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Plant-derived antioxidants are a large group of natural prod-
ucts with reducing or radical-scavenging capacity. Due to
their potent preventive as well as therapeutic actions, these
compounds receive a great deal of attention not only from
scientists but also from pharmacologists and physicians.

The maintenance of redox homeostasis plays a central
role in health and disease prevention. Oxidative stress is gen-
erated by an imbalance between reactive oxygen species
(ROS) and antioxidants. An excess of ROS leads to the degra-
dation of lipids, proteins, and nucleic acids and thus may lead
to the oxidative damage of cells as a consequence of the over-
expression of oncogenes, mutagen formation, induction of
atherogenic activity, or inflammation. Oxidative stress is
suggested to play a major role in the pathogenesis of cardio-
vascular diseases, neurodegeneration, cancers, immune dis-
orders, diabetes, aging, and others. Plants, especially dietary
fruits and vegetables, are a rich source of antioxidants. It is
postulated that antioxidants show health benefits through
direct reduction of oxidative stress. In the body, an antioxi-
dant network works in concert through several different
mechanisms: ROS scavenging, termination of lipid peroxida-
tion, or chelating of metals. Despite the fact that a broad
knowledge of antioxidant structures, properties, and biolog-
ical actions has been gathered, many aspects still require
clarification and further studies. Relatively little is known
about the cellular mechanisms of their therapeutic potential,
interactions with other compounds, appropriate dosage, and

effectiveness of treatment (especially their effect in random-
ized clinical trials). Furthermore, the bioactiveness of a large
number of natural compounds remains unknown. Well-
known antioxidants, as well those newly discovered, raise
hopes for their use in the prevention and treatment of the
abovementioned diseases.

In this special annual issue, an attempt has been made to
gather articles that update our understanding about the role
of plant-derived antioxidants in disease prevention. These
reports fill the gaps in the field of antioxidant research, allow
better understanding of their action, and facilitate their
future usage in disease prevention and treatment. The spe-
cial issue compiles eleven (11) excellent articles including
two (2) reviews and nine (9) research papers, which show
current and recent developments in plant-derived antioxi-
dant research.

The review by A. B. Enogieru et al. summarizes the latest
knowledge about the neuroprotective mechanisms of plant-
derived rutin—a glycoside of the flavonoid quercetin. Rutin
has a great potential to be a therapeutic agent in different
neurodegenerative diseases. The second interesting review
by B. M. Kim describes the therapeutic option of saikosapo-
nins (triterpene saponins) isolated from Bupleurum against
a variety of age-related disorders.

ROS play a major role in the pathogenesis of numerous
diseases. It is believed that the application of exogenous anti-
oxidants is a promising strategy to suppress oxidative stress
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associated with those disorders or via other still not
recognized mechanisms. In this special issue, most of the
research articles show that plant-derived compounds (or
their extracts) act successfully as suppressors of oxidation
and can be used in the future as therapeutic agents. The pub-
lished papers show either data obtained on cell lines or on the
animal models. Articles presented in this annual issue show
the antioxidant and protective effects from plant extracts as
well as from single compounds.

The research article by I. Rjeibi et al. shows that the meth-
anol extract of Lycium europaeum has a protective effect on
liver and kidney injuries induced by cisplastin. These authors
describe the phytochemical composition of the plant extract,
its antioxidant activity, and hepatorenal injury biomarkers.

Likewise, J. M. dos Santos et al. evaluated the chemical
profile of the water extract from Guazuma ulmifolia stem
bark and leaves on different cell lines (erythroleukemia cells,
human leucocytes), as well as on model animals. They
showed that Guazuma extracts can play a role as an adjuvant
in doxorubicin chemotherapy. Next, extracts from three
Mediterranean food plants (Carthamus lanatus, Cichorium
intybus, and Cichorium spinosum) which are a rich source
of phenolic compounds were examined by D. Stagos et al.’s
group. They have reported that those extracts may prevent
diseases associated especially with endothelium damage.

M. Zhu et al. conducted the research on gastrodin—a
compound isolated from the medicinal Chinese herb
“Tianma.” In this research paper, the authors attempted to
explain the cardioprotective mechanisms of gastrodin. They
show that the positive effect of gastrodin is connected with
the upregulation of 14-3-3n levels. The study of K. Vǎnková
et al. showed the antiproliferative and antioxidative effects
of chlorophylls (chlorophyll a/b, chlorophyllin, pheophytin
a) on pancreatic cancer cell lines. The protective effects
of aucubin against myocardial infarction-induced cardiac
remodeling was reported by Z. Yang et al. It seems that aucu-
bin acts through the activation of the NOS/NO pathway,
which reduces, i.e., ROS production.

J. Peng et al.’s group has evaluated the cataract-preventing
function of p-coumaric acid. They demonstrated that p-
coumaric acid suppresses H2O2-induced human lens epithe-
lial cell apoptosis through the MAPK signaling pathway.
K. Shanmugam et al. have investigated the cardioprotective
effect of fisetin—a natural flavonoid—using a Langendorff
isolated heart perfusion system. L. Sun et al. studied the
protective effect of the herb hydroxysafflor yellow A during
nitrosative stress in neurons. Nitrosative stress in the brain
is associated with various neurodegenerative disorders. The
results obtained suggest that hydroxysafflor yellow A protects
neurons from nitrosative stress.

Taken altogether, the data presented in this special annual
issue cover a series of topics addressing the role of plant-
derived antioxidants in different oxidative stress-related dis-
ease prevention. We believed that the papers published in
this special issue not only enrich our understanding of the
physiological action of natural products but also provide
promising perspectives on their future usage as therapeutic
agents. We are sure that all the information provided in this
issue will cover a broad range of interests.
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Cichorium intybus, and Cichorium spinosum Enhanced GSH
Levels and Increased Nrf2 Expression in Human Endothelial Cells

Dimitrios Stagos ,1 Dimitrios Balabanos,1 Salomi Savva,1 Zoi Skaperda,1

Alexandros Priftis,1 Efthalia Kerasioti,1 Eleni V. Mikropoulou,2

Konstantina Vougogiannopoulou,2 Sofia Mitakou,2 Maria Halabalaki,2

and Demetrios Kouretas 1

1Department of Biochemistry and Biotechnology, University of Thessaly, Viopolis, Larissa 41500, Greece
2Division of Pharmacognosy and Natural Product Chemistry, Department of Pharmacy, University of Athens, Panepistimiopolis,
Athens 15771, Greece

Correspondence should be addressed to Dimitrios Stagos; stagkos@med.uth.gr

Received 16 March 2018; Accepted 1 October 2018; Published 15 November 2018

Guest Editor: Pavel Pospisil

Copyright © 2018Dimitrios Stagos 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.

The Mediterranean diet is considered to prevent several diseases. In the present study, the antioxidant properties of six extracts
from Mediterranean plant foods were assessed. The extracts’ chemical composition analysis showed that the total polyphenolic
content ranged from 56 to 408 GAE mg/g dw of extract. The major polyphenols identified in the extracts were quercetin,
luteolin, caftaric acid, caffeoylquinic acid isomers, and cichoric acid. The extracts showed in vitro high scavenging potency
against ABTS•+ and O2

•− radicals and reducing power activity. Also, the extracts inhibited peroxyl radical-induced cleavage of
DNA plasmids. The three most potent extracts, Cichorium intybus, Carthamus lanatus, and Cichorium spinosum, inhibited
OH•-induced mutations in Salmonella typhimurium TA102 cells. Moreover, C. intybus, C. lanatus, and C. spinosum extracts
increased the antioxidant molecule glutathione (GSH) by 33.4, 21.5, and 10.5% at 50μg/ml, respectively, in human endothelial
EA.hy926 cells. C. intybus extract was also shown to induce in endothelial cells the transcriptional expression of Nrf2 (the major
transcription factor of antioxidant genes), as well as of antioxidant genes GCLC, GSR, NQO1, and HMOX1. In conclusion, the
results suggested that extracts from edible plants may prevent diseases associated especially with endothelium damage.

1. Introduction

Reactive oxygen species (ROS) are generated within living
organisms by different physiological processes such asmetabo-
lism and inflammation [1, 2]. Although basic levels of ROS are
needed for cellular homeostasis, they can be harmfulwhen they
are overproduced, a condition called oxidative stress [1, 2]. An
excessive production of ROS intracellularly may induce oxida-
tive damage to important biologicalmacromolecules [3]. Thus,
oxidative stress may be the aetiological factor for a number of
pathological conditions, such as cancer, neurodegenerative
diseases, diabetes, and cardiovascular diseases [4, 5].

Especially, oxidative stress-induced damage of the
vascular endothelium is considered a major cause of cardio-
vascular ailments [6–8]. For instance, oxidative stress may
induce acute and chronic phases of leukocyte adhesion to
the endothelium [6, 9]. Moreover, the interplay between
ROS and nitric oxide induces a vicious circle that may cause
further endothelial activation and inflammation [6, 7].
Furthermore, ROS like hydrogen peroxide (H2O2) may enter
into endothelial cells and interact with cysteine groups in
proteins to alter their function [6, 10]. Consequently, oxida-
tive stress may induce different abnormalities to endothelial
cells such as progress to senescence loss of integrity and
detach into the circulation [11].
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Living organisms produce antioxidant molecules, enzy-
matic and nonenzymatic, for protection against oxidative
stress [1, 3]. Moreover, an organism may also obtain antiox-
idant compounds through diet, especially from plant foods
[12, 13]. The antioxidant properties of plant foods are mainly
attributed to polyphenols, a large group of secondary metab-
olites acting as free radical scavengers and metal chelators
and affecting the activity of antioxidant enzymes [14].
Consumption of plant products is of great importance in
the Mediterranean diet known for its benefits on human
health [15]. For example, wild and semidomesticated edi-
ble plants containing high polyphenolic content and exhi-
biting strong antioxidant activity form a major part of the
Mediterranean diet [16–20]. Specifically, in Greece, the
term “chórta”means wild or semidomesticated edible herba-
ceous plants, which are cooked or consumed as raw salads as
part of the Mediterranean-style Greek diet [16, 17, 21–23].
Currently, there have been few studies on the antioxidant
activity of wild edible greens of Greece and especially on
the molecular mechanisms accounting for this activity. In a
recent preliminary study, we have found that extracts from
“chórta” species possessed anticarcinogenic and antioxidant
potential [24].

Therefore, the aim of the present study was a further
investigation of the antioxidant properties of extracts derived
from six wild edible greens (i.e., Carthamus lanatus, Crepis
sancta, Cichorium intybus, Cichorium spinosum, Amar-
anthus blitum, and Sonchus asper) from Greece. Thus, the
extracts were examined for their free radical scavenging
activity against the ABTS•+ radical and superoxide anion
radical (O2•−), for their reducing power activity and for their
antimutagenic activity against ROS-induced mutagenicity.
Moreover, the extracts’ possible enhancement of antioxidant
defense in endothelial cells and the molecular mechanisms
accounting for these effects was investigated.

2. Materials and Methods

2.1. Plant Material and Isolation of Extracts. Six plant species,
C. lanatus (gkourounáki), C. intybus (kavouráki), C. sancta
(ladáki), S. asper (zochós), C. spinosum (stamnagkáthi), and
A. blitum (vlíto), were obtained from local markets in Athens
(Greece; spring of 2015). Five of them were from the family
of Asteraceae and one from the family of Amaranthaceae
(i.e., A. blitum). The samples were botanically characterized
at the Laboratory of Pharmacognosy and Natural Products
Chemistry. As described previously [24], the leaves and stems
were boiled with water (500 g of plant material/1 l of water),
for 20 minutes. After cooling at room temperature, the
decoctions were filtered through paper and evaporated to
dryness. Moreover, three of the extracts and more specifi-
cally those of C. lanatus, C. sancta, and C. intybus were
enriched by using XAD7 HP Amberlite® adsorption resin.
All of the dry extracts were submitted to HPLC-PDA
chemical analysis.

2.2. HPLC-PDA Analysis. For the HPLC analysis of the
extracts, a Thermo Finnigan® HPLC-PDA System (P4000
Pump, AS3000 Autosampler, PDA Detector UV8000,

ChromQuest™ 4.2 Software) and a Supelco® RP18 Discov-
ery HS-C18 (250mm, 4.6mm, and 5μm) column were
employed. 20μl of water extracts at 1.5mg/ml was injected.
The mobile phase was 0.1% formic acid in water (A) and
MeOH (B). Elution started with 2% (B), reaching 100% (B)
in 60 minutes. These conditions were kept for 4 minutes
before getting back to initial conditions in 2min for a
4min reequilibration. The flow rate was maintained at
1ml/min and the column temperature at 25°C. Relative
quantification of the main secondary metabolites was per-
formed at 280 nm absorbance.

2.3. Evaluation of the Total Polyphenolic Content (TPC) of the
Extracts. The evaluation of the TPC of the plant extracts was
assessed spectrophotometrically at 765nm by using the
Folin-Ciocalteu reagent as described previously [25]. TPC
was determined by a standard curve of absorbance values in
correlation with standard concentrations (50–1500μg/ml)
of gallic acid. The TPC was expressed as mg of gallic acid
equivalents (GAE) per g of dry weight (dw) of extract.

2.4. ABTS•+ Radical Scavenging Assay. ABTS•+ radical scav-
enging capacity of the extracts was performed as described
previously [26]. Briefly, ABTS•+ radical was generated by
mixing 2mM ABTS with 30μMH2O2 and 6μM horseradish
peroxidase (HRP) enzyme in 1ml of distilled water. The
mixture was vortexed vigorously and left at room tempera-
ture in the dark for 45min. Subsequently, 10μl of extract at
different concentrations was added in the reaction solution
and the absorbance at 730nm was read. In each experiment,
a blank was used consisting of the tested sample in distilled
water, ABTS•+, and H2O2. The ABTS

•+ radical solution with
10μl H2O was used as control. After measuring the absor-
bance, the percentage of radical scavenging capacity (RSC)
of the tested extracts was calculated. In addition, for compar-
ison of the extracts’ radical scavenging efficiency, IC50 value
indicating the concentration that caused 50% scavenging of
ABTS•+ radical was calculated from the graph-plotted RSC
percentage against extract concentration. At least two inde-
pendent experiments in triplicate were performed for each
tested compound.

2.5. Superoxide Radical Scavenging Assay. The superoxide
anion radical (O2

•−) scavenging activity of the extracts was
evaluated as described previously [27]. In brief, O2

• is
produced by the PMS-NADH system through oxidation of
NADH and is measured spectrophotometrically at 560nm
by the reduction of nitroblue tetrazolium (NBT). Antioxi-
dants may scavenge O2

•− and consequently reduce absor-
bance. The RSC and the IC50 values for O2

•− were evaluated
as mentioned above for ABTS•+ radical. At least two inde-
pendent experiments in triplicate were performed for each
tested compound.

2.6. Reducing Power Assay. Reducing power was determined
spectrophotometrically as described previously [28]. RP0.5AU
value showing the extract concentration-caused absorbance
of 0.5 at 700nm was calculated from the graph-plotted
absorbance against extract concentration. At least two
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independent experiments in triplicate were performed for
each tested compound.

2.7. Peroxyl Radical-Induced DNA Plasmid Strand Cleavage.
The assay was performed as described previously [29]. In
brief, peroxyl radicals (ROO•) were produced from thermal
decomposition of 2,2′-azobis (2-amidinopropane hydro-
chloride) (AAPH). The reaction mixture (10μl) containing
1μg pBluescript-SK+ plasmid DNA, 2.5mM AAPH in
phosphate-buffered saline (PBS), and the tested extract at
different concentrations was incubated in the dark for
45min at 37°C. Then the reaction was stopped by the
addition of 3μl loading buffer (0.25% bromophenol blue
and 30% glycerol). After analyzing the DNA samples by
agarose gel electrophoresis, they were photographed and
analyzed using the Alpha Innotech Multi Image (Protein-
Simple, California, USA). In addition, plasmid DNA was
treated with each extract alone at the highest concentration
used in the assay in order to test their effects on plasmid
DNA conformation. The percentage of the protective activity
of the tested extracts from ROO•-induced DNA strand
breakage was calculated using the following formula:

%inhibition = S – S0
Scontrol – S0

× 100, 1

where Scontrol is the percentage of supercoiled DNA in the
negative control sample (plasmid DNA alone), S0 is the
percentage of supercoiled plasmid DNA in the positive
control sample (without tested extracts but in the presence
of the radical initiating factor), and S is the percentage of
supercoiled plasmid DNA in the sample with the tested
extracts and the radical initiating factor. Moreover, IC50
values showing the concentration that inhibited the AAPH-
induced relaxation by 50% were calculated from the graph-
plotted percentage inhibition against extract concentration.
At least two independent experiments in triplicate were
performed for each tested compound.

2.8. Bacterial Strain. Seven hundred microliters of the stock
culture of Salmonella typhimurium TA102 strain (MOLTOX,

Boone, NC) was used to inoculate 30ml of Oxoid nutrient
broth no. 2. The inoculated cultures were placed on a shaker
(100 rpm) and incubated in the dark at 37°C until the
cells reached a density of 1-2× 109 colony forming units
(CFU/ml, OD540 between 0.1 and 0.2).

2.9. The Antimutagenicity Test. Two of the extracts (i.e.,
C. lanatus and C. intybus) enriched with polyphenols that
exhibited the highest protective activity against ROO•-
induced DNA plasmid damage were also examined for their
inhibitory activity against ROS-induced mutagenicity in S.
typhimurium TA102 bacterial cells. Similarly, C. spinosum
extract, the most potent among nonenriched extracts,
was also examined for its antimutagenic activity in S.
typhimurium TA102 bacterial cells.

For the antimutagenicity examination, the standard
plate incorporation procedure was used as described previ-
ously [27, 30, 31]. Tert-butyl hydroperoxide (t-BOOH) was
used as mutagenic agent. Specifically, the following sub-
stances were added in screwed sterile tubes maintained at
45°C± 2°C: 2ml top agar, 100μl bacterial culture of S. typhi-
murium TA102 strain, 50μl t-BOOH solution (0.4mM final
concentration), and 50μl extract at various concentrations.
The contents of the tubes were mixed and poured onto the
surface of glucose minimal agar plates. Then the plates were
inverted and placed in an incubator, at 37°C± 2°C for 48 h.
Afterwards, the histidine revertant colonies (His+) were
counted. Before counting, the agar plates were microscop-
ically checked for toxicity [31]. Each assay included both
positive (oxidizing agent alone) and negative (plates with-
out oxidizing agent or tested extract) controls. Also, each
antioxidant was checked at the two highest concentrations
used in the antimutagenicity assay, for possible induction
of mutations.

For evaluation of the percent inhibition of mutagenicity,
the number of induced revertants was obtained by subtract-
ing the number of spontaneous revertants from the number
of revertants on the plates containing the mutagen and/or
antioxidant. The percentage inhibition of mutagenicity was
calculated as follows:

At least two independent experiments in triplicate were
performed for each tested compound.

2.10. Cell Culture Conditions. As described previously [32],
human endothelial EA.hy926 cells were cultured in normal
Dulbecco’s modified Eagle’s medium (DMEM) in plastic
disposable tissue culture flasks at 37°C in 5% carbon dioxide.

2.11. XTT Assay. To examine the extracts’ antioxidant
activity in endothelial cells, noncytotoxic concentrations

were used. For selection of these concentrations, extracts’
cytotoxicity in endothelial cells was checked using the cell
viability XTT assay kit (Roche, Switzerland) as described
previously [28]. Briefly, EA.hy926 cells were seeded into a
96-well plate with 1× 104 cells per well in DMEM medium.
After 24 h incubation, the cells were treated with different
concentrations of the extracts in serum-free DMEMmedium
for 24h. Then 50μl of XTT test solution was added to each
well. After 4 h of incubation, absorbance was measured at
450 nm and also at 630nm as a reference wavelength in

Inhibition = 1 − number of colonies/plate with oxidant + test compound
number of colonies/plate with oxidant alone × 100 2
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a Biotek ELx800 microplate reader (Winooski, Vermont,
USA). Negative control was DMEM serum-free medium.
The absorbance values of the control and samples were used
for calculation of the percentage inhibition of cell growth
caused by the extract treatment. All experiments were carried
out in triplicate and on two separate occasions.

2.12. Treatment of EA.hy926 Cells with the Extracts. C.
lanatus and C. intybus extracts which exhibited the highest
free radical scavenging potency among extracts enriched
with polyphenols were examined for their antioxidant capac-
ity in endothelial EA.hy926 cells. C. spinosum extract, the
most potent of nonenriched with polyphenols extracts, was
also examined in endothelial cells. The cells were cultured
in flasks for 24h. Afterwards, the medium was replaced with
serum-free medium containing the tested extracts at noncy-
totoxic concentrations. The cells were treated with the
extracts for 24 h, and then they were trypsinized, collected,
and centrifuged twice at 300×g for 10min at 5°C. At the
end of the first centrifugation, the supernatant fluid was
discarded and the cellular pellet was resuspended in PBS.
After the second centrifugation, the cell pellet was collected
and used to measure the glutathione (GSH) and ROS levels
and the mRNA levels of antioxidant genes.

2.13. Assessment of GSH and ROS Levels by Flow Cytometry
Analysis in Endothelial Cells. The GSH and ROS levels in
EA.hy926 cells were assessed using mercury orange and
DCF-DA, respectively, as described previously [33, 34]. In
brief, for assessment of the GSH and ROS levels, the cells
were resuspended in PBS at 1× 106 cells/ml and incubated

in the presence of mercury orange (10μΜ) and DCF-DA
(40 μΜ), respectively, in the dark at 37°C for 30min. Then
the cells were washed, resuspended in PBS, and submitted
to flow cytometric analysis using a FACSCalibur flow cyt-
ometer (Becton Dickinson, New Jersey, USA) with excitation
and emission wavelengths at 488 and 530nm for ROS and at
488 and 580nm for GSH. Data were analyzed using “BD
CellQuest” software (Becton Dickinson). Each experiment
was repeated at least three times.

2.14. Quantitative Real-Time PCR (qRT-PCR) of Antioxidant
Genes. The extract that exhibited the highest antioxidant
potency in endothelial cells (i.e., C. intybus) was examined
for its effects on the transcriptional expression of major anti-
oxidant genes, as described previously [35]. Specifically,
EA.hy926 cells were treated with C. intybus extract at
50μg/ml for 3, 12, and 24 h. Then RNA was extracted from
cell pellet (see Section 2.11) using an RNA isolation kit
(PureLink™ RNA kit, Invitrogen, USA). The extracted RNA
(~10μg) was treated with DNase (RQ1 RNase-Free DNase,
1U/μl, Promega, USA). DNA-free RNA was then reverse
transcribed to obtain cDNA (SuperScript II Reverse Tran-
scriptase, Invitrogen, USA) using oligo (dT) 12-18 primers
(Invitrogen, USA). Amplification of cDNAs for the NFE2L2,
GCLC, GSR, GPX1, HMOX1, CAT, SOD1, NQO1, TXN, and
GAPDH genes was carried out in 10μl reactions containing
SYBR® Select Master Mix 2X (Applied Biosystems, CA,
USA), 0.25 μΜ of each primer, 50 nM ROX Low, and 25ng
cDNA for the amplification of all genes. The utilized primers
are shown in Table 1. The thermocycling conditions used for
the amplification of the aforementioned genes were the

Table 1: The sequence of primers used for the assessment of mRNA levels of NFE2L2, GCLC, GSR, GPX1, HMOX1, CAT, NQO1, SOD1, and
TXN genes in EA.hy926 cells by qRT-PCR.

Gene Access no. Primer (5′-3′)

CAT 847
Forward: CCAGAAGAAAGCGGTCAAGAA

Reverse: TGGATGTGGCTCCCGTAGTC

SOD1 6647
Forward: AGGGCATCA TCAATTTCGAG

Reverse: GGGCCTCAGACTACATCCAA

TXN 7295
Forward: TTTCCATCGGTCCTTACAGC

Reverse: TTGGCTCCAGAAAATTCACC

HMOX1 3162
Forward: GGCCTGGCCTTCTTCACCTT

Reverse: GAGGGGCTCTGGTCCTTGGT

NFE2L2 4780
Forward: ATTGCCTGTAAGTCCTGGTCA

Reverse: ACTGCTCTTTGGACATCATTTCG

NQO1 1728
Forward: GGGCAAGTCCATCCCAACTG

Reverse: GCAAGTCAGGGAAGCCTGGA

GCLC 2729
Forward: GAAGAAGATATTTTTCCTGTCATTGAT

Reverse: CCATTCATGTATTGAAGAGTGAATTT

GSR 2936
Forward: CCAGCTTAGGAATAACCAGCGATGG

Reverse: GTCTTTTTAACCTCCTTGACCTGGGAGAAC

GPX1 2876
Forward: CGCTTCCAGACCATTGACATC

Reverse: CGAGGTGGTATTTTCTGTAAGATCA

GAPDH 2597
Forward: TGCACCACCAACTGCTTAG

Reverse: GATGCAGGGATGATGTTC
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following: 3min at 95°C, 45 cycles of 15 sec at 95°C, and
30 sec at 53°C followed by 30 sec at 72°C. Finally, a melting
curve was carried out from 53°C to 95°C to check the
specificity of the products. All qRT-PCR were performed
on a μx3005P system (Stratagene, UK). Amplification effi-
ciencies were >86% with r2 values> 0.981 for all genes.

2.15. Statistical Analysis. All results were expressed as
mean± SD. Differences were considered significant at
p < 0 05. One-way ANOVA was performed followed by
Tukey’s test for multiple pair-wise comparisons using the
SPSS 20.0 software.

3. Results and Discussion

3.1. Polyphenolic Composition of Extracts. The range of the
TPC in the tested extracts was from 56 to 408mg GAE/gr
dw (Table 2). As expected, C. lanatus, C. intybus, and C.
sancta exhibited the higher TPC values (408, 320, and
288mg GAE/gr dw of extract, respectively), since they
were enriched with polyphenols by using absorption resin
(Table 2). All the extracts from the Asteraceae family were
rich in phenolic compounds and particularly hydroxycin-
namic acids and flavonoid derivatives. All the members of
the Cichoriae tribe (i.e., C. spinosum, C. intybus, C. sancta,
and S. asper) presented a similar chemical profile (Figure 1)
with variations to the relative percentages of specific second-
ary metabolites in each extract (supplementary material
(available here)). Based on the literature [36] and previous
LC-MS analyses (data not shown) of the extracts, we
estimated that two caffeoyl tartaric acid derivatives, namely,
caftaric acid and cichoric acid, constituted the predominant
compounds of these extracts and could be responsible for
the decoctions’ biological activities. C. lanatus-enriched
decoction appeared to possess extremely high amounts of
phenolic substances, most probably glycosides of the flavo-
noids quercetin and luteolin, while its profile was compli-
mented by the presence of caffeoylquinic acid isomers and
dimers. On the other hand, the A. blitum extract was quite
poor in phenolic compounds with only a few, minor peaks
observed in the medium polarity area of its chromatogram.
However, as expected from a member of the Amaranthaceae
family, the presence of the nonpolar triterpene saponins
was evident.

3.2. Free Radical Scavenging Activity and Reducing Power of
Extracts. The IC50 values against ABTS

•+ and O2
•− radicals

are shown in Table 2. Low IC50 values mean strong antioxi-
dant potency. In the ABTS•+ method, the IC50 extended from
7.9 (C. lanatus) to 72.0μg/ml (A. blitum), and in O2

•− radical
assay, it was from 6.3 (C. lanatus) to 56.0μg/ml (S. asper)
(Table 2). It was remarkable that C. lanatus extract had the
highest potency in ABTS•+ and O2

•− radical assays and
exhibited activity at too low concentrations. As mentioned,
C. lanatus had also the highest TPC, and so, its rich polyphe-
nolic content may explain the high antioxidant activity.
Moreover, the polyphenols (i.e., quercetin, luteolin, and caf-
feoylquinic acid derivatives) found in C. lanatus have been
known as strong free radical scavengers [37, 38]. In general,
the three extracts (i.e., C. lanatus, C. intybus, and C. sancta)
enriched with polyphenols due to use of absorption resin
exhibited IC50 values which were at least 2-fold lower than
those of the other extracts (Table 2). Although ABTS•+

radical is one of the most used for examining compounds’
antioxidant activity, it is a synthetic radical. However, O2

•−

is one of the most common and reactive radicals found in liv-
ing organisms [3]. Superoxide radical may be produced
in vivo by the reactions of the electron transport chains in
mitochondria (1–3% of electrons forming O2

•−), activated
phagocytic cells, enzymatic activity (e.g., P450 enzymes and
xanthine oxidase), and autooxidation reactions of biomole-
cules (e.g., adrenalin and FADH2) [2]. Superoxide radical
may cause damage to DNA, proteins, and lipids, and these
effects seem to increase with aging [3]. Thus, it is important
for prevention of oxidative stress-induced diseases to find
out compounds which effectively scavenge O2

•−.
In the reducing power assay, RP0.5AU values ranged from

5.0 (C. lanatus) to 65.0 (A. blitum) (Table 2). Like IC50 values,
the lower the RP0.5AU value is, the higher is the reducing
power activity. The reducing power of a compound is an
indication of its antioxidant activity, because it shows its
ability to act as an electron donor and consequently to
neutralize free radicals [39]. Again, C. lanatus extract was
the most potent in this assay, while the other two extracts
(i.e., C. intybus and C. sancta) that were enriched with poly-
phenols had also high reducing activity (Table 2). However,
in this assay, C. spinosum extract also exhibited high reducing
potency (RP0.5AU: 8.0), although it was not processed with
absorption resins (Table 2). This C. spinosum extract’s high

Table 2: Total phenolic content, free radical scavenging activity against ABTS•+ and O2
•− radicals, protective activity against peroxyl (ROO•)

radical-induced DNA damage, and reducing power of the extracts.

Plant variety TPCa (mg GAE/gr dw)
IC50 (μg/ml)e

ABTS•+ O2
•− ROO• Reducing powere (RP0.5AU)

d

Carthamus lanatus 408 7.9± 0.9b 6.3± 0.4b 110.0± 8.2c 5.0± 0.3b

Cichorium intybus 320 9.1± 0.6 8.2± 0.7 105.0± 7.6 6.0± 0.2
Cichorium spinosum 117 28.0± 3.1 21.0± 1.4 300.0± 17.3 8.0± 0.6
Crepis sancta 288 12.0± 1.5 7.5± 0.6 132.0± 9.8 10.5± 0.9
Sonchus asper 56 66.0± 7.2 56.0± 3.8 970.0± 53.4 47.0± 3.3
Amaranthus blitum 63 72.0± 9.6 21.0± 1.2 443.0± 19.5 65.0± 4.6
aTPC: total polyphenolic content. bValues are the mean ± SD of at least two separate triplicate experiments. cValues are the mean ± SD from three independent
experiments. dRP0.5AU: extract concentration (μg/ml) caused absorbance of 0.5 at 700 nm. eValues are statistically significant, p < 0 05.
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activity may be explained by the type of its polyphenols or by
the presence of other chemical compounds which may be
very effective as hydrogen donors.

3.3. Antimutagenic Activity of Extracts against ROS-Induced
DNA Damage. All the tested extracts inhibited ROO•-
induced DNA plasmid breakage, with IC50 values ranging
from 105 to 970μg/ml (Table 2 and Figure 2). The potency

order was C. lanatus=C. intybus>C. sancta>C. spino-
sum>A. blitum> S. asper (Table 2). Similar to antioxidant
assays, the three extracts enriched with polyphenols by
passage through resin column exhibited at least 2-fold higher
protective activity compared to other extracts. The ROO•
radicals that caused the DNA damage in this assay are
produced within cells after the addition of O2 to carbon-
centered radicals [40]. Subsequently, ROO• can oxidize
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Figure 1: HPLC-PDA profiles of plant decoctions: (a) Cichorium spinosum, (b) Cichorium intybus, (c) Crepis sancta, (d) Sonchus asper,
(e) Carthamus lanatus, (f) Amaranthus blitum, and their main metabolites: 1: caftaric acid; 2: caffeoylquinic acid isomer; 3: cichoric
acid; 4: luteolin diglycoside; 5: quercetin glucuronide; 6: luteolin glucuronide; 7: dicaffeoylquinic acid isomer; 8: apigenin glucuronide;
9: quercetin glucoside; 10: luteolin glucoside; 11: quercetin acetyl glucoside; 12: luteolin acetyl glucoside; 13: hydroxycinnamates;
14: rutin; 15: triterpene saponins.
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DNA bases to their hydroxyl derivatives resulting in muta-
tions and manifestation of diseases [41]. These detrimental
effects may be prevented by the use of the tested extracts
through diet as the present findings suggested. Interest-
ingly, quercetin, luteolin, and caffeoylquinic acid found in
C. lanatus extract have been demonstrated to scavenge
ROO• [42, 43].

The two most potent extracts enriched with polyphenols
due to passage through resin (i.e., C. lanatus and C. intybus)
and the most potent (i.e., C. spinosum) among nonenriched
extracts were also tested for their inhibitory potency against
ROS-induced mutagenicity in S. typhimurium TA102
bacterial cells. The results from this assay supported those
from DNA plasmid cleavage assay, since all three extracts
inhibited dose-dependent t-BOOH-induced mutagenicity
(Figure 3). Specifically, C. lanatus extract inhibited signifi-
cantly t-BOOH-induced mutations by 12.3, 17.9, 31.7, 48.7,
and 66.9% at 5, 10, 25, 50, and 100μg/plate, respectively,
C. intybus extract by 17.0, 19.6, 30.0, 38.0, and 56.9% at 5,
10, 25, 50, and 100μg/plate, respectively, and C. spinosum

extract by 12.2, 24.7, and 48.1% at 100, 200, and 400μg/plate,
respectively (Figure 3). The two extracts enriched with poly-
phenols had higher inhibitory activity than the nonenriched
extract, indicating that the polyphenols accounted mainly
for the observed protection from mutagenicity. The t-BOOH
reacts with Fe2+ in cells and generates HO• causing DNA
damage [3]. The OH• radicals are the major ROS to react
with either DNA bases or deoxyribose resulting in DNA
damage and mutations [3]. Thus, it was important that the
tested extracts protected from OH•-induced DNA muta-
tions. C. lanatus extract was again the most potent due, at
least in part, to its identified polyphenols, since previous
studies have shown that quercetin and luteolin inhibited
t-BOOH-induced mutagenicity in TA102 cells [44]. More-
over, Jho et al. [45] have reported that a caffeoylquinic
derivative inhibited t-BOOH-induced DNA damage in
human liver HepG2 cells.

3.4. Effects of Extracts on the Antioxidant Status of
Endothelial Cells. C. lanatus and C. intybus extracts, the two
most potent extracts enriched with polyphenols, and C. spi-
nosum extract, the most potent among nonenriched extracts,
were examined for their antioxidant activity in human
endothelial EA.hy926 cells. Firstly, the extracts’ cytotoxicity
was evaluated, so as noncytotoxic concentrations to be used
for the assessment of the antioxidant activity. The results
from XTT assay showed that C. intybus, C. lanatus, and C.
spinosum extracts exhibited significant cytotoxicity above
100, 200, and 600μg/ml, respectively (Figure 4). Thus, the
selected concentrations of the C. intybus, C. lanatus, and C.
spinosum extracts in the following assays were up to 50,
100, and 400μg/ml, respectively.

The assessment of the extracts’ effects on the antioxidant
capacity of endothelial cells was based on the measurement
of GSH and ROS levels by flow cytometry. The results
showed that C. intybus increased significantly GSH levels
by 10.8, 15.2, and 33.4% at 10, 25, and 50μg/ml, respectively,
compared to control, C. lanatus by 15.9, 21.5, and 24.7% at
25, 50, and 100μg/ml, respectively, and C. spinosum by 10.5
and 21.6% at 50 and 100μg/ml, respectively (Figure 5). The
increase in GSH after extract treatment is important, since
GSH is considered as a significant endogenous antioxidant
molecule in cells [46]. GSH may scavenge directly free radi-
cals by donating one hydrogen atom from its sulfhydryl
group or is used as substrate by antioxidant enzymes such
as glutathione transferase (GST) and glutathione peroxidase
(GPx) [46]. Especially for endothelial cells, GSH is important
not only as antioxidant but also as a crucial regulator of cell
signaling [47, 48]. Although the effects of C. intybus and C.
lanatus on GSH were dose dependent, the C. spinosum
extract did not affect GSH at higher concentrations than
100μg/ml (Figure 5). This intriguing observation may be
explained by the fact that C. spinosum at 200 and 400μg/ml
exhibited a tension to decrease cell viability (Figure 4). That
is, for C. spinosum, 100μg/ml seemed to be a crucial concen-
tration, above which cytotoxicity was caused. In turn, this
cytotoxicity was encountered by GSH consumption. It is
known that polyphenols sometimes have a biphasic effect,
namely, at low concentrations, they act as antioxidants and
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Figure 2: Protective activity of extracts from (a) Crepis sancta,
(b) Cichorium intybus, (c) Carthamus lanatus, (d) Amaranthus
blitum, (e) Cichorium spinosum, and (f) Sonchus asper plants
against ROO• radicals: 1: pBluescript-SK+ plasmid DNA without
any treatment; 2: plasmid DNA exposed to ROO• radicals alone;
3, 4, 5, 6, and 7: plasmid DNA exposed to ROO• radicals in the
presence of extract concentrations: 0.015, 0.030, 0.060, 0.120, and
0.240mg/mL, respectively (a–c) and 0.030, 0.060, 0.120, 0.240, and
0.480mg/ml, respectively (e) and 0.120, 0.240, 0.480, 0.960, and
1.920mg/ml, respectively (d, f); 8: plasmid DNA exposed to the
maximum tested concentration of each extract alone. OC: open
circular; SC: supercoiled.
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Figure 3: Antimutagenic effects of C. intybus, C. lanatus, and C. spinosum extracts on t-BOOH-induced mutagenicity in S. typhimurium
TA102 cells. Values are the mean± SD number of histidine revertants of three independent experiments carried out in triplicate.
The concentration of t-BOOH was 0.4mM/plate. ∗p < 0 05 when compared with control. #p < 0 05 when compared with the t-BOOH
alone sample.
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Figure 4: Cell viability following treatment with C. intybus, C. lanatus, and C. spinosum extracts in EA.hy926 cells. The results are
presented as the means± SEM of three independent experiments carried out in triplicate. ∗p < 0 05 indicates significant difference
from the control value.
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at high concentrations, they act as prooxidants resulting in
cytotoxicity [49]. It is also worth mentioning that polyphe-
nols identified in the tested extracts have been reported
to increase GSH levels. For example, quercetin has been

demonstrated recently to enhance GSH levels in human
aortic endothelial cells (HAEC) through increased expression
of glutamate-cysteine ligase (GCL), one of the major enzymes
involved in GSH synthesis [50]. Moreover, luteolin has been
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Figure 5: Effects of treatment with C. intybus, C. lanatus, and C. spinosum extracts at different concentrations for 24 h on GSH levels in
EA.hy926 cells. The histograms of cell counts versus fluorescence of 10,000 cells analyzed by flow cytometry for the detection of GSH
levels after treatment with (a) C. intybus, (b) C. lanatus, and (c) C. spinosum. FL2 represents the detection of fluorescence using 488 and
580 nm as the excitation and emission wavelength, respectively. Bar charts indicate the GSH levels as % of control as estimated by the
histograms in EA.hy926 cells after treatment with C. intybus, C. lanatus, and C. spinosum extracts. All values of bar charts are presented as
the mean± SEM of 3 independent experiments. ∗p < 0 05 indicates significant difference from the control.
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demonstrated to decrease oxidative stress in the mouse lung
through, among other mechanisms, increase of GSH [51].
Additionally, administration of caftaric acid to rats inhibited
lead-induced decrease in GSH in the kidney [52].

Unlike GSH, extract treatment did not affect ROS levels
too intensively (Figure 6). Only C. lanatus extract reduced
significantly ROS by 12.1% and C. spinosum extract by 6.8
and 15.6% at 50 and 100μg/ml, respectively, compared to
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Figure 6: Effects of treatment with C. intybus, C. lanatus, and C. spinosum extracts at different concentrations for 24 h on ROS levels in
EA.hy926 cells. The histograms of cell counts versus fluorescence of 10,000 cells analyzed by flow cytometry for the detection of ROS
levels after treatment with (a) C. intybus, (b) C. lanatus, and (c) C. spinosum. FL2 represents the detection of fluorescence using 488 and
530 nm as the excitation and emission wavelength, respectively. Bar charts indicate the ROS levels as % of control as estimated by the
histograms in EA.hy926 cells after treatment with C. intybus, C. lanatus, and C. spinosum extracts. All values of bar charts are presented as
the mean± SEM of 3 independent experiments. ∗p < 0 05 indicates significant difference from the control.
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control (Figure 6). The weak extracts’ effect on ROS levels
may be attributed to the fact that their impact was examined
on the baseline ROS levels, that is, there was not an oxidant
stimulus to cells. Nevertheless, the observed decrease in
ROS, even only at the higher extract concentrations, was in
accordance with and might be attributed to the correspond-
ing increase in the antioxidant molecule of GSH by the
extracts (Figure 5). Interestingly, C. spinosum at concentra-
tions higher than 100μg/ml did not decrease further ROS
levels (Figure 6). This finding supported our hypothesis men-
tioned above, that is, C. spinosum at concentrations above
100μg/ml may exhibit prooxidant effect and cytotoxicity.

Since C. intybus extract induced the highest increase in
antioxidant mechanism (i.e., GSH) in endothelial cells, its
effects on the expression at a transcriptional level of antioxi-
dant genes were assessed (Figure 7). Specifically, it was
examined if the extract affected the expression of the nuclear
factor (erythroid-derived 2)-like 2 (Nrf2), the most impor-
tant transcription factor regulating antioxidant genes [53].
The results from the qRT-PCR showed that C. intybus treat-
ment upregulated significantly the expression of NFE2L2
gene encoding for Nrf2 by 7.3-fold and 8.5-fold at 12 and
24 h, respectively, compared to control (Figure 7). This find-
ing was significant, because it indicated that the extract’s
compounds exerted antioxidant activity not only as direct
free radical scavengers but also as modulators of molecular
mechanisms. Interestingly, chicoric acid found in C. intybus
extract has been reported to increase Nrf2 expression in
mouse muscle [54]. The increase in Nrf2 expression was
supported by the extract treatment-induced increase in
expression of genes regulated by Nrf2. Namely, extract treat-
ment upregulated significantly the expression of GCLC by
6.2-fold, 6.3-fold, and 3.4-fold at 3, 12, and 24 h, respectively,
GSR by 9.8-fold, 8.0-fold, and 5.0-fold at 3, 12, and 24h,
respectively, NQO1 by 8.4-fold, 12.1-fold, and 6.7-fold at 3,
12, and 24h, respectively, and HMOX1 by 4.0-fold, 4.5-fold,
and 2.7-fold at 3, 12, and 24 h, respectively, compared to
control (Figure 7). Especially, the increase in GCLC and
GSR expression was important, since it accounted for the C.
intybus extract-induced increase in GSH levels (Figure 5).
GCLC gene encodes the catalytic subunit of the GCL protein,
the main enzyme involved in GSH synthesis [40]. GSR
encodes for glutathione reductase (GR) enzyme regenerating
GSH from the oxidized glutathione (GSSG) [40]. HMOX1
and NQO1, the other two upregulating genes, encode for
heme oxygenase 1 (HO-1) and NAD (P)H:quinone oxido-
reductase 1 (NQO1), respectively. The increase in the
expression of these enzymes supported further the ability
of the C. intybus extract to enhance endothelial cells’ anti-
oxidant capacity, since HO-1 and NQO1 are important
antioxidant enzymes participating in iron sequestration
and quinone detoxification, respectively [55, 56]. C. intybus
treatment did not affect the expression of CAT, SOD1, and
GPX1 genes, while it downregulated significantly TXN gene
expression by 35.7-fold, 10.3-fold, and 10.0-fold at 3, 12,
and 24 h, respectively (Figure 7). The lack of effect on CAT,
SOD1, and GPX1 and the downregulation of TXN gene were
intriguing, since Nrf2 activates their expression [53]. This
contradiction may be explained by the high complexity of

the regulation of the antioxidant mechanisms and the
interaction between them, namely, when some antioxidant
mechanisms are enhanced, some others remain inactive as
a compensation adaptive response of the cell [57].

4. Conclusions

In conclusion, the present findings demonstrated for the
first time that extracts from the edible plants C. lanatus,
C. intybus, and C. spinosum enhanced antioxidant defense
mechanism such as GSH in endothelial cells. Especially, C.
spinosum extract was shown to mediate this antioxidant
effect through increased expression of Nrf2, the most crucial
transcription factor of antioxidant genes, and subsequent
upregulation of important antioxidant genes including those
involved in GSH synthesis. Since, these plants constitute a
part of the Mediterranean diet, their observed bioactivities
may explain, at least in part, the prevention of this type of diet
against diseases associated with endothelial function such as
the cardiovascular disease [58]. Moreover, the results sug-
gested that these extracts may be used for the development
of food supplements or biofunctional foods that would
protect from diseases caused by oxidative stress-induced
endothelium damage.
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Peroxynitrite-mediated nitrosative stress in the brain has been associated with various neurodegenerative disorders. Recent
evidence highlights peroxisome proliferator-activated receptor γ (PPARγ) as a critical neuroprotective factor in
neurodegenerative diseases. Here, we observed the effect of the herb hydroxysafflor yellow A (HSYA) during nitrosative
stress in neurons and investigated the mechanism based on PPARγ protection. We found that a single exposure of
primary neurons to peroxynitrite donor SIN-1 caused neuronal injury, which was accompanied by the increase of PPARγ
nitration status and lack of activation of the receptor, as measured by PPARγ DNA-binding activity, by agonist (15d-PGJ2
or rosiglitazone) stimulation. The crucial role of PPARγ in neuronal defense against nitrosative stress was verified by
showing that pretreatment with 15d-PGJ2 or rosiglitazone attenuated SIN-1-induced neuronal injury but pretreatment with
GW9662, a PPARγ antagonist, aggravated SIN-1-induced neuronal injury. The addition of HSYA not only inhibited SIN-
1-induced neuronal damage but prevented PPARγ nitrative modification and resumed PPARγ activity stimulated by either
15d-PGJ2 or rosiglitazone. Furthermore, HSYA also showed the ability to rescue the neuroprotective effect of 15d-PGJ2 or
rosiglitazone when the agonists were coincubated with SIN-1. Finally, in vivo experiments demonstrated that the
administration of HSYA also efficiently blocked PPARγ nitration and loss of activity in the SIN-1-injected hippocampus
and reversed the increased neuronal susceptibility which was supported by the inhibition of Bcl-2 protein downregulation
induced by SIN-1. The results suggest that HSYA protects neurons from nitrosative stress through keeping PPARγ as a
functional receptor, allowing a more effective activation of this neuroprotective factor by the endogenous or exogenous
agonist. Our findings provide new clues in understanding the role of the neuroprotective potential of the herbal HSYA.

1. Introduction

Excessively produced nitric oxide (NO) and superoxide lead
to the generation of peroxynitrite (ONOO−). Peroxynitrite-
mediated nitrosative stress causes severe damage to proteins,
lipids, and DNA, resulting in cell apoptosis or death. 3-
Nitrotyrosine (3-NT) formation has been used extensively
as a footprint for the nitrosative stress induced by peroxy-
nitrite [1]. The concentration of 3-NT has been reported
to increase in a wide range of neurodegenerative diseases,
such as Parkinson’s disease, Alzheimer’s disease, and trau-
matic or ischemic brain injury [2–5]. In the ischemic
brain, the formation of 3-NT was elevated markedly and
the significantly elevated 3-NT was positively correlated

with infarct volume in ischemic animals [2]. Also, 3-NT
accumulation has been proven to associate with cognitive
decline in the AD brain [5]. Furthermore, the inhibition
of 3-NT formation protects against brain injury in these
disorders [2–5]. Thus, peroxynitrite-mediated nitrosative
stress represents an important pathogenic mechanism of
neurodegenerative diseases.

Peroxisome proliferator-activated receptor γ (PPARγ)
is a ligand-activated transcription factor that regulates
lipid metabolism and glucose homoeostasis. 15-Deoxy-delta
prostaglandin J2 (15d-PGJ2), unsaturated fatty acids, and
oxidized phospholipids are PPARγ natural ligands. Its
synthetic ligands include the thiazolidinedione (TZD) class
of insulin-sensitizing agents (troglitazone, pioglitazone,
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ciglitazone, and rosiglitazone) and a few of nonsteroidal
anti-inflammatory drugs (NSAIDs). Recent studies have
shown that, in addition to its classical role, PPARγ activa-
tion is neuroprotective against inflammatory reaction and
oxidative stress in models of neurodegenerative conditions
[6–8]. For example, PPARγ agonist troglitazone or pioglita-
zone reduced inflammation and infarct volume and improved
neurological function following middle cerebral artery occlu-
sion in rats [7]. In cultured hippocampal neurons, rosiglita-
zone was of protection against mitochondrial damage,
oxidative stress, and apoptosis induced byβ-amyloid (Aβ) [8].

Hydroxysafflor yellow A (HSYA) (C27H32O16, MW
612.53), as presented in Figure 1(a), is a water-soluble mono-
mer extracted from the safflower plant (Carthamus tinctorius
L.). HSYA has been reported to be a natural antioxidant used
in traditional Chinese medicine. The antioxidant properties
of HSYA in the brain are of particular interest because of
the fundamental role that oxidative damage plays in

numerous forms of brain diseases. It has been reported that
HSYA is able to provide neuroprotective effects via
decreasing the level of lipid peroxidation products [9, 10]
and inhibiting ROS generation [11]. Recently, HSYA was also
demonstrated to modulate endogenous antioxidant defenses
of the brain by increasing the activity of antioxidant enzymes,
including superoxide dismutase (SOD) and catalase (CAT),
as well as the ratio of glutathione (GSH)/glutathione disulfide
(GSSG) [12]. However, few studies have investigated the
action of HSYA on nitrosative stress of neurons and the
underlying mechanism. In this study, we hypothesize that
HSYA rescues neurons from nitrosative injury through inhi-
bition PPARγ nitrative modification and inactivation.

2. Materials and Methods

2.1. Chemicals and Reagents. HSYA was generously provided
by Zhejiang Yongning Pharmaceutical Co. Ltd. (Zhejiang,
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Figure 1: Protective effects of HSYA against SIN-1-induced cytotoxicity in primary neuron cultures. (a) Structural formula of hydroxysafflor
yellow A (HSYA). (b–d) The primary neurons were incubated with SIN-1, HSYA, or their combinations as described in Materials and
Methods. LDH release assay for cytotoxicity and MTT assay for cell viability (b), Hoechst staining for apoptotic cells (c), and Western
blotting for 3-nitrotyrosine (3-NT) expression (d) were carried out after 24 h incubation. Data are expressed as mean± SEM (n = 6).
∗P < 0 05 compared to control (untreated) and #P < 0 05 compared to SIN-1 alone.
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China). The purity ofHSYAwas>98%determined by HPLC.
3-Morpholino-sydnonimine (SIN-1), 15d-PGJ2, rosiglita-
zone, GW9662, and mouse antibody to 3-nitrotyrosine were
fromCaymanChemical Company (AnnArbor,MI). Hoechst
33825 and rabbit antibody for 3-nitrotyrosine were purchased
from Sigma Chemical Co. (St. Louis, MO). Rabbit antibodies
for NeuN and PPARγ and VeriBlot for IP secondary anti-
body HRP were from Abcam (Cambridge, MA). Mouse
antibodies for PPARγ and Bcl-2 were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA). All other chemicals
were of the highest analytical grades commercially available.

2.2. Primary Rat Neurons and Treatments. Primary neurons
were prepared from embryonic day 17 Sprague-Dawley rats
as previously described [8, 13, 14]. Briefly, cells were dissoci-
ated from the hippocampus and maintained in serum-free,
B27 neurobasal media (Invitrogen) on poly-D-lysine-coated
dishes. After 1 d in vitro, the medium was changed to MEM
(Invitrogen) supplemented with 5.5 g/ml D-glucose, 2mM
glutamine, 10% fetal bovine serum (FBS) (Invitrogen),
1mM sodium pyruvate, 100U/ml penicillin, and 0.1mg/ml
streptomycin. This medium change was required to reduce
excessive antioxidant levels from the B27 medium [14, 15].
Cultures were maintained at 37°C in a 5% CO2/95% room
air, humidified incubator. On day 3 of culture, cells were
treated for 48h with 0.5μM cytosine arabinoside to prevent
glial growth. On day 9 in culture, the cells formed extensive
axonal and dendritic networks and were ready for the
experiments. Neuron purity was determined using MAP2
labeling, a cell marker for neurons, which showed >95%
purity in cultures.

To expose the cells to various agents, culture medium was
replaced by MEM supplemented with 5.5mg/l D-glucose,
2mM glutamine, 5% FBS, 100U/ml penicillin, and 0.1mg/
ml streptomycin. In some studies, cells were incubated with
increasing concentrations of SIN-1 (0.05–2mM, in PBS) for
24 h. In a different set of experiments, cells were exposed to
HSYA (0.01–1mM, in PBS) 10min prior to the addition of
SIN-1 (1mM) and then coincubated for 24 h. Both SIN-1
and HSYA were prepared immediately prior to use. In an
additional set of experiments, the effects of PPARγ agonist
and antagonist were observed. To test the effect of PPARγ
agonist on PPARγ activation, neurons were incubated with
SIN-1 (1mM) alone or in combination with HSYA (1mM)
for 24 h and then treated with 15d-PGJ2 (5μM, in PBS) or
rosiglitazone (1μM, in DMSO) for 6 h. To test the effect of
PPARγ agonist or antagonist by pretreatment regimen, cells
were pretreated for 24 h with the PPARγ agonist (5μM
15d-PGJ2 or 1μM rosiglitazone) or PPARγ antagonist
(5μM GW9662, in DMSO) and then exposed to SIN-1
(1mM) for further 24 h. In the experiments with both PPARγ
agonist and PPARγ antagonist, GW9662 was added to the
media 10min prior to PPARγ agonist. To test the effect of
PPARγ agonist by cotreatment regimen, cells were exposed
to PPARγ agonist with or without HSYA (0.1mM), 10min
prior to the addition of SIN-1 (1mM), and then coincubated
for 24h. The concentration of 15d-PGJ2, rosiglitazone, and
GW9662 is based on our preliminary concentration-
response experiments and the previously published data

[8, 16]. In each study, the experimental conditions con-
tained identical concentrations of DMSO which never
exceeded 0.1%.

2.3. Determination of Lactate Dehydrogenase Activity. Cyto-
toxicity was quantified by measuring the percentage of total
lactate dehydrogenase (LDH) release from cells into the
media using the LDH Cytotoxicity Assay Kit (Cayman
Chemical, Ann Arbor, MI) following the manufacturers’
instructions. Cells were treated with SIN-1 alone or in vari-
ous combinations with other agents. 24 h after the initiation
of SIN-1 treatment, the supernatant (100μl) was transferred
to a 96-well plate for the measurement of LDH activity. The
percentage of LDH released into the media was calculated
by the following formula: (LDH activity in the media/total
LDH activity) × 100, where total LDH activity represents
LDH activity in cells and media. Total LDH was determined
in cells treated with 0.1% Triton X-100.

2.4. Cell Viability Assay. To assess neuronal viability, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT) assay was performed. The principle of the assay is
based on the cleavage of tetrazolium salts by mitochondrial
succinate reductase in viable cells to form formazan dye.
Briefly, MTT solution (0.5mg/ml) was added to the culture
well 24h after SIN-1 treatment. Following incubation for 4h
at 37°C, the formed formazan crystals were dissolved in
DMSO. The absorbance of each well was measured at
570nm using an automatic plate reader, and the cell viability
was expressed as percent of control.

2.5. Hoechst 33258 Staining. Cell apoptosis was measured by
the procedure described previously using Hoechst 33258
stain [8, 17]. Changes in nuclear morphology characteristics
of apoptosis were observed in cells labeled with Hoechst
33258. The nuclei in normal cells presented uniformly hypo-
chromatic blue color, and the nuclei in apoptotic cells pre-
sented fragmented and condensed staining. The number of
apoptotic nuclei in at least 10 randomly chosen fields was
counted and expressed as percent of total cells.

The cell loss in the hippocampus of rats was measured by
counting the numbers of the cell nuclei stained with Hoechst
33258. Six preselected areas of the hippocampus were
counted per each animal. Six animals from each group were
used for the analyses. Each area subjected to the cell nuclei
counting was set as 300μm× 300μm.

2.6. Western Blot Analysis. Samples were separated by
SDS-PAGE and then transferred onto the nitrocellulose
membrane. After blocking for 1 h in 0.1% Tween 20/PBS
containing 5% fat-free milk, the blot was then incubated
with anti-PPARγ antibody, anti-nitrotyrosine antibody,
or anti-Bcl-2 antibody at 4°C overnight. After incubation
with the appropriate HRP-conjugated secondary antibod-
ies, the blot was visualized by chemiluminescence. The
density of the bands was evaluated densitometrically using
the program Quantity One 4.6.2 (Bio-Rad Laboratories,
Hercules, CA). The specificity of the bands for nitrated
tyrosine was confirmed in pilot experiments of Western
blot. The SDS-PAGE-transferred membrane was incubated
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with anti-nitrotyrosine antibody that was preabsorpted for
4 h with an excess of free nitrotyrosine (10mM), aminotyro-
sine (10mM), phosphotyrosine (10mM), methyltyrosine
(10mM), or tyrosine (10mM). The nitrated protein bands
were abolished by preabsorption of the antibody with nitro-
tyrosine but not aminotyrosine, phosphotyrosine, methyltyr-
osine, or tyrosine. This method is also used by others to verify
the specificity of the assay for protein tyrosine nitration [18].

2.7. Immunoprecipitation Analysis. For immunoprecipitation
assay, samples were precleared with protein A/G agarose
bead slurry on a shaker at 4°C for 10min to remove the non-
specific binding protein. The protein A/G beads were
removed by spin at 14,000 g at 4°C for 10min. The superna-
tant (500μg protein in 0.5mg/ml) was incubated with 2μg
mouse anti-PPARγ or anti-IgG (control) antibodies and
rotated at 4°C for 3 h. The Ag/Ab immunocomplexes were
captured by adding protein A/G agarose beads and rocked
at 4°C overnight. Agarose beads were collected by centrifuga-
tion at 14,000 g at 4°C for 10min and then washed three
times in PBS. Finally, immunocomplexes were dissociated
from agarose beads by boiling with SDS-PAGE sample buffer
for 5min and Western blotting was performed with rabbit
anti-3-nitrotyrosine antibody to detect the nitrated PPARγ.
A HRP-conjugated VeriBlot for IP detection reagent was
used to exclude interference from the antibody heavy and
light chains.

2.8. PPARγ DNA-Binding Assay. PPARγ activity was quanti-
fied by PPARγ DNA-binding assay using a sensitive and
specific TransAM PPARγ transcription factor assay kit
(Active Motif, Carlsbad, CA, USA), as we described [13].
This assay measures the capacity of PPARγ binding to an
oligonucleotide probe that contains the specific peroxisome
proliferator response element (PPRE), immobilized on a
96-well plate. Nuclear proteins were isolated with a nuclear
protein extraction kit (Active Motif) at 6 h following the ini-
tiation of the treatment with PPARγ agonist. 10 μg of
nuclear extract protein was applied to the wells and allowed
to bind to the PPRE. Bound PPARγ was then detected by
adding the specific anti-PPARγ primary antibody, an HRP-
conjugated secondary antibody, and HRP substrate solution
and spectrophotometer reading (450 nm). The specificity of
the assay was confirmed by the addition of wild-type and
mutated consensus oligonucleotides. The wild-type consen-
sus oligonucleotide can prevent PPARγ binding to the
probe, whereas the mutated consensus oligonucleotide has
little effect on PPARγ binding.

2.9. Immunohistochemistry. Fresh-frozen sections were
stained for 3-NT as we described [13]. Briefly, sections were
permeabilized with 0.3% (v/v) Triton X-100 in PBS for
30min and blocked with 1% (w/v) BSA in PBS for 1 h and
then incubated with mouse monoclonal antibody for 3-NT
(1 : 200) at 4°C overnight. After rinsing with PBS, sections
were incubated with rhodamine isothiocyanate (TRITC)
labeled goat anti-mouse antibody for 1 hr at 37°C in the dark.
The fluorescent images were observed under a fluorescent
microscope. For double labeling, sections were incubated first

with antibody of mouse anti-nitrotyrosine (1 : 200) followed
by a specific neuron marker antibody of rabbit anti-NeuN
(1 : 200) or an antibody of rabbit anti-PPARγ (1 : 200). Fol-
lowing three washes in PBS, immune complexes were visual-
ized with Texas Red conjugated anti-mouse IgG (1 : 500) and
FITC conjugated anti-rabbit IgG (1 : 500). The specificity of
staining was confirmed by replacement of the primary anti-
body with nonimmune control IgG or by elimination of the
primary antibody.

2.10. Hippocampus Injection and Treatments. All animal
experiments were carried out according to an institutionally
approved protocol, in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Laboratory
Animals, and were approved by the Institutional Animal
Care and Use Committee of Tianjin Medical University.
Male Sprague-Dawley (SD) rats (Academy of Military Medi-
cal Sciences, Beijing, China) weighing from 280 to 330 g were
housed and cared for in the Animal Resource Center under
12 h light-dark cycles and allowed free access to food and
water. All animal manipulations were conducted during the
lights-on phase (0700–1900 h). Briefly, anesthetized rats were
placed in a stereotaxic apparatus and 3 μl SIN-1 (25mM)
in PBS was infused into the right hippocampus using the
following coordinates: 4.0mm posterior to the bregma,
2.0mm lateral from midline, and 4.0mm below the dural
surface. The above procedures were completed under ster-
ile conditions, and penicillin (200,000U, intramuscularly)
was injected to prevent infection. The dosage of SIN-1
was chosen according to the previously published study,
in which the dose 25mM was found to be the most effective
in inducing protein nitration by hippocampus injection [17].
The control group was injected with the same volume of
vehicle. Body temperature was maintained at 37°C with the
use of a heating pad throughout the surgery procedure and
until animals regained consciousness. Thereafter, animals
were returned to their home cages and allowed free access
to food and water.

HSYA dissolved in PBS was administered intravenously
through the caudal vein at a dose of 1, 5, or 10mg/kg
30min before SIN-1 treatment. Our previous experiments
have shown the neuroprotective effects of HSYA injected
within this range of dosage in ischemia/reperfusion rats [2].
The ability of HSYA to cross the blood-brain barrier (BBB)
following intravenous administration has been confirmed
previously [19]. At 24 h after hippocampal injection with
SIN-1, 10 μg of 15d-PGJ2 in 10 μl of PBS was administered
intracerebroventricularly (ICV) at a rate of 1 μl/min using a
syringe pump as described in our previous study [13]. The
effect of vehicle without any drug was tested in pilot experi-
ments, and no effects were observed.

2.11. Statistical Analysis. The experimental data are
expressed as mean± SEM, and SPSS 11.0 software package
was used for data processing. One-way ANOVA was used
to compare the means of different groups. Comparisons
between two groups were conducted by t-test. A P value less
than 0.05 was considered as statistically significant.
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3. Results

3.1. HSYA Protected Neurons from SIN-1-Induced
Cytotoxicity. To model nitrosative damage, primary hippo-
campal neurons (d 9) were exposed to SIN-1, a well-known
peroxynitrite donor, for 24 h. As expected, neurons treated
with SIN-1 exhibited cytotoxic damage, as determined by
LDH released into the media and MTT assay for cell viability
(Figure 1(b)), the Hoechst 33258 staining assay for apoptotic
nuclei (Figure 1(c)), or protein nitrative modification based
on 3-NT formation (Figure 1(d)).

To observe the effect of HSYA on SIN-1-induced cytotox-
icity, varying concentrationsofHSYAwereadded to themedia
together with a toxic level of SIN-1. As illustrated in
Figure 1(b), inclusion of HSYA resulted in decreases in LDH
release induced by SIN-1. Similar conclusions demonstrating
a neuroprotective effect of HSYA were generated through

measurement of MTT assay (Figure 1(b)), the Hoechst 33258
staining (Figure 1(c)), and 3-NT accumulation (Figure 1(d)).

3.2. HSYA Inhibited SIN-1-Induced PPARγ Nitration and
Inactivation. Searching for a possible mechanism to explain
the beneficial effect of HSYA, we considered PPARγ which
is an important factor in the neuronal defense mechanisms
against oxidative injuries [8, 20]. PPARγ has been described
to be modified and inactivated by nitration of tyrosine
residues in nonneuronal cells [21]. To determine neuro-
nal PPARγ sensitivity to nitration, the level of PPARγ
in the nitrated form was detected at 24 h following the expo-
sure to SIN-1 with or without HSYA. The presence of
nitrated PPARγ (nitro-PPARγ) was examined by immuno-
precipitating proteins from cellular extract with anti-PPARγ
antibody, and then the PPARγ immunoprecipitates were
immunoblotted with anti-3-NT antibody (Figure 2(a)). Also,
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Figure 2: Protection against SIN-1-induced PPARγ nitration and inactivation by HSYA in primary neurons. (a–c) Inhibition of PPARγ
nitration by HSYA in SIN-1-treated neurons. The neurons were incubated with increasing concentrations of HSYA (0.01, 0.1, and 1mM),
10min before the addition of SIN-1 (1mM). After 24 h coincubation, neurons were harvested for analysis of PPARγ nitration and total
PPARγ accumulation. GAPDH expression was shown as a loading control. (a) The cell extracts were immunoprecipitated (IP) with
antibody specific to nitrotyrosine (Nitrotyr.). The nitrotyrosine immunoprecipitates were successively immunoblotted (WB) with PPARγ
Ab. (b) The cell extracts were IP with anti-PPARγ antibody followed by WB with nitrotyrosine Ab. The bar graph illustrates the
densitometric analysis of the related bands. Data are expressed as mean± SEM (n = 3). ∗P < 0 05 compared to control (untreated)
and #P < 0 05 compared to SIN-1 alone. (d) Restoration of agonist-dependent PPARγ activation by HSYA in SIN-1-treated neurons.
Primary neuron cultures were incubated with 1mM HSYA, 10min before the addition of 1mM SIN-1. After 24 h coincubation, cells were
treated for an additional 6 h in the absence (filled bars) or presence (open bars) of PPARγ agonist 15d-PGJ2 (5 μM) A or rosiglitazone
(Ros) (1 μM) B. Nuclear proteins were extracted, and activated PPARγ was quantified by PPARγ DNA-binding activity utilizing the
PPARγ transcription factor assay kit. Data are expressed as mean± SEM (n = 3). ∗P < 0 05 compared to control (untreated), #P < 0 05
compared to PPARγ agonist (15d-PGJ2 or Ros) alone, and ##P < 0 05 compared to SIN-1 plus agonist (15d-PGJ2 or Ros).
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the reciprocal experiment was carried out by immunopreci-
pitating proteins with 3-NT antibody first and then immuno-
blotting with PPARγ antibody (Figure 2(b)). In the results of
both experiments, SIN-1 treatment resulted in an increase of
PPARγ nitration, which was reversed by the cotreatment of
HSYA in a concentration-dependent manner. However, the
abundance of PPARγ protein was not affected by either
SIN-1 alone or in combination with HSYA.

Nitrative modification could leave PPARγ to become
refractory to the activation by its activating agents [21]. We
then evaluated whether SIN-1 exposure affected the response
of PPARγ to its ligand stimulation. The neurons in culture
were incubated with 15d-PGJ2, a natural ligand for PPARγ,
for 6 h following the 24 h exposure to SIN-1 alone or in
combination with HSYA. PPARγ DNA-binding activity
was increased about 2-fold by the exposure to 15d-PGJ2
alone, indicating the activation of PPARγ (Figure 2(d), A).
SIN-1 treatment inhibited 15d-PGJ2-induced elevation in
PPARγ DNA-binding activity, which was restored by the
presence of HSYA (Figure 2(d), A). In analogy to results with
15d-PGJ2, HSYA also resumed PPARγ activation by rosi-
glitazone, a synthetic agonist for PPARγ, in SIN-1-treated
neuron cultures (Figure 2(d), B). Notably, a significant
reduction in PPARγ activity was detected following SIN-
1 exposure alone, suggesting the loss of PPARγ response
to endogenous ligands, whereas treatment of HSYA with
SIN-1 fully compensated for this SIN-1-induced dysfunction
(Figure 2(d), filled bars). Overall, the HSYA-mediated pro-
tection of PPARγ activity was consistent with improved
neuronal damage.

Finally, the effect of HSYA on PPARγ was also observed
in normal neurons. No significant alterations in either
PPARγ protein expression or DNA-binding activity were
detected (data not shown), suggesting that HSYA itself did
not emerged as a direct inducer of PPARγ activity.

3.3. HSYA Resumed the Protective Effect of PPARγ Agonists
against SIN-1-Induced Cytotoxicity. To determine whether
PPARγ activity plays a crucial role in the defense against
SIN-1-induced nitrosative stress, the PPARγ-specific agonist
and/or antagonist was added to the cultures 24 h prior to
the treatment with a toxic level of SIN-1. As demonstrated
in Figure 3(a), PPARγ agonist (15d-PGJ2 or rosiglitazone)
pretreatment significantly attenuated SIN-1-induced LDH
release, which was reversed by the copretreatment of
PPARγ antagonist GW9662. Alternatively, pretreatment
with GW9662 alone aggravated SIN-1-induced neuronal
injury (Figure 3(a)). These results suggested that PPARγ
activation could increase resistance to SIN-1 cytotoxicity
whereas PPARγ inactivation caused neurons to be more
sensitive to SIN-1-induced insult.

In another experiment, cotreatment of PPARγ agonist
(15d-PGJ2 or rosiglitazone) with SIN-1, however, failed to
either activate PPARγ (Figure 3(b)) or protect neurons
against SIN-1-induced cytotoxicity (Figure 3(c)), indicating
that a preactivation of PPARγ is required to inhibit neuronal
insult by SIN-1. Alternatively, the nitration of PPARγ
induced by SIN-1 could prevent PPARγ activation and thus
the neuroprotection by PPARγ agonist. To verify this last

hypothesis, neurons were exposed to HSYA, at a submaximal
concentration, together with PPARγ agonist plus SIN-1. As
demonstrated in Figures 3(b) and 3(c), the combined treat-
ment of HSYA and PPARγ agonist not only rescued PPARγ
response to its activating agents (Figure 3(b)) but afforded
additional protection against SIN-1-induced cell insult when
compared with the HSYA plus SIN group (Figure 3(c)).
These findings suggested that HSYA not only itself has neu-
roprotective capacity but could help to resume PPARγ
agonist-based protection against SIN-1-induced insult.

3.4. HSYA Inhibited PPARγ Nitration and Loss of Activity in
the SIN-1-Injected Hippocampus of Rats. To determine
whether HSYA has similar effects on PPARγ in vivo, we
employed an animal model of nitrosative stress based on
hippocampus injection of SIN-1. To confirm the produc-
tion of peroxynitrite in the SIN-1-injected hippocampus,
3-NT expression was measured at 24h following SIN-1
injection. Figure 4(a) displayed that SIN-1 induced a
time-dependent increase in 3-NT abundance, which was
more than 3-fold higher than the one observed in control
rats, for 24-hour-treated rats. Administration of HSYA signif-
icantly ameliorated 3-NTexpression and immunoreactivity in
the SIN-1-injected hippocampus (Figures 4(b) and 4(c)).

We then examined the effect of HSYA on nitro-PPARγ
expression and PPARγ activity. As shown in Figure 5(a),
HSYA inhibited nitro-PPARγ generation induced by SIN-1
injection in a dose-dependent manner (Figure 5(a)). PPARγ
protein expression was not affected by either SIN-1 alone or
coinjection with HSYA (Figure 5(a)). Consistently, a reduced
PPARγ DNA-binding activity was found in the SIN-1-
injected hippocampus, which was reversed by HSYA treat-
ment (Figure 5(b)). HSYA also resumed PPARγ response to
its ligand 15d-PGJ2 in the SIN-1-injected hippocampus
(Figure 5(b)). The cellular distribution of nitro-PPARγ in
the hippocampus was also characterized. As shown in
Figures 5(c) and 5(d), the immunoreactivity of 3-NT was
found primarily in neurons as indicated by its colocalization
with aneuronal cellmarkerNeuN, suggesting that the induced
protein nitration is likely a result of the neuronal response to
SIN-1 injection. Concomitantly, the clear overlay of PPARγ
signal with 3-NT signal, representing nitro-PPARγ, was
observed in the cytoplasm of most 3-NT-positive cells,
implicating that nitro-PPARγ also preferentially occurred
in neurons of the hippocampus.

In contrast to SIN-1-induced insults in cultured neurons,
no obvious cell loss or apoptosis-like morphology was
observed in rats injected with SIN-1 alone or coinjected with
HSYA, as assessed by Hoechst 33258 staining (Figure 5(e)),
indicating that the single injection of SIN-1 was not sufficient
to cause cell loss and cell apoptosis. Furthermore, no signifi-
cant difference in spatial memory retention, a process associ-
ated with the hippocampus, could be detected in the Morris
water maze test (data not included). These results were
consistent with the previous report of an SIN-1-injected
hippocampus [17]. PPARγ loss of function in neurons,
however, has been proven to be associated with increased
susceptibility to oxidative stress, which is reflected in
downregulation of the Bcl-2 antiapoptotic protein [8].
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Accordingly, Bcl-2 protein expression was determined in
the hippocampus. As the changes occurred in PPARγ
activity, similar downregulation and upregulation of Bcl-2
protein expression were observed in SIN-1-injected and
HSYA-coinjected rats, respectively (Figure 5(f)), suggesting
the increased vulnerability to damage in the SIN-1-injected
hippocampus and the potential properties of HSYA to
decrease this predisposition.

Administration of HSYA alone to normal rats had no
significant effect on any of the measured indices (data
not included).

4. Discussion

Our experiments demonstrated that SIN-1-induced neuronal
damage or increased vulnerability was notably reduced by
the herb HSYA. This neuroprotective effect was established
in both neurons in culture and animal models of nitrosative
stress. We further demonstrated that the neuroprotective
effect of HSYA may be associated with inhibition of PPARγ
nitration and inactivation induced by SIN-1. Next, in support
of the above statement, the crucial role of PPARγ in neuronal
defense against nitrosative stress was verified by showing the
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Figure 3: Additional protection against SIN-1-induced neuronal injury by HSYA combined with PPARγ agonist. (a) PPARγ-mediated
protection of neurons from SIN-1-induced cytotoxicity. The neurons were pretreated for 24 h with the PPARγ agonist 15d-PGJ2 (PGJ2)
(5 μM) or rosiglitazone (Ros) (1 μM), antagonist GW9662 (GW) (5 μM), or their combination as described in Materials and methods.
Cultures were then incubated with or without 1mM SIN-1 (SIN) for further 24 h. LDH release to the media was employed as neuronal
damage index. Data are presented as mean± SEM (n = 3). ∗P < 0 05 compared to non-SIN-1-treated groups and #P < 0 05 compared to
SIN-1 alone. (b, c) Additional protection against SIN-1-induced neuronal injury by HSYA combined with PPARγ agonist. The PPARγ
agonist (5 μM 15d-PGJ2 or 1μM rosiglitazone) with or without HSYA (0.1mM) was added to the cultures 10min prior to SIN-1 (1mM)
exposure. Activated PPARγ (b) and neuronal insult (c) were evaluated by PPARγ DNA-binding activity at 6 h and LDH release assay at
24 h, respectively, after the coincubation with SIN-1. Data are presented as mean± SEM (n = 3). ∗P < 0 05 compared to SIN-1 alone
and #P < 0 05 compared to SIN-1 plus HSYA alone.
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evidence that the PPARγ agonists attenuated SIN-1-induced
neuronal injury but the PPARγ antagonist aggravated SIN-1-
induced neuronal injury. Finally, we postulated that HSYA
may potentiate the PPARγ-mediated neuroprotective effects
by inhibition of PPARγ inactivation since the combined
treatment of HSYA with PPARγ agonist rescued the effects
of agonist on both PPARγ activation and PPARγ protection
against SIN-1-induced cytotoxicity.

Evidence has proven that PPARγ is important in neuro-
nal self-defense against oxidative injuries. For example, in
PC12 neuronal cell, PPARγ loss of function increased sus-
ceptibility to H2O2- or β-amyloid- (Aβ-) induced oxidative
toxicity, whereas PPARγ overexpression could prevent
H2O2- or Aβ-induced ROS production and cell insult [8].
Consistently, increased brain damage and oxidative stress
were observed in neuronal PPARγ knockout (N-PPARγ-
KO) mice in response to middle cerebral artery occlusion
[20]. Also, the primary neurons from N-PPARγ-KO mice
were significantly more vulnerable to oxidative injury, albeit
deficiency of PPARγ did not affect the baseline neuronal
health [20]. In support of this notion, our study demon-
strated that PPARγ may also contribute to the defensive
mechanism against nitrosative stress in neurons by showing
that PPARγ agonist attenuated SIN-1-induced cytotoxicity

but PPARγ antagonist enhanced SIN-1-induced cytotoxicity.
Indeed, in our study, a certain level of PPARγ activity was
demonstrated in the control neuron cells and the hippocam-
pus, suggesting the activation of PPARγ by endogenous nat-
ural agonists, such as 15d-PGJ2 or oxidized lipids, in the
normal settings of the brain. The SIN-1-induced decrease
in PPARγ activity in our study indicated the loss of PPARγ
response to these endogenous ligands. Consistently, exoge-
nous administration of 15d-PGJ2, whose production has
been proved to be increased by SIN-1 [22], was unable to
increase PPARγ activity in the SIN-1-treated neurons and
hippocampus. Thus, we speculated that SIN-1-induced
PPARγ inactivation may dampen the PPARγ-mediated
defense system and increase neuronal vulnerability to dam-
age, whereas HSYA’s inhibition of PPARγ inactivation may
protect the defense system, thus conferring more resistance
to nitrosative stress on neurons.

In addition to the endogenously produced agonists,
PPARγ also became refractory to the stimulation of exoge-
nously added agonists after inactivation by SIN-1. This could
help explaining some findings in PPARγ agonist-based ther-
apy against nitrosative stress, which show that PPARγ ago-
nists have actions without PPARγ activation. It has been
shown in a MPP+/MPTP model of Parkinson’s disease that
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Figure 4: The inhibitory effect of HSYA on 3-nitrotyrosine accumulation in the SIN-1-injected rat hippocampus. (a) The time-dependent
induction of 3-nitrotyrosine (3-NT) formation by SIN-1. SIN-1 (25mM) was injected to the rat hippocampus, and the abundance of 3-NT
was measured at 0, 12, 18, and 24 h after the injection by Western blotting. The bar graph illustrates the densitometrical analysis of
nitrotyrosine protein mass (normalized by GAPDH). Data are expressed as mean± SEM (n = 3). ∗P < 0 05 compared to control
(untreated). (b, c) Reduced 3-NT accumulation by HSYA in the SIN-1-injected hippocampus. Rats were treated intravenously with
increasing doses of HSYA (1, 5, and 10mg/kg), 30min before SIN-1 injection. The effect of HSYA on 3-NT accumulation was determined
at 24 h after SIN-1 injection by Western blotting (b) and immunofluorescence (c). The bar graph illustrates the densitometrical analysis of
nitrotyrosine protein mass. Data are expressed as mean± SEM (n = 3). ∗P < 0 05 compared to control (untreated) and #P < 0 05 compared
to SIN-1 alone. Photomicrographs show the labeling of 3-NT (red) in the CA1 and dentate gyrus (DG) areas. Scale bar, 20 μm.

8 Oxidative Medicine and Cellular Longevity



SIN-1
HSYA

Nitro-PPAR�훾
PPAR�훾

Nitro-PPAR�훾
PPAR�훾

GAPDH
30

25

20

15

10

SI
N

(−
)/

H
SY

A
(−

)

SI
N

(+
)/

H
SY

A
(−

)

SI
N

(+
)/

H
SY

A
1m

g/
kg

SI
N

(+
)/

H
SY

A
5m

g/
kg

SI
N

(+
)/

H
SY

A
10

m
g/

kg

5

A
rb

itr
ar

y 
op

tic
al

 d
en

sit
y

un
its

 (×
10

00
)

0

⁎

#

#
#

− + +
− − −

+ + +

(a)
C

on
tro

l

H
SY

A

SI
N

-1

SI
N

/H
SY

A

PG
J2

PG
J2

/S
IN

PG
J2

/S
IN

/H
SY

A

2.5

2.0

1.5

1.0

0.5

PP
A

R�훾
 D

N
A

 b
in

di
ng

 ac
tiv

ity
(fo

ld
 ch

an
ge

s)

0.0

⁎

⁎ #

(b)

3-NT

CA1

DG
Colocalization
(3-NT+NeuN)

NeuN Merged

(c)

CA1

DG

Colocalization
(3-NT+PPAR�훾)

3-NT PPAR�훾 Merged

(d)

500

400

300

200

100

C
on

tro
l

SI
N

-1

SI
N

-1
H

SY
A

H
SY

A

C
el

l n
um

be
r

0

(e)

C
on

tro
l

SI
N

-1

SI
N

/H
SY

A
1m

g/
kg

SI
N

/H
SY

A
5m

g/
kg

SI
N

/H
SY

A
10

m
g/

kg

250

200

150

100

SIN-1
HSYA
Bcl-2

GAPDH

50
Bc

l-2
/G

A
PD

H
 (%

 o
f S

IN
-1

)

0

− + +
− − −

+ + +

(f)

Figure 5: The inhibitory effects of HSYA on PPARγ nitration and inactivation in the SIN-1-injected rat hippocampus. (a) Inhibition of SIN-1-
inducedPPARγnitrationbyHSYAin thehippocampusof rats.Ratswere treatedwith increasingdosesofHSYA(1, 5,or10mg/kg), 30minbefore
SIN-1 (25mM) injection. The effects of HSYAwere evaluated at 24 h after SIN-1 injection. The protein levels of nitro-PPARγ and PPARγwere
characterized by immunoprecipitation or Western blotting. The bar graphs illustrate the densitometric analysis of the related bands. Data are
expressed as mean± SEM (n = 3). ∗P < 0 05 compared to control (untreated) and #P < 0 05 compared to SIN-1 alone. (b) Prevention of
PPARγ inactivation by HSYA in the SIN-1-injected hippocampus. Rats were injected with HSYA (10mg/kg), SIN-1 (25mM), or their
combination as described in Materials and Methods. At 24 h postinjection, rats were treated intracerebroventricularly (ICV) with either
vehicle (filled bars) or 10 μg 15d-PGJ2 (open bars). Hippocampal nuclear extracts were prepared for the detection of PPARγ DNA-binding
activity 6 h after ICV administration. Data are expressed as mean± SEM (n = 3). ∗P < 0 05 compared to control (untreated) and #P < 0 05
compared to SIN-1 plus 15d-PGJ2. (c, d) Localization of nitrated PPARγ in the SIN-1-injected hippocampus. The rat hippocampus was
injected with SIN-1 (25mM). The neuronal distribution of nitro-PPARγ in the hippocampus was detected by immunofluorescent double
labeling at 24 h after SIN-1 injection. (c) Photomicrographs show the colocalization of 3-NT (red) with NeuN (green) in the CA1 and dentate
gyrus (DG) areas of the hippocampus. Scale bar, 20 μm. (d) Photomicrographs with increased magnification show the colocalization of
PPARγ (green) with 3-NT (red) in the cytoplasm of most 3-NT-positive cells. (e) Rats were treated with HSYA (10mg/kg), 30min before
SIN-1 (25mM) injection. At 24 h postinjection, the cell loss was measured by counting the numbers of Hoechst 33258-stained nuclei.
Summary bar graph illustrates cell counts in the hippocampus. Data are expressed as mean± SEM (n = 6 fields counted in 6 animals). (f)
Inhibition of SIN-1-induced Bcl2 expression by HSYA in the hippocampus of rats. Rats received HSYA treatment of 1, 5, or 10mg/kg 30min
before SIN-1 (25mM) injection. The effects of HSYA on the protein levels of Bcl-2, a downstream target of PPARγ signaling, were evaluated
by Western blotting at 24 h after SIN-1 injection. The bar graphs illustrate the densitometric analysis of the related bands. Data are expressed
as mean± SEM (n = 3). ∗P < 0 05 compared to control (untreated) and #P < 0 05 compared to SIN-1 alone.
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PPARγ activity was important for protecting against MPTP
toxicity. However, only non-PPARγ-mediated neuroprotec-
tive effects of rosiglitazone were observed in MPTP-treated
mice, as these actions of rosiglitazone were not associated
with the upregulation of PPARγ target gene and could not
be reversed by cotreatment with PPARγ antagonist [23].
Consistently, in a model of brain trauma, whose pathogenesis
also involves nitrosative stress, PPARγ agonist pioglitazone
demonstrated beneficial functions through mechanisms not
related to PPARγ activation [24]. In agreement with these
findings, NCX 2216, the NSAID class of PPARγ agonist, con-
trols microglial activation through PPARγ-dependent and
PPARγ-independent actions. Prolonged treatment of micro-
glial cultures with NCX 2216 can induce PPARγ nitration.
Following nitration, NCX 2216 can no longer demonstrate
the effects associated with PPARγ activation; however, its
PPARγ-independent effects were still being observed in
microglial cultures [25]. In our study, the PPARγ agonist sig-
nificantly inhibited SIN-1-induced cytotoxicity in neurons
whereas the specific PPARγ antagonist prevented such inhi-
bition, suggesting that the effect was mediated by PPARγ.
However, the PPARγ-mediated effect was observed in pre-
treatment regimen of PPARγ agonist but not in cotreatment
regimen. We speculated that the ineffectiveness of cotreat-
ment may be due to PPARγ nitration and subsequent inacti-
vation, since the cotreatment of HSYA in combination with
PPARγ agonist demonstrated synergistic effects on PPARγ
activation and cytoprotection. Further investigations are
required to confirm whether this synergistic action of HSYA
is associated with the inhibition of PPARγ nitrative modifica-
tion, thus allowing a more effective activation of PPARγ by
the agonists.

In our in vivo study, the SIN-1-induced PPARγ nitration
and inactivation were suggested to be mainly occurring in
neurons of the hippocampus. Concurring with that of our
result, the tau protein has been identified as one of the tar-
gets of peroxynitrite and the nitrated tau protein was also
suggested to have a strong neuronal signature [17]. Simi-
larly, the peroxynitrite-induced 3-NT expression was also
proved to be primarily accumulated in neurons in the acute
phase of cerebral ischemia/reperfusion injury [26], albeit no
target protein for nitration was evaluated. The reason why
proteins in neurons are prone to nitrative modification by
peroxynitrite may be related with the lower concentrations
of antioxidants in neurons than in glial cells [27]. Of partic-
ular note is the low concentration of reduced glutathione
(GSH). The susceptibility of cells to peroxynitrite toxicity
has been proven to largely depend on the amount of intra-
cellular GSH [28]. The GSH concentration in neurons is
one-half of that of astrocytes, and the activity of γ-glutamyl-
cysteine synthetase, a key enzyme in glutathione synthesis, is
approximately several fold lower in neurons than that of
astrocytes. [27]. This low antioxidative potential may be pre-
disposed to neuronal PPARγ nitration and inactivation in
response to peroxynitrite injury. On the other hand, neurons
rely heavily on their metabolic coupling with astrocytes to
combat oxidative stress. Astrocytes produce and secret GSH
to protect neurons as well as provide the precursors for neu-
ronal GSH synthesis [14, 29]. Without the antioxidant

support from astrocytes, neurons are of high susceptibility
to the oxidative damage [14, 29]. This may provide a likely
explanation for the observation in our study showing that
there is SIN-1-induced significant cell injury in the neuron-
enriched culture system whereas no toxicity (apoptosis or cell
loss) to cells in the SIN-1-injected hippocampuswas observed.

The Bcl-2 antiapoptotic protein has been shown to be a
key downstream target of PPARγ signaling in neurons for
protection against oxidative stress [8, 30, 31]. PPARγ loss
of function results in downregulation of Bcl-2 protein in neu-
rons and thereby renders cell vulnerable to oxidative insult
[8]. PPARγ agonists protected neurons against oxidative
damage by enhancing Bcl-2 expression [8, 30]. Moreover, a
putative PPARγ response element (PPRE) has been reported
in the 3′-untranslated region of the bcl-2 gene [32], suggest-
ing the dependence of PPARγ. Consistently, in our study,
PPARγ nitration and inactivation were accompanied by a
parallel decrease in Bcl-2 expression in the SIN-1-injected
hippocampus. This data may provide an additional link
to our speculation that SIN-1-induced PPARγ nitration
and inactivation in vivo may be reflected in the increased
vulnerability to brain damage. Concomitantly, the inhibi-
tion of Bcl-2 downregulation induced by SIN-1 supported
the protective effect of HSYA. Further study is warranted
to confirm the association between PPARγ and Bcl-2 in
our study.

In the nervous system, protein tyrosine nitration repre-
sents a major cytotoxic pathway during peroxynitrite-
mediated nitrosative stress. However, other covalent modifi-
cations of PPARγ cannot be excluded to explain some of our
observations. For example, PPARγ is known to be modified
by phosphorylation at serine residue [33]. Studies have dem-
onstrated that peroxynitrite, acting as a signaling molecule,
regulates mitogen-activated protein kinase- (MAPK-) medi-
ated signal transduction pathways. PPARγ contains a MAPK
site, and phosphorylation by extracellular signal-regulated
kinase- (ERK-) 1/2 leads to inhibition of PPARγ activity
[33]. It was reported that peroxynitrite potently activated
ERK1/2 in a wide variety of cell types, including neural
cells [34, 35]. Thus, PPARγ is possibly susceptible to the
modification of phosphorylation in nitrosative conditions.
We assumed that increased tyrosine nitration after SIN-1
treatment was the primary reason for the inactivation of
PPARγ. However, to be sure of this assumption, the degree
of PPARγ nitration without alterations of other amino acids
will have to be determined in future studies. Additionally, the
specific tyrosine residue in PPARγ that is nitrated is also
required to be determined.

Actually, many additional transcription factors exhibit
sensitivity to both reactive oxygen species and nitric oxide-
related species, e.g., NF-κB, AP-1, and p53. Posttranslational
modification plays an important role in regulating the activ-
ity of transcription factors during oxidative and nitrosative
stresses. For example, studies have demonstrated that NF-
κB resides in the cytoplasm in an inactive complex with the
inhibitor IκBs and oxidizing conditions in the cytoplasm pro-
mote NF-κB activation. Phosphorylation of IκB proteins rep-
resents a convergence point for most signal transduction
pathways under the oxidizing conditions leading to NF-κB
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activation [36]. Recent data also disclosed that peroxynitrite
stimulates NF-κB activation via nitration of tyrosine in IκB,
thereby increasing IκB degradation [37]. It has been specu-
lated that posttranslational modification of transcription fac-
tors is a mechanism by which cells sense the redox changes
[38]. Accordingly, PPARγ nitration and subsequent inactiva-
tion may provide a signal for neurons sensing nitrosative
condition in neurons.

Although HSYA is a hydrophilic drug with low oral
bioavailability, the ability of HSYA to cross the blood-
brain barrier has been confirmed previously following intra-
venous administration of HSYA [19]. Furthermore, since the
blood-brain barrier is disrupted in varying degrees in numer-
ous pathological conditions of the brain, like stroke or trau-
matic brain injury, it should not pose a significant obstacle
to HSYA delivery in these settings. Indeed, evidence has
proven that HSYA is absorbed in the brain tissues of the
TBI rats after being orally administered with HSYA [12].
These data validated that the action of HSYAmay result from
its central effect in our study.

In our previous study, we have demonstrated that
HSYA profoundly protected against tyrosine nitration elic-
ited by authentic peroxynitrite in a cell-free system, indi-
cating the role of HSYA as a peroxynitrite scavenger [2].
Accordingly, we speculated that HSYA may act through
directly scavenging peroxynitrite and/or its derived radicals
to inhibit nitro-PPARγ formation in SIN-1-induced neurons.
The structure of HSYA is quinochalcone c-glycoside [39].
Chalcones, a group of aromatic ketones, have been linked
with antioxidant activity. Moreover, chalcones have been
expected to directly react with peroxynitrite [40]. It is possi-
ble that HSYA could function as a competing substrate for
peroxynitrite-triggered reaction and therefore protects free
tyrosine or tyrosine residue of protein from nitrative modifi-
cation. Whether HSYA specifically scavenges peroxynitrite,
but not superoxide or NO, needs to be determined. Recently,
HSYA was demonstrated to modulate endogenous antioxi-
dant defenses of the brain by increasing the activity of antiox-
idant enzymes, including superoxide dismutase (SOD) and
catalase (CAT), as well as the ratio of glutathione (GSH)/
glutathione disulfide (GSSG) [12]. This effect may be also
involved in its mechanism underlying the inhibition of
PPARγ nitration.

Our present data and others have shown that PPARγ is
crucial to the defensive mechanism of neurons against nitro-
sative stress and oxidative stress, both of which playing a role
in the pathogenesis of many neurodegenerative diseases.
Thus, keeping PPARγ function active could become particu-
larly important for the neurons in degenerative diseases.
HSYA’s protection against SIN-1-induced negative regula-
tion of PPARγ activity may help in potentiating the control
of nitrosative stress and offer new therapeutic opportunities
for treating neurodegenerative diseases.
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This study was designed to assess the protective effects of Lycium europaeummethanol extract (LEM) on liver and kidney injuries
induced by cisplatin. The phytochemical composition, the antioxidant activity, and hepatorenal injury biomarkers were
investigated. Results revealed that LEM exhibited a significant antioxidant activity in vitro on DPPH radical and H2O2
scavenging assays. In the animal studies, treatment with LEM significantly reduced the effects of cisplatin intoxication on serum
liver biomarkers and serum renal biomarkers. Meanwhile, LEM diminishes significantly the effect of cisplatin on the level of
lipid peroxidation in liver and kidney tissues. The activities of the antioxidant enzymes (reduced glutathione, glutathione
peroxidase, superoxide dismutase, and catalase) were increased in groups pretreated with LEM and quercetin. Additionally, the
normal histological structures of the liver and kidney were restored after treatment with LEM. This work clearly demonstrated
that L. europaeum may be useful as a drug with hepato-nephroprotective potentials.

1. Introduction

Lycium, a member of the Solanaceae family, consists of 70
species distributed throughout temperate and subtropical
areas. Lycium was cited in the traditional medicine of many
countries. In Tunisia, the dry fruits from L. intricatum are
traditionally used to protect from eye diseases [1]. In China,
L. chinense and L. barbarum are used for longevity, infertility,
and headache [2]. The flowers from Lycium shawii are used
as antidiabetic [3] and leaves are used to prevent stomach
ache; in addition, the infusion from roots can treat ulcer
and back pain. Furthermore, several studies have reported
that plants from this genus exhibited many pharmacologi-
cal properties such as antiaging and neuroprotective effects
[4, 5], hepatoprotective activities [6], and antitumor and
immunomodulation activities [7]. Phytochemical investiga-
tion of this genus demonstrated that polysaccharides are
extensively distributed in fruits [8, 9]. Moreover, a number

of works showed that Lycium is a rich source of phenolic
acids, carotenoids, tannins, flavonoids, mineral, and vita-
min [9, 10]. L. europaeum is a shrub spread in many
Mediterranean regions [11, 12]. In folk medicine, the
aerial part of this plant is used for the treatment of
inflamed skin. Few studies of L. europaeum have been
conducted on the fruits. Findings obtained from 80% eth-
anol extract demonstrated the cytoprotective effects against
human lung carcinoma and rat adrenal medulla cancer
cells [13]. Such activities were essentially related to free
radical scavenging capacities, as that has been demonstrated
in many works [13, 14]. In addition, fruit extracts from L.
europaeum are characterized by high content of flavonoids,
anthocyanins, carotenoids, lycopene, and tannin [13]; these
constituents have indicated potential biological activities. In
our previous studies, we have demonstrated that L. euro-
paeum leaf extracts have antinociceptive and protective
effects against CCl4-induced liver and kidney injuries in mice
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[15]. In this study, the phytochemical composition of the leaf
of L. europaeum methanol extract (LEM) was evaluated. The
antioxidant activity in vitro and the hepato-nephroprotective
effects of this plant were also investigated.

2. Materials and Methods

2.1. Chemicals. Cisplatin (cis-dichlorodiammine platinum
(II)), quercetin, butylated hydroxytoluene (BHT), dimethyl
sulfoxide (DMSO), hydrogen peroxide (H2O2), 2-
thiobarbituric acid, trichloroacetic acid, catalase (CAT), mal-
ondialdehyde (MDA), and 2,2-diphenyl-1-picrylhydrazyl
(DPPH) were purchased from Sigma–Aldrich Co. (Sigma,
St. Louis, USA). Standards (iron (Fe), zinc (Zn), calcium
(Ca), potassium (K), magnesium (Mg), manganese (Mn),
cuivre (Cu), and sodium (Na)) were obtained from Merck
(Darmstadt, Germany). Superoxide dismutase (SOD) and
glutathione peroxidase (GPx) assay kits were purchased from
Randox Laboratory Ltd. Methanol was purchased from
PanReac (Barcelona, Spain). All other chemicals and solvents
were of analytical grade and were obtained from Sigma–
Aldrich (Sigma, St. Louis, USA).

2.2. Plant Material and Preparation of Extract. The leaves of
Lycium europaeum were sampled from Redeyef (latitude: 34°

38′ 3″ N, longitude: 8° 18′ 03″ E, and altitude: 623m),
southwestern Tunisia, in January 2016 and deposited at the
herbarium in the Faculty of Sciences, University of Gafsa,
Tunisia. Leaves (450 g) were washed with distilled water
and dried at room temperature (approximately 20% relative
humidity and 24°C temperature) for 48 h. Then the samples
were ground to fine powder using a blender (Moulinex,
France) and extracted for 24 h with methanol for three
times at room temperature with magnetic stirring. After
filtration using Whatman number 1 filter paper, the sol-
vent was entirely evaporated under vacuum at 40°C using
a Büchi rotary evaporator, to obtain the dry extracts
(LEM). The phytochemical composition of LEM included
caffeic acid, gallic acid, catechin, epicatechin, apigenin,
coumaric acid, luteolin, naringenin, vanillic acid, rutin,
quercetin, and kaempferol [15].

2.3. The Mineral Compositions. Minerals were evaluated
according to the method described by Kachiguma et al. [16]
with minor modifications, using atomic absorption spectro-
photometer (AAS) (ZENIT series). Calibration curves were
constructed using the standard stock solutions of 1000mg/
L which were diluted to make working standards of different
concentration, and the calibration ranges were selected
according to the expected concentrations of the elements of
interest. The standard, blank, and sample solutions were then
read on AAS at the following wavelengths: 248.2 nm for iron,
766.5 nm for potassium, 285.2 for magnesium, 257.2 nm for
manganese, 317.9 nm for calcium, 327.3 nm for copper,
589.5 nm for sodium, and 213.2 nm for zinc.

2.4. Determination of Lipid-Soluble Pigments. Lipid-soluble
pigments were estimated using the method of Arnon [17].
A dried leaf extract (100mg) was extracted with acetone-

hexane solution (4 : 6). The absorbance of the filtrate was
measured at 400–700nm using UV-Vis spectrophotometer.

The chlorophyll contents were calculated through the
following formulas and then expressed as μg/g of dry weight:

Chlorophyll a Chl a mg/100mL
= 0 999 A663 − 0 0989 A645 ,

Chlorophyll b Chl b mg/100mL
= 0 328 A663 − 1 77 A645 ,

β − Carotene mg/100mL
= 0 216 A663 + 1 220 A645
− 0 304 A505 + 0 452 A453 ,

Lycopene mg/100mL
= −0 0458 A663 + 0 204 A645
− 0 304 A505 + 0 452 A453

1

2.5. Hydrogen Peroxide (H2O2) Scavenging Activity. The effect
of L. europaeum extract on scavenging H2O2 was determined
based on the protocol described by Ruch et al. [18] with some
modifications. Briefly, a mixture of 1.6mL of phosphate
buffer (0.1M, pH7.4) and H2O2 solution (0.4mL, 40mM)
was added to 1mL of LEM with a different concentration
(10, 20, 30, 50, 100, and 150 μg/mL). The tubes were vortexed
and incubated at room temperature for 10min. BHT was
used as standards for comparison. The absorbance was mea-
sured at 230 nm.

I % = absorbance control − absorbance sample
absorbance control × 100

2

2.6. DPPH Radical Scavenging Activity. The effect of the
extract on DPPH radical was determined following the
method reported by Bounatirou et al. [19]. Adequate solu-
tions of extract (5, 10, 20, 30, 50, 80, and 100 μg/mL) were
prepared to obtain a final volume of 1mL and were mixed
with 2mL of a freshly prepared DPPH solution (0.1mM,
in methanol). After 30min of incubation in the dark, the
absorbance was measured at 517nm on a UV-VIS spectro-
photometer. IC50 value (amount of sample providing 50%
of scavenging on DPPH) was determined from the linear
regression equation obtained from the concentrations of
the sample and the percentage of inhibition.

2.7. Antioxidant Activity of LEM In Vivo

2.7.1. Experimental Animals.Male Swiss mice, approximately
20–24 g body weight (bw), with age of about 7 weeks were
obtained from the Central Pharmacy (Tunisia) and were
maintained for a two-week adaptation period. Animals were
fed with 15% protein food pellets (SNA, Sfax, Tunisia) and
had tap water ad libitum and were cared according to the
Tunisian code of practice for the Care and Use of Animals
for Scientific Purposes and the European convention for the
protection of vertebrate animals used for experimental and
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other scientific purposes (Council of Europe Number 123,
Strasbourg, 1985).

2.7.2. Treatment. The animals (n = 30) were divided into
five groups, with six mice in each group. Hepatorenal tox-
icity in mice was induced by intraperitoneal injection of
cisplatin dissolved in corn oil at the dose of 13mg per
kg body weight (bw) [20]. Treatment was then carried
out as follows:

Group (I) Control. Corn oil was administered orally
(p.o.) for 10 days.

Group (II) LEM, 150mg/kg bw [15]. Animals were
treated for 10 days with LEM dissolved in
corn oil at 150mg per kg bw doses p.o.

Group (III) Cisplatin. Corn oil was administered orally
for 10 days and a single intraperitoneal
(i.p.) dose of cisplatin (13mg/kg, i.p.) was
administered on the 5th day.

Group (IV) LEM+cisplatin. Mice were treatedwith LEM
(150mg per kg bw doses p.o.) orally for 10
days and a single dose of cisplatin (13mg/
kg, i.p.) dissolved in corn oil was adminis-
tered on the 5th day, 1 h after the LEM dose.

Group (V) Quercetin + cisplatin. Animals were treated
with quercetin dissolved in DMSO (0.5%
v/v) at 50mg per kg bw doses p.o. [21]
orally for 10 days and a single dose of cis-
platin (13mg/kg, i.p.) on the 5th day, 1 h
after the quercetin dose.

All animals were killed by decapitation 24h after the
last treatment. Blood samples were collected into heparin-
ized or EDTA tubes by putting a funnel under the neck’s
mice after cervical decapitation to avoid stress. Blood was
centrifuged at 1500 rpm for 10min in order to obtain
serum for biochemical analysis. The kidneys and livers
were immediately removed and weighed for the organ
weight ratio calculation.

2.7.3. Serum Biochemical Analysis. Serum liver biomarkers
(alanine aminotransferase (ALT), aspartate aminotransferase
(AST), and lactate dehydrogenase (LDH)) were assayed
using commercial reagent kits from Biomaghreb (Tunisia).
Biochemical markers of kidney injury (urea, creatinine, uric
acid, and blood urea nitrogen (BUN)) were estimated using
commercial reagent kits (Sigma–Aldrich) according to the
manufacturer’s protocol.

2.7.4. Tissue Homogenate Preparation. About 1 g of each
organ was cut into small pieces and immersed into a 2mL
ice-cold lyses buffer (tris-buffered saline, pH7.4) using
Ultra-Turrax homogenizer for 15min and then filtered and
centrifuged (9000 rpm, 30min, 4°C). Supernatants were
stored at −80°C until use.

2.7.5. Protein Quantification in the Liver and Kidneys. Pro-
tein contents in homogenates were measured using the Folin

reaction through the method of Lowry et al. [22] using
bovine serum albumin as the standard at 660nm.

2.7.6. Evaluation of Lipid Peroxidation Levels. To estimate the
degree of lipid peroxidation, 100 μL of each homogenate was
added to 100 μL of trichloroacetic acid (TCA, 5%) and the
mixture was centrifuged at 4000× g for 10min. After that,
100 μL of the supernatant and 200 μL of thiobarbituric acid
reagent (TBA, 0.67%) were incubated for 15min on a boiling
water bath. The level of lipid peroxidation was measured as
thiobarbituric acid reactive substances (TBARS) and was
expressed as malondialdehyde (MDA) formation, in accor-
dance with the method of Draper and Hadley [23] and
expressed in nmoles/mg of tissue.

2.7.7. Antioxidant Enzyme Assays. Superoxide dismutase
(SOD) activity was estimated according to the method of
Durak et al. [24] and was expressed as units/mg protein.
Catalase (CAT) activity was measured using the technique
of Aebi [25] and was expressed as μmoles H2O2 destroyed/
min/mg protein. Glutathione peroxidase (GPx) activity was
determined using the protocol described by Flohe and
Gunzler [26] and was expressed as U/mg protein.

2.7.8. Histopathological Studies. Liver and kidney sections
were fixed using formalin solution (10%). Then tissues were
washed in 70% alcohol, dehydrated through a series of
ascending ethanol percentage washes until 100% ethanol
was reached, cleared in xylene, infiltrated with soft paraffin
(melting point = 60°C), and finally embedded into molten
paraffin. The paraffin sections were dewaxed in xylene and
then rehydrated through a series of descending ethanol
percentage washes finally embedded into molten paraffin
wax. The resulting paraffin blocks were cut at 4–6mm thick-
ness using a rotatory microtome stained with hematoxylin
and eosin and observed under a microscope.

2.8. Statistical Analysis. Statistical analysis was performed
using the SPSS version 18.0 software. All data were analyzed
using ANOVA followed by the Tukey test. All values are
given as mean values and standard deviation. Differences
were considered significant at p < 0 05.

3. Results and Discussion

3.1. Phytochemical Compositions and In Vitro Antioxidant
Effect of L. europaeum. Minerals have significant roles in
many activities in the human body. For example, the dietary
potassium and calcium supplementation play an important
role in the regulation of blood pressure [27, 28].

The nutritional composition of the leaf from Lycium
and the information about the mineral contents are limited.
The micromineral (Fe, Cu, Mn, and Zn) and macromineral
(Ca, Mg, Na, and K) profiles of L. europaeum are detailed
in Table 1. Results revealed that K (1528.32mg/100 g) is the
most important macronutrient in the leaf sample. According
to Kim et al. [29] and Endes et al. [30], K was the concen-
trated mineral in the leaves of L. chinense and L. barbarum.
Moreover, the results showed that the leaf contains a higher
Fe level compared to the other micronutrients. All over, the
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mineral composition of Lycium is greater than or equal to
other leafy vegetables [31].

With regard to the pigment contents in the extracts from
the leaves of L. europaeum, Table 2 indicates high amounts of
chlorophylls (382.19 μg/g dry weight), followed by β-caro-
tene (68.02 μg/g dry weight), and lycopene (40.38 μg/g dry
weight). Lipid-soluble pigments like chlorophylls, β-caro-
tene, and lycopene, play an important in the human health
[32]. β-Carotene and chlorophyll have been known to have
antioxidant properties, being capable of inhibiting lipid oxi-
dation [33]. They showed the ability to reduce risks of
chronic diseases induced by free radicals. Lycopene has been
demonstrated to prevent diverse pathologies such as cancer
and cardiovascular diseases [32]. The presence of valuable
quantities of nutrients (dietary minerals) and lipid-soluble
bioactive pigments like chlorophylls, β-carotene, and lyco-
pene, makes the leaf from L. europaeum a special component
for human nutrition.

The antioxidant assays have revealed the ability of L.
europaeum methanol extract to scavenge the DPPH and
H2O2 radicals (Table 2). The EC50 values for the DPPH-
and H2O2-scavenging activities were 23.02 and 28.83 μg/
mL, respectively. This great antioxidant activity could be
explained by the presence of bioactive compounds in leaves
such as carotenoids and lycopene. The fruits of L. europaeum
have been proved to be rich in antioxidant compounds
(anthocyanins, carotenoids, lycopene, and tannin) [13].
Recently, Rosa et al. [12] have demonstrated a great antioxi-
dant activity of L. europaeum fruit oil in the DPPH and ABTS
scavenging tests. Moreover, our recent research has found
that the leaves of L. europaeum consisting of bioactive com-
pounds, including caffeic acid gallic acid, naringenin, and
another 9 compounds, could protect against CCl4-induced
liver and kidney injuries in mice, in vivo, according to
HPLC-DAD analyses [15].

3.2. Effects of L. europaeum on the Body Weight and Organ
Weights. Cisplatin is a chemotherapeutic drug used to treat
several tumors. Unfortunately, numerous severe side effects
of this drug have been reported like neurotoxicity, hepato-
toxicity, and nephrotoxicity [34]. In recent times, phyto-
chemicals from plants have shown protective effects
against liver and kidney injuries induced by cisplatin
administration [35, 36].

The effects of L. europaeum, quercetin, and cisplatin on
the body weight as well as the relative kidney and liver
weights were illustrated in Table 3. During the experimental
period, all the studied groups survived. Although, a signifi-
cant decrease in body growth and an increase in liver and
kidney weights were recorded in cisplatin-treated groups, as
compared to the controls. The reduction in the body weight
could be attributed to a decrease in the food consumption
or to the effects of this toxic drug on the gastrointestinal
tract [37]. Many studies have demonstrated that cisplatin
administration can induce a rise in kidney weights [35, 38].
When quercetin or L. europaeum was added to the treated
animals, the adverse effects of cisplatin on these parameters
were reversed.

3.3. Effects of L. europaeum on Serum Liver and Kidney
Biomarker Levels. A number of studies have demonstrated
the hepatorenal toxicity of cisplatin [35, 39]. The deleterious
effect of cisplatin on liver function may be revealed by the
alteration in liver biomarker enzymes including AST and
ALT. In fact, the damage in hepatocytes leads to changes in
their membrane permeability, resulting in the escape of
enzymes from cells [40]. Likewise, the level of LDH is a
strong indicator of apoptosis, since it is freed by cells in
response to a condition of apoptosis [41]. In this study, the
activities of AST, ALT, and LDH in serum increased signifi-
cantly (p < 0 001) with cisplatin compared to the control
group (Table 4).

To investigate the effect of cisplatin on kidney function,
biomarkers of kidney injury such as urea, creatinine, uric
acid, and BUN were analyzed. Table 4 shows that the levels
of urea, creatinine, uric acid, and BUN in the cisplatin-
treated animals increased significantly to 68.01 μmol/L,
96.01 μmol/L, 30.58 μmol/L, and 8.99mmol/L as compared
with the control groups at 35.51 μmol/L, 52.29 μmol/L,
20.39 μmol/L, and 4.63mmol/L, respectively. These results
were consistent with previous reports [20, 35, 42]. The
administration of L. europaeum methanol extract showed
normalization in these renal biochemical parameters. This
effect of the extract was similar to that of quercetin, the
standard antioxidant compound. The hepatoprotective
and renoprotective activities of L. europaeum were due
to its antioxidant effect. The study of Domitrović et al.
[20] demonstrated that cisplatin-mediated kidney injuries
in mice were significantly ameliorated by berberine
through the reduction of nuclear factor-kappa-β transloca-
tion and the inhibition of tumor necrosis factor-α and
cyclooxygenase-2 expression. The most recent study of
Sánchez-González et al. [43] showed that the nephropro-
tective effect of quercetin could be attributed to its antiox-
idant, anti-inflammatory, and vascular potentials.

3.4. Effects of L. europaeum Methanol Extract on the SOD,
CAT, and GPX Levels in the Liver and Kidneys. The antioxi-
dant system of defense includes three enzymes (SOD, CAT,
and GSH) which play an important role in preventing cells
against reactive oxygen species and their harmful effects.
However, prolonged use of chemotherapeutic drugs like
cisplatin induced acute liver and kidney injuries, which make

Table 1: Mineral content of Lycium europaeum.

Minerals Amount (mg/kg)

Potassium (K) 12451.26± 205
Sodium (Na) 59.21± 2.62
Magnesium (Mg) 925.54± 13.20
Calcium (Ca) 1105± 25.54

Iron (Fe) 52.15± 1.03
Zinc (Zn) 10.21± 0.61
Copper (Cu) 10.21± 0.14
Manganese (Mn) 4.05± 0.06
Values are means ± SD of three separate experiments.
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them more sensitive to oxidative damage [39]. The effects
of cisplatin and LEM pretreatment on liver and kidney
oxidative stress parameters are illustrated in Figure 1. It
was clearly remarkable that cisplatin administration pro-
duced a statistically significant decrease (p < 0 001) in the
levels of SOD, CAT, and GSH both in the liver and in
the kidney as compared to control groups. These results
are in accordance with earlier findings of Kumar et al. [35]
who reported decreased activities of the above-mentioned
antioxidant enzymes, in liver and kidney tissues of rats after
cisplatin administration. In contrast, treatment with LEM at
a dose of 7.5mg/kg BW inhibited the above-elevated param-
eters significantly compared to the cisplatin-treated group
(p < 0 001). The preventive effect of LEM was similar to that
of quercetin-treated mice (50mg/kg BW). Clearly, our results
indicate that the methanol extract from L. europaeum pre-
vents the exhaustion in enzymatic antioxidants and protect
from cisplatin-induced oxidative damage.

3.5. Effects of L. europaeum Methanol Extract on the Lipid
Peroxidation Inhibitory Activity. MDA, the final product of
lipid peroxidation, is generated under overproduction of free
radicals and is regarded as a marker of cell injury and cyto-
toxicity [44].

MDA levels in the liver and kidney are illustrated in
Figure 1(d). A significant increase in the liver MDA level
was found in the group receiving cisplatin (2.85 nmol/mg
protein) when compared to the control group (0.85 nmol/
mg protein), (p < 0 001). This increase in MDA levels follow-
ing cisplatin exposure may be attributed to the overproduc-
tion of ROS, which could be associated with hepatocyte
enzyme leakage and the inhibition of mitochondrial enzyme
activity [45]. Kidney MDA levels were also markedly
increased in the cisplatin treated group (4.55 nmol/mg
protein), compared to the untreated control group
(2.13 nmol/mg protein) (p < 0 01). Conversely, pretreatment
with LEM prevented the increase of MDA content in liver

Table 2: Phytochemical contents and antioxidant activity of Lycium europaeum.

Phytochemical contents (μg/g dry weight)
Scavenging activity (EC50, μg/mL)

DPPH H2O2
Chlorophyll a Chlorophyll b β-Carotene Lycopene LEM Vitamin C LEM BHT

329.61± 21.02 52.58± 3.12 68.02± 2.31 40.38± 1.05 23.2± 1.05 17.63± 0.81 28.83± 1.54 19.90± 0.64
Values represent mean ± SEM from three independent experiments. LEM: Lycium europaeum methanol extract; BHT: butylated hydroxytoluene.

Table 3: Effects of Lycium europaeum, quercetin, and cisplatin on the BW gain and liver and kidney index.

Parameters
Groups

Control LEM Cisplatin LEM+ cisplatin Quercetin + cisplatin

Initial BW (g) 21.92± 0.62 22.18± 0.18 21.63± 0.37 21.99± 0.42 21.67± 0.34
Final BW (g) 27.50± 1.21 27.64± 0.61 22.59± 0.28++ 26.49± 0.9∗∗ 25.89± 0.62∗∗

BW Gain (%) 20.20± 3.02 19.73± 1.24 4.27± 0.65++ 16.86± 4.12∗∗ 16.21± 3.33∗∗

Liver weight (g) 1.22± 0.01 1.25± 0.00 1.69± 0.01+++ 1.50± 0.01∗∗∗ 1.43± 0.03∗∗

Kidney weights (g) 0.24± 0.02 0.26± 0.00 0.35± 0.02++ 0.28± 0.01∗∗ 0.28± 0.01∗∗

Liver index (%) 4.40± 0.14 4.52± 0.13 7.49± 0.04+++ 5.65± 0.19∗∗ 5.51± 0.07∗∗∗

Kidneys index (%) 0.87± 0.06 0.98± 0.03 1.56± 0.10++ 1.07± 0.07∗∗ 1.09± 0.08∗∗

Values represent mean ± SEM from three independent experiments, n = 6 mice per group. ++Significant difference at p < 0 01 and +++significant difference at
p < 0 001: the cisplatin group versus the control group. ∗∗Significant difference at p < 0 01 and ∗∗∗significant difference at p < 0 001: the LEM+ cisplatin and
quercetin + cisplatin groups versus the cisplatin group. Organ index (%) = (organ weight/body weight) × 100; LEM: Lycium europaeum methanol extract;
BW: body weight.

Table 4: Effects of Lycium europaeum and quercetin on serum biochemical parameters of cisplatin-treated mice.

Groups
Kidney function Liver function

Urea
(μmol/L)

Creatinine
(μmol/L)

Uric acid
(μmol/L)

BUN
(mmol/L)

AST
(U/L)

ALT
(U/L)

LDH
(U/L)

Control 35.51± 1.57 52.29± 0.80 20.39± 0.87 4.63± 0.22 63.61± 1.71 60.12± 1.57 21.68± 0.98
LEM 35.84± 4.51 51.06± 1.05 19.37± 0.78 4.39± 0.64 60.29± 2.22 59.28± 1.33 20.82± 0.37
Cisplatin 68.01± 2.03+++ 96.01± 1.80+++ 30.58± 0.25+++ 8.99± 0.14+++ 111.20± 6.47++ 97.49± 2.14+++ 56.36± 1.67+++

LEM+ cisplatin 39.02± 0.65∗∗∗ 71.98± 1.86∗∗∗ 25.36± 0.90∗∗ 5.66± 0.35∗∗∗ 71.05± 1.93∗∗ 70.43± 0.93∗∗∗ 28.02± 1.66∗∗∗

Quercetin + cisplatin 40.56± 4.34∗∗ 67.68± 1.61∗∗∗ 22.16± 0.96∗∗ 5.39± 0.24∗∗∗ 65.3± 0.86∗∗ 69.01± 2.20∗∗∗ 22.92± 1.70∗∗∗

Values represent mean ± SEM from three independent experiments, n = 6 mice per group. ++Significant difference at p < 0 01 and +++significant difference at
p < 0 001: the cisplatin group versus the control group. ∗∗Significant difference at p < 0 01 and ∗∗∗significant difference at p < 0 001: the LEM+ cisplatin and
quercetin + cisplatin groups versus the cisplatin group.
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and kidney tissues. Meanwhile, the treatment with quercetin
showed a good protective effect compared to the cisplatin-
treated group (p < 0 01).

One of the possible mechanisms of hepatic and renal
protective actions of L. europaeum is via antiperoxidative
properties and potential role in defense against free radicals.

3.6. Effects of L. europaeum Methanol Extract on the
Morphology of the Liver and Kidneys. The hepatorenal pro-
tective potentials of LEM and quercetin were confirmed by
histopathological examination (Figure 2). The control group
(Figure 2(a)) and LEM group (Figure 2(b)) showed normal
histological structure of the liver. In contrast, the cisplatin-
treated group showed significant morphological changes in
the liver section (Figure 2(c)). These alterations were marked
by membrane cell degradation; casts are observed in some
tubules, multiple foci of hemorrhage and major vascular
congestion that may be awarded to the toxic effects of
cisplatin by the generation of ROS, which caused damage to
different membrane constituents of the hepatocytes. The
administration of LEM (Figure 2(d)) and quercetin
(Figure 2(e)) has suppressed the above changes and the

liver section had architecture nearly comparable to that
of the control group without any signs of vascular or
inflammatory changes. On the other hand, the kidneys of
the control group (Figure 3(a)) and LEM group
(Figure 3(b)) showed normal histological structure. How-
ever, cisplatin-treated mice showed visible pathological
changes, including glomerular atrophy, infiltration of
inflammatory cells, and degenerated tubular structure
(Figure 3(c)). These renal lesions were remarkably amelio-
rated by treatment with LEM and quercetin (Figures 3(d)
and 3(e)). These results suggested that L. europaeum has
a certain protective effect against cisplatin intoxication
which is consistent with antioxidant enzyme and biochem-
ical results.

4. Conclusion

The data from this study revealed, for the first time, the
antioxidant activity and phytochemical content of the
methanol extract from Lycium europaeum. Results indi-
cated that LEM is rich in bioactive compounds. LEM
was found to have strong hepatorenal protective effect
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Figure 1: Lipid peroxidation and antioxidant enzyme activities in liver and kidney tissues of mice treated with cisplatin. Values were
expressed as the mean± SD (n = 6). ++Significant difference at p < 0 01 and +++significant difference at p < 0 001: the cisplatin group versus
the control group. ∗∗Significant difference at p < 0 01 and ∗∗∗significant difference at p < 0 001: the Lycium + cisplatin and quercetin
+ cisplatin groups versus the cisplatin group.
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against cisplatin-induced liver and kidney injury in mice.
This beneficial effect may be related to the strong antioxi-
dant activity and free radical-scavenging capacity of this

plant. Our results proved that L. europaeum is a novel
source of natural antioxidant and encourage its use to pre-
vent liver and kidney dysfunctions.

(a) (b)

(c) (d) (e)

Figure 2: Effects of the methanol extract of leaves from Lycium europaeum (LEM) on the hepatic histology in CCl4-intoxicated mice. Livers
were sectioned and stained with hematoxylin-eosin (H&E). Representative photographs (200x) from the control group (a), 150mg/kg BW
LEM group (b), cisplatin-treated group (c), 150mg/kg BW LEM+ cisplatin group (d), and 50mg/kg BW quercetin-positive control group
(e). MD: membrane cell degradation; IL: inflammatory leukocyte infiltrations; CV: central vein.

(a) (b)

(c) (d) (e)

Figure 3: Effects of the methanol extract of leaves from Lycium europaeum (LEM) on kidney histology in cisplatin-intoxicated mice. Kidneys
were sectioned and stained with hematoxylin-eosin (H&E). Representative photographs (200x) from the control group (a), 150mg/kg BW
LEM group (b); cisplatin-treated group (c), 150mg/kg BW LEM+ cisplatin group (d), and 50mg/kg BW quercetin-positive control group
(e). GA: glomerular atrophy; DL: tubular dilation; G: glomerule; D: distal convoluted tubules; P: proximal convoluted tubules; C: coast.
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Gastrodin (GAS) is the major component isolated from the rhizome of the Chinese traditional medicinal herb “Tianma.” Many
clinical studies have found that GAS protects cardiomyocytes in cardiovascular diseases, although the effects and underlying
mechanisms on cardiovascular anoxia/reoxygenation (A/R) injury remain unknown. This study is aimed at exploring the effect
of gastrodin on cardiomyocytes in A/R injury. Our results suggested that the protective effect of GAS on cardiomyocytes is
associated with upregulated 14-3-3η levels. Pretreatment with GAS could increase the cell viability and decrease the activities of
creatine phosphokinase (CPK) and lactate dehydrogenase (LDH). GAS could also reduce reactive oxygen species (ROS)
production, inhibit mitochondrial permeability transition pore (mPTP) opening, alter the maintenance of the mitochondrial
membrane potential (ΔΨm), decrease the activation of caspase-3, and finally restrain cell apoptosis. Downregulating 14-3-3η
levels by transfection with siRNA14-3-3η clearly attenuated the protective effect of GAS on cardiomyocytes in A/R injury.

1. Introduction

Myocardial ischemia/reperfusion (I/R) is an important
complication of reperfusion therapy for myocardial infarc-
tion (MI). Ischemia/reperfusion (I/R) injury is a major
cause of death and disability worldwide [1]. Gastrodin
(4-hydroxybenzylalcohol4-O-beta-D-glucopyranoside) is a
water-soluble natural compound extracted from the root
of Gastrodia elata Blume (Orchidaceae), an ancient Chi-
nese herbal medicine with a very long history of clinical
application. The active compounds of GAS have wide-
reaching biological activities, including sedative, anticon-
vulsive, antiepileptic, hypnotic, antidepressant, antianxiety,
antipsychotic, neuroprotective, antivertigo, anti-inflamma-
tory, circulatory system-modulating, memory-improving,
analgesic, antioxidative and antiaging, antivirus, and antitu-
mor effects [2]. However, the detailed molecular mechanisms
underlying the cardioprotective effects of GAS on A/R-
induced injury have not been reported previously.

The 14-3-3 protein is an acidified and highly conserved
protein family found in all eukaryotic organisms, particularly
in the mammalian brain. This protein is made up of seven
isoforms and marked with seven separate genes, each
replaced by a Greek letter (β, γ, ε, ζ, η, τ, and σ) [3]. The
14-3-3 proteins are highly conserved molecular chaperones
connected with the regulation of important cellular func-
tions, which include the stress response, metabolism, signal
transduction, protein trafficking, cell-cycle control, tran-
scription, apoptosis, and neurotransmission [4]. Previous
studies have shown that the 14-3-3η protein acts as an
endogenous cardioprotector and limits the development of
diabetic cardiomyopathy by limiting myocardial apoptosis,
hypertrophy, fibrosis, and endothelial dysfunction via the
inhibition of Ask1 activation after the induction of experi-
mental diabetes [5–8]. Therefore, the objective of this study
was to investigate if the protective effects of GAS on cardi-
omyocytes against A/R-induced injury might be associated
with 14-3-3η.
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2. Materials and Methods

2.1. Reagents. GAS (purity: >97.6%) was purchased from the
National Institute for the Control of Pharmaceutical and Bio-
logical Products (Beijing, China). The anti-14-3-3η antibody
was from Abcam, the anti-β-actin antibody was from
Nanjing Jiancheng Bioengineering Institute (Nanjing,
Jiangsu, China), and the siRNA14-3-3η adenovirus was from
Shanghai GeneChem Co. The LDH and CPK kits were pur-
chased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, Jiangsu, China).

2.2. Cell Culture. The H9c2 cell line, which was obtained
from the American Tissue Culture Collection (Manassas,
VA), was an adherent rat myocardial cell line with myoblast
morphology [9]. The cells were cultured as a monolayer in
Dulbecco’s modified Eagle’s medium (DMEM) with 10%
(vol/vol) fetal bovine serum. The medium was made up of
glucose (4.5 g/L), with 17mM of NaHCO3, 100U/mL of pen-
icillin, and 100μg/mL of streptomycin. Cells were incubated
at 37°C in 95% humidity and 5% CO2.

2.3. Experimental Groups and Treatments. The H9c2 cells
were randomly divided into different experimental groups
as follows:

(1) Control group: H9c2 cells were incubated under the
previously described conditions.

(2) A/R group: H9c2 cells were cultured in a fresh
anoxia medium (1.8mM CaCl2, 20mM HEPES,
10.0mM KCl, 1.2mM MgSO4, 98.5mM NaCl,
6.0mM NaHCO3, 0.9mMNaH2PO4, 40mM sodium
lactate, pH6.8, 37°C), and hypoxia was induced by
placing the cells in a hypoxic chamber where oxygen
levels could be monitored (Biospherix ProOx C21,
Lacona, NY, USA) for 3 h. After 3 h of anoxia, the
cells were replaced with reoxygenation medium
(1.8mM CaCl2, 5.5mM glucose, 20mM HEPES,
5.0mM KCl, 1.2mM MgSO4, 129.5mM NaCl,
20mM NaHCO3, 0.9mM NaH2PO4, pH7.4, 37°C)
and incubated in an atmosphere of 95% O2 and 5%
CO2 for 2 h.

(3) Concentration-effect GAS+A/R group: H9c2 cells
were pretreated with GAS (5,10, 20, 40, 80, 160, and
320mg/L) 24h before the induction of A/R.

(4) GAS+A/R group: H9c2 cells were pretreated with
20mg/L GAS 24h before the induction of A/R.

(5) NC+GAS+A/R group: H9c2 cells were transfected
with NC for 36h and pretreated with 20mg/L GAS
24h before the induction of A/R.

(6) siRNA14-3-3η+GAS+A/R group: H9c2 cells were
transfected with siRNA14-3-3η for 36h and pre-
treated with 20mg/L GAS 24h before the induction
of A/R.

2.4. MTS Assay. Cell viability was evaluated by the 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-

2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (Cell Titer
96 Aqueous One Solution, Promega, Milan, Italy). H9c2
cells were cultured in 96-well plates at a density of 1× 104
cells per well. The MTS reagent (20μL) was added to the cells
in each well followed by incubation for 2 h in a 37°C and 5%
CO2-humidified incubator following the manufacturer’s
instructions. After 2 h, the absorbance was measured at a
wavelength of 490nm using a microplate reader (Bio-Rad
Pleasanton). The results were expressed as % changes with
respect to controls considered equal to 1.

2.5. LDH and CPK Activity Assay. LDH and CPK can be
released from cells due to cell necrosis; therefore, the activity
of LDH and CPK is used to evaluate the presence of cell death
[10]. The supernatant was used to measure the LDH at
440 nm and the CPK at 660nm according to the manufac-
turer’s instructions [11, 12], and the absorbance was detected
using an automatic microplate reader (PerkinElmer, USA).

2.6. Annexin-V/PI Assay. It has been published that apopto-
sis should be assessed by a flow cytometer with an Annexin
V-FITC Apoptosis Detection kit (KeyGen Biotech, Jiangsu,
China) [13]. After A/R treatment, H9c2 cells were collected
and washed twice with phosphate-buffered saline (PBS)
and then resuspended in binding buffer (500μL). Annexin
V-fluorescein isothiocyanate (V-FITC, 5μL) and propidium
iodide (PI, 5μL) were added to the cells (a concentration of
1× 106 cells/mL) before incubating for 15 minutes in the
dark at room temperature. Then, the apoptotic cells were
detected within 1 hour using a flow cytometer (BD Biosci-
ences, San Jose, CA, USA).

2.7. TUNEL Assay and Hematoxylin Eosin (HE) Staining.
TUNEL staining is used for detecting apoptosis. H9c2 car-
diomyocytes were cultured in 24-well plates. After the
treatment, the cardiomyocyte apoptosis was determined by
a TUNEL kit (Promega, Madison, WI, USA), according to
the manufacturer’s instructions. Cells counterstained with
hematoxylin were examined under a light microscope. Apo-
ptotic cells were identified by positive TUNEL staining.
Apoptotic cells are stained brown. Images were visualized
on an Olympus microscope using a 10x objective.

2.8. Measurement of Intracellular Reactive Oxygen Species
(ROS). The formation of reactive oxygen species (Apply-
gen, Beijing, China) was tested by flow cytometry using
DCFDA (2′,7′-dichlorofluorescin diacetate) as described
previously [14]. After treatment, cells were collected and
washed twice with PBS, then incubated with DCFHDA
(10μm/L) at 37°C in the dark for 20min, and finally mea-
sured with a flow cytometer.

2.9. Western Blot Analysis. Total proteins were separately
extracted. The protein content was determined using the
BCA protein assay kit (Beyotime Biotechnology, Shanghai,
China) [15]. Total protein lysates were separated by 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene fluoride
(PVDF) membranes and blocked with 5% nonfat milk in
TBST buffer for 2 h. The membranes were then incubated
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with primary antibodies (1 : 500) against β-actin and 14-3-3η
at 4°C overnight, washed three times with TBST, and incu-
bated with the horseradish peroxidase-conjugated secondary
antibody (1 : 2000) at room temperature for 2 h. The blots
were visualized using chemiluminescence, and the final data
showed the ratio between protein intensities in treated cells
and the control group.

2.10. Determination of ΔΨm. The method for measuring JC-
1 (KeyGen Biotech, Jiangsu, China) was used to assess the
mitochondrial membrane potential. After treatment, the cells
were collected, washed twice with PBS, and then harvested
and incubated with 200μmol/L JC-1 for 30min in the dark
at 37°C. Before being tested by flow cytometry in the FL1
and FL2 channels, the samples were resuspended in 500μL
of incubation buffer. The results are expressed as a relative
red/green fluorescence ratio.

2.11. Caspase-3 Activity Assay. The activity of caspase-3 was
measured following the protocol provided by the manufac-
turer of the caspase-3 activity assay kit (KeyGen Biotech,
Jiangsu, China). The protein concentration was measured
by the Bradford method, with each group with 150μg of pro-
tein absorbed in cell lysate. After adding a mixture of 50μL of
2X reaction buffer, 5μL caspase-3 substrate was added to a
96-well microtiter plate and incubated at 37°C for 4 hours.
We then detected the absorbance at 405nm.

2.12. Opening of the mPTP. We previously published how to
isolate permeability transit pores (mPTP) and to detect

mitochondria [16]. The mitochondria of the cardiomyocytes
are isolated with a mitochondrial/cytosolic fractionation kit
(Qiagen, Hilden, Germany) and then resuspended in the
swelling buffer (120mMKCl, 5mMKH2PO4, 20mMMOPS,
and 10mM Tris-HCl (pH7.4)) and added to 200μmol/L
CaCl2. The absorbance is measured at a wavelength of
520 nm, and the change rate in the mitochondrial optical
density is indicated by the degree of mPTP opening.

2.13. Statistical Analysis. All data are expressed as the
mean± SEM and were evaluated by analysis of variance
(ANOVA). P ≤ 0 05 is considered to indicate a statistically
significant difference.

3. Results

3.1. GAS Increases the Viability of Cardiomyocytes That Have
Suffered from A/R. We examined the viability of H9c2 cells
using the MTS assay. As shown in Figure 1(a), anoxia reoxy-
genation injury decreased the cell survival rate significantly.
Pretreatment with different concentrations of GAS before
A/R and the 20mg/L GAS+A/R group exhibited the high-
est cell viability. Therefore, the optimal concentration of
GAS of 20mg/L was chosen for subsequent experiments. In
Figure 1(b), our data demonstrated that siRNA14-3-3η could
inhibit this effect significantly by GAS.

3.2. Effect of GAS on Cardiomyocyte CPK and LDH Levels
Induced by A/R. After A/R treatment, the degree of damage
to the cell membrane during A/R was analyzed by the activity
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Figure 1: Effects of gastrodin (GAS) on cell viability of H9c2 cells after A/R. 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) assay results showing that (a) the A/R group showed decreased cell viability of H9c2 cells (∗∗P < 0 01
versus control group). Pretreatment with different concentrations of GAS and the 20mg/L GAS+A/R group exhibited the highest cell
viability (#P < 0 05 and ##P < 0 01 versus A/R group). (b) The A/R treatment could decrease the cell viability of cardiomyocytes (∗∗P <
0 01 versus control group) and both the GAS+A/R group and the NC+GAS+A/R group had increased cell viability (##P < 0 01 versus
A/R group), while siRNA14-3-3η abolished the effects of GAS on cell viability (▲▲P < 0 01 versus GAS+A/R group). Data are expressed
as the mean± SEM (n = 3).
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of CPK and LDH in the culture medium. As shown in
Figure 2, compared with the control group, the activities
of LDH and CPK in the A/R group increased significantly.
Pretreatment with GAS significantly decreased the levels of
CPK and LDH activities relative to the A/R group. In
addition, upon transfection with siRNA14-3-3η, the CPK
and LDH activity levels increased significantly.

3.3. GAS Inhibits the Cardiomyocyte Apoptosis Induced by
A/R. The apoptosis of each group was detected by flow
cytometry using annexin V-FITC and PI double staining
(Figures 3(a) and 3(b)), and the TUNEL assay (Figure 3(c))
further verified the apoptosis results. Increased apoptotic
cells occurred with anoxia reoxygenation injury, and GAS
inhibited the increase in the apoptosis, which is induced by
the A/R. The antiapoptotic effect of GAS was cancelled after
transfection with siRNA14-3-3η.

3.4. GAS Decreases the ROS Levels in H9c2 Cells Induced by
A/R. ROS can attack cellular components and provoke apo-
ptosis and necrosis [17]. A DCFH-DA fluorescence probe is
used to analyze the intracellular ROS level in cardiomyocytes.
Our results show that ROS of the A/R group increased signif-
icantly, GAS pretreatment significantly decreased the ROS
level that was induced by A/R, and this effect of GAS decreas-
ing the active ROS in the H9c2 cells was blocked by
siRNA14-3-3η (Figure 4).

3.5. Pretreatment with GAS Upregulates 14-3-3η Expression
in Cardiomyocytes Subjected to A/R. To investigate if 14-3-
3η is involved in the protective effects of GAS on A/R-
induced cardioprotection and to determine the optimal
concentration of GAS, the protein level of 14-3-3η was
analyzed. Before executing anoxia reoxygenation injury,
H9c2 cells were pretreated with GAS at different concen-
trations (5, 10, 20, 40, 80, 160, and 320mg/L) for 24h.
As shown in Figure 5(a), the expression of 14-3-3η with

20mg/L GAS was shown to have the highest expression
of 14-3-3η. The optimal concentration and precondition
time are similar to the results of MTS. In addition, the
level of 14-3-3η pretreated with GAS increased signifi-
cantly; however, when transfected with siRNA14-3-3η,
these protective effects were abolished (Figure 5(b)).

3.6. Measurement of the Mitochondrial Membrane Potential
(ΔΨm). The maintenance of the mitochondrial membrane
potential (ΔΨm) is greatly significant for mitochondrial
integrity and bioenergetic function [18]. JC-1 is the only
fluorescent cationic dye that causes aggregates and forms
a red fluorescence peak at a high mitochondrial membrane
potential, whereas JC-1 exists as a monomer form and
emits a green fluorescence peak at a low mitochondrial
membrane potential. The change from red to green fluo-
rescence indicates a loss of the mitochondrial membrane
potential. Figure 6 shows progressive loss of red JC-1
aggregate fluorescence of the A/R-treated cells, and GAS
pretreatment can significantly alleviate the loss of red fluo-
rescence. However, the effect of GAS was reversed by
transfection with siRNA14-3-3η.

3.7. Effects of GAS on the Activity of Caspase-3 Induced by
A/R. To test the effects of GAS pretreatment on the A/R-
induced changes in the activity of caspase-3, cytoplasmic
proteins were collected to evaluate the activity of caspase-3.
Programmed cell death can be initiated by several factors,
which then converge to a common and combined biochem-
ical caspase pathway that critically involves the activation of
caspase-3 and results in the execution of apoptosis [19, 20].
As shown in Figure 7, compared with the control group,
the activity of caspase-3 was significantly increased in the
A/R group, and the increased activity of caspase-3 was
significantly inhibited by GAS. However, this effect was
abolished by transfecting H9c2 cells with the siRNA14-
3-3η adenovirus.
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Figure 2: Effects of GAS on LDH and CPK activities in the H9c2 cells after A/R. Data are expressed as the mean± SEM (n = 3). ∗∗P < 0 01
versus control group; ##P < 0 01 versus A/R group; ▲▲P < 0 01 versus GAS +A/R group.
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Figure 3: The effects of pretreatment with GAS inhibited the apoptosis of cardiomyocytes exposed to A/R. (a) Representative dot plots of PI
(y-axis) versus annexin V (x-axis) by flow cytometry. (b) The quantitative analysis of apoptotic cell populations. The values are expressed as
the means± SEM (n = 3). ∗∗P < 0 01 versus control group, ##P < 0 01 versus A/R group, and ▲▲P < 0 01 versus GAS+A/R group. (c)
Apoptotic cardiomyocytes were detected by TUNEL, and apoptotic cells are stained brown.
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Figure 5: The effect of gastrodin (GAS) on the expression of 14-3-3η in H9c2 cells exposed to anoxia/reoxygenation (A/R) injury. 14-3-3η
expression was evaluated by Western blot, and β-actin was used as an internal control. (a) The expression of the 14-3-3η protein
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3.8. GAS Pretreatment Inhibits the mPTP Induced by A/R in
Cardiomyocytes.Mitochondria play an important role in cell
life by regulating both survival and death signaling pathways.
Mitochondria are the main regulators of cell death through
apoptosis, necrosis, and autophagy. We detected the absor-
bance to analyze the extent of mPTP opening at a 520 nm/
min (OD·min−1) rate (Figure 8(a)). The results indicate that
A/R significantly increased the opening of mPTP, but this

change was significantly inhibited by GAS pretreatment,
and the effects of GAS were limited by siRNA14-3-3η
(Figure 8(b)).

4. Discussion

Gastrodin is a major active ingredient of Gastrodia elata
Blume, which has been reported to have anti-inflammatory
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Figure 6: Effects of GAS pretreatment on the loss of the mitochondrial membrane potential in cardiomyocytes induced by A/R. (a)
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and antiapoptotic roles in various diseases [21, 22]. Oxidative
stress plays an important role in the brain damage induced by
ischemia and reperfusion. Inflammation and oxidative stress
are tightly intertwined. Inflammation is a cellular response to
factors (including those due to oxidative stress) that chal-
lenge the homeostasis of the tissues, but this process also acts
as a defense mechanism to maintain the equilibrium of the
functions [23]. Many reports show that gastrodin can play
an important role in multiple pathways, including ERK1/2,
p38MAPK, GATA-4, NF-κB, iNOS, COX-2, and cytokines
[24–26]. However, the effects of gastrodin in cardiac A/R-
induced injury and the related signaling mechanisms remain
unclear. In this study, we found that GAS preconditioning
significantly increased cell viability and decreased the LDH
and CPK released in the H9c2 cells. The highest cell viability
was 20mg/L, suggesting that GAS protects the myocardium
against A/R-induced injury, and the optimum concentration
and the preconditioning time are 20mg/L and 24 h, respec-
tively. In addition, all of these effects of GAS are antagonized
by transfection with siRNA14-3-3η.

In the present study, we confirm that GAS could signifi-
cantly increase the expression of the 14-3-3η protein in
H9c2 cells suffering from A/R. 14-3-3η is a member of the
14-3-3 family. 14-3-3 proteins are intracellular, dimeric,
phosphoserine-binding molecules that play a significant role
in signal transduction, apoptosis, and checkpoint control
pathways through binding to many signaling proteins such
as Raf1, protein kinase C, Ask-1, cdc25c, BAD, and forkhead
transcription factor1 (FKHRL1). Via enzymatic binding with

Ask-1, a MAPKKK, 14-3-3 stops the activation of JNK and
p38MAPK. Therefore, most of the studies on 14-3-3 proteins
demonstrate their protective function against apoptotic cell
death. It has been reported that the 14-3-3η protein in the
heart is a potential target through which we can reduce the
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pathological outcomes of MI [27]. Our results show that
the expression of the 14-3-3η protein is highest in the
20mg/L group. To investigate if the cardioprotective effects
of GAS are related to 14-3-3η in A/R-induced injury, trans-
fection with siRNA14-3-3η was performed to investigate if
these effects could be eliminated with downregulation of
14-3-3η. These protective effects are abolished when cells
are transfected with siRNA14-3-3η, which suggests that
the cardioprotective effects of the GAS are related to the
14-3-3η protein.

A/R, as an I/R experimental model, is widely used in lab-
oratories. According to previous studies, A/R has been con-
firmed to be able to cause obvious apoptosis in cultured
cardiomyocytes, which can be detected by flow cytometry.
A/R-induced injury is caused by oxidative stress, and oxida-
tive stress-mediated ROS are tightly linked with cardiac dys-
function [28, 29]. The imbalance between the production and
purging of ROS can result in irreversible damage to cells,
finally leading to cell apoptosis [30]. It is known that GAS
ameliorates cerebral damage after transient focal cerebral
ischemia by promoting the ability to reduce ROS damage
in vivo and hippocampal neuronal death and excitotoxicity
in vitro [31, 32]. Cardiac ischemia-reperfusion generates
excessive ROS, which is an important mechanism following
cardiomyocyte apoptosis. Our study shows that GAS can sig-
nificantly reduce ROS generation, and this effect is abolished
once cardiomyocytes are transfected with siRNA14-3-3η.

Impairment of mitochondria is a threat to proper cellular
function, because it leads to a lack of energy generation and
the redundant release of ROS [33].The direct relationship
between mitochondrial ΔΨ and ROS production [34, 35]
ensures the foundation for the notion that uncoupling of oxi-
dative phosphorylation abates mitochondrial O2

− production
[36, 37]. Previous studies have found that a change in the
mitochondrial membrane potential is a significant index of
mitochondrial dysfunction [38]. In the current study, we
separate the cytoplasm and mitochondrial components of
cardiomyocytes to evaluate the degree of mPTP opening
and use JC-1 to assess the mitochondrial membrane poten-
tial. We found that A/R-induced injury not only affected
the opening of the mPTP but also led to disruption in the
mitochondrial membrane potential, matrix swelling, and
outer membrane rupture. We have confirmed that GAS can
inhibit mPTP opening, decreasing disruption of the mito-
chondrial membrane potential and ultimately decreasing
H9c2 cell apoptosis. And when transfected with siRNA14-
3-3η, the protective effects of GAS on H9c2 cells are elimi-
nated. All of these findings suggest that the cardioprotective
effect of GAS in H9c2 cells subjected to A/R is related to
the mitochondrial pathway.

Mitochondrial dysfunction causes the apoptotic signal
cascade, and engaged cellular targets lead to apoptosis
[39]. Caspase-3, one of the key effectors in cell apoptosis, is
initiated and plays an important role in the mitochondria-
mediatedapoptosis [40]. In our study, GAS precondition-
ing significantly reduced caspase-3 activity caused by A/R
injury, ultimately decreasing cardiomyocyte apoptosis, and
these effects of GAS are antagonized by transfection with
siRNA14-3-3η.

The current study has proved that GAS has protective
effects on A/R-induced injury in H9c2 cells. GAS can reduce
the generation of ROS, alter the preservation of the mito-
chondrial membrane potential, inhibit mPTP opening,
decrease the activation of caspase-3, and ultimately decrease
cardiomyocyte apoptosis; all of these effects were abolished
by siRNA14-3-3η. These findings suggest that GAS protects
cardiomyocytes against A/R injury via the 14-3-3η protein.
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algorithm.
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Nutritional factors which exhibit antioxidant properties, such as those contained in green plants, may be protective against cancer.
Chlorophyll and other tetrapyrrolic compounds which are structurally related to heme and bilirubin (a bile pigment with
antioxidant activity) are among those molecules which are purportedly responsible for these effects. Therefore, the aim of our
study was to assess both the antiproliferative and antioxidative effects of chlorophylls (chlorophyll a/b, chlorophyllin, and
pheophytin a) in experimental pancreatic cancer. Chlorophylls have been shown to produce antiproliferative effects in
pancreatic cancer cell lines (PaTu-8902, MiaPaCa-2, and BxPC-3) in a dose-dependent manner (10–125μmol/L). Chlorophylls
also have been observed to inhibit heme oxygenase (HMOX) mRNA expression and HMOX enzymatic activity, substantially
affecting the redox environment of pancreatic cancer cells, including the production of mitochondrial/whole-cell reactive oxygen
species, and alter the ratio of reduced-to-oxidized glutathione. Importantly, chlorophyll-mediated suppression of pancreatic
cancer cell viability has been replicated in in vivo experiments, where the administration of chlorophyll a resulted in the
significant reduction of pancreatic tumor size in xenotransplanted nude mice. In conclusion, this data suggests that chlorophyll-
mediated changes on the redox status of pancreatic cancer cells might be responsible for their antiproliferative and anticancer
effects and thus contribute to the decreased incidence of cancer among individuals who consume green vegetables.

1. Introduction

Bioactive nutritional factors, such as those contained in green
plants, may be involved in the protection of individuals from
the development of cancer [1]. In fact, a noticeable cancer
protection effect has been observed when the dietary intake
of green vegetables is increased [2]. Chlorophyll and other
tetrapyrrolic compounds, which are structurally related to
bilirubin (the potent antioxidant bile pigment) [3], are
among the important candidate molecules which are
considered to be responsible for this protective effect [1, 4].
Chlorophyll, a phytol-esterified magnesium porphyrin, is

one of the most abundant biomolecules on Earth [5].
Several chlorophyll species occur in nature, with chloro-
phyll a and chlorophyll b being the most important [4, 6].
In addition, chlorophyllin, a more polar semisynthetic chlo-
rophyll, is used as an additive in the food industry and thus
is rather abundant in parts of the human food chain [4]. This
characteristic is also true for pheophytin a, a metal-free
derivative dietary chlorophyll metabolite that is prominent
in both fresh and processed foods, as well as in dietary
supplements [4] (Figure 1).

Due to a variety of biological effects including antigeno-
toxicity [7], mutagen trapping [8], immunomodulation, and
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antioxidant and apoptotic activities (for review, see [4]),
chlorophylls have been proposed as important dietary che-
mopreventive agents [4]. Chlorophylls tightly bind to a wide
range of carcinogens in the intestinal lumen which prevents
their absorption in the body [1]. This mechanism was
observed in a clinical study that was conducted in China, in
which chlorophyllin supplementation substantially reduced
aflatoxin availability in exposed subjects [9]. Similarly, in a
clinical study conducted in the Netherlands, patients whose
dietary intake of chlorophyll was decreased experienced an
increase in the incidence of colon cancer [10]. In the latter
study, the authors proposed that chlorophyll was instrumen-
tal in blocking the potential carcinogenic effects of heme in
the intestinal lumen [11]. Although generally chlorophylls
are assumed to be nonabsorbable from the intestinal lumen,
it is possible that a significant fraction of chlorophylls as well
as their derivatives might be bioavailable and thus active even
in peripheral tissues [4].

Heme oxygenase 1 (HMOX1) and biliverdin reductase
(BLVRA) are key enzymes in heme catabolism and bilirubin
formation, whose systemic concentrations have a direct and
negative relationship on the prevalence of cancer [12].
HMOX1 is an important cytoprotective and antioxidant
enzyme, not only in humans [13] but also in the plant king-
dom [14], although its potential role in carcinogenesis has yet
to be resolved [15]. Numerous epidemiological studies have
shown that an increase in HMOX1 expression is associated
with a decrease in the incidence of cancer [16]. On the other
hand, HMOX1 expression has been found to interfere with
anticancer treatments against pancreatic cancer [17]. In addi-
tion, it has been proposed that BLVRA plays a role in the
promotion of carcinogenesis [18]. In fact, increased BLVRA
expression has been observed in patients with hepatocellular
cancer [19] and in breast and lung cancer cell lines [20].

Since there is very little published data that describes
the antiproliferative effects of chlorophylls, the aim of
our study was to assess these effects and determine if they
can be mediated via HMOX1 modulation and/or redox
signaling pathways.

2. Materials and Methods

2.1. Chemicals. Spirulina (Arthrospira) platensis was
purchased from Martin Bauer GmbH (Vestenbergsgreuth,
Germany). Hemin was obtained from Frontier Scientific
(Logan, UT, USA), and chlorophyllin, chlorophyll a, chloro-
phyll b, crystal violet, thiazolyl blue tetrazolium bromide
(MTT), dimethylsulfoxide (DMSO), cell culture media,
and supplements were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Acetone, methanol, dioxane, acetonitrile,
and glutaraldehyde (25% solution) used in all experiments
were obtained from Penta (Prague, Czech Republic).
Methanol and acetonitrile were obtained from Merck
(Darmstadt, Germany).

2.2. Preparation of Pheophytin a. For the preparation of
pheophytin a, a cyanobacterium Synechocystis PCC 6803
(ATCC, Manassas, VA, USA) culture (4 L) was harvested.
The cells were broken using glass beads in 20mM K-
phosphate buffer (pH7.8). The membrane fraction from
the cells was separated from soluble proteins by high-speed
centrifugation (65,000×g, 20min). The pelleted membranes
were lyophilized overnight. The pigments were extracted
from the dried membranes by 2× 2.5mL of methanol and
separated using an Agilent-1200 HPLC system (Agilent,
Santa Clara, CA, USA).

The separation was carried out on a reversed-phase
column (Luna C8, 5μm, 250× 10mm; Phenomenex) using
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Figure 1: Structures of chlorophylls.
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35% methanol and 15% acetonitrile in 0.25M pyridine
(solvent A) and 20% methanol and 20% acetone in
acetonitrile (solvent B). The pigments were eluted via a linear
gradient of solvent B (30–95% in 25min) followed by 95% of
solvent B at a flow rate of 2mLmin−1 at 40°C. The peak
representing chlorophyll a was collected, and the resulting
solution (8mL) acidified (pH ~3) with acetic acid to convert
chlorophyll a to pheophytin a. In order to remove pyridine
and other polar impurities, the solution was mixed in a 1 : 1
ratio with 0.25M NaCl, followed by an addition of 10mL of
hexan. After mixing, the solution was incubated for 15min
at room temperature and the upper hexan phase containing
pheophytin a was taken. The hexan was evaporated on a
rotary evaporator, and the dried pheophytin was then dis-
solved in DMSO.

The purity of all pigments (hemin, chlorophyllin,
chlorophyll a, chlorophyll b, and pheophytin a) used in this
study was checked chromatographically by HPLC.

2.3. Cell Cultures. The following human pancreatic adenocar-
cinoma cell lines were used for in vitro studies: PaTu-8902
(DSMZ, Braunschweig, Germany), MiaPaCa-2, and BxPC-3
(ATCC). All cell lines were maintained in a humidified
atmosphere (5% CO2 at 37

°C) in DMEMmedium containing
10% fetal bovine serum (PaTu-8902, MiaPaCa-2) or RPMI
(BxPC-3). The cell lines were authenticated at ATCC by
STR profiling before distribution and also reauthenticated
at the end of the study by an external laboratory (Generi
Biotech, Hradec Kralove, Czech Republic).

2.4. Cell Viability Assays. The viability of each tumor cell line
was determined using the MTT assay. After 24 h of incuba-
tion of the cell lines with the tested compounds, the culture
media were replaced with fresh media containing MTT
(1mg/mL). After additional 2 h of incubation, the resulting
formazan complex was dissolved in DMSO. Absorbance
was then measured at 540nm using a Sunrise ELISA reader,
and the data was assessed using the Magelan-6 program
(Tecan, Austria).

2.5. Heme Oxygenase Activity Determination. PaTu-8902
human pancreatic cancer cells were incubated for 24 h with
the experimental compounds. After incubation, the cells
were washed with phosphate-buffered saline (PBS, 0.1M,
pH7.4), harvested, centrifuged, and resuspended in PBS.
The cell suspension, stored on ice, was disrupted by sonica-
tion and incubated for 15min at 37°C with methemalbumin
(50μM) and NADPH (1.5mM). HMOX activity was

determined by measuring carbon monoxide production
using gas chromatography, as previously described [21].
Cells treated with hemin were used as a positive control for
HMOX activity induction.

2.6. RNA Isolation and Real-Time PCR. After four hours of
incubation with experimental compounds, mRNA from
PaTu-8902 human pancreatic cancer cells was isolated using
the PerfectPure RNA Cell Kit (5Prime, Hamburg, Germany),
according to the manufacturer’s instructions. Isolated mRNA
was then dissolved in nuclease-free water, and its quality
and concentration were measured on a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific, Franklin,
MA, USA). Reverse transcription of mRNA to cDNA
was performed using a High-Capacity cDNA kit (5Prime,
Hamburg, Germany). The HMOX1, BLVRA, and HPRT
primer sequences (Table 1) were used, as previously
described [22].

To determine the relative expression level ofHMOX1 and
BLVRA, HPRT expression level was measured acting as an
internal control. Two reference genes (HPRT and GAPD)
were selected which were observed as the most stable among
four constant genes (HPRT, GAPD, 18S RNA, and UBC),
based on the analyses of the DNA in peripheral blood leuko-
cytes from 10 healthy human controls using geNORM 3.5
(https://genorm.cmgg.be/ (accessed 2018 May 27)). Based
upon similar expression levels as in the target genes, HPRT
was chosen as the more appropriate control gene. The rela-
tive change was calculated as 2−ΔΔCT. qPCR was performed
in a 20μL reaction volume, containing 4μL of cDNA tem-
plate which was diluted 5 times from the completed reverse
transcription (RT) reaction, 1x SYBR Green Master Mix
(Applied Biosystems, Foster City, CA, USA), and 200nM
forward and reverse primers. All RT-PCR were conducted
in 96-well optical plates and run in triplicate on an ABI
PRISM 7500 Sequence Detector System (Applied Biosys-
tems). The cycling conditions included polymerase activation
at 95°C for 10min, followed by 40 cycles of 95°C for 15 s and
60°C for 60 s [22].

2.7. Determination of Mitochondrial Superoxide Production.
The production of superoxide anion in the mitochondrial
matrix was calculated as the time-dependent increase in fluo-
rescence intensity of a selective MitoSOX dye (Life Technol-
ogies, Pleasanton, CA, USA) in cells that had been incubated
with the potential therapeutics. The final determination was
carried out by flow cytometry (BD LSRII, BD Biosciences,
San Jose, CA, USA). After 24 h incubation with the

Table 1: Sequences of the primers for the target genes.

Genes GenBank accession number Forward primer Reverse primer Fragment (bp)

HMOX1 NM_002133.2 GGGTGATAGAAGAGGCCAAGA AGCTCCTGCAACTCCTCAAA 67

BLVRA NM_000712.3 TCCCTCTTTGGGGAGCTTTC GGACCCAGACTTGAAATGGAAG 180

HPRT NM_000194.2 CACTGGCAAAACAATGCAGAC GGGTCCTTTTCACCAGCAAG 92

HMOX1: heme oxygenase 1; BLVRA: biliverdin reductase; HPRT: hypoxanthine phosphoribosyltransferase 1. HPRT was used as the housekeeping gene. Two
reference genes (HPRT and GAPD) were selected as the most stable among 4 constant genes (HPRT, GAPD, 18S RNA, and UBC) based on the analyses of
peripheral blood leukocytes and the DNA of 10 healthy human controls by using geNORM 3.5 (https://genorm.cmgg.be/, accessed 2009 Dec 15). Based
upon similar expression levels as in target genes, HPRT was selected as a more appropriate control gene, compared to GAPD.
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therapeutics of interest, MitoSOX was added to the cells
for 15 minutes. Before each measurement, the cells were
treated with 10μM rotenone in order to increase the
production of mitochondrial superoxide. The change in
fluorescence was measured at one-minute intervals for a
period of 16min.

2.8. Determination of the GSH/GSSG Ratio. The PaTu-8902
cell samples were harvested, pelleted, and washed with PBS.
After centrifugation of the cell suspension (200×g, 5min),
the PBS was removed and the pellets were lysed in a solution
of acetonitrile : water (62.5 : 37.5, v/v) and properly mixed.
Lysates were centrifuged at 20,000×g for 20min at 4°C; then,
the glutathione-containing supernatant was collected, snap
frozen in liquid nitrogen, and stored in liquid nitrogen until
analysis. Samples were analyzed by capillary electrophoresis
(Agilent 7100) equipped with a polyimide-coated fused-
silica capillary (60 cm× 50μm). The separation was done in
40mM phosphate buffer (pH7) (Sigma-Aldrich) at a voltage
of 30 kV and measured at a wavelength of 195nm. Reduced
and oxidized glutathione was detected as separate peaks
and identified by comparison to commercial standards
(Sigma-Aldrich). The percentage of glutathione disulfide
(GSSG) was calculated from the areas of the individual peaks
of glutathione (GSH) and GSSG.

2.9. Determination of H2O2 Production. The production of
hydrogen peroxide from the PaTu-8902 cells was measured
as the oxidation rate of the fluorogenic Amplex red indicator
(Life Technologies) in the presence of horseradish peroxidase
(HRP, type VI-A, Sigma-Aldrich), as previously described
[23]. Briefly, cells were preincubated for 24h with the pig-
ments, then washed with PBS and resuspended in a quartz
cuvette. Amplex red (5μM) and HRP (10U/mL) were then
added to the suspension, and the fluorescence (565/585)
was measured over a 10-minute period spectrofluorimetri-
cally (RF-5301-PC, Shimadzu Corporation, Kyoto, Japan).

2.10. Determination of Antioxidant Capacity. The peroxyl
radical-scavenging capacity was measured in solutions of
different concentrations of the various chlorophylls, based
on the proportion of antioxidant consumption relative to
Trolox, as previously described [24].

2.11. Determination of Reductive Carboxylation. The degree
of reductive carboxylation and glutaminolysis was evaluated
as described previously [25]. The cells were incubated until
an 80% confluence is reached after which the medium was
replaced with fresh medium containing 13C-L-glutamine
(Cambridge Isotope Laboratories Inc., Cambridge, MA,
USA) and incubated at 37°C for additional six hours.
Finally, the cells were harvested, and the pellets were
extracted with water/methanol/chloroform (1 : 1 : 2, v/v/v;
Penta, Czech Republic) and centrifuged at 1000×g for
10min. The upper polar phase was transferred to a glass
vial and lyophilized overnight. The analytes were derivatized
with pyridine/N-(trimethylsilyl)acetamide/chlorotrimethyl-
silane (9 : 3 : 1, v/v/v; Sigma-Aldrich) at 65°C for one hour.
The derivatized samples were injected directly into a gas
chromatography/mass spectrometry device (GC-MS, GC

6890N, MD 5973, Agilent) equipped with crossbond diphe-
nyl dimethyl polysiloxane (Restek Column). A temperature
gradient (10°C per minute) was used during GC analysis,
and selected ions were monitored on the mass detector.
The activity of reductive carboxylation was determined by
the rate of 13C incorporation from glutamine to both citrate
(m/z 273 and 274) and malate (m/z 335 and 336). Moreover,
2-hydroxyglutarate (m/z 349 and 350) synthesis was
observed. The rate of reductive carboxylation was calculated
as the percentage of 13C-metabolite (citrate, malate), along
with the rate of 2-hydroxyglutarate synthesis. Lactate con-
centration (pmol of lactate per million cells) was measured
according to a similar protocol with two exceptions: (1) the
cells were treated for 12 h before harvesting and replenishing
the culture with fresh nonlabelled medium (without 13C-
labelled glutamine) and (2) the internal standard (oxalate,
m/z 190, Sigma-Aldrich) was added before the analytic prep-
aration of the pellets.

2.12. Determination of ERK and AKT Activation. Cells grown
at 50% confluency were lysed in RIPA buffer which was
supplemented with phosphatase and protease inhibitors
(Protease-Inhibitor Mix G and Phosphatase-Inhibitor-Mix
I, Serva, Heidelberg, Germany). The cell lysates were clarified
by centrifugation, separated by SDS-PAGE, blotted to
0.45μm nitrocellulose membranes, blocked in 5% nonfat
milk in PBS, and probed with primary antibodies. Fluores-
cent labeled anti-rabbit IRDye 700 and anti-mouse IRDye
800 secondary antibodies (LI-COR Biosciences, Lincoln,
NE, USA) were used for visualization using an Odyssey infra-
red imaging system (LI-COR Biosciences). The rabbit phos-
pho-p44/42 MAPK (Erk1/2), rabbit phospho-Akt (Ser473),
mouse p44/42 MAPK (Erk1/2), and rabbit AKT primary
antibodies were obtained from Cell Signaling Technology
(Danvers, MA, USA). The mouse p120RasGAP antibody
was obtained from ECM Biosciences LLC (Versailles,
KY, USA).

2.13. In Vivo Experiments. In vivo studies were performed
on athymic nu/nu mice (Charles River Wiga, Sulzfeld,
Germany) xenotransplanted subcutaneously with human
pancreatic adenocarcinoma PaTu-8902 cells (107 cells/
mouse; control group (n = 7) and treated group (n = 6)).
After reaching the basal tumor size (0.15 to 0.2 cm3, 7 days
after xenotransplantation), chlorophyll a treatment was initi-
ated by intragastric administration once daily via a gastric
tube (1.5mg/kg body weight/day) for 30 days. Chlorophyll
awas dissolved in a small amount of 96% ethanol and diluted
to the appropriate volume with clean vegetable oil. The
control group was treated with pure vegetable oil. Tumor
sizes were assessed by the measurement of the two greatest
perpendicular diameters of subcutaneous tumors which
were measured every three days with a caliper [26]. All
aspects of these animal studies, as well as all of the proto-
cols, met the accepted criteria for care and experimental
use of laboratory animals and were approved by the Animal
Research Committee of the 1st Faculty of Medicine, Charles
University, Prague.
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2.14. Statistical Analyses. The differences between variables
were evaluated by the Mann–Whitney rank sum test. Group
mean differences in tumor size were measured by repeated
measures analysis of variance (RM ANOVA) with Holm-
Šidák post hoc testing when p values were significant. Linear
regression analyses were used to compare the effects of A.
platensis treatment on total peroxyl-scavenging activity
in vitro. Depending on their normality, the data are presented
as the mean± SD or the median and 25–75% range. Differ-
ences were considered statistically significant when p values
were less than 0.05.

3. Results

3.1. The Effect of Chlorophylls on Pancreatic Cancer Cell
Viability. All of the chlorophylls tested decreased cell via-
bility in a dose-dependent manner within a concentration
range between 10 and 125μmol/L (Table 2). In general, a
biologically relevant effect was consistently observed from
50μM concentrations in chlorophylls a and b, whereas
the effects of pheophytin a and chlorophyllin were mar-
ginal or absent (Table 2). The pancreatic cancer cell line
most sensitive to the antiproliferative effects of chloro-
phylls was PaTu-8902 (Table 2) which was used for
further studies.

3.2. The Effect of Chlorophylls on HMOX1 and BLVRA
mRNA Expression in Human Pancreatic Cancer. Due to the
structural similarity between chlorophylls and human bile
pigments and the immense role of the heme catabolic path-
way in the modulation of oxidative stress and redox biology,
we studied the effect of chlorophylls on HMOX1 and BLVRA
mRNA expression in PaTu-8902 human pancreatic cancer
cells. While no effect on BLVRA mRNA expression was
observed upon treatment with any of the chlorophylls
tested, HMOX1 mRNA expression was significantly down-
regulated by all chlorophylls (Figure 2(a)). Accordingly,
HMOX activity in pancreatic cancer cells was also
significantly inhibited by all chlorophylls (p < 0 001) with
chlorophyllin emerging as the most potent HMOX inhibi-
tor (to 44± 10%, p < 0 001 (Figure 2(b))).

3.3. The Effect of Chlorophylls on the Parameters of Oxidative
Stress and Redox Status of Human PaTu-8902 Pancreatic
Cancer Cells. Next, we examined the antioxidant activity of
chlorophylls. Using an in vitro assay, all chlorophylls tested
showed the capacity to scavenge peroxyl radicals in a dose-
dependent manner with chlorophyllin being the most potent
(Figure 3).

Based on these results, we then investigated whether
chlorophylls can reduce the mitochondrial production of
superoxide in treated pancreatic cancer cells. In fact, in all
of the tested chlorophylls, concentrations as low as
10μM substantially decreased mitochondrial superoxide
production in pancreatic cancer cells (Figure 4). Addition-
ally, when exposed to any of the tested chlorophylls,
increased proportions of reduced glutathione were observed
in the pancreatic cancer cells, suggesting an attenuated
production of intracellular oxidants (Figure 5). Furthermore,
hydrogen peroxide production by human pancreatic cancer
cells was also significantly affected by higher concentra-
tions of the tested chlorophylls (50μmol/L (Figure 6))
while lower concentrations showed no effect (10μmol/L,
data not shown).

3.4. The Effect of Chlorophylls on Reductive Carboxylation
and Glutaminolysis of Human PaTu-8902 Pancreatic
Cancer Cells.Due to the apparent inhibitory effects of chloro-
phylls on the production of mitochondrial reactive oxygen
species (ROS), we were interested in whether chlorophylls
could modulate mitochondrial glutaminolysis and reductive
carboxylation which contribute to mitochondrial antioxidant
protection [25, 27]. In those studies, the exposure of human
PaTu-8902 pancreatic cancer cells to chlorophyll a, chloro-
phyll b, pheophytin a, and chlorophyllin (50μmol/L for all
pigments) did not lead to any significant changes in 13C
incorporation from glutamine into 2-hydroxyglutarate and
α-ketoglutarate (both markers of active glutaminolysis), nor
into citrate and malate (both markers of reductive car-
boxylation). Additionally, no change in the production
of lactate was observed, suggesting an undisturbed bal-
ance between mitochondrial respiration and glycolysis
(data not shown).

Table 2: Antiproliferative effects of chlorophylls on human pancreatic cancer cells.

Cell line Concentration (μM) Chlorophyll a Chlorophyll b Chlorophyllin Pheophytin a

PaTu-8902

10 48.8 87.8 94.8 91.6

50 18.6 65.6 94.2 90.2

125 13.1 45.8 62.9 76.7

MiaPaCa-2

10 96.2 103.4 116.5 NT

50 69.6 91.4 117.1 NT

125 40.3 87.6 110.3 NT

BxPC-3

10 97.3 107.2 104.9 NT

50 76.3 54.5 98.4 NT

125 64.8 75.7 84.5 NT

Data expressed as % of control, untreated cells. Bold data represent those with p value < 0.05 when compared to control cells. NT: not tested.
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3.5. The Effect of Chlorophylls on ERK and AKT Activation in
Human PaTu-8902 Pancreatic Cancer Cells. Since chloro-
phyllin was reported to inhibit the proliferation of MCF-7
breast carcinoma cells by deactivating ERK [28], as well as
by downregulating the PI3K/Akt signaling pathway [29],
we tested whether this antiproliferative mechanism may also
have some role in pancreatic cancer cells. However, the
exposure of human PaTu-8902 pancreatic cancer cells to
either chlorophyll a or chlorophyllin (50μmol/L) for 1 h
did not lead to any significant changes in phosphorylation
and thus in the activation of AKT or ERK (Figure 7).

3.6. The Effect of Chlorophylls on Viability of Human
Pancreatic Cancer Xenotransplanted to Mice. Since chloro-
phylls significantly reduced the viability of pancreatic cancer
cells, we tested the effect of chlorophyll a on tumor
growth in an in vivo study on athymic mice xenotrans-
planted subcutaneously with PaTu-8902 human pancreatic
cancer cells. A daily oral treatment of chlorophyll a led
to a substantial decrease in tumor size in treated ani-
mals (Figure 8). It is of note that after a month of
treatment, the pancreatic tumors were approximately one-
third the size of those treated with placebo (1.04± 0.8 versus

2.86± 1.6 cm3, p < 0 001 (Figure 8)) indicating that even oral
administration of the relatively poorly soluble chlorophyll
a is a very efficient approach to prevent the progression
of this malignant cancer.

4. Discussion

Chlorophylls, the most abundant pigments on Earth which
are intrinsically incorporated into the human food chain,
represent natural compounds with a powerful biological
potency. Although their potentially beneficial effects on
human health had already been reported in the first half of
the 20th century [30] and if one also takes into account their
abundance, the amount of convincing experimental and clin-
ical data on this topic is surprisingly scarce. It is generally
believed that the chemopreventive effects of chlorophylls
are most likely due to their potential to trap carcinogens
within the intestinal lumen [1] as demonstrated in both the
Chinese [9] and Dutch clinical studies [10].

Despite long discussions about their bioavailability,
chlorophylls seem to be important for their potential sys-
temic cancer-preventive effects [31]. In fact, recent studies
have reported that a biologically relevant fraction of chloro-
phylls (or their derivatives) is even present in peripheral
tissues [4]. This was shown in a study by Gandul-Rojas and
colleagues who found that the bioavailability of dephytylated
chlorophyll was increased 65 times when compared to
maternal pigment [32].

Although chlorophyll a is the major chlorophyll species
present in the plant kingdom, a wide variety of other chloro-
phylls and their metabolites exist in various plants, algae, and
animals [6] and thus find their way into the human food
chain. In addition, during the plant life cycle, chlorophylls
are actively metabolized within plant cells and these chloro-
phyll derivatives, acting as potent antioxidants, are believed
to play an important role in senescence, in a manner
analogous to that of bilirubin in the human body [5].
Furthermore, chlorophyll is known to be converted to
pheophytin, pyropheophytin, and pheophorbide in proc-
essed vegetable foods, and after ingestion, it seems that
humans may benefit from their potential biological potency
[33]. Indeed, both metal-free and metallo-chlorophyll
derivatives, representing dietary chlorophyll metabolites
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which are prevalent in both fresh and processed foods (as
well as dietary supplements), have been shown to possess
antioxidant, antimutagenic, and anticancer activity [34, 35].
Additionally, parts of the metabolized chlorophylls, such as
phytanic acid, may exert a specific nuclear receptor-
modulating activity [6, 36] through which it can contribute
to the biological effects that have been observed in both
experimental and clinical studies. However, it should be
emphasized that the fate of chlorophylls in the human body
as well as their potential biological effects still remains
essentially unexplored. In fact, it is not currently known,
whether the potential anticancer effects of chlorophylls are
associated with native tetrapyrrolic compounds alone or
their degradation products (or both), formed in the human
digestive system. Furthermore, in the green plants, there
might be a plethora of other biologically active compounds
which contribute to or modify anticancer effects.

Nevertheless, a wide array of chemopreventive activities
has been reported for chlorophyllin, the most commonly
studied chlorophyll derivative, which affects multiple
intracellular targets and pathways that contribute to carcino-
genesis (for review, see [37]). In fact, in our in vitro study on
human pancreatic cancer cells, we demonstrated the
potent antiproliferative activities for all tested chlorophylls
and found that chlorophyll a was the most effective. We
also described these anticancer effects in our in vivo study
of nude mice which were xenotransplanted with PaTu-8902
cells (the most sensitive human pancreatic cancer cell line
in our experiments).

The antioxidant effects are among the most firmly estab-
lished activities exerted by chlorophylls. For instance, it has
been documented that chlorophyllin confers a higher degree
of protection against free radicals in comparison to other
antioxidants such as ascorbic acid and glutathione [38]. In
fact, we recently observed that the antioxidant effects of the
tetrapyrroles, bilirubin, and phycocyanobilin dramatically
differed from those of other antioxidants. The most promi-
nent feature of their action was the attenuation of mitochon-
drial ROS production [39, 40]. Here, we have shown that the
same is true for chlorophylls. All chlorophylls tested not
only consistently improved total peroxyl radical-scavenging
activities but also suppressed the production of mitochon-
drial ROS and total cellular hydrogen peroxide by cancer
cells, accompanied by a shift of the glutathione redox status
towards a reduction.

Importantly, mitochondrial ROS govern the cellular
redox signaling, and an increase in their production has been
shown to be critical for tumorigenesis [41, 42]. However,
cancer cells also upregulate antioxidant protection in order
to maintain the balance between oxidative signaling and
oxidative stress [43]. Indeed, several reports suggest that sup-
plementation with antioxidants including N-acetylcysteine
and tocopherol may, in fact, promote the progression of
cancer through their protection against oxidative stress
[44, 45]. However, here, we report that chlorophylls, in
contrast to other antioxidants, suppressed the progression
of pancreatic cancer. This effect was accompanied by

p-Akt (S473)

p-ERK1/2

p120 RasGAP

ERK1/2

Control Chlorophyll a Chlorophyllin

Figure 7: The effect of chlorophylls on the AKT and ERK activation in PaTu-8902 human pancreatic cancer cells. PaTu-8902 pancreatic
cancer cells grown in duplicate were incubated in the absence (control) or in the presence of either chlorophyll a or chlorophyllin for 1 h.
Cell lysates were probed with phospho-Akt (Ser473) and phospho-ERK antibodies to determine the phosphorylation level of AKT and
ERK2, respectively. Immunoblotting with ERK1/2 and p120 RasGAP antibodies was used to confirm equal protein loading.
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Figure 8: The effect of chlorophylls on growth and proliferation
in human pancreatic cancer xenotransplanted to mice. Oral
administration of chlorophyll a (1.5mg/kg b.wt./day), n = 6 in
each group. Group mean differences in tumor size were measured
by RM ANOVA with Holm-Šidák post hoc testing.
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attenuated expression and activity of HMOX1, a crucial
component of the intrinsic cellular antioxidant system.
This might really have relevance to their anticancer effects,
since HMOX1 expression has been reported to prevent the
responsiveness of pancreatic cancer to cytostatic therapy
[17]. It is interesting to note that this effect might be (cancer)
cell-specific, since the opposite activity against HMOX1
expression was observed for chlorophyllin-treated human
umbilical vein endothelial cells [46]. Our observation may
not seem surprising in light of the interrelationships
between chlorophyll and HMOX in plants [47]. Also,
BLVRA, another important enzyme in the heme catabolic
pathway, has been proposed as promoting carcinogenesis
[18]. In fact, the increased expression of BLVRA has been
demonstrated in patients with hepatocellular cancer [19],
as well as in breast and lung cancer cell lines [20]. Never-
theless, in our in vitro studies on human pancreatic cancer
cells, we did not observe any effects of chlorophylls on
BLVRA expression.

Interestingly, we did not observe any effect of
chlorophylls on glutaminolysis or reductive carboxylation,
indicating that neither glycolysis nor mitochondrial respira-
tion was affected by chlorophyll treatment [25]. Hence, it
seems that the antiproliferative effects of chlorophylls are
related to the suppression of ROS production and are
unrelated to cell bioenergetics.

In previous studies, chlorophyllin was reported to
downregulate the PI3K/Akt signaling pathway [29] and
shown to inhibit the proliferation of MCF-7 breast
carcinoma cells by deactivating ERK [28]. However, neither
chlorophyll a nor chlorophyllin had any inhibitory effect on
AKT or ERK phosphorylation in our pancreatic cancer
cell studies.

5. Conclusions

Chlorophylls mediate changes of the redox status of pancre-
atic cancer cells which might partially be responsible for their
anticancer effects and contribute to decreased incidence of
cancer among consumers of green vegetables observed in
clinical studies.
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Doxorubicin (DOX) is an efficient chemotherapeutic agent, but its clinical application is limited by its cardiotoxicity associated with
increased oxidative stress. Thus, the combination of DOX and antioxidants has been encouraged. In this study, we evaluated (I) the
chemical composition and antioxidant capacity of aqueous extracts fromGuazuma ulmifolia stem bark (GUEsb) and leaves (GUEl)
in 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging, 2,2′-azobis(2-amidinopropane) dihydrochloride- (AAPH-) or
DOX-induced lipid peroxidation inhibition in human blood cells, and intracellular reactive oxygen species (ROS) quantification
using the fluorescent probe dichloro-dihydro-fluorescein diacetate (DCFH-DA) in K562 erythroleukemia cells incubated with
GUEsb and stimulated with hydrogen peroxide; (II) the viability of K562 cells and human leukocytes treated with GUEsb in the
absence or presence of DOX using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay; (III) the
acute toxicity of GUEsb; and (IV) the cardioprotective effect of GUEsb in C57Bl/6 mice treated with DOX. The chemical
composition indicated the presence of flavan-3-ol derivatives and condensed tannins in GUEsb and glycosylated flavonoids in
GUEl. GUEsb and GUEl showed free-radical scavenging antioxidant activity, antihemolytic activity, and AAPH- as well as
DOX-induced malondialdehyde content reduction in human erythrocytes. Based on its higher antioxidant potential, GUEsb was
selected and subsequently showed intracellular ROS reduction without impairing the chemotherapeutic activity of DOX in K562
cells or inducing leukocyte cell death, but protected them against DOX-induced cell death. Yet, GUEsb did not show in vivo
acute toxicity, and it prevented MDA generation in the cardiac tissue of DOX-treated mice, thus demonstrating its
cardioprotective effect. Taken together, the results show that GUEsb and GUEl are natural alternatives to treat diseases
associated with oxidative stress and that, in particular, GUEsb may play an adjuvant role in DOX chemotherapy.

1. Introduction

Oxidative stress is a condition of imbalance between the
quantity of reactive species and the inefficient activity of
the antioxidant protection system of an organism [1],
and it is frequently associated with symptoms and diseases,
including diabetes [2], inflammation [3], gastrointestinal

[4] and cardiovascular [5] diseases, and anthracycline-
induced cardiotoxicity [6].

Doxorubicin (DOX), an anthracycline antibiotic, is
widely used to treat solid and hematological cancers [7]. In
cancer cells, DOX causes DNA intercalation and disrupts
the cellular repair process, thus increasing the production
of reactive oxygen species (ROS) and triggering oxidative
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stress [8]. Furthermore, studies indicate that DOX reduces
the activity of the antioxidant enzymes superoxide dismutase
(SOD) and catalase (CAT) in the heart [9, 10]. The resulting
reactive oxygen species cause cumulative and irreversible car-
diomyocyte damage that can lead to apoptosis or even to dys-
function as well as cardiac failure. Therefore, cardiotoxicity is
the main limitation of its clinical application [11].

Studies have shown that DOX-induced cardiotoxicity can
be reduced by the coadministration of DOX and extracts
from medicinal plants with antioxidant activity, including
Camellia sinensis [12] and Capparis spinosa [13], and by their
combination with phenolic compounds [10, 14, 15].

Guazuma ulmifolia Lam. (Malvaceae), commonly known
as “mutamba” [16] or “guácimo” [17], is found in Latin
American countries, including Brazil [18]. In traditional
medicine, it is used as an infusion or decoction to treat
inflammation [19], gastrointestinal diseases [20], and diabe-
tes [21], which are associated with oxidative stress [2–4].
Pharmacological studies have confirmed the antidiabetic
potential of stem bark and leaves [22, 23], the hypotensive
and vasorelaxant effects of G. ulmifolia stem bark [24], and
the antihypercholesterolemic [25] and gastroprotective [26]
activity of G. ulmifolia leaves. Phytochemical studies of G.
ulmifolia leaves, fruits [21], and stem bark [27] identified
phenolic compounds that are reported in the literature for
their antioxidant activity [28–30] and that may contribute
to the pharmacological activities described above.

In this context, we aimed to analyze the chemical com-
position and antioxidant capacity of aqueous extracts from
G. ulmifolia stem bark and leaves in human blood cells
subjected to different oxidative agents. Furthermore, we
assessed the acute toxicity effects of G. ulmifolia stem bark
extracts and their ability to prevent DOX-induced cardio-
toxicity in vivo.

2. Materials and Methods

2.1. Botanical Material and Extract Preparation. G. ulmifolia
stem bark and leaves were collected with the permission of
the Brazilian Biodiversity Authorization and Information
System (Sistema de Autorização and Informação sobre
Biodiversidade, SISBIO; no. 51092), in the municipality of
Ivinhema/Mato Grosso do Sul state (MS) 22° 22′22.08″south,
53° 54′57.58″west. The identification of the species was con-
firmed by a botany specialist, and a voucher specimen was
deposited in the herbarium (DDMS) of the Federal Univer-
sity of Grande Dourados (UFGD), Dourados, MS, under
record number 5815. After collection, the stem bark and
leaves were washed in running water and dried in a convec-
tion oven at 40°C for 5 days and at 36°C for 7 days, respec-
tively. Then, both samples were ground in a Willey knife
mill, sieved through a 10mm mesh, and stored in polypro-
pylene containers at −20°C.

To prepare the aqueous extract from G. ulmifolia steam
bark (GUEsb), 100 g of dried stem bark powder was decocted
in 1 L of water for 15min and cooled for 5min. Subsequently,
centrifugation was performed at 5000 rpm for 15min, and
the supernatant was freeze-dried and stored in a freezer at
−20°C. The aqueous extract from G. ulmifolia leaves (GUEl)

was prepared by infusing 100 g of dried leaf powder in 1 L of
water heated to 80°C for 15min, followed by cooling for
5min. Then, the infusion was centrifuged at 5000 rpm for
15min, and the supernatant was centrifuged for another
5min, freeze-dried, and stored in a freezer at −20°C. The total
yields were 22% for GUEsb and 7.4% for GUEl.

2.2. Chemical Composition

2.2.1. Phytochemical Profile and Content. The phenolic con-
tent was determined using the method described by Meda
et al. [31], with some modifications. Each extract was pre-
pared at a final concentration of 100μg·mL−1 in 80% ethanol.
A 0.5mL aliquot of that solution was added to 2.5mL of
Folin–Ciocalteu reagent (1 : 10) and incubated at room tem-
perature for 5min. Subsequently, 2.0mL of 14% sodium car-
bonate was added, followed by stirring and incubation in the
dark for 2 h. A standard curve was constructed using aliquots
of ethanolic solution of gallic acid (1mg·mL−1) with different
concentrations (0.4–21.0μg·mL−1). The absorbance was read
at 760 nm against an 80% ethanol blank in a spectrophotom-
eter (T70 UV/VIS Spectrometer, PG Instruments Ltd). The
equation of the curve was derived by linear regression corre-
lation between the gallic acid concentration and each absor-
bance reading, thus indirectly calculating the total phenolic
content of each extract. Each sample was tested in triplicate,
resulting in a mean value expressed as milligram equivalents
of gallic acid per gram of extract (mg EGA·g−1 extract).

The total flavonoid contents of GUEsb and GUEl were
determined as described by Liberio et al. [32], with some
modifications. For such a purpose, each extract was prepared
at a final concentration of 100μg·mL−1 in methanol PA. A
0.5mL aliquot of that solution was added to 4.5mL of alumi-
num chloride (2%) and incubated at room temperature for
30min. A standard curve was constructed using aliquots of
the methanolic solution of quercetin (1mg·mL−1) with differ-
ent concentrations (0.4–21.0μg·mL−1). The absorbance was
read at 415 nm against a methanol blank. The equation of
the curve was derived by linear regression correlation
between the quercetin concentration and each absorbance
reading, thus indirectly calculating the total flavonoid con-
tent of each extract. Each sample was tested in triplicate,
resulting in a mean value expressed as milligram equivalents
of quercetin per gram of extract (mg EQ·g−1 extract).

2.3. Antioxidant Potential

2.3.1. DPPH Free Radical Scavenging. The 2,2-diphenyl-1-
picrylhydrazyl (DPPH, Sigma-Aldrich) free radical scaveng-
ing activities of GUEsb and GUEl were assessed as described
by Gupta and Gupta [33] with some modifications. A total
of 200μL of GUEsb or GUEl at different concentrations
(1–2000μg·mL−1) was added to 1800μL of DPPH solution
(0.11mM) in 80% ethanol. The mixture was homogenized,
incubated for 30min at room temperature in the dark, and
then read in a spectrophotometer at 517nm against an 80%
ethanol blank. Ascorbic acid (AA) and butylated hydroxytol-
uene (BHT) were used as standard antioxidants. Three
independent experiments were performed in triplicate for
each extract. The data were expressed as the concentration
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necessary to inhibit 50% of the free radical (IC50) and as
the maximum activity (Amax). The percentage of inhibition
in relation to the control (DPPH solution (0.11mM)) was
calculated using the following equation:

%DPPH inhibition =
Abscontrol −Abssample

Abscontrol
× 100 1

2.3.2. Preparation of the Human Erythrocyte Suspension
(10%). After approval of the study by the UFGD Research
Ethics Committee under protocol number 073238/2016,
peripheral blood samples (10mL) were collected from
healthy donors in tubes with sodium citrate and centrifuged
at 2000 rpm for 5min. Then, the plasma and leukocytes were
removed, and the erythrocytes were subjected to three
washes with saline (0.9% NaCl) at 2000 rpm, discarding the
supernatant after each washing cycle. Subsequently, a solu-
tion of erythrocytes (10%) was prepared in 0.9% NaCl.

2.3.3. Hemolytic Activity of G. ulmifolia Extracts. The human
erythrocyte suspension (10%) was incubated at 37°C for
30min with different concentrations (25, 50, 100, 250, 500,
and 1000μg·mL−1) of GUEsb, GUEl, or AA (antioxidant
standard). Then, 0.5mL of 0.9% NaCl was added. After
240min, the samples were centrifuged at 2000 rpm for
5min, and the absorbance was read at 540nm. Erythrocytes
incubated with only 0.9% NaCl were used as controls [34].

2.3.4. Oxidative Hemolysis Inhibition in Human Erythrocytes
Induced by 2,2′-Azobis(2-Amidinopropane) Dihydrochloride
(AAPH) or DOX. The ability of GUEsb and GUEl to decrease
AAPH-induced oxidative stress in human erythrocytes was
assessed following the method described by Campos et al.
[34] with some modifications. For such a purpose, the
erythrocyte suspension was preincubated at 37°C for
30min with different concentrations (25, 50, 100, 250,
500, and 1000μg·mL−1) of GUEsb, GUEl, or AA (antioxi-
dant standard). Then, 0.5mL of AAPH (50mM diluted in
0.9% NaCl) or DOX (300μg·mL−1 diluted in 0.9% NaCl)
solution was added. After 240min, the samples were cen-
trifuged at 2000 rpm for 10min and read in a spectropho-
tometer at 540nm. Total hemolysis was induced by
incubation of the erythrocyte suspension in distilled water.
Erythrocytes incubated with only AAPH or DOX were
used as controls. Three independent experiments were
conducted in duplicate for each extract. The percentage
of hemolysis was calculated using the following formula:

Hemolysis % = Abssample ÷ Abstotal hemolysis × 100 2

2.3.5. Malondialdehyde (MDA) Dosage. After 240min of
erythrocyte suspension incubation with the extract and the
oxidative hemolysis inducer (AAPH or DOX), the samples
were centrifuged, and a 0.5mL aliquot of supernatant was
added to a tube with 1mL of 10 nM thiobarbituric acid
(TBA, Merck, diluted in 75mM monobasic potassium phos-
phate buffer, pH = 2 5), which was incubated in a water bath
at 96°C for 45min. Then, the samples were cooled in an ice
bath for 15min. Subsequently, each sample was added to
4mL of butanol, homogenized, and centrifuged at 3000 rpm

for 5min, and the absorbance was read at 532nm [34]. A
total of 0.5mL of 20mM MDA and 1mL of TBA solution
was used as a control. Three independent experiments were
performed in duplicate for each extract. The MDA content
was expressed using the following formula:

MDA nmol ⋅mL−1 = Abssample ×
20 × 220 32
Abscontrol

3

2.4. Cell Culture

2.4.1. Cell Culture Conditions. In this study, we used the
chronic myeloid leukemia (K562) cell line cultured in RPMI
1640 media (Gibco, Brazil) supplemented with 10% fetal
bovine serum (FBS), 100U·mL−1 penicillin, and 100μg·mL−1

streptomycin (Gibco, Brazil) at 37°C in an incubator with
5% CO2.

2.4.2. Cellular Antioxidant Activity. GUEsb was selected for
the other studies because it showed the best overall antioxi-
dant activity. To assess the intracellular ROS scavenging
capacity of GUEsb, we used the probe 2′,7′-dichlorofluores-
cin diacetate (DCFH-DA), according to the method byWolfe
and Liu [35] with some modifications. K562 cells (2× l04
cells well−1 in 96-well microplates) were incubated at 37°C
with 20μM DCFH-DA for 1 h, washed in Hank’s balanced
salt solution, and treated with different concentrations of
GUEsb (3.12, 6.25, 12.5, and 25μg·mL−1) as well as 500μM
H2O2. The fluorescence was measured for 1 h every 5min
at an excitation wavelength of 485nm and at an emission
wavelength of 520 nm using a microplate reader (DTX 800,
Beckman, CA, USA). Cells with and without H2O2 in the
presence of DCFH-DA were used as positive and negative
controls, respectively. Quercetin was used as the antioxidant
standard. Two independent experiments were performed in
triplicate. The intracellular antioxidant activity was expressed
as the percentage of inhibition of intracellular ROS produced
by exposure to H2O2.

Intracellular ROS level % = Abssample ÷ AbsPositive control × 100
4

2.4.3. Cell Viability Assay. We assessed whether GUEsb
affects the cytotoxic activity of DOX in K562 cells and
whether it is able to decrease or inhibit DOX-induced human
leukocyte death, according to the method by Mosmann [36],
with some adaptations. The IC50 of DOX (0.5μg·mL−1) in
K562 cells was previously determined. To isolate leukocytes,
total blood was diluted in 0.9%NaCl, transferred into a sterile
tube with Ficoll–Paque at a 3 : 1 ratio, and centrifuged at
2000 rpm for 20min. Then, the plasma was discarded, and
the layer of leukocytes was washed 2x in 0.9% NaCl. After
the preparation procedures, K562 cells (2× l04 cells well−1)
or leukocytes (12× 104 cells well−1) were plated in 96-well
microplates and treated with 50μL of different concentra-
tions of GUEsb (1.56, 3.12, 6.25, 12.5, and 25μg·mL−1) in
the presence or absence of 50μL of DOX at its IC50 value
(0.5μg·mL−1, diluted in 0.9% NaCl) for 24, 48, and 72 h.
DOX and culture medium were used as positive and negative
controls, respectively. After the incubation period, the cells
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were centrifuged at 1500 rpm for 10min and washed in
phosphate-buffered saline (PBS), followed by the subsequent
addition of 100μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) solution (1mg·mL−1 diluted
in culture medium). After 240min of incubation, the forma-
zan crystals were resuspended in 100μL of dimethylsulfoxide
(DMSO), and the sample absorbance was read at 630nm in a
Thermoplate TP-READER. Three independent experiments
were performed in triplicate. The cell viability was calculated
using the following formula:

Cell viability % = Abssample ÷ AbsNegative control × 100
5

2.5. Animals

2.5.1. Animal Maintenance. This study was approved by the
UFGD Ethics Committee on Animal Use, protocol number
29/2016, and was conducted in accordance with the ethical
principles of animal experimentation adopted by the
National Council for the Control of Animal Experimentation
(Conselho Nacional de Controle de Experimentação Animal
(CONCEA)). The animals were maintained under controlled

temperature (22± 2°C) conditions and a 12h light–dark
cycle, and they were fed ad libitum.

2.5.2. Acute Toxicity Test in C57Bl/6 Mice. Acute toxicity was
tested based on protocols from the Organization for Eco-
nomic Cooperation and Development (OECD) Guideline
425 [37]. On the 1st day, one female C57Bl/6 mouse received
2000mg·kg−1 of GUEsb orally (p.o.) after fasting for 8 h. The
animal was regularly observed in the first 24 h. Subsequently,
four other animals were subjected to the same procedure.
The experimental procedure was repeated at a dose of
5000mg·kg−1 towards defining the median lethal dose (LD50)
for the animals. Control animals (n = 5) received only water
(orally). Then, the animals were observed once daily for 14
days.Thebodymass alongwith the foodandwater intakewere
recorded regularly. Hippocratic screening was performed to
assess physiological and behavioral parameters (defecation,
urination, exophthalmos, piloerection, tremors, hypersaliva-
tion, catatonia, tail erection, lacrimation, ataxia, pallor/hyper-
emia/cyanosis of the ears, paw licking, nose scratching,
and tail biting). At the end of the study period, all animals
were subjected to anesthesia with ketamine/xylazine and
then euthanized. The organs (central nervous system, heart,

×104
Intens.

12 5

4

7
6 8 11

13

14

15
16

17

19

20

21

22 23
24

25

27
28

29

30

0

1

2

3

4

Time (min)
5 10 15 20 25 300

(a)

×104
Intens.

Time (min)

3
1

9
10 12

16
17

18
26

0

2

4

6

8

5 10 15 20 25 300

(b)

Figure 1: Total ion chromatogram in negative ion mode of aqueous extract from leaves (a) and stem bark (b) of Guazuma ulmifolia.
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liver, spleen, lungs, and kidneys) were removed, weighed, and
macroscopically analyzed. Blood was drawn for biochemical
and hematological analysis.

2.5.3. DOX-Induced Cardiotoxicity in C57Bl/6 Mice. In vivo
cardiotoxicity was induced by DOX, according to Momin
et al. [9], with some modifications. Male C57Bl/6 mice of
approximately 25 g were randomly distributed between
groups (n = 5). The groups were treated as follows: (I) control
(water, p.o.), (II) DOX (water, p.o.), and (III) DOX+GUEsb
(200mg GUEsb·kg−1 body mass, p.o.). From the 7th day, the
animals received, in combination with GUEsb, the cumula-
tive dose of DOX (totaling 24mg·kg−1 diluted in 0.9% NaCl)
by intraperitoneal injection (i.p.)) divided into six doses on

alternate days (7th, 9th, 11th, 13th, 15th, and 17th). On the
18th day, the animals were anesthetized with ketamine/xyla-
zine and euthanized, and the organs (heart, liver, and
kidneys) were collected, weighed, and macroscopically
evaluated. Furthermore, the following parameters were
assessed: changes in body mass, food and water intake,
relative organ mass, and MDA content of the heart.

(1) MDA Dosage. The MDA content of the heart was assessed
according to the method adapted from Draper et al. [38]. The
heart was triturated in 1.15% potassium chloride (KCl) and
centrifuged at 3000 rpm for 10min. Then, 0.5mL of the
supernatant was incubated with 1mL of 10% trichloroacetic
acid (TCA) and 1mL of 20 nM TBA (diluted in 75mM

Table 1: Identification of the constituents from extracts of G. ulmifolia by LC-DAD-MS/MS.

Peak
RT

(min)
Compound

UV
(nm)

FM
Negative mode (m/z) Positive mode (m/z)

MS [M−H]- MS/MS MS [M+H]+

341.1090 — —

2 1.2 NI — C6H10O8 209.0303 — —

3 1.2 Quinic acid — C7H12O6 191.0571 — 193.0717

4 1.4 Citric acid — C6H8O7 191.0198 — 193.0343

5 1.5 Citric acid derivative — C6H8O7 191.0195 — 193.0341

6 2.4 NI — C14H18O9 329.0882 — —

7 4.4 NI — C14H19NO7 312.1078 — 336.1057Na

8 5.8 NI — C11H12N2O2 203.0814 205.0970

9 8.6 Epigallocatechin∗ 278 C15H14O7 305.0687 — —

10 9.1 Catechin∗ 278 C15H14O6 289.0735 — —

11 9.2 PCY-PCY 278 C30H26O12 577.1345 289 579.1501

12 9.5 PDE-PCY 280 C30H26O13 593.1324 —

13 10.2 NI 280 C15H18O8 325.0928 —

14 10.7 5-O-E-Caffeoylquinic acid∗ 299,325 C16H18O9 353.0894 191 355.1030

15 11.9 NI — C15H19NO8 340.1046 — —

16 12.1 PCY-PCY 280 C30H26O12 577.1357 407,3399,289,245,161 579.1497

17 12.5 Epicatechin∗ 280 C15H14O6 289.0716 245,221,187,165 291.0880

18 14.6 PCY-PFI 280 C30H26O11 561.1393 289,245,205,179,164 563.1580

19 15.6 NI 280 C13H14N2O3 245.0940 — —

20 16.8
Di-O-deoxyhexosyl-hexosyl

quercetin
270,355 C33H40O20 755.2035 300,271,255,179 757.2218

21 17.1
Di-O-deoxyhexosyl-hexosyl

quercetin
270,355 C33H40O20 755.2044 300,271,255,179 757.2193

22 17.8 O-Deoxyhexosyl-hexosyl quercetin 265,350 C27H30O16 609.1472 300,271,255,243 611.1628

23 18.1 O-Deoxyhexosyl-hexosyl quercetin 265,350 C27H30O16 609.1467 300,271,255 611.1640

24 18.5 O-Hexosyl quercetin 270,350 C21H20O12 463.0903 300,271,255,243 465.1036

25 18.6
O-Deoxyhexosyl-hexosyl quercetin 265,355 C27H30O16 609.1473 300,271,255,179 611.1624

Di-O-deoxyhexosyl-hexosyl
kaempferol

C33H40O19 739.2087 284 741.2210

26 18.6 PCY-PCY 280 C30H26O12 577.1375 289 579.1508

27 18.9 O-Hexosyl quercetin 265,355 C21H20O12 463.0893 300 465.1072

28 20.0 O-Pentosyl quercetin 265,350 C20H18O11 433.0775 300,271,255,243 435.0918

29 20.2 O-Deoxyhexosyl quercetin 265,350 C21H20O11 447.0937 300 449.1091

30 20.6 O-Deoxyhexosyl hexosyl luteolin 265,337 C27H30O15 593.1498 284,255,227 595.16699
∗Confirmed by authentic standard. NI: nonidentified; PDE: prodelphinidin; PFI: profisetinidin; PCY: procyanidin; RT: retention time; —: non-observed/
detected means.
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monobasic potassium phosphate buffer, pH = 2 5) at 96°C for
45min. After cooling, 3mL of butanol was added. The mix-
ture was homogenized and centrifuged at 3000 rpm for
5min, and the absorbance was read at 532 nm. The control
solution was 0.5mL of 20mM MDA and 1mL of TBA. The
MDA content was expressed using the following formula:

MDA nmol ⋅mL−1 = Abssample ×
20 × 220 32
Abscontrol

6

2.6. Statistical Analysis. The results were expressed as the m
ean ± standard error of the mean (SEM). The results were
compared by analysis of variance (ANOVA) followed by
the Student–Newman–Keuls posttest. Data were considered
significant when P < 0 05. Statistical tests were performed
using the statistical software GraphPad Prism 5.0.

3. Results

3.1. Chemical Composition. The chemical profile of G. ulmi-
folia extracts was identified based on UV, precise mass and
tandem mass spectrometry (MS/MS) data compared with
published data and the coinjection of standards (Figure 1).
Compounds relative to the thirty chromatographic peaks
were detected in the aqueous extracts of G. ulmifolia leaves
and stem bark, and the main compounds identified were
flavan-3-ol-derived flavonoids, including monomers and
dimers, condensed tannins in GUEsb, and glycosylated flavo-
noids in GUEl (Table 1). The phenolic and flavonoid
contents were 324.4± 4.1 and 240.0± 0.4mg GAE·g−1 extract
along with 12.9± 1.0 and 32.5± 1.3mg EQ·g−1 extract in
GUEsb and GUEl, respectively.

3.2. Antioxidant Capacity Assessment and Decreased
Oxidative Stress

3.2.1. DPPH Free Radical Scavenging. GUEsb and GUEl
showed high DPPH free radical scavenging activities, similar
to that of the lipophilic antioxidant control BHT and lower
than that of the hydrophilic antioxidant control AA, as
shown by the IC50 and Amax values outlined in Table 2.

3.2.2. Determination of the Hemolytic Activity, AAPH-
Induced Oxidative Hemolysis Inhibition, and MDA Dosage.
GUEsb and GUEl showed no hemolytic activity at the
concentrations tested, which was observed only at the highest
concentration of ascorbic acid (Figure 2(a)). Then, the
antioxidant potentials of GUEsb and GUEl against
AAPH-induced hemolysis were analyzed. Both extracts
decreased AAPH-induced hemolysis at 240min of incuba-
tion more efficiently than AA; 25 and 1000μgmL−1 GUEsb
induced 16% and 83% protection, respectively, and GUEl
induced 13% and 90% protection at 250 and 1000μgmL−1,
respectively (Figure 2(b)).

Subsequent tests showed that both extracts decreased
lipid peroxidation, as indicated by MDA levels lower than
those of the control group (Figure 2(c)). GUEsb decreased
MDA by 15% and 82% at 100 and 1000μgmL−1, and GUEl
decreased MDA by 14% and 79% at 500 and 1000μgmL−1,
respectively. Comparatively, AA decreased MDA production

by 14% and 56% at 50μg·mL−1 and 500μg·mL−1, respec-
tively, and AA showed oxidant activity at the highest concen-
tration tested (Figure 2(c)).

3.2.3. Inhibition of DOX-Induced Oxidative Hemolysis and
MDA Production. When testing for protection against
DOX-induced hemolysis, GUEsb and GUEl were able to
protect human erythrocytes against oxidative hemolysis
(Figure 3(a)) and MDA production (Figure 2(b)) after
240min of incubation at all of the concentrations tested.
The highest degrees of protection against hemolysis for
GUEsb and GUEl were 54% and 48% at 25μg·mL−1,
respectively. This protection was similar to that of the
antioxidant standard AA, which was 62% at the same con-
centration (Figure 2(a)).

DOX-induced MDA production was also decreased by
38% and 36% upon incubation with 25μg·mL−1 GUEsb and
GUEl, respectively, compared with a 50% decrease caused
by AA at the same concentration (Figure 3(b)).

3.2.4. Cellular Antioxidant Activity.We continued the studies
only with GUEsb because it showed a higher overall antioxi-
dant potential. K562 erythroleukemia cells subjected to
H2O2-induced oxidative stress showed high intracellular
ROS production, which was decreased by incubation with
GUEsb at all of the concentrations tested, similarly to the
activity of the antioxidant standard quercetin (Figure 4).

3.3. Cell Viability

3.3.1. Viability of K562 Erythroleukemia Cells Treated with
GUEsb and Incubated with or without DOX. K562 cells incu-
bated only with GUEsb showed decreased cell viability by
18% and 27% at 12.5 and 25μg·mL−1, respectively, at 24 h
of incubation and by 18% at 25μg·mL−1 and 48 h of incuba-
tion (Figure 5). K562 cells incubated with 0.5μg·mL−1 DOX
(the DOX IC50 of that cell line was previously determined)
showed 42%, 72%, and 84% cell death at 24, 48, and 72 h of
incubation, respectively. Combined treatment with DOX
+GUEsb caused no change in the DOX-induced cell death
profile, leading to similar cell death rates of 33%, 71%, and
84%, at the same incubation times, respectively.

3.3.2. Viability of Human Leukocytes Treated with GUEsb
and Incubated with or without DOX. Leukocytes treated with

Table 2: Antioxidant activity of aqueous extracts from Guazuma
ulmifolia stem bark (GUEsb) and leaves (GUEl).

DPPH scavenging
IC50 [μg·mL−1] Maximum activity [μg·mL−1] (%)

AA 6.9± 1.0 25 96

BHT 21.5± 7.3 75 85

GUEsb 25.2± 5.1 100 91

GUEl 39.3± 8.8 100 84

IC50 and maximum activity of DPPH free radical scavenging of standard
antioxidants and the aqueous extracts from Guazuma ulmifolia stem bark
(GUEsb) and leaves (GUEl).
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Figure 2: Hemolysis and MDA content of human erythrocytes. AA, GUEsb, or GUEl activity on (a) hemolysis, (b) hemolysis inhibition,
and (c) malondialdehyde (MDA) content resulting from AAPH-induced lipid peroxidation. The data are expressed as the mean ± SEM.
∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001 compared with the control (erythrocytes incubated with only AAPH). AA= ascorbic acid;
GUEsb = aqueous extract from G. ulmifolia stem bark; GUEl = aqueous extract from G. ulmifolia leaves.
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only GUEsb showed no decrease in cell viability at any of the
concentrations and times tested. However, leukocytes incu-
bated with 0.5μg·mL−1 DOX showed 19%, 20%, and 46% cell
death after 24, 48, and 72 h of incubation, respectively. The
combined treatment with 25μg·mL−1 DOX+GUEsb was
able to prevent DOX-induced cell death by 9% and 35% at
48 and 72 h, respectively (Figure 6).

3.4. Animals

3.4.1. Acute Toxicity Test in C57Bl/6 Mice. Female C57Bl/6
mice treated with 2000 and 5000mg GUEsb·kg−1 body mass
showed no signs of toxicity (Table 3), mortality, or physical
and behavioral changes, except for an increase in creatinine
at the highest dose, compared with the control group.

3.4.2. DOX-Induced Cardiotoxicity in C57Bl/6 Mice

(1) Body Mass, Food Intake, and Relative Organ Mass. Mice
treated with DOX showed decreased body mass at the end
of the treatment compared with the control group
(Table 4). No changes were observed in the other parameters.

(2) Inhibition of DOX-Induced MDA Content in the
Cardiac Tissue. Treatment with DOX increased the car-
diac MDA content by approximately 48% compared
with the control group. Combined treatment with
DOX and GUEsb prevented this MDA production in
the cardiac tissue and reduced the cardiac MDA con-
tent in the animals of the DOX+GUEsb group by
19% compared with the control group (Figure 7).
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Figure 3: DOX-induced hemolysis and MDA content of human erythrocytes incubated for 240min with AA, GUEsb, or GUEl (1.56–
25 μg·mL−1). (a) Hemolysis inhibition at 240min after adding DOX [300 μg·mL−1]. (b) Malondialdehyde (MDA) content resulting
from DOX-induced lipid peroxidation [300 μg·mL−1] after 240min. The data are expressed as the mean ± SEM. ∗P < 0 05, ∗∗P < 0 01, and
∗∗∗P < 0 001 compared with the control (erythrocytes incubated with DOX only). AA= ascorbic acid; GUEsb = aqueous extract from G.
ulmifolia stem bark; GUEl = aqueous extract from G. ulmifolia leaves.
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4. Discussion

Medicinal plants are key targets in the search for therapeutic
alternatives against oxidative stress because some phyto-
chemicals, such as phenolic compounds, have antioxidant
properties capable of maintaining the redox balance and pro-
tecting cells against damage caused by excess ROS [39]. In
this study, several compounds, previously described in the
literature, were identified in G. ulmifolia stem bark, such as
phenolic acids, flavan-3-ol-derived flavonoids (monomers
and dimers), and condensed tannins, including epicatechin,
epigallocatechin, catechin, procyanidins, prodelphinidin–
procyanidin, and procyanidin–profisetinidin [40, 41]. Phe-
nolic acids and glycosylated flavonoids (with one, two, or
three sugars), including chlorogenic acid, catechin, quercetin,
and luteolin, were identified in leaf extracts [18, 42]. Further-
more, unpublished compounds were identified, namely,
citric and quinic acids in G. ulmifolia stem bark and O-
pentosyl quercetin, di-O-deoxyhesosyl-hesosyl quercetin,
O-deoxyhexosyl hexosyl luteolin, and di-O-deoxyhexosyl-
hexosyl kaempferol in G. ulmifolia leaves.

The quantity of phenolic compounds can directly affect
the biological potential of natural products [43], including
the antioxidant activity of medicinal plants [43–45]. In this
study, a high phenolic content was found in both extracts,
and GUEsb showed a higher phenolic content than GUEl
and one similar to that found by Feltrin et al. [27] in 70%
hydroethanolic extract from G. ulmifolia stem bark. GUEsb

showed a higher DPPH radical scavenging activity than
GUEl. The highest flavonoid content was found in GUEl,
which was even higher than that found by Morais et al. [42]
in the ethanolic extract from G. ulmifolia leaves, and our
GUEl showed a higher free-radical scavenging capacity than
that found in the previous study. When compared with anti-
oxidant standards, both extracts were inferior to AA and sim-
ilar to the antioxidant standard BHT, an isolated synthetic
compound widely used in the cosmetic, pharmaceutical,
and food industries [46], which has been associated with
the development of cardiac diseases and carcinogenesis
[47, 48], thus indicating the need for new substitutes, partic-
ularly natural compounds. Taken together, this evidence
supports the traditional medicine [19] procedure of aqueous
extraction as an efficient method to isolate bioactive com-
pounds present in G. ulmifolia.

To best understand the biological potential of the G.
ulmifolia extracts, we used human blood cells subjected to
oxidative stress induced by different oxidant agents. Initially,
we used AAPH, a water-soluble azo compound that decom-
poses at 37°C generating peroxyl radicals (ROO) [49] respon-
sible for oxidizing erythrocyte membrane lipids and proteins
[50]. Azo compound-derived ROO and those formed physi-
ologically and pathologically in vivo react with biomolecules
similarly, facilitating the study of the oxidation kinetics
of biological molecules and their possible protection [51].
Both extracts, GUEsb and GUEl, decreased human eryth-
rocyte lysis and the content of MDA produced, even more
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Figure 4: Cellular antioxidant activity. Inhibition of intracellular ROS production in K562 erythroleukemia cells incubated with DCFH-DA
for 1 h, subsequently treated with quercetin or GUEsb (3.12, 6.25, 12.5, and 25 μg·mL−1) and immediately exposed to hydrogen peroxide
(H2O2 500 μM). The data are expressed as the mean ± SEM. ∗∗∗P < 0 001 compared with the control (cells incubated with DCF and
exposed to H2O2). GUEsb = aqueous extract from G. ulmifolia stem bark.
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Figure 5: DOX-induced cytotoxicity in K562 erythroleukemia cells treated with GUEsb (1.56–25 μg·mL−1) for 24, 48, and 72 h. Viability of
K562 cells treated with GUEsb and incubated with or without DOX (0.5 μg·mL−1) for (a) 24, (b) 48, and (c) 72 h. The data are expressed as the
mean ± SEM. Only the cells treated with GUEsb were compared with the control (K562 cells incubated with culture media only), and
significant differences were identified when ∗∗P < 0 01 and ∗∗∗P < 0 001. The cells treated with DOX+GUEsb were compared with DOX
(K562 cells incubated with 0.5 μg·mL−1 DOX). GUEsb = aqueous extract from G. ulmifolia stem bark.
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efficiently than the antioxidant standard AA, which has a
lower protective activity and even behaved as an oxidant
at the highest concentration tested, which may be related
to Fenton’s reaction. In this process, ascorbate reduces
metal ions, thereby generating intermediate radicals [52, 53].
The protective effect of GUEsb against oxidative hemolysis

was even stronger than those of other extracts in the same bio-
logical model [43, 54].

Erythrocytes were also exposed to another oxidant agent,
the chemotherapeutic doxorubicin, which is widely used to
treat several types of cancer. However, the oxidative stress
generated by this drug is indicated as one of the main
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Figure 6: DOX-induced cytotoxicity in human leukocytes treated with GUEsb (1.56–25 μg·mL−1) for 24, 48, and 72 h. Viability of human
leukocytes treated with GUEsb and incubated with or without DOX (0.5 μg·mL−1) for (a) 24, (b) 48, and (c) 72 h. The data are expressed
as the mean ± SEM. Only the cells treated with GUEsb were compared with the control (human leukocytes incubated with culture media
only), and significant differences were identified when ∗P < 0 05 and ∗∗∗P < 0 001. The cells treated with DOX+GUEsb were
compared with DOX (human leukocytes incubated with 0.5 μg·mL−1 DOX), and significant differences were identified when ###P < 0 001.
GUEsb = aqueous extract from G. ulmifolia stem bark.
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inducers of cardiotoxicity leading to the development of
severe heart diseases [11]. Approximately 30% of patients
subjected to chemotherapy with DOX develop cardiac dys-
function [55]. In this context, efforts have been directed
towards searching for antioxidant compounds, such as dex-
razoxane, which are able to prevent or attenuate the toxicity
caused by this drug, and this topic is one of the focuses of dis-
cussion of the International Cardioncology Society [56].

In this study, the oxidative stress signs in human erythro-
cytes exposed to DOX, including increased hemolysis and
MDA, were reduced by the combined use of GUEsb or GUEl
with DOX. The antioxidant activity of G. ulmifolia extracts
against AAPH- and DOX-induced oxidative stress may be
partly attributed to the presence of phenolic compounds
because they are able to chelate metal ions and inhibit
Fenton’s reaction, particularly flavonoids such as quercetin

Table 3: Body mass evolution, food and water intake, hematological parameters, biochemical parameters, and relative mass of the organs of
female mice treated with single doses of GUEsb.

Parameters Control
GUEsb

2000mg·kg−1 5000mg·kg−1

Evolution body weight (%) 0.00± 1.83 −0.40± 1.67 −2.20± 1.02
Food intake (g·day−1) 14.30± 1.10 16.42± 1.50 17.30± 1.41
Water intake (mL−1·day) 26.20± 2.43 28.00± 1.50 28.85± 1.64
WBC (103·μL−1) 3.84± 0.87 2.80± 0.90 3.60± 0.60
RBC (106·μL−1) 10.30± 0.30 9.70± 0.33 10.00± 0.57
HGB (g·dL−1) 13.50± 0.41 12.84± 0.44 13.52± 0.60
HCT (%) 53.10± 1.73 49.42± 1.90 53.20± 2.22
MCV (fL) 52.40± 1.10 51.02± 0.50 53.30± 0.50
MCH (pg) 13.30± 0.30 13.30± 0.20 13.54± 0.10
MCHC (g·dL−1) 25.40± 0.20 26.12± 0.31 25.40± 0.30
PLT (103·μL−1) 968.8± 114.9 1204.2± 49.1 1049.2± 107.9
Neutrophil (103·μL−1) 0.53± 0.12 0.33± 0.14 0.37± 0.08
Linfocyte (103·μL−1) 3.30± 0.80 2.45± 0.80 3.20± 0.50
AST (U·L−1) 63.50± 4.80 59.70± 1.10 68.40± 15.60
ALT (U·L−1) 35.70± 4.70 30.70± 1.91 30.20± 3.21
Urea (mg·dL−1) 48.52± 3.90 52.22± 1.84 53.70± 2.21
Creatinine (mg·dL−1) 0.20± 0.01a 0.20± 0.01a 0.30± 0.02b

CNS (g·100−1 of body weight) 0.41± 0.06 0.42± 0.05 0.55± 0.06
Heart (g·100−1 of body weight) 0.44± 0.03 0.44± 0.02 0.44± 0.06
Liver (g·100−1 of body weight) 4.17± 0.13 3.91± 0.12 4.17± 0.09
Spleen (g·100−1 of body weight) 0.30± 0.01 0.30± 0.01 0.30± 0.01
Lung (g·100−1 of body weight) 0.55± 0.06 0.52± 0.06 0.60± 0.04
Kidney (g·100−1 of body weight) 1.01± 0.02 0.94± 0.030 1.10± 0.02
CNS = central nervous system; WBC=white blood cells; RBC = erythrocytes; HGB = hemoglobin; HCT = hematocrit; MCV=mean corpuscular volume;
MCH=mean corpuscular hemoglobin; MCHC=mean corpuscular hemoglobin concentration; PLT = platelet; AST = aspartate aminotransferase;
ALT = alanine aminotransferase. Data were expressed as mean ± SEM. GUEsb = aqueous extract of G. ulmifolia stem bark. Different superscript letters
indicate statistically significant differences.

Table 4: Evolution of body mass, food and water consumption, and relative mass of organs of C57Bl/6 mice induced to oxidative stress
with DOX.

Parameters Control DOX DOX+GUEsb

Evolution body weight (%) 1.0± 0.85a −5.0± 1.17b −6.6± 3.02b

Food intake (g·day−1) 37.1± 4.74 28.1± 4.11 27.8± 3.46
Water intake (mL−1·day) 25.9± 0.86 22.0± 1.85 21.9± 1.67
Heart (g·100−1 of body weight) 0.48± 0.02 0.55± 0.05 0.47± 0.01
Liver (g·100−1 of body weight) 4.36± 0.13 4.94± 0.16 4.87± 0.19
Kidney (g·100−1 of body weight) 1.08± 0.07 1.05± 0.02 1.02± 0.01
The data are expressed as the mean ± SEM (n = 5). Different letters signify statistical differences at P < 0 05. GUEsb = aqueous extract from G. ulmifolia
stem bark.
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present in leaves and catechin present in the stem bark
[57]. Moreover, the presence of aromatic rings allows H+

and electron donation, preventing the formation of ROS,
such as OH+ and ROO [58], which explains the decrease
in lipid peroxidation.

The phytochemical composition and the previous results
indicated a higher antioxidant potential of GUEsb, which was
selected for the other tests. Subsequently, we confirmed,
using a fluorescent probe, that GUEsb induced intracellular
ROS scavenging in a K562 erythroleukemia line exposed to
the oxidant agent H2O2 as efficiently as the control quercetin.
This detoxification role may be played by both catechin [59]
and quinic acid [60] or even by the synergism between them,
resulting in increased CAT activity, which is the enzyme
responsible for converting H2O2 into water molecules.

Antioxidants can attenuate oxidative damage and
become promising strategies in chemotherapy, but the anti-
cancer activity of the drug must not be impaired [61].
Although GUEsb caused a slight increase in cell death at
the initial treatment times, when combined with DOX in
K562 erythroleukemia cells, it had no effect on DOX-
induced cell death. The ability to attenuate oxidative stress
without affecting the cytotoxic activity of DOX is a key char-
acteristic for the application of GUEsb as an adjuvant and
may be related to the presence of flavonoids, which can
reduce the negative effects of DOX without affecting the
activity of the drug [62].

In addition to oxidative stress, DOX impairs leukocyte
formation, causing leucopenia [63], most likely linked to
the high content of polyunsaturated fatty acids in the mem-
brane of those cells, which renders them highly sensitive to
ROS [64]. GUEsb has immunoprotective effects on this con-
dition, preventing DOX-induced death. This activity may be
related to the antioxidant properties of the phenolic com-
pounds of GUEsb. Furthermore, it should be noted that
GUEsb contains procyanidins, which are associated with

improved leucopenia symptoms in animals subjected to
chemotherapy-induced immunosuppression [65].

However, cardiotoxicity is still the major limitation
for the clinical application of DOX [11, 62]. The mecha-
nism of anthracycline-induced cardiotoxicity is unclear,
although the most commonly discussed hypotheses are
DNA damage by increased production of reactive species
and mitochondrial dysfunction caused by inhibition of
topoisomerases II, which are the mechanisms of action of
DOX in cancer cells [8]. Some factors increase the heart sus-
ceptibility to DOX-induced toxicity, such as high oxidative
metabolism, decreased antioxidant enzymes [66], and, espe-
cially, the high DOX affinity for cardiolipin, a phospholipid
essential to the mitochondrial structure and function as well
as the energy metabolism of cardiomyocytes [67]. The for-
mation of a strong DOX–cardiolipin complex results in
DOX retention within the mitochondrial membrane, allow-
ing continuous redox cycles, thereby causing oxidative dam-
age [6]. However, inhibition of topoisomerases II is indicated
as the main mediator of DOX-induced cardiotoxicity, since
this drug promotes intercalation into the base pairs and topo-
isomerase-IIα inhibition-mediated disruption of DNA repair
and mitochondrial dysfunction as a consequence topoisom-
erase-IIβ inhibition-mediated peroxisome proliferator-
activated receptor (PPAR) suppression, leading to cell death
[8, 68, 69]. Consequently, both mechanisms culminate in
the leads to the loss of functional myocytes and to irre-
versible cardiac tissue damage because these cells do not
regenerate [68].

DOX coadministration with natural antioxidants, includ-
ing isolated phenolic compounds [10, 14, 15], and extracts
from medicinal plants, such as Ixora coccinea Linn [9],
Camellia sinensis [12], Capparis spinosa [13], Vaccinium
macrocarpon [70], and Melissa officinalis [71], aims at find-
ing alternative therapies to mitigate cardiac damage. In this
study, GUEsb-induced cardioprotection in animals treated
with DOX was stronger than that of other plants, which, even
at higher doses [12, 71], only mitigated DOX-induced cardi-
otoxicity in rats. GUEsb was able to prevent MDA produc-
tion in the cardiac tissue of animals treated with DOX.
Previous studies indicate that procyanidin [72] and catechin
[59], compounds also found in GUEsb, are able to reduce
DOX-induced lipid peroxidation. Moreover, catechins have
chelating properties and modulate the activity of antioxidant
enzymes (SOD, CAT, and glutathione peroxidase) [59].
Accordingly, GUEsb may have been able to prevent DOX
complexation with iron ions and to enhance ROS detoxifica-
tion in the cardiac tissue. Our results suggest that the cardio-
protective effects of GUEsb result from oxidative stress
suppression mediated by its phytochemical constituents,
which was corroborated by direct ROS scavenging and
decreased lipid peroxidation in human erythrocytes and
mice cardiomyocytes.

Toxicity data indicate that GUEsb is safe for consump-
tion, based on acute lethality tests, physical and behavioral
changes, and biochemical and hematological parameters
assessing the toxic effects of several plant extracts in animal
models [73–76]. GUEsb induced no physical or behavioral
changes in the animals tested nor any changes in the food
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Figure 7: DOX-induced cardiotoxicity in C57Bl/6 mice. MDA
content of the control (water), DOX (water +DOX cumulative dose
of 24mg·kg−1), and DOX+GUEsb (GUEsb 200mg·kg−1 +DOX
cumulative dose of 24mg·kg−1) mouse heart tissue after 18 days.
The data are expressed as the mean ± SEM (n = 5). ∗P < 0 05
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GUEsb = aqueous extract from G. ulmifolia stem bark.
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and water intake, body mass, relative organ mass, or bio-
chemical and hematological parameters. Therefore, GUEsb
is safe for consumption.

5. Conclusion

Taken together, our results show that GUEsb and GUEl
have antioxidant activity and are able to decrease oxidative
stress in human blood cells, including DOX-induced oxi-
dative stress, indicating that both extracts are possible,
natural alternatives to treat diseases associated with oxida-
tive stress. Furthermore, GUEsb showed no effect on the
cytotoxicity of the drug or toxicity and was able to sup-
press DOX-induced cardiotoxicity.
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A wide range of neurodegenerative diseases (NDs), including Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and
prion diseases, share common mechanisms such as neuronal loss, apoptosis, mitochondrial dysfunction, oxidative stress, and
inflammation. Intervention strategies using plant-derived bioactive compounds have been offered as a form of treatment for
these debilitating conditions, as there are currently no remedies to prevent, reverse, or halt the progression of neuronal loss.
Rutin, a glycoside of the flavonoid quercetin, is found in many plants and fruits, especially buckwheat, apricots, cherries, grapes,
grapefruit, plums, and oranges. Pharmacological studies have reported the beneficial effects of rutin in many disease conditions,
and its therapeutic potential in several models of NDs has created considerable excitement. Here, we have summarized the
current knowledge on the neuroprotective mechanisms of rutin in various experimental models of NDs. The mechanisms of
action reviewed in this article include reduction of proinflammatory cytokines, improved antioxidant enzyme activities,
activation of the mitogen-activated protein kinase cascade, downregulation of mRNA expression of PD-linked and proapoptotic
genes, upregulation of the ion transport and antiapoptotic genes, and restoration of the activities of mitochondrial complex
enzymes. Taken together, these findings suggest that rutin may be a promising neuroprotective compound for the
treatment of NDs.

1. Introduction

Neurodegenerative diseases (NDs) are regarded as an age-
related group of chronic and untreatable conditions which
constitutes a major threat to human health [1]. They are
becoming increasingly prevalent, due to a significant increase
in the size of elderly populations worldwide [2]. NDs repre-
sent the fourth highest source of disease burden in high-
income countries, in terms of economic cost for society [3].
NDs are characterized by the gradual and progressive loss
of neurons and diverse clinical features such as memory
and cognitive impairments and others affecting a person’s
ability to move, speak, and breathe [4–6]. Some overlapping

pathways recognized in the pathogenicity of NDs include free
radical formation and oxidative stress, protein misfolding
and aggregation, metal dyshomeostasis, phosphorylation
impairment, and mitochondrial dysfunction [7] (Figure 1).

Oxidative stress has been shown by many studies to be
a crucial player in the development and progression of
NDs [8]. Oxidative stress is defined as the disturbance in
balance between prooxidant and antioxidant levels and
results from an imbalance between the production of reac-
tive oxygen species (ROS) and the biological system’s abil-
ity to detoxify the reactive intermediates [8]. ROS play
important roles in mediating cellular activities [9, 10];
however, due to their reactivity, high amounts of ROS
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can cause cell death or oxidative stress [11]. While it is
still unclear whether ROS is the triggering factor for
NDs, they are likely to aggravate disease progression
through oxidative damage and effects on mitochondria.

In view of the important roles of oxidative stress in NDs,
the manipulation of ROS levels may be an encouraging treat-
ment option to delay neurodegeneration and attenuate asso-
ciated symptoms. Presently, there is no potent treatment for
NDs and the available drugs are mainly focused on symp-
toms though with many adverse effects and limited ability
to prevent disease progression [12].

Accordingly, medicinal plants such as Hypericum perfor-
atum possessing antioxidant properties have been studied for
their potential to attenuate neurodegenerative symptoms
[13–16]. For instance, previous reports show that extracts
of H. perforatum significantly attenuated oxidative stress by
reducing lipid peroxidation [17], reducing oxidation of the
mitochondrial lipid membrane [18], preserving the activities
of antioxidant enzymes [19], and consequently preventing
neurotoxicity in experimental models of NDs. As a result of
these findings amongst others, Sánchez-Reus et al. proposed
standardized extracts of H. perforatum as a possible treat-
ment for elderly patients showing signs of NDs associated
with elevated oxidative stress [19]. Although reports show
that treatments involving H. perforatum are generally safe,
minor adverse effects have been reported; they include dizzi-
ness, allergic reactions, restlessness, gastrointestinal symp-
toms, dryness of the mouth, and lethargy [20–22].

Similarly, there is currently an increase in the usage of
natural compounds/products as potential neuroprotective
agents. Examples include, curcumin, bilobalide, chitosan,
and apigenin, all known to have potent protective effects on
neurons [23–28]. Recently, bioflavonoids have found use in

the healthcare system owing to their wide range of biological
activities, low cost, and significantly high safety margins [29].
Rutin (3,3′,4′,5,7-pentahydroxyflavone-3-rhamnoglucoside,
Figure 2) also called sophorin, rutoside, and quercetin-3-
rutinoside is a polyphenolic bioflavonoid, largely extracted
from natural sources such as oranges, lemons, grapes, limes,
berries, and peaches [30, 31]. Rutin is a vital nutritional com-
ponent of plants [32] and its name originates from the plant
Ruta graveolens, which also contains rutin [33]. Chemically,
it is a glycoside comprising of flavonol aglycone quercetin
along with disaccharide rutinose [33]. Some studies suggest
that rutin has a potential protective role in NDs due to its
beneficial effects as a potent antioxidant [34, 35]. Hence, this
review presents an outline of the scientific literature regard-
ing the potential neuroprotective role of rutin in NDs.

1.1. Oxidative Stress and Reactive Oxygen Species. Oxygen is
essential for all multicellular life but in excess, it is potentially
hazardous. ROS is formed when cells exposed to oxygen con-
tinuously generate oxygen free radicals. Endogenous free
radicals are generated from inflammation, mental stress,
immune cell activation, excessive exercise, infection, ische-
mia, cancer, and aging while exogenous free radicals are pro-
duced from air and water pollution, radiation, alcohol,
cooking (smoked meat, used oil, and fat), heavy or transition
metals, cigarette smoke, and industrial solvents [36–38]. The
main source of endogenous ROS production is the mito-
chondria but it can also occur in other organelles [39]. ROS
include free radicals (superoxide, •O−

2), hydroxyl radical
(•OH), or nonradicals (hydrogen peroxide, H2O2).

•O−
2 is

proposed to play a crucial role in ROS production and •OH
is recognized as the most reactive ROS that are primarily lia-
ble for the toxic effects of ROS [40].

METALS

ROS

Oxidative stress

Metal dyshomeostasis

Protein misfolding and aggregation

Mitochondrial dysfunction

Phosphorylation impairment

Neuronal death

Figure 1: Various processes shown to be dysregulated in neurodegenerative disorders.
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Cellular levels of ROS may be decreased through the
defence mechanisms of small-molecule antioxidants and
antioxidant enzymes [41]. •O−

2 is reduced by superoxide dis-
mutases (SOD) into the more stable form of H2O2. H2O2
may produce highly reactive hydroxyl radicals •OH and can
be reduced to H2O and O2 by catalase (CAT), glutathione
peroxidase (GPx), and other peroxidases [42, 43]. The cellu-
lar antioxidant glutathione (GSH) is involved in two types of
reactions. First of all, in its reduced form, GSH nonenzyma-
tically reacts with •O−

2 and
•OH for the elimination of ROS

[41, 44]. Next, GSH serves as the electron contributor for
the reduction of peroxides in the GPx reaction [45]. When
GSH reacts with ROS, it is oxidized (GSSG) and produces
glutathione disulfide (the last product of GPx reactions).
GSH can be further restored from glutathione disulfide by
the reaction with glutathione reductase through a transfer
of electrons from NADPH to glutathione disulfide [46].
Numerous studies have stated that GSH is involved in
impeding apoptotic cell death and DNA damage in cells fol-
lowing oxidative stress [47, 48]. Hence, cellular antioxidants
and antioxidant enzymes work together to prevent the accu-
mulation of damaging ROS in the cell. Dysregulation of their
functions is an indication of altered oxidative states, which
may contribute to cell death.

The harmful effects of ROS include damage of DNA or
RNA, oxidation of amino acids in proteins, oxidative deac-
tivation of particular enzymes by oxidation of cofactors,
and oxidations of polyunsaturated fatty acids in lipids
(lipid peroxidation). The uninterrupted attack of protein
by ROS forms protein carbonyls and nitrites, such that
monitoring of their levels provides an additional measure
of the effect of oxidative stress [49]. Lipid peroxidation
results in the generation of lipid peroxidation products
such as malondialdehyde (MDA) and thiobarbituric acid
reactive substances (TBARS) [50]. Assay of TBARS mea-
sures MDA present in the sample and MDA generated
from lipid hydroperoxides. An increase in free radicals is
directly proportional to overproduction of MDA and is
therefore a commonly used marker of oxidative stress
and antioxidant status [50].

2. Link between Oxidative Stress and
Neurodegenerative Disorders

The pathogenesis of NDs is a complex interplay between
genetic and nongenetic factors [51]. Generally, nongenetic/
sporadic forms represent the majority of these cases. There
are a number of NDs, but for the purposes of this review,
we will focus on Alzheimer’s disease (AD), Parkinson’s
disease (PD), Huntington’s disease (HD), and human prion
diseases (PrDs) [1, 12].

AD is the most common ND and it primarily affects mid-
dle- to old-aged individuals, nearly one in four individuals
over the age of 85 [52]. AD has various etiological factors
including genetic and environmental factors [52, 53]. It is
characterized by neuronal loss and atrophy in the neocortex,
hippocampus, amygdala, and basal forebrain [54, 55]. Its
pathophysiological hallmarks include depositions in the
forms of senile plaques, extracellular β-amyloid (Aβ) pro-
tein, and intracellular deposits of the microtubule-linked
protein tau as neurofibrillary tangles in the AD brains leading
to dementia [56].

A common pathological feature in AD is the oxidation of
nucleic acids, proteins, and lipids in neurons [57]. ROS inter-
acts with polyunsaturated fatty acids in the neurons, leading
to high levels of lipid peroxidation [58]. Increased levels of
oxidative stress biomarkers (carbonyls, MDA, and 3-nitro-
tyrosine) in the blood [59, 60] and changes in the activities
of antioxidant enzymes (SOD and CAT) reflect oxidative
stress in the brain [61, 62].

The underlying mechanisms (Figure 3) proposed for the
initiation of oxidative stress in AD include Aβ accumulation
[63, 64], hyperphosphorylated tau [65, 66], inflammation
[67, 68], mitochondrial dysfunction [64, 69], and metal accu-
mulation [70, 71].

To date, there is no treatment that can cure AD, but there
are available symptomatic drug treatments consisting mostly
of cholinesterase inhibitors such as donepezil, rivastigmine,
and galantamine [72]. Others include memantine [73, 74],
a N-methyl-D-aspartate receptor antagonist approved by
the US Food and Drug Administration (FDA), and a combi-
nation of memantine with donepezil [75].

PD is characterized by chronic degeneration of dopami-
nergic neurons in the substantia nigra pars compacta of the
midbrain [76]. This in turn results in the depletion of dopa-
mine neurotransmitter production, which leads to motor
deficits such as symptomatic rigidity, bradykinesia, postural
instability, and resting tremor [77]. The cause of dopaminer-
gic neuronal cell death in PD remains unidentified, but sev-
eral factors such as oxidative stress may contribute to this
degeneration and have been closely linked to other sections
of neurodegenerative processes, such as α-synuclein, inflam-
mation, and cell death [78–81].

Oxidative stress is believed to be a fundamental mecha-
nism leading to cellular dysfunction in both idiopathic and
familial forms of PD. An increase in protein oxidation has
been detected in the substantia nigra of PD patients com-
pared to healthy individuals [82]. Accordingly, the substantia
nigra of PD patients reveals decreased levels of GSH and
higher levels of oxidized proteins, DNA, and lipids [83, 84].
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Figure 2: Diagram showing the chemical structure of rutin.
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The accumulation of lipid peroxidation by-products has been
reported in the serum and cerebral spinal fluid of PD patients
while higher levels of MDA and TBARS have been reported
in the substantia nigra and stratum of PD brains [85–87].

Various mechanisms for the generation of ROS in PD
includemitochondrial dysfunction, metabolism of dopamine,
iron, aging, calcium, andneuroinflammation [88]. PDcausing
genes such as SNCA, DJ-1, LRRK2, PINK1, and PARK2 also
affect in complex ways leading to aggravation of ROS produc-
tion and vulnerability to oxidative stress [88]. In addition,
homeostatic processes such as mitophagy and the ubiquitin-
proteasome system are affected by oxidative stress [88]. The
interaction amongst these numerousmechanisms are thought
to contribute to neurodegeneration in PD (Figure 4).

The primary treatment for symptomatic patients and the
most effective pharmacologic agent for PD is levodopa [89,
90]. It is reported that levodopa is mostly effective at control-
ling rigidity and bradykinesia [89]; however, postural reflex,
gait disturbance, and speech are less likely to respond. Levo-
dopa is combined with carbidopa, because carbidopa blocks
dopa decarboxylase thereby preventing peripheral conver-
sion of levodopa to dopamine. Additionally, its combination
with levodopa reduces the peripheral adverse effects of dopa-
mine (e.g., nausea and hypotension) and increases cerebral
levodopa bioavailability. Treatment with monoamine
oxidase-B (MAO-B) inhibitors, amantadine (Symmetrel),
or anticholinergics may modestly improve mild symptoms;
nevertheless, most patients need a dopamine agonist or levo-
dopa [91]. Furthermore, advances in brain imaging and neu-
rosurgical techniques has highlighted surgical treatment for
this disorder. In an evidence-based review, it is reported that
deep brain stimulation of the subthalamic nucleus effectively
improves motor function and reduces dyskinesia and motor
fluctuations [90, 92].

HD is characterized by motor, cognitive, and behavioral
dysfunction [93] and demonstrates an autosomal dominant
mode of inheritance [94]. It is characterized by a remarkable
specificity of neuronal loss and the regions most affected are
the striatum, where there is usually 50–60% loss of cross-
sectional area from the caudate nucleus and the putamen in
advanced stages of the disease [95]. HD is linked with a triad
of symptoms which includes cognitive deterioration, move-
ment disorders, and psychiatric disturbances [95]. These
signs begin subtly, most frequently between the ages of 35
to 50, but the age of onset can differ from early childhood
until old age. The disease is relentlessly progressive and is
deemed to be fatal 15–20 years after the onset of symptoms
[95]. Classical features of HD are disturbances of motor
function which include chorea (unintentional brief
movements that tends to flow between body regions) and
progressive deficiency of coordination of voluntary
movements [95–98].

Convincing data supports a critical role for oxidative
stress in the pathogenesis of HD [99–101] (Figure 5). Mutant
huntingtin proteins (MTPs) serve as the source of ROS,
owing to a substantial amount of oxidized proteins in
partially purified MTP aggregates [99]. It is proposed that
elevated oxidative stress is a major mechanism in the late
stages of HD pathogenesis. [100]. Another mechanism
involved in ROS-mediated HD pathogenesis is the impair-
ment of the electron transport chain and mitochondrial
dysfunction [102, 103]. Defects in oxidative phosphoryla-
tion have been detected in the brain tissues of HD patients
[104], and enhanced lipid peroxidation accompanied by
reduced GSH content has been reported in patients with
severe symptoms of HD [101, 105, 106]. Substantial oxida-
tive DNA damage has also been reported in HD mouse
models [107, 108].
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Figure 3: Schematic diagram showing the role of oxidative stress (OS) in Alzheimer’s disease.
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There are no existing treatments to alter the course of
HD, but symptomatic therapies and education are effective
tools used by clinicians in addressing patients and families
affected by HD. Several drugs and surgical procedures have
been assessed in HD for their effectiveness in subduing cho-
rea. These include dopamine-depleting agents, agonists and
antagonists, deep brain stimulation, benzodiazepines, fetal
cell transplantation, acetylcholinesterase inhibitors, gluta-
mate antagonists, antiseizure prescriptions, lithium, and
cannabinoids [94, 109, 110]. Tetrabenazine is the only FDA-
approved drug for HD designated for the treatment of chorea
linked with HD [111, 112]. Other promising drugs shown in
controlled trials to considerably lessen chorea in HD patients

include amantadine [113], olanzapine [114, 115], quetiapine
[116, 117], and aripiprazole [118, 119].

PrDs are related to a variety of clinical presentations and
have attracted vast research awareness for many years not
only due to their distinctive composition and properties but
also because of their effect on public health [120–122]. Exam-
ples of PrDs include Gerstmann Sträussler-Scheinker
syndrome, Creutzfeldt-Jakob disease (CJD), kuru, and fatal
familial insomnia while animal PrDs include scrapie and
bovine spongiform encephalopathy [123].

According to the “protein-only” hypothesis [124, 125],
host-encoded cellular prion protein (PrPC) is converted to
a different structural isoform which is known as PrPSc
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Figure 4: Schematic diagram showing the role of oxidative stress in Parkinson’s disease.
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Figure 5: Schematic diagram showing the involvement of oxidative stress in Huntington’s disease.
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[120–122, 126]. It is widely regarded as the infectious
agent which can duplicate itself with high conformity by
enlisting endogenous PrPC and that the modification
between these isoforms lies strictly in its state of aggregation
and its monomer conformation [120, 127]. Microscopic
examination of the brains of patients with PrDs typically
shows characteristic histopathologic alterations, comprising
of neuronal degeneration, and vacuolation, which gives the
cerebral grey matter a spongiform appearance, and a reac-
tive increase of astroglial cells [125, 128].

Various lines of evidence have recognized markers of oxi-
dative stress in the brains of rodents with prion disease [129,
130] (Figure 6). Immunohistochemical studies in the brains
of scrapie-infected mice have revealed the presence of lipid
oxidation markers, nitrotyrosine (a marker of peroxynitrite
production), and heme-oxygenase-1 (an enzyme leading to
the development of antioxidant molecules), suggesting that
oxidative stress might be one mechanism of neuronal loss
[131, 132]. There are also indications for mitochondrial dam-
age induced by oxidative stress in cells from brains of scrapie-
infected mice and hamsters [133, 134]. Furthermore, a study
by Kim et al. suggested that iron-induced oxidative stress
might be a key mechanism of neuronal loss in scrapie [135].

Unfortunately, there is presently no effective treatment or
disease-modifying therapy for PrDs. The search for treat-
ments is primarily hindered by inadequate understanding
of prion disease pathogenesis. However, identified drugs
which show some effectiveness in treating prion diseases in
in vitro and in vivo systems include quinacrine and pentosan
polysulfate [136]. These compounds have been used as com-
passionate therapy in CJD patients; however, no therapeutic
value was observed [137, 138]. Other treatment options
attempted for PrDs that have had limited success include
immunotherapy and vaccination [139].

3. General Uses of Rutin

Rutin has been shown to have an extensive array of pharmaco-
logical applications due to its numerous properties including
antioxidant, anti-inflammatory, cardiovascular, neuroprotec-
tive, antidiabetic, and anticancer activities [140, 141].

Over the years, various mechanisms have been found to
be responsible for its antioxidant activities in both in vitro
and in vivo models. Firstly, it was reported that its chemical
structure can directly scavenge ROS [142]. Secondly, it
increases the production of GSH and cellular oxidative
defence systems are believed to be upregulated by an
increased expression of numerous antioxidant enzymes such
as CAT and SOD [143–145]. Thirdly, rutin inhibits xan-
thine oxidase which is involved in generating ROS [146].
From the aforementioned, the optimism generated by the
therapeutic potential of rutin in many health conditions
in which oxidative stress is an underlying cause is under-
standable [34, 143, 147, 148]. The rest of this review will
summarize the main findings of the neuroprotective effects
of rutin in various experimental models of NDs. The var-
ious in vitro and in vivo studies are summarized in
Tables 1 and 2, respectively.

3.1. Studies of Rutin in AD

3.1.1. Toxins Used to Generate Models of AD. Several lines of
evidence indicate that Aβ peptides are the key factors in AD
pathogenesis [149–151]. Aβ peptide, produced from amyloid
precursor protein (APP), is a very important part of amyloid
plaques and has been described to be neurotoxic [152]. It is
hypothesized that an anomaly in the proteolytic processing
of the APP leads to an increase in the generation of Aβ pep-
tides (such as Aβ40–42 and Aβ25–35) which in turn leads to the
buildup of Aβ, a key event in the pathogenesis of AD [153,
154]. Aβ may also induce oxidative stress by causing mito-
chondria dysfunction which results in increased ROS and
decreased levels of antioxidants such as GSH and the activity
of antioxidant enzymes such as SOD, GPx, and CAT [155].
Aβ-induced ROS production is believed to aid Aβ produc-
tion and accumulation, thereby quickening the progression
of AD [68, 156]. Additionally, Aβ induces nitric oxide
(NO) generation by upregulating the expression of nitric
oxide synthase (iNOS) [157, 158] which plays a fundamental
role in the series of events leading to cell death [159].

3.1.2. In Vitro Studies. Aβ accumulation is a key feature of
AD, and rutin has been shown to decrease and reverse
Aβ25–35 fibril formation in vitro indicating that its action
might be connected to their free radical scavenger activity
and might subdue neurotoxicity [153]. Furthermore, in a dif-
ferent study [155], rutin acted as a multifunctional agent by
inhibiting Aβ aggregation and cytotoxicity, preventing mito-
chondrial damage, reducing production of MDA, ROS, NO,
GSSG, iNOS, and proinflammatory cytokines, and increasing
CAT, SOD, GSH, and GPx levels. Yu et al. demonstrated the
ability of rutin to inhibit amylin-induced neurocytotoxicity
and enhance antioxidant enzyme activities in the SH-SY5Y
cells [35]. Treatment of human neuroblastoma SH-SY5Y
cells with rutin-loaded nanoparticles conferred protective
effects on Aβ-induced cytotoxicity, decreased levels of NO,
and ROS [160]. In a related activity, rutin modulated the gen-
eration of proinflammatory cytokines by reducing TNF-α
and interleukin- (IL-) 1β generation in Aβ40–42-treated BV-
2 cells [155]. Bispo da Silva et al. established that rutin treat-
ment was not toxic to microglial cells and induced a dose-
dependent increase in microglial proliferation, decreasing
the mRNA levels of TNF, IL-1b, IL-6, and iNOS; reduced pro-
duction of IL-6, TNF, and NO; increased production of the
M2 regulatory cytokine IL-10 and arginase; and significantly
inhibited the LPS-induced expression of PTGS2, IL-18, and
TGFβ [161].

3.1.3. In Vivo Studies. Several studies have utilized animal
models as a preclinical tool to evaluate the neuroprotective
potential of bioactive compounds such as edaravone and
vitamin D3 in AD [162, 163]. In a study, Xu et al. [164]
showed that following oral administration of rutin at a daily
dose of 100mg/kg for six weeks, rutin attenuated memory
deficits in APPswe/PS1dE9 transgenic mice, reduced oligo-
meric Aβ level as well as downregulated microgliosis and
astrocytosis, and reduced IL-1 and IL-6 levels in the brain.
In an interesting and similar study by Hu et al., intravenous
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administration of Congo red/rutin magnetic nanoparticles
(MNPs) resulted in rescue of memory deficits and ameliora-
tion of neurologic changes in the brains of APPswe/PS1dE9
transgenic mice [160]. Cheng et al. showed that rutin and
exercise enhanced high-fat diet-induced cognitive defects in

mice [165]. Rutin’s ability to alleviate impaired cognition
and memory in Aβ25–35-induced mouse model of AD was
demonstrated by Choi et al. in 2015 [166].

Most recently, Ramalingayya et al. [167] demonstrated
that pretreatment with rutin inhibited doxorubicin- (DOX-)
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Figure 6: Schematic diagram showing the involvement of oxidative stress in prion diseases.

Table 1: Summary of the protective effects of rutin in in vitro models of neurodegeneration.

Toxin used in cellular model Disorder Key findings Reference

Aβ25–35-treated SH-SY5Y neuroblastoma cells and
Aβ25–35-treated APP695-transfected SH-SY5Y
(APPswe) cells

AD
↓ Aβ fibrils, ↓ β-secretase enzyme (BACE), ↓ ROS, ↑ GSH,

↓lipid peroxidation
[153]

Aβ42-treated SH-SY5Y and BV-2 cells AD
↓ ROS, ↓ NO, ↓ GSSG, ↓ MDA, ↓ iNOS, ↓ MMP, ↑ GSH/
GSSG ratio, ↑ SOD, CAT, and GPx, ↓ TNF-α, ↓ IL-1β

[155]

Amylin-treated SH-SY5Y neuroblastoma cells AD
↑ cell viability, ↓ ROS, ↓ NO, ↓ GSSG, ↓ MDA and ↓ TNF-α
and ↓ IL-1β, ↑ GSH/GSSG ratio, ↑ SOD, ↑ CAT, ↑ GPx, ↓

iNOS
[35]

6-OHDA-treated PC-12 cells PD
↑ cell viability, ↑ 6-OHDA-induced reduction in SOD, CAT,

GPx, and GSH, ↓ lipid peroxidation
[147]

6-OHDA-treated PC-12 cells PD
↑ 6-OHDA-induced reduction in SOD, CAT, GPx, and GSH.

↓ lipid peroxidation, ↓ MDA
[184]

6-OHDA-treated PC-12 cells PD
↓ Park2, ↓ UCHL1, ↓ DJ-1, ↓ Casp3, ↓ Casp7, ↑ TH, ↑ NSF, ↑

Opa1
[185]

Prion peptide-treated HT22 cells PrD ↓ ROS, ↓ NO, ↓ apoptosis, ↓ Fas, ↓ Fas-L [210]

6-OHDA: 6-hydroxydopamine; CAT: catalase; Fas L: Fas ligand; GPx: glutathione peroxidase; GSH: reduced glutathione; GSSG: glutathione disulfide; IL-10;
interleukin 10; IL-6: interleukin 6; IL-8: interleukin 8; IL-1β: interleukin 1 beta; iNOS: inducible nitric oxide synthase; MDA: malondialdehyde; MMP:
mitochondrial membrane potential; NSF: N-ethylmaleimide-sensitive factor; Opa1: optic atrophy 1; ROS: reactive oxygen species; SOD: superoxide
dismutase; TH: tyrosine hydroxylase; TNF-α: tumor necrosis factor-α.
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induced ROS generation and increased DOX-induced reduc-
tion of CAT, GSH, and SOD levels inWistar rats. Other find-
ings include prevention of DOX-induced cell cycle and
morphological changes, reduction of DOX-induced apopto-
sis, prevention of DOX-induced episodic-likememory deficit,
prevention of rise in TNF-α levels, and reversal of myelosup-
pressive effect of DOX [167]. In a similar AD study by
Ramalingayya et al. [168], rutin dose dependently improved
recognition and discriminative indices in time-induced long-
term as well as scopolamine-induced short-term episodic
memory deficit AD models without disturbing locomotor
activity. Moghbelinejad et al. demonstrated that rutin signifi-
cantly increased extracellular signal-regulated protein kinase
1 (ERK1), cAMP response element-binding protein (CREB),
and brain-derived neurotrophic factor (BDNF) gene expres-
sion in the hippocampus of rats. Studies show that the
mitogen-activated protein kinase (MAPK) cascade that
includes ERK1/2 and CREB is involved in neural plasticity
and survival [169]. Long-lasting changes in synaptic plasticity

and memory are the resultant effects arising from the activa-
tion the MAPK cascade [169]. BDNF affects the survival and
functionofneurons in theCNSand is essential fornormal syn-
aptic connection formation during growth and for learning
and memory in adults [170]. They also found rutin to signifi-
cantly increase memory retrieval while significantly lowering
MDA levels in the hippocampus [171].

In a different type of AD model, Javed et al. showed that
rutin significantly reduced intracerebroventricular streptozo-
tocin- (ICV-STZ-) induced increase in TBARS, poly
ADP-ribosyl polymerase, and nitrite in the hippocampus of
rats. Rutin also significantly increased levels of GSH, GPx,
glutathione reductase (GR), and CAT [172]. Furthermore,
rutin also significantly improved cognitive deficits, attenuat-
ing STZ-induced inflammation by decreasing the expression
of interleukin-8 (IL-8), glial fibrillary acidic protein (GFAP),
cyclooxygenase-2 (COX-2), nuclear factor-κB, inducible
iNOS, and reduced histological abnormalities in the hippo-
campus [172]. In a different model of AD using zebrafish,

Table 2: Summary of the protective effects of rutin in in vivo models of neurodegeneration.

Toxin used in animal model Disorder Key findings Reference

Doxorubicin- (DOX-) treated neuroblastoma cells
(IMR32) and doxorubicin-induced cognitive
dysfunction in Wistar rats

AD
↓ apoptosis, ↓ ROS, ↓ episodic memory deficit, ↓ TNF-α,
↑ DOX-induced reduction of catalase, GSH, and SOD

[167]

Microglial cells obtained from the cortex of Wistar
newborn rats

AD
↓ TNF, ↓ IL-1b, ↓ IL-6, ↓ iNOS, ↑ IL-10, ↑ arginase, ↓ PTGS2,

↓ IL-18, ↓ TGFβ
[161]

∗∗APPswe/PS1dE9 transgenic mice AD
↑ memory, ↑ SOD, ↑ GSH/GSSG ratio, ↓ GSSG, ↓ MDA,

↓IL-1, ↓IL-6
[164]

High-fat diet-induced obese (DIO) cognitively
impaired C57BL/6J mice

AD ↓ cognitive defects [165]

Scopolamine-treated Wistar rats AD ↑ recognition, ↑discriminative indices [168]

Aβ25–35-infused mouse model AD ↓ impaired cognition, ↑ memory, ↓ NO, ↓ lipid peroxidation [166]

Beta-amyloid-induced neurotoxic rats AD ↑ ERK1, ↑ CREB, ↑ BDNF, ↑ memory retrieval, ↓ MDA [171]

Intracerebroventricular streptozotocin- (ICV-STZ-)
infused rats

AD
↓ TBARS, ↓ nitrite level, ↓ poly ADP-ribosyl polymerase,
↑ GSH, ↓ lipid peroxidation, ↓ cognitive deficits, ↓ COX-2,

↓ GFAP, ↓ IL-8, ↓ iNOS, ↓ NF-κB
[172]

Scopolamine-induced zebrafish AD ↓ amnesia [173]

Intrastriatal injection of 6-OHDA in rats PD
↓ 6-OHDA-induced increase in rotations, ↓ deficits in
locomotor activity, ↓ motor coordination, ↑ antioxidant

levels, ↑ DA, ↑ dopaminergic D2 receptors
[78]

Haloperidol-treated rats PD
↓ catalepsy, ↓ akinesia, ↑ locomotor activity, ↑ GSH, ↑ SOD,

↓ TBARS
[77]

3-Nitropropionic (3-NP) acid-treated rats HD
Improved 3-NP-induced behavioral alterations; restored

activities of mitochondrial complex enzymes
[199]

3-Nitropropionic (3-NP) acid-treated rats HD Restored biochemical, behavioral, and cellular alterations [200]

3-Nitropropionic (3-NP) acid-treated rats HD
↑ body weight, ↑ locomotor activities, ↑ memory,

↑ antioxidant levels, ↓ lipid peroxides, ↓ nitrite, ↓ GFAP,
↓ AchE

[201]

∗∗Rutin loaded magnetic nanoparticles were used in this experiment; 6-OHDA: 6-hydroxydopamine; AchE: acetylcholine esterase; BDNF: brain-derived
neurotrophic factor; CAT: catalase; CREB: cAMP response element binding protein; DA: dopamine; doxorubicin: DOX; ERK1: extracellular signal-regulated
kinase 1; GFAP: glial fibrillary acidic protein; GPx: glutathione peroxidase; GSH: reduced glutathione; GSSG: glutathione disulfide; IL-10: interleukin 10;
IL-6: interleukin 6; IL-8: interleukin 8; IL-1b: interleukin 1 beta; iNOS: inducible nitric oxide synthase; MDA: malondialdehyde; MMP: mitochondrial
membrane potential; NF-κB: nuclear factor-kappaB; NSF: N-ethylmaleimide-sensitive factor; PTGS2: prostaglandin-endoperoxide synthase 2; ROS: reactive
oxygen species; SOD: superoxide dismutase; TBARS: thiobarbituric acid reactive substances; TGFβ: transforming growth factor beta; TH: tyrosine
hydroxylase; TNF-α: tumor necrosis factor-α.
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Richetti et al. were able to show that rutin did not affect zebra-
fish general locomotor activity and prevented scopolamine-
induced amnesia [173].

The various studies highlighted in this section demon-
strates the neuroprotective capability of rutin in ameliorating
the adverse effects of neurodegeneration as well as cognitive
impairments associated with AD in various animal models.

3.2. Studies of Rutin in PD

3.2.1. Toxins Used to Generate Models of PD. Over the years,
neurotoxins used to induce dopaminergic neurodegeneration
include 6-hydroxydopamine (6-OHDA), 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), 1,1-dimethyl-4,4-bipyri-
dinium (paraquat) and rotenone [174, 175]. Seemingly, all of
these toxins provoke the formation of ROS. 6-OHDA is
known to be taken up by dopaminergic neurons through the
dopamine transporter [174, 176]. In the neurons, oxidized
molecules of 6-OHDA produces free radicals that hinders
mitochondrial complex I and produces •O−

2 and
•OH which

becomes toxic to dopaminergic neurons and induces micro-
glial activation. Rotenone andMPTP are known for their ease
of use in animals and their similar ability to potently inhibit
complex I. After its systemic administration, MPTP swiftly
crosses the blood brain barrier [175].

Once in the brain, MPTP is converted in the astrocytes by
monoamine oxidaseB (MAO-B) to 1-methyl-4-phenylpyridi-
nium (MPP+) and is thereafter released into the extracellular
space [175, 177, 178]. Once inside dopaminergic neurons,
MPP+ accumulates in mitochondria and impairs mitochon-
drial respiration by impeding complex I in the electron trans-
port chain, which induces the production of ROS [177, 179].
Rotenone is also very lipophilic and is circulated evenly
throughout the brain after crossing the BBB [174, 180]. Para-
quat, an herbicide, has a very close structural similarity to
MPP+ and has been proposed to be a risk factor for PD
[181]. A neurobehavioral syndrome characterized by reduced
ambulatory activity, a decline in striatal dopamine nerve ter-
minal density, and a significant decrease in substantia nigra
dopaminergic neurons have all been associated and linked to
effects fromsystemic administrationof paraquat [182]. Exper-
imental evidence show that paraquat crosses the BBB to cause
damage to the dopamine neurons in the substantia nigra, like
MPP+ [182]. In addition, sustained exposure to paraquat
results in a marked accrual of α-synuclein-like aggregates in
neurons of the substantia nigra pars compacta in mice [183].

3.2.2. In Vitro Studies. PD has been modelled in vitro through
the specific neurotoxic effect of the 6-OHDA on dopaminer-
gic neurons. Neurotoxicity triggered by 6-OHDA was atten-
uated by rutin treatment in PC12 cells where a significant
dose-dependent cytoprotective activity was detected in
rutin-pretreated cells [147]. Rutin activated antioxidant
enzymes including SOD, CAT, GPx, and GSH when com-
pared to cells incubated with 6-OHDA alone in conjunction
with a significantly reduced lipid peroxidation activity [147,
184]. In 2015, Magalingam et al. reported that pretreatment
with rutin in PC12 cells downregulated the mRNA expres-
sion of PD-linked genes (PARK2, UCHL1, and DJ-1) and

proapoptotic (Casp3 and Casp7) genes which were upregu-
lated in the 6-OHDA-treated PC12 cells [185]. The study
showed that rutin upregulated the TH gene which is essential
in dopamine biosynthesis and further upregulated the ion
transport and antiapoptotic genes (NSF and Opa1) [185].

In a different model of PD, rutin pretreatment pre-
vented rotenone-induced loss of SH-SY5Y cells, inhibited
rotenone-induced ROS formation, and suppressed eleva-
tion of calcium [34]. Rutin attenuated rotenone-induced
reduction of mitochondrial membrane potential and acti-
vation of the JNK and p38 MAPK pathways, reversed
changes of Bcl-2 and Bax levels, and inhibited apoptosis
and caspase-9/3 activation [34].

3.2.3. In Vivo Studies. In one of the very few and earliest stud-
ies documenting the neuroprotective effects of rutin in in vivo
models, oral administration of rutin significantly protected
against 6-OHDA-induced increase in rotations, deficits in
locomotor activity and motor coordination in male Wistar
rats [78]. Immunohistochemical and histopathological find-
ings in the substantia nigra showed that rutin protected neu-
rons from toxic effects of 6-OHDA [78]. In a different model
of PD, Sharma et al. [77] showed that rutin played an impor-
tant role in attenuating behavioral, biochemical, and histo-
logical parameters after haloperidol administration in rats
and further confirmed the protective effects of rutin.

These in vivo and in vitro studies exhibit the potential of
rutin as a neuroprotector and suggest a role for this com-
pound in the prevention and reversal of degenerative diseases
such as PD.

3.3. Studies of Rutin in HD

3.3.1. Toxins Used to Generate Models of HD. Animalmodels
of HD have provided understanding into disease pathology,
and previous studies of HD used toxin-induced models to
study excitotoxicity-induced cell death and mitochondrial
impairment, both mechanisms of HD degeneration. These
models, based on quinolinic acid (QA) and 3-nitropropionic
acid (3-NP), are still often used in HD studies [186]. QA is
experimentally administered straight to the striatum because
it is incapable of crossing the BBB [187]. Its key features
include striatal neurodegeneration in rats [188, 189], mice
[190], and primates [191, 192] in a strikingly similar pattern
to that seen in human HD. Its advantages as a HD model
includes its ease of use inmore complex animals, its influences
on cognitive function, numerous resemblances between
pathology observed in theHDbrain, and itsmode of cell death
that mimics the mechanism of neuronal death seen in HD
brains [193–195]. 3-NP is known to irreversibly inhibit the
mitochondrial enzyme succinate dehydrogenase [196, 197].
Its major advantage is that it mimics cell death seen in the
HD brain through a combination of apoptosis and necrosis
[186]. Instantly after administration of 3-NP, there is a surge
of necrotic cell death followed by gradual apoptosis [198].
3-NP crosses the blood-brain barrier and can be administered
systemically to mice, rats, and nonhuman primates [186].

3.3.2. In Vivo Studies. In a pioneering work on HD with rutin
in 3-NP-treated rats, Suganya and Sumathi reported that oral

9Oxidative Medicine and Cellular Longevity



administration of rutin (25mg/kg and 50mg/kg) signifi-
cantly decreased protein oxidation and improved endoge-
nous antioxidant defence system. Furthermore, rutin
improved 3-NP-induced behavioral alterations and restored
the activities of mitochondrial complex enzymes (I, II, IV,
and V) when compared to the 3-NP-induced group [199].

In 2016, Suganya and Sumathi again reported that oral
administration of rutin (25mg/kg body weight) to Wistar
rats increased the levels of nonenzymatic antioxidants
(vitamin C and E) when compared to a reduction in the
3-NP-induced group. In addition, rutin protected against
3-NP-induced reduction in motor activities, muscle coor-
dination, and activities of adenosine triphosphatases
(ATPases) [200].

Most recently, Suganya and Sumathi showed that rutin
restored 3-NP-induced reduction of body weight, locomotor
activities, memory, and antioxidants levels. They further
stated that rutin ameliorated 3-NP-induced striatal damage
by reducing levels of lipid peroxides, nitrite, GFAP, and activ-
ity of acetylcholine esterase [201].

Although these few in vivo studies offer concrete evidence
for the therapeutic potential of rutin, there exists a critical
need to further elucidate and provide more evidence for the
therapeutic potential of rutin in in vitro models of HD.

3.4. Studies of Rutin in PrD

3.4.1. Toxins Used to Generate Models of PrD. The prion pro-
tein peptide 106–126 (PrP (106–126)) has frequently been
used as a model system to study prion-induced neurodegen-
eration [202, 203]. This peptide induces neurotoxicity in
neuronal cells owing to its amyloidogenic properties both
in vivo and in vitro [204]. One of the major advantages
of PrP (106–126) is that it is comparable to PrPSc in
numerous respects and at the same time is more soluble
and easy to deploy for cell culture experiments [205].
PrP (106–126) is rich in β-sheet structure, increases the
membrane microviscosity of neurons and astrocytes [206],
and forms aggregates that are proteinase K-resistant and
detergent-insoluble [204, 207, 208]. PrP (106–126) weakens
liposomes and induces liposome fusion [209].

3.4.2. In Vitro Studies. In a pioneering study [210], the
authors studied the neurotoxicity of PrP (106–126) in the
HT22 hippocampal cell line and assessed the neuronal pro-
tection provided by rutin against the toxic effects of PrP
(106–126). Rutin treatment blocked PrP- (106–126-) medi-
ated increases in ROS production and NO release and
delayed the decrease of neurotrophic factors that resulted
from PrP accumulation. In addition, rutin mitigated PrP-
(106–126-) associated mitochondrial apoptotic events by
hindering mitochondrial permeability transition and
caspase-3 activity and blocking expression of the apoptotic
signals (Bax and PARP) in conjunction with a significantly
reduced expression of the death receptor Fas and its ligand
Fas-L [210].

There are currently no in vivo studies on the therapeutic
potential of rutin in PrP models. Consequently, there is a dire
need to further elucidate and provide more evidence for the

therapeutic potential of rutin in more in vitro and in vivo
models of PrD.

4. Future Perspectives and Conclusion

Numerous in vitro (Table 1) and in vivo (Table 2) studies
have demonstrated the ability of rutin to ameliorate various
neurodegenerative processes that trigger AD, PD, HD, and
PrDs. The ability of rutin to exert its neuroprotective effects
in different models of NDs could be ascribed to its antioxi-
dant as well as antiapoptotic and anti-inflammatory activi-
ties. In addition, rutin’s activation of BDNF and the MAPK
cascade (ERK1/2 and CREB) signifies its involvement in plas-
ticity and survival of neurons in the CNS.

The benchmark for authenticating rutin’s neuroprotec-
tive properties is clinical trials in humans. A few clinical trials
have been conducted to examine the effect of a compound
from the rutin family, O-(β-hydroxyethyl)-rutosides (HRs)
in venous disease patients with diabetes treated for a pro-
longed period of time [211]. HRs is obtained by substituting
rutin hydroxyl groups with O-β-hydroxyethyl groups.
Human clinical trials with rutin (in the form of HRs) have
shown that it is safe and well tolerated [211]. The lack of clin-
ical trials exploring the efficacy of rutin in NDs is of concern.
This may be due to lack of sufficient data on animal models
in the various NDs.

As a flavonol among similar flavonoids, rutin’s low bio-
availability [212] owing to high metabolism, poor absorption,
and rapid excretion generally makes its prospective use as a
therapeutic agent restricted. Further studies to improve its
bioavailability and investigations into its protective activities
in more models of NDs (most especially PrDs and motor
neuron disease) would provide a solid foundation for its
use in clinical trials. Rutin’s ability to offer neuroprotection
against pathological insult offers hope in its utilization and
development as a safe and effective neurotherapeutic agent.
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Whether aucubin could protect myocardial infarction- (MI-) induced cardiac remodeling is not clear. In this study, in a mouse
model, cardiac remodeling was induced by left anterior descending coronary artery ligation surgery. Mice were intraperitoneally
injected with aucubin (10mg/kg) 3 days post-MI. Two weeks post-MI, mice in the aucubin treatment group showed decreased
mortality, decreased infarct size, and improved cardiac function. Aucubin also decreased cardiac remodeling post-MI.
Consistently, aucubin protected cardiomyocytes against hypoxic injury in vitro. Mechanistically, we found that aucubin
inhibited the ASK1/JNK signaling. These effects were abolished by the JNK activator. Moreover, we found that the oxidative
stress was attenuated in both in vivo aucubin-treated mice heart and in vitro-treated cardiomyocytes, which caused decreased
thioredoxin (Trx) consumption, leading to ASK1 forming the inactive complex with Trx. Aucubin increased nNOS-derived NO
production in vivo and vitro. The protective effects of aucubin were reversed by the NOS inhibitors L-NAME and L-VINO
in vitro. Furthermore, nNOS knockout mice also reversed the protective effects of aucubin on cardiac remodeling. Taken
together, aucubin protects against cardiac remodeling post-MI through activation of the nNOS/NO pathway, which
subsequently attenuates the ROS production, increases Trx preservation, and leads to inhibition of the ASK1/JNK pathway.

1. Introduction

Adverse left ventricular (LV) remodeling includes complex
changes in LV size, morphology, function, and cellular
molecules [1]. Inflammation, apoptosis, fibrosis, and the
maturation of collagen scar remodel the heart after MI
[1, 2]. Although early inflammation, apoptosis, and fibrosis
are necessary events for cardiac repair, disproportionately
prolonged inflammation, excessive apoptosis, and overactive
fibrotic responses can lead to sustained tissue damage and
increased cell loss and improper healing, thus promoting
expansion of the infarct area and leading to chamber dilata-
tion [3, 4]. In clinical practice, therapeutic manipulation of
the ensuing repair process has proved much more chal-
lenging and elusive. Therefore, exploring new therapeutic
strategies that effectively target this detrimental process is
of great importance.

Aucubin is a natural compound that can be extracted
from the leaves of Aucuba japonica and Eucommia ulmoides
[5]. It shows multiple pharmacological effects, including
anti-inflammatory [6, 7], antiapoptosis [8, 9], neuroprotec-
tive [10], and antioxidative [5, 11] properties. By inhibition
of NF-κB signaling, aucubin prevents proinflammatory
cytokine-induced inflammatory response [6, 7]. Aucubin is
also reported to regulate Bcl-2 family protein expression
and inhibit cell death [12] and apoptosis [8, 9]. Ho et al.
reported that aucubin protected against UVB-induced skin
fibroblast activation by inhibition of the production of
matrix metalloproteinase-1 [13]. Since inflammation, cardio-
myocyte apoptosis, and fibrosis are all involved in the pro-
gression of cardiac remodeling after MI [1], aucubin was
supposed to have protective effects on cardiac remodeling
post-MI because of the anti-inflammatory, antiapoptotic,
and antifibrotic properties. Until now, it has remained
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unclear whether aucubin could retard or even reverse cardiac
remodeling post-MI. Hence, the aim of our study was to
investigate the protective effect of aucubin on LV remodeling
after MI.

2. Materials and Methods

2.1. Reagents. Aucubin (98% purity) was purchased from
Shanghai Winherb Medical S&T Development Co. Ltd.
(Shanghai, China). The primary antibodies against Bax,
Bcl-2, c-caspase 3, TNFα, phosphorylated and total JNK,
nNOS, and GAPDH were purchased from Cell Signaling
Technology (MA, USA). The antibodies against total ASK1,
SOD, Trx, gp91, P67, iNOS, and eNOS were purchased
from Abcam (Cambridge, UK). The antibodies against
phosphorylated ASK1 were purchased from Santa Cruz
Inc. (TX, USA).

2.2. Animals. All animal procedures were performed in
accordance with the Guide for the Care and Use of Labora-
tory Animals published by the US National Institutes of
Health (NIH Publication Number 85-23, revised 1996) and
approved by the Animal Care and Use Committee of Renmin
Hospital of Wuhan University. Eight- to ten-week-old male
C57/BL6 mice were purchased from the Institute of Labora-
tory Animal Science (Beijing, China). nNOS-KO mice were
purchased from Jackson Laboratory. The animals were ran-
domly assigned to 4 groups: vehicle-sham group, aucubin-
sham group, vehicle-MI group, and aucubin-MI group. The
administration of aucubin (10mg/kg, intraperitoneal injec-
tion) was performed 3 days after MI surgery and maintained
for a further 11 days.

2.3. Left Coronary Artery Ligation Surgery. The left coronary
artery ligation (LAD) surgery was performed, as in our
previous study [14]. Briefly, mice were anesthetized by
sodium pentobarbital (50mg/kg, ip). After opening the peri-
cardium, a 7-0 silk suture was used to ligate the left coronary
descending artery. In sham-operated mice, the left coronary
artery was encircled without ligation in sham surgery mice.
The operations and all analyses were performed blinded.

2.4. Echocardiography and Hemodynamics. Echocardiogra-
phy and hemodynamic measurement were performed, as
described in our previous study [14]. Briefly, a MyLab
30CV ultrasound (Biosound Esaote) was used.

For hemodynamic measurement, a microtip catheter
transducer (SPR-839; Millar Instruments, Houston, TX)
was used.

2.5. Histological Analysis and Immunohistochemistry. Hema-
toxylin and eosin (HE) staining and Masson trichrome
staining were performed, as our previous study described
[14]. For immunohistochemistry, the heart sections were
incubated with primary antibodies anti-CD68 (ABD Serotec,
MCA1957) and anti-CD45 (Abcam, ab10558). Then, sec-
tions were incubated with EnVision™+/HRP reagent and
stained with a DAB detection kit.

2.6. TUNEL Staining. TUNEL staining was performed, as
our previous study described [14]. Briefly, a TUNEL assay
(Millipore, USA) was used according to the manufacturer’s
instructions. A fluorescence microscope (Olympus DX51)
was used to evaluate apoptotic cells.

2.7. NO and ROS Detection. NO production was determined
as the measurement of nitrate plus nitrite using the Griess
reaction assay (Cayman Chemical, Ann Arbor, MI) accord-
ing to the manufacturer’s instructions [15].

A 2,7-dichlorodihydrofluorescein diacetate (DCF-DA,
Invitrogen) was used to detect ROS level with a microplate
reader to detect excitation wavelength of 488 nm and
emission at 525nm.

2.8. RT-PCR and Western Blot Analysis. RT-PCR and
Western blot were performed, as our previous study
described [14]. Briefly, total RNA was extracted and
reverse-transcribed into cDNA. A LightCycler 480 SYBR
Green 1MasterMix (04707516001; Roche) was used to quan-
tify amplification. The GAPDH gene was used as reference.

For Western blot, cardiac tissue and cardiomyocytes
were lysed and then loaded on an SDS-PAGE. After
transfer to a membrane, primary antibodies were used
to incubate the blot. After incubation with secondary
antibodies, the blots were scanned by a two-color infrared
imaging system (Odyssey, LI-COR). GAPDH protein was
used as the reference.

2.9. Cell Culture. The H9c2 cell culture was performed, as our
previous study described [14, 16]. Cells were pretreated with
aucubin (1μM, 10μM, and 50μM) and/or NAC (10mM),
L-NAME (100μM), L-VINO (10μM), and L-canavanine
(1mM) for 12h and then exposed to hypoxia in a BioSpherix
C-Chamber (5% oxygen) for 24 h. Cells in the control group
were cultured in a 5% CO2 and 95% air at 37°C.

2.10. Statistical Analysis. The data are presented as the
mean ± SE. A one-way analysis of variance followed by
Tukey’s post hoc test was used to analyze differences
among groups. Student’s t-test was used to analyze dif-
ferences between two groups. A p value less than 0.05
was considered significant.

3. Results

3.1. Aucubin Improves Survival Rates and Postinfarction
Cardiac Function. Mice in the sham group were alive at
the end of the observation period in both the aucubin
and vehicle-treated sham groups. The survival rate of the
mice in the vehicle-MI group was significantly lower than
in the aucubin-MI group (61.6% versus 30%, respectively;
P < 0 05; Figure 1(a)). In addition, triphenyltetrazolium
chloride (TTC, 1%, Sigma, USA) staining showed that
aucubin reduced the ratio of infarct size at 2 weeks after
MI, as shown in Figures 1(b) and 1(c).

Echocardiography and hemodynamic measurements
revealed that aucubin improved cardiac dysfunction 2
weeks post-MI, as evidenced by increased LVEF, LVFS,
dP/dtmax, dP/dtmin, and ESP and decreased EDP in
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aucubin-treated mice compared with that in vehicle-
treated mice (Figures 1(d) and 1(e)). However, aucubin
did not affect the heart rate in either the sham or MI groups
(Figure 1(e)). It is worth noting that under basal conditions,
aucubin administration did not affect the normal cardiac
structure or function.

3.2. Aucubin Attenuated Cardiac Hypertrophy and Fibrosis
Post-MI. At 2 weeks after MI, the ratios of heart weight
(HW)/body weight (BW), HW/tibial length (TL), and lung
weight (LW)/BW were remarkably increased in vehicle-
treated mice (Figure 2(a)) as well as the cross-section area
(CSA) of cardiomyocytes (Figure 2(b)). Aucubin treatment
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Figure 1: Aucubin improves survival rates and postinfarction cardiac function. (a) Kaplan-Meier survival analysis of mice in the vehicle-MI
and aucubin-MI groups in the first 2 weeks after MI. (b) and (c) Triphenyltetrazolium chloride (TTC, 1%, Sigma, USA) staining of mouse
hearts in the vehicle-MI and aucubin-MI groups 2 weeks after MI ((b) representative image and (c) quantitation result). ∗p < 0 05 versus
vehicle-MI. (d, e) Echocardiographic ((d) LVEF, LEFS) and hemodynamic ((e) heart rate, ESP, EDP, dP/dtmax, and dP/dtmin) results for
mice in the four groups at 2 weeks post-MI (n = 6 – 8). ∗p < 0 05 versus vehicle-sham and #p < 0 05 versus vehicle-MI.
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Figure 2: Continued.
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inhibited these alterations. Consistently, aucubin also
hampered the increases of LVEDd and LVESd post-MI
(Figure 2(c)). Additionally, aucubin decreased the tran-
scription of hypertrophic marker level, while increasing the
α-myosin heavy chain (α-MHC) expression level compared
with that in the vehicle group (Figure 2(d)).

Meanwhile, aucubin also decreased interstitial fibro-
sis post-MI compared with that in the vehicle group
(Figure 2(e)) as well as the expression of fibrotic markers
(Figure 2(f)). These data indicate that the administration of
aucubin alleviates cardiac hypertrophy and fibrosis post-MI.

3.3. Aucubin Inhibits Inflammation and Apoptosis. Immuno-
histochemical staining of CD45 and CD68 (the leukocyte
and macrophage markers, resp.) in the infarcted border
zone revealed a decreased infiltration of leukocytes and
macrophages in aucubin-treated mouse hearts compared
with the vehicle mouse hearts (Figure 3(a)). Moreover,
aucubin decreased the expression level of those proinflam-
matory cytokines post-MI compared with the vehicle-MI
group (Figure 3(b)).

TUNEL assays were used to detect cardiomyocyte
apoptosis. MI induced larger numbers of apoptosis in
cardiomyocytes (Figure 3(c)) with decreased expression
of antiapoptotic protein Bcl-2 and decreased expression
of proapoptotic protein Bax and cleaved caspase 3
(Figure 3(d)), while aucubin reduced the apoptotic cell
number and increased the Bcl-2 expression and decreased
Bax and cleaved caspase 3 expression (Figures 3(c) and 3(d)).

The direct effects of aucubin on cardiomyocytes were
determined in vitro study. After pretreated with aucubin
(1μM, 10μM, and 50μM) for 12h, cardiomyocytes were
exposed to hypoxia for 24 h. The CKK8 result revealed that
both 10μM and 50μM aucubin could enhance cell viability,
while 1μM aucubin, it seems, could not protect cardiomyo-
cytes after exposure to hypoxia for 12 h (Figure 3(e)). Thus,
10μM and 50μM aucubin were selected to perform the

further study. Consistent with our in vivo results, both
10μM and 50μM aucubin, respectively, decreased the num-
ber of TUNEL-positive cells (Figure 3(f)). Accordingly, the
expressions of Bax and cleaved caspase 3 were remarkably
reduced, and antiapoptotic protein Bcl-2 was enhanced after
treatment with aucubin (Figure 3(g)).

3.4. Aucubin Inhibits MI and Hypoxia-Induced Activation of
the TNFα-ASK1-JNK Signal. To identify the underlying
mechanism of aucubin administration, we detected the
signaling pathways involved in cardiac remodeling post-MI.
MI induced increased expression of TNFα and increased
phosphorylated levels of JNK1/2 and ASK1. These levels
were totally blocked by aucubin treatment (Figures 4(a)
and 4(b)). Consistently, the hypoxia-induced enhanced
expression of TNFα and activation of ASK1 and JNK1/2
were inhibited by 50μM aucubin pretreatment (Figures 4(c)
and 4(d)).

To further verify whether aucubin targets on TNFα-
ASK1-JNK signaling cascades to perform its cardiopro-
tective effects, JNK inhibitor (SP600125) and agonist
(anisomycin) were used. SP600125 significantly reduced
hypoxia-induced apoptosis. Importantly, aucubin could
not further improve the reduced cell apoptosis by SP600125
(Figures 4(e) and 4(f)). JNK agonist, anisomycin, acceler-
ated hypoxia-induced apoptosis while abolishing the antia-
poptotic effect of aucubin (Figures 4(g) and 4(h)). Taken
together, inhibition of the TNFα-ASK1-JNK signaling
pathway accounted for the protective role of aucubin on
cardiac remodeling.

3.5. Aucubin Attenuates Oxidative Stress and Increases
Thioredoxin (Trx) In Vivo and In Vitro. Under physiological
conditions, Trx bonds with ASK1 leading to its inactivation.
Under various stimulations, ASK1 is phosphorylated and
dissociated from Trx, leading to its activation [17]. We then
detected the oxidative stress after aucubin treatment. The

5

3

4

1

2

C
ol

la
ge

n 
I (

fo
ld

 ch
an

ge
)

0

5

3

4

1

2

C
ol

la
ge

n 
II

I (
fo

ld
 ch

an
ge

)

0

⁎

⁎

# ⁎

⁎

#

Vehicle-sham
Aucubin-sham Aucubin-MI

Vehicle-MI

(f)

Figure 2: Aucubin attenuated cardiac hypertrophy and fibrosis post-MI. (a) Statistical analysis of heart weight (HW)/body weight (BW),
HW/tibial length (TL), and lung weight (LW)/BW in the mice from indicated groups post-MI (n = 6 – 8). (b) H&E staining (left, n = 6)
and statistical analysis of the cross-sectional area (right, CSA, n = 100 + cells per experimental group). (c) The echocardiographic
measurement of LVEDd and LVESd levels in the indicated mouse hearts post-MI (n = 6 – 8). (d) The relative mRNA levels of
hypertrophic markers: ANP, BNP, β-MHC, and α-MHC in the indicated mice hearts post-MI (n = 6). (e) PSR staining and statistical
analysis of the heart in the indicated mouse hearts post-MI (left, PSR staining; right, statistical analysis of the LV collagen volume (%),
n = 25 + fields per experimental group). (f) The relative mRNA levels of fibrosis markers: collagen I and collagen III in the indicated
mice hearts post-MI (n = 6). ∗p < 0 05 versus vehicle-sham and #p < 0 05 versus vehicle-MI.
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NADPH oxidase subunits, P67 and gp91, were decreased by
aucubin, while antioxidants SOD and Trx were increased by
aucubin treatment in vivo remodeling both mouse heart and
cardiomyocytes exposed to hypoxia (Figures 5(a), 5(b), 5(d),
and 5(e)). Aucubin also decreased ROS production in cardi-
omyocytes exposed to hypoxia (Figure 5(f)). We further
found that nitric oxide (NO) production decreased in
remodeling mouse heart and hypoxia-damaged cardiomyo-
cytes and increased after aucubin treatment (Figures 5(c)
and 5(g)).

3.6. nNOS Mediates the Protective Effects of Aucubin In Vitro.
Nitric oxide synthases (NOSs) are responsible for the
synthesis of NO from L-arginine. Thus, NOS expression
was detected after aucubin treatment. Neuronal NOS
(nNOS), inducible NOS (iNOS), and endothelial NOS
(eNOS) were all upregulated in both remodeled mouse

heart and hypoxia-damaged cardiomyocytes. However,
only nNOS was further increased by aucubin treatment
(Figures 6(a) and 6(c)). We further confirm the role of
nNOS on aucubin-mediated protective effects. Cardio-
myocytes were pretreated with aucubin and ROS scavenger
N-acetyl-cysteine (NAC) and then stimulated with H2O2 to
induce oxidative stress. H2O2 decreased the cell viability
and increased ROS production, while both aucubin and
NAC could preserve the cell viability and decrease the level
of ROS. Synergism of aucubin and NAC could not enhance
these protective effects (Figures 6(e) and 6(f)). Cardiomyo-
cytes were pretreated with the nonselective NOS inhibitor
(L-NAME), selective nNOS inhibitor (L-VINO), or selective
iNOS inhibitor (L-canavanine), and aucubin was then
exposed to hypoxia. Both L-NAME and L-VINO reversed
the protective effects of aucubin, as assessed by decreased
cell viability and increased ROS level (Figures 6(g) and
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Figure 3: Aucubin inhibits inflammation and apoptosis. (a) Immunohistochemistry staining of CD45- and CD68-positive cells in the heart in
the indicated mouse hearts post-MI (n = 6). (b) The relative mRNA levels of TNFα, MCP-1, and IL-1 in the indicated mouse hearts post-MI
(n = 6). ∗p < 0 05 versus vehicle-sham and #p < 0 05 versus vehicle-MI. (c) TUNEL staining (left) and quantitation (right) in the indicated
mouse hearts post-MI (n = 6, ∗p < 0 05 versus vehicle-MI). (d) Representative Western blots and quantitation of Bax, Bcl-2, and c-caspase 3
in the indicated mouse hearts post-MI (n = 6, ∗p < 0 05 versus vehicle-sham and #p < 0 05 versus vehicle-MI). Left, representative blots;
right, statistical analysis result. ∗p < 0 05 versus vehicle-sham and #p < 0 05 versus vehicle-MI H9c2 cells were pretreated with aucubin
(1 μM, 10μM, and 50μM) for 12 h and then exposure to hypoxia for 24 h. (e) Cell counting kit-8 (CCK8) assays were performed to
detect cell viability (n = 5, ∗p < 0 05 versus hypoxia and #p < 0 05 versus hypoxia + 1μM aucubin). (f) TUNEL staining (left) and
quantitation (right) in the indicated group (n = 6). (c) and (g) Western blots of Bax, Bcl-2, and c-caspase 3 in the indicated group (left,
representative blots; right, statistical analysis result) (n = 4 sample). ∗p < 0 05 versus normoxia + PBS and #p < 0 05 versus hypoxia + PBS.
All experiments were repeated independently three times.
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6(h)). Additionally, the iNOS inhibitor could not block the
protective effects of aucubin, as evidenced by increased cell
viability and decreased ROS level (Figures 6(g) and 6(h)).

3.7. nNOS Knockout (KO) Abolished the Antiremodeling
Effects of Aucubin In Vivo. nNOS KO mice were subjected
to LAD surgery and administered to aucubin treatment.
Twoweeks afterMI, nNOS-KOmice experienced a highdeath
rate (Figure 7(a)), augmented infarction area (Figures 7(b)
and 7(c)), increased cardiac hypertrophy (Figures 7(b) and
7(d)), fibrosis (Figures 7(e) and 7(f)), and cell apoptosis

(Figures 7(g) and 7(h)). However, aucubin treatment could
not improve these deteriorated outcomes (Figures 7(a)
and 7(h)).

4. Discussion

Myocardial ischemia-mediated necrosis and apoptosis after
MI promote the progression of heart failure [18]. Thus,
targeting apoptosis is a promising strategy for preventing
cardiac remodeling. Studies have reported the antiapoptotic
effect of aucubin in PC12 cells [19] and neuronal cells [20].
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Figure 4: Aucubin inhibits MI and hypoxia-induced activation of the TNFα-ASK1-JNK signal. (a) and (b) Western blot analysis of TNFα,
phosphorylated (p-) and total ASK1, and JNK in the indicated mouse hearts post-MI ((a) representative blots and (b) statistical analysis
result) (n = 6, ∗p < 0 05 versus vehicle-sham and #p < 0 05 versus vehicle-MI). (c) and (d) Western blot analysis of TNFα, phosphorylated
(p-) and total ASK1, and JNK in the aucubin- (10 μM, 50μM) pretreated H9c2 cardiomyocytes after exposure to hypoxia for 24 h
((c) representative blots and (d) statistical analysis result) (n = 4 sample). ∗p < 0 05 versus normoxia + PBS and #p < 0 05 versus
hypoxia + PBS (e–h). H9c2 cardiomyocytes were pretreated with a JNK inhibitor, SP600125 (10 μM), or JNK agonist, anisomycin
(40 ng/ml), and/or aucubin (50 μM) for 12 h and then exposed to hypoxia for 24 h. (e) and (g) TUNEL staining and quantitation in
the indicated group (n = 6 sample). (f) and (h) Representative Western blots and quantitation of c-caspase 3 in the indicated group
(n = 4 sample). ∗p < 0 05 versus normoxia + PBS and #p < 0 05 versus hypoxia + PBS. All experiments were repeated independently
three times.

9Oxidative Medicine and Cellular Longevity



MISham
AucubinVehicle AucubinVehicle

P67

gp91

SOD

Trx

GAPDH

60 kDa

65 kDa 

25 kDa 

12 kDa 

37 kDa 

(a)

⁎

⁎#

Vehicle-MI
Aucubin-MI

Vehicle-sham
Aucubin-sham

⁎

⁎#

⁎

⁎#

0.00
0.05
0.10
0.15
0.20
0.25

SO
D

/G
A

PD
H

0.0

0.1

0.2

0.3

0.4

gp
91

/G
A

PD
H

0.0

0.1

0.2

0.3

0.4

P6
7/

G
A

PD
H

(b)

⁎

⁎#

0.0

0.5

1.0

1.5

N
O

 p
ro

du
ct

io
n 

(r
el

at
iv

e a
u)

PBA-hypoxia
Aucubin-hypoxia

PBS-hormoxia
Aucubin-hormoxia

(c)

P67

gp91

SOD

Trx

GAPDH

Normoxia Hypoxia
AucubinPBS AucubinPBS

60 kDa

65 kDa

25 kDa

12 kDa

37 kDa

(d)

⁎

⁎#

⁎

#

⁎

#

PBA-hypoxia
Aucubin-hypoxia

PBS-hormoxia
Aucubin-hormoxia

⁎

0.00

0.05

0.10

0.15

P6
7/

G
A

PD
H

0.00

0.05

0.10

0.15

0.20

gp
91

/G
A

PD
H

0.00

0.05

0.10

0.15

0.20

SO
D

/G
A

PD
H

(e)

⁎

⁎#

0

5

10

15

RO
S 

flu
or

es
ce

nc
e

PBA-hypoxia
Aucubin-hypoxia

PBS-hormoxia
Aucubin-hormoxia

(f)

⁎

⁎#

0.0

0.5

1.0

1.5

N
O

 p
ro

du
ct

io
n 

(r
el

at
iv

e a
u)

PBA-hypoxia
Aucubin-hypoxia

PBS-hormoxia
Aucubin-hormoxia

(g)

Figure 5: Aucubin attenuates oxidative stress and increases thioredoxin (Trx) in vivo and vitro. (a) and (b)Western blot analysis of P67, gp91,
SOD, and Trx in the indicated heart tissue post-MI ((a) representative blots and (b) statistical analysis result) (n = 6). (c) NO production in the
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analysis result) (n = 4 sample). (f) ROS level detected by DCF-DA in the indicated group (n = 6 sample). (g) NO production in the indicated
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In this study, we found that the MI-induced cell apoptosis
and hypoxia-induced cardiomyocyte apoptosis were both
attenuated by aucubin treatment, which protected the
heart from the subsequent inflammatory and hypertrophic
response and fibrosis, ultimately leading to improved cardiac
remodeling and increased survival rate in mice. Two path-
ways mediate the apoptosis in the infarcted heart: one is the
intrinsic pathway activated by mitochondrial signaling; the
other is the extrinsic pathway mediated by the binding of
death ligands to death receptors on the cell surface [18].
Studies have revealed that aucubin is involved in both intrin-
sic [20] and extrinsic pathways [21]. Our data suggested that
aucubin regulated the expression of Bcl-2 family proteins and
decreased cleavage of caspase 3, which indicates inhibition of
the intrinsic pathway.

TNFα, released by many inflammatory cells as well as
cardiomyocytes after MI, is known to mediate apoptosis
[1]. TNFα binds to the TNFα receptor leading to the activa-
tion of ASK1 [16]. After activation, ASK1 activates JNK by
recruiting to oligomerized IRE1 complexes and leads its
activation [17, 22]. The activated JNK can phosphorylate
proapoptotic protein, Bim, and block antiapoptotic protein,
Bcl-2, leading to the imbalance of the proapoptotic pro-
tein/antiapoptotic protein ratio and consequently cell apo-
ptosis [17]. In our study, TNFα was found to increase
post-MI and hypoxia exposure, which induced activation
of the ASK1/JNK pathway. This signaling was blocked by
aucubin treatment. Interestingly, the JNK inhibitor reverses
the protective effects of aucubin on cardiomyocytes in a

hypoxia model. These data suggest that aucubin exerts
anticardiac remodeling effects via inhibition of the ASK1/
JNK pathway.

ASK1 acts as a redox sensor. Under physiological condi-
tions, Trx bonds with ASK1 leading to its inactivation. Under
various stimulations (TNFα or various oxidants), ASK1 is
phosphorylated and dissociated from Trx, leading to its
activation [23]. The activation of ASK1/JNK signaling by
oxidative stress and TNFα leads to apoptosis in various cell
types. Thereby, as a negative regulator, Trx is a potential
target [24]. We found that aucubin attenuation exceeded oxi-
dative stress and preserved Trx in remodeled mouse heart
and cardiomyocytes and thus blocked the activation of
ASK1. NO, a free-radical gas, plays an important role in
redox signal in heart diseases. In the heart, NO is mainly
derived from the classic L-arginine-NOS-NO pathway [25].
NO can target various types of proteins, leading to an
array of downstream signaling cascade activations. Of
interest, nNOS expressed in all parts of the heart, and its
derived NO plays a fundamental role in the heart’s patho-
physiological process [26]. nNOS shuttles into the nucleus,
banding and regulating the elements involved in oxidative
phosphorylation and mitochondrial biogenesis [26]. More-
over, by directly targeting heart oxidases, such as Trx,
oxidoreductase, and NADPH oxidase, nNOS-derived NO
controls redox signal and the downstream effects in the heart
[27]. We found that aucubin-triggered reduction in oxidative
stress was mediated by enhancement of the nNOS-NO path-
way. Aucubin increased nNOS expression leading to the
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Figure 6: nNOS mediates the protective effects of aucubin in vitro. (a) and (b) Western blot analysis of nNOS, iNOS, and eNOS in the
indicated heart tissue post-MI surgery ((a) representative blots and (b) statistical analysis result) (n = 6, ∗p < 0 05 versus vehicle-sham and
#p < 0 05 versus vehicle-MI). (c) and (d) Western blot analysis of nNOS, iNOS, and eNOS in the aucubin- (50 μM) pretreated H9c2
cardiomyocytes after exposure to hypoxia for 24 h ((c) representative blots and (d) statistical analysis result) (n = 4 sample). ∗p < 0 05
versus normoxia + PBS and #p < 0 05 versus hypoxia + PBS. (e) and (f) Cardiomyocytes were pretreated with NAC or aucubin and then
stimulated with H2O2. (f) Cell viability detected by CKK8 assay in the indicated group (n = 6 samples). (f) ROS level was detected by
DCF-DA in the indicated group (n = 6 samples). (g) and (h) Cardiomyocytes were pretreated with L-NAME, L-VINO, or L-canavanine
or/and aucubin and then exposed to hypoxia. (g) Cell viability detected by CKK8 assay in the indicated group (n = 6 samples). (h). ROS
level was detected by DCF-DA in the indicated group (n = 6 samples). ∗p < 0 05 versus normoxia + PBS and #p < 0 05 versus hypoxia +
PBS. All experiments were repeated independently three times.

12 Oxidative Medicine and Cellular Longevity



100

50

Vehicle-MI
Aucubin-MI

Su
rv

iv
al

 ra
te

 (%
)

0
0 5 10 15

(Days)

nN
O

S-
KO

(a)

nNOS-KO

Vehicle-sham Vehicle-MIAucubin-sham Aucubin-MI

(b)

Vehicle-MI
Aucubin-MI

In
fa

rc
tio

n 
ar

ea
 (%

)

80

60

40

20

0
Vehicle Aucubin

nNOS-KO MI

(c)

C
ell

 su
rfa

ce
 ar

ea
 (�휇

m
2 ) 800

600

400

200

0

nN
O

S-
KO

Vehicle-sham

Vehicle-MI
Aucubin-sham

Aucubin-MI

⁎ ⁎

(d)

nNOS-KO

Vehicle-sham Vehicle-MIAucubin-sham Aucubin-MI

(e)

20

15

10

5

0LV
 co

lla
ge

n 
vo

lu
m

e (
%

) ⁎ ⁎

Vehicle-sham

Vehicle-MI
Aucubin-sham

Aucubin-MI

(f)

Figure 7: Continued.
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augmented NO production and the subsequent diminished
oxidative stress. This protection of aucubin was totally abol-
ished by nNOS deficiency.

In conclusion, our data evidence that aucubin relieves
the cardiac remodeling process in response to MI and
improves cardiac function and survival rate in mice. These
protective effects of aucubin involve the regulating of the
nNOS/NO pathway, which leads to the diminished oxidative
stress and subsequent blocking of ASK1/JNK signaling.
Some limitations existed in our study. First, only one dosage
was used in our in vivo study. Future study about the distri-
bution of aucubin in blood after intraperitoneal injection
and the proper dosage should be determined. Second,
whether aucubin could influence other cell types and signal-
ing pathways in the process of cardiac remodeling needs
further study.
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As life expectancy increases, elderly populations tend to spend an increasing number of years in poor health, with chronic age-
related diseases and disability. Therefore, the development of therapeutic strategies to treat or prevent multiple
pathophysiological conditions in the elderly may improve health-adjusted life expectancy and alleviate the potential economic
and social burdens arising from age-related diseases. Bioactive natural products might represent promising new drug candidates
for the treatment of many chronic age-related diseases, including cancer, Alzheimer’s disease, cardiovascular disease, obesity,
and liver disease. Here, we discuss a therapeutic option using saikosaponins, which are triterpene saponins isolated from
Bupleurum, against a variety of age-related diseases. Understanding the underlying mechanisms of natural products like
saikosaponins in the treatment of age-related diseases may help in the development of diverse natural product-derived
compounds that may be effective against a number of chronic health problems.

1. Introduction

As the average lifespan increases, as a result of improved liv-
ing standards, there is greater concern regarding health-
adjusted life expectancy. Unfortunately, health-adjusted life
expectancy has not reached longevity, which means the prev-
alence of age-related diseases such as cancer, Alzheimer’s dis-
ease (AD), cardiovascular disease, diabetes, and liver disease
is likely to increase in the future. These diseases usually cause
physiologic deterioration and resultant morbidity and mor-
tality at an advanced age. Therefore, therapeutic strategies
to intervene in chronic age-related diseases are important
for achieving a healthy old age. With the aim of prolonging
healthy aging or postponing biological aging, a variety of
approaches are being used to develop effective methods for
the treatment or prevention of age-related diseases. Because
aging and age-related disease are believed to go hand in hand,
drugs and/or trials to treat or prevent chronic age-related dis-
eases might extend health-adjusted life expectancy. Oxidative
stress and inflammation are involved in the common patho-
logical features of age-related diseases.

Natural products can play an important role in the devel-
opment of new drugs as they may have advantages over con-
ventional chemical compound-based medications, such as
fewer side effects, less long-term toxicity, variable bioavail-
ability, and unidentified chemical structures and biological
activities. Bioactive natural products are derived from vari-
ous sources including plants, animals, marine organisms,
and microorganisms. Plant-derived natural products have
been the primary materials for the treatment of diseases.
Almost every part of the plant, including the leaf, flower,
bark, pod, fruit, seed, and root, can be exploited for drug
development. Natural products can be classified as alkaloids,
carbohydrates, glycosides, terpenoids, steroids, and pheno-
lics. Saikosaponins are triterpene saponin glycosides derived
from the traditional oriental medicinal plant, Bupleuri Radix,
which has been widely used for its antioxidant, anti-inflam-
matory, antipyretic, and antihepatotoxic effects in the treat-
ment of influenza, fever, hepatitis, malaria, and menstrual
disorders [1–5]. Previous research has shown that saikosapo-
nins exhibit a variety of pharmacological activities including
antioxidant, anti-inflammatory, antibacterial, antiviral, and
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anticancer effects [6–10]. To date, more than 100 saikosapo-
nins have been identified.

Although natural product-based drug development is
expected to be helpful for the prevention and treatment of
various chronic degenerative diseases, there is insufficient
information on the underlying mechanisms of natural prod-
ucts in the body. In this review, we discuss the therapeutic
implications of saikosaponins for the treatment of different
types of age-related diseases (Figure 1). Due to their relatively
profound founding and publishment, we discuss the thera-
peutic implications of the use of saikosaponins in cancer
treatment in greater detail.

2. Therapeutic Approaches for Cancer

Cancer is the leading cause of death worldwide. Over several
decades, many natural product-based drugs have been devel-
oped for cancer treatment, making up more than 60% of
anticancer agents. Natural product-based anticancer agents
can be used as a single agent or as an adjuvant with chemo-
therapy or radiotherapy. Among the saikosaponins, saikosa-
ponin a (SSa), saikosaponin b (SSb), and saikosaponin d
(SSd) have been shown to be anticancer agents. Compared
with their anticancer activity, the possible role of saikosapo-
nins in combating carcinogen-induced carcinogenesis has
not been well studied. However, the protective effect of SSd
on diethylinitrosamine-induced liver carcinogenesis has
been reported [11]. Diethylinitrosamine-treated Sprague
Dawley rats show histopathological features of putative pre-
neoplastic lesions, such as liver nodule formation, tumor
invasion of nearby organs, and increased cellular atypia.
Interestingly, intraperitoneal injection of SSd remarkably
reduced these lesions. SSd also lowers the expression of
cyclooxygenase-2 (Cox-2) and CCAAT/enhancer binding
protein β (C/EBPβ), both of which are induced by diethyli-
nitrosamine. These results suggest that SSd prevents
diethylinitrosamine-induced liver carcinogenesis in rats via
the downregulation of Cox-2 and C/EBPβ and that SSd
might be a novel chemopreventive agent against chemical-
induced liver carcinogenesis.

SSa is a major bioactive compound of saikosaponins.
SSa-induced anticancer activity has been well reported
[12–19]. SSa has been shown to inhibit hepatoma cell
growth and DNA synthesis [12, 14–16]. Given that mRNA
and protein expression of the cyclin-dependent kinase
(Cdk) inhibitors p15 and p16, but not of the Cdk inhibi-
tors p21 or p27, are induced by SSa and that phosphory-
lation of extracellular signal-regulated kinase (Erk) is
induced by SSa [15, 16], SSa-induced inhibition of hepa-
toma cell growth might be associated with the expression
of p16 family proteins and the phosphorylation of Erk.
Furthermore, pretreatment with PD98059, an inhibitor of
MEK, an upstream kinase of Erk, prevents SSa-triggered
inhibition of hepatoma cell growth and the accompanying
induction of p15 and p16 [16], indicating that activation
of Erk and the downstream induction of p16 family pro-
teins are critical for SSa-induced inhibition of hepatoma
growth. SSa also exhibits anticancer activity in breast can-
cer. SSa inhibits the proliferation or viability of human

breast cancer cells by triggering apoptosis [17]. It induces
apoptosis in MCF-7 (wild-type p53) cells through a p53-
p21-dependent pathway and in MDA-MB-231 (mutant
p53) cells through a p53-p21-independent pathway. In
addition, SSa can induce the differentiation of rat C6 gli-
oma cells into astrocytes and/or oligodendrocytes [13].
Our group has been investigating the therapeutic implica-
tions of SSa in colon cancer. We have found that SSa-
induced cytotoxicity is greater in human colon cancer cells
compared with other cancer cells, including lung cancer,
breast cancer, and leukemia, indicating that SSa can trigger
apoptotic cancer cell death in a cell type-dependent man-
ner [19]. We also demonstrated that sequential activation
of caspase-4, 2, and 8 is critical for SSa-induced caspase-
3 activation and apoptosis in human colon cancer cells
and that caspase-4 acts upstream of SSa-induced DNA
damage [18, 19]. Given that SSa-induced apoptosis is spe-
cific to certain types of cancer, including colon cancer,
care should be taken when SSa is used as a therapeutic
tool in cancer treatment.

SSb is also a natural terpenoid. Among SSbs, saikosapo-
nin b2 (SSb2) appears to exhibit anticancer activity, espe-
cially against melanoma. In B16 melanoma cells, a relatively
high concentration of SSb2 (60–100μM) induces apoptosis,
while chronic (30 days) low-dose SSb2 (5μM) induces differ-
entiation rather than apoptosis [20, 21]. Interestingly, phor-
bol 12-myristate 13-acetate (PMA), a protein kinase C
(PKC) activator, markedly inhibits both high-concentration
SSb2-induced apoptosis and low-concentration SSb2-
induced differentiation, suggesting that SSb2 exerts its anti-
cancer activity by downregulating PKC activity. Given that
a relatively high concentration of SSb2 is required to trigger
apoptosis, SSb appears to be less effective against cancer cells
compared with SSa and SSd.

SSd is also a triterpene saponin found in Bupleurum
that exhibits a variety of pharmacological activities. Due
to its diverse actions, a number of studies investigating
SSd compared with other saikosaponins have been per-
formed, especially in cancer research. The anticancer activ-
ity of SSd has been broadly investigated for a variety of
cancer types, including hepatoma, glioma, melanoma,
and lung, thyroid, and prostate cancers [12, 13, 22–31].
First, SSd exerts its anticancer effects against hepatoma
cells through induction of caspase-3-dependent and inde-
pendent apoptosis [22, 23], induction of p53-p21-
mediated G1 phase arrest [23], downregulation of key reg-
ulators of cancer progression [25], and downregulation of
the signal transducer and activator of transcription 3-
(STAT3-) hypoxia inducible factor- (HIF-) 1α-Cox-2 path-
way [29]. Second, like SSa, SSd can also induce the differ-
entiation of rat C6 glioma cells into astrocytes [13].
However, unlike SSa, SSd cannot induce the differentiation
of C6 glioma cells into oligodendrocytes. Third, SSd
inhibits A549 lung cancer cell growth by inducing apo-
ptosis and G1 phase arrest [24]. Enhanced expression of
p53, p21, Bax, Fas, and Fas ligand appears to be the
underlying mechanism of the anticancer effects of SSa
in lung cancer, especially in nonsmall cell lung cancer.
Fourth, SSd inhibits proliferation of human undifferentiated

2 Oxidative Medicine and Cellular Longevity



(anaplastic) thyroid carcinoma cells through p53-p21-
mediated G1 phase arrest and Bcl-2 family-mediated
apoptosis [27]. Fifth, SSd inhibits proliferation of human
prostate cancer cells through p53-p21-mediated G1 phase
arrest and Bcl-2 family-mediated mitochondrial apoptosis
[28]. SSd also inhibits the growth and colony formation
of prostate cancer cells by reversing the epithelial-
mesenchymal transition and metastasis and by suppressing
cancer stem cell phenotypes such as self-renewal [31].
Finally, SSd nanoparticles exhibit antimelanoma activity
[30]. The activation of mitogen-activated protein kinases
(MAPKs; p38 and c-Jun N-terminal kinase (JNK)) and p53
and cytosolic release of cytochrome c are involved in SSd
nanoparticle-mediated antimelanoma activity. To date, SSd
is the most potent compound with antimelanoma activity.
SSd can also induce autophagic cell death, especially in
apoptosis-defective cells. For example, SSd induced autoph-
agy through theCa2+-calcium/calmodulin-dependent protein
kinase- (CAMKK-) AMP-activated protein kinase- (AMPK-)
mammalian target of rapamycin (mTOR) pathway in
HeLa and MCF-7 cells [26]. SSd can also cause the disrup-
tion of calcium homeostasis and resultant endoplasmic
reticulum stress, representing another mechanism of
autophagy induction in the same cancer cell lines. There-
fore, SSd might also be a promising autophagy-regulating
anticancer agent for targeting apoptosis-defective or
apoptosis-resistant cancer cells.

The development of multidrug resistance (MDR) is a
major obstacle in successful cancer chemotherapy. P-

glycoprotein (P-gp), a transmembrane multidrug transporter
capable of pumping many drugs out of cells and thus decreas-
ing effective intracellular drug concentrations, is widely con-
sidered an important player in MDR. Both SSa and SSd
appear to induce the reversal of P-gp-mediated MDR. SSa
can increase the chemosensitivity of P-gp-overexpressing
HepG2/adriamycin (ADR) and MCF-7/ADR MDR cancer
cells to doxorubicin, vincristine, and paclitaxel by promoting
apoptosis, increasing the retention of drugs, and reducing P-
gp expression [32]. SSd can also increase the cytotoxicity of
doxorubicin in MCF-7/ADR cells by inhibiting P-gp-
mediated drug efflux, restoring drug accumulation, and
downregulating P-gp expression [33]. Moreover, SSd can
enhance the efficacy of doxorubicin in MCF-7/ADR xeno-
graft mouse models as well as cell culture models without
altering the pharmacokinetic profiles of doxorubicin [34].
Thus, both SSa and SSd may be further developed as potent
reversal agents for P-gp-mediated MDR in cancer therapy.

Consistent with the ability of both SSa and SSd to reverse
MDR in preclinical models, SSa and SSdmight sensitize resis-
tant cancer cells to chemotherapy or radiotherapy. Both SSa
and SSd can sensitize various types of cancer cells, including
cervical, ovarian, and nonsmall cell lung, to cisplatin-
induced cell death [35]. SSa- and SSd-mediated sensitization
is accompanied by an increase in reactive oxygen species
(ROS) and an increase in caspase activation. Tumor necrosis
factor- (TNF-) α, a multifunctional proinflammatory cyto-
kine, can induce apoptotic cell death of certain types of
cancer. However, TNF-α-induced activation of the
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Figure 1: The use of saikosaponins and implications for age-related diseases. Several types of saikosaponins, such as saikosaponin a (SSa),
saikosaponin b (SSb), saikosaponin c (SSc), and saikosaponin d (SSd), could be used to treat age-related diseases. SSa, SSb, and SSd may
be used for the treatment of cancer as single anticancer or adjuvant agents. Inhibitory actions of saikosaponins against P-glycoprotein-
mediated multidrug resistance are implicated in the ability of saikosaponins to sensitize cancer cells to chemotherapy or radiotherapy. SSc
has dual effects on human Alzheimer’s disease by targeting both tau and amyloid beta. SSa may slow or reverse the progression of
atherosclerosis by inhibiting oxidized low-density lipoprotein-induced activation of p38 and the c-Jun N-terminal kinase mitogen-
activated protein kinase pathway and assembly of the NLR family pyrin domain containing 3 inflammasome. SSa exerts antiobesity
activity by acting as a 5-hydroxytryptamine 2C receptor agonist or by suppressing extracellular signal-regulated kinase/nuclear factor-
(NF-) κB pathway-induced inflammation. SSd provides protection against diabetic nephropathy through the upregulation of Sirt3
followed by mitochondrial antioxidant enzymes like isocitrate dehydrogenase 2 and manganese-dependent superoxide dismutase. SSa, SSc,
and SSd may be used for the treatment of inflammatory disorders, such as asthma, arthritis, and sepsis, by downregulating the NF-κB
signaling pathway or inhibiting vascular injury/apoptosis. Lastly, SSa and SSd protect the liver against age-associated injury and fibrosis by
suppressing cytokines, including platelet-derived growth factor and transforming growth factor-β1.
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transcription factor nuclear factor- (NF-) κB and NF-κB-
driven expression of prosurvival factors is a major obstacle
to preventing the cancer therapeutic efficacy of TNF-α.
Therefore, inhibiting the activation of NF-κB may improve
the efficacy of TNF-α. SSd enhances TNF-α-mediated apo-
ptosis by suppressing TNF-α-induced NF-κB activation and
the expression of its target prosurvival genes implicated in
cancer cell proliferation, invasion, angiogenesis, and metasta-
sis [36]. SSb can sensitize etoposide-induced apoptotic cell
death in murine B16F10 melanoma cells by suppressing
NF-κB activation and inducing DNA damage [37]. The
radiosensitizing activity of SSd has also been well reported
in human hepatoma cells [38–40]. SSd increases the radiosen-
sitivity of smmc-7721 hepatoma cells by inducing G0/G1
arrest in conditions of oxia and hypoxia [38]. SSd-mediated
radiosensitization is accompanied by the upregulation of
p53 and Bax and the downregulation of Bcl-2 in conditions
of oxia and hypoxia [38, 39]. In particular, the SSd-
mediated decrease in HIF-1α expression is critical for the
effect of SSd on p53, Bax, and Bcl-2 in hypoxic conditions.
SSd-mediated radiosensitization in hypoxia is also correlated
with increased apoptosis [39]. Furthermore, the in vivo radio-
sensitizing activity of SSd was confirmed with subcutaneous
smmc-7721 nude mouse xenografts [39]. SSd can also
enhance radiation-induced DNA damage and, more impor-
tantly, upregulate the level of antioxidants following radiation
treatment, indicating another beneficial effect of SSd [40].
Taking these findings into account, SSa and SSd can be used
as adjuvant therapies together with chemotherapy or radio-
therapy to enhance the therapeutic effect.

The structures of saikosaponins can be elucidated by
comprehensive spectroscopic and chemical analysis. A
novel spectroscopic approach has been developed to
understand structure-activity relationships (SAR) more
fully. SAR studies have shown that SSa and SSd, but not
SSc, possess significant anti-inflammatory activities. In
cancer therapy, SAR results suggest that the 13,28-epoxy
bridge, in which C-28 can be a methylene, a hydroxy-
methylene, or a carbonyl group, is important for the selec-
tivity and cytotoxicity of saikosaponins [41]. SAR studies
also indicate that the spatial orientation of the hydroxyl
group and the type of sugar unit are important for effec-
tive cancer therapeutic action by saikosaponins.

Although SSa, SSb, and SSd have been shown to exhibit
antitumor activity, it is unlikely that all saikosaponins will
be useful in cancer treatment. The results to date suggest that
SSc is not suitable for cancer therapy, as it does not affect can-
cer cell growth. Instead, SSc may have the potential for ther-
apeutic angiogenesis. For example, SSc induces human
umbilical vein endothelial cell (HUVEC) growth, migration,
and capillary tube formation [42]. Molecular signaling com-
ponents, such as matrix metalloproteinase-2, vascular endo-
thelial growth factor, and Erk, which are important in
endothelial cell growth, migration, and angiogenesis, are also
induced by SSc. We also found that SSc is less cytotoxic than
other saikosaponins (unpublished data). Various approaches
for using saikosaponins as a single modality or as an adjuvant
for cancer therapeutic purposes are summarized in Tables 1
and 2, respectively.

3. Therapeutic Approaches for Dementia

Dementia is caused by disorders that affect brain func-
tion, such as memory, language, and learning. AD and
vascular dementia are the most common types of
dementia. AD is a progressive neurodegenerative disorder
that causes the loss of intellectual and social skills
including orientation, behavior, memory, thinking, and
judgment. A combination of genetic, lifestyle and envi-
ronmental factors influences the development and pro-
gression of AD. Brains from patients with AD are
characterized by brain shrinkage (atrophy), which affects
nearly all functions, including memory and thinking.
The presence of tangles composed of phosphorylated
tau and senile plaques composed of amyloid beta (Aβ)
peptide, a metabolite of the sequential cleavage of amy-
loid precursor protein, is the neuropathological hallmark
of AD.

Recently, we identified SSc as a potential natural com-
pound to target both tau and Aβ [43]. Specifically, SSc
inhibits the secretion of Aβ1–40 and Aβ1–42 and abnormal
tau phosphorylation at multiple AD-related sites. Further-
more, SSc exerts beneficial effects on normal cellular tau
function, accelerating nerve growth factor-mediated neur-
ite outgrowth and promoting the assembly of microtu-
bules. Together, these results indicate that SSc might be
a novel therapeutic tool for treating human AD. The
therapeutic activity of SSc in other forms of dementia,
such as vascular dementia, has not been assessed.

4. Therapeutic Approaches for
Cardiovascular Diseases

Cardiovascular diseases (CVDs) refer to a class of diseases
that involve the heart and blood vessels, including coro-
nary artery diseases (e.g., angina and myocardial infarc-
tion), stroke, heart failure, hypertensive heart disease, and
other conditions affecting the cardiovascular system. The
development of CVDs is associated with multiple risk fac-
tors. In East Asian countries, several natural products or
derivatives have been used as traditional oriental herbal
medicines to treat CVDs.

The therapeutic benefit of saikosaponins against athero-
sclerosis has been reported [44, 45]. Saikosaponins can
inhibit oxidized low-density lipoprotein- (ox-LDL-) induced
HUVEC injury and apoptosis by inhibiting the inflamma-
tory response and oxidative stress [44]. Ox-LDL increases
the level of inflammatory cytokines (TNF-α and interleukin-
(IL-) 6), adhesion molecules (intercellular adhesion
molecule-1 and vascular cell adhesion protein-1), and mal-
ondialdehyde (MDA) and reduces the activity of superoxide
dismutase (SOD), all of which are significantly inhibited by
saikosaponins. These antiatherosclerotic effects of saikosa-
ponins are dependent on the inhibition of p38 and the
JNK MAPK signaling pathway. Among the saikosaponins,
SSