin after irradiation, pretreatment
of fibroblasts with rutin prior to irradiation also invoked
certain notable cellular responses. Rutin pretreatment, in
particular, resulted in statistically significant decreases in the
activities of XO and NOX, as well as in superoxide anion
generation, compared to cells treated with rutin only after
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Figure 9: The level of anti- and proapoptotic proteins (Bcl-2 (a), p53 (b), and cytochrome c (c)) and executive caspases (3, 8, and 9 (d–f))
in fibroblasts after exposure to UVA [20 J/cm2], UVB radiation [200mJ/cm2], and rutin [25 𝜇M] treatment, expressed as a percentage of the
control cells value. Mean values ± SD of five independent experiments are presented. xStatistically significant differences versus control group,
𝑝 < 0.05. aStatistically significant differences versus group without rutin, 𝑝 < 0.05.
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Table 2: The level of oxidative modifications products of DNA, lipids, and proteins in fibroblasts after exposure to UVA [20 J/cm2], UVB
radiation [200mJ/cm2], and rutin [25 𝜇M] treatment and pretreatment, expressed as a percentage of the control cells value.

Control UVA UVB

8-OHdG level Without rutin 100% ± 5% 128% ± 11%x 167% ± 12%x

With rutin 104% ± 6% 113% ± 7%x 147% ± 7%xa

4-HNE level Without rutin 100% ± 5% 161% ± 10%x 132% ± 13%x

With rutin 94% ± 6% 96% ± 5%a 90% ± 5%a

MDA level Without rutin 100% ± 5% 150% ± 8%x 136% ± 7%x

With rutin 95% ± 8% 108% ± 5%a 99% ± 5%a

Iso-prostaglandin F2𝛼 level Without rutin 100% ± 5% 223% ± 11%x 248% ± 12%x

With rutin 106% ± 7% 163% ± 9%xa 229% ± 12%x

4-HNE-protein adducts level Without rutin 100% ± 6% 132% ± 7%x 150% ± 8%x

With rutin 102% ± 5% 108% ± 5%a 129% ± 6%xa

Carbonyl groups level
Without rutin 100% ± 6% 153% ± 9%x 191% ± 9%x

With rutin 110% ± 6% 145% ± 9%x 155% ± 8%xa

With rutin pretreatment 108% ± 5% 118% ± 9%xab 129% ± 7%xab

Tryptophan level Without rutin 100% ± 4% 80% ± 4%x 76% ± 3%x

With rutin 97% ± 5% 86% ± 7%x 84% ± 4%xa

Tyrosine level Without rutin 100% ± 5% 73% ± 4%x 77% ± 4%x

With rutin 94% ± 4% 95% ± 5%a 92% ± 7%a

3Cl-tyrosine level Without rutin 100% ± 6% 125% ± 7%x 159% ± 8%x

With rutin 101% ± 5% 108% ± 5%a 109% ± 5%a

3NO2-tyrosine level
Without rutin 100% ± 4% 320% ± 16%x 339% ± 17%x

With rutin 95% ± 5% 272% ± 14%xa 293% ± 15%xa

Dityrosine level Without rutin 100% ± 7% 165% ± 8%x 149% ± 7%x

With rutin 111% ± 5% 146% ± 7%xa 132% ± 7%xa

Mean values ± SD of five independent experiments are presented.
xStatistically significant differences versus control group, 𝑝 < 0.05.
aStatistically significant differences versus group without rutin, 𝑝 < 0.05.
bStatistically significant differences versus group without rutin pretreatment, 𝑝 < 0.05.

irradiation. Moreover, rutin pretreatment more robustly pre-
vented increases in Nrf2 and HO-1 expression and reduced
the levels of Bach1. These changes were accompanied by
reduced levels of protein oxidation markers such as carbonyl
groups.

4. Discussion

Information pertaining to the detrimental effects of UVA
and UVB radiation on human skin has been increasing
[1, 13]. Therefore, there is a significant need for natural
compounds that could effectively protect human skin from
solar radiation. Flavonoids, including rutin, represent a
promising group of nutraceuticals that are being investigated
as protective agents against different environmental insults
[23, 24, 52]. Rutin significantly enhances the proliferation of
skin fibroblasts in rat dorsal wounds and the synthesis and
accumulation of extracellular matrix components, including
collagen and fibronectin, following mechanical injury, and
inhibits the formation of fibrils in APPswe mouse cells [3, 26,
53]. In the present study, the molecular mechanisms involved
in rutin’s protection of skin fibroblasts against UVA and UVB
radiation were investigated.

4.1. Rutin Decreases UV-Induced Inflammation. This study
showed that rutin partially protected skin fibroblasts against
UVA- and UVB-mediated inflammatory response. Rutin
diminished levels of NF𝜅B and products of its transcrip-
tional activity, such as TNF𝛼, in UV-irradiated fibroblasts.
NF𝜅B levels are dependent on prostaglandins [54]; there-
fore, diminished levels of prostaglandin derivatives, such
as F2𝛼 isoprostanes, observed in these studies after rutin
treatment, may lead to decreased NF𝜅B levels. Decreases
in this proinflammatory factor were also observed in vari-
ous tissues of rutin-treated rats and were accompanied by
secretion of proinflammatory cytokines after LPO-induced
inflammation [55, 56]. Studies have suggested that rutin
suppresses phosphorylation of NF𝜅B via inhibition ofMAPK
in lung tissue, in addition to reducing the expression and
cytoplasmic relocation of NF𝜅B [56]. Changes observed in
UV-irradiated fibroblasts treated with rutin showed lower
activity of cyclooxygenases, key enzymes in the inflammatory
process, which were enhanced by UV exposure. Rutin has
been shown to exert anti-inflammatory effects in UVB-
irradiatedmouse skin by inhibiting COX-2 and iNOS expres-
sion via suppression of p38/MAPK [57]. Our results also
indicated that rutin suppresses p38 levels, confirming these
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previous studies. Inhibition ofNF𝜅B activitymay also be con-
nected with decreases in fibroblast endocannabinoids level
[58]. In fact, the overexpression of cannabinoid receptors
in response to UV irradiation and the subsequent decrease
following rutin treatment did not correlate with changes
in endocannabinoids level. Because the expression of all
examined cannabinoid receptors was enhanced following
UV irradiation, it is likely that different, albeit undefined,
mechanisms/agonists mediated their activation in this con-
text. Previous data indicated that CB1/2 receptors play a key
role in UV-induced skin inflammation [9]. The results of
the study presented here showed that rutin partially blocks
UV-induced activation of cannabinoid receptors and has
particularly robust effects on CB2. The expression of endo-
cannabinoids and their receptors following UV irradiation
and rutin treatment may also be associated with the actions
of enhanced F2𝛼 isoprostanes that may act as potent cannabi-
noid receptor ligands, thus causing their activation [59, 60].

4.2. Rutin Prevents Intracellular ROSGeneration afterUV Irra-
diation. Previous report and data from the study presented
here demonstrated that UV radiation perturbs the fibroblast
redox balance by enhancing the activity of ROS-generating
enzymes [5]. Enhanced activity of xanthine and NADPH
oxidases, the primary cellular enzymes responsible for the
generation of superoxide radicals, is attenuated by rutin. Like
many other flavonoids, rutin can scavenge free radicals and
chelate transition metal ions, which participate in Fenton
reactions to generate reactive hydroxyl radicals, results that
can be attributed to its polyphenolic structure [18, 61, 62].The
main functional groups in the rutin molecule responsible for
its antioxidant activity are the hydroxyl groups at positions 5
and 7 of the A ring, as well as the double bond in the C ring
of the quercetin-polyphenolic component [63]. Moreover, it
was previously shown that rutin could inhibit the overpro-
duction of oxygen radicals by neutrophils under pathological
conditions such as rheumatoid arthritis or cancer [19, 64].

4.3. Rutin Contributes to Antioxidant Defenses at the Tran-
scriptional Level after UV Irradiation. In addition to its direct
effect on ROS generation, rutin also protected fibroblasts
against UV damage by enhancing intracellular antioxidant
defense mechanisms such as Nrf2 and its target genes. Under
physiological conditions, cytoplasmic Nrf2 is bound to Keap1
for the purpose of degradation [65]. However, UV radiation-
induced oxidative stress was found to diminish Keap1 expres-
sion in skin keratinocytes and decrease formation of the
Nrf2-Keap1-Cul3 complex [66], while this study showed that
rutin prevented decreases in Keap1 expression after UVA
and UVB irradiation. It was previously shown that rutin
induces cellular defense genes by repressing Keap1-mediated
inhibition of Nrf2 inhibition in vivo in liver tissue [67].
These effects on Keap1 can be attributed to the properties
of rutin’s polyphenolic component, quercetin, which may
interact with Nrf2-binding sites in the Keap1 protein [67, 68].
The present study also showed that rutin attenuated UV-
induced enhancement ofKAP1 andp62 expression, inhibitors
of Nrf2-Keap1-Cul3 complex formation. Unbound, active

Nrf2 is translocated to the nucleus, where it binds to ARE
elements in the DNA [15]. This interaction is facilitated by
UV-induced reductions in the level of Bach1, which also binds
to DNA sequences within the ARE elements [69]. Redox
regulation of Bach1 is an alternative mechanism for inducing
multiple ARE-dependent genes [70]. Treatment of cells with
rutin both before and after UV exposure prevented oxidation
of Bach1 cysteine residues, thereby enhancing Bach1 bio-
logical activity and consequently reducing HO-1 expression.
Additionally, rutin induced a number of cellular antioxidants
and phase II metabolic enzymes, including Cu/Zn-SOD, in
HepG2 cells [71]. This observation may be associated with
enhanced expression of p21, a factor that protects cells from
oxidative stress through upregulation of the Nrf2 signaling
pathway [72]. Flavonoids also exerted cytoprotective effects
by enhancing p21 expression in colon cancer cells [73].
Additionally, changes in p21 expression may be connected
with the changes in level of 4-HNE, which is involved in
cell cycle progression [74], as well as with p53 activity, in
UV-irradiated mouse fibroblasts lacking p21 or 53 genes [75].
Furthermore, rutin-mediated changes in p21 levels do not
necessitate changes in p53 levels; a similar effect by flavones
was observed previously in HT-29 cells [76]. It has also been
shown that a decrease in KAP1 expression caused by gene
knockdown leads to disruption in KAP1-mediated transcrip-
tional repression of p21 in HEK293 cells [77]. These previous
findings suggest that the p21 increases observed here might
be the result of rutin-induced enhancement in KAP1 levels.

Nrf2 transcriptional activity is also dependent on its
phosphorylation. Under physiological conditions, rutin
enhances Nrf2 phosphorylation, while UV irradiation leads
to its decrease. A possible mechanism for Nrf2 activation
may be associated with the activity of quercetin, which may
enhance the phosphorylation of JNK, p38, PI3K/Akt, and
Nrf2 DNA-binding activity, which was shown previously for
HepG2 cells [78]. It has also been suggested that rutin can
enhance Nrf2 phosphorylation by increasing ERK activity in
macrophages [79]. However, enhancedNrf2 phosphorylation
may also be associated with the increased anandamide or
2-AG levels observed in this study, while significant downreg-
ulation of cannabinoid receptor levels after rutin treatment
of UV-irradiated fibroblasts may result in decreased signal
transduction via the downregulation of protein phospho-
rylation. Nrf2 expression in rutin-treated, UV-irradiated
fibroblasts was downregulated and positively correlated with
expression of another transcription factor, NF𝜅B, the activa-
tion of which is also dependent on the actions of ROS and
reactive aldehydes generated during lipid peroxidation [80].

4.4. RutinRegulates Antioxidants Level andActivity. Rutin, by
reducing Nrf2 expression, decreased UV radiation-induced
increases in the levels and activities of antioxidant proteins
including HO-1, GSH-Px, and GSSG-R. Moreover, by regu-
lating the level of GSH, rutin facilitated the degradation of
peroxides, including lipid peroxides, and effectively protected
phospholipids from peroxidation. Previous in vivo studies
have shown that rutin treatment significantly attenuates
reductions in the levels and activities of GSH and GSH-
dependent enzymes (GSH-Px and GSSG-R) in various rat
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models of disease [55]. Finally, rutin-mediated regulation of
the redox balance in fibroblasts also prevented reductions in
nonenzymatic antioxidants, including vitamins E andC, after
UV irradiation.

4.5. Rutin Protects Phospholipids from Peroxidation. Rutin
is one of the flavonoids that has shown the greatest ability
to protect phospholipids from radical-mediated peroxida-
tion [81] and enzymatic lipid oxidation via inhibition of
cyclooxygenase-2 activity [82, 83]. Accordingly, we demon-
strated that rutin decreases ROS generation and COX expres-
sion, thereby protecting fibroblast membrane phospholipids
and proteins from UV radiation. The results of the present
study confirmed that rutin prevents UV irradiation-induced,
lipid radical-mediated peroxidation, as evidenced by reduced
levels of reactive aldehydes (4-HNE and MDA) generated
during oxidative fragmentation of phospholipid polyunsat-
urated fatty acids. Similar to other flavonoids, rutin exhib-
ited partial lipophilic characteristics and may be partially
localized on the surface of biomembranes. However, rutin
is more hydrophilic than 𝛼-tocopherols and may therefore
efficiently trap chain-initiating peroxyl radicals from the
aqueous environment and cooperate with 𝛼-tocopherol to
directly scavenge these species, which has been previously
suggested from data generated using lymphoid cell lines [17,
84]. This presumption is reasonable because vitamin E levels
in UV-irradiated fibroblasts were also increased after rutin
treatment. Evidence to support the role of rutin in phase-two
metabolism comes from studies of the compound’s ability to
protect erythrocyte membrane phospholipids from oxidative
damage induced by tert-butyl hydroperoxide [85]. Addition-
ally, rutin significantly reduced MDA formation after UV-
induced lecithin peroxidation [86] and exerted protective
activities in numerous biological systems under physiological
conditions by increasing GSH levels and reducing MDA
levels [53].

4.6. Rutin Protects Proteins from UV-Induced Oxidative Mod-
ifications. Rutin significantly reduced ROS and electrophilic
reactive aldehyde generation resulting from UV exposure,
thereby preventing reactions with the nucleophilic centers of
amino acid residues and modification of their structures and
functions. ROS primarily modifies aromatic protein residues,
such as tryptophan and tyrosine, which was demonstrated
following UVA and UVB irradiation in this study, while elec-
trophilic aldehydes primarily modify cysteine and histidine
residues by Michael addition and alter lysine structures via
formation of Schiff base products [87]. The results of this
study indicated that rutin prevents His-4-HNE adduct for-
mation following UV irradiation. Moreover, rutin pretreat-
ment attenuated nonspecific reactions of ROS and reactive
aldehydes with protein amino acids, leading to increases in
the levels of protein carbonyl groups after UV irradiation.

4.7. Rutin Protects Fibroblasts from UV-Induced Proapoptotic
Actions. Rutin significantly protected fibroblasts from UV-
induced apoptosis, particularly in response to UVA, through
reduced caspase activation and cytochrome c release, as well
as increased Bcl-2 expression. These data also suggested

that inhibition of HO-1 expression, observed in this paper,
might modulate rutin-mediated cell survival. Moreover, it
was previously shown that rutin pretreatment significantly
attenuates H2O2-induced apoptosis in HUVEC cells [88].
The antiapoptotic functions of rutin may synergize with its
ability to protect DNA from oxidative damage, which has
been shown for ischemia in rat brains [89]. Additionally, rutin
treatment reduced the expression of p53, a protein involved
in activation of DNA repair mechanisms and induction of
apoptosis in response to DNA damage.

5. Conclusion

Rutin protects fibroblasts from UVA- and UVB-induced
redox imbalance at protein and genes expression level. It
also prevents changes in phospholipids metabolism leading
to enhanced levels of electrophilic peroxidation products
and decreased endocannabinoids levels and antiapoptotic
activity.Thus, rutin is a promising compound that can protect
the skin from the molecular consequences of ultraviolet
radiation.
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Obesity as a multifactorial disorder involves low-grade inflammation, increased reactive oxygen species incidence, gut microbiota
aberrations, and epigenetic consequences.Thus, prevention and therapieswith epigenetic active antioxidants, (−)-Epigallocatechin-
3-gallate (EGCG), are of increasing interest. DNA damage, DNA methylation and gene expression of DNA methyltransferase 1,
interleukin 6, and MutL homologue 1 were analyzed in C57BL/6J male mice fed a high-fat diet (HFD) or a control diet (CD) with
and without EGCG supplementation. Gut microbiota was analyzed with quantitative real-time polymerase chain reaction. An
induction of DNA damage was observed, as a consequence of HFD-feeding, whereas EGCG supplementation decreased DNA
damage. HFD-feeding induced a higher inflammatory status. Supplementation reversed these effects, resulting in tissue specific
gene expression and methylation patterns of DNA methyltransferase 1 and MutL homologue 1. HFD feeding caused a significant
lower bacterial abundance. The Firmicutes/Bacteroidetes ratio is significantly lower in HFD + EGCG but higher in CD + EGCG
compared to control groups. The results demonstrate the impact of EGCG on the one hand on gut microbiota which together with
dietary components affects host health. On the other hand effects may derive from antioxidative activities as well as epigenetic
modifications observed on CpG methylation but also likely to include other epigenetic elements.

1. Introduction

Metabolic syndrome, a multifactorial disorder, results from
a long-term imbalance of diet and physical activity, genetic
predisposition, and an imbalanced gut microbiota influenc-
ing several metabolic pathways including epigenetic regu-
lation. In 2015, the prevalence of metabolic syndrome was
determined at 1.9 billion adults being overweight (BMI ≥
25 kg/m2 (bodymass index)) andmore than 600 billion obese
(BMI ≥ 30 kg/m2) [1]. Thus, this high incidence of obesity

and associated diseases like type 2 diabetes (hyperglycemia
on basis of an insulin resistance) are a challenge and financial
burden for national health care systems.

Increased adipose tissue is an important energy storage
but also a key endocrine organ with active metabolism rel-
evant in energy homeostasis, lipid and glucose metabolism,
fibrinolysis, coagulation, blood pressure, and inflammation
(like interleukin-6 (IL-6), tumor necrosis factor 𝛼 (TNF-𝛼))
[2, 3], but also in increased reactive oxygen species (ROS) and
free fatty acids (FFAs) production, and increased oxidative
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stress [4, 5]. Oxidative stress in turn is associated with both
genome-wide hypomethylation and promoter hypermethyla-
tion of the DNA [6], resulting in transcriptional silencing of
key antioxidant enzymes as well as tumor suppressor genes
[7, 8]. Diets rich in bioactive anti-inflammatory compounds,
such as polyphenols, have been recommended to reduce
oxidative stress and to decrease inflammation [9].

EGCG ((−)-Epigallocatechin-3-gallate), the main cate-
chin of green tea (50–75%), has been shown to support many
potential health effects, including antioxidant, anticarcino-
genic, hypocholesterolemic, and cardioprotective epigenetic
activities [10]. It was found to increase energy expenditure
and weight loss, reduce fat mass, and facilitate weight main-
tenance after weight loss [11]. Antiobesity effects might be
mediated through antioxidative and singlet oxygen quencher
properties. Inhibition of destructive effects of ROS might act
through selective inhibition of specific enzyme activities such
as (Dnmts) DNA methyltransferases, repair of chromoso-
mal aberrations [12], and suppressing inflammation in the
development of obesity [9]. EGCG supplementation (0.1%)
in obese and diabetic C57BL/KsJ-db/db mice decreased the
levels of insulin, IGF-1 (insulin-like growth factors), IGF-
2, free fatty acid, and expression of TNF-𝛼, interleukin-
(IL-) 6, IL-1𝛽, and IL-18 mRNAs in hepatic tissue [13].
EGCG inhibits Dnmt activity resulting in a decreased 5-
methylcytosine concentration; 20 𝜇mol/L of EGCG already
inhibited Dnmt activity in oesophageal (KYSE-150), colon
(HT-29), prostate (PC-3), and breast (MCF7 and MDA-
MB-231) cancer cells, although no effects of EGCG on
Dnmt activity (2–50𝜇mol/L) are also shown in cancer cells.
Another Dnmt inhibitory pathway of flavan-3-ols results
froman increase of S-adenosyl-l-homocysteine (SAH) [14]. A
reducedDnmt activity reactivatesmethylation-silenced genes
in a dose (5–50𝜇mM of EGCG) and time dependent (12–
144 h) manner [25].

According to Fang et al. (2003) MutL homologue 1
(MLH1) andO6-methylguanine-deoxyribonucleic acidmethyl-
transferase (MGMT), both part of the DNA mismatch repair
(MMR) system, are hypomethylated in the CpG rich pro-
moter region [25] accompanied by a higher expression
of mRNA [25]. In contrast, ROS-induced oxidative stress
contributes to hypermethylation of normally unmethylated
promoter regions, resulting in transcriptional silencing of key
antioxidant enzymes as well as tumor suppressor genes [7, 8].
EGCG also alters histone acetyl transferase (HAT) activity,
resulting in aberrant chromatin structures, as well as miRNA
expression in hepatocellular carcinoma cells [14].

However, above small-intestinal absorption, tea catechins
could reach the large intestine and be processed by gut
microbiota into gallic acid and epigallocatechin (EGC) [26,
27]. Alterations in gut microbiota composition and differ-
ences in gut microbial metabolite profile due to different
dietary feeding offer insights that may be relevant for several
chronic conditions, including obesity. The obesity related
gut microbiota is composed by a less bacterial diversity
and altered abundance, gene-representation, and metabolic
pathways [28]. These differences include a higher abundance
of Firmicutes, whereas Bacteroidetes are reduced resulting in
a higher Firmicutes/Bacteroidetes ratio in obese individuals.

An increased abundance of Lactobacilli is mentioned as a
growth promoter and is associated with weight gain and
inflammatory processes during obesity [29]. Genes encoding
for carbohydrate metabolism enzymes are increased in the
gut microbiome of obese mice, provoking a greater capacity
to extract energy from the diet and to generate short-chain
fatty acids (SCFAs) [30, 31]. SCFAs are essential for the
microbial community and play a role in regulation of energy
balance, inflammatory processes, health, and obesity [32].

Meanwhile interventions with EGCG resulted in a reduc-
tion of Clostridium spp. abundance, increased Bacteroides,
but also influenced Bifidobacterium and Prevotella, to a lesser
extent resulting in lower levels of acetic and butyric acids
and little influence on propionic acid levels in caecum. Thus,
effects on weight reduction and weight maintenance due to
dietary intervention with EGCG could be responsible for the
regulation of energy metabolism in the body [26].

In the present study, we investigated the effects of a
physiologically applicable dose of EGCG on gut microbiota,
DNA damage, DNA methylation, and gene expression of
inflammatory mediators: IL-6; Dnmt1, and DNA repair:
MLH1 in liver and colon due to metabolic syndrome induced
by a high fat diet (HFD) and due to control diet (CD) with
a focus on associations between alteration of DNA repair
processes, immune functions, and genomic instability. We
investigated the colon as direct nutrient contact is given, but
also hepatic tissue, the main organ in glucose and insulin
metabolism. In addition, gut microbiota composition and
diversity were analyzed on the basis of stool samples. Effects
of dietary EGCG in alleviating conditions associated with
obesity and metabolic syndromes are reported.

2. Materials and Methods

The Ethical Committee of the Medical University of Vienna
approved the animal experiment (BMWFW-66.009/0329-
WF/V/3b/2014) implemented with 6-week-old C57BL/6J
male mice (𝑛 = 60) (Janvier Labs, France). Three animals
were kept per cage (Macrolon type III, Techniplast GmbH,
Germany) under standard conditions (24 ± 1∘C, humidity
50 ± 5%, 12 hrs light/dark cycle). The animals were divided
into four groups after an acclimatization time of two weeks
with control diet (EF R/M control, 12% fat ssniff Spezialdiäten
GmbH, Soest, Germany): (1) CD group (EF R/M control,
11% kJ fat, ssniff Spezialdiäten GmbH, Soest, Germany), (2)
CD plus EGCG group (CD + EGCG) (EGCG: 25mg/kg
body weight per day), (3) HFD group (54%kJ fat ssniff
EF acc.D12492 (I) mod., ssniff Spezialdiäten GmbH, Soest,
Germany), and (4) aHFDplus EGCG group (HFD+EGCG).
Food and water were provided ad libitum and supplemented
with EGCG in the intervention groups (25mg/kg b.w.).
EGCG was provided as pure EGCG (EGCG-Uji-XP, Sys-
tem Biologie, Wollerau). Water/EGCG uptake was measured
daily. Once per week the mice were weighted and food intake
was determined (Table 1). After 4 months, the animals were
killed by cervical dislocation.

2.1. Single-Cell Gel Electrophoresis (SCGE) Assay. DNA
migration in an electric field was analyzed in hepatocytes and
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(a) (b)

Figure 1: Photographic images of “comets” in an intact nucleus (a) and in a nucleus with damaged DNA (b). Stain: ethidium bromide.

colonocytes frommice in SCGE assays (comet assay) [33, 34].
This approach has the advantage that measurement can be
conductedwith variety of organs [35] and is increasingly used
in genetic toxicology Collins, (2015) [36]. A typical picture
from a “comet” as marker for DNA-instability is shown in
(Figure 1).

Nuclei from livers and cells from colons were collected
according to the method developed by Sasaki et al. (2002)
[37]. The procedure for the measurement of DNA migration
in liver cells and colonocytes was employed by us in a number
of earlier studies [38–42]. 1.0 g liver tissue was homogenized
by use of a Potter Elvehjem-type (B. Braun, Melsungen, Ger-
many) at 400 rpm in 4.0mL chilled homogenization buffer
(pH 7.5). Subsequently, the homogenates were centrifuged
(800g, 10min, 4∘C). Colon cells were isolated by scratching
mucosa from the colons and were kept on ice in 2.0mL
homogenization buffer. The nuclei were suspended in LMPA
(0.5%, Gibco, Paisley, UK) and transferred to slides which
were precoated with NMPA (1.0%, Gibco, Paisley, UK).

The experiments were carried out according to Burlinson
et al. (2007) [43]. After lysis (pH 10.0) and electrophoresis
(20min, 300mA, 25V, at 4∘C, and pH > 13), the gels were
stained with ethidium bromide (20𝜇g/mL, Sigma-Aldrich,
Germany).

With nuclei from each organ, three slides were prepared
per experimental point and 50 cells were evaluated from each
slide. Slides were examined under a fluorescence microscope
(Nikon EFD-3, Japan) using 25-fold magnification. DNA
migration was determined with a computer aided comet
assay image analysis system (Comet Assay IV, Perceptive
Instruments, UK).

2.2. Gene Expression Analysis. Liver and colon samples were
stored at −80∘C until RNA and DNA isolation using the All-
Prep DNA/RNA/miRNA Universal Kit (Qiagen, Germany)
according to the manufacturer’s protocol. Concentration,
respectively, purity was controlled with a Picodrop100 (Pico-
drop, UK). Complementary DNA (cDNA) was synthesized
by reverse transcription using RT

2
First Strand Kit (Qiagen,

Germany). cDNA was analyzed with real-time polymerase
chain reaction (PCR) using qPCR Primer Assays (Qiagen,
Germany) and RT

2
SYBR Green Master Mix (Qiagen, Ger-

many) according to manufacturer’s protocol. PCR conditions
were as follows: initial step of 95∘C for 10min, followed by
40 cycles of 95∘C for 15 s and 60∘C for 1min, ending with

melting curve analysis (gradient melting of the products was
performed at 0.5∘C/10 s from 65∘C to 95∘C). Each sample was
analyzed in duplicatewith normalization to the housekeeping
gene glyceraldehyde-3-phosphate-dehydrogenase (GAPDH).

2.3. Methylation Analysis. Genomic DNA was bisulfite con-
verted with EpiTect� Fast Bisulfite Conversion kit (Qia-
gen, Germany) and amplified by PCR using the PyroMark
PCR Kit (Qiagen, Germany) according to manufacturer’s
instructions with primers for Dnmt1 and MLH1 designed by
PyroMark Assay Design SW 2.0 Software (Table 2).

The PCR was carried out in a total reaction volume of
25.0𝜇L, containing 12.5𝜇L PyroMark 2x PCR master mix,
10 pmol (Dnmt1) or 7 pmol (MLH1) of each primer, 2.5𝜇L
CoralLoad Concentrate 10x (Qiagen, Germany), and 10.0 ng
(Dnmt1) or 15.0 ng (MLH1) bisulfite converted DNA. Ther-
mocycling startedwith initial denaturation at 95∘C for 15min,
followed by 45 cycles at 94∘C for 30 s, 55.5∘C for 45 s, 72∘C for
45 s, and a final extension at 72∘C for 10min. PCR product
quality was investigated with agarose gel electrophoresis.
CpGmethylation analysis was performed in a PyroMarkQ24
MDx (Qiagen, Germany).

2.4. Gut Microbiota Analysis. Stool was collected before
intervention and continuously after 1 month until the end
of the study period and stored at −20∘C until microbial
DNA extraction by using the QIAamp� Fast DNA Mini Kit
(Qiagen, Germany) following the manufacturer’s protocol
including two steps of 45 sec beadbeating at 4000 rpm with
a 60 sec break in between to increase the DNA yield. DNA
concentration and purification were measured using Pico100
(Picodrop Ltd., Cambridge, UK).

The abundance of gut microbial subgroups was deter-
mined by 16s rDNA using quantitative real-time PCR with
SYBR green or TaqMan-Probe Master Mix with specific
primer pairs (Tables 3 and 4) in a Rotor Gene 3000 (Corbett
Life Science, Australia).ThePCR reactionmixtures and serial
DNA dilution of typical strains were prepared according to
Remely et al. (2013) [44].

The diversity of gut microbiota was analyzed using
denaturing gradient gel electrophoresis (DGGE) [44].

2.5. Statistical Analyses. For statistical analyses of SCGEassay
results GraphPad Prism 5.02 (GraphPad Software, USA) was
used. The means and standard deviation (SD) of % DNA
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Table 2: Sequence to analyze primers for CpG methylation analysis.

Gene Primer Sequence (5-3) Size (bp) GC%

Dnmt1
FW Biotin - GTA GGT TGT AGA AGA TAG AAT AGT TTT GA 29 31
RW CCC ACT CTC TTA CCC TAT ATA ATA CAT 27 37
Seq CCC CTC CCA ATT AAT TTC 18 44.4
Sequence ID: gb|AH009208.2|
Dnmt1: at reverse strand of chromosome 9: 20907205–20959888 (52684bp).

Sequence to analyze 7104 – CGCGCGCGCGAAAAAGCCGGGGTCTCGT - 7131 27 7 CpGs

MLH1
FW AGG GTA TTT TAG TTT TTA TTG GTT GGA GA 29 31
RW TTA CAC CTC AAT TCC TAA AAT CTC TAT CCC – Biotin 30 37
Seq TTT AGT TTT TAG AAA TGA GTT AAT A 25 16
Sequence ID: ref |XR 379849.3|
MLH1: at reverse strand of chromosome 9: 111228228–111271786 (43559 bp)

Sequence to analyze 19 - GAAGAGCGGACCGTGAACTTTGACGCGCAAGCGCG 64 8 CpGs
TTGCCTTCTA-GCCTGGTGTCGGGCCGCTG - 82

Table 3: Primers and TaqMan�-Probes targeting 16rRNA coding regions of bacteria.

Target organism Primer/probe Sequence (5-3) Size (bp) Conc.
[pmol/𝜇L] Reference

All bacteria

Fwd primer ACT CCT ACGGGA GGC
AG

468

10

[15]Rev primer GAC TAC CAG GGT ATC
TAA TCC 10

Probe
(6-FAM)-TGC CAG CAG
CCG CGG TAA
TAC-(BHQ-1)

2

Clostridium cluster IV
(Ruminococcaceae)

Fwd primer GCA CAA GCA GTG
GAG T

239

4

[16]Rev primer CTT CCT CCGTTT TGT
CAA 4

Probe (6-FAM)-AGGGTT GCG
CTC GTT-(BHQ-1) 2

Cluster XIVa
(Lachnospiraceae)

Fwd primer GCA GTG GGG AAT ATT
GCA

477

5

[16]Rev primer CTT TGA GTT TCA TTC
TTG CGA A 5

Probe
(6-FAM)-AAATGA CGG
TAC CTG ACT
AA-(BHQ-1)

1,5

Bacteroidetes

Fwd primer GAG AGG AAGGTC CCC
CAC

106

3

[17]Rev primer CGC TAC TTG GCT GGT
TCA G 3

Probe
(6-FAM)-CCATTG ACC
AAT ATT CCT CAC TGC
TGC CT-(BHQ-1)

1

Bifidobacterium spp.

Fwd primer GCG TGC TTA ACA CAT
GCA AGT C

125

3

[18]Rev primer CAC CCGTTT CCAGGA
GCT ATT 3

Probe
(6-FAM)-TCACGC ATT
ACT CAC CCG TTC
GCC-(BHQ-1)

1.5
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Table 4: Primers (SYBR�Green) targeting 16rRNA coding regions of bacteria, butyryl-coenzyme A (CoA) CoA transferase genes, and butyrate
kinase gene.

Target organism Primer Sequence (5-3) Size (bp) Conc. [pmol/𝜇L] Reference

Lactobacilli Fwd primer AGC AGT SGG GAA TCT TCC A 352–700 4
[19]Rev primer ATT YCA CCG CTA CAC ATG 4

Enterobacteria Fwd primer AGC ACCGGC TAA CTC CGT 492–509 3
[20]Rev primer GAA GCC ACG CCT CAA GGG CAC AA 834–856 3

Prevotella Fwd primer CACCAAGGCGACGATCA 1458 2,5
[21]Rev primer GGATAACGCCYGGACCT 2,5

Akkermansia Fwd primer CAGCACGTGAAGGTGGGGAC 1505 2,5
[22]Rev primer CCTTGCGGTTGGCTTCAGAT 2,5

BCoAT gene Fwd primer GCIGAICATTTCACITGGAAYWSITGGCAYATG
∼540 27

[23]Rev primer CCTGCCTTTGCA ATRTCIACRAANGC 27

Butyrate kinase Fwd primer TGCTGTWGTTGGWAGAGGYGGA 273 18
[24]Rev Primer GCAACIGCYTTTTGATTTAATGCATGG 18

in the comet tails of the nuclei from the different treat-
ment groups were calculated. Comparisons of groups were
done with Student’s t-test based on the means of three
slides/animal.

All statistical analyses of gene expression andmethylation
analysis were performed using IBM SPSS Advanced Statistics
20.0 (SPSS,USA). All data are shownmeans± SD.ΔCTvalues
were calculated by normalization to GAPDH (ΔCT = CT-
Target − CT-GAPDH).The ΔΔCT value shows the difference
between the two groups (ΔΔCT = ΔCT + EGCG − ΔCT-
Control). Relative changes in gene expression between the
intervention and control group are determined by the 2−ΔΔCT

equation (fold change = 2−ΔΔCT). Kolmogorov-Smirnov-Test
was used to test the normalization of the data. The Mann-
Whitney 𝑈-Test was used to examine significant relation-
ships. For all comparisons 𝑝 values ≤ 0.05 were considered
as statistically significant.

3. Results

3.1. Body Weight, Food Intake, and EGCG Uptake. Body
weight and food intake were measured weekly, water/EGCG
uptake daily. According to Table 1 food intake and total water
consumption did not differ between the groups (Table 1).
Mean EGCG uptake was about 0.64 ± 0.07mg in the CD
group and about 0.97 ± 0.09mg in the HFD group of each
mouse per day.Mice fed aHFD (T1: 30.54±3.43 g; T4: 45.99±
4.46 g) and HFD + EGCG (T1: 30.74 ± 3.43 g; T4: 47.69 ±
3.45 g) increased significantly more weight in comparison to
CD fed mice (T1: 23.99 ± 1.50 g; T4: 27.88 ± 1.49 g) and CD
+ EGCG (T1: 24.16 ± 1.52 g; T4: 28.43 ± 1.76 g) (𝑝 ≤ 0.01,
Figure 2). The body weight increase over study period was
significant in all groups (𝑝 ≤ 0.01).

3.2. SCGE Experiments with Nuclei from Colon and Liver
Cells. HFD induced significant DNA damage in liver and
colon compared with CD. In liver of animals fed with HFD
and supplemented with EGCG in drinking water the extent
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Figure 2: Body weight gain of C57BL/6J male mice over 4 months
(CD = control diet, HFD = high fat diet, CD + EGCG = control diet
plus EGCG, and HFD + EGCG = high fat diet plus EGCG).

of DNA migration was significantly decreased by 31.5%
(𝑝 ≤ 0.05) after supplementation (Figure 3(a)). No effect was
detected in colon ofHFD group after EGCG supplementation
Figure 3(b).

Supplementation with EGCG in CD group in colon of
animals caused slight DNA damage, while no effect was
detected between CD and CD + EGCG in liver.

3.3. Relative Gene Expression and CpG Methylation of the
Promoter Region of MLH1 in Liver and Colon Cells. In
liver cells the relative gene expression of MLH1 decreased
significantly in HFD fed mice compared to the CD (49%,
𝑝 ≤ 0.001). EGCG supplementation showed significant
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Figure 3: Impact of EGCG supplementation on DNA damage in liver (a) and colon (b) of C57BL/6J male mice. Bars indicate means ± SD
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Figure 4: Relative gene expression ofMLH1 in colon (a) and liver (b) of C57BL/6J male mice. All gene expression data are relative to CD and
were normalized to the house keeping gene GAPDH. Error bars represent 95% confidence intervals (CD = control diet, HFD = high fat diet,
and CD + EGCG = control diet plus EGCG; HFD + EGCG = high fat diet plus EGCG; stars indicate significance: ∗𝑝 value ≤ 0.05, ∗∗𝑝 value
≤ 0.01, and ∗∗∗𝑝 value ≤ 0.001).

reduction in CD + EGCG compared to CD (56%; 𝑝 ≤ 0.001)
and in HFD + EGCG compared to HFD (44%; 𝑝 ≤ 0.01).
Moreover the protective effect by EGCG was significantly
higher in HFD+ EGCG than in CD + EGCG (38%; 𝑝 ≤ 0.05)
(Figure 4(b)).

The relative gene expression of MLH1 in colon did not
result in any significant difference between the interventions
(Figure 4(a)).

InMLH1 promoter region the relative methylation of six
CpGs was investigated in liver and in colon (Figures 5 and
6, Table 5). In liver cells CD + EGCG the mean methylation
was higher compared to CD (CD: 2.83%; CD + EGCG:
3.23%) but in HFD + EGCG a decreased mean methylation

status compared to HFD was shown (HFD: 3.36%; HFD +
EGCG: 3.18%). In particular, at CpG1 HFD (57%) either CD
+ EGCG (44%) showed a significant decrease in methylation
status compared to CD (𝑝 ≤ 0.01). Furthermore significant
hypomethylation in the HFD + EGCG group was seen com-
pared to CD + EGCG (24%; 𝑝 ≤ 0.01; Figure 5(b)). At CpG4
(73%;𝑝 ≤ 0.01) and at CpG6 (60%;𝑝 ≤ 0.05) themethylation
status significantly increased with HFD compared to CD.
Hypermethylation was seen in both supplementation groups
at CpG4 CD + EGCG (172%) and HFD + EGCG at CpG2
with an increase of 80% normalized to, respectively, CD or
HFD (𝑝 ≤ 0.01). By comparison of CD + EGCG with HFD
+ EGCG the CD group showed significant hypomethylation
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Figure 5: Relative CpG methylation status in promotor region of MLH1 in liver of C57BL/6J male mice. Mean methylation data are shown
for MLH1 in each intervention group. All methylation data are relative to CD. Error bars represent 95% confidence intervals. In Figure 5(a)
significance is shown for CpG 4, 5, and 6. Figure 5(b) shows significant differences in the methylation status of CpG1 (CD = control diet;
HFD = high fat diet; CD + EGCG = control diet plus EGCG; HFD + EGCG = high fat diet plus EGCG; stars indicate significance: ∗𝑝 value
≤ 0.05 and ∗∗𝑝 value ≤ 0.01).

at CpG3 (22%; 𝑝 ≤ 0.01) and CpG5 (20%; 𝑝 ≤ 0.01;
Figure 5(a)).

The methylation of MLH1 in colon cells increased with
EGCG in the CD group (CD: 2.79%; CD + EGCG: 2.97%)
but decreased in the HFD groups (HFD: 3.41%; HFD +
EGCG: 3.01%; Figure 6). In colon cells the methylation status
of MLH1 showed a significant reduction at CpG2 in HFD
compared to CD (60%; 𝑝 ≤ 0.01). Furthermore, EGCG
supplementation significantly reduced themethylation status
of CpG2 in HFD + EGCG group compared to HFD (35%;
𝑝 ≤ 0.01). A significant decrease at CpG1 was seen in
CD with EGCG supplementation compared to CD (62%,
𝑝 ≤ 0.01) whereas HFD + EGCG was significantly higher
methylated compared to CD + EGCG (82% 𝑝 ≤ 0.05). At
CpG4HFD resulted in a hypermethylation of 113% compared
to CD. Furthermore, supplementation with EGCG in the
CD decreased the methylation status significantly by 38%
when normalized to CD (𝑝 ≤ 0.01). CpG5 of MLH1 was
significantly higher methylated in HFD (24%; 𝑝 ≤ 0.01)
and in CD + EGCG (75%; 𝑝 ≤ 0.01) compared to CD
whereas in the HFD + EGCG significant hypomethylation
was shown compared to CD (45%; 𝑝 ≤ 0.01). A significant
reduction was observed between CD + EGCG and HFD +
EGCG animals (61%; 𝑝 ≤ 0.01). CD + EGCG resulted in a
significant hypomethylation at CpG6 ofMLH1 in colon cells
compared to CD (63%; 𝑝 ≤ 0.05) and, respectively, in HFD
with (34%; 𝑝 ≤ 0.01).

3.4. Relative Gene Expression of IL-6 in Colon. A significant
lower expression of IL-6 has been measured between CD and

HFD animals (𝑝 ≤ 0.01) and also in CD and HFD + EGCG
mice (𝑝 ≤ 0.01) in the colon (Figure 7). In liver the gene
expression of IL-6 was under detection limit in the study
group.

3.5. Relative Gene Expression and CpG Methylation of the
Promoter Region of Dnmt1 in Liver and Colon Cells. Relative
gene expression of Dnmt1 in liver cells was lower in HFD
compared to CD (61%; 𝑝 ≤ 0.01). Supplementation with
EGCG resulted in a significantly reduced gene expression
compared to, respectively, CD (75%;𝑝 ≤ 0.01) andHFD (51%;
𝑝 ≤ 0.01) (Figure 8(b)).

In colon the relative gene expression of Dnmt1 decreased
significantly in HFD compared to CD (69%, 𝑝 ≤ 0.01)
although the decrease of HFD compared to CD is compen-
sated by EGCG in HFD with a more than three times higher
gene expression of Dnmt1 compared to HFD (𝑝 ≤ 0.01,
Figure 8(a)).

In the promoter region of Dnmt1 in liver and colon four
CpGs were analyzed (Table 5). Mean methylation of Dnmt1
in liver cells was higher in CD + EGCG (3.21%) and HFD +
EGCG (3.09%) compared to each diet CD (2.28%) and
HFD (2.37%). Significant differences in methylation status of
Dnmt1 were determined in CpG1 and CpG3. In both diets
EGCG significantly increased the methylation status of CpG1
(CD + EGCG: CD 71%; 𝑝 ≤ 0.05; HFD + EGCG: HFD 62%;
𝑝 ≤ 0.05). The same effect of EGCG was seen at CpG3 in
the CD group with a significant increase (37%; 𝑝 ≤ 0.01).
Furthermore the supplementation with EGCG resulted in a
significantly higher methylation of CpG3 in HFD + EGCG
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Figure 6: Relative CpGmethylation status in promotor region ofMLH1 in colon.Meanmethylation data are shown forMLH1 as an overview
(Figure 6(a)) (significant for CpG 1, 2, and 4) and CpG5 (Figure 6(b)). All methylation data are relative to CD. Error bars represent 95%
confidence intervals (CD = control diet; HFD = high fat diet; CD + EGCG = control diet plus EGCG; HFD + EGCG = high fat diet plus
EGCG; stars indicate significance: ∗𝑝 value ≤ 0.05 and ∗∗𝑝 value ≤ 0.01).

Table 5: DNA methylation results, presented as relative methylation (mean ± SD) compared to CD or in the HFD groups, respectively, for
every CpG (stars indicate significance: ∗𝑝 value ≤ 0.05, ∗∗𝑝 value ≤ 0.01).

Mean ± SD in % CD + EGCG compared to CD HFD compared to CD HFD + EGCG compared to HFD
Dnmt1 liver
CpG1 1.71 ± 0.32∗ 0.93 ± 0.25 1.62 ± 0.33∗

CpG2 1.14 ± 0.21 0.81 ± 0.12 1.10 ± 0.39

CpG3 1.37 ± 0.14∗∗ 1.48 ± 0.73 1.18 ± 0.19

CpG4 1.19 ± 0.40 0.88 ± 0.48 1.39 ± 0.21

Dnmt1 colon
CpG1 1.07 ± 0.16 1.17 ± 0.24 0.89 ± 0.06

CpG2 1.15 ± 0.30 1.12 ± 0.14 1.19 ± 0.14∗

CpG3 0.98 ± 0.27 1.01 ± 0.19 1.23 ± 0.42

CpG4 1.28 ± 0.09∗ 1.17 ± 0.12 0.98 ± 0.13

MLH1 colon
CpG1 0.38 ± 0.20∗ 1.08 ± 0.46 0.98 ± 0.48

CpG2 0.66 ± 0.39 0.40 ± 0.03∗ 0.65 ± 0.13∗

CpG3 1.04 ± 0.27 1.36 ± 0.44 0.87 ± 0.31

CpG4 0.62 ± 0.11∗ 2.13 ± 0.12∗ 0.76 ± 0.42

CpG5 1.75 ± 0.10∗ 1.24 ± 0.09∗ 0.55 ± 0.11∗

CpG6 0.37 ± 0.14∗ 1.53 ± 0.37 0.68 ± 0.70∗

MLH1 liver
CpG1 0.56 ± 0.02∗∗ 0.43 ± 0.03 0.98 ± 0.21

CpG2 1.65 ± 0.61 1.27 ± 0.37∗∗ 1.80 ± 0.42∗∗

CpG3 1.11 ± 0.09 0.75 ± 0.13 1.16 ± 0.10

CpG4 2.73 ± 1.06∗∗ 1.73 ± 0.08∗∗ 1.13 ± 0.15

CpG5 1.20 ± 0.08∗∗ 1.12 ± 0.26∗∗ 0.86 ± 0.05∗∗

CpG6 1.20 ± 0.10∗ 1.60 ± 0.47 0.68 ± 0.16∗∗
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Figure 7: Relative gene expression of IL-6 in colon. All gene expres-
sion data are relative to CD and normalized to the house keeping
geneGAPDH. Error bars represent 95% confidence intervals (CD =
control diet; HFD = high fat diet; CD + EGCG = control diet plus
EGCG; HFD + EGCG = high fat diet plus EGCG; stars indicate
significance: ∗∗∗𝑝 value ≤ 0.001).

than in CD + EGCG (28%, 𝑝 ≤ 0.05). CpG2 and CpG4
did not show any significant changes in methylation status
(Figure 9(b)).

In colon cells CpG2 and CpG4 showed significant
changes in the methylation status of Dnmt1. A significant
higher methylation status in CpG2 was observed due to
EGCG in the HFD group (19%; 𝑝 ≤ 0.05). In CD + EGCG
supplementation resulted in a significant hypermethylation
at CpG4 (28%; 𝑝 ≤ 0.05). No significant changes were
observed at methylation status of Dnmt1 at CpG1 and CpG3
(Figure 9(a)).

3.6. Gut Microbiota Composition and Diversity. Differences
in total bacterial abundance were shown between CD and
HFD (𝑝 < 0.0001) and between CD + EGCG and HFD +
EGCG but also between HFD and HFD + EGCG (𝑝 =
0.039; Figure 10(a)). HFD feeding caused a lower bacterial
abundance in bothHFD groups resulting in a lowermicrobial
diversity compared to CD (HFD bands = 21.4 ± 5.08, HFD +
EGCGbands = 19.6± 3.84, CD bands = 20.4 ± 4.62, and CD+
EGCG bands = 17.02 ± 5.07).

The Firmicutes/Bacteroidetes ratio is significantly higher
in both HFD groups compared to CD groups (𝑝 < 0.0001).
EGCG treatment induced a significantly lower ratio in
HFD + EGCG compared to HFD (𝑝 < 0.0001) but a
significantly higher ratio in CD + EGCG compared to CD
(𝑝 < 0.0001; Figure 10(b)). Lactobacilli decreasedwith EGCG
intervention. Both clostridial clusters (Clostridium cluster IV,
Clostridium cluster XIVa) were significantly lower in HFD
groups compared to CD groups (𝑝 < 0.0001). Clostridium
cluster IV significantly increased in HFD + EGCG compared
to HFD (𝑝 = 0.005). Clostridium cluster XIVa increased
in CD + EGCG compared to CD (𝑝 = 0.189) and was

significantly more abundant in comparison to HFD + EGCG
(𝑝 < 0.0001). In turn, F. prausnitziiwas less abundant inHFD
groups compared to CD groups (𝑝 < 0.0001) and was more
abundant in the CD groups compared to all other groups (CD
+ EGCG :HFD + EGCG :𝑝 < 0.0001; CD : CD + EGCG:𝑝 =
0.001; Figure 10(c)).

In HFD mice, butyryl CoA: acetate CoA-transferase gene
was significantly lower in comparison to CD mice (𝑝 <
0.0001). Intervention with EGCG in the CD group resulted in
a significant decrease (𝑝 < 0.0001) whereas with HFD no sig-
nificant effect was shown. Results of the butyrate kinase gene
showed similar results whereas HFD + EGCG group showed
a significant increase (CD :HFD 𝑝 < 0.0001; CD : CD +
EGCG 𝑝 = 0,001; HFD :HFD + EGCG 𝑝 = 0.005).

Bacteroidetes were significantly lower abundant in HFD
compared to CD (𝑝 < 0.0001) and significantly increased
with EGCG intervention in HFD mice (𝑝 = 0,001). An
increase was shown in CD mice due to EGCG treatment.

Akkermansia showed a lower abundance inHFD fedmice
compared to CD (𝑝 = 0.092). EGCG treatment resulted in
a lower abundance in CD + EGCG (𝑝 = 0,001) but no
significant change in abundance of HFD + EGCG was
observable (𝑝 = 0.574).

4. Discussion

We showed that HFD induces significant DNA damage in
liver and colon compared with CD. These results were also
reflected by a lower gene expression of Dnmt1 in liver and
colon of HFD fed mice. In turn, DNA methylation status
was higher in this group. MLH1 methylation status was also
higher compared to CD, but gene expression lower due to
HFD feeding in both organs. In particular CpG1 showed
a decreased methylation status in contrast to CpG4 with
an increased methylation in liver. In colon CpG2, CpG4,
CpG5, and CpG6 ofMLH1 promoter region were affected due
to different feeding. IL-6 gene expression was significantly
higher in HFD compared to CD.

The gut microbial composition differs between CD and
HFD: lower total bacterial abundance due to HFD, lower
microbial diversity, higher Firmicutes/Bacteroidetes ratio,
lower abundance of F. prausnitzii, and Akkermansia, and
reduced incidence of butyryl CoA: acetate CoA-transferase
gene and butyrate kinase gene.

On the basis of microbial analysis we are able to support
the results of our previous publications on human fecal
analysis [44]. Mice fed a HFD differ in microbial subpopu-
lations especially the Firmicutes/Bacteroidetes ratio which is
already handled as a marker in obesity epidemic. Although
other researches also show converse or not diverging results
[45–49]. However, additionally we can support results of
gut microbial metabolites/cell wall components influenc-
ing the host via epigenetic mechanisms too. An increased
Firmicutes/Bacteroidetes ratio occurs or even causes low-
grade inflammation, increased IL-6 gene expression, but also
increased DNA damage and by increasedMLH1methylation
status and reduced expression of the gene. However, the
aspect if gut microbial dysbiosis first induces immunological
disequilibrium or genomic instability remains. Pateras et al.
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Figure 8: Relative gene expression of Dnmt1 in colon (a) and liver (b) of C57BL/6J male mice. All gene expression data are relative to CD
and normalized to the house keeping geneGAPDH. Error bars represent a 95% confidence intervals (CD = control diet; HFD = high fat diet;
CD + EGCG = control diet plus EGCG; HFD + EGCG = high fat diet plus EGCG; stars indicate significance: ∗∗𝑝 value ≤ 0.01).
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Figure 9: Relative CpGmethylation status in promoter region of Dnmt1 in colon (a) and liver (b) of C57BL/6J male mice. Mean methylation
data are shown relative to control diet. Error bars represent a 95% confidence interval (CD = control diet; HFD = high fat diet; CD + EGCG =
control diet plus EGCG; HFD + EGCG = high fat diet plus EGCG. Stars indicate significance: ∗𝑝 value ≤ 0.05 and ∗∗𝑝 value ≤ 0.01).

(2015) extensively investigated the “cross-talk” between
genomic instabilities and alteration of immune functions in
regard to health implications in humans [50]. Ray and Kidane
(2016) indicated a microbial dysbiosis as conducive for the
release of bacterial metabolites triggering chronic inflamma-
tion followed by DNA damage [51]. Karakasilioti et al. (2013)

support another theory that persistent DNA damage triggers
chronic inflammation in adipose tissue [52]. Inhibition of
cyclooxygenase 2, implicated in the generation of prooxidant
eicosanoids, resulted in a decrease of 8-isoprostane, plasma
thiobarbituric acid reactive substance, and an increased
GSH/GSSG (glutathione/glutathione-disulfide) ratio in rats



12 Oxidative Medicine and Cellular Longevity

0,00E0

1,00E11

2,00E11

3,00E11
Co

pi
es

/𝜇
l o

f t
ot

al
 b

ac
te

ria

H
FDCD

∗∗∗ ∗∗∗
∗

CD
+

EG
CG

H
FD

+
EG

CG
(a)

H
FDCD

0,00

0,50

1,00

1,50

2,00

2,50

Fi
rm

icu
te

s/B
ac

te
ro

id
et

es
 ra

tio

∗∗∗
∗∗

∗∗

CD
+

EG
CG

H
FD

+
EG

CG

(b)

H
FDCD

1.000.000,00

0,00

2.000.000,00

3.000.000,00

4.000.000,00

5.000.000,00

6.000.000,00

Co
pi

es
/𝜇

l o
f F

ae
ca

lib
ac

te
riu

m
 p

ra
us

ni
tz

ii

∗∗∗

∗∗∗∗∗∗

CD
+

EG
CG

H
FD

+
EG

CG

(c)

Figure 10: 16S rDNA qPCR quantification of total bacterial abundance (a), Firmicutes/Bacteroidetes ratio (b), and F. prausnitzii (c). Error bars
represent 95% confidence intervals (CD = control diet; HFD = high fat diet; CD + EGCG = control diet plus EGCG; HFD + EGCG = high
fat diet plus EGCG. Stars indicate significance: ∗𝑝 value ≤ 0.05, ∗∗𝑝 value ≤ 0.01, and ∗∗∗𝑝 value ≤ 0.001).

[53]. Thus, microbial dysbiosis may induce four different
mechanisms of DNA damage: (1) mitogen released by a
dysbiotic microbiota possesses the capacity to enter the cell
and enhance reactive oxygen and nitrogen species (RONs)
through enzyme expression, (2) the gut microbial dysbiosis
provokes chronic inflammation through pattern recognition
receptors to initiate DNA damage and cellular transforma-
tion, (3) the dysbiotic microbiota directly generates RONs
to induce DNA damage and base excision repair (BER)
intermediates, and (4) the release of bacterial genotoxins
and metabolites causes chronic inflammation, which in turn
promotes DNA damage [51].

Interventions with EGCG as an epigenetic active antioxi-
dant may provide valuable impact in the therapy of metabolic
syndrome. Bose et al. (2008) showed an effect of EGCG on

HFD fed mice: the percentage of body fat and the visceral
fat weight were reduced significantly (𝑝 ≤ 0.05) due to the
supplementation of EGCG (3.2 g/kg diet) for 16 weeks when
compared to control mice [11]. However, the bioavailability is
low; intragastric administration of EGCG(75 mg/kg) resulted
in 20.6 ng/g in the small intestine and 3.6 ng/g in colon.
Oral administration of EGCG (equivalent with two or three
cups of green tea) induced plasma levels of 0.2–0.3𝜇M.
It is regulated by the active efflux through the multidrug
resistance-associate protein 2 on the apical surface of the
intestine and the liver. The uptake predominantly takes place
from enterocytes into the intestinal lumen and from the liver
to the bile with excretion in the feces and little to none in the
urine. EGCG and other tea catechins undergo extensive bio-
transformation: methylated by catechol-O-methyltransferase
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(COMT), glucuronidated by UDP-glucuronosyltransferases,
and sulfated by sulfotransferases [54]. However, depend-
ing on polymerization degree, EGCG also influences gut
microbiota composition: higher polymerization results in
a higher bioavailability in the gut as the absorption in
the small intestine is negligible in contrast to low degree
of polymerization [55]. Methylated catechins, ring fission
products (like valerolactone), and phenolic products further
degraded to phenylacetic and phenylpropionic acids are
indicative of gut microbial transformations. However, the
biological activities of these metabolites are lower than the
activities of their parent compounds [54]. On the other hand
EGCG has valuable direct impact as antioxidant, but also as
epigenetic active substance influencing histone modification
and/or DNA methylation patterns [27].

4.1. EGCG Protected DNA Damage Caused by HFD in the
Liver. EGCG supplementation caused a decrease of DNA
migration in liver while no effects were found in the colon
in the HFD group. In the CD + EGCG even increased DNA
damage was found in the colon. The divergent effects in the
two organs may be due to the effect that catechin is present in
the colon in higher concentration as in the liver. It was shown
earlier that high doses of EGCG cause formation of ROS, as a
consequence DNA damage in human cells [56].

As mentioned above, comets reflect single and double
strand breaks as well as apurinic sites; our findings are
indicative for a protective effect of the green tea catechin
toward these types of lesions. Our findings are in partial
agreement with results published by Kager et al. (2010) who
gave EGCG orally to normal weight mice (as in the present
experiment).The authors showedno evidence for a protective
effect in standard SCGE experiments in colons and livers.
However, a clear protective effect was seen in hepatocytes but
not in colonocytes in this experiment in regard to formation
of oxidized DNA bases [41]. The molecular mechanisms
which account for the DNA-protective properties of EGCG
involve scavenging of radicals that are typical for obesity [57]
which has been found in vivo in rodents and also in vitro
[58, 59] alternatively; indirect effects caused by activation
of antioxidant enzyme via the transcription factors nuclear
factor erythroid 2-related factor 2 (Nrf2) may play a role [60]

Oršolić et al. (2013) published resultswhichwere obtained
with diabetic mice; they found even an increase of DNA
migration in the liver after injection of EGCG for 7 days
[61]. Notably, the authors used a relatively high dose of the
catechin in this experiment (i.e., 50mg/kg body weight) and
it is known from in vitro studies that high concentrations
of EGCG and other phenolics cause DNA damage as a
consequence of radical formation [62, 63].

The patterns of gene expression of Dnmt1 and MLH1
which were observed in the liver are in partial agreement
with results from the SCGE experiments; a decrease was
observed in hepatocytes in obese animals compared to
controls. However, EGCG did not compensate this effect but
caused a further decline of the expression of both genes.

On the contrary a clear increase of Dnmt1 was seen with
the catechin in the colons of HFD animals while obesity itself
had no impact on the transcriptional activity of both genes

in colonocytes. It is well documented that the MLH1 and
Dnmt1 play a key role in DNA repair processes, in particular
mismatch repair [64, 65]. However, distinct differenceswhich
we found between the induction of DNAmigration in SCGE
experiments and decreased gene expression levels distract
from the assumption of a direct relation between comet
formation and repair processeswhich are controlled byMLH1
and Dnmt1.

4.2. EGCG Decreased Inflammatory IL-6 and MLH1 Gene
Expression Reflected by Higher MLH1 Promoter Methylation.
In colon a significantly lower IL-6 gene expression was
induced by EGCG but did not affect significantly MLH1 gene
expression. In liver EGCG reducedMLH1 gene expression in
both diet groups. The mean methylation was higher in CD +
EGCG compared to CD whereas in HFD + EGCG a decrease
was shown in comparison to HFD. However, methylation
status varies CpG specific and additionally diet specific.

EGCG also reduced the expression levels of TNF-𝛼, IL-6,
IL-18, and IL-1𝛽mRNAs, the serum levels of TNF-𝛼, and the
activation of Stat3 and JNK proteins in diethylnitrosamine-
(DEN-) induced liver tumor genesis treated C57BL/KsJ-
db/db (db/db) obese mice [13], but also IL-6 synthesis in rat
adjuvant-induced arthritis by administration of 100mg/kg
EGCG, intraperitoneally daily [66]. Ahmed et al. (2008)
showed an increase in the synthesis of soluble gp130 protein,
an endogenous inhibitor of IL-6 signaling and transsignaling
[66]. Additionally EGCG induced a concentration and time
dependent reversal hypermethylation of tumor suppressor
genes such as p16, RAR, MGMT, and MLH1 genes in human
esophageal cancer cells [12].

4.3. EGCG Increased Dnmt1 DNA Methylation Resulting in
Tissue Specific Variances in Gene Expression. EGCG supple-
mentation resulted in a significantly reduced gene expression
of Dnmt1 compared to, respectively, CD and HFD in the
liver. In the colon EGCG compensates the decrease in gene
expression due to HFD and results equalized to CD and with
three times higher gene expression of Dnmt1 compared to
HFD.Themethylation status in the promoter region ofDnmt1
was higher in supplemented groups compared to both control
groups (CD,HFD). A significant increase was shown in CpG1
andCpG3 in the liver. In colonCpG2 andCpG4were affected,
respectively, in HFD + EGCG or in CD + EGCG.

EGCG was already shown to be the most efficacious
inhibitor of enzymatic DNA methylation in vitro in com-
parison to other tea polyphenols (catechin, epicatechin) and
bioflavonoids (quercetin, fisetin, and myricetin). Inhibitory
effects for SssI nmt- and Dnmt1-mediated DNA methylation
were shown at a half maximal inhibitory concentration
(IC50) of 0.21 and 0.47𝜇M, respectively. Inhibitory mech-
anisms are mentioned on one hand via direct pathways
and on the other hand indirect via Dnmt-mediated DNA
methylation through increased formation of SAH, a potent
inhibitor of S-adenosylmethionine- (SAM-) mediated reac-
tions [67] and via altering the availability of methyl groups
which are used to methylate catechol groups on polyphenols
by catechol-O-methyltransferase [27]. Although Lee et al.
(2005) mentioned rather an important influence of the
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presence of a physiologically relevant concentration of Mg2+
(such as 2mM) on inhibitory potency of EGCG compared
to a dependence on its own methylation [67]. EGCG is
also suggested to induce Foxp3 promoter demethylation
inducing differentiation and expansion of Treg via Dnmt
inhibitory activity and to reduce T cell proliferation and
cytokine production [68]. Inhibition of Dnmts together with
an inhibition of histone deacetylase is suggested to prevent
the hypermethylation and the silencing of key genes [67].
Either gutmicrobial derived metabolites of EGCG, gallic acid
(GA), and epigallocatechin (EGC) influence epigenetic gene
expression via HAT inhibitors to a lesser extent [27].

4.4. EGCG Changed Obese Gut Microbial Profile to Lean
Phenotype. HFD feeding caused a significant lower bacterial
abundance in both HFD groups (HFD, HFD + EGCG)
resulting in a lower microbial diversity compared to CD.The
Firmicutes/Bacteroidetes ratio is significantly lower in HFD +
EGCGbut higher inCD+EGCGcompared to corresponding
control group. Main changes due to EGCG intervention are
decreased Lactobacilli abundance and also a lower abundance
of F. prausnitzii in HFD groups with highest abundance
in CD. Butyryl CoA: acetate CoA-transferase gene signifi-
cantly increased in CD + EGCG whereas in HFD + EGCG
the butyrate kinase significantly increased. Akkermansia are
reduced to be abundant with EGCG supplementation.

It is already known that HFD, Western lifestyle, impacts
gut microbiota composition. Diet quality and quantity are
important influencing factors on bacterial community com-
position and metabolic/immunological activity of the host
gut microbiota. Microbiota-mediated genomic instability but
also immunological disequilibrium may be reduced due to
phytochemicals. However, they are generally poorly absorbed
in the small intestine; thus the impact of the close contactwith
the gutmicrobiota affects health benefits attributed to natural
compounds. Results from green tea polyphenols, EGCG,
give evidence to have a positive influence on gut microbiota
composition. Unno et al. (2014) show not only changes
in body and stool composition due to EGCG treatment
but also changes in gut microbiota composition. However,
these changes were dependent on dosage: 0.3% EGCG
supplementation induced Bifidobacterium, Lactobacillales,
and Bacteroides but reduced the abundance of Clostridium
clusters. A concentration of 0.6% EGCG supplementation
increased the abundance of Lactobacillales and Bacteroides
but nearly depleted the abundance of Clostridium clusters
and Bifidobacterium [26]. However, Unno et al. (2014) used
Wistar rats and fed a commercial chow; thus comparison of
both projects in gut microbiota composition, especially Lac-
tobacilli, may be impaired on induced metabolic syndrome
due to HFD feeding. However, we showed also an increase in
Bacteroidetes and a decrease in Clostridium clusters impairing
butyrate metabolism. Unno et al. (2014) showed lower levels
of acetic and butyric acid but little influence on propionic acid
due to 0.6% EGCG supplementation [26]. We even showed
differences in butyrate formation pathways. The butyrate
kinase pathway is more related to a Western diet, reflected
in HFD fed mice (main fat resource: lard). Meanwhile
the butyryl CoA: acetate CoA-transferase gene is associated

with vegetarian feeding and to a lesser content available in
omnivores [69].

In addition to EGCG as an epigenetically active antiox-
idant we also supplemented C57BL/6J mice with vitamin E
(4.5mg/kg b.w.) as a positive control which showed similar
results compared to EGCG but with profound effects which
will be published elsewhere. DNA damage showed a signif-
icant reduction in both organs in the HFD group but not
in the CD group (tail intensity in CD-animals + vitamin E:
6.03±0.95 in liver and 6.00±1.13 in colon). The relative gene
expression of Dnmt1 in the colon increased with vitamin E
supplementation in CD but significantly decreased in HFD.
In all intervention groups a decreased gene expression was
noted in the liver. The methylation status of Dnmt1 in colon
was lower. Furthermore, a positive correlation of Dnmt1
mean methylation and DNA damage has been observed in
liver whereas in CD a correlation has been found in the
colon. Vitamin E supplementation affects specific CpG sites
of MLH1 inducing a lower gene expression of MLH1 with
HFD in liver and colon.

5. Conclusions

According to our results, EGCG might be suggested for
the potential use for the prevention or in the therapy of
obesity related and oxidative stress-induced health risks.
One effect may derive from changes in GI microbiota and
their anti-inflammatory effects bymetabolites. Another effect
may derive from antioxidative activities as well as epige-
netic modifications observed on CpG methylation but also
likely to include other elements of the epigenetic machinery.
Interactions between antioxidative and epigenetic effects, for
example, via ROS mediated breaks of Dnmt pathways, need
to be explored.
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Beans are important dietary components with versatile health benefits. We analysed the extracts of twelve ecotypes of Phaseolus
vulgaris in order to determine their phenolic profiles, antioxidant activity, and the in vitro antiproliferative activity. Ultra-
performance liquid chromatography with diode array detector (UPLC-DAD) admitted us to detect and quantify some known
polyphenols, such as gallic acid, chlorogenic acid, epicatechin, myricetin, formononetin, caffeic acid, and kaempferol. The
antioxidant activity (AA) ranged from 1.568 ± 0.041 to 66.572 ± 3.197 mg necessary to inhibit the activity of the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical by 50% (EC

50
). The extracts, except those obtained from the nonpigmented samples, were capable

of inhibiting the proliferation of the human epithelial colorectal adenocarcinoma (Caco-2) cells, human breast cancer cells MCF-7,
and A549 NSCLC cell line. Cultivars differed in composition and concentration of polyphenols including anthocyanins; cooking
affected the antioxidant activity only marginally. Qualitative and quantitative differences in phenolic composition between the
groups of beans influenced the biological activities; on the other hand, we did not find significant differences on the biological
activities within the same variety, before and after cooking.

1. Introduction

Among legumes, common beans (Phaseolus vulgaris L.)
are widely consumed throughout the world. They play a
significant role in human nutrition, being an important
source of plant proteins, minerals, and certain vitamins and
exhibit, for this reason, high nutritional value. In last years,
bioactive effects, associated with the fibres, polyphenols,
and other beans components related to human health have
gained attention [1, 2]. Beans contain substantial amount of
phenolic acids and flavonoids; some cultivars (red, black, and
blue-violet coloured beans) show also anthocyanins, such as

delphinidin and cyanidin, that overall attribute them a very
strong antioxidant and antiradical activities [3]. Polyphenols
are essentially present in the seed coats and in minor amount
in cotyledons.

The beneficial effects of polyphenols on human health are
expressed primarily through the reduction of the oxidative
stress [4]. Some polyphenols are also able to exert antiapop-
totic, antiaging, as well as anticarcinogenic activity, overall
inhibiting the cell proliferation processes [5, 6].

Epidemiological studies have shown a strong link between
the consumption of legumes and prevention of cancer risk,
as well as the reduction of diabetes and cardiovascular risk
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through a normalization of the blood lipid and glucose
profile [7]. Wedick et al. (2012) demonstrated that, among
flavonoids, higher intakes of anthocyanins could be signifi-
cantly associated with a lower risk of type 2 diabetes (risk:
0.85) [8].

Legumes are generally eaten without the elimination of
the coat and in any case after cooking. Oroian and Escriche
(2015) reported the antioxidant effect and total phenolic
content of commonbeans, showing that pigmented beans had
generally major antioxidant effect and higher amount of total
polyphenols, with respect to the nonpigmented ones [9]. Due
to their particular geographical characteristics, the territory
of Southern Italy showsmany different environments. During
the past centuries, local farmers selected various bean seeds
after their discovery in South America and diffusion in
Europe. A so long activity of selection produced a small
number of selected local cultivars, with unique characteris-
tics. Studies regarding the effect of thermal processing on the
health relevant functionality of beans are limited, especially
with respect to the traditional cultivars present in those areas
where the model of the Mediterranean diet is still strong. An
improved information of the chemical composition and bio-
logical properties of local bean cultivars could help to define
and valorise those with a greater nutraceutical potential to
suggest to consumers.

Starting from such assumptions, aim of this study was to
study the polyphenols (including total flavonoids and antho-
cyanins), the antioxidant activity, and the antiproliferative
activity of the extracts obtained from some nonpigmented,
red, speckled, and dark beans endemic ecotypes of Southern
Italy. The study was carried out before and after the cooking
domestic process.

2. Materials and Methods

Twelve varieties of common bean (Phaseolus vulgaris L.)
were collected in various rural communities from Campania
and Basilicata regions of Southern Italy (Figure 1). Samples
were divided into four bean groups based on the colour:
nonpigmented beans, red beans, speckled beans, and dark
beans; each group included three cultivars (Table 1). Dried
beans were stored in the dark prior to extraction.

2.1. Sample Preparation. Samples (10 g) were rehydrated (1 : 5,
w/v) for 24 hours; the water was discharged and 4 volumes
of acetone were added. After 2 h of incubation at 4∘C and
centrifugation at 11,600×g (Biofuge, Beckman, Cassina de
Pecchi, Italy), the supernatants were recovered and stored at
4∘C. Pellets were treated again with one volume of acetone
and incubated for 1 h at 4∘C; the two supernatants were
pooled, filtered, and, after a complete evaporation, stored at
−20∘C in the dark, until the analyseswere performed [10].The
cooking of beans was performed with deionised water (1 : 5,
w/v), in a home pressure cooker, for 20min after the constant
output of steam by the pressure safety valve. Cooked beans
were immediately cooled, and the extracts were prepared as
previously described.

2.2. Total Polyphenol Content. Total polyphenols (TP) of
the extracts were determined using the Folin-Ciocalteu

colorimetric method, as described by Singleton and Rossi
Jr. [11]. Briefly, 50𝜇L of extract was added to 50𝜇L of
Folin-Ciocalteu reagent in 800𝜇L of distilled water. The
reaction was neutralized with a sodium carbonate solution
(20 g/100mL). After incubation for 2 h at room temperature,
the absorbance at 𝜆 = 760 nm was determined using a Cary
UV/Vis spectrophotometer (Varian, Palo Alto, CA, USA).
Quantificationwas based on a standard curve generated using
gallic acid. The results were expressed as 𝜇g of gallic acid
equivalents (GAE)/g of DW samples ± standard deviation
(SD).

2.3. Total Flavonoids. Total flavonoids (TF) were spectropho-
tometrically determined at 510 nm following the method of
Zhishen et al. [12] with some modifications. The extract
(50 𝜇L) was added to distilled water followed by 5% NaNO

2

and after 5min byAlCl
3
10%.After further 5min, the reaction

mixture was treated with 0.2mL of 1mM NaOH. Finally,
the reaction mixture was diluted to 1mL with deionised
water and the absorbance was measured at 𝜆 = 510 nm
(Varian, Palo Alto, CA, USA). TF amounts were expressed
as 𝜇g quercetin equivalents/gram of DW samples ± standard
deviation (SD).

2.4. Anthocyanin Content. The amount of anthocyanins was
determined by the differential pH method [13]. Absorbance
was measured in a Cary UV/Vis spectrophotometer (Varian,
USA), simultaneously at 𝜆 = 510 nm and 𝜆 = 700 nm
in buffers of pH 1.0 and 4.5, using the formula 𝐴 =
(𝐴510 − 𝐴700)pH1.0 − (𝐴510 − 𝐴700)pH4.5. A molar absorp-
tion of 26,900mol/cm was used for cyanidin-3-glucoside
(molecular weight of 449.2 g/mol). Results were expressed
as micrograms of cyanidin-3-glucoside equivalents/g of DW
samples ± standard deviation (SD).

2.5. DPPH Radical-Scavenging Activity. The free radical-
scavenging activity was determined using the stable radical
2,2-diphenyl-1-picrylhydrazyl (DPPH assay) [14]. The analy-
sis was performed in microplates by adding 15 𝜇L of extract
to 300 𝜇L of a methanolic DPPH solution (6 × 10−5M).
Next, the absorbance at 𝜆 = 517 nm was spectropho-
tometrically measured (Cary 50MPR, Varian, USA). The
absorbance of DPPH without antioxidant (control sample)
was used for baseline measurements. The scavenging activity
was expressed as the 50% effective concentration (EC50),
which was defined as the sample amount (mg) necessary
to inhibit DPPH radical activity by 50% during 60min of
incubation. These experiments were performed in triplicate,
and the results were expressed as the mean values ± standard
deviation.

2.6. Phenol Antioxidant Index (PAOXI). As suggested by
Vinson et al. [15] the phenol antioxidant index (PAOXI) can
be used to estimate a combined measure of the quality and
quantity of antioxidants present in a sample. In this study,
it was calculated by dividing the DPPH radical-scavenging
activity of the sample (𝜇mol of DPPH inhibited/mg) for the
total phenol concentration (mg/g) [16].

2.7. Chromatographic Analysis. An ACQUITY Ultra-
Performance LC system (Waters) linked to a PDA 2996
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Table 1: Sample classification.

Raw sample Cooked sample
(1a) Not pigmented beans: Bianco Acerra (BA) (1a) Not pigmented beans: Bianco Acerra (BAc)
(1b) Not pigmented beans: Dente de Morto (DM) (1b) Not pigmented beans: Dente de Morto (DMc)
(1c) Not pigmented beans: Volturara (V) (1c) Not pigmented beans: Volturara (Vc)
(2a) Red beans: Cannellino Rosso (CR) (2a) Red beans: Cannellino Rosso (CRc)
(2b) Red beans: O Russ (OR) (2b) Red beans: O Russ (ORc)
(2c) Red beans: Zampognaro (Z) (2c) Red beans: Zampognaro (Zc)
(3a) Speckled beans: Pettilanculo (P) (3a) Speckled beans: Pettilanculo (Pc)
(3b) Speckled beans: Sanghellatto (S) (3b) Speckled beans: Sanghellatto(Sc)
(3c) Speckled beans: Screziato impalato (Si) (3c) Speckled beans: Screziato impalato (Sic)
(4a) Dark beans: Nero Acerra (NA) (4a) Dark beans: Nero Acerra (NAc)
(4b) Dark beans: Nero Frigento (NF) (4b) Dark beans: Nero Frigento (NFc)
(4c) Dark beans: Nero Caposele (NC) (4c) Dark beans: Nero Caposele (NCc)
Cooked samples are indicated with “c.”

BA-DM-V

CR-OR-Z

P-S-SI

NA-NF-NC

Figure 1: Photo of 12 varieties of beans (Phaseolus vulgaris L.) analyzed. Samples were classified into four groups: nonpigmented beans, red
beans, speckled beans, and dark beans. Nonpigmented beans: Bianco Acerra (BA), Dente di morto (DM), and Volturara (V). Red beans:
Cannellino Rosso (CR), ‘O Russ (OR), and Zampognaro (Z). Speckled beans: Pettilanculo (P), Sanghellatto (S), and Screziato impalato (Si).
Dark beans: Nero di Acerra (NA), Nero di Frigento (NF), and Nero di Caposele (NC).

photodiode array detector (Waters) was used for ultra-
performance liquid chromatography analyses. The Empower
software controlled the instruments and acquired and
processed the data. The extracts and standards (previously
dissolved in methanol) were filtered (0.45 𝜇m;Waters) before
analysis. The analyses were carried at 30∘C using a reversed
phase column (BEH C

18
, 1.7 𝜇m, 2.1 100mm; Waters)

following the method of Fratianni et al. [17]. The mobile
phase consisted of solvent A (7.5mM acetic acid) and solvent
B (acetonitrile) at a flow rate of 250 𝜇Lmin−1. Gradient
elution was employed, starting with 5% B for 0.8min; then
5–20% B over 5.2min; isocratic 20% B for 0.5min; 20–30%
B for 1min; isocratic 30% B for 0.2min; 30–50% B over
2.3min; 50–100% B over 1min; isocratic 100% B for 1min;
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and 100–5% B over 0.5min. At the end of this process, the
system equilibrated the column under the initial conditions
for 2.5min.

2.8. Determination of In Vitro Cancer Cell Viability

2.8.1. Cell Culture and Extracts. MCF-7, A549, and Caco-2
cell lines were obtained from the American Type Culture
Collection (ATCC, Rockville, MD). Cells were grown in
Dulbecco’s modified eagle’s medium (DMEM) supplemented
with 10% of heat-inactivated foetal bovine serum (FBS), peni-
cillin (0.010UL−1), streptomycin (10mg L−1), and sodium
pyruvate 0.0002M. Cultures were incubated in the presence
of 5% CO

2
at 37∘C and 100% relative humidified atmosphere.

Several concentrations of extract were dissolved in DMEM
medium. The culture media were evaluated in terms of pH
and precipitation of components, in order to avoid possible
cytotoxic effects due to changes in these factors on the cellular
microenvironment. Only the concentrations that did not
change the culturemedia conditions were selected for further
assays.

2.8.2. Crystal Violet Assay. The cells were plated (10 ×
103/well) in 48-well plates in complete medium. After 24 h,
the medium was removed and replaced on the first day
with the same medium (control) or supplemented with
various extracts doses. Cells were observed with an inverted
microscope every 24 h, to identify morphological changes,
toxicity, or cell death.The percentage of cell proliferation was
estimated on the fourth day by a colorimetric assay reported
by Kueng et al. [18] modified as follows: cells were fixed
for 20min at room temperature with 1% paraformaldehyde
(PFA), stained with 0.1% crystal violet in 20% methanol for
20min, washed with PBS, solubilized with 10% acetic acid,
and read at 595 nm in a microplate reader (Cary 50MPR,
Varian, USA). The experimental conditions were tested in
triplicate, and separate experiments were performed on at
least three separate occasions.

2.8.3. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
Bromide (MTT) Reduction Assay. Cells were seeded in 96-
wellmicroplates at a density of 5× 103 cells/well and grown for
24 h at 37∘C in 5% CO

2
prior to the addition of test samples.

The cells were treated with different sample concentrations
dissolved in Dulbecco’s phosphate buffered saline (PBS).
After 48 h of incubation, cell viability was determined using
a colorimetric MTT assay. Cell survival (%) was measured
as the reduction of MTT in formazan at 550 nm. Triton� X-
100 (10 𝜇L of 10% solution) was used as a positive control.
Untreated cells (vehicle alone) were chosen as the negative
control. The controls and samples were assayed in tripli-
cate for each concentration and replicated three times. The
absorbance values were converted into percentages of cell
viability using the following formula: Cell viability = Abs
sample/Abs control × 100.

2.9. Statistical Analysis. Data were expressed as mean ±
standard deviation of triplicate measurements. Analysis
of variance (ANOVA) was used to compare results and

significance was accepted at 𝑝 < 0.05. The PC software
“Excel Statistics” was used for the calculations. Principal
Component Analysis (PCA) was used to relate values of
biological activities to phenolic composition, using the free
software environment for statistical computing and graphics
R (https://www.r-project.org/). For cell assays, the EC50
values were calculated using ED50plus v1.0 online software.

3. Results and Discussion

3.1. Polyphenol Content. The content of total polyphenols
(TP) present in the extracts of beans is shown in Table 2.
Results, expressed as 𝜇g GAE/gr (dw of seeds), showed
significant differences (𝑝 ≤ 0.01) among samples; on the
other hand, such differences were not significant (𝑝 >
0.05) within the same group of beans. Maximal quantitative
differences in TP were obtained between the extracts of
white beans (ranging from 135.04 to 275.4) and speckled
beans (ranging from 1061.9 to 1249.7), with an even ratio of
about 1 : 10. In the extracts of red and black beans, values of
TP were intermediate, in agreement to the results reported
by Heimler et al. [19], which studied other Italian varieties
of Phaseolus vulgaris L. An exception was represented by
the extract of Cannellino Rosso (CR) (TP = 229.70) which,
although belonging to the red group, exhibited an amount
of polyphenols comparable to that found in nonpigmented
beans. The colour of this variety was more clear compared to
the other red beans (Figure 1).

The extracts obtained from the cooked beans showed
a lower amount of TP with respect to the corresponding
raw samples, except those obtained from the nonpigmented
beans, for which the amount of polyphenols remained similar
after cooking. For example, taking into consideration the
cultivar Bianco di Acerra, the amount of TP remained
virtually the same, before and after the thermal treatment
(275.442 and 241.782, resp.).

3.2. Determination of Flavonoids. Usually, flavonoids and
other phenolic compounds are typically stored in the seed
coat due to their antipathogen and antifeeding activities;
furthermore, such localization assures the best protection of
the seed from external attacks (pathogens, insects, etc.) [20].
Many of the flavonoids that give rise to the coat colour of
beans may also provide positive health benefits as antioxi-
dants. This class of polyphenols was present in all samples
analysed, being particularly abundant in the coloured beans,
with a very similar trend to that of the polyphenols, as
shown in Table 2. The extracts of white beans showed a
low content of flavonoids, not more than 58.73 𝜇g/QE. The
highest quantities of flavonoids were found in the extracts of
speckled beans as well as in that of the red cultivar ‘O Russu
(OR). The extracts obtained from the three speckled beans
Pettilanculo (P), Sanghellatto (S), and Screziato impalato (SI)
showed 925.654 𝜇g/QE, 910.551 𝜇g/QE, and 703.336 𝜇g/QE,
respectively; the extract of cultivar Nero di Acerra (NA) was
the richest in terms of content in flavonoids among dark
beans analysed (542.337 𝜇g/QE).

3.3. Determination of Total Anthocyanins. As expected, a
higher content of anthocyanins was observed in the extracts
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Table 2: Total polyphenols (PT), antioxidant activity, flavonoids (FT), and anthocyanin contents in the bean extracts. The concentration of
total polyphenols was expressed as 𝜇g equivalents of gallic acid/g of DW sample; antioxidant activity was expressed as EC50 (mg/mLDPPH);
flavonoids were expressed as 𝜇g equivalents of quercetin/g of DW sample; the content of anthocyanin content was expressed as 𝜇g equivalents
of cyanidin-3-glucoside/g of DW sample. Data are the mean values of three independent experiments (±standard deviation).

Polyphenol
content

(𝜇g GAE/gr (DW))

Antioxidant
activity

(mg ×mL di DPPH)

Flavonoids
content

(𝜇g (QE)/gr (DW))

Anthocyanin
content

(𝜇g (C3GE)/gr (DW))
(BA) 275.442 ± 58.621 23.619 ± 0.532 54.733 ± 3.316 0

(DM) 135.037 ± 6.316 55.217 ± 5.178 58.731 ± 2.471 0

(V) 165.524 ± 12.77 28.826 ± 2.329 51.511 ± 1.422 0

(BA-c) 241.782 ± 54.213 61.605 ± 8.087 50.992 ± 4.804 0

(DM-c) 211.907 ± 37.017 50.133 ± 3.786 34.323 ± 4.798 0

(V-c) 126.29 ± 20.212 66.572 ± 3.197 49.483 ± 5.883 0

(CR) 229.698 ± 3.909 10.619 ± 0.211 100.151 ± 9.367 3.015 ± 0.691

(OR) 1205.446 ± 23.884 1.722 ± 0.013 878.749 ± 58.878 8.864 ± 0.773

(Z) 997.774 ± 90.482 1.927 ± 0.036 562.378 ± 48.128 10.706 ± 0.561

(CR-c) 182.275 ± 23.009 27.291 ± 3.351 116.189 ± 2.822 1.148 ± 0.068

(OR-c) 621.338 ± 27.434 6.022 ± 0.145 360.417 ± 4.864 5.323 ± 0.248

(Z-c) 687.874 ± 25.338 4.849 ± 0.045 202.396 ± 11.1 6.113 ± 0.763

(P) 1249.71 ± 29.941 1.583 ± 0.047 925.654 ± 90.209 6.314 ± 1.285

(S) 1061.935 ± 13.603 1.568 ± 0.041 910.551 ± 137.472 3.629 ± 0.193

(Si) 1150.474 ± 15.993 1.813 ± 0.056 703.336 ± 121.5 7.255 ± 1.794

(P-c) 607.606 ± 8.486 5.052 ± 0.171 332.618 ± 6.633 2.388 ± 0.796

(S-c) 565.326 ± 58.081 3.82 ± 0.003 192.021 ± 21.969 1.338 ± 0.372

(Si-c) 622.14 ± 74.146 6.253 ± 0.116 245.306 ± 22.634 3.963 ± 0.456

(NA) 604.23 ± 53.995 5.161 ± 0.352 244.698 ± 14.524 29.702 ± 3.327

(NF) 601.269 ± 52.156 4.346 ± 0.088 293.928 ± 9.119 18.909 ± 2.457

(NC) 1291.62 ± 40.16 4.347 ± 0.609 542.337 ± 16.454 63.278 ± 1.547

(NA-c) 359.844 ± 28.37 7.996 ± 0.042 112.927 ± 2.86 5.63 ± 0.799

(NF-c) 240.553 ± 23.097 14.528 ± 0.803 99.694 ± 4.163 6.939 ± 0.608

(NC-c) 436.626 ± 50.194 6.78 ± 0.041 193.103 ± 9.974 10.508 ± 1.206

of dark beans, while lower amounts were found in those
of speckled and red samples, except Zampognaro (Z) bean
(10.706 𝜇g C3GE/gram) (Table 2). The extract of the dark
bean Nero di Caposele (NC) showed the highest value
(63.278𝜇g C3GE/gram) of anthocyanins; moreover, this cul-
tivar proved to be also the richestwith regard to total polyphe-
nols and flavonoids among the dark cultivars analysed. It
should be emphasized that the anthocyanins in the beans are
exclusively present in the peel [21]. Therefore it is sufficient
that the seeds are smaller to obtain a higher anthocyanin
value, as we observed in our test as regard as cultivar NC.
Cooking lowered the content of anthocyanins present in the
samples; however, some cultivars (Z among speckled and NC
among dark cultivars) maintained a content of anthocyanin
of 6.11 𝜇g C3GE/gram and 10.508 𝜇g C3GE/gram, respec-
tively.

3.4. Antioxidant Activity. The antioxidant effects in bean
extracts were investigated by DPPH test. Overall, the samples
exhibited relevant antioxidant qualities and few mg of the

extracts were sufficient to inhibit at 50% of the activity of
1mL of the free radical DPPH (Table 2). Speckled beans
showed the highest antioxidant activity (EC

50
not exceeding

1.813mg/mL), followed by red beans (except for CR) and
black beans (EC

50
not superior than 5.2mg/mL).As expected,

the extracts of nonpigmented varieties exhibited the low-
est antioxidant activity (with EC

50
values ranging between

23.62mg/mL and 55.21mg/mL). Cooked beans, in spite of
a loss of total polyphenols, disclosed intriguing results. To
estimate the combinedmeasure of the quality and quantity of
antioxidants present in the sample, we adopted the so-called
phenol antioxidant index (PAOXI) as suggested by Vinson et
al. [15]. In our study, such indexwas calculated by dividing the
DPPH radical-scavenging activity of the sample (expressed
in this case as 𝜇mol of DPPH inhibited/gram of product)
with respect to the total polyphenol concentration (mg/g).
This was possible by converting the values obtained in the
antioxidant activity in mg, to 𝜇M DPPH/mg sample. The
highest PAOXI value (36.25) was exhibited by the extract of
the speckled bean Sanghellatto (S); therefore, the extract of
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Table 3: The phenol antioxidant index (PAOXI) (𝜇mol of DPPH
inhibited/mg) by the total phenol concentration (mg/g). Data are
the means values of three independent experiments (± standard
deviation).

PAOXI
Raw sample Cooked sample

(1a) (BA) 9.486 4.016

(1b) (DM) 8.081 5.687

(1c) (V) 12.987 7.215

(2a) (CR) 24.61 12.076

(2b) (OR) 28.71 16.05

(2c) (Z) 31.344 18.045

(3a) (P) 30.187 19.574

(3b) (S) 36.25 27.8

(3c) (Si) 29.002 15.434

(4a) (NA) 19.252 20.918

(4b) (NF) 23.003 17.206

(4c) (NC) 10.709 20.297

the dark cultivarNero di Caposele exhibited the lowest PAOXI
value (10.79) among coloured beans (Table 3). This simple
calculation could help in clarifying about the relationship
between polyphenols and antioxidant activity that is not
always so direct.

Although it was possible to establish a clear correlation
between the levels of polyphenols and the free radical-
scavenging properties of the extracts, we observed some
diversity, which could be ascribable to the differences
between their components constituting total polyphenols. It
is known that there are a variable number of combinations
of the compounds for each sample and that the antioxi-
dant potential of these individual components is variable.
From the analysis of total polyphenols, total flavonoids, and
antioxidant activity, we observed that the extracts of the dark
bean Nero di Caposele (NC) showed the highest amount
of total polyphenols; however, speckled Screziato impalato
bean (SI), although containing slightly less polyphenols,
exhibited higher flavonoid content, and its PAOXI index
was significantly higher (10.79 versus 29.0). This reinforced
the idea that the antioxidant potential could be strongly
linked to the content of flavonoids. Cooking affected the
antioxidant activity; for some varieties (e.g., NA and NF) the
PAOXI values were similar to those obtained before cooking;
indeed in some cases (NC) a higher PAOXI index was
observed, suggesting that the thermal processing reinforced
their antioxidant efficacy.

3.5. Identification of Polyphenols. The UPLC analysis pro-
vided an overview of the main phenolic compounds in every
sample. In Figure 2 we reported the chromatograms obtained
from the extracts of four cultivars of beans, each of which
representing a group (white, speckled, red, and dark). For
each one, we reported the profiles obtained before and after
the process of cooking. Table 4 shows, organised as tabular
form, the amount of each polyphenol recognised from the

apparatus, on the basis of known standard. The data are
separated according to the groups.

The profiles of the extracts of nonpigmented beans were
very simple; in fact, we found only few peaks, present in the
initial part of the chromatogram. The extract of the variety
Dente di Morto DM showed even a minor number of peaks
with respect to the other two nonpigmented beans BA and
Q analysed (chromatogram not shown). Despite a few peaks
viewable, the sensitivity of the equipment still allowed us to
detect and identify several known polyphenols, even if they
were present in small quantities in the nonpigmented beans
(Table 4(a)). Polyphenol profiles of the extracts of speckled,
red, and dark beans were richer and more complete. Some
polyphenols were present only in the extracts giving rise from
the pigmented beans. For example, myricetin was identified
only in the extracts of the pigmented beans: it was present
in the extract of raw bean NC (1.986 𝜇g/gram, Table 4(d))
and in the extracts of Z and Si after cooking (3.35 𝜇g/gram
and 0.218 𝜇g/gram, Tables 4(c) and 4(b), resp.). Overall, our
results were in agreement with dosage of polyphenols previ-
ously reported for beans, especially as regards flavonoids [22,
23]. We analysed more extensively those flavonoids already
reported in literature for their antiproliferative activity [24],
and we found appreciable amount of some flavones and/or
flavonoids, such as formononetin, genistein, quercetin 3,4-
diglucoside, spiraeside, and hyperoside, in the extracts of red
samples (Table 4(b)). The extract of Cannellino Rosso, while
containing a modest amount of total polyphenol with respect
to the extracts of the other two red cultivars, exhibited a
polyphenol profile absolutely well correlated with respect to
the extracts of the other two red varieties. It should also be
highlighted that the decrease of total polyphenols after the
cooking of beans did not affect the amount of flavonoids,
such as genistein and formononetin. Formononetin is a
typical bioactive isoflavone of red clover plant with potent
pharmacological activities, including antioxidant, antiviral,
antitumor, and cardio protective effects [25]. In addition,
this isoflavone is capable of inhibiting the proliferation,
inducing apoptosis in human cancer cells, such as breast
cancer, prostate tumour, and osteosarcoma [26, 27]. A study
by HPLC performed on 62 wild and weedy Mexican bean
ecotypes identified kaempferol as one of the main flavonoids,
assuming that its quantitative variation could bemore related
to the genotype than to the seed coat colour [28]. In our
experiments, flavonols, such as quercetin and kaempferol,
were found both in raw and in processed beans. Likewise, we
found kaempferol in the extracts of red cultivar Zampognaro
(Z) and in those of the two speckled P and Si cultivars (Tables
4(b) and 4(c)). Kaempferol is one of the phenolic compounds
more studied for its antimutagenic and anticarcinogenic
activity both in vitro and in vivo [29]; its concentration in
P. vulgaris is very variable, ranging from traces < 0.2mg/kg
(in Tuscany landraces) [30] to 209.4mg/kg (in Mexican
cultivated varieties) [3]. Our data were more in agreement
with the Tuscany varieties [31]. It is to underline the presence
of these compounds in cooked beans, so that they can really
carry out their nutraceutical properties, above all because the
flavonols are not much affected by heat treatment [32].
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Figure 2: UPLC profiles of the polyphenols present into four bean groups: nonpigmented beans Quarantino di Volturara raw and cooked
(Q-Qc); red beans Cannellino Rosso raw and cooked (CR-CRc); speckled beans Sanghellatto raw and cooked (S-Sc); and dark beans Nero
Frigento raw and cooked (NF- NFc).

The extracts of the three speckled beans, in addition
to flavonoids, exhibited many caffeic acid derivatives and
an appreciable amount of catechin derivatives, including
epigallocatechin (Table 4(c)).

Flavonoids showed a great variability; in fact, besides the
formononetin and derivatives of quercetin, they contained
also genistein and daidzein, at low amounts. Antiprolifer-
ative activity of flavonoids is well known and analysed in
many studies [33, 34]. After cooking, the extracts of both
Pettilanculo (P) and Sanghellatto (S) showed very high values

of formononetin; it is also to underline the presence of
spiraeoside in the extract of Sanghellatto after cooking (Sc,
Table 4(c)).

The extracts of dark beans gave a well-varied profile,
with appreciable values for formononetin and the presence
of quercetin glucosides 3-4 (Table 4(d)).

3.6. Anti-Proliferative Activity. The antiproliferative activity
of the extracts was evaluated on MCF-7 breast cancer cell
line, A549 NSCLC cell line, and Caco-2 colon carcinoma
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Table 4: Chromatographic profile of the polyphenols extracts. They were identified based on the retention times of the corresponding
standards.

(a)

(1a) (BA) (1a) (BAc) (1b) (DM) (1b) (DMc) (1c) (V) (1c) (Vc)
Gallic acid 64.563 64.827 53.168 116.329 49.236 58.734
Caftaric acid 14.247 7.002 7.907 4.021
Chlorogenic acid 104.362 96.367 64.453 83.111 65.225 29.6
Epigallocatechin 4.087
Cichoric acid 11.022
Catechin 10.002 9.411 6.068
Caffeic acid 0.539
Epicatechin 2.603 2.093 0.824 1.807 1.16
Sinigrin 1.779 1.939
Coumaric acid 1.777 1.587
Hyperoside 8.83 9.08 4.532 3.453 2.536 20.823
Spiraeoside 3.643
Formononetin 26.208 66.753 6.989 1.253 2.682 4.172

(b)

(2a) (CR) (2a) (CRc) (2b) (OR) (2b) (ORc) (2c) (Z) (2c) (Zc)
Gallic acid 67.565 60.985 259.764 56.526 618.536 555.525
Caftaric acid 15.55 6.848 6.559 49.795 33.45
Chlorogenic acid 76.245 35.456 308.9 67.963 132.459 82.863
Epigallocatechin 35.165
Cicoric acid 21.73 160.473 35.504 117.773
Catechin 22.772
Vanillic acid 11.855 5.87 38.845 6.959
Epicatechin 3.27 4.4 35.573 5.926 13.191 3.373
Quercetin 3,4 diglucoside 1.941 17.595
1-3 dicaffeoylquinic acid 17.311
Sinigrin 5.312 16.668 1.193
Siringaldeid 15.045
Hyperoside 24.541 205.9 27.281 28.773 4.323
Taxifolin 2.48 43.945
Indole3 carboxilic a. 0.526 0.27
Spiraeosid 295.418 10.019
Miricetin 0.218
Genistein 2.09 3.651
Kampherol 6.723 6.045
Formononentin 38.648 32.289 25.736 24.985 4.986 4.063

(c)

(3a) (P) (3a) (Pc) (3b) (S) (3b) (Sc) (3c) (Si) (3c) (Sic)
Gallic acid 301.135 416.078 521.645 292.937 428.594
Caftaric acid 203.988 76.12 145.791 49.122 87.6 39.629
Chlorogenic acid 141.223 86.658 325.264 103.334 237.473 73.644
Epigallocatechin 27.028 12.285
Cicoric acid 137.253 67.065 156.018 79.144 288.118 47.206
Catechin 59.173
Vanillic acid 62.34 38.509 63.736
Caffeic acid 2.488
Epicatechin 21.388 9.815 34.427 8.717 56
Quercetin 3,4 diglucoside 34.809 57.5 4.91
1-3 dicaffeoylquinic acid 82.608
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(c) Continued.

(3a) (P) (3a) (Pc) (3b) (S) (3b) (Sc) (3c) (Si) (3c) (Sic)
Sinigrin 47.455 12.978 12.793 154.191
Hyperoside 60.343 21.27 32.073 22.749 146.036 6.567
Rosmarinic acid 36.758 56.964 2.502
Taxifolin 14.038 9.127
Spiraeosid 113.72 39.507
Miricetin 3.355
Dadzein 5.67 8.218
Luteolin 3.095
Quercetin 8.595
Genistein 3.732
Naringenin 0.622
Kampherol 1.98 5.727 5.219
Formononentin 54.108 53.785 21.373 12.951 4.527 3.642

(d)

(4c) (NC) (4c) (NCc) (4b) (NF) (4b) (NFc) (4a) (NA) (4a) (NAc)
Gallic acid 38.359 176.217 74.851 79.488 186.945 83.053
Caftaric acid 90.605 38.329 74.017 26.932 41.02
Chlorogenic acid 334.545 122.52 178.263 94.236 752.809 166.8
Cicoric acid 153.017 54.333
Catechin 7.38
Vanillic acid 29.8
Siringic acid 0.951 1.296 1.887
Epicatechin 14.986 0.871 10.9 1.488 34.482
Quercetin 3,4 diglucoside 45.691 5.526 11.229
Sinigrin 1.936
Coumaric acid 6.177 4.377 14.791 3.047
Ellagic acid 18.083
Siringaldeid 30.8 4.311 113.891 17.72
Hyperoside 34.506 6.68
Taxifolin 13.659 21.782
Indole 3 carboxiladeid 5.245 1.18
Miricetin 1.986
Genistein 9.467
Formononentin 35.941 28.137 39.72 5.096 163.336 65.62
Biochanin-A 4.12

cells using a MTT colorimetric test. After 48 h of treat-
ment, growth of cells was significantly inhibited in a dose-
dependent manner, and, for each extract, an EC50 value
was calculated from dose-response curves of the cell lines.
In Table 3, EC50 values on three cell lines are reported,
indicating the concentration of the extracts (expressed as
𝜇g equivalent to gallic acid, GAE, as a standard, of total
polyphenols present in the extract/mL) able to reduce cell
viability by 50%. The extracts of the nonpigmented varieties
(BA, DM, and V) did not cause a significant reduction
of the cell viability, for each cell line, even at the highest
concentration used; the data are not shown and these varieties
were not included in Table 5.The EC50 values varied strongly
among the three cell lines and the different extracts tested,
indicating a different cellular sensitivity to the extracts, as

illustrated from the EC50 values. However, the ANOVA
analysis on the mean EC50 values obtained for the three cell
lines did not return significant𝑝 value (𝑝 > 0.05).The highest
EC50 values were measured in A549 cancer cells, using the
extract of variety Pettilanculo, while the lowest was found in
CaCo-2 cells, with CR extracts. Generally, the concentrations
need to inhibit the proliferation of Caco-2 cells which were
1.06–3.64 folds lower than those of A549 and MCF-7 cells
without exception. Overall, the extracts of P and Pc showed
only moderate inhibitory effect against the three cancer cell
lines, while those of CR and NFc were the most active. In
addition, the extracts of cooked beans were less efficient than
the correspondent crude extracts, except for Pc, NFc, and
NCc, which showed lower EC50 values than the analogous
crude extracts. Likely, in these cases, the thermal processing
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Table 5: The antiproliferative activity of the extracts on MCF-7,
A549, and Caco-2 cells. EC50 values indicate the concentration
(expressed as 𝜇g equivalent of gallic acid of total polyphenols/mL)
able to reduce cell viability by 50% (±SD).

Sample

MCF-7 cell line
EC50

𝜇g GAE mL−1
(±SD)

CaCo-2 cell line
EC50

𝜇g GAE mL−1
(±SD)

A549 cell line
EC50

𝜇g GAE mL−1
(±SD)

CR 29.40 (1.13) 28.52 (4.9) 31.32 (4.2)
CRc 44.17 (2.7) 37.49 (6.37) 68.79 (0.61)
OR 128.17 (1.17) 58.05 (4.16) 130.83 (2.92)
Orc 135.81 (0.54) 77.62 (2.23) 121.09 (2.84)
Z 185.44 (2.04) 49.85 (6.01) 177.96 (0.61)
Zc 196.70 (1.7) 66.29 (3.11) 273.08 (4.69)
P 333.37 (2.3) 186.18 (14.11) 377.40 (8.34)
Pc 115.33 (1.6) 72.23 (8.72) 252.81 (2.28)
S 165.57 (0.52) 100.17 (2.36) 293.62 (6.75)
Sc 181.36 (0.47) 55.65 (2.9) 213.27 (7.16)
Si 102.60 (0.84) 44.46 (3.73) 122.43 (1.5)
Sic 158.61 (2.7) 76.50 (2.39) 88.01 (1.15)
NA 67.64 (1.06) 53.75 (1.47) 49.40 (0.55)
NAc 82.57 (0.11) 55.46 (2.02) 55.80 (1.26)
NF 63.75 (1.3) 35.79 (4.39) 54.0 (5.51)
NFc 33.6 (1.27) 29.4 (3.96) 31.92 (3.08)
NC 119.02 (1.69) 73.53 (2.36) 118.35 (1.63)
NCc 107.16 (1.03) 52.97 (1.87) 49.486 (2.56)

released compounds with inhibitory capacities. Overall, for
the same cell line, the values of the inhibition obtained with
raw samples were not significantly different with respect to
the cooked counterparts.

3.7. Principal Component Analysis. We applied principal
component analysis (PCA) to characterize the twelve vari-
eties of beans according to their biological activity. The
method was successfully used in the treatment of data in
the study of apples [35] and black beans [36]. In our study,
seven variables were measured in 24 samples (12 raw and 12
cooked beans), and data were analysed by PCA (Figure 3).
The cumulative percentage of the total variance explained
by the first two components was 84.4%. A bidimensional
plot was designed (Figure 3). The distribution of the varieties
along PC1 and PC2 showed that samples could be divided
into threemain groups: groupA, which included red varieties
and speckled beans positioned near to the centre of the
bidimensional plot; groupB,which comprised black varieties,
and group C, corresponding to exclusively nonpigmented
varieties. Group A included beans with the highest concen-
trations of phenolic compounds and the best antioxidant
activity. These varieties differed from the others due to their
higher content of total polyphenols, in particular, flavonoids,
which were able to influence more effectively both the
antioxidant activity and the capability to inhibit the growth of
the cancer cells. In fact, we found a positive correlation (𝑟 >
0.736) between the total concentration of polyphenols and
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Figure 3: Principal component analysis (PCA): distribution of 12
raw and 12 cooked bean varieties along principal components 1 (PC1)
and 2 (PC2). using 7 variables. White circles indicate nonpigmented
raw varieties and white squares, nonpigmented cooked varieties.
Red circles represent red raw cultivars, red squares for red cooked
beans, green circles for speckled raw beans, green squares for
speckled cooked beans, black circles for dark raw beans, and black
squares for dark cooked beans.

flavonoids and the antioxidant and antiproliferative activities.
The highest content of anthocyanins was detected in the
extracts of black beans (Table 2). Herein, it is important
to underline that such variable contributed to distinguish
this group B from the others (Figure 3). Group C included
the extracts of nonpigmented beans, which exhibited lower
phenolic contents and antioxidant activities correlated to
nonsignificant antiproliferative effects.

Our analysis suggested that flavonoids and anthocyanins
were accountable for the antioxidant and antiproliferative
effects of these extracts. The most active varieties were those
belonging to the speckled group. The red varieties were only
slightly less active and overlapping with speckled group in
PCA. The extracts of dark beans, despite a higher content of
anthocyanins, exhibited lower AA values than the speckled,
suggesting that the flavonoids were mostly responsible for
such biological activity.

4. Conclusions

Common beans are a key food of the Mediterranean diet,
representing an important source of proteins, fibres, some
minerals, vitamins, and bioactive compounds. We evaluated
the antioxidant and antiproliferative effects of polyphenolic
extracts obtained from old twelve varieties of endemic bean
(Phaseolus vulgaris L.), of some rural countries of Southern
Italy. Our findings confirm that the speckled, red, and black
coloured varieties of beans are more active than the nonpig-
mented ones. Interestingly, cooking of beans, despite causing
a certain loss of bioactive molecules, did not negatively affect
in marked way their biological properties. This undoubtedly
may represent a result of considerable importance, in order
to safeguard and promote the old varieties of beans for their
important nutraceutical potential, enhancing their market
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opportunities in the production of functional food and
nutraceuticals.
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The essential oils were isolated by hydrodistillation from the hairy roots (HR) and roots of soil-grown plants (SGR) of Rhaponticum
carthamoides and were analyzed by GC-MS method. In the both essential oils 62 compounds were identified. The root
essential oils showed the differences in the qualitative and quantitative composition. The sesquiterpene hydrocarbons (55–62%)
dominated in both essential oils. The major compounds of HR essential oil were cyperene, 13-norcypera-1(5),11(12)-diene, and
cadalene while aplotaxene, nardosina-1(10),11-diene, and dauca-4(11),8-diene dominated in SGR essential oil. Both essential oils
showed antibacterial activity especially against Enterococcus faecalis (ATCC 29212) and Pseudomonas aeruginosa (ATCC 27853)
(MIC value = 125𝜇g/mL). HR and SGR essential oils also decreased the expression of IL-1𝛽, IL-6, and TNF-𝛼 and the ROS level in
LPS-treatment astrocytes. This is the first report to describe the chemical composition of R. carthamoides essential oil from hairy
roots, its protective effect against LPS-induced inflammation and ROS production in astrocytes, and its antimicrobial potential.
The results show that R. carthamoides hairy roots may be a valuable source of the essential oil andmay be an alternative to the roots
of soil-grown plants.

1. Introduction

The last decade has seen increased interest in the use of
essential oils from plants in the food, human health, and the
pharmaceutical industry [1]. Different parts of plants can syn-
thesize essential oils with diverse pharmacological activities,
ranging from the cytotoxic, through the antioxidant, antimi-
crobial, and antiparasitic, to the anti-inflammatory [1, 2].

Their antibacterial activity makes essential oils suitable alter-
natives to antibiotics [3].Many antibiotics can be not effective
as bactericidal agents due to drug-resistancy of bacteria
that have developed from the widespread use of antibiotics.
Essential oils can be used as natural food preservatives against
food spoilage and pathogenic bacteria [4]. They may be an
alternative to currently used synthetic compounds, which
may have toxic effects and may be carcinogenic [3, 4]. The
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antimicrobial activity of the essential oils is associated with
different functional groups and the synergistic, antagonistic,
or additive effects between them [4, 5]. Essential oils may also
play an important role in scavenging free radicals which may
lead to oxidative stress [1].Oxidative stress andmitochondrial
dysfunction caused by reactive oxygen species (ROS) may
induce the inflammation [6]. The inflammation is connected
with many neurological and neurodegenerative diseases,
such as Parkinson’s disease, Alzheimer’s disease, multiple
sclerosis, and other nervous pathogenesis [7].

Rhaponticum carthamoides (Willd.) Iljin (Asteraceae) has
been used for centuries in traditional Siberianmedicine in the
case of overstrain and weakness after illness [8].The plant has
demonstrated several biological activities, including adap-
togenic, antioxidant, anticancer, and antimicrobial effects
[8–10]. The raw material of R. carthamoides comprises
roots and rhizomes of three- to four-year-old plants which
are used in various dietary supplements or nutraceutical
preparations. The collection of raw material from natural
habitat or cultivation is not effective because it requires the
destruction of the whole plants [11]. An alternativemay be the
biotechnological approaches such as the hairy root cultures
obtained by Agrobacterium rhizogenes transformation. Hairy
root cultures are characterized by rapid increase of biomass
in a short time (4–6 weeks) and genetic stability. The level of
secondary metabolites in these cultures may be comparable
to or higher than in roots of plants growing naturally
[12]. In our previous study we obtained hairy roots of R.
carthamoides and evaluated their phytochemical profile in
methanol extract [11].

As no description currently exists of the chemical compo-
sition of Rhaponticum carthamoides essential oil from hairy
roots (HR), the aim of the present study was to determine
this. The anti-inflammatory and antioxidant activity of this
essential oil in lipopolysaccharide- (LPS-) stimulated astro-
cytes and its antimicrobial potential were also examined. As
the comparative material for phytochemical and biological
studies essential oil from the roots of soil-grown plants (SGR)
was used.

2. Material and Methods

2.1. Plant Materials. Hairy roots (HR) and the roots of soil-
grown plants (SGR) of R. carthamoides were used as the
materials. The transformation procedure, the establishment
of hairy root cultures, and the obtainment of the roots of soil-
grown plants have been described in our previous study [11].
The hairy roots were grown in liquid Woody Plant medium
[13] on a rotary shaker at 80 rpm, under a 16/8 h light/dark
photoperiod with a light intensity of 40 𝜇molm−2 s−1.

2.2. Isolation and GC-MS Analysis of Essential Oils. The
essential oils of air-dried hairy roots and roots of soil-grown
plants (about 50 g of each)were obtained by hydrodistillation,
using aClevenger-type apparatus for 5 h. Chemical analysis of
essential oils composition was performed by GC-MSmethod
using a Trace GC Ultra apparatus (Thermo Electron Cor-
poration, Milan, Italy) with FID and MS DSQ II detectors
and MS-FID splitter (SGE, Analytical Science). The analysis

conditions (column, temperatures, etc.) were as previously
reported [14].The identification of the compounds was based
on the comparison of their RIs and MS spectra with those
stored in the NIST 98.1, Wiley 8th Ed., and MassFinder 4.1.
computer libraries as well as literature data [15–17].

2.3. Antibacterial and Antifungal Activity

2.3.1. Microorganisms Strains and Growth Conditions. Two
Gram-positive bacteria species (Staphylococcus aureusATCC
25923 and Enterococcus faecalis ATCC 29212), two Gram-
negative bacteria (Escherichia coli ATCC 25922 and Pseu-
domonas aeruginosa ATCC 27853), and two yeasts (Saccha-
romyces cerevisiae ATCC 2601 and Candida albicans ATCC
10231) were used in this study. All bacteria were cultured
at 37∘C in Mueller-Hinton (Biokar Diagnostics, Beauvais,
France) and the yeasts in Sabouraud dextrose agar (Difco).

2.3.2. Determination of Minimum Inhibitory Concentration
(MIC), Minimum Bactericidal Concentration (MBC), and
Minimum Fungicidal Concentration (MFC). The Minimum
Inhibitory Concentration (MIC) of HR and SGR essential
oils was evaluated by means of the twofold serial microdi-
lution assay [18]. The essential oils dissolved in DMSO were
diluted at concentrations ranging from 500 to 0.48 𝜇g/mL,
with Mueller-Hinton broth medium for bacteria and 5000 to
4.88 𝜇g/mL with Sabouraud medium for yeasts. The antimi-
crobial activity of the solvent DMSO was also evaluated.
Vancomycin (for Gram-positive bacteria), norfloxacin (for
Gram-negative bacteria), and amphotericin B (for yeasts)
were used as controls. The MIC values, presented in 𝜇g/mL,
were considered as the lowest concentration of the essential
oils that inhibited the growth of the microorganisms, after
24 h of incubation at 37∘C. The microbial growth was mea-
sured with an Absorbance Microplate Reader set to 620 nm
(Thermo Scientific Multiskan FC). Assays for each tested
microorganism were carried out in triplicate.

The Minimum Bactericidal Concentration (MBC) or
Minimum Fungicidal Concentration (MFC) were evaluated
for each set of wells. For the MIC evaluation, a loopful of
broth was collected from those wells where any growth was
observed and then was further inoculated on sterile Mueller-
Hinton medium broth for bacteria and Sabouraud medium
for yeasts by streaking. The plates were then inoculated with
microorganism and were incubated at 37∘C for 24 h. After
incubation, the lowest concentration was considered as MBC
(for bacteria) and MFC (for yeasts) and presented in 𝜇g/mL,
at which no visible growth was observed.

2.4. Cell Culture of Human Normal Astrocytes and
Cytotoxicity of HR and SGR Essential Oils and LPS

2.4.1. Cell Culture of Human Normal Astrocytes. The normal
human astrocytes were grown in AGM medium (Lonza,
Basel, Switzerland) according to protocol of themanufacturer
in atmosphere of 5% CO

2
, at 37∘C.

2.4.2. Cytotoxicity of HR and SGR Essential Oils and LPS.
The MTT assay was used to evaluate the cytotoxicity of HR
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and SGR essential oils and lipopolysaccharide (LPS) (Sigma-
Aldrich, St. Louis, MO, USA). The normal human astrocytes
were placed in 96-well culture plates (4 × 104 cells per well)
and were treated with various concentrations of HR and SGR
essential oils (0–3200𝜇g/mL) or LPS (1 𝜇g/mL) for 24 h. As a
control was used the cells incubated in the culture medium,
for 24 h. The MTT assay was carried out according to the
previous study [19]. All experiments were repeated three
times.

2.5. Anti-Inflammatory Assay

2.5.1. The Level Measurement of Pro- and Anti-Inflammatory
Cytokines by Using ELISA Kit. TheMulti-Analyte ELISArray
Kits (Qiagen, Valencia, CA, USA) were used to estimate the
level of IL-1𝛽, IL-6, IL-8, IL-10, TNF-𝛼, and GM-CSF in
the supernatant of astrocytes incubated for 24 h with HR
and SGR essential oils (25, 50, and 100 𝜇g/mL) and LPS
(1 𝜇g/mL), only LPS (1 𝜇g/mL), or only 25, 50, and 100 𝜇g/mL
of HR and SGR essential oils, according to protocol of the
manufacturer. The cells incubated in the culture medium for
24 h were used as a control. The results were expressed as
mean absorbance/OD (450 nm) value and were performed in
triplicate.

2.5.2. RT-PCR Analysis of Cytokines. The reverse transcrip-
tion-polymerase chain reaction (RT-PCR) was used to deter-
mine cytokine expressions. The human astrocytes (4 × 105)
were seeded in 6-well multidishes and were treated with
100 𝜇g/mL of HR and SGR essential oils and LPS (1 𝜇g/mL),
only LPS (1 𝜇g/mL), or only 100 𝜇g/mL of HR and SGR
essential oils for 24 h, at 37∘C, 5% CO

2
. The control cells were

incubated in the culture medium for 24 h. RNA was isolated
using an RNA isolation kit (Blirt, Poland) according to the
manufacturer’s protocol. The Reverse Transcription System
(A&A Biotechnology, Poland) was used for cDNA synthesis
according to the instruction of the manufacturer. PCR was
carried out using the gene-specific primers for human (𝛽-
actin, IL-1𝛽, IL-6, IL-8, IL-10, GM-CSF, and TNF-𝛼). The
products lengths were 509 bp, 93 bp, 296 bp, 425 bp, 476 bp,
292 bp, and 406 bp for 𝛽-actin, IL-1𝛽, IL-6, IL-8, IL-10, GM-
CSF, and TNF-𝛼, respectively. The PCR conditions were as
follows: initial denaturation at 95∘C for 3min, denaturation at
94∘C for 1min, annealing at 55–65∘C for 1min, and extension
at 72∘C for 2min. PCR products were separated on a 1.5%
agarose gel and stained with ethidium bromide. Further
procedures are described in a previous study by Sitarek et al.
[20]. The experiments were repeated three times.

2.6. ROS Formation Assay. The intracellular reactive oxygen
species (ROS) levels were evaluated using 2,7-dichlorod-
ihydrofluorescein diacetate (H2DCF-DA). The procedure
was performed according to the previous study [21]. The
astrocytes were seeded in 96-well plate, incubated only with
LPS (1 𝜇g/mL) or stimulated with LPS (1𝜇g/mL), and treated
with HR and SGR essential oils (100 𝜇g/mL) for 24 hours.
Then, the cells were lysed, centrifuged at 10,000×g for 10min,
and incubated with 5 𝜇M H

2
DCF-DA at 37∘C for 30min.

ROS fluorescence (DCF) was measured in microplate reader

with excitation at 485 nm and emission at 520 nm. The
experiments were repeated three times.

2.7. Statistical Analysis. The values in this study are expressed
as mean ± SD. The Shapiro-Wilk test was used for verifi-
cation of the normality of the data. The Kruskal-Wallis test
with multiple comparisons of average ranks was used to
determine differences between samples with a nonnormal
distribution.The one-way analysis of variance (ANOVA) and
the subsequent Tukey post hoc test were used to evaluate
the differences between samples with a normal distribution.
The results were analyzed using STATISTICA 12.0 software
(StatSoft, Poland). Differences of 𝑝 < 0.05 were considered
statistically significant.

3. Results

3.1. Qualitative andQuantitative Differences in Composition of
Essential Oils from R. carthamoides Hairy Roots and Roots of
Soil-Grown Plants. The essential oil yields of R. carthamoides
hairy roots (HR) and root of soil-grown plants (SGR) were
0.09%and 0.06% (dryweight, v/w), respectively.The essential
oils were dark yellow.

A comparative analysis of essential oils from roots of
soil-grown plants and hairy roots by gas chromatography
mass spectrometry (GC-MS) demonstrated that the chemical
profiles of both essential oils were different. Table 1 presents
the chemical constituents of essential oils with their relative
percentage amounts and retention indices. In the SGR essen-
tial oil, 41 compounds were identified, representing 89.7%
of the total oil while 44 compounds were detected in the
HR essential oils, amounting to 81.9% of the total identified
components (Table 1).

Sesquiterpenes, especially sesquiterpene hydrocarbons
(54.7–62.2%), dominated in both essential oils (Table 1).
However, in SGR essential oil, aplotaxene (all-cis-heptadeca-
1,8,11,14-tetraene) was the main constituent (27.3%). Among
the sesquiterpenes, nardosina-1(10),11-diene was identified as
the most dominant compound (20.7%) in this essential oil
according to its mass spectrum and retention index [15].
The second significant sesquiterpenewas dauca-4(11),8-diene
(10.2%) whose MS was identical with literature data, and its
RI on the Rtx-1 column differed from the RI available on DB-
5 column [16]. In addition, petasitene (4.3%) and trans-𝛼-
bergamotene (4.2%) were presented in appreciable amounts
in SGR essential oil (Table 1).

The HR essential oil was characterized by the high
quantities of cyperene (18.2%), 13-norcypera-1(5,11(12)-diene
(15.3%), and cadalene (7.2%) (Table 1). The concentrations
of these components were significantly higher (7-, 11-, and
12-fold, resp.) than those in the SGR essential oil (Table 1).
Additionally, the other major constituent of HR essential oil
was 2,5,8-trimethyl-1-naphthol (9.6%) which was identified
on the basis of MS (Table 1); however, this compound has
not yet been found in nature and was probably an artifact.
The major compounds identified in SGR essential oil such as
nardosina-1(10),11-diene and dauca-4(11),8-diene, petasitene,
and trans-𝛼-bergamotene were not detected in the HR essen-
tial oil, and aplotaxene was presented only in traces (Table 1).
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Table 1: Percentage of composition of essential oils from Rhaponticum carthamoides roots of soil-grown plants (SGR) and hairy roots (HR).

Peak number Constituent RI lit RI exp SGR [%] HR [%] Class of compound
(1) 𝛼-Pinene 936 931 0.1 0.1 MH
(2) Oct-1-en-3-ol 962 961 — t O
(3) 2-Pentylfuran 981 978 — 0.8 O
(4) 𝛼-Phellandrene 1002 998 0.2 — MH
(5) p-Cymene 1015 1010 0.1 t MH
(6) 𝛽-Phellandrene 1023 1021 t — MH
(7) Limonene 1025 1022 0.4 0.6 MH
(8) (E)-Oct-2-enal 1034 1032 — t O
(9) p-Cymenene 1075 1072 0.8 — MH
(10) (E)-Non-2-enal 1139 1136 — 0.1 O
(11) p-Cymen-9-ol 1157 1157 2.1 t MO
(12) Thymol 1267 1268 — t MO
(13) Carvacrol 1278 1277 — t MO
(14) (E,E)-Deca-2,4-dienal 1291 1288 — 0.1 O
(15) Cyprotene 1322 1318 t 0.1 SH
(16) 13-Norcypera-1(5),11(12)-diene 1352 1349 1.4 15.3 SH
(17) 𝛼-Longipinene 1360 1360 t — SH
(18) Cyperadiene 1365 1361 t 0.3 SH
(19) Cyclosativene 1370 1368 0.2 0.3 SH
(20) 𝛼-Copaene 1379 1376 0.6 0.3 SH
(21) 𝛼-Funebrene 1385 1382 t — SH
(22) Petasitene 1398 1398 4.3 — SH
(23) 𝛽-Elemene 1389 1389 — 0.2 SH
(24) Thymol methyl ether 1403 1401 — t MO
(25) Cyperene 1404 1404 2.6 18.2 SH
(26) Dehydroisolongifolene 1410 1411 0.2 1.8 SH
(27) 𝛼-Cedrene 1418 1415 0.4 — SH
(28) 𝛽-Caryophyllene 1420 1418 2.7 0.2 SH
(29) trans-𝛼-Bergamotene 1434 1433 4.2 — SH
(30) Sesquisabinene A 1435 1435 1.1 — SH
(31) 𝛽-Helmiscapene 1446 1443 — 0.2 SH
(32) 𝛼-Helmiscapene 1447 1447 — 0.2 SH
(33) (Z)-𝛽-Farnesene 1447 1447 1.3 — SH
(34) 𝛼-Humulene 1455 1453 T — SH
(35) 𝛽-Santalene 1457 1455 0.4 — SH
(36) Selina-3,7-diene 1460 1458 — 0.3
(37) Rotundene 1461 1459 T 1.6 SH
(38) 𝛼-Acoradiene 1464 1464 0.4 — SH
(39) 𝛾-Gurjunene 1472 1468 — 0.1 SH
(40) Selina-4,11-diene 1475 1472 — 0.6 SH
(41) Dauca-4(11),8-diene 1530𝑎 1472 10.2 — SH
(42) Nardosina-1(10),11-diene 1484 1479 20.7 — SH
(43) 𝛽-Selinene 1486 1484 — 4.6 SH
(44) Pentadec-1-ene 1486 1487 0.5 0.2 O
(45) 𝛼-Muurolene 1496 1495 1.3 5.5 SH
(46) Isorotundene 1503 1497 0.4 1.7 SH
(47) 𝛽-Bisabolene 1503 1500 0.5 — SH
(48) (Z)-𝛾-Bisabolene 1505 1506 0.7 — SH
(49) Premnaspirodiene 1516 1510 — 0.2 SH
(50) 𝛿-Cadinene 1520 1514 0.3 0.4 SH
(51) Cyperene oxide 1524 1521 — 1.0 SO



Oxidative Medicine and Cellular Longevity 5

Table 1: Continued.

Peak number Constituent RI lit RI exp SGR [%] HR [%] Class of compound
(52) 𝛼-Calacorene 1527 1529 T 0.9 SH
(53) (E)-Nerolidol 1553 1545 0.3 — SO
(54) 𝛽-Caryophyllene oxide 1578 1571 — 1.4 SO
(55) 𝛼-Corocalene 1602 1602 0.2 2.0 SH
(56) Longifolene aldehyde 1631 1620 — 0.3
(57) 2,5,8-Trimethyl-1-naphthol — 1635 1.1 9.6 O
(58) 𝛽-Himachalol 1638 1634 — 0.6 SO
(59) Cadalene 1659 1658 0.6 7.2 SH
(60) Aplotaxene 1659 1659 27.3 t O
(61) Cyperotundone 1684 1676 0.3 3.6 SO
(62) Palmitic acid 1942 1946 — 1.3 O

Total identified 89.7 81.9
Monoterpene hydrocarbons MH 1.6 0.7
Oxygenated monoterpenes MO 2.1 t
Sesquiterpene hydrocarbons SH 54.7 62.2
Oxygenated sesquiterpenes SO 0.6 6.9

Other O 28.9 12.1
The concentrations of the main compounds were signified in bold.
RI: relative retention index on Rtx-1 column, RI lit: relative retention index of literature.
t: traces (percentage value less than 0.05%).

Table 2: Antibacterial and antifungal activity of essential oils fromRhaponticum carthamoides hairy roots (HR) and roots of soil-grown plants
(SGR). The Minimum Inhibitory Concentration (MIC), the Minimum Bactericidal Concentration (MBC), and the Minimum Fungicidal
Concentration (MFC) of essential oils were determined using the microdilution assay and are presented in 𝜇g/mL.

Essential oil

Microorganism HR SGR Positive control
MIC MBC/MFC MIC MBC/MFC MIC MBC/MFC

Staphylococcus aureus
(ATCC 25923) 250 >500 125 >500 7.82a >500a

Enterococcus faecalis
(ATCC 29212) 125 >500 125 >500 1.95a >500a

Pseudomonas aeruginosa
(ATCC 27853) 125 >500 125 >500 <0.48b >500b

Escherichia coli
(ATCC 25922) 250 >500 250 >500 0.98b >500b

Saccharomyces cerevisiae
(ATCC 2601) 625 2500 1250 >2500 <0.48c >5000c

Candida albicans (ATCC
10231) 625 2500 625 >5000 <0.48c >5000c

aVancomycin; bnorfloxacin; camphotericin B.
Data represent the median values of at least three replicates.

The HR and SGR essential oils were poor in monoter-
penes, both hydrocarbons (0.7–1.6%) and oxygenated (0–
2.1%) compounds.

3.2. The Higher Antibacterial Activity of R. carthamoides
HR and SGR Essential Oils against Gram-Positive and
Gram-Negative Bacteria Than against Yeasts. In this study,
the Minimum Inhibitory Concentration (MIC), the Mini-
mum Bactericidal Concentration (MBC), and the Minimum
Fungicidal Concentration (MFC) of HR and SGR essential

oils were investigated against the Gram-positive bacteria,
Gram-negative bacteria, and yeasts. It was found that both
essential oils showed similar properties. The essential oils
showed stronger antibacterial (MIC = 125–250𝜇g/mL) than
antifungal activity (MIC = 625–1250𝜇g/mL) (Table 2). The
highest antibacterial activity with a MIC value of 125 𝜇g/mL
was observed against Enterococcus faecalis and Pseudomonas
aeruginosa. No significant difference in susceptibility was
found between Gram-positive bacteria and Gram-negative
bacteria (Table 2). In order to address the bacteriostatic and
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bactericidal properties of the samples, the MBC values were
also evaluated. The MBC values are no more than four times
the MIC values observed (Table 2).

3.3. R. carthamoides HR and SGR Essential Oils Did Not
Induce Cytotoxic Effect in Astrocytes. The MTT assay was
used to determine the cytotoxic effect of R. carthamoides
essential oil from hairy roots and the roots of soil-grown
plants (range: 0–3200𝜇g/mL) after 24 h incubation with
astrocytes (Figure 1). The viability of cells was decreased
below 60% at the higher concentration of essential oils, above
1600 𝜇g/mL (Figure 1).

3.4. Decrease of IL-1𝛽, IL-6, and TNF-𝛼 Levels in LPS-
Stimulated Astrocytes after Treatment of R. carthamoides HR
and SGR Essential Oils. In this study we also evaluated
the anti-inflammatory activity of HR and SGR essential
oils in LPS-treated astrocytes. The levels of pro- and anti-
inflammatorymediators in astrocytes incubated for 24 h with
HR and SGR essential oils (25, 50, and 100𝜇g/mL) and LPS
(1 𝜇g/mL), only LPS (1 𝜇g/mL), or only 25, 50, and 100 𝜇g/mL
of HR and SGR essential oils were measured using the ELISA
Kits (Figure 2). LPS treatment of astrocytes led to increased
levels of IL-1𝛽, IL-6, IL-10, and TNF-𝛼 in comparison to the
control cells. Treatment of LPS-stimulated astrocytes with
HR and SGR essential oils dose-dependently reduced the
levels of proinflammatory cytokines as IL-1𝛽, IL-6, and TNF-
𝛼 but not IL-10, IL-8, or GM-CSF (Figure 2). In addition,
the expression levels of IL-1𝛽, IL-6, IL-8, IL-10, GM-CSF, and
TNF-𝛼 in LPS-stimulated astrocytes were analyzed by RT-
PCR after 24 h incubation with 100𝜇g/mL of HR and SGR
essential oils (Figure 3). A single concentration of essential
oils known to be the most effective for reducing of the levels
of pro- and anti-inflammatory cytokines, as determined by
an ELISA, was used in this experiment. RT-PCR analyses
showed also that treatment with HR and SGR essential oils
resulted in the downregulation of IL-1𝛽, IL-6, and TNF-𝛼
mRNA expression in LPS-induced astrocytes (Figure 3). No
change was observed in the mRNA expression of IL-10, IL-8,
andGM-CSF in comparisonwith astrocytes treatedwith only
LPS.

3.5. Decrease of ROS Levels in LPS-Stimulated Astrocytes
after Treatment of R. carthamoides HR and SGR Essential
Oils. Reactive oxygen species (ROS) levels in LPS-stimulated
astrocytes were assessed by 2,7-dichlorofluorescein (DCF)
fluorescence measurements. Astrocytes were treated with
LPS (1 𝜇g/mL) and then incubatedwithHR and SGR essential
oils (100 𝜇g/mL) for 24 h. The treatment of astrocytes with
LPS induced a significant increase in ROS levels in compari-
son with the control cells. Our results showed that treatment
with HR and SGR essential oils reduced intracellular levels of
ROS about 1.5-fold in LPS-stimulated astrocytes in compari-
son with the cells treated with only LPS (Figure 4).

4. Discussion

The aim of this study was to identify and quantitatively deter-
mine the constituents in the essential oils of Rhaponticum
carthamoides hairy roots (HR) and roots of soil-grown plants
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Figure 1: The cell viability of astrocytes after 24 h treatment with
essential oils from Rhaponticum carthamoides hairy roots (HR) and
roots of soil-grown plants (SGR). The viability was determined by
MTT assay. The values are the mean ± SD of three independent
experiments. ∗𝑝 < 0.05 versus control; #𝑝 < 0.05 HR essential oil
versus SGR essential oil.

(SGR), to examine the anti-inflammatory and antioxidant
activity of these essential oils in LPS-stimulated astrocytes,
and to determine the antimicrobial potential of HR and SGR
essential oils. This is the first report that describes the com-
position of HR essential oil and its biological potential.
Some essential oil possesses many biological properties with
antioxidant, antimicrobial, and anti-inflammatory activities
[1, 2]. Because the essential oils are lipophilic they may
easily enter to cells, disrupt the membrane, and/or make it
permeable [22].

The essential oil yield from R. carthamoides HR was
higher than those from SGR, 0.09% and 0.06%, respectively.
The oil yields were higher than those obtained previously
from roots and rhizomes of R. carthamoides from the Czech
Republic (0.04%) [17] and similar to those from the roots and
rhizomes of plants growing in Poland (0.07–0.11%) [23]. In
the present study, it was found that the essential oils from
hairy roots and roots of soil-grown plants of R. carthamoides
differed significantly in their compositions. Qualitative and
quantitative differences have also been observed between
essential oils compositions from hairy roots and parent plant
roots for other plant species [24, 25].

In the R. carthamoides SGR and HR essential oils stud-
ied in this report, sesquiterpene hydrocarbons dominated,
54.7 and 62.2%, respectively. The sesquiterpene hydrocar-
bons were also the major group of the components in R.
carthamoides essential oil obtained by Havlik et al. [17]. In
contrast, Geszprych and Weglarz [23] found that oils from
the roots and rhizomes of this species growing in Polandwere
abundant in monoterpenes.The SGR andHR essential oils in
the present study were poor in both hydrocarbons (0.7–1.6%)
and oxygenated (0–2.1%) compounds.

The major compounds of sesquiterpene hydrocarbons
in HR essential oil were cyperene (18%), 13-norcypera-
1(5),11(12)-diene (15%), and cadalene (7%).The levels of these
components were significantly higher than those evaluated in
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Figure 2: Effects of Rhaponticum carthamoidesHR and SGR essen-
tial oils on IL-1𝛽, IL-6, IL-8, IL-10, TNF-𝛼, and GM-CSF levels in
LPS-stimulated astrocytes.The levels of pro- and anti-inflammatory
cytokines in LPS-stimulated astrocytesweremeasured byELISAKit.
Astrocytes were incubated for 24 hwith 25, 50, and 100 𝜇g/mL ofHR
and SGR essential oils and LPS (1 𝜇g/mL).The data is represented as
means ± SD and was obtained from three independent experiments.
∗𝑝 < 0.05 versus LPS-treated cells; #𝑝 < 0.05 SGRessential oil versus
HR essential oil.

the SGR essential oil. Interestingly, Havlik et al. [17] found
similar results for essential oil isolated from R. carthamoides
roots and rhizomes of commercial material and also showed
that 13-norcypera-1(5),11(12)-diene (22.6%) and cyperene
(17.9%) were the major compounds in this essential oil.
Cadalene was identified for the first time in R. carthamoides
root essential oil in this work.

In R. carthamoides essential oil from roots of soil-grown
plants aplotaxene (27%), nardosina-1(10),11-diene (21%),
dauca-4(11),8-diene (10%), petasitene (4.3%), and trans-𝛼-
bergamotene (4.2%) were the major components which were
not detected in the hairy roots essential oil. Aplotaxene has
also previously been found to dominate in essential oil from
R. carthamoides roots and rhizomes by Havlik et al. [17]. In
addition, nardosina-1(10),11-diene and dauca-4(11),8-diene,
petasitene, and trans-𝛼-bergamotene were found for the first
time in the Rhaponticum carthamoides root essential oil in
the present study. In contrast, Geszprych and Weglarz [23]
found geraniol (17–18.3%), 𝛽-caryophyllene (14.12–16.53%),
and linalool (8.88–12.07%) to be main compounds in the
essential oil of roots and rhizomes of R. carthamoides.
However, geraniol and linalool were not identified in the
HR and SGR essential oils examined in the present work.
The differences between the chemical compositions of the
essential oils obtained in this study and those of othersmay be
attributable to environmental factors (geographical, climatic,
and seasonal), development stage, genetic variability, and the
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Figure 3: The effect of Rhaponticum carthamoides HR and SGR
essential oils on the expression of the inflammatory-related gene
(IL-1𝛽, IL-6, IL-8, IL-10, GM-CSF, and TNF-𝛼) in LPS-stimulated
astrocytes. mRNA expression levels were measured by RT-PCR
analysis. Astrocytes were incubated for 24 h with 100 𝜇g/mL of HR
or SGR essential oils and LPS (1𝜇g/mL). (a) The bar graph shows
the relative density. The data is represented as means ± SD of three
independent experiments. ∗𝑝 < 0.05 versus LPS-treated cells. (b)
Lanes: 1: control; 2: cell incubated with SGR essential oil; 3: cell
incubated with HR essential oil; 4: cell incubated with LPS; 5: cell
incubated with SGR essential oil + LPS; 6: cell incubated with HR
essential oil + LPS.

conditions of in vitro cultures [24–27]. Additionally, indi-
vidual variability and chemotype exist within the same plant
species, resulting in the differences in chemical compositions
of the raw materials [28].

Nevertheless, although qualitative and quantitative dif-
ferences were found between the R. carthamoides SGR and
HR essential oils, the biological activities, that is, the antimi-
crobial and anti-inflammatory properties, of these essential
oils were similar. We suspect that this may be due to similar
activities of the major components of the SGR and HR
essential oils. While it is known that the biological activity of
essential oils may be related with themajor compounds, their
action might be changed by different interaction with the
minor components [22]. Perhaps, the activity of the essential
oils is also dependent on the constituents ratio.

The essential oils from hairy roots and roots of soil-
grown plants showed antimicrobial properties with higher
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Figure 4: ROS production in LPS-stimulated astrocytes. Astrocytes
were induced with LPS (1 𝜇g/mL) and then incubated for 24 h with
100𝜇g/mL of Rhaponticum carthamoidesHR and SGR essential oils.
Values are given as means ± SD of three independent experiments.
∗𝑝 < 0.05 versus control; #𝑝 < 0.05 HR essential oil versus SGR
essential oil.

antibacterial (MIC= 125–250𝜇g/mL) than antifungal (MIC=
625–1250𝜇g/mL) activities. The most susceptible bacteria
strains were Enterococcus faecalis (ATCC 29212) and Pseu-
domonas aeruginosa (ATCC 27853) with a MIC value of
125 𝜇g/mL. However, no significant difference in suscepti-
bility between Gram-positive bacteria and Gram-negative
bacteria was found, although it is known that the latter are
less sensitive to essential oils because their outer membrane
contains hydrophilic lipopolysaccharides (LPS). LPS inhibits
the penetration of membrane by the different hydrophobic
compounds of the essential oils [5, 22]. Essential oils and
their hydrophobic components may disrupt the bacterial cell
membranes by separating the lipids leading to inhibition of
the functional properties of the bacterial cell [3, 22]. The
strong antimicrobial activity (MIC = 32–256𝜇g/mL) also
showed R. carthamoides root and rhizomes essential oil from
commercial available material [17] but with lower activity
against E. faecalis (ATCC 29212) (MIC = 265 𝜇g/mL) and P.
aeruginosa (ATCC 27853) (MIC > 512 𝜇g/mL) than the root
essential oils in the present study (MIC = 125 𝜇g/mL). A pure
compound is usually used as a bactericide if the MBC is no
more than four times theMIC value [29] which was observed
for R. carthamoides HR and SGR essential oils. Therefore,
these essential oils may be effective as bactericidal agents.

The antibacterial activity ofR. carthamoides root essential
oils may be associated with the presence of the major com-
ponents of essential oils such as cyperene, 13-norcypera-
1(5),11(12)-diene, and cadalene in the HR essential oil
and aplotaxene, nardosina-1(10),11-diene, and dauca-4(11),8-
diene in the SGR essential oil. To the best of our knowledge,
the microbiological activities of these compounds have not
been investigated. In literature, we only found that essential
oils from Cyperus rotundus and C. articulatus containing
cyperene as the main component showed antimicrobial
effects against different strains of bacteria and fungi [30, 31].

The study also evaluates the anti-inflammatory activity of
R. carthamoides HR and SGR essential oils in LPS-induced
astrocytes. Astrocytes are multifunctional glial cells in the
central nervous system and can regulate the extracellular ion
and neurotransmitter concentrations, control the release of
antioxidant defences, and are associated with the immune
response by the production of inflammatory mediators such
as pro- and anti-inflammatory cytokines and chemokines,
prostaglandin E, and nitric oxide [32–34]. The inflammation
causes neuronal death and brain injury. The activation of
astrocytes leads to the release of neutrophic factorswhich reg-
ulate the survival and function of nervous tissue [32]. Hence,
the astrocytes are good cellular models in in vitro study to
determine the potential anti-inflammatory effects of various
agents, such as essential oils. The R. carthamoides HR and
SGR essential oils did not inhibit the viability of astrocytes
at concentrations between 0 𝜇g/mL and 800𝜇g/mL.

Lipopolysaccharide (LPS) is the main component of the
outer membrane of Gram-negative bacteria and is known
as an inductor of inflammation in various cells, including
astrocytes [33]. LPS is recognized by Toll-like receptor 4
(TLR4) of astrocytes and the LPS treatment of astrocytes
resulting in activation of transcription factor (NF-𝜅B) and
mitogen-activated protein kinase (MAPK) which lead to the
release of such inflammatory mediators as pro- and anti-
inflammatory cytokines or the tumor necrosis factor (TNF-𝛼)
or the overproduction of reactive oxygen species (ROS) [33].
Oxidative stress and inflammation are connected with many
neurodegenerative diseases, such as Parkinson’s disease,
Alzheimer’s disease, multiple sclerosis, and other nervous
pathogeneses [7]. Many studies have previously reported LPS
induction of various inflammatory mediators in astrocytes
[32, 33, 35].

Many studies have also indicated that natural plant
secondary metabolites may be used for the prevention of
inflammation and oxidative damage-related neurodegener-
ative diseases [33, 35, 36]. In order to determine the anti-
inflammatory effects of essential oils from R. carthamoides
hairy roots and roots of soil-grown plants, astrocytes were
treated with HR and SGR essential oils and stimulated by
LPS for 24 h. It was found that HR and SGR essential oils
possessed anti-neuroinflammatory activity and were able
to suppress the levels of IL-1𝛽, IL-6, and TNF-𝛼 in LPS-
stimulated astrocytes. In response to inflammationmolecular
signaling cascades are activated in astrocytes. IL-1𝛽 and TNF-
𝛼 are secreted during acute inflammation and are important
for the production of IL-6 [33]. However, the stimulation
of IL-1𝛽 causes astrocytes to generate and release vascu-
lar endothelial growth factor, which increases blood-brain
barrier permeability and promotes leukocyte extravasation
[34]. IL-10, the anti-inflammatory cytokine, reduces of TNF-
𝛼 level and shows neuroprotective effect by changes of
intracellular calcium and mediates delay effects via NF-𝜅B
[33]. In addition, in response to IL-10, astrocytes release
transforming growth factor-𝛽 (TGF𝛽) that suppresses the
inflammation [34].

Although the chemical profile of both R. carthamoides
root essential oils differed, these oils showed similar anti-
inflammatory activity.The anti-inflammatory effects ofmajor
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compounds of HR and SGR essential oils have not yet
been reported. Only, aplotaxene which was the dominant
compound in SGR essential oil demonstrated an immuno-
suppressive effect by the inhibition of T cell activation via the
reduction of IL-2 and CD69 expression. However, aplotaxene
inhibited MAPK activation and the transcriptional activities
of nuclear factor of activated T cells (NF-AT), NF-𝜅B, and
activator protein 1 (AP-1) [37].

R. carthamoides HR and SGR essential oils were able to
protect astrocytes against oxidative stress by the reduction
of intracellular ROS levels in LPS-stimulated cells. ROS
production is activated by the NADPH oxidase (NOX) [38]
and by cyclooxygenase-2 (COX-2) as a side-product in the
synthesis of prostanoids [35]. It is known from literature that
ROS can activate various signaling molecules such as protein
kinase C, MAPK, and NF-𝜅B which play an important role
in regulating the gene expression of various proinflammatory
factors [39]. The overproduction of ROS may lead to an
increase of TNF-𝛼 level [33]. This highlights the relationship
between inflammation and oxidative stress.

5. Conclusions

This is the first report that describes the chemical compo-
sition of Rhaponticum carthamoides essential oil from hairy
roots, its antimicrobial potential, and the protective effect
of this essential oil against LPS-induced inflammation and
ROS production in astrocytes. The results show that R.
carthamoides hairy roots may be used as a valuable source of
essential oil and may represent an alternative to the roots of
soil-grown plants. Our study suggests that R. carthamoides
essential oil from hairy roots may be used as an effective nat-
ural antibacterial and antioxidant agent as food preservative
and for the treatment of some infectious diseases. Moreover,
the antineuroinflammatory properties of this essential oil give
it potential as a complementary therapy in the prevention of
some central nervous system diseases especially neurodegen-
erative ones. However, further research is needed to isolate
the main compounds from hairy roots essential oil and to
determine their biological activity.
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[14] J. Makowczyńska, E. Sliwinska, D. Kalemba, E. Piątczak, and H.
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Atherosclerosis is characterized by endothelial dysfunction, mainly induced by inflammation and oxidative stress. Increased
reactive oxygen species (ROS) production together with increased adhesion molecules and thrombogenic tissue factor (TF)
expression on endothelial cells has a key role in proatherogenic mechanisms.Therefore downmodulation of these molecules could
be useful for reducing the severity of inflammation and atherosclerosis progression. Dehydrozingerone (DHZ) is a nutraceutical
compoundwith anti-inflammatory and antioxidant activities. In this studywe evaluated the ability of DHZ and its symmetric dimer
to modulate hydrogen peroxide- (H2O2-) induced ROS production in human umbilical vein endothelial cells (HUVEC). We also
evaluated intercellular adhesion molecule- (ICAM-) 1, vascular cell adhesion molecule- (VCAM-) 1, and TF expression in HUVEC
activated by tumor necrosis factor- (TNF-) 𝛼. HUVEC pretreatment with DHZ and DHZ dimer reduced H2O2-induced ROS
production and inhibited adhesion molecule expression and secretion. Of note, only DHZ dimer was able to reduce TF expression.
DHZ effects were in part mediated by the inhibition of the nuclear factor- (NF-) 𝜅B activation. Overall, our findings demonstrate
that the DHZ dimer exerts a potent anti-inflammatory, antioxidant, and antithrombotic activity on endothelial cells and suggest
potential usefulness of this compound to contrast the pathogenic mechanisms involved in atherosclerosis progression.

1. Introduction

Endothelial dysfunction is considered an initial step in the
pathogenesis of atherosclerosis [1, 2]. It is mainly induced by
inflammation and oxidative stress leading to structural and
functional changes in the vascular endothelium. Functional
changes of endothelial cells (ECs) include an increase of

leukocyte adhesiveness and leukocyte diapedesis [2]. Fol-
lowing activation by inflammatory cytokines such as tumor
necrosis factor- (TNF-) 𝛼, ECs express chemotactic proteins
responsible for leukocyte recruitment [3]. Leukocyte infil-
tration into the arterial wall leads to the development of
atherosclerotic lesion and it is mediated by the induction
of intercellular adhesion molecule- (ICAM-) 1 and vascular
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cell adhesion molecule- (VCAM-) 1 on the surface of dys-
functional ECs [4, 5]. ICAM-1 and VCAM-1, membrane
glycoproteins belonging to the immunoglobulin superfamily,
mediate the adhesion of leukocytes to activated ECs by inter-
acting with their ligands and induce the arrest of these cells
at the vascular surface [6]. Functional changes of ECs also
comprise an increased procoagulant activity [2], mediated by
the induction of tissue factor (TF) on endothelial cells. TF is
known to be the key element in the initiation of the coag-
ulation cascade and appears to be a critical determinant of
atherosclerotic plaque thrombogenicity [7]. TF is expressed
mainly on subendothelial tissues, but its expression may be
induced on endothelial cells by inflammatorymediators such
as TNF-𝛼. Subendothelial TF is responsible for initiating fib-
rin formation at sites of vascular injury whereas blood-born
TF triggers atherothrombosis [7]. Due to the central role of
endothelial dysfunction in atherosclerotic plaque formation
and progression, the identification of novel medicinal agents
able to counteract pathological functional changes of ECs
is an important goal to reduce the severity of inflamma-
tion and to prevent atherosclerotic plaque development and
thrombogenicity. Considering that endothelial dysfunction is
implicated not only in the pathogenesis of atherosclerosis but
also in a variety of pathological inflammatory conditions [3,
5, 8–13], studies aimed at identifying new anti-inflammatory
molecules able to maintain endothelial homeostasis are fun-
damental to combat many life-threatening diseases. Previous
findings indicate that some classes of antioxidants may
inhibit inflammatorymediators and TF expression, in part by
reducing reactive oxygen species (ROS) and targeting redox-
sensitive signaling pathways thatmodulate inflammatory and
prothrombotic processes [14].

Clinical and experimental studies indicate that many
nutraceuticals, food-derived bioactive compounds, in virtue
of their antioxidant and anti-inflammatory properties have
the potential to reduce the risk of chronic diseases such as
atherosclerosis, hypertension, and diabetes [15–19]. Among
nutraceuticals, curcumin (CUR), the active component of
Curcuma longa with anti-inflammatory, antioxidant, and
anticancer properties [20–24], has been tested as a potential
therapeutic agent in different pathological conditions, includ-
ing cardiovascular diseases [25–30]. This natural compound
has been shown to reduce the production of proatherogenic
cytokines in activated human monocytes [31]. Furthermore,
a randomized controlled trial has demonstrated that CUR
dietary supplementation decreases cardiovascular risk in
patients with type 2 diabetes [32]. However the clinical
usefulness of CUR is hampered by its poor bioavailability
[16] and its low solubility in aqueous solution at physiological
pH. In these conditions CUR degrades, determining the
production of different compounds such as vanillin, ferulic
acid, and dehydrozingerone (DHZ) [33]. Although DHZ is
regarded as half-analogue of CUR, it is one of the important
constituents of ginger (Zingiber officinale), a common spice
known in the world for health-promoting properties [34].
DHZ is characterized by higher solubility and stability in
water [30], and, like CUR, it shows many biological activities
such as a potent anti-inflammatory activity and the ability to
scavenge oxygen free radicals [29, 30]. From literature data it

is evident that DHZ and its derivatives can be exploited for
the development of various medicinal compounds [35].

Structurally, DHZ is 2-methoxyphenol, unit present in
a large class of naturally occurring compounds, to which
CUR belongs. Often, dimers of 2-methoxyphenols exert
higher biological activities compared to the corresponding
monomer in virtue of the improved capacity to form stable
radicals and to interact with a large set of proteins [36–40].
The presence of DHZ dimer in nature is likely to occur, as
demonstrated for eugenol, a natural compound structurally
similar to dehydrozingerone. Symmetric dimer of eugenol,
namely, dehydrodieugenol, has been isolated from clove
(Eugenia caryophyllata) and other plant extracts where it is
present in mixture with its corresponding monomer [41, 42].
In a previous study the dimer of DHZ monohydrogenated at
one aliphatic chain has been prepared by an enzymatic proce-
dure using manganese (III) peroxidase (immobilized culture
of Phanerochaete chrysosporium BKM-F-1767) [43].

We have previously demonstrated that DHZ and the
corresponding symmetric dimer (DHZ dimer) protect lipids
from autoxidation in combination with common antioxi-
dants [44]. The antioxidant activity of DHZ dimer is also
associatedwith antiaggregating and cytoprotective properties
as demonstrated by its ability to partially inhibit the aggrega-
tion process of 𝛼-synuclein, a protein involved in neurode-
generative disorders [45].

Considering all these data, the aim of our study was to
evaluate possible usefulness of DHZ and its symmetric dimer
as antiatherosclerotic compounds by investigating their
antioxidant, anti-inflammatory, and antithrombotic activity
on human umbilical vein endothelial cells (HUVEC) exposed
to oxidative and inflammatory stimuli. First of all we evalu-
ated the ability of these compounds to affect ROS production
in H2O2-stressed HUVEC. To assess their anti-inflammatory
effects, we evaluated their ability to reduce the expression and
secretion of the adhesion molecules ICAM-1 and VCAM-1 in
HUVEC exposed to the proinflammatory cytokine TNF-𝛼.
To assess the antithrombotic activity of DHZ and its dimer
we determined TF release by TNF-𝛼-activated HUVEC.
Considering that DNA binding studies have demonstrated a
pivotal role of the nuclear factor- (NF-) 𝜅B, the transcription
factor implicated in the regulation of many immune and
inflammatory responses [46], including the induction of
adhesion molecule expression [47, 48] and TF expression
[49–51], we evaluated the possible involvement of NF-𝜅B in
the mechanisms of action of the two molecules under study.

2. Materials and Methods

2.1. Synthesis of DHZ and DHZDimer. DHZ andDHZ dimer
were prepared according to our previous article [45].

2.1.1. DHZ. To a stirred solution of vanillin (1.50 g, 9.8mmol)
in acetone (50mL) at room temperature and under N2, an
aqueous solution of NaOH (30mL, 30.0mmol) was added
dropwise. The mixture was stirred at room temperature for
12 h. The solvent was evaporated under vacuum; then, water
and 10% HCl were cautiously added. The organic phase was
extracted with ether, dried over Na2SO4, and evaporated to
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afford a brown solid.The crude material was purified by flash
chromatography using CH2Cl2 as eluent, to give DHZ (1.75 g,
93%): mp 127-128∘C. 1HNMR 𝛿 2.38 (s, 3H), 3.85 (s, 3H), 5.96
(bs, 1H), 6.53 (d, 𝐽 = 16.0Hz, 1H), 6.92 (d, 𝐽 = 8.0Hz, Ar, 1H),
7.04 (d, 𝐽 = 1.6Hz, Ar, 1H), 7.01 (dd, 𝐽 = 1.6, 8.0Hz, Ar, 1H),
7.42 (d, 𝐽= 16.0Hz, 1H); 13CNMR 𝛿 27.29, 56.93, 109.28, 114.81,
123.95, 124.98, 126.90, 143.77, 146.88, 148.26, 198.46.

2.1.2. DHZ Dimer. To a stirred solution of dehydrodivanillin
(2.00 g, 6.6mmol) [38] in acetone (50mL) at room temper-
ature and under N2, an aqueous solution of LiOH (40mL,
40.0mmol) was added dropwise. The mixture was stirred at
reflux for 15 h. After this period, water and 10% HCl were
cautiously added. The precipitate was filtered, washed with
water, and dried to affordDHZdimer as a yellow solid (2.00 g,
80%): mp 242-243∘C. 1H NMR 𝛿 2.36 (s, 6H), 3.98 (s, 6H),
5.30 (bs, 2H), 6.60 (d, 𝐽 = 16.0Hz, 2H), 7.1 (d, 𝐽 = 2.0Hz, Ar,
2H), 7.14 (d, 𝐽 = 2.0Hz, Ar, 2H), 7.47 (d, 𝐽 = 16.0Hz, 2H);
13C NMR 𝛿 27.32, 56.22, 108.77, 123.57, 125.27, 125.44, 126.60,
143.51, 145.45, 147.36, 198.30.

2.2. Cell Cultures. HUVEC (Clonetics/Lonza, Basel, Switzer-
land) were maintained in complete medium (EGM-2; Lonza)
composed of endothelial cell basal medium (EBM-2, Lonza)
supplemented with endothelial cell Bullet Kit which contains
2% foetal calf serum (FCS), human epidermal growth factor-
(EGF-) 2, human fibroblast growth factor-2 (FGF-B), human
vascular endothelial cell growth factor (VEGF), R3-insulin-
like growth factor-1 (R3-IGF-1), ascorbic acid, hydrocorti-
sone, heparin, gentamicin, and amphotericin B. Cells were
grown at 37∘C in a humidified atmosphere with 5% CO2/95%
air, as previously described [52], and were used between
passages 3 and 5.HUVECwere cultured in EBM-2 containing
different concentrations of DHZ or DHZ dimer. After an
overnight incubation, cells were stimulated with 10 ng/mL of
human recombinant TNF-𝛼 (Tebu-bio, Le Perray en Yvelines,
France) or treated with 300 𝜇M H2O2 (SIGMA, St. Louis,
MO, USA).

The viability of HUVEC was assessed by trypan blue
exclusion test. After overnight treatment with DHZ or DHZ
dimer, HUVEC were harvested, stained with trypan blue
0.5% (Euroclone, Pero,MI, Italy), and counted by transmitted
light microscopy using an Axioskop microscope (Carl Zeiss,
Jena, Germany).

2.3. Intracellular ROS Production. ROS production was
determined by the assessment of ROS-mediated conversion
of the molecule 2,7-dichlorofluorescein-diacetate (DCFH-
DA) into fluorescent DCFH in H2O2-treated cells. HUVEC
were stained with DCFH-DA (Invitrogen Molecular Probes,
Carlsbad, CA, USA) 10 𝜇M, for 30 minutes at 37∘C, and then
cultured in 6-well plates (Corning) (1 × 105 cells/mL) in
EBM-2 containing DHZ or DHZ dimer. After an overnight
incubation, cells were treatedwithH2O2 ormedium alone for
1 hour. At the end of culture, HUVEC were harvested using
0.1% Trypsin-EDTA (SIGMA) and washed and analyzed by
flow cytometry using a FACSCalibur flow cytometer (Becton
Dickinson) and CellQuest software.

2.4. ICAM-1 and VCAM-1 Surface Expression. To evaluate
surface expression of ICAM-1 and VCAM-1, HUVEC (1 × 105
cells/mL)were cultured in 6-well plates (Corning, Tewksbury
MA, USA). After an overnight incubation with 5 𝜇g/mL or
10 𝜇g/mL DHZ or DHZ dimer, cells were stimulated with
TNF-𝛼 or medium alone for 6 hours and harvested using
0.1% Trypsin-EDTA. HUVEC were labelled with FITC anti-
human ICAM-1 antibody (BioLegend, San Diego, CA, USA)
and with phycoerythrin (PE) anti-human VCAM-1 antibody
(BioLegend), for 30 minutes on ice in the dark. After wash-
ing, the cells were fixed with 1% paraformaldehyde (Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA). Samples
were analyzed using a FACSCalibur flow cytometer (Becton
Dickinson) and CellQuest software.

2.5. ICAM-1 and VCAM-1 Secretion. To evaluate the secre-
tion of adhesion molecules, HUVEC were cultured as indi-
cated for the determination of ICAM-1 and VCAM-1 surface
expression. Supernatants were collected at the end of cell
culture and were aliquoted at −80∘C until use. Soluble
ICAM-1 and VCAM-1 concentrations were quantified by the
commercially available ELISA kits ICAM-1 Soluble Human
ELISA Kit (Invitrogen, Frederick, MD, USA) and Human
sVCAM-1 Platinum ELISA (eBioscience, San Diego, CA,
USA), as recommended by the manufacturer. The limits of
detection were 0.33 ng/mL for ICAM-1 and 0.6 ng/mL for
VCAM-1.

2.6. ICAM-1 and VCAM-1 Gene Expression. To evaluate if
DHZ dimer and monomer were able to modulate adhesion
molecule gene expression, HUVEC (5 × 105 cells/mL) were
plated in 100mm petri dish (Corning) and were cultured in
EBM-2 containing 10 𝜇g/mL of DHZ or DHZ dimer. After
an overnight incubation, cells were stimulated with TNF-𝛼
(Tebu-bio) or medium alone for 6, 24, and 48 hours.

Total cellular RNA was extracted at each time point,
using theTRIzol reagent (Invitrogen- Life Technologies Italia,
Monza, Italy) according to the manufacturer’s instructions.
First-strand cDNAs were synthesized using a mixture of
2 𝜇g of total RNA, oligo(dT)12–18 primers, and Superscript
reverse transcriptase III (Invitrogen). mRNAs levels were
analyzed using the SYBR-Green quantitative real-time PCR
(qRT-PCR) method (5 ng per assay, Qiagen, Hilden, Ger-
many) according to the manufacturer’s instructions. Quan-
tification was then achieved with ABI Prism 7000 SDS
(Applied Biosystems, Monza, Italy). Relative expression was
calculated using the comparative cycle threshold (Ct)method
(2−ΔΔCt). mRNA expression was normalized to human ribo-
somal protein L13 (RPL13) levels.

The following primers for specific genes were used:

Human ICAM-1: forward 5-ccttcctcaccgtgtactgg-3;
reverse 5-agcgtagggtaaggttcttgc-3

Human VCAM-1: forward 5-tgcacagtgacttgtggacat-
3; reverse 5-ccactcatctcgatttctgga-3

Human RPL13: forward 5-ggagtaccgctccaaactca-3;
reverse 5-ggtggccagtttcagttctt-3
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2.7. TF Expression. To evaluate the expression of the trans-
membrane protein TF, HUVEC were cultured with 10 𝜇g/mL
of DHZ or DHZ dimer and, after an overnight incubation,
were stimulated with TNF-𝛼 (Tebu-bio) for 6 hours. At the
end of culture cells were lysed and solubilized with 15mM
octyl-𝛽-D-glucopyranoside (Abcam Inc., Cambridge, MA,
USA) at 37∘C for 15 minutes. TF expression was determined
by a commercially available ELISA kit (Abcam Inc.), as rec-
ommended by the manufacturer. The minimum detectable
dose was 4 pg/mL.

2.8. NF-𝜅B Translocation. To evaluate NF-𝜅B activation,
HUVEC (1 × 105 cells/mL) were preincubated with DHZ or
DHZ dimer overnight and then treated with 10 ng/mL TNF-
𝛼 (Tebu-bio) for 1 hour. At the end of the treatment, cells
were harvested and nuclear extracts were prepared by the
use of the Nuclear Extract Kit (Active Motive, Carlsbad, CA,
USA). Protein content was quantified using Bradford Reagent
(SIGMA), and NF-𝜅B (p65 and p50) translocation within
the nucleus was assessed using NF-𝜅B p50 and NF-𝜅B p65
Transcription Factor Assay Kits (Active Motive).

2.9. Statistical Analysis. Results are expressed as arithmetic
means and standard deviations (SD). Data were tested for
Gaussian distributionwith theKolmogorov-Smirnov test and
were analyzed using one-way ANOVAwith a Bonferroni post
hoc test or Student’s 𝑡-test to evaluate the statistical signif-
icance of intergroup differences. Linear regression analysis
was used to determine correlations between surface expres-
sion and soluble form concentrations of adhesion molecules.
A 𝑝 value less than 0.05 was considered statistically signifi-
cant.

3. Results

3.1. Cell Viability. Preliminary dose-response experiments
conducted to evaluate a possible toxic effect of DHZ dimer
and monomer on ECs showed a reduction of cell viability
after a treatment with 50 𝜇g/mL of DHZ dimer and with
100 𝜇g/mL of monomer (Figure 1).The highest tolerated con-
centrations (5 and 10 𝜇g/mL) that did not affect cell viability
were used to investigate the antioxidant, anti-inflammatory,
and antithrombotic activity of DHZ compounds on ECs.

3.2. Intracellular ROSProduction. To evaluate the antioxidant
activity of DHZ and DHZ dimer on ECs we assessed the
ability of these compounds to counteract ROS produc-
tion induced by H2O2 treatment. Cytofluorimetric analysis
showed that the two compounds, at both the concentrations
used, were able to reduce intracellular ROS production
expressed as mean fluorescence intensity (MFI) on HUVEC
exposed to 300 𝜇M of H2O2 (Figure 2). The comparison of
the two compounds showed a higher antioxidant activity of
the DHZ dimer, even if the differences observed were not
statistically significant.

3.3. Surface Expression of ICAM-1 and VCAM-1. Cytofluo-
rimetric analysis of adhesion molecule surface expression
showed a significant reduction of TNF-𝛼-induced ICAM-1
andVCAM-1 surface expression evaluated asMFI in response
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Figure 2: Cytofluorimetric analysis of intracellular reactive oxygen
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Medium versus H2O2, 𝑝 > 0.01.

to both DHZ and DHZ dimer (Figures 3(a) and 3(b)).
When adhesion molecule expression was evaluated in terms
of percentage of positive cells, we observed that the two
compounds were able to significantly prevent upregulation
of VCAM-1 expression, whereas only the DHZ dimer was
able to prevent ICAM-1 expression (Figures 3(c) and 3(d)).
The comparison of the two compounds showed that the
DHZ dimer was more effective than DHZ. Figures 4(a) and
4(b) show representative histograms of ICAM-1 andVCAM-1
expression observed in HUVEC preincubated with DHZ and
DHZ dimer and then treated with TNF-𝛼.

3.4. Soluble ICAM-1 and VCAM-1 Concentrations. Analysis
of ICAM-1 and VCAM-1 concentrations in culture super-
natants fromTNF-𝛼-stimulatedHUVEC showed lower levels
of these molecules in samples pretreated with DHZ andDHZ
dimer compared to those from non-pretreated samples (Fig-
ures 5(a) and 5(b)). No significant differences were observed
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Figure 3: Cytofluorimetric analysis of adhesion molecule surface expression. HUVEC were pretreated with DHZ or DHZ dimer and then
treated with TNF-𝛼 10 ng/mL for 6 hours. (a) and (b) show ICAM-1 and VCAM-1 expression evaluated as mean fluorescence intensity (MFI)
(mean values of six experiments); (c) and (d) show ICAM-1 and VCAM-1 expression evaluated as percentages of positive cells (mean values
of six experiments). Error bars represent SD. (a) ∗𝑝 = 0.0242; †𝑝 = 0.0350; ‡𝑝 = 0.0061; §𝑝 = 0.0047. Medium versus TNF-𝛼, 𝑝 < 0.01. (b)
#𝑝 = 0.0242; ∘𝑝 = 0.0221; e𝑝 = 0.0061; ∧𝑝 = 0.0012. Medium versus TNF-𝛼, 𝑝 < 0.001. (c) ∗𝑝 = 0.0061. Medium versus TNF-𝛼, 𝑝 < 0.001.
(d) ‡,#𝑝 = 0.0012; †,§𝑝 = 0.0061. Medium versus TNF-𝛼, 𝑝 < 0.001.

between the two compounds. Of note, significant positive
correlations were observed between ICAM-1 and VCAM-1
surface expression (MFI) and soluble form concentrations
(pg/mL) in culture supernatants (ICAM-1: 𝑟 = 0.743, 𝑝 <
0.0001; VCAM-1: 𝑟 = 0.769, 𝑝 < 0.0001) (data not shown).

3.5. ICAM-1 and VCAM-1 Gene Expression. Gene expres-
sion analysis of adhesion molecules by qRT-PCR at 6, 24,
and 48 hours of incubation showed a significant increased
expression of both ICAM-1 and VCAM-1 at each time point,
in TNF-𝛼 -treated cells. In all cases, preincubation with
DHZ and DHZ dimer significantly reduced such expression
(Figures 6(a) and 6(b)), confirming their potential anti-
inflammatory activity. Again, the comparison of the two

compounds showed that the DHZ dimer was more effective
than DHZ.

3.6. TF Expression. To assess the possible antithrombotic
activity of DHZ and DHZ dimer, we evaluated TF expression
on cell membrane. TNF-𝛼 treatment significantly increased
TF expression in HUVEC compared to medium alone (Fig-
ure 7(a)). DHZ dimer but not DHZ was able to downmodu-
late TF expression (Figure 7(a)).

3.7. NF-𝜅B Activation. To evaluate NF-𝜅B activation we
assessed p50 and p65 translocation within the nucleus. The
exposure to TNF-𝛼 significantly increased active NF-𝜅B p50
and p65 levels in HUVEC when compared to untreated cells
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Figure 4: Adhesion molecule surface expression. Representative histograms showing cytofluorimetric analysis of ICAM-1 (a) and VCAM-1
(b) surface expression. Empty histograms represent isotype controls.

(Figure 7(b), (i) and (ii)).WhenHUVECwere pretreatedwith
DHZ or DHZ dimer a significant reduction of active p50 and
p65 levels was observed (Figure 7(b), (i) and (ii)).

4. Discussion

Our data here demonstrate that DHZ and its dimer exert
antioxidant and anti-inflammatory activities on human
endothelial cells, thus suggesting a possible usefulness of
these compounds in the prevention and therapy of athero-
sclerosis. The DHZ dimer exerts a more potent activity than
the monomer. Dimer is more able than DHZ to prevent
H2O2-induced ROS production by ECs thus protecting these
cells from oxidative stress. It is also more efficacious than
its monomer in preventing TNF-𝛼-induced upregulation of
ICAM-1 and VCAM-1 on EC surface and their secretion in
culture supernatants. Of note, DHZ dimer but not DHZ is

able to inhibit TF expression on ECs. When we consider
a possible intracellular signaling pathway involved in the
beneficial effects of the two compounds, we found that
activation of NF-𝜅B, the transcription factor implicated
in the regulation of immune and inflammatory responses
[46], including ICAM-1 and VCAM-1 expression [48], is
downmodulated by DHZ and its dimer. To the best of our
knowledge, in this study we provide the first evidence of the
biological effects of DHZ and its dimer on human ECs.

Endothelial cell damage is a key event in atherosclerotic
disease onset and progression [53, 54]. In physiological
conditions, vascular endothelium finely modulates vascular
tone and accomplishes anticoagulant, antiplatelet, and fib-
rinolytic activities. The vascular tone is maintained by the
release of different dilator and constrictor factors. Injury
of ECs hampers the balance between vasoconstriction and
vasodilation andpromotes prooxidant, proinflammatory, and
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Figure 6: ICAM-1 andVCAM-1 gene expression. ICAM-1 (a) andVCAM-1 (b) expression analysis by quantitative real-time PCR (qRT-PCR).
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procoagulant mechanisms that favor the development of
atherosclerosis [53]. The main vasodilator factor is nitric
oxide (NO) that is synthesized by the enzyme endothelial
nitric oxide synthase (eNOS) and induces vascular smooth
muscle relaxation. A previous study by Smith et al. performed
in aged rats demonstrated that the age-related decline of
endothelial functions, which directly contributes to pro-
gression of cardiovascular disease, may be partly due to
the reduction of eNOS activity, with consequent decline
of NO bioavailability [55]. In another study the same authors
reported an age-related decline of the endothelial glutathione
levels, an increase of circulating TNF-𝛼 concentrations, and

an altered eNOS phosphorylation pattern [56]. They specu-
lated that a prooxidant and proinflammatory environment
in the aging vessel may dysregulate eNOS activity and NO
bioavailability, thus promoting endothelial dysfunction.

Molecules with systemic antioxidant, anti-inflammatory,
and antithrombotic activities may be useful for the pre-
vention of atherosclerotic disease. Experimental and clinical
studies have demonstrated that several nutraceuticals have
antiatherogenic effects being able to contrast the biological
mechanisms responsible for the formation of the atheroscle-
rotic lesions. These compounds are of interest for the devel-
opment of new therapeutic approaches because usually they
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Figure 7: Tissue factor (TF) expression and nuclear factor-𝜅B activation. (a) shows the detection of TF expression on cell membrane in
HUVEC pretreated with DHZ or DHZ dimer and then treated with TNF-𝛼 10 ng/mL for 6 hours (mean values of four experiments). (b)
shows the evaluation of p50 (i) and p65 (ii) translocation within the nucleus in HUVEC pretreated with DHZ or DHZ dimer and then treated
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have a good tolerability and less adverse side effects [57].
Our data showing that pretreatment with DHZ and DHZ
dimer reduces ROS levels in ECs exposed to oxidative stress
are in accordance with previous results demonstrating that
CUR improves cell viability and reduces ROS production in
HUVEC treated with H2O2 [30]. Our results are also in line
with studies demonstrating that DHZ and its analogs hold a
potent ability to scavenge oxygen free radicals [45, 58, 59]. In
an in vitro cell model with vascular smooth muscle cells, the
antioxidant activity of DHZ was at least in part responsible
for its inhibitory effect on the activation and function of
this cells, a key step occurring during atherosclerotic lesion
progression [59]. In another study, experiments in cell free
systems have demonstrated that DHZ was able to scavenge
superoxide and nitric oxide radicals and to reduce Fe (III)
to Fe (II) [58]. In the same study, by the use of animal
models exposed to whole body gamma irradiation, it has

been observed that the pretreatment with DHZ signifi-
cantly increased the endogenous antioxidant enzymes and
reduced the radiation-inducedmortality, thus demonstrating
a relevant radioprotective activity of DHZ associated to its
antioxidant properties.

A prooxidant microenvironment and proinflammatory
mediators, including TNF-𝛼, activate ECs and upregulate
the expression of adhesion molecules such as ICAM-1 and
VCAM-1 on endothelium [3, 60, 61].Thesemolecules support
the interaction of leukocytes with ECs, thus promoting their
migration through the endothelial layer into the intima [62–
64]. Apart from being expressed on the surface of ECs,
adhesion molecules are also secreted in the extracellular
compartment. Soluble forms of vascular adhesion molecules
retaining their functional characteristics have been detected
in the blood of healthy subjects, and increased levels have
been observed in patients with pathologies characterized
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by vascular events [65, 66]. In a prospective cohort study
designed to evaluate markers of coronary risk, increased
plasma levels of ICAM-1 were associated with the risk of
myocardial infarction and angina pectoris, indicating circu-
lating levels of ICAM-1 as possible risk markers for future
coronary events [67].

The potent inhibitory effects of DHZ dimer and at less
extent of its monomer on adhesion molecule expression and
secretion by ECs strongly suggest that these compounds
could be useful in hampering leukocyte recruitment and
inflammation, thus contrasting atherosclerotic disease pro-
gression.

In physiological conditions, ECs present an anticoagu-
lant phenotype. In vitro studies have demonstrated that, in
the presence of proinflammatory cytokines such as TNF-𝛼,
endothelial cells change their phenotype in a procoagulant
one characterized by TF expression [68]. TF expression by
endothelium has been associated with the occurrence of
thrombotic events in patients with a variety of clinical dis-
orders including atherosclerosis [68]. The proinflammatory
microenvironment characteristic of human atherosclerotic
plaque induces the production of TF by various cell types
including ECs, vascular smooth muscle cells, and monocytes
[69]. If the atherosclerotic lesion undergoes rupture, TF is
released into the bloodstream [70, 71] and activates the coag-
ulation pathway, thus promoting thrombotic events [72].

Our data showing that pretreatment of HUVEC with
DHZ dimer before stimulation with TNF-𝛼 is able to prevent
TF expression suggest that this compound exerts an anti-
coagulant activity and may offer therapeutic perspectives to
prevent thrombus formation and acute events in patients with
atherosclerotic disease.

Our findings on the reduction of p50 and p65 translo-
cation into the nucleus observed when HUVEC were pre-
treated with DHZ compounds before stimulation with TNF-
𝛼 indicate that these two compounds exert their biological
effect on ECs activation at least in part via the regulation
of NF-𝜅B activation. In fact in resting conditions NF-𝜅B
is present within the cytoplasm in an inactive form and
translocates into the nucleus in response to different stimuli
such as infection, inflammation, and oxidative stress [73].
These data are in line with previous results demonstrating
that zingerone, an analogous of DHZ characterized by the
absence of a conjugated double bond, was able to suppress
oxidative stress and age-related inflammation in kidney
and endothelial cells from rats through the modulation of
mitogen-activated protein kinase pathway and the inhibition
of NF-𝜅B signaling [74].

Our findings here showing that DHZ dimer is more
active than DHZ in contrasting EC dysfunction are in
accordance with our recent results demonstrating that the
dimer of DHZ is more effective than DHZ in protecting
lipids from autoxidation [44] and in controlling misfolding
of 𝛼-synuclein in an in vitro assay [45]. These results can
be ascribed to the differences in the chemical structure
between the two molecules and in their lipophilicity. It can
be hypothesized that the DHZ dimer, a biphenyl structure,
has a higher ability to pass the cell membrane and, in virtue
of the biphenylic hydroxylated structure, it would interact

with cell componentsmore efficiently than the corresponding
monomer [37].

5. Conclusions

Overall, our results here add new significant information and
further support to previous findings on the usefulness of
the nutraceutical DHZ and its analogs, which are degradants
of CUR with less side effects and improved bioavailability.
In particular, the symmetric dimer of DHZ, through its
potent inhibitory effects on adhesion molecule and TF
expression and on ROS production in endothelial cells, could
be effective in contrasting the proinflammatory, prooxidant,
and prothrombotic harmful mechanisms against endothelial
cells thus representing a promising newmedicinal compound
to develop new dietary strategies for the prevention and
treatment of atherosclerosis and its acute events and of other
inflammatory diseases where endothelial dysfunction is a key
pathogenic factor. However, we have to take into account that
our results have been obtained in an in vitro biological system
and that in vivo studies are necessary to confirm the effects
of DHZ and its dimer and to test the concentrations that are
effective in vivo, also considering that natural compounds are
in general immediately metabolized upon ingestion.

In conclusion, in the present work we extended previous
results on DHZ and its dimer and highlighted for the first
time a potent effect of DHZ dimer to counteract human
endothelial cell dysfunction. In virtue of the chemical stability
and low toxicity of this compound for human cells [45] it
exhibits potential usefulness in the prevention and therapy of
several inflammatory diseases such as atherosclerosis.
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Flavonoids, plant secondary metabolites present in fruits, vegetables, and products such as tea and red wine, show antioxidant,
anti-inflammatory, antithrombotic, antiviral, and antitumor activity. PDIA3 is a member of the protein disulfide isomerase family
mainly involved in the correct folding of newly synthetized glycoproteins. PDIA3 is associated with different human pathologies
such as cancer, prion disorders, Alzheimer’s disease, and Parkinson’s diseases and it has the potential to be a pharmacological target.
The interaction of different flavonoids with PDIA3 was investigated by quenching fluorescence analysis and the effects on protein
activity were evaluated. A higher affinity was observed for eupatorin-5-methyl ether and eupatorin which also inhibit reductase
activity of PDIA3 but do not significantly affect itsDNAbinding activity.Theuse of several flavonoids differing in chemical structure
and functional groups allows us to make some consideration about the relationship between ligand structure and the affinity for
PDIA3. The specific flavone backbone conformation and the degree of polarity seem to play an important role for the interaction
with PDIA3.Thebinding site is probably similar but not equivalent to that of green tea catechins, which, as previously demonstrated,
can bind to PDIA3 and prevent its interaction with DNA.

1. Introduction

PDIA3/ERp57 is a member of the protein disulfide isomerase
family mainly present in the endoplasmic reticulum, where
it carries out a major role as a key molecular player in the
quality control and correct folding of newly synthesized gly-
coproteins [1]. However, PDIA3 has been found in different
subcellular compartments where it has been proposed and
sometimes proved to be involved in a remarkable variety of
cellular processes and in pathological conditions including
cancer and neurodegenerative diseases. This is documented
by the evergrowing number of published results summarized
in some recent reviews [2–4].

The specific enzymatic activity and wide binding capa-
bilities of PDIA3 may allow its interaction with many other
proteins. PDIA3 has been thought to be a participant in
the mechanisms of cell protection against oxidative stress
through its redox and chaperone activities but target sub-
strates remain to be ascertained. Many studies suggest that

PDIA3 can prevent oxidation of thiol residues and aggre-
gation of target proteins which might result in a loss of
functional and/or structural properties [5–7]. Expression
of PDIA3 is increased in more than 70% of cancers and
its expression has been associated with cell invasiveness,
metastasis, and low overall survival. PDIA3 may play a role
in the oncogenic transformation as a result of its ability to
control intracellular and extracellular redox state via thiol-
dependent reductase activity [8, 9]. Moreover, PDIA3 may
be engaged in cellular signalling pathways involving reactive
oxygen species: it may rescue the functional activity of target
proteins that undergo redox modification and/or control
the formation of macromolecular complexes involved in the
adaptive response to oxidative stress.

In this contest, the identification of specific substances
able to bind PDIA3 and to modify its properties will be
very useful. Considering the high level of PDIA3 expression
in several cancer types, specific inhibitors might offer new
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therapeutic tools, while the identification of ligands that
can modulate and/or inhibit PDIA3 interaction with specific
partnersmay be useful to selectively control cellular processes
and signalling pathways involving PDIA3.

Flavonoids are a large class of polyphenolic compounds
ubiquitous in plants and mostly present in fruits, vegeta-
bles, and plant-based beverages such as tea and wine [10].
Flavonoids are further subclassified in to flavones, flavonols,
isoflavones, flavanones, flavanols, and anthocyanidins [11, 12]
(Figure 1).These physiologically active compounds, which are
produced via secondary metabolism, have well-known mul-
tiple health beneficial effects. Many studies have suggested an
association between consumption of flavonoids-rich food or
beverages and the prevention of many degenerative diseases,
including cancer, neurodegeneration, and coronary heart
disease and stroke [13–17]. Therefore, flavonoids represent
one of the most attracting families of natural bioactive
molecules and important components of a normal human
diet.

The protection offered by flavonoids is believed to be
due to their antioxidant activity. The aromatic rings of the
flavonoid molecule allow the donation and acceptance of
electrons from free radical species [18]. In addition, many
polyphenols regenerate the traditional antioxidant vitamins,
vitamin C and vitamin E [19], and act as metal chelators [20].
This latter property contributes to their antioxidant effects
through the inhibition of free radical formation catalysed by
transition metals [21]. However, the concentrations at which
they can exert such antioxidant activity are unlikely achieved
in vivo, as many of them have limited bioavailability and are
extensively metabolized [22, 23].

It has been suggested that, in lower amounts, flavonoids
as well as polyphenols may exert pharmacological activity
within the cells, having the potential to modulate intra-
cellular signalling pathways. Many polyphenols can induce
antioxidant enzymes such as glutathione peroxidase, catalase,
and superoxide dismutase and inhibit the expression of
enzymes such as xanthine oxidase, which is involved in the
generation of free radicals [24, 25]. However, for many of
them the molecular and cellular bases of these activities are
not well known. They can act by different targets including
the regulation of cell signalling and the cell cycle, free
radical scavenging, inhibition of angiogenesis, initiation of
DNA repairmechanisms, apoptotic induction, and inhibition
of metastasis. By affecting such pathways flavonoids have
the ability to control cell proliferation and survival and to
exhibit antiproliferative and antimutagenic properties and a
remarkable anti-inflammatory activity [26–29].

Given the involvement of PDIA3 in the cellular response
to stress as well as in cancer and neurodegeneration, we
felt it is useful to undertake a screening study for assessing
the interaction and impact on PDIA3 protein activity of
several types of flavonoids. This study, which initially started
analyzing the major catechins present in the extracts of green
tea [30], has been expanded to various classes of flavonoids
to verify if their activity was in some way connected to the
modulation of PDIA3 functions.

The binding of several flavonoids to PDIA3 and their
effects on the protein were tested by protein fluorescence

quenching and differential scanning fluorimetry. Protein
redox and DNA binding activities were also analyzed in
the presence of flavonoids, with the aim to find specific
molecules useful to control/modulate the cellular processes
and signalling pathways involving the PDIA3 protein and to
check for any relationship between the polyphenolic structure
and the interaction with the protein.

2. Material and Methods

2.1. Chemicals. PBS solution, acrylamide, N-ethylmaleimide,
DTT, GSSG, eosin isothiocyanate, and 19 different flavonoids
(quercetin, 3-O-methyl quercetin, isoquercetin, quercitrin,
rutin, morin, rhamnetin, isorhamnetin, fisetin, apigenin,
apigenin-7-glucoside, luteolin-7-glucoside, kaempferol, eupa-
torin, eupatorin-5-methyl-ether, genistein, naringenin, cyani-
din, and 6,2,4-trimethoxyflavone) were purchased from
Sigma-Aldrich, EDTA (0.5M solution pH 8.0) from IBI
Scientific. SYPRO Orange was from Invitrogen.

2.2. Protein Expression and Purification. Human recombi-
nant PDIA3 was cloned and expressed in E. coli strain BL21
using the expression vector pET21 (Novagen) as previously
described [33]. The coding sequence for the second redox-
active domain (𝑎 domain, residues 377–505) was amplified
by PCR as previously described and cloned in the expression
vector pET29 (Novagen) [34]. Recombinant proteins were
expressed in E. coli strain BL21 and purified by ammonium
sulphate fractionation, ion exchange, and heparin chro-
matography [34, 35]. Protein purification was evaluated by
SDS-PAGE and concentration was determined spectropho-
tometrically (PDIA3 @280 reduced form = 44,810M−1 cm−1;𝑎 domain @280 reduced form = 14,400M−1 cm−1).

2.3. FluorescenceQuenchingMeasurements. Quantitative anal-
ysis of the interaction between individual flavonoids and
PDIA3 was performed by fluorimetric titration. Fluores-
cence spectra were recorded using a SPEX-FluoroMax spec-
trofluorimeter (Horiba Scientific) from 300 to 500 nm with
excitation at 290 nm using a 10mm path length quartz
fluorescence cuvette and under continuous stirring. The
excitation and emission slits were both set to 5 nm and
scan speed was 120 nm⋅min−1. Briefly, solution of PDIA3
(0.5 𝜇M) or 𝑎 and 𝑎 domains (1 𝜇M) in phosphate buffered
saline (PBS) containing DTT 0.1mM and EDTA 0.2mM
were titrated in quartz cuvette by stepwise additions, at
5min time intervals, of individual flavonoid solution (1mM
in PBS/ethanol 50 : 50 v/v freshly prepared from a 20mM
stock solution in DMSO). Most of tested flavonoids can
absorb light at the excitation and emission wavelengths.
To minimize the inner-filter effect we limited the highest
concentration reached in the titration test up to 10𝜇M.
All experiments were carried out at 25∘C. Each spectrum
was the mean of three repeated scans. Fluorescence spectra
of appropriate blanks (flavonoids without proteins) were
recorded under the same experimental conditions and sub-
tracted from the corresponding flavonoid-protein system to
correct the fluorescence background. Fluorescence intensities
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Figure 1: Flavonoid structures and occurrence. Arrows indicate biosynthetic path.

recorded at 338 nmwere used for quenching analysis and data
obtained for each flavonoid are the average of at least three
independent titration experiments.

2.4. Differential Scanning Fluorimetry. Protein stability was
tested by the fluorescence-based thermal stability assay or
differential scanning fluorimetry (DSF) developed by Pan-
toliano and coworkers [36]. DSF records the fluorescence
emission signal from the binding of a dye (SYPRO orange)
to the exposed hydrophobic patches upon protein unfolding.
Fluorescence measurements were performed using a CFX96
Connect RT-PCR instrument (BioRad). 18 𝜇l aliquots of
protein solution (1 𝜇M), freshly diluted in Tris Buffered
saline (50mM TrisHCl, pH 8.0, 150mM NaCl) containing
0.1mM DTT, 0.2mM EDTA, and 1 : 1000 dilution of SYPRO
Orange (50mM stock solution in DMSO), were distributed
in a 96-well plate. Sample wells were addition of increasing
concentration (up to 50𝜇M) of individual flavonoid by
adding 2 𝜇l of 10-fold concentrated stock solutions freshly
prepared. As control, the protein solution was added with
2 𝜇l of the dilution buffer. A melting point analysis was
recorded increasing the temperature from 20 to 95∘C with
an increment of 0.5∘C and reading, at each temperature, the
fluorescence in fluorescence resonance energy transfer mode
(FRET). Each measure was the average of three sample wells

reading and each DSF experiment was repeated at least three
times. To calculate 𝑇𝑚 values, DSF data from the melting
curve were exported and fitted to Boltzman equation using
GraphPad software [37]. Effect of flavonoids was evaluated
comparing the 𝑇𝑚 values in presence and absence of each
molecule.

2.5. Determination of Protein Disulfide Reductase Activity.
Disulfide reductase activity of ERp57 was monitored by
sensitive fluorescent assay using dieosin glutathione disul-
fide (DiE-GSSG) as fluorogenic probe [38]. DiE-GSSG was
synthesized by the reaction of eosin isothiocyanate with
oxidized glutathione (GSSG) according to the method of
Raturi and Mutus [38] with some modifications [30]. DiE-
GSSG concentration was determined spectrophotometrically
(@525 = 88,000M−1 cm−1). Disulfide reductase activity was
assayed in a reaction buffer containing 2mM EDTA, 150 nM
DiE-GSSG, and 5 𝜇M DTT in PBS. A 20𝜇l aliquot of a
stock solution of PDIA3 (1 𝜇M) was added to the reaction
mixture and DiE-GSSG reduction was monitored at 545 nm
with excitation at 520 nm, at 25∘C with continuous stirring.
Reductase activity was calculated as the initial velocity in
fluorescence increase. To test the effect of flavonoids on
PDIA3 activity, the protein stock solution was previously
incubated for 15 minutes at room temperature with different
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concentrations of each flavonoid and then a 20𝜇l aliquot
subjected to assay in a reaction buffer containing the same
concentration of the flavonoid.

2.6. Determination of DNABinding Activity by EMSA. EMSA
assay was performed using a 79-bp rich DNA fragment
obtained by PCR as previously described [39]. Ampli-
fied DNA was end-labeled by using 5-fluorescein-modified
primers. 10 ng of DNA fragment was incubated with 1𝜇g of
PDIA3 or 𝑎 domain, in presence of increasing concentration
of flavonoids (from 0 to 50 𝜇M). Controls were performed
using DNA alone and in the presence of each flavonoid. All
tests were performed in 20𝜇l mixtures containing 20mM
Tris-HCl, pH 7.5, 50mM NaCl, and 10% (v/v) glycerol.
Samples were incubated for 1 hour at 25∘C and then resolved
on 5% polyacrylamide gels in 0,25% TBE buffer (22.5mM
Tris-borate, 5mM EDTA, pH 8.3) at 150 V. Gel images were
recorded using a ChemiDoc MP Imaging System (BioRad)
equipped with an epi-blue excitation lamp and a 520 nm
emission filter.

2.7. Statistical Analysis. Fluorescence quenching constant
(𝐾SV) values were given as means ± standard deviation
and values of disulfide reductase activity were expressed
in % of control sample ± relative standard deviation. All
measurements were performed at least three times. Dunnett’s
test was used to compare the obtained reductase activity data
with the activity of the untreated protein and a 𝑝 value of<0.01 was considered as statistically significant.

2.8. Other Procedures. Proteins were analyzed by SDS-PAGE.
Samples were added with 10mM N-ethylmaleimide before
dilution with concentrated SDS-sample buffer to prevent any
reactivity of free thiol groups.

3. Results and Discussion

3.1. Study of the Flavonoids-PDIA3 Interaction by Fluorescence
Analysis. We started a screening analysis to find molecules
which specifically bind PDIA3 and can inhibit its redox
activity and/or the binding to other proteins or DNA
sequences [30]. Such substances could be useful to modulate
the biological functions of PDIA3. In this study the inter-
action of different flavonoids with PDIA3 and their effects
on protein reductase activity were evaluated. A number of
flavonoids, comprehending flavones, flavonols, and several
derivatives, which differ in terms of skeleton structure as
well as hydroxyl, methoxyl, and other substituted groups,
were analyzed (Figure 2). The interaction was investigated by
quenching analysis of PDIA3 intrinsic fluorescence mainly
due to the presence of three tryptophan residues. They differ
from each other in solvent or quencher accessibility and
can unequally contribute to the protein fluorescence. One
tryptophan residue (W279) is buried in a hydrophobic pocket
in the 𝑏 domain whereas the other two (W56 andW405) are
present on the protein surface close to the thioredoxin-like
active sites within 𝑎 and 𝑎 domains, respectively.

Quenching analysis was performed on PDIA3 (0.5 𝜇M),
in the reduced form, by adding stepwise increasing concen-
tration of each molecule and recording the protein fluores-
cence spectra. For some flavonoids the analysis was extended
to isolate 𝑎 domain (1 𝜇M), always in the reduced form.
Quenching effect on protein and Stern-Volmer quenching
constant (𝐾SV) were calculated from the fluorescence inten-
sities at 338 nm of protein alone (𝐹0) and in the presence of
increasing concentration of each ligand molecule (𝐹) using
the Stern-Volmer equation [40]:

𝐹0𝐹 = 1 + 𝐾SV [𝐿] , (1)

where 𝐿 is the ligand concentration. For each ligandmolecule
the Stern-Volmer quenching constant was obtained by linear
regression of plots of 𝐹0/𝐹 versus [𝐿].

Representative fluorescence spectra of PDIA3 in the
presence of increasing concentration of eupatorin are showed
in Figure 3(a). A different degree of quenching was observed
in presence of tested molecules. The decrease of fluorescence
may indicate that the microenvironments of tryptophan
residues in PDIA3 were altered due to the interaction with
tested compounds. No evident spectral shift was noticed in
fluorescence spectra of PDIA3 after the additions of all tested
flavonoids, suggesting that these substances do not induce
any evident change in protein conformation.

Fluorescence quenching data were analyzed using the
Stern-Volmer equation. The Stern-Volmer plot for PDIA3, in
presence of eupatorin, is displayed in Figure 3(b) while the
estimated𝐾SV values of all tested flavonoids are summarized
in Table 1 and graphed in Figure 4.

The Stern-Volmer quenching constant may be expressed
as 𝐾SV = 𝐾𝑞𝜏0, where 𝐾𝑞 is the quencher rate coefficient
and 𝜏0 is the average lifetime of the emissive excited state
of the protein in the absence of the quencher. Based on a
typical value of 𝜏0 of the order of 10−8 s [40, 41], the values
of 𝐾𝑞 can be estimated and are reported in Table 1. The
values of 𝐾𝑞 observed for flavonoids-PDIA3 interaction are
much greater than 2.0 × 1010M−1 s−1, themaximumdiffusion
collision quenching rate constant reported for the interaction
of various kinds of quencher with proteins [42], suggesting
that the quenching is not the result of a dynamic collision
but it occurs via formation of complexes between the protein
and flavonoids.This interaction should involve regions of the
protein near the two tryptophan residues, W56 and W405,
more exposed to the solvent and close to the redox-active
sites.

In static quenching, various equations expressing the
relationship between fluorescence intensity and quencher
concentration have been described for the evaluation of the
binding constant and the number of binding sites. However,
the analysis of protein-ligand binding, using fluorescence
quenching, may be affected by a number of pitfalls that
cannot be easily overcome.
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Table 1: Stern-Volmer constant (𝐾SV), bimolecular quenching rate constant (𝐾𝑞), number of binding sites (𝑛), binding constant (𝐾𝑏), and
dissociation constant (𝐾𝑑) of several flavonoid-PDIA3 systems.

Flavonoid 𝐾SV (M−1) 𝐾𝑞 (M−1 s−1) 𝑛 𝐾𝑏 (M−1) 𝐾𝑑 (M)
Flavone

Trimethoxyflavone 22209 ± 484 2.22 ⋅ 1012 0.90 1, 81 ⋅ 104 5.52 ⋅ 10−5
Eupatorin-5-methyl ether 90016 ± 1875 9.00 ⋅ 1012 1.08 9.04 ⋅ 104 1.11 ⋅ 10−5
Eupatorin 89362 ± 688 8.94 ⋅ 1012 1.16 9.67 ⋅ 104 1.03 ⋅ 10−5
Apigenin 54332 ± 1185 5.43 ⋅ 1012 1.08 5.87 ⋅ 104 1.70 ⋅ 10−5
Apigenin-7-glucoside 43961 ± 673 4.40 ⋅ 1012 1.06 4.73 ⋅ 104 2.11 ⋅ 10−5
Luteolin-7-glucoside 31601 ± 484 3.16 ⋅ 1012 1.06 3.46 ⋅ 104 2.89 ⋅ 10−5

Flavanone
Naringenin 16900 ± 352 1.69 ⋅ 1012 1.05 1.73 ⋅ 104 5.78 ⋅ 10−5

Isoflavone
Genistein 22953 ± 435 2.30 ⋅ 1012 1.09 2.44 ⋅ 104 4.10 ⋅ 10−5

Flavonol
Rhamnetin 28462 ± 295 2.85 ⋅ 1012 1.03 3.01 ⋅ 104 3.32 ⋅ 10−5
Isorhamnetin 36109 ± 1271 3.61 ⋅ 1012 0.96 3.25 ⋅ 104 3.08 ⋅ 10−5
3-O-Methyl-quercetin 41110 ± 794 4.11 ⋅ 1012 1.09 4.57 ⋅ 104 2.19 ⋅ 10−5
Fisetin 33164 ± 542 3.32 ⋅ 1012 1.08 3.67 ⋅ 104 2.71 ⋅ 10−5
Kaempferol 28423 ± 982 2.84 ⋅ 1012 0.97 2.60 ⋅ 104 3.85 ⋅ 10−5
Morin 24063 ± 265 2.41 ⋅ 1012 1.04 2.56 ⋅ 104 3.90 ⋅ 10−5
Quercetin 46226 ± 1406 4.62 ⋅ 1012 0.88 3.90 ⋅ 104 2.56 ⋅ 10−5
Quercitrin 29211 ± 483 2.92 ⋅ 1012 1.07 3.23 ⋅ 104 3.10 ⋅ 10−5
Isoquercetin 25738 ± 367 2.57 ⋅ 1012 1.08 2.91 ⋅ 104 3.44 ⋅ 10−5
Rutin 45197 ± 465 4.52 ⋅ 1012 0.96 4.55 ⋅ 104 2.20 ⋅ 10−5

Anthocyanin
Cyanidin 29761 ± 635 2.98 ⋅ 1012 0.99 2.93 ⋅ 104 3.42 ⋅ 10−5

Data were calculate from fluorescence quenching analysis using 0.5 ∗ 10−6M PDIA3 in reduced conditions (pH 7.4, 25∘C) and increasing concentration (0 to
10 ∗ 10−6M) of different flavonoids.𝐾SV are reported as mean and standard deviation of at least three independent experiments. The number of binding sites
(𝑛), the binding constant (𝐾𝑏), and the dissociation constant (𝐾𝑑) were estimated using the equation described by Bi et al. [31] and the reiterative calculation
process described by Sun et al. [32].

The apparent binding constants (𝐾𝑏) and the number of
binding sites (𝑛) were calculated using the equation described
by Bi et al. [31], as previously reported [30]:

log(𝐹0 − 𝐹𝐹 )

= 𝑛 log𝐾𝑏 − 𝑛 log( 1
[𝐿 𝑡] − 𝑛 (𝐹0 − 𝐹) [𝑃𝑡] /𝐹0) ,

(2)

where 𝐹0 and 𝐹 are the fluorescence intensities at 338 nm
before and after the addition of the quencher and [𝐿] and
[𝑃𝑡] are the ligand and the total protein concentrations,
respectively. The number of binding sites (𝑛) and the binding
constant (𝐾𝑏) were obtained by plotting log((𝐹0 − 𝐹)/𝐹)
versus log(1/([𝐿 𝑡] − 𝑛(𝐹0 − 𝐹)[𝑃𝑡]/𝐹0)) using the reiterative
calculation process described by Sun et al. [32], assuming
a similar affinity for each binding site. The dissociation
constant was calculated from the binding constant (𝐾𝑑 =1/𝐾𝑏).

The estimated 𝐾SV, 𝐾𝑏, and 𝐾𝑑 values that characterize
the interaction of PDIA3 with tested flavonoids are sum-
marized in Table 1. Although the protein can bind most
of the tested substances, with an estimated dissociation

constant within the 10−5M range, some of them showed a
better affinity.Molecules characterized by the highest binding
constants are eupatorin and eupatorin-5-methyl ether, with a𝐾𝑑 around 1.0 × 10−5M, followed by apigenin, with a𝐾𝑑 of 1.7× 10−5M.

The use of several flavonoids differing in chemical
structure and functional groups allows us to make some
considerations about the ligand structures and their affinity
for PDIA3. Comparing the structure of the molecules with
higher affinity, they share the same basic flavone backbone:
eupatorin-5-methyl ether and eupatorin are characterized by
the presence of both hydroxyl- and methoxyl- groups, while
the flavone apigenin that has only hydroxyl groups, two on
the A ring and one on the B ring, has a lower affinity. 6,2,4-
Trimethoxyflavone, a flavone with only methoxyl groups,
showed the lowest affinity for the protein. In this respect,
the specific degree of polarity of the flavone backbone seems
to play an important role for the interaction with PDIA3.
The addition of a sugar moiety, like glucose in apigenin-
7-glucoside, negatively affects the binding compared to
apigenin. The affinity is even lower analyzing luteolin-7-
glucoside, which has one more hydroxyl group on the B
ring. These observations suggest that a specific degree of
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hydrophilicity is required to stabilize the interaction of the
flavone backbone with the protein.

Apigenin, genistein, and naringenin share similar func-
tional groups but differ for the position and orientation of
the B ring. In naringenin the B ring on the C2 position is
differently oriented with respect to A and C rings while it
is also differently positioned (C3) in genistein (3D models
of default conformers are shown in Figure 5). The flavanon
naringenin showed a much lower binding affinity compared
to apigenin; hence, it can be hypothesized that the more

A ring B ring

Naringenin

Genistein

Apigenin

Figure 5: 3D models of default conformers for apigenin (CID
5280443), genistein (CID 5280961), and naringenin (CID 932)
generated by PubChem (https://pubchem.ncbi.nlm.nih.gov/).

parallel orientation between the aromatic rings A and B,
mainly evident in flavones, is an important feature to the
binding to PDIA3. The isoflavone genistein also showed
a lower affinity compared to apigenin, stressing out the
importance of a specific position and orientation of the B ring
for the interaction with PDIA3.

The analysis of different flavonols showed dissociation
constants between 2.0 × 10−5M and 4.0 × 10−5M. Flavonols,
different from flavones, are characterized by a B ring that,
in the most stable conformation, is almost perpendicular to
the A ring due to the presence of a hydroxyl group linked
to the C3 position; this may explain their lower affinity. As

https://pubchem.ncbi.nlm.nih.gov
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above reported for flavons, we can observe some differences
in the affinity within the analyzed flavonol. Among flavonols
sharing only hydroxyl groups as substituents, quercetin and
fisetin showed a slight better affinity compared to kaempferol
and morin. These flavonols differ in the specific position of
hydroxyl groups, and it could be hypothesized that a hydroxyl
group sited at 5 positions on A ring and unsubstituted
C2


hydroxyl group on B ring have a positive effect on
the dissociation constant. Flavonols with a similar structure
but characterized by the presence of a methoxyl group in
three different positions (rhamnetin, isorhamnetin, and 3-O-
methyl quercetin, with the –OCH3 group sited on the A, B,
and C rings, resp.) differently bind PDIA3, with 3-O-methyl
quercetin showing a higher affinity with respect to rhamnetin
and isorhamnetin. Therefore, beside the orientation of aro-
matic rings, the specific distribution of functional groups on
the flavonol backbone structure plays an important role to
stabilize the interaction with the protein.

Finally, the effect on the flavonoid-PDIA3 binding of a
sugar moiety, linked to the backbone structure, was tested.
As above reported, the presence of a glucose moiety on the
C7 position has a negative effect on the binding of flavones
apigenin-7-glucoside and luteolin-7-glucoside compared to
the unglycosylated form. For flavonols we observed a similar
behavior. In fact, the addition of a single carbohydrate linked
to the C3 position (isoquercetin and quercitrin) lowers the
binding affinity for the protein compared to quercetin, the
corresponding unglycosylated flavonoid. Thus, the presence
of a carbohydrate moiety has a negative effect on the binding
to the PDIA3 protein, probably because this increases the
polarity of one side of the flavonoid molecule. In fact, as
above emphasized, the flavonoids showing the best affinity are
eupatorin and eupatorin-5-methyl ether, both characterized
by a specific degree of polarity, with few hydroxyl groups and
a larger number of methoxyl groups, uniformly distributed
around the backbone structure. However, increasing the
number of carbohydrate linked to the C3 position raises the
affinity as results in the similar binding properties of rutin
and quercetin. This positive effect may be the result of an
increased size of themolecule and the number of interactions
that can be established with the protein.

For some flavonoids, the binding analysis was extended
to the isolated 𝑎 domain. Similar values for the binding
constants were estimated, with some flavonoids showing a
slightly better affinity for the whole protein respect to the
isolated domain. Even in this case, the molecules that show
the greatest affinity are the flavones eupatorin, eupatorin-
5-methyl ether, and apigenin (data not shown). PDIA3 and
the homologous isoform PDIA1, although similar in overall
domain structure and active-site motifs, carry out different
functions that are the result of specialized substrate binding
properties. These differences are mainly related to the C-
terminal domains 𝑏 and 𝑎 that show the lowest homology
between the two isoforms [43, 44]. Our findings indicate that
flavonoids can effectively bind the PDIA3 isoform through
its C-terminal 𝑎 domain, as we previously reported for
galloylated catechins [30].
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Figure 6: Increase inmelting temperature (𝑇𝑚) of PDIA3 calculated
by differential scanning fluorimetry of reduced PDIA3 [1 × 10−6M]
in presence of indicated concentrations of selected flavonoids. Plots
are displayed as mean and standard deviations of at least three
independent measurements.

Fluorescence quenching data suggest that flavonoids’
interaction with the protein involves mainly the tryptophan
residues near to the redox-active sites. Although PDIA3
contains two redox-active domains, both potentially able to
interact, data analysis estimates a single binding site for each
molecule. It could be possible that differences in the affinity
of the two binding sites introduce a further pitfall in math
calculation of binding stoichiometry. However, as previously
hypothesized for catechins-PDIA3 interaction, we suggest
that the binding of the first molecule to one of the redox
domain prevents the binding of a second molecule to the
other redox domain, as a result of steric hindrance and/or
changes in the local environment that hinder the second site
[30].

3.2. Effect of Flavonoids on the PDIA3 Stability. The effect
of flavonoids on the protein stability was evaluated by DSF.
Most of the tested molecules showed no or limited effect,
but quercetin, morin, kaempferol, and fisetin can stabilize
the protein in a concentration-dependent manner. The 𝑇𝑚
value calculated for PDIA3 by scanning fluorimetry was
increased more than three degrees at 50𝜇M concentra-
tion of these flavonoids (Figure 6). Apigenin, isorhamnetin,
rhamnetin, genistein, and cyanidin produced a similar, but
less pronounced, effect and mainly at the highest concen-
tration. Quercetin, morin, kaempferol, and fisetin, even if
characterized by a lower affinity compared to the flavones
eupatorin and eupatorin-5-methyl ether, share a protective
effect against thermal denaturation. This may be the result of
their specific structure, rich in hydroxyl groups distributed
around the flavonol backbone; in fact, the stabilizing effect
of polyols on protein structure has been widely described
[45, 46]. Glycosylated flavonoids do not seem to have such
stabilizing properties, probably because of their different size
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Figure 7: Comparison of flavonoid effect (at 20 𝜇M concentration)
on PDIA3 reductase activity. Plots are displayed as mean and
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and solubility that may change the interaction with protein
and solvent.

3.3. Effect of Flavonoids on the PDIA3 Redox Activity. To
verify if the interaction between flavonoids and PDIA3 may
have an effect on protein functions, the disulfide reductase
activity was tested. For most of the molecules analyzed the
effect on the redox activity of the proteinwas negligible.How-
ever, some flavonoids, in particular the flavones eupatorin
and eupatorin-5-methyl ether, showed an evident inhibitory
effect, up to 40%. Others, such as morin, quercetin, and
cyanidin, had a less marked inhibition, approximately 20%
(Figure 7). Apigenin, which showed a binding affinity close to
eupatorin, had no evident effect on the protein activity. It is
possible that the less polar degree that characterizes eupatorin
and eupatorin-5-methyl ether may play a significant role. It
should be also noted that more hydrophilic molecules like
morin, quercetin, and cyanidin share a certain inhibitory
effect indicating a more complex pattern of interaction with
the protein. On the basis of these results, we hypothesize
that, at least for thosemolecules showing amarked inhibitory
effect on redox activity, the contact region of interaction
between the flavonoid structure and PDIA3 should involve
the active site. However, since we used a simple substrate like
DiE-GSSG to measure the redox activity, we cannot exclude
that the inhibitory effect of all flavonoids could be different
towards more physiological substrates.

3.4. Effect of Flavonoids on the DNA Binding Property of
PDIA3. We also evaluated by EMSA analysis the effect of

all analyzed flavonoids on the DNA binding property of the
protein. None of tested flavonoids showed an appreciable
effect on the DNA binding activity of the protein, different
from what previously reported for galloylated catechins [30].
In that case, we hypothesized that the galloyl moiety on
the C3 position could prevent the DNA binding activity
interacting with a 𝛽-strand region close to the redox-active
site. Upon protein oxidation, such region can undergo to a
conformational change that is essential for the interaction
with the DNA [34]. In this report none of the molecules
analyzed have such effect. As proposed above, we suggest
that flavonoids interact with the same protein region con-
taining the tryptophan residues close to the active sites.
However, this interaction may differently extend depending
on the flavonoid structure and on specific contacts between
flavonoids functional groups and amino acidic residues on
the protein surface.

4. Conclusions

The interaction of different flavonoids with PDIA3 and their
effect on protein reductase activity were evaluated in a com-
parative analysis of protein intrinsic fluorescence quench-
ing. Eupatorin and eupatorin-5-methyl ether, flavones both
characterized by a mild polarity for the presence of several
methoxyl groups, showed the highest affinity for PDIA3 with
a 𝐾𝑑 near to 1.0 × 10−5M. The same molecules showed a
noticeable inhibitory effect on disulphide reductase activity
of PDIA3 but did not significantly affect its DNA binding
activity. The flavone backbone structure is characterized by
a more stable conformation where B and A rings are almost
parallel (Figure 8). This structure, associated with a definite
degree of polarity, due to the presence of several methoxyl
groups, seems to be an important feature to determine a good
affinity towards PDIA3. On the other hands, flavonols, which
are characterized by aB ringmainly positioned perpendicular
to the A ring, share a lower affinity. Therefore, the different
orientation of the B ring can modify the interaction with the
protein. Our data suggest that, different from what observed
for flavones, the binding of flavonols varies on the basis of the
presence and specific position of functional groups linked to
the backbone. Only morin and quercetin, among flavonols,
showed some inhibitory effect on PDIA3 redox activity even
if to a lesser extent than flavones eupatorin and eupatorin-5-
methyl ether. None of tested molecules prevent the binding
of PDIA3 to DNA.

We can hypothesize that flavones and flavonols interact
with a similar region of the protein involving the tryptophan
residues close to the redox site. Given that PDIA3 does not
contain any evident deep cavity or slot where this kind of
ligands can bind, the binding of flavonoids may occur mainly
via a flat interaction with the protein surface. Therefore, the
planarity of the molecule as well as the number and specific
position of its functional groups (hydroxyl, methoxyl, and
carbohydrates) will definitively play amajor role to determine
the affinity for the protein. This binding site is probably
similar but not equivalent to that of green tea galloylated
catechins, which, as previously reported, can bind to PDIA3
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Figure 8: 3D models of default conformers for eupatorin (CID 97214), quercetin (CID 5280343), and epigallocatechin gallate (CID 65064)
generated by PubChem. The estimated 𝐾𝑑 values that characterize the interaction of PDIA3 with the three flavonoids, the percentage of
inhibition of protein redox activity, and the effect on DNA binding are also reported (epigallocatechin gallate data were from Trnková et al.
[30]).

and to its isolated 𝑎 domain and prevent the interaction
with DNA [30]. The presence in these molecules of a galloyl
moiety linked to the C3 position is probably responsible
for a different type of interaction that may extend to a
protein region important to the contact with DNA (Fig-
ure 8). Another polyphenolic compound, the flavonolignan
silibinin, has been previously showed to bind PDIA3 with a
dissociation constant withinmicromolar range [47]. Silibinin
higher affinity may be explained by its larger size that allows
a better interaction with the surface of the protein. Since
silibinin has no effect on the redox activity and DNA binding
capability of PDIA3, we can expect that its binding involves a
further different region close to the active site.

In conclusion, eupatorin and eupatorin-5-methyl ether
represent leading compounds for the binding to PDIA3 and
for the inhibition of its redox activity. Further experiments
are required to better characterize the effect of flavonoids on
PDIA3 and to understand if some of the biological activities
of these compounds are depending on the interaction with
PDIA3. Previously studies showed that eupatorin exhibits
antiproliferative activity and apoptosis induction preferen-
tially in cancer cells [48, 49]. In addition, eupatorin behaves
as nonspecific inhibitor of several protein kinases, but its anti-
cancer effect can also depend on the ability to interfere with
angiogenesis through inhibition of VEGFRs [50]. A recent
study provides evidence regarding antiproliferative action of
eupatorin-5-methyl ether through a pathway that involves
activation of CYP1 enzymes [51]. Although previous reports
demonstrated antitumor properties of eupatorin-5-methyl
ether, the mechanism of action remains poorly understood
[52]. Since these flavones and PDIA3 are both involved in
proliferative and carcinogenic processes, our in vitro findings
on their interaction suggest that some of the biological effects
of flavones can be mediated by modulation of PDIA3 activity.
Additionally, this study will help to define and identify
compounds to be used as selective inhibitors/modulators of
PDIA3 biological activities.
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Acute pancreatitis (AP) is characterizedby early activation of intra-acinar proteases followed by acinar cell death and inflammation.
Cellular oxidative stress is a key mechanism underlying these pathological events. Sulforaphane (SFN) is a natural organosulfur
antioxidant with undescribed effects on AP.Here we investigatedmodulatory effects of SFN on cellular oxidation and inflammation
in AP. AP was induced by cerulean hyperstimulation in BALB/c mice. Treatment group received a single dose of 5mg/kg SFN for
3 consecutive days before AP. We found that SFN administration attenuated pancreatic injury as evidenced by serum amylase,
pancreatic edema, and myeloperoxidase, as well as by histological examination. SFN administration reverted AP-associated
dysregulation of oxidative stress markers including pancreatic malondialdehyde and redox enzymes superoxide dismutase (SOD)
and glutathione peroxidase (GPx). In acinar cells, SFN treatment upregulated nuclear factor erythroid 2-related factor 2 (Nrf2)
expression andNrf2-regulated redox genes including quinoneoxidoreductase-1, heme oxidase-1, SOD1, andGPx1. In addition, SFN
selectively suppressed cerulein-induced activation of the nucleotide-binding domain leucine-rich repeat containing family, pyrin
domain-containing 3 (NLRP3) inflammasome, in parallel with reduced nuclear factor- (NF-) 𝜅B activation andmodulated NF-𝜅B-
responsive cytokine expression. Together, our data suggested that SFN modulates Nrf2-mediated oxidative stress and NLRP3/NF-
𝜅B inflammatory pathways in acinar cells, thereby protecting against AP.

1. Introduction

Acute pancreatitis (AP) has long been considered as a disor-
der of pancreatic self-digestion, in which premature activa-
tion and retention of intracellular proteases induce acinar cell
injury and death [1, 2]. Local pancreatic inflammation follows
and when excessive, develops into systemic inflammatory
responses with multiple organ dysfunction involved, which
result in significantmorbidity andmortality [3]. Although the
precise mechanisms of AP remain incompletely understood,
a key role of oxidative stress, inflammatory cell infiltration,

and inflammatory mediators in the pathophysiology of AP
has been suggested [4].

Reactive oxygen species (ROS) and resultant oxidative
stress are reported to be important effectors in a wide variety
of inflammatory diseases, including AP [5, 6]. Under physio-
logical conditions, the detrimental ROS can be rapidly detox-
ified by endogenous enzymatic or nonenzymatic antiox-
idants. Antioxidant enzymes like superoxide dismutase
(SOD), glutathione peroxidase (GPx), nicotinamide adenine
dinucleotide phosphate (NADPH), quinoneoxidoreductase-
1 (NQO1), and heme oxidase-1 (HO-1) protect cells against
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oxidative stress [7]. Nuclear factor erythroid 2-related factor
2 (Nrf2), a member of the nuclear factor erythroid 2 family
of nuclear basic leucine zipper transcription factors, is a
master regulator of these constitutively expressed cytopro-
tective enzymes by binding to the antioxidant responsive
element (ARE) [8]. During AP, excessive production of ROS
and a decreased capacity of intrinsic antioxidative defense
system lead to peroxidation of lipidmembranes, cytoskeleton
disintegration, genetic alterations, and ultimately cell death
[9, 10]. Also, oxidative stress contributes to not only the
amplification of pancreatic damage but also the progression
of local inflammation to systemic inflammatory responses
[6].Therefore, supplementation with exogenous antioxidants
represents a beneficial therapeutic strategy or a useful adjunc-
tive option in the treatment of AP [11, 12].

Sulforaphane (SFN) is a naturally occurring isothio-
cyanate,mainly present in broccoli and other cruciferous veg-
etables, and consumed widely as a regular dietary component
[13]. SFN is known to be important in the maintenance of
cellular redox balance [14] and has earlier been used as an
effective phytochemical antioxidant in studies of gastroin-
testinal and pulmonary diseases [15–17]. In addition, SFN has
been reported to inhibit multiple inflammasomes in immune
cells [18]. Recent findings indicate that the nucleotide-
binding domain leucine-rich repeat containing family, pyrin
domain-containing 3 (NLRP3) inflammasome, provides the
link between acinar cell death and inflammation during the
development of AP; and activation of NLRP3 inflammasome
is involved in the development of AP [19], which is inhibited
by antioxidants like hydrogen-rich saline [12].

In light of recent advances, however, the therapeutic
potential of SFN inAPor themechanism thereof is unknown.
In the present study, therefore, we investigated modulatory
effects of SFN as a ROS scavenger and anti-inflammatory
nutrient compound in cerulein-induced AP and the under-
lying cellular mechanisms.

2. Methods

2.1. Animals. All animal experiments were approved by the
Jiangnan University Institutional Animal Ethics Committee
and carried out in compliancewith national and international
(Declaration of Helsinki) guidelines for the Care and Use of
Animal Laboratory Animals. BALB/c mice (20–25 g) were
divided randomly into control or experimental groups and
housed in the Animal Housing Unit of Jiangnan University
under a 12-hour light/dark cyclewith unlimited access to food
and water. All mice were adjusted to laboratory conditions
over the course of 1 week prior to the experiments.

2.2. Induction of AP & Pretreatment with SFN. BALB/c
mice received 8 hourly intraperitoneal (i.p.) injections of
0.9% wt/vol saline or saline containing 50𝜇g/kg body wt
of cerulein (Sigma-Aldrich, St. Louis, USA), as described
previously [1]. To examine the biological effects of SFN (LKT
Laboratories, St. Paul, USA), mice were treated with SFN
(5mg/kg, i.p.) dissolved in 0.9% wt/vol saline once a day
for 3 consecutive days before the induction of AP [1, 17,
20]. Animals were sacrificed by an i.p. injection of a lethal

dose of pentobarbitone 1 hour after the final cerulein or
saline injection. Samples of pancreas and blood were rapidly
harvested. Quantification of pancreatic injury was performed
on circulating amylase activity, pancreatic water content,
pancreatic myeloperoxidase activity, and morphologic extent
of acinar cell injury as described previously [21].

2.3. Determination of Pancreatic Water Content. The water
content of the pancreas was quantified by comparing the
weight of the freshly harvested samples of pancreas (wet
weight) with the weight of the same samples after desiccation
at 60∘C for 72 hours (dry weight) [22]. The results were
expressed as percentage water content.

2.4. Determination of Serum Amylase Activity. Fresh blood
was collected by removing eyeball. Following centrifugation,
serum was removed and kept frozen at −80∘C until assayed.
Serum amylase activity was assessed with a commercially
available kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) based on the use of amylon as the substrate
for 𝛼-amylase. The indine can be combined with unhy-
drolyzed amylon and build some blue compounds; we can
calculate the AMS activity according the blue compounds
from hydrolyzed amylon. The soluble chromogen in 0.1mL
of serum was measured spectrophotometrically at 660 nm.
The absorbance was linear with enzyme activity following the
manufacturer’s instructions.

2.5. Quantification of Pancreatic Myeloperoxidase (MPO)
Activity. Sequestration of neutrophils within the pancreas
was evaluated by measuring pancreas MPO activity [23].
The MPO assay kit was purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). Pancreas samples
were weighed and homogenized in 0.86% wt/vol saline on
ice for determination of pancreas MPO activity and other
studies. Tissue homogenates for studies of lipid peroxidation
and cytokines were centrifuged at 4∘C at 500×g for 10min
and 14,000×g for 15min, respectively. Aliquots of the clear
supernatants were used for each assay. MPO activity was
assessed spectrophotometrically at 460 nm. The results were
expressed as the activity U/g wet tissue.

2.6. Determination of Malondialdehyde (MDA), SOD, and
GPx. MDA, a reliable marker of lipid peroxidation, was
measured using the thiobarbituric acid (TBA) method, with
1,1,3,3-tetramethoxypropane as a standard [24]. Briefly, 2mL
of fresh solution with 15% w/v trichloroacetic acid (TCA),
0.375% w/v TBA, and 0.25mL/L HCl was added to 1mL
of 10% pancreas homogenate with 1.15% KCl. The mixture
was heated at 95∘C for 15min, cooled to room temperature
using tap water, and centrifuged at 300×g for 5min. The
supernatant was collected in plastic tubes and centrifuged at
9000×g for 30min. Absorption of the pink supernatant was
determined spectrophotometrically at 532 nm.Theamount of
MDA was expressed as nmol/mg wet tissue. SOD and GPx
levels in homogenized pancreas tissue were measured using
commercial kits (Nanjing JianchengBioengineering Institute,
Nanjing, China).
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2.7.Determination of Pancreatic IL-1𝛽 andTGF-𝛽Protein Lev-
els. Pancreatic IL-1𝛽 and TGF-𝛽 levels were measured with
ELISA kits from Dobio Biology Technology Inc (Shanghai,
China) according to the manufacturer’s protocol. Samples
were measured with a microplate reader Multiskan GO
(Thermo Fisher Scientific Inc, Vantaa, Finland).

2.8. Histological Studies and Evaluation of Pancreatic Mor-
phology. For morphological analysis, small pieces of the
pancreas sampleswere fixed in 4%neutral paraformaldehyde,
embedded in paraffin, and sectioned.The 4𝜇m thick sections
were stained with hematoxylin and eosin (H&E) for routine
histology as previously described [25]. For H&E staining,
sections were stained with hematoxylin for 10min, washed,
and stained with 0.5% eosin for an additional 5min. After
a washing step with water, the slides were dehydrated in
70%, 96%, and 100% ethanol and then in xylene. Pancreatic
injury was examined by random selection of microscopic
fields of each tissue sample and evaluated based on the pres-
ence of acinar cell degeneration, edema, and infiltration of
inflammatory cells, which are markers of pancreatic damage
and inflammation. Representative graphs were selected by
blinded investigators unknown of the sample groups.

2.9. Immunohistochemistry. Immunostaining was performed
on 4𝜇m thick sections after deparaffinization as described
above. Microwave antigen retrieval was performed in citrate
buffer (pH 6.0) for 10min prior to peroxidase quenching
with 3% H

2
O
2
in PBS for 10min. Sections were then washed

in water and preblocked with 5% BSA for 1 hour. In the
primary antibody reaction, slides were incubated for 1 hour
overnight at 4∘C in a 1 : 500 dilution of antibody. The sections
were then incubated with goat anti-rabbit HRP-conjugated
secondary antibody for 1 hour at room temperature. Follow-
ing a washing step with PBS, streptavidin-HRP was applied.
Finally, the sections were developed with diaminobenzidine
tetrahydrochloride substrate for 10min and counterstained
with hematoxylin. Slides were scanned by Pannoramic MIDI
Digital Slide Scanner (3D-Histech Co., Ltd., Budapest, Hun-
gary) and images were captured.

2.10. Preparation and Treatment of Mouse Primary Pancreatic
Acinar Cells. Mouse pancreatic acinar cells were freshly
isolated by collagenase digestion as described previously [26].
Briefly, pancreas from BALB/c mice (20–25 g) were removed,
infusedwith collagenase solution (HBSS 1x containing 10 mM
HEPES, 200U/mL of collagenase, and 0.25mg/mL of trypsin
inhibitor), and incubated in a shaking water bath for 20∼
30min at 37∘C. The digested tissue was centrifuged and
washed twice with cold buffered washing solution (HBSS 1x
containing 5% FBS and 10mMHEPES). A cell suspension in
complete medium consisting of only small clumps, around
3–5 acinar cells, was used to carry out the following experi-
ments.These pancreatic acinar cells were pretreatedwith SFN
at a concentration of 10𝜇M for 30min and then stimulated
with 0.5 𝜇Mcerulein for 1 hour at 37∘C [27, 28] afterwhich the
acinar cells were subjected to ROS assay, RNA isolation for
quantitative real-time PCR analysis, and protein extraction
for western blot analysis, respectively.

2.11. ROS Assays. After treatment with cerulein in the
absence or the presence of SFN, pancreatic acinar cells
were incubated with fluorescence dye DCFH-DA (Sigma-
Aldrich, St. Louis, USA) in the dark for 30min at 37∘C [29].
Then, the cells were washed with PBS three times. Fluo-
rescence absorbance was detected with excitation/emission
wavelengths of 488 nm/543 nm and relative ROS level was
expressed as the mean percentage of fluorescence absorbance
in treated versus control cells.

2.12. RNA Isolation and Quantitative Real-Time PCRAnalysis.
For Q-PCR analysis of adhesion mRNA expression, total
cellular RNA was extracted from the pancreatic acinar cells
using TRIzol reagent (Invitrogen, Carlsbad, CA) following
the manufacturer’s instructions with some modifications.
Briefly, after treatment, cells were immediately homogenized
in TRIzol. Following centrifugation, phase separation was
achieved with chloroform. The aqueous phase was trans-
ferred to a new microfuge tube and RNA was precipitated
by adding isopropyl alcohol. After RNA was pelleted by
centrifugation (12,000×g for 10min at 4∘C), the pellet was
washed twice in 70% ethanol, air-dried, and dissolved in
RNase-free water. 1 𝜇g of total RNAwas reversely transcribed
into cDNA by the PrimeScript� RT reagent kit with gDNA
Eraser (Takara, Tokyo, Japan), according to the manufactur-
ers’ instructions. Quantitative real-time PCR amplification
was carried out using the iTaq� Universal SYBR Green
Supermix (Bio-Rad, CA, USA) and the specific primers
(Table 1) were carried out on the Bio-Rad CFXConnect Real-
time System (Bio-Rad, Hercules, CA). The PCR reactions
were performed at 95∘C for 5min and subjected to 40 cycles
of 95∘C for 15 s and 60∘C for 60 s. The relative levels of each
target gene mRNA transcripts to the control were calculated
using the comparative 2−ΔΔCT method.

2.13. Preparation of Nuclear and Cytosolic Cell Extract or
Whole-Cell Lysates forWesternBlotAnalysis. After treatment,
pancreatic acinar cells were homogenized on ice in radio
immunoprecipitation assay lysis buffer supplemented with
protease inhibitor cocktail and phosphatase inhibitor cocktail
(Sangon Biotech, Shanghai, China) and centrifuged at 4∘C
for 15min at 14,000 rpm. The supernatants were collected
as whole-cell lysates and stored at −80∘C. Cell nuclear
fractions and cytosolic fraction were subsequently prepared
using a commercial kit (Beyotime, Shanghai, China). Protein
concentrations were determined by the BCA Protein Assay
Kit (Thermo Fisher Scientific).

2.14. Western Blotting for Nrf2, p65, and NLRP3 Inflamma-
some. Different extracted proteins were separated by 10% or
12% SDS-PAGE and the resolved proteins were transferred
to a PVDF membrane. The membrane was blocked with
5% w/v nonfat dry milk in TBS-T (0.1% Tween 20 in TBS).
The membrane was then incubated with a 1 : 500 dilution
of primary antibody. Antibodies against Nrf2, p65 subunit
of NF-𝜅B (NF-𝜅B p65), p20 subunit of caspase-1 (casp-1-
p20), and cleaved IL-1𝛽 were obtained from Santa Cruz
Biotechnology (CA, USA), and antibody against NLRP3 was
obtained from Cell Signaling Technology (Beverly, USA).
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Table 1: Specific primers for qRT-PCR.

Target gene Forward Reverse
Nrf2 5-TCCGCTGCCATCAGTCAGTC-3 5-ATTGTGCCTTCAGCGTGCTTC-3

NQO1 5-CAAGTTTGGCCTCTCTGTGG-3 5-AAGCTGCGTCTAACTATATGT-3

HO-1 5-AACAAGCAGAACCCAGTCTATGC-3 5-AGGTAGCGGGTATATGCGTGGGCC-3

SOD1 5-TGGGTTCCACGTCCATCAGTA-3 5-ACCGTCCTTTCCAGCAGTCA-3

GPx1 5-TCAGTTCGGACACCAGGAGAA-3 5-CTCACCATTCACTTCGCACTTC-3

TNF-𝛼 5-AGGGTCTGGGCCATAGAACT-3 5-CCACCACGCTCTTCTGTCTAC-3

IL-1𝛽 5-CTGAACTCAACTGTGAAATGC-3 5-TGATGTGCTGCTGCGAGA-3

IL-6 5-CTCTGCAAGAGACTTCCATCCAGT-3 5-GAAGTAGGGAAGGCCGTGG-3

TGF-𝛽 5-GAACCAAGGAGACGGAATACAG-3 5-AACCCAGGTCCTTCCTAAAGTC-3

𝛽-actin 5-GGCTGTATTCCCCTCCATCG-3 5-CCAGTTGGTAACAATGCCATGT-3

After thorough washing with TBS-T, a 1 : 2000 dilution of goat
anti-rabbit or rabbit anti-goat HRP-conjugated secondary
antibody in TBS-T was applied to the membrane and the
blot was developed using the Pierce� ECL Western Blotting
Substrate (Thermo Fisher Scientific) before exposure using
FluorChem system. Histone and tubulin (Cell Signaling,
Beverly, USA) were applied as internal controls for nuclear
and cytosolic proteins, respectively. The intensity of bands
was quantified using AlphaView SA software.

2.15. Statistical Analysis. All experimental data are expressed
asmean ± SEM values. Statistical analyses were performed by
independent 𝑡 test when data consisted of only two groups or
by one-way analysis of variance (ANOVA) when more than
two groups were compared. A 𝑃 value less than 0.05 was
considered as a statistically significant difference.

3. Results

3.1. SFN Ameliorated Pancreatic Damage in Cerulein-Induced
AP in Mice. As shown in Figures 1(a) and 1(b), pancreatic
injury inmice with APwas confirmed by high levels of serum
amylase and elevated pancreatic water content. Mice were
administered SFN (5mg/kg, i.p.) 3 days before AP induction
by cerulein hyperstimulation. Prophylactic treatment with
SFN attenuated pancreatic edema and serum amylase levels
when compared with mice treated with cerulein alone. MPO
is an enzyme principally located in neutrophil azurophilic
granules and in monocyte lysosomes and is therefore used to
measure the extent of such cell infiltration into tissues [25].
MPO activities of SFN-treated mice were reduced by 2.7-fold
in comparison with cerulein-inducedmice (Figure 1(c)). His-
tological examination of pancreas sections further confirmed
the protection of SFN to cerulein-induced pancreatic damage
(Figure 1(d)).

3.2. SFN Inhibited Oxidative Stress in the Pancreas during
Cerulein-InducedAP. MDA, SOD, andGPxwere analyzed in
pancreas tissue homogenates as an indicator of lipid peroxi-
dation and activity of antioxidant enzymes. Induction of AP
with cerulein that resulted in elevation of MDA and pancre-
atic MDA inmice treated with SFNwas reduced as compared

with that in cerulein only-treated mice (Figure 2(a)). SOD
and GPx are antioxidant enzymes responsible for scavenging
toxic metabolites generated by free radicals. As shown in
Figures 2(b) and 2(c), pancreatic SOD and GPx in the
cerulein-induced groupwere significantly lower than those in
the control group. Treatment with SFN caused elevated levels
of the two antioxidant enzymes compared with cerulein-
treated mice.

3.3. Nrf2 Activation Is Associated with SFN-Induced Inhibition
of Oxidative Stress in Pancreatic Acinar Cells. Nrf2 is a
redox-sensitive transcription factor that becomes activated
and translocates into the nucleus in response to oxidative
stress [25]. To determine whether the Nrf2/ARE pathway
contributed to the induction of antioxidant enzymes by SFN,
we investigated the mRNA level and protein expression of
Nrf2 in mouse primary pancreatic acinar cells. As shown
in Figure 3(a), the mRNA expression level of Nrf2 in the
cerulein-induced pancreatic acinar cells was lower than
control cells. Nrf2 mRNA expression in cells treated with
SFNwas significantly elevated compared to cerulein-induced
cells. In addition, SFN treatment increased nuclear translo-
cation of Nrf2 compared with the cerulein-induced group
(Figure 3(b)). To determine if Nrf2-regulated genes could be
induced by SFN in cerulein-inducedAP,mRNAexpression of
NQO1, HO-1, SOD1, and GPx1 was determined in cerulein-
induced pancreatic acinar cells by Q-PCR. As shown in
Figure 3(c), NQO1,HO-1, SOD1, andGPx1mRNAexpression
in cells treated with SFN were all significantly higher than
those of cerulein-induced group. Finally, we measured ROS
levels to determine the effect of Nrf2 on oxidative stress
(Figure 3(d)). Levels of ROS produced by cerulein-stimulated
pancreatic acini cells were higher than those observed with
unstimulated pancreatic acini. Notably, pretreatment of acini
cells with 10𝜇M SFN significantly decreased ROS levels in
cerulein-stimulated acini cells.

3.4. SFN InhibitedNF-𝜅BActivation andDecreased Expression
of Proinflammatory Cytokines in Cerulein-Treated Pancre-
atic Acinar Cells or Mice with AP. As the transcription
factor NF-𝜅B is activated early in acinar cells during AP
and regulates expression of multiple inflammation-related
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Figure 1: SFN administration protects against cerulein-induced AP in mice. The administration of SFN (5mg/kg) in mice significantly
attenuatedthe increase of serumamylase activity (a), pancreatic water content ((b) indicator of edema), pancreaticMPOactivity ((c) indicator
of leukocyte infiltration), and pancreatic acinar cell necrosis ((d) morphological examination), induced by cerulein. Values are expressed as
mean ± SEM. ∗∗𝑃 < 0.01 and ∗∗∗𝑃 < 0.001 when cerulein-induced mice were compared with control mice. #𝑃 < 0.05 and ##

𝑃 < 0.01 when
SFN-treated AP mice were compared to cerulein-inducedmice.
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Figure 2: Effect of SFN administration on pancreatic levels of MDA, SOD, and GPx in mice with cerulein-induced AP. (a) Pancreatic MDA
level (indicator of lipid peroxidation) after SFN treatment in mice with cerulein-induced AP was measured using the thiobarbituric acid
(TBA) method. (b, c) Pancreatic levels of the SOD and GPx (antioxidant enzymes responsible for scavenging toxic metabolites generated by
free radicals) after SFN treatment in mice with cerulein-induced AP were measured using commercial kits as described in Methods. Values
are expressed as mean ± SEM. ∗𝑃 < 0.05 and ∗∗∗𝑃 < 0.001 when cerulein-induced mice were compared with control mice. #𝑃 < 0.05 and
##
𝑃 < 0.01 when SFN-treated AP mice were compared to cerulein-inducedmice.

genes [30], we assessed the effects of SFN on NF-𝜅B acti-
vation and the expression of proinflammatory genes in
cerulein-induced mouse primary pancreatic acinar cells. As
shown in Figure 4(a), mRNA expression of proinflammatory
mediators including tumor necrosis factor-alpha (TNF-𝛼),
interleukin- (IL-) 1𝛽, and IL-6, upregulated in cerulein-
induced mouse primary pancreatic acinar cells, was signif-
icantly reduced by SFN. ELISA analyses further confirmed
that SFN inhibited proinflammatory cytokine (IL-1𝛽) pro-
duction and increased anti-inflammatory cytokine (TGF-𝛽)
production (Figures 4(b) and 4(c)) in mice with cerulein-
induced AP. Subsequently, we assessed whether SFN had any
effect on NF-𝜅B activation in cerulein-induced pancreatic
acinar cells by western blot analysis. SFN treatment attenu-
ated nuclear translocation of phosphor-p65 compared with
cerulein-induced group (Figure 4(d)). Modulatory effect of
SFN on p65 translocation was also observed by immuno-
histochemical staining and examination in mice. As shown

in Figure 4(e), SFN administration attenuated enhanced p65
expression as well as its nuclear translocation induced by
cerulein.

3.5. SFN Inhibited NLRP3 Inflammasome Activation in
Cerulein-Stimulated Pancreatic AcinarCells. As an important
component of innate immune system, the NLRP3 inflam-
masome is involved in the development of inflammation
duringAP [19] and has been shown to regulate thematuration
and release of IL-1𝛽 [31]. We have observed that augmented
secretions of IL-1𝛽 in both AP mice and cerulein-stimulated
pancreatic acinar cells were substantially suppressed by the
treatment of SFN. Next, we assessed the effect of SFN on the
activation of NLRP3 pathway in cerulein-induced pancreatic
acinar cells. Cerulein stimulated the expression of NLRP3,
casp-1-p20, and cleaved IL-1𝛽 in pancreatic acinar cells. SFN
treatment markedly suppressed the expression of NLRP3
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Figure 3: Effect of SFN administration on Nrf2 and Nrf2-regulated antioxidant enzyme expression and production of ROS during cerulein-
induced AP. (a) The mRNA levels of Nrf2 after SFN treatment in cerulein-stimulated pancreatic acinar cells were measured by quantitative
real-time PCR. (b) Expression of protein of nuclear Nrf2 by SFN in cerulein-treated pancreatic acinar cells was measured by western blot. (c)
The mRNA expression of NQO1, HO-1, SOD1, and GPx1 after SFN treatment in cerulein-induced pancreatic acinar cells was measured by
quantitative real-time PCR. (d) Lastly, the effect of SFN on the production of ROS in cerulein-treated pancreatic acinar cells was detected by
fluorescence absorbance. Values are expressed as mean ± SEM. ∗∗𝑃 < 0.01 and ∗∗∗𝑃 < 0.001 when cerulein-induced group was compared
with control group. #𝑃 < 0.05, ##𝑃 < 0.01, and ###

𝑃 < 0.001 when SFN-treated group was compared to cerulein-induced group.

signaling proteins, suggesting its anti-inflammatory effects by
inhibiting NLRP3 inflammasome activation (Figure 4(f)).

4. Discussion

Thepresent study demonstrated that SFN protected cerulein-
induced AP in mice by upregulating antioxidant enzymes
including NQO1, HO-1, SOD, and GPx through Nrf2 acti-
vation. In addition, SFN attenuated inflammation in AP by
inhibiting NLRP3 and NF-𝜅B inflammatory pathways. Thus,
the dietary isothiocyanate compound SFN harbors posi-

tive modulatory effects on experimental AP by suppressing
Nrf2-mediated oxidative stress as well as NLRP3 and NF-
𝜅B inflammatory responses.

AP is characterized by premature activation of pancreatic
enzymes leading to self-digestion, cellular inflammation,
and damage. Accumulating evidence has demonstrated that
oxidative stress is closely related and causative to the inflam-
matory responses and associated tissue damage [4–6, 9, 10].
Thus it is promising to seek a novel management strategy that
focuses on antioxidant intervention, particularly during the
early phase of AP, to prevent the development of SIRS and
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Figure 4: Continued.
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Figure 4: SFN modulates expression of inflammatory mediators, NF-𝜅B activity, and NLRP3 inflammasome during cerulein-induced AP.
(a) The mRNA levels of pancreatic IL-1𝛽, IL-6, TNF-𝛼, and TGF-𝛽 after SFN treatment in cerulein-stimulated pancreatic acinar cells were
measured by quantitative real-time PCR. (b, c) Correspondently, the protein levels of IL-1𝛽 and TGF-𝛽 were determined using quantitative
ELISA kits. (d) The effect of SFN on phosphor-p65 protein expression in cerulein-treated pancreatic acinar cells was measured by western
blot. (e)NF-𝜅Bp65 protein expression in cerulein-inducedmicewas determined by immunohistochemistry. (f)The effect of SFNon cerulein-
induced NLRP3 inflammasome activation was evaluated by detecting the protein levels of NLRP3, caspase-1-p20, and cleaved IL-1𝛽 in
cerulein-induced acinar cells by western blot assay. Values are expressed as mean ± SEM. ∗∗𝑃 < 0.01 and ∗∗∗𝑃 < 0.001 when cerulein-
induced group was compared with control group. #

𝑃 < 0.05, ##
𝑃 < 0.01, and ###

𝑃 < 0.001 when SFN-treated group was compared to
cerulein-induced group.

MODS. Interestingly, SFN as a highly effective phytochemical
antioxidant in a number of pathophysiological studies has not
been evaluated in AP [15–17].

SFN is an isothiocyanate derivative of its precursor
glucoraphanin, a glucosinolate found in high amounts in
broccoli and other Brassica species [32]. Kinetic studies of
SFN in mice after consumption of SFN-enriched broccoli
sprouts found that it was readily released, quickly absorbed,
and distributed throughout the tissues [33, 34]. Following
direct oral gavage of SFN in Nrf2 knockout and wild-type
mice, its metabolites were detected in all tissues at 2 and
6 h after gavage. Furthermore, the relative abundance of each
metabolite was not strikingly different between genders and
genotypes [35]. These data suggest that SFN is bioavailable
and may be an effective dietary antioxidant agent for several
tissue sites. In previous studies, the treatment of SFN used
as an antioxidant or a chemotherapy agent varies from hours
in vitro to 1 week or several weeks in vivo [36–38]. Here
a significant effect of SFN was observed with prophylactic
treatment of 3 days prior to AP induction. Functionally, it
has been suggested that SFN has protective roles in gastritis
[15], acute colitis [16], and pulmonary damage [17], as well
as for prevention of pancreatic cancer [20] and other cancers
[39, 40]. In the present study, we extended the protective
effects of SFN to cerulein-induced AP model as evidenced
by attenuation in pancreatic edema and increases in serum

amylase and pancreatic MPO levels and confirmed by his-
tological examination of pancreas sections. Subsequently, we
confirmed the antioxidant effects of SFN by measuring the
levels ofMDA,which is a reliablemarker of lipid peroxidation
and the endogenous antioxidant enzymes SOD and GPx in
cerulein-induced AP. We found that, in mice with AP, SFN
pretreatment caused a significant decrease in tissueMDA lev-
els, accompanied with a significant increase in SOD and GPx
activities. Indeed, SFN countered cerulein-induced increase
in lipid peroxidation and decrease in antioxidative capacity.

SFN has been known as a potent activator of Nrf2, a
major regulator of the constitutively expressed cytoprotective
enzymes in various tissues and cell types [41, 42]. Nrf2 plays
a critical role in maintaining cellular redox balance. Once
activated, Nrf2 can escape from its cytosolic repressor Keap1-
mediated proteasomal degradation. Stabilized Nrf2 translo-
cates to the nucleus, where it binds to specific promoter
sequences ARE and regulates the expression of a set of
detoxifying and antioxidant enzymes [25].

NQO1, HO-1, SOD, and GPx are the most important
antioxidant enzymes of Nrf2/ARE signaling pathway [43].
Activation of Nrf2/ARE and its downstream genes has been
shown to protect against organ damage in ischemia/reper-
fusion injury [44, 45]. However, pathophysiological mecha-
nisms of different conditions, severity, and progression point
to differential effects onNrf2 expression [46, 47]. In our study,
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Figure 5: A schematic representation of the modulatory effects of SFN on cellular oxidative and inflammatory pathways during AP. Cerulein
induces oxidative stress and inflammation in primary acinar cells or mice with AP. Prophylactic treatment of SFN restored steady-state
pancreatic levels of MDA and redox enzymes including GPx and SOD, which were dysregulated towards enhanced oxidative state during
AP. Furthermechanistic investigation revealed that SFN enhanced the expression of Nrf2 in pancreatic acinar cells and Nrf2-regulated genes
including NQO1, HO-1, SOD1, and GPx critical in the pathogenesis of AP. Moreover, SFN selectively suppressed cerulein-induced activation
of NLRP3 inflammasome in pancreatic acinar cells, in parallel with decreased NF-𝜅B activity and reduced expressions of IL-1𝛽, TNF-𝛼, IL-
6, and TGF-𝛽. Together, SFN suppresses oxidative stress and inflammatory responses via Nrf2 and NLRP3 NF-𝜅B pathways, respectively,
thereby protecting AP.

Nrf2 expression in cerulein-treated mouse primary acinar
cells was low compared with the untreated control, which
was similar to what has been reported in cerulein-induced
AP in rats [25]. SFN pretreatment to cerulein hyperstimu-
lation induced Nrf2 activation and its nuclear translocation
(Figure 3). These results are in agreement with previous
reports in experimental autoimmune encephalomyelitis and
in arsenic-induced pulmonary damage [17, 48]. In addition
to Nrf2 activation, we observed the increase of NQO1, HO-1,
SOD1, and GPx1 expression in cerulein-stimulated primary
acini. Similar results have been reported in melatonin-
induced antioxidant responses in mouse acinar cells [49].
Moreover, SFN has been reported to augment the cellular
antioxidant defense capacity via the Nrf2/ARE signaling in
pancreatic beta cells [50]. Hence, SFN is able to trigger the
accumulation of Nrf2 in the nucleus to promote transcription
of target genes including NQO1, HO-1, SOD1, and GPx1 in
pancreatic acinar cells following cerulein-induced injury.

Suppression of inflammatory processes is key to the con-
trol of AP and its systemic complications. NF-𝜅B is a critical
regulator of inflammation-related genes in the pancreas [51].
Activation of NF-𝜅B in acinar cells worsens pancreatitis
severity in mice [30] and cerulein-induced pancreatitis is
found to be attenuated in NF-𝜅B-deficient mice [52]. In
addition, there has been a close relation between Nrf2 and
NF-𝜅B activation. Nrf2-deficient mice display increased NF-
𝜅B activation and disruption of Nrf2 causes enhanced NF-𝜅B
activity and proinflammatory cytokine production [53, 54].
Here, we demonstrated that SFN decreased production of
inflammatory mediators including TNF-𝛼, IL-1𝛽, and IL-6
and inhibited NF-𝜅B activation in cerulein-treatment acini or
mice. These results are in line with previous reports in other
models of inflammation [15, 16, 55].

Recently, NLRP3 inflammasome has emerged as an
important player in the pathogenesis of AP [19]. Reduction
of oxidative stress by the antioxidant hydrogen suppressed
activation of NLRP3 inflammasome and maturation of IL-
1𝛽 that have deepened current understanding of antioxi-
dants in managing AP [12]. Our data revealed that NLRP3
inflammasome activation is associated with cerulein-induced
inflammation in acini and suppressed by SFN. Earlier reports
have suggested that SFN inhibited caspase-1 cleavage and
IL-1𝛽 maturation for the NLRP1b, NLRP3, NAIP5/NLRC4,
and AIM2 inflammasomes in immune cells [18]. This study,
for the first time, has demonstrated that SFN blocked the
NLRP3 inflammasome activation in cerulein-induced pan-
creatic acini.

In conclusion, SFN attenuated pancreatic damage by
exerting antioxidant defensive activities through the Nrf2
pathway and anti-inflammatory effects by inhibition of
NLRP3 inflammasome and NF-𝜅B during AP (Figure 5).
Brassica-derived isothiocyanate SFNmay therefore represent
a beneficial nutrient compound that can be used inmanaging
AP.
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Correspondence should be addressed to Daniel Załuski; daniel zaluski@onet.eu

Received 12 July 2016; Revised 31 August 2016; Accepted 18 September 2016

Academic Editor: Ilaria Peluso

Copyright © 2016 Daniel Załuski et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In the past two decades public interest in herbal products has increased significantly in Europe, especially in the plant-based
products from non-European traditions. Eleutherococcus senticosus has been used for the treatment of inflammatory diseases,
anemia, and rheumatoid arthritis. The Eleutherococcus senticosus fruits intractum was examined for the content of phenolic acids
(LC-ESI-MS/MS), minerals (AAS), TPC, and TFC (spectrophotometric assay). The antioxidant activity was determined using free
radical scavenging assay and TLC-DB-DPPH∗ dot-blot test. An anti-Hyal activity was evaluated by the spectrophotometric assay
method. Cytotoxicity towards HL-60, HL-60/MX1, HL-60/MX2, CEM/C1, and CCRF/CEM leukemic cell lines was done using
trypan blue test. Among eight phenolic acids, trans-caffeic acid was found in the largest amount (41.2mg/gDE). The intractum
presented a high amount ofmacroelements (Ca,Mg, K; 1750, 1300, and 21000mg/kg) andmicroelements (Fe,Mn; 32.7, 54.3mg/kg),
respectively. The content of TPC and TFC was 130 and 92mg/g DE, respectively. The intractum showed anti-Hyal activity (2.16–
60%) and an antioxidant capacity (EC

50
; 52 𝜇g/mL).The intractummost strongly inhibited the growth of HL-60, HL-60/MX1, and

CCRF/CEM. A better understanding of the intractum health benefits is important in order to increase its utility and enrich dietary
sources of health promoting compounds.

1. Introduction

Plant-based products have been used to manage various
ailments for the centuries in different ethnic communities of
the world. Nowadays, such products are used in developed
and developing countries separately and/or together with
synthetic drugs. It is established that about 120 plant derived
compounds are used in western medicine, and about 80% of
the world population uses medicinal plants in primary health
care [1].

Eleutherococcus senticosus (Rupr. et Maxim.) Harms,
called Siberian ginseng, is a medicinal plant with a long
history of use (by the Chinese for over 2000 years). The
plant has been recognized as an adaptogen, similarly to Panax

ginseng [C. A. Meyer. (Araliaceae)], Schisandra chinensis
[Turcz. Baill (Schisandraceae)], orAralia mandshurica [Rupr.
et Maxim. (Araliaceae)].

In the Chinese and Russian ethnomedicine, its use was
empirical, because people used to believe that it was a panacea
that promoted longevity, with beneficial effects for the treat-
ment of physical fatigues.The fruits have been used for a long
time as an ingredient of the fermented wine, the leaves as a
tonic, as a functional beverage marketed for reducing liver
damage, and accelerating alcohol detoxification [2–5].

At present, in China the ethanol extract of the roots
is a popular health supplement for weakness, diseases con-
nected with inflammation (rheumatism, haemorrhoids), and
impotence. It was reported that, in the Olympic Games,
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the players of the Old Soviet Union have increased records
after administering the E. senticosus roots products [6, 7].
According to Załuski’s previous studies, the fruits of that
species cultivated in Poland, act as antioxidants, inductors
of the apoptosis in Jurkat 45 and HL60 leukemic cell lines,
and inhibitors of MMP-1, MMP-2, MMP-3, and MMP-9
[8, 9].

The Eleutherococcus senticosus products attract global
attention as a novel medicinal plant and since a few years
have become popular as dietary supplement in the United
States and European countries. Imported products of this
plant have become available in North America, with amarket
share of 3.1% of the $12 billion medicinal herbal industry.
The 1994DSHEA (Dietary SupplementHealth and Education
Act) regulation allows a direct commercialization of E.
senticosus as a supplement for consumption in the United
States without the regulation of the FDA (Food and Drug
Administration).With the increased awareness of developing
countries that the study of traditional medicines and finding
new leads is important, there is a need to avoid imported
expensive eastern medicines and to estimate a new source
of some eastern herbs in Europe. Preparations of the roots
of E. senticosus are given in cases of asthenia with weakness
and fatigue, for example, in convalescence. This indication
has been officially accepted by the Community Herbal
Monograph on Eleutherococcus senticosus (Rupr et Maxim)
Maxim Radix (EMEA/HMPC/244569/2006), published by
the European Medicines Agency. The clinical application
of E. senticosus is generally considered safe; however, the
European Community Herbal Monograph states “arterial
hypertension” as a contraindication [5–7].

The roots of E. senticosus are source of phenols, called
eleutherosides (derivatives of lignans, coumarins, and phe-
nylpropanoids), flavonoids (hyperin, rutin, afzelin, quercetin,
and kaempferol), phenolic acids, triterpenic acids, and antho-
cyanins (Figure 1). Compounds isolated from the fruits
belong to eleutherosides (eleutherosides B and E), flavonoids,
phenolic acids, and essential oil (0.3%, v/d.w.). The dried
fruits, consumed as food, are rich in Ca, Mg, Mn, Zn, and
Cu. In the leaves, flavonoids (quercetin, quercitrin, and rutin)
have been identified [8–11].

Eleutherococcus senticosus is an example of one such
species, whose activity and chemistry are yet to be studied
in more detail, especially the species harvested in different
places. The Eleutherococcus senticosus products, which are
available in the herbal drugs market, are imported from
China. Because of a lack of the assessment of plant material
there have been many cases of the poor quality of plants
supplied by Chinese traders, leading to financial losses
for some pharmaceutical companies. For example, 26% of
products prepared, among others, from E. senticosus did not
meet label claims with respect to the claimed eleuthero-
sides content [12]. To avoid that, the establishment of the
new source of important medicinal plants in Europe is
required. As a major part of western medicine has been
developed from traditional knowledge, it makes sense to
first of all look to our ancestors’ knowledge and study that
with all the novel concepts and source of the plant mate-
rial.

The chemical compounds and biological activity of plants
depend on the geographical zone of the growth. This species
is successfully cultivated at the botanical garden in Rogów,
which lies in the Central Polish Lowlands region with geo-
graphic data such as 51∘ 49N and 19∘ 53E.The average, long-
term temperature is −20.1∘C, what classified the garden to the
6bth subclimate (according to USDA Frost Hardiness Zones)
and to the second zone according to the Kórnik’s category.
These plants are grown on the acidic, luvic, and sandy soils
[13].

In view of several ethnopharmacological, medicinal, and
nutritional value of the fruits described in literature and on
the basis of Załuski’s previous studies, it was decided to exam-
ine the fruits intractum for its phytochemicals and bioactivity.
Many products, which are widely available in the health food
or herbal drugs markets, are in the form of capsule, powder,
or tea bag. So far the intractum is not available on market.
As part of a program to search for bioactive constituents
from Eleutherococcus species, this study was focused on the
establishment of phenolic compounds (phenolic acids, TPC,
and TFC), minerals content, and anti-Hyal, anti-DPPH∗, and
cytotoxic properties of the intractumprepared from the fruits
harvested in Poland.

2. Materials and Methods

2.1. Standards and Reagents. Folin-Ciocalteu reagent, DPPH,
ascorbic acid, DMSO, bovine albumin, hyaluronidase from
bovine testes type I-S, Streptococcus equi hyaluronic acid,
and sodium phosphate buffer pH 7.0 were obtained from
Sigma-Aldrich. DNPH and FeCl

3
and ethanol were obtained

from POCH (Lublin, Poland). The acetate buffer, pH 4.5,
was purchased from J. T. Baker, USA. The standards of
phenolic acids, flavonoids, and aescin were obtained from
ChromaDex (SantaAna, CA). Liquid chromatography- (LC-)
grade methanol (MeOH) and acetonitrile (ACN) were pur-
chased from Merck (Darmstadt, Germany). LC-grade water
was prepared using a Milli-Q purification system (Millipore,
Bedford, MA, USA). All others reagents were of analytical
grade.

2.2. Plant Material. The fruits of E. senticosus (Rupr. et
Maxim.) Maxim. were collected at the arboretum in Rogów
(Poland) in October 2015 (voucher specimen number ES/09/
14F). The sample was deposited at the Department of Phar-
macognosy, CollegiumMedicum, Bydgoszcz, Poland. Imme-
diately after harvesting, the intractum was prepared.

2.3. Preparation of Intractum. 20 g of fresh fruits was macer-
ated in 100mL 40% ethanol for 30 days at room temperature.
After that, the extract was filtered throughWhatman number
4 filter paper.The solvent was dried with an evaporator under
vacuum conditions at 45∘C and the residue was subjected
to lyophilisation. The extraction yield was calculated based
on the dry weight of the extract and was expressed as a
percentage calculated according to the formula:

% Yield = extract weight
sample weight

× 100%. (1)
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Figure 1: The chemical structures of main E. senticosus compounds [9].

2.4. Acidic Hydrolysis of Intractum as Sample Preparation
before in LC/MS Analysis. 1 g of intractum was hydrolysed
in 1mL of H

2
SO
4
in 20mL of 20% aqueous methanol. After

refluxing at 80∘C for 2 h, the extract was allowed to cool
and dissolved in 20mL of dichloromethane (left for 24 h,
room temperature). Next, the liquid-liquid extraction was
performed using 5×20mL of ethyl acetate. Dichloromethane

and ethyl acetate layers were evaporated, and the residues
were used in LC/MS analysis.

2.5. Total Phenolic Content (TPC). The total phenolic content
of extracts was determined using themethod of Singleton and
Rossi [14]. Gallic acid was used to calculate the calibration
curve (20–100 𝜇g/mL; 𝑦 = 0.0026𝑥 + 0.044; 𝑟2 = 0.999),
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and TPC was expressed as gallic acid equivalents (GAE/mL)
as well as per typical administered dose (i.e., per 25mL
intractum dose). The experiments were done in triplicate.

2.6. Total Flavonoid Content (TFC). The TFC in investigated
samples was determined using FeCl

3
andDNPHcolorimetric

methods [15]. TFC were expressed as means (±SE) mg
of quercetin equivalent (QEs/mL for FeCl

3
method; 20–

100 𝜇g/mL; 𝑦 = 0.0041𝑥 + 0.236; 𝑟2 = 0.999) and as means
(±SE) mg of hesperetin equivalent (HEs/mL for DNPH
method; 250–1000𝜇g/mL; 𝑦 = 6.374𝑥 − 0.098; 𝑟2 = 0.988)
as well as per typical administered dose (i.e., per 25mL
intractum dose). The experiments were done in triplicate.

2.7. LC-ESI-MS/MS Conditions of Analysis of Phenolic Acids.
The samples were analyzed according to modified method
of Nowacka et al. [16]. For this purpose an Agilent 1200
Series HPLC system (Agilent Technologies, USA) equipped
with a binary gradient solvent pump, a degasser, an autosam-
pler, and column oven connected to a 3200 QTRAP Mass
Spectrometer (AB Sciex, USA) equippedwith an electrospray
ionisation source (ESI) and a triple quadrupole-ion trapmass
analyzer was used. The separation of the analytes was carried
out on a Zorbax SB-C18 column (2.1 × 50mm, 1.8 𝜇mparticle
size; Agilent Technologies, USA) maintained at 25∘C, using
3 𝜇L injections.The solvents used were water containing 0.1%
HCOOH(solventA) andmethanol containing 0.1%HCOOH
(solvent B). The following gradient elution program at a flow
rate of 370 𝜇Lmin−1was applied: 0-1min, 5%B; 2–4min, 20%
B; 8–9.5min, 70% B; 11.5–15.5min, 5% B. Mass spectrometer
was controlled by the Analyst 1.5 software. ESI worked in the
negative-ion mode with the curtain, nebulizer, and turbo-gas
(all nitrogen) set at 30, 60, and 60 psi, respectively. The ion
spray needle voltage was −4500V and capillary temperature
400∘C. For each compound the optimum conditions of Mul-
tiple Reaction Mode (MRM) were determined in the direct
infusion mode. Triplicate injections were made for each
standard solution and sample. The analytes were identified
by comparing retention time and 𝑚/𝑧 values obtained by
MS and MS2 with the mass spectra from corresponding
standards tested under the same conditions. The calibration
curves obtained in MRM mode were used for quantification
of all analytes. The identified phenolic acids were quantified
on the basis of their peak areas and comparison with a
calibration curve obtained with the corresponding standards.
Linearity ranges for calibration curves were specified. The
limits of detection (LOD) and quantification (LOQ) for
phenolic compounds were determined at a signal-to-noise
ratio of 3 : 1 and 10 : 1, respectively, by injecting a series of
dilute solutions with known concentrations. Detailed LC-
ESI-MS/MSmethods parameters are given in Supplementary
Material (see Supplementary Material available online at
http://dx.doi.org/10.1155/2016/9270691).

2.8. AAS of Minerals. 0.5 g of the lyophilised intractum was
put into a burning cup, and 2mL of pure HNO

3
was added.

The samples were incinerated in a MARS 5 microwave oven
(Manufactured by, CEM corporation, USA) at a temperature
of 90∘C for 15min, next 120∘C for 10min, and 210∘C for

30min, and the solution was diluted to 100mL with water.
Concentrations were determined with an Varian SpektrAA
280FS +Autosampler SPS 3 Spectrometer.Minerals and trace
elements were determined using the instrumental conditions
recommended for eachmineral and were calculated based on
the respective standard curve.

2.9. Antihyaluronidase Studies. The ability of the extracts
to inhibit Hyal was determined by the spectrophotometric
method of Yahaya et al. [17]. The intractum concentration
was 1.0mg/mL in 10% water ethanol solution. The final
concentration in the reaction’s mixture was 22𝜇g/0.161mL.
The activity was determine on the basis of precipitation of
undigested HA with albumin. 50𝜇L of enzyme in acetate
buffer pH 4.5, 50 𝜇L of sodium phosphate buffer (50mM, pH
7.0; with 77mM NaCl and 1mg/mL of albumin), and 22 𝜇L
of the analyzed samples were combined. All the reaction
mixtures were incubated at 37∘C for 10min. Next, 50𝜇L
of HA (0.3mg/mL of acetate buffer pH 4.5) was added
and incubated at 37∘C for 45min. The undigested HA was
precipitated with 1mL acid albumin solution made up 0.1%
bovine serum albumin in 24mM sodium acetate and 85mM
acetic acid. The mixture was kept at room temperature for
10min.; the absorbance of the reactionmixture wasmeasured
at 600 nm (Multidetection Microplate Reader SynergyTM
HT, BioTek). Aescin was used as the positive control at
the following concentrations: 0.05, 0.1, 0.2, 0.4, 0.6, and
0.8mg/0.161mL; the absorbance in the absence of enzyme
was used as the blind control. All assays were done in
triplicate. The percentage of inhibition was calculated as

% inhibition = [(AB − AE)(AS − AE) ] × 100, (2)

where AB is absorbance of the enzyme + substrate + extract;
AE is absorbance of the enzyme + substrate sample; AS is
absorbance of the enzyme + substance sample.

2.10. Cytotoxic Activity. Leukemic cells HL-60-human Cau-
casian promyelocytic leukemia from American Type Cul-
ture Collection (ATCC CCL-240�), HL-60/MX1-human
Caucasian acute promyelocytic leukemia from American
Type Culture Collection (ATCC CRL-2258�), and HL60/
MX2-human Caucasian acute promyelocytic leukemia from
American Type Culture Collection (ATCC CRL-2257�),
CEM/C1-human Caucasian acute lymphoblastic leukemia
from American Type Culture Collection (ATCC CRL-
2265�), and CCRF/CEM-human Caucasian acute lym-
phoblastic leukemia from American Type Culture Collection
(ATCC CCL-119�) were incubated at the concentration of
5 × 105 cells/mL in 5% CO

2
atmosphere for 24 h at 37∘C.

An RPMI 1640 medium (Sigma, St. Luis, USA), with 15%
fetal bovine serum (Sigma), 2mM L-glutamine and antibi-
otics [100U/mL penicillin, 100 𝜇M/mL streptomycin, and
2.5 𝜇g/mL amphotericin B (Gibco, Carlsbad, USA)] served as
a growing medium.

The in vitro cytotoxicity assay was carried out using
trypan blue assay. The cell lines, at concentration 5 × 105
cells/mL, were treated with different concentrations of testing
intractum and incubated for 24 h at 37∘C in air atmosphere

http://dx.doi.org/10.1155/2016/9270691
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humidified by 5% CO
2
. At the end of this period, the

mediumwas removed fromeach plate by aspiration.Next, the
cells were washed with PBS and centrifuged at 800 rpm for
10min, and then PBS was removed by aspiration. Then 10𝜇L
suspension cells were incubated for 5minwith the 10 𝜇L 0.4%
trypan blue solution (Bio-Rad Laboratories, Inc., Hercules,
CA). The samples were analyzed using an Olympus BX41
light microscope. The cells were stimulated with the ethanol
extracts from the roots and leaves dissolved in DMSO at the
final concentration from 10 to 100𝜇g/mL of cell culture. The
final concentration of DMSO in incubating mixture was 1%.
The experiments were done in triplicate. As a positive control
podophyllotoxin was used.

2.11. DPPH Assay. The ability to scavenge DPPH∗ free rad-
icals was determined by the modified method of Brand-
Williams et al. [18]. The methanol solutions of the extracts
at the following concentrations, 0.1; 0.5; 1.0; 1.5mg/mL, were
used. Ascorbic acid and tocopherol were used as positive
control (12.5; 25; 50; 75𝜇g/mL). Absorbance was measured
on a Multidetection Microplate Reader SynergyTM HT,
BioTek. The experiments were done in triplicate. The sample
concentrations providing 50% of scavenging (EC

50
) were

calculated from the graph plotted between the percentages of
scavenging and the sample concentrations.

2.12. TLC-DB-DPPH Dot-Blot Test (TLC-Direct Bioautogra-
phy Dot-Blot Test). The TLC-DPPH dot-blot test was used,
1 𝜇L of extracts (10 𝜇g/𝜇L) was applied on silica gel plates, and
the plate was immersed for 5 s in freshly prepared 0.2mmol
methanolic DPPH∗ solution. After removing DPPH∗ excess,
the decolourization of DPPH∗ was observed after 1, 5, 10, and
30min.

2.13. Statistical Analysis. All determination was done in
triplicate.The obtained data were subjected to statistical anal-
ysis using Statistica 7.0. (StatSoft, Cracow). The evaluations
were analyzed for one-factor variance analysis. Statistical
differences between the treatment groups were estimated by
Spearman’s (𝑅) and Person’s (𝑟) test. All statistical tests were
carried out at significance level of 𝛼 = 0.05.

3. Results and Discussion

3.1. TPC and TFC. The literature regarding the pharma-
ceutical and dietary products of Eleutherococcus senticosus
is scare, and this study may contribute to confirming the
ethnopharmacological use of this plant.The extraction of the
fruits resulted in 4.51% dry extract yield. After lyophilisation,
the intractumwas a dark red paste, with a characteristic smell
and with a very sweet taste. Taking into consideration various
preparations in liquid or solid dosage forms for oral use, we
calculated the amount of TPC and TFC as mg/mL, mg/per
serving, and mg/g exc. The results revealed a significantly
high amount of TPC andTFC (Table 1). It is worth noting that
the intractumcontainsmore flavanones and dihydroflavonols
(73.5mg/g DE), the compounds whose occurrence in nature
is limited, than flavone/flavonols (18.5mg/g DE).

Table 1: TPC and TFC in intractum from the fruits of E. senticosus
(mg GAE/mL, QEs/mL, HEs/mL, mg/per serving, and mg/g dry
extract). One serving = 25mL for intractum.

TPC Flavonoid content TFC
FeCl
3

DNPH
mg/mL
mg/per
serving
mg/g exc.
±SD

mg/mL
mg/per
serving
mg/g exc.
±SD

mg/mL
mg/per
serving
mg/g exc.
±SD

mg/mL
mg/per
serving
mg/g exc.
±SD

2.6 ± 0.11 0.37 ± 0.12 1.47 ± 0.12 1.84 ± 0.12
65 ± 0.12 9.25 ± 0.12 36.75 ± 0.12 46 ± 0.12
130 ± 0.55 18.5 ± 0.23 73.5 ± 0.34 92 ± 0.36
The data are represented as the mean (±SD) of three independent measure-
ments.

The TPC and TFC were higher than those previously
reported for the various Eleutherococcus species, cultivated
in Poland. Załuski et al. [8] reported on the TPC in the 75%
ethanolic extracts from the spring leaves (20.3 to 37.2mg/g),
fresh fruits (6.1–19.7mg/g), and roots (6.9–10.6mg/g). In
addition to this, the content of TPC and TFC in the fruits is
not changed during a storage at room temperature. After 1-
year storage the amount did not change significantly and was
between 3.85 and 4.13 g/100 g for E. senticosus and E. henryi,
compared to the freshly dried fruits (4.11 to 4.35 g/100 g),
[19]. Heo et al. [20] studied the ethanol, methanol, and water
extracts of the E. senticosus fruits growing in Korea but
reported a lower concentration of polyphenols and flavonoids
than that now estimated (0.3; 0.6; 0.6% and 0.20; 0.23; and
0.3%, resp.), which is also in agreement with the studies of
Shohael et al. [21]. According to Jang et al. [22] the fruits of
E. senticosus collected in Korea have contained the TPC and
TFC in the range of 197.9–334.3mg/g and 41.2–203.7mg/g.

Our findings revealed that the intractum contains more
the TPC than the blueberries or rose fruits, which in Poland
or other European countries are very widely used in food
products, for medical purposes, and are recognized as a
rich source of polyphenols. According to Grace et al. [23]
blueberries contained from 22.7 to 39.3mg/g extract of
polyphenols. Nowak et al. [24] found that tincture of the
rosehip contains 11.8mg/mL.

The high content of polyphenols and flavonoids may
result from the polarity of ethanol that can penetrate the
cellular membrane and dissolve the intracellular constituents
in the plant cells. Another factormay be time of the intractum
preparing, 30 days of storage.

3.2. LC-ESI-MS/MS of Phenolic Acids Content. The differ-
ent types of compounds present in the intractum and the
obtained chromatogram are presented in Figure 2. Com-
pounds were identified by comparison of retention times and
mass fragmentation pattern with data obtained for commer-
cial standards and molecular masses were clearly recognized
from the negative ESI-MS spectra. The obtained results are
presented in Supplementary Material (Tables S1 and S2).
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Figure 2: Chromatogram of phenolic acids (acquired in MRM
mode) found in the intractum. Monitored MRM transitions are
given in brackets: 1: protocatechuic acid (𝑚/𝑧 152.9→107.8); 2:
4-hydroxybenzoic acid (𝑚/𝑧 136.8→92.9); 3: vanillic acid (𝑚/𝑧
166.8→107.9), 4: trans-caffeic acid (𝑚/𝑧 178.7→134.9); 5: trans-p-
coumaric acid (𝑚/𝑧 162.7→119), and 6: trans-ferulic acid (𝑚/𝑧
192.8→177.9). Unnumbered peaks represent uncharacterized con-
stituents. Please refer to Supplementary Material for details.

Among eighteen phenolic acids (gallic, protocatechuic, gen-
tisic, 4-OH-benzoic, 3-OH-benzoic, vanillic, trans-caffeic,
cis-caffeic, syringic, trans-p-coumaric, trans-ferulic, veratric,
salicylic, 3-OH-cinnamic, trans-sinapic, and cis-sinapic) just
eight were found and quantitatively determined. The con-
centrations of individual compounds, which were quantified
by comparison of peak areas with the calibration curves
obtained for the corresponding standards, are reported in
Table 2. To the best of our knowledge there are no studies
investigating the profiles of phenolic acids in the intractum.
The findings revealed the presence of benzoic and cinnamic
acid derivatives; among them, a majority is present in a
glycosidic form. The raw intractum was found to be rich in
vanillic and trans-caffeic acids (4.2 and 41.2mg/g DE, resp.).
It also contained significant amount of trans-ferulic, trans-p-
coumaric, and 4-OH-benzoic acid. Analysis of hydrolysates
provided additional information about composition of fruit
intractum. Vanillic acid was the most abundant one in
dichloromethane and ethyl acetate layer. Moreover, large
quantities of 4-OH-benzoic acid (7.0 and 7.4mg/g DE, resp.)
were found.

Data in the literature indicated that Kurkin et al. [25]
identified free phenolic acids (syringic, p-coumaric, vanillic,
p-hydroxybenzoic, caffeic, and ferulic acids) and depside
(chlorogenic acid) in the roots of E. senticosus growing
in Russia. In turn, Li et al. [26] identified protocatechuic,
chlorogenic, and caffeic acids in the roots of Chinese sample.
Bączek identified rosmarinic, chlorogenic, ferulic, and caffeic
acids in the roots, fruits, and stem barks of six species [27, 28].
It is worth noting that the intractum contains trans-caffeic
acid, whose activity is beneficial for health.That compound is

Table 2: Concentrations of phenolic acids in the raw intractum and
after acidic hydrolysis (mg/g DE).

Compound Raw
intractum

Ethyl acetate
layer

Dichloromethane
layer

Protocatechuic 0.45 ± 2.1 0.10 ± 4.2 0.1 ± 2.1
Gentisic — 0.004 ± 0.02 0.01 ± 0.7
4-OH-benzoic 2 ± 1.4 7.0 ± 0.3 7.3 ± 0.7
Vanillic 4.2 ± 0.2 21.1 ± 6.3 16.0 ± 4.7
trans-Caffeic 41.2 ± 2.8 — —
Syringic — 0.8 ± 0.4 —
trans-p-Coumaric 2.5 ± 2.1 — —
trans-Ferulic 3.6 ± 0.9 — —

Table 3: Mineral compositions of fruits [mg/kg of dry weight].

Ca Mg K Na Fe Cu Zn Mn
1750 1300 21000 218 32.7 4.35 23.5 54.3

present in other plant species used in traditional medicine or
human diet. A content of trans-caffeic acid in Allium cepa L.
was dependent on a type of rawmaterial.The highest content
was determined in a dried material (22.4 𝜇g/g) contrary to
a fresh material (0.17 𝜇g/g) [29]. Caffeic acid occurred in
smaller amount in rose petals (0.14 𝜇g/g/DE) [24].
3.3. Mineral Composition. The diet of the European popula-
tion is mainly composed of starchy foods, fruits, vegetables,
meat, eggs, and milk. Because starchy foods are present
in a majority of meals, many people suffer from nutrient’s
deficiencies [30–32]. Therefore, there is nowadays a growing
interest in products with high nutripharmacological value.
For this reason, the minerals content of the intractum was
evaluated. The concentrations [mg/kg of dry weight] of the
mineral components of the intractum according to the min-
eralisation and identificationmethods are reported in Table 3.
The intractum presented a high amount of macroelements
(Ca, Mg, and K; 1750, 1300, and 21000mg/kg, resp.) and
microelements (Fe, Mn; 32.7, 54.3mg/kg, resp.).

Heo et al. [20] reported on mineral composition of the
E. senticosus fruits growing in Korea. That species contains
465; 1433; 199; and 13mg/kg dry weight of Ca, Mg, Mn,
and Zn, respectively. Compared with species cultivated in
Poland there is a wide variation in the level of Ca and
Mn. The Polish one contains higher level of Ca and Zn
but lower level of Mg and Mn. A major finding is that the
species native to Asia does not contain Fe, the factor that
excludes these fruits as an ingredient of antianemic diet. It
is worth noting that the investigated samples have higher Fe
concentration (32.7mg/kg) than the Rosa canina L. and Rosa
damascena Mill. fruits (27.0 and 11.0mg/kg, resp.), which
are very popular in the diet of the Europeans. According
to a WHO report, over 2000 million people in developing
countries have iron deficiency anemia [33]. In that case, the
intractum should be considered a new dietary ingredient that
may be included in the diet. Moreover, the results obtained
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Table 4: Inhibition ofHyal (%) for a different activity unit of enzyme
(mIU/mg protein).

Sample mIU/mg protein
30 40 53 90 109

Intractum 60 ± 2.3 31.4 ± 1.3 5.1 ± 0.3 2.1 ± 0.4 n.s.
Aescin 50 ± 1.8 29.3 ± 0.9 13.5 ± 1.5 n.s. n.s.
Naringenin 38.9 ± 2.9 15.4 ± 2.1 n.s. n.s. n.s.
n.s.: not showed.

in the present study indicated higher content of Mn, Zn, and
Cu than that in the Rosa canina L. and Rosa damascenaMill.
fruits [34]. It should be mentioned that the intractum also
contains more Zn and Mn than walnut of kernels (from 17.9
to 20.6 and 17.5 to 22.2mg/kg).

3.4. AntihyaluronidaseActivity. Hyaluronidases belong to the
hydrolases and digestive hyaluronic acid. Many investigators
have reported a positive correlation between the expression of
Hyal and the development of inflammation and tumor inva-
siveness. It was found that its activity is growing up in sev-
eral diseases, such as the borderline tumors (108.9mIU/mg
protein), the benign epithelial tumors (89.2mIU/mgprotein),
the functional cysts (53.4mIU/mg protein), and malignant
epithelial tumors (48.7mIU/mg protein), in contrary to the
normal ovaries (38.5mIU/mg protein). Therefore, identi-
fication and characterization of Hyal inhibitors would be
valuable for developing antitumor and anti-inflammatory
agents. Recently, new hyaluronidase inhibitors are urgently
required in the clinic, and there are none. In this study
the impact of the intractum, at the inhibitor concentration
22𝜇g/0.16mL of the reaction mixture, was measured. In
order to compare the antienzymatic activity of the intractum
analyzed, aescin was used as the standard compound because
of its well-recognized activity. Aescin inhibited Hyal at the
level of 100% at concentration 800 𝜇g/0.16mL of the reaction
mixture (Figure 3).

As it is seen in Table 4, the intractum showed the highest
inhibition in comparison to aescin and naringenin. The
decrease in the inhibitory activity of compounds correlated
with the increase of enzyme’s unit. No inhibition was found
in case 109mIU.The high inhibition by intractummay result
from the nature of chemical constituents of the intractum as
a mixture. It is known that the activity of Hyal is dependent
on the presence of Ca2+ [19]; in turn, the intractum contains
a high amount of polyphenols acting as chelators.

Because there are no general procedures for anti-Hyal
assay, it is hard to compare the results to others. The major
factor is different enzyme’s unit taken into assays, which
excludes a reliable comparison. Therefore, in our work we
decided to take the enzyme activity like in the above diseases.
Despite a lack of a large amount of scientific literature, we
tried to compare our results to the others. Bralley et al. [35]
reported on anti-Hyal activity of the ethanol extracts of the
Vitis rotundifolia. Michx peels and seeds of Early Fry (bronze)
and Ison (purple) Vitis rotundifolia varieties. The obtained
results indicated lower activity of the peel extracts contrary
to the seed ones (IC

50
1.0, 1.0 for the Ison and Early Fry
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Figure 3: Inhibition of Hyal by aescin as the standard compounds
(%).

peels and 0.3, 0.6 for the Ison and Early Fry seeds; mg/mL).
Considering isolates from the plant extracts, inhibitors of
Hyal have been mainly found in flavonoids and triterpenes.
Among flavonoids 7-O-butyl naringenin had a high value
with 44.84% inhibition at 200𝜇M concentration. Taking
into account the chemical structure of flavonoids, their
inhibitory activity towards Hyal increases with the number of
hydroxyl groups, especially in 2,3 position (quercetin) and 5
(myricetin). Some authors state that the inhibition is depen-
dent on the number of free, available hydroxyl groups and
extension of side-chains. It was noticed that the inhibitory
activity was decreased after glycosylation or substitution of
hydroxyl groups. In turn, another compound, chlorogenic
acid inhibitedHyal with IC

50
2.25mM.Apromising source of

Hyal inhibitors may be some compounds present in essential
oil, such as𝛽-caryophyllene (IC

50
4.16 𝜇g/mL) and 1.8-cineole

(IC
50

1.17mg/mL). The mechanism of action may be related
to the formation of complexes of polyphenols present in the
extracts with ions present in the reaction medium [19, 36].

3.5. Analysis of Cell Viability. During the last few years an
increase of leukemia evidences has been noticed. Leukemia
is one of the most frequently occurring diseases among
young people up to 30 years of age. Because of growing
resistance to drugs, the treatment of leukemia is very difficult;
therefore newdrugswith antileukemic or strengthening body
properties are still being searched for. In addition to this,
it was confirmed that a higher activity of Hyal is in close
correlation with metastasis and inflammation. Therefore, the
inhibition of Hyal and the cytotoxicity of intractum was
evaluated.

Five leukemic cell lines, HL-60, HL-60/MX1, HL-60/
MX2, CEM/C1, and CCRF/CEM, were used. These cell lines
represent different types of leukemia, namely, acute leukemia
and myeloma. As a positive control podophyllotoxin was
used; the results were published previously by Och et al. [37].

As presented in Table 5, the highest mortality of cells was
observed inHL-60 cell line with the IC

50
value of 10.4 𝜇g/mL.

Previous studies on cytotoxic activity of E. senticosus
have shown a significant cytotoxicity towards HL-60 and
Jurkat 45 leukemia cell lines. The ethanol extracts from roots
and spring and autumn leaves revealed the IC

50
values at
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Table 5: IC
50
(𝜇g/mL) of the intractum and podophyllotoxin.

Cell line CEM/C1 CCRF/CEM HL-60 HL-60/MX1 HL-60/MX2
Intractum 30.4 18.1 10.4 15.7 50
Podophyllotoxin 0.0286 0.0064 0.0085 0.0078 0.0106

concentrations 208, 312, and 299 𝜇g/mL towards HL-60. In
turn, the chloroform extract from the roots (IC

50
2.8𝜇g/mL),

the ethanol extracts from the roots (134.7 𝜇g/mL), the spring
leaves (199.7𝜇g/mL), the fresh fruits (331.2 𝜇g/mL), and the
dried fruits (274.4 𝜇g/mL) affected Jurkat 45 leukemia cell
line [8, 38].

Varamini et al. [39] examined five quinoline alkaloids
isolated from Haplophyllum canaliculatum Boiss. (7-isopen-
tenyloxy-𝛾-fagarine, atanine, skimmianine, flindersine, and
perfamine) against resistant (HL-60/MX1) and sensitive (HL-
60) acute leukemia cell lines. 7-Isopen-tenyloxy-𝛾-fagarine
appeared to have the highest IC

50
value equal to 2.2

and 31.6 𝜇g/mL for HL-60/MX1 and HL-60, respectively.
Tayarani-Najaran et al. [40] have investigated the cytotoxic
effect of CH

2
Cl
2
extract on HL-60 with the IC

50
value of

68.83 𝜇g/mLwhile the intractum tested in our work exhibited
7-fold lower IC

50
value (10.41 𝜇g/mL). Omosa et al. [41] tested

145 extracts from 91 Kenyan flora towards CCRF/CEM cell
lines. The highest cytotoxic activity exhibited the ethanol
extract of the berries of Solanumaculeastrum and 50%MeOH
in CH

2
Cl
2
extract of the stem bark of Albizia schimperiana

with IC
50

values of 1.36 and 2.97 𝜇g/mL. The other extracts
that showed good activity included the extracts of the stem
barks of Zanthoxylum gilletii (5% MeOH-H

2
O) and Bridelia

micrantha 50%CH
2
Cl
2
-MeOHand leaves of Strychnos usam-

barensis (50% MeOH in CH
2
Cl
2
) with IC

50
values of 9.04,

9.43, and 11.09 𝜇g/mL. Similar results were obtained for the
extract from the leaves of Vepris soyauxii (IC

50
9.28𝜇g/mL),

the whole plant of Gladiolus quartinianus (IC
50
10.57 𝜇g/mL)

[42], and the bark of Nauclea pobeguinii (IC
50
14.62 𝜇g/mL),

[43].
The results obtained in this work against CCRF/CEM cell

lines (IC
50
18.11 𝜇g/mL) are consistent with those of the leaves

of Anonidium mannii (IC
50
17.32 𝜇g/mL), [43].

According to the National Cancer Institute (United
States) plant screening program, a crude extract is generally
considered to have in vitro cytotoxic activity if the IC

50
is

<20𝜇g/mL. In turn, the criteria of the ATCChave established
a concentration of 30 𝜇g/mL as the upper IC

50
limit [41]. On

the basis of this threshold, the intractum tested in our study
can be considered as a promising cytotoxic agent towards
HL-60, HL-60/MX1, and CCRF/CEM cell lines (IC

50
<

20𝜇g/mL).

3.6. Antioxidant Activity and the Structure-Activity Rela-
tionship. The human diet provides antioxidants from plant
sources in order to protect the body from the radical damage
at the biochemical and molecular levels. Antioxidant capaci-
ties of the extracts were expressed in terms of EC

50
value. It

was found that the intractum was able to effectively reduce
free radicals, with the EC

50
value of 52 𝜇g/mL and ascorbic

acid and 𝛼-tocopherol 40 and 5.0 𝜇g/mL, respectively. Free

Figure 4: A “dot-blot” TLC-DPPH∗ test performed on silica gel
plate, 1min after immersion in DPPH∗ methanolic solution.

OH

O

HO

HO

Figure 5: Structure of trans-caffeic acid (groups marked in red
participate in an interaction of free radical with caffeic acid).

radical scavenging activity has been confirmed by means of
TLC-DPPH∗ dot-blot test using silica gel as the stationary
phase (Figure 4). Regions of the TLC plate which contain
DPPH∗ inhibitors show up as yellow spots against a purple
background. We observed the plate after 1, 5, 10, and 30min
from the time of immersion of the plate in 0.2mmol DPPH∗
solution. After 1min, the intractum showed area of activity
at concentration 10 𝜇g/spot. It is noteworthy that, in the
spectrophotometric assay, the intractum showed strong anti-
radical properties, and this was confirmed in the autography
test. It suggests the presence of the compounds which are able
to donate hydrogen or electron and may be considered as
antioxidants. The antioxidative molecular mechanism can be
based on the chemical structure of phenolic acids, especially
trans-caffeic, that possess in their structure the two OH
groups, one in the -para position and known as a strong
antioxidant (Figure 5) [44]. The propenyl chain can also
improve the efficiency due to the presence of the double
C=C bond. In our previous study we reported that the leaves
and fruits of Eleutherococcus species have a high antioxidant
capability [8, 9, 19].
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4. Conclusion

We assume that this study provides the better understanding
of pharmacological activity of E. senticosus and confirms
ethnopharmacological reports on rightness of using that
species in traditional medicine. The administration of the
intractum could help to improve the body’s shape. A special
attention should be paid to an incorporation of the species
in commercial or domestic cultivations, which would allow
for their valuable exploitation. Further studies are needed to
focus on exploring the mechanism of action of constituents
in in vivomodel.

Abbreviation

TPC: Total phenolics content
TFC: Total flavonoids content
DPPH∗: 2,2-Diphenyl-1-picrylhydrazyl
DNPH: 2,4-Dinitrophenylhydrazine
FeCl
3
: Aluminium chloride

GA: Gallic acid
HE: Hesperetin equivalent
QE: Quercetin equivalent
TLC-DB-DPPH
dot-blot test:

TLC-Direct Bioautography dot-blot
test

AAS: Atomic absorption spectroscopy
Hyal: Hyaluronidase
HA: Hyaluronic acid
HL-60: Human Caucasian promyelocytic

leukemia from American Type Culture
Collection (ATCC CCL-240�)

HL-60/MX1: Human Caucasian acute
promyelocytic leukemia from
American Type Culture Collection
(ATCC CRL-2258�)

HL60/MX2: Human Caucasian acute
promyelocytic leukemia from
American Type Culture Collection
(ATCC CRL-2257�)

CEM/C1: Human Caucasian acute lymphoblastic
leukemia from American Type Culture
Collection (ATCC CRL-2265�)

CCRF/CEM: Human Caucasian acute lymphoblastic
leukemia from American Type Culture
Collection (ATCC CCL-119�).
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Myocardial fibrosis and inflammation are intricately linked in diabetic cardiomyopathy (DCM), and resveratrol has been shown to
attenuate oxidative stress, inflammation, and fibrosis in several cell types or animal models. High mobility group box 1 (HMGB
1), a proinflammatory cytokine, has been reported to regulate fibrosis and inflammation in various organs. Then the present
study aimed to reveal the expression of HMGB 1-mediated signaling pathway and oxidative stress in resveratrol-treated diabetic
mice. The significant increase in serum HMGB 1 concentration in diabetic mice was attenuated by treatment with resveratrol.
Similarly, western blot analysis revealed a significant increase of HMGB 1 protein in monocytes and heart tissues of diabetic mice,
and resveratrol partly normalized the changes. In addition, resveratrol abrogated the increased expression of HMGB 1-mediated
signaling pathway, oxidative stress, fibrosis, and inflammation in diabetic hearts. In conclusion, inhibition of HMGB 1-mediated
signaling pathway and oxidative stress may contribute to resveratrol-induced anti-inflammatory and antifibrotic effects in DCM.

1. Introduction

The leading causes of mortality in patients with diabetes
mellitus (DM) are cardiovascular complications including
hypertension, coronary heart disease, and diabetic cardiomy-
opathy (DCM) [1, 2]. The latter complication is a complex
condition characterized by both early-onset diastolic and
late-onset systolic dysfunctions without hypertension and
coronary heart disease [3]. Epidemiological studies have
shown that DCM is a major etiologic factor contributing to
heart failure [4]. Until recently, the mechanisms involved in
the pathogenesis of DCM remain incompletely understood;
however, numerousmechanisms have been proposed includ-
ing oxidative stress, inflammation, and fibrosis [5, 6].

Resveratrol, a polyphenolic compound and naturally
occurring phytoalexin present in red wine and vegetable
foods, has been shown to delay the progression of DCM
[7–10]. Many pieces of evidence have implicated that

the cardioprotection of resveratrol was, in part, due to
its antioxidative effect. However, the precise cellular and
molecular mechanism underling resveratrol-induced cardio-
protection in DCM is still far from being fully elucidated.

High mobility group box 1 (HMGB 1) is a highly con-
served nuclear protein present in various cells including
eukaryotic cells [11]. A considerable number of studies have
indicated upregulated HMGB 1 in various diseases including
heart failure, stroke, and severe sepsis. Since convincing in
vitro and in vivo evidence suggest that HMGB 1 increases in
patients with DM or high glucose condition [12–15], HMGB
1 may be a novel cytokine contributing to pathological pro-
cesses of DCM. Recently, the importance ofHMGB 1 inDCM
was also documented in studies utilizing genetic inhibition of
HMGB 1, thus mitigated cardiac fibrosis and remodeling in
DCM [16]. Additionally, Delucchi et al. found that resveratrol
partly but significantly inhibited the upregulated HMGB-1
levels in diabetic rats [10]. It appears that HMGB-1 may be
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a therapeutic target for resveratrol in DCM; however, the
underlying mechanism remains poorly understood.

HMGB 1 exerts its proinflammatory effect via binding to
receptor for advanced glycation end products (RAGE) and
toll-like receptors (TLRs) [11]. Binding of HMGB 1 to RAGE
or TLRs leads to NF-𝜅B activation, which is known to evoke
inflammatory response [11]. In addition to inflammation,
HMGB 1 plays an important role in fibrogenesis [17–19].
However, there is little information regarding HMGB 1-
RAGE/TLRs-NF-𝜅B pathway in resveratrol-treated DCM
mice model.

Therefore, in this present study, we hypothesize that
resveratrol administration may inhibit HMGB 1-RAGE/
TLRs-NF-𝜅B pathway, oxidative stress, inflammation, and
fibrosis in streptozocin- (STZ-) induced diabetic hearts.

2. Methods

2.1. Animals and Procedures. The experimental and feeding
protocols were approved by and in accordance with the laws
and regulations controlling experiments on live animals in
China and the Asian Convention for the Protection of Ver-
tebrate Animals Used in Experimental and Other Scientific
Purposes. The animal experiments were approved by the
Medical Ethics Committee of Drum Tower Hospital affiliated
to Nanjing University Medical School. Mice (male) were
purchased from Model Animal Research Center of Nanjing
University. Mice were randomly assigned into four age- and
weight-matched groups containing eight mice each. Diabetic
mice were induced by consecutive intraperitoneal adminis-
tration of STZ (40mg/kg/day, Sigma-Aldrich, St. Louis, MO,
USA) for 5 days. For glucose levels measurements, blood
was withdrawn from mouse tail-vein and blood glucose was
detected with a blood glucose monitor, while plasma insulin
was not measured in this experiment. Nonfastingmice with a
blood glucose level above 13.9mM at 3 days after the last STZ
injection were considered as diabetic mellitus. Just one STZ-
injectedmouse (about 11% of themice injected with STZ) was
excluded from the study as the blood glucose did not reach
13.9mM.

To be similar to clinic, the administration of resveratrol
was performed after one-month induction of diabetes as
previously reported [6, 20].Onemonth after induction of dia-
betes, mice were treated with resveratrol (5 or 25mg/kg/day
via intragastrical administration, Sigma-Aldrich, St. Louis,
MO, USA) for another two months. Mice treated with saline
containing 0.5% CMC (vehicle) were used as control group.
The dose of resveratrol was adjusted every week based
on any change in body weight during the whole period
of study. Normal chow and water were freely available.
Experimental studies showed the dose of intragastrically
administered resveratrol leading to cardioprotection range
between 2.5mg/kg/day and 20mg/kg/day [7, 10, 21], so the
resveratrol doses of 5 and 25mg/kg/day were selected in this
experiment.

Changes in body weight and blood glucose were recorded
weekly until sacrifice, while 24 h urine output was detected at
the end of this experiment.

2.2. Masson’s Trichrome Staining. Heart samples were fixed
in 4% paraformaldehyde and were imbedded in paraffin
according to the standard procedures. 4 𝜇m serial sections
were longitudinally cut from subepicardial to subendocardial
layer and subjected to Masson’s trichrome staining. Three
sections with 10 fields for one sample were analyzed. Mas-
son’s trichrome staining was used to evaluate the extent of
fibrosis in all sections. Myocardial cells were stained red
and collagenous fibers were stained blue. Collagen volume
fraction (CVF) was detected to measure the percentage of
heart sectional area comprised of fibrous tissue using Image
Pro Plus software. The calculation formula of CVF in each
view of the slice is CVF = collagen area/total area × 100%.

2.3. Dihydroethidium (DHE) Staining. In this study, DHE
staining was used to evaluate superoxide expression. The
heart sections were incubated with 2 𝜇m/mL DHE dye
(Beyotime Institute of Biotechnology, Haimen, China) for
30min at 37∘C protected from light. Fluorescence pictures
were obtained using a fluorescence microscope. Red staining
indicating oxidative stress was quantified in 3 randomly
selected regions in heart sections in 4 animals/group using
Image Pro Plus software.

2.4. Western Blot. Left ventricular tissues were homogenized
in RIPA buffer containing a 1 : 100 dilution of protease
inhibitor (Sigma-Aldrich, St. Louis, MO, USA), and the
supernatants were used for western blot after centrifugation.
Equal protein samples were subjected to SDS-PAGE. Proteins
were transferred electrophoretically to polyvinylidene difluo-
ridemembranes (MerckMillipore, Billerica,MA,USA).Then
the blotswere blocked and incubatedwith primary antibodies
as follows: anti-HMGB 1 (1 : 2000, Bioworld Technology, Inc.,
St. Louis,MN,USA), anti-RAGE (1 : 500, Abcam, Cambridge,
MA, UK), anti-TLR4 (1 : 500, Bioworld Technology, Inc., St.
Louis, MN, USA), anti- NF-𝜅B (1 : 1000, Bioworld Technol-
ogy, Inc., St. Louis, MN, USA), anti-p66shc (1 : 2000, Santa
Cruz Biotechnology, Inc., Dallas, TX, USA), anti-gp91phox
(1 : 1000, Santa Cruz Biotechnology, Inc., Dallas, TX, USA),
anti-p47phox (1 : 500, Bioworld Technology, Inc., St. Louis,
MN, USA), anti-TNF-𝛼 (1 : 500, Bioworld Technology, Inc.,
St. Louis, MN, USA), and anti-iNOS (Cell Signaling Tech-
nology, Danvers, MA, USA). Anti-𝛽-actin antibody (1 : 2000,
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) was used
as the internal control. After four washes in TBST, the
blots were incubatedwith horseradish peroxidase-conjugated
secondary antibodies. The washes were repeated, and the
membranes were then treated with Super Signal Substrate
Western Blotting Reagent (Merck Millipore, Billerica, MA,
USA). The bands were quantified using Bio-Rad Quantity
One imaging software.

2.5.Measurement of SerumHMGB-1 Levels. At the end of this
investigation, the mice were anaesthetized and sacrificed by
cervical decapitation; the blood was collected for serum sep-
aration. Then serum HMGB-1 concentrations were detected
using a mouse HMGB-1 ELISA kit (Uscn Life Science Inc.,
Wuhan, China) according to the manufacturer’s instructions.
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Table 1: Resveratrol modulated blood glucose, 24 h urine output, and body weight in diabetes mellitus.

Groups N DM DMR5 DMR25
Blood glucose (mmol/L) 7.4 ± 0.5 27.2 ± 2.8∗∗ 24.6 ± 1.2# 20.9 ± 1.3##

24 h urine output (mL) 0.98 ± 0.24 11.4 ± 2.3∗∗ 8.0 ± 1.9## 6.2 ± 1.72##

Body weight (g) 30.4 ± 1.5 23.0 ± 1.5∗∗ 24.6 ± 1.2 25.2 ± 1.6#

Data are expressed as mean ± SD. Number of animals: 8 per group. ∗∗𝑝 < 0.01 versus N group. #𝑝 < 0.05 versus DM group. ##𝑝 < 0.01 versus DM group. N:
normalmice; DM: diabeticmice; DMR5: diabeticmice with 5mg/kg/day resveratrol treatment; DMR25: diabeticmice with 25mg/kg/day resveratrol treatment.

2.6. Isolation of Monocytes from Mouse Bone Marrow.
Bone marrow-derived monocytes were isolated as previously
described [22]. Briefly, bone marrow was collected from the
femurs and tibias and was flushed with cold PBS. After
being resuspended in red blood cell lysing buffer, the cells
were centrifuged and the monocytes were collected by Ficoll
Paque PLUS (GE Healthcare Life Sciences, Little Chalfont,
Buckinghamshire, UK) density gradient centrifugation of
bone marrow.

2.7. Statistical Analysis. One-way analysis of variance (nor-
mally distributed) or Kruskal-Wallis test (nonnormally dis-
tributed) was used for four groups in this investigation.
Values of 𝑝 < 0.05 were considered significant, and all 𝑝
values were two-sided. Analyses were performed with SPSS
21.0.

3. Results

3.1. Resveratrol Treatment Partially Regulated Biological
Parameters in Diabetic Mice. Table 1 details the character-
istics of four groups of mice at the end of the experimental
period. DM mice exhibited markedly elevated blood glucose
levels compared with normal mice and such alterations were
partially reversed by resveratrol at a dose of 5mg/kg/day
or 25mg/kg/day. The 24 h urine volume is an important
characteristic of type 1 diabetes, so it is also recorded in this
experiment. As shown in Table 1, 24 h urine volume in DM
groupwas increased to 11.63 times as comparedwithN group,
while it was reduced in both DMR5 and DMR25 groups
compared toDMgroup. In addition, the reduced bodyweight
induced by DM was significantly reversed by resveratrol at a
dose of 25mg/kg/day.

3.2. Resveratrol Decreased HMGB 1 in Serum and in Bone
Marrow-Derived Monocytes from Diabetic Mice. It was
observed that HMGB 1 in serum was higher in DM group
as compared to N group, while it was normalized with
resveratrol at a dose of 25mg/kg/d (Figure 1(a)). As shown
in Figure 1(b), the increased intracellular HMGB 1 protein
in monocytes was abrogated by resveratrol treatment (Fig-
ure 1(b)).

3.3. Resveratrol Inhibited HMGB 1-Mediated Signaling Path-
way in Diabetic Hearts. To investigate the role of HMGB
1 in cardioprotective effect of resveratrol in DCM, HMGB
1 and its downstream effectors were examined by western
blot. Similar to its protein level in serum and monocytes,

increased expression of HMGB 1 in diabetic hearts was
inhibited by treatment with 25mg/kg/day resveratrol (Fig-
ure 2(b)). RAGE and TLR4, as receptors of HMGB 1,
were both upregulated in STZ-induced diabetic mice; how-
ever, treatment with 25mg/kg/day resveratrol reversed these
changes in DMmice. In addition, treatment of diabetic mice
with resveratrol at a low dose of 5mg/kg/day significantly
attenuated DM-induced HMGB 1 expression in hearts. As
HMGB 1 exhibited its effects in cardiovascular system by
binding to RAGE/TLRs, resulting in activation of NF-𝜅B,
the expression of NF-𝜅B was also tested by western blot in
this study. As illustrated in Figure 2(e), compared with the
N group, the DM group showed significantly higher NF-
𝜅B expression, which was suppressed in DMR5 and DMR25
groups.

3.4. Resveratrol Suppressed Oxidative Stress in Diabetic Hearts.
Resveratrol demonstrated its cardioprotection via inhibition
of oxidative stress, which was considered to be associated
with HMGB 1. So western blot was performed to analyze
expressions of p66shc, p47phox, and gp91phox, which are
all oxidases contributing to oxidative stress. As shown in
Figure 3(b), the expression of p66shc was higher in DM
group than that in N group, while its protein level in
DMR25 group was significantly lower than that of DM
group. Moreover, upregulated expressions of NADPH oxi-
dase subunits p47phox and gp91phox induced by DM were
significantly attenuated by treatment of both 5mg/kg/day and
25mg/kg/day resveratrol.

To further corroborate the effect of resveratrol on oxida-
tive stress in diabetes, we detected ROS production by DHE
staining. As shown in Figure 3(e), treatment with resvera-
trol at a single dose of 25mg/kg/d protected the diabetic
mice from oxidative stress as indicated by decreased red
signaling.

3.5. Resveratrol Ameliorated Cardiac Fibrosis and Inflamma-
tion in Diabetic Heart. In this section, we detected changes
of myocardial fibrosis and inflammation in hearts of different
groups. Masson’s staining was used to identify the degree
of myocardial fibrosis. The collagen volume fraction (CVF)
increased significantly compared with N group; however,
25mg/kg/day resveratrol reduced the degree of myocardial
fibrosis in diabetic hearts (Figures 4(a) and 4(b)). In this
investigation, we found enhanced expressions of TNF-𝛼 and
iNOS in DCM models, while treatment with resveratrol
at a dose of 25mg/kg/day significantly ameliorated these
expressions (Figures 4(c) and 4(d)).
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Figure 1: Resveratrol regulated HMGB 1 in serum andmonocytes. (a) Resveratrol reduced the secretion of HMGB 1 to serum. (b) Resveratrol
downregulated HMGB 1 expression in monocytes. Number of animals: 8 per group. ∗𝑝 < 0.05 versus N group; ∗∗𝑝 < 0.01 versus N group;
#𝑝 < 0.05 versus DM group; ##𝑝 < 0.01 versus DM group. HMGB 1: high mobility group box-1; N: normal mice; DM: diabetic mice; DMR5:
diabetic mice with 5mg/kg/day resveratrol treatment; DMR25: diabetic mice with 25mg/kg/day resveratrol treatment.

4. Discussion

The present study shows that treatment with resveratrol
can prevent HMGB1/RAGE/TLR4/NF-𝜅B pathway, oxidative
damage, myocardial fibrosis, and inflammation in STZ-
induced type 1 diabetic hearts.

Over the last 5 years, growing evidence considered
HMGB 1 as a key factor in promoting and maintaining
diabetic complications [12, 23, 24]. Recently, Wang and
Delucchi found that HMGB 1 was diffusely expressed in the
myocardium of diabetic mice [10, 16]. The findings are in
agreement with our results provided in Figure 2(b). HMGB
1, a proinflammatory factor, is secreted from immune cells
to serum under some conditions. So we detected the level
of HMGB 1 in serum and monocytes from diabetic mice.
Interestingly, a significant increase of HMGB 1 in serum and
monocytes was observed in DM group, and the elevated
HMGB 1 expressionwas normalized by resveratrol treatment.
In favor of this deduction, Yang et al. recently found that
resveratrol reduced lipopolysaccharide-induced expression
of HMGB 1 in murine macrophage-like RAW264.7 cells
[25]. Indeed, the results from the present study showed that
HMGB 1 may be a potential target for resveratrol in DCM.

Oxidative stress has been recognized as an important
link between DM and DCM. NADPH oxidase is considered
to be a major source of ROS and plays a critical role
in diabetic complications. By detecting the expressions of
p47phox and gp91phox with western blot, NADPH oxidase
activity was elevated in hearts of STZ-induced type 1 DM,
whereas resveratrol-treated DM mice revealed ameliorated
NADPH oxidase activity. This notion is strongly supported

by a previous study suggesting the decreasedNADPHactivity
of resveratrol treatment in type 2 DM [21]. Consistent with
a previous observation [26], p66shc, another oxidative stress
related protein, was also upregulated in STZ-induced type 1
diabetic hearts. Interestingly, the main new finding of this
study was that the increased expression of p66shc in diabetic
hearts was reversed by treatment of resveratrol.

As mentioned above, HMGB 1 as well as oxidative stress
was increased in DM, thus, it could speculate that HMGB 1
might be linked to oxidative stress in DM. H2O2 converted
from superoxide stimulated macrophages and monocytes to
actively release HMGB 1 [27]. Once released, extracellular
HMGB 1 might cause activation of NADPH oxidase as well
as increased ROS production in a TLR4-depended pathway
[28]. Recently, we have previously found that HMGB-1 was
involved in diabetes-induced oxidative stress in endothelial
progenitor cells [22]. Together, these findings indicate that
HMGB 1might be an inducer of oxidative stress or an effector
of oxidative stress in DCM (Figure 5), which needs to be
confirmed by further studies.

Over the last decade, AGE/RAGE was considered to
be a key element contributing to diabetic complications.
HMGB 1, another ligand of RAGE, was also involved in
diabetes-induced myocardial fibrosis, where they reported
that HMGB 1 inhibition improved cardiac function and
remodeling in diabetic mice [16]. Besides that, HMGB 1
was shown to be associated with hepatic fibrosis [18] and
renal fibrosis [29]. The underlying mechanisms were poorly
understood, although several studies demonstrated that the
profibrotic effect of HMGB 1 might be due to binding to
its receptors such as RAGE, TLR4, and TLR2 [18, 30].
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Figure 2: Western blot analysis of HMGB 1, RAGE, TLR4, and NF-𝜅B proteins in hearts of four groups. (a) Representative immunoblots of
HMGB 1, RAGE, TLR4, and NF-𝜅B in four groups. ((b)–(e)) Protein analysis of HMGB 1, RAGE, TLR4, and NF-𝜅B. Number of animals: 8
per group. ∗𝑝 < 0.05 versus N group; ∗∗𝑝 < 0.01 versus N group; #𝑝 < 0.05 versus DM group; ##𝑝 < 0.01 versus DM group. HMGB 1; high
mobility group box-1; RAGE: receptor for advanced glycation end products; TLR4: toll-like receptor 4; NF-𝜅B: nuclear factor 𝜅B; N: normal
mice; DM: diabetic mice; DMR5: diabetic mice with 5mg/kg/day resveratrol treatment; DMR25: diabetic mice with 25mg/kg/day resveratrol
treatment.

In line with our investigation, several reports indicated that
RAGE, NADPH oxidase, and fibrosis were enhanced in
diabetic hearts [31, 32]. In this investigation, TLR4 expression
andROSproductionwere upregulated inDMmice compared
to normal mice. Consistent with the findings, TLR4 as well
as ROS was upregulated in diabetic hearts, suggesting the
critical role of ROS/TLR4 inDCM[33, 34].More importantly,
the expression of HMGB 1/RAGE/TLR4 and cardiac fibrosis
were attenuated by administration of resveratrol, supporting
the previous observation that resveratrol inhibited RAGE
and TLR 4 dependent pathways [35, 36]. Cardiac fibroblasts,

the main cells involved in myocardial fibrosis, were consid-
ered to promote fibrosis via proliferation, collagens expres-
sion, and differentiation into myofibroblast phenotype in
DCM [6, 37]. Several studies indicated that fibroblasts were
the source of HMGB 1 [16, 38, 39]. Besides, damage-
associatedmolecular patterns (includingHMGB 1) have been
shown to provoke fibroblast activation and trigger myocar-
dial fibrosis [16, 39], suggesting that the crosstalk between
HMGB 1 and cardiac fibroblasts might play an important
role in myocardial fibrosis in DCM. Taken together, the data
demonstrated that inhibition of ROS/HMGB 1/RAGE/TLR4
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Figure 3: Effects of resveratrol on DM-induced oxidative stress. ((a)–(d)) Western blot analysis of p66shc, p47phox, and gp91phox levels in
four groups. ((e), (f)) Observation of ROS by DHE staining in heart sections. Number of animals: 8 per group. ∗𝑝 < 0.05 versus N group;
∗∗𝑝 < 0.01 versus N group; #𝑝 < 0.05 versus DM group; ##𝑝 < 0.05 versus DM group. Bar = 50 𝜇m. DHE: dihydroethidium; N: normal
mice; DM: diabetic mice; DMR5: diabetic mice with 5mg/kg/day resveratrol treatment; DMR25: diabetic mice with 25mg/kg/day resveratrol
treatment.

pathway and HMGB 1-mediated activation of fibroblasts are,
at least in part, responsible for the antifibrotic effect of
resveratrol in DCM.

DM is an inflammatory disease, and inflammation plays
an important role in the pathogenesis of DCM. The present

study indicated that treatment with resveratrol provided
anti-inflammatory effect and limited HMGB 1 expression in
diabetic hearts, suggesting that inhibition of inflammatory
response in diabetic hearts might be linked to normalized
HMGB 1 secretion.
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Figure 4: Resveratrol attenuated myocardial fibrosis and inflammation in the hearts of experimental type 1 diabetic mice. (a) Representative
Masson’s staining in four groups. (b) Quantitative analysis of CVF in four groups. (c) Representative western blot of TNF-𝛼 expression. (d)
Representative western blot of iNOS level. Number of animals: 8 per group. ∗𝑝 < 0.05 versus N group; ∗∗𝑝 < 0.01 versus N group; #𝑝 < 0.05
versus DM group. Bar = 50 𝜇m. CVF: collagen volume fraction; TNF-𝛼: tumor necrosis factor-𝛼; iNOS: inducible nitric oxide synthase; N:
normal mice; DM: diabetic mice; DMR5: diabetic mice with 5mg/kg/day resveratrol treatment; DMR25: diabetic mice with 25mg/kg/day
resveratrol treatment.

HMGB 1 could evoke the activation of proinflammatory
pathways in cardiovascular system via binding to RAGE
[40–43]. In this investigation, we found that both HMGB 1
and RAGE were increased in diabetic compared to normal
animals, while treatment with resveratrol could inhibit the
changes. The results supported a previous observation that
resveratrol abrogated DM-induced RAGE expression [35]. In
addition, TLR4, another receptor of HMGB 1 induced by dia-
betes, was also attenuated by supplement of resveratrol. More
and more evidence revealed the important role of TLR4-
mediated signaling pathway in inflammation. Recently, it
was shown that HMGB 1/TLR4 signaling contributed to
inflammation in hepatic ischemia/reperfusion injury [44].
However, Mudaliar et al. suggested TLR4 as an important

mediator for inflammation in high glucose-induced endothe-
lial cells [45]. Furthermore, the TLR4-mediated inflamma-
tion was inhibited by resveratrol in various diseases [36,
46, 47]. Thus, taking the present results together, resveratrol
may prevent inflammation in DCM via inhibition of HMGB
1/TLR4 pathway. NF-𝜅B is a major downstream molecule of
RAGE/TLR4 as well as an important transcriptional factor
of various inflammatory mediators. As expected, NF-𝜅B
expression was suppressed in diabetic mice by treatment of
resveratrol. Similar toHMGB 1 andNF-𝜅B, the expressions of
TNF-𝛼 and iNOS in hearts were both increased inDMgroup,
but treatment with resveratrol restored them to normal
in DMR25 group, which is in agreement with a previous
investigation [21]. In addition, these results also supported
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Figure 5: Schematic diagram for the possible mechanisms of
the cardioprotection of resveratrol in diabetic cardiomyopathy. By
binding to RAGE or TLRs, HMGB 1 stimulates ROS production and
activation of NF-𝜅B, which triggers inflammation and fibrosis in
diabetic hearts. Increased ROS production and inflammation may
be responsible for upregulated HMGB 1 with a positive feedback.
Treatment with resveratrol attenuates genesis of ROS and HMGB 1
to prevent cardiac dysfunction in diabetes.

previous observation that resveratrol exhibited its cardio-
protective effect or cerebroprotective effect via inhibition
of TNF-𝛼 related inflammation [48, 49], indicating TNF-
𝛼 as an important inflammatory factor in DCM. Currently,
increasing studies have showed that HMGB 1 could promote
proinflammatory expression including TNF-𝛼. For example,
HMGB 1 was shown to mediate high glucose-induced TNF-
𝛼 expression in cardiomyocytes [12]. However, Chen et al.
[50] found that direct suppression of TNF-𝛼 activity partially
attenuated HMGB 1 release from macrophages, suggesting
that some inflammatory cytokines in turn triggered the
activation of many immune cells and enhanced HMGB
1 expression [51]. Namely, HMGB 1 can function as a
proinflammatory cytokine, which in turn forms a positive
feedback loop, thus exaggerating inflammatory state in DM
(Figure 5). Thus, in the present study, it is worth mentioning
that HMGB 1 might be an inducer or an effector of TNF-
𝛼 and iNOS in DCM. In conclusion, the results demon-
strated that resveratrol ameliorated upregulated HMGB 1
release and related proteins, accompanied with ROS genesis,
myocardial fibrosis, and inflammation in diabetic hearts,
though our study raises more questions than answers regard-
ing the relationship and crosstalk between them. Taken
together, we present HMGB 1-mediated signaling pathway
as a novel therapeutic strategy of resveratrol in treatment of
DCM.
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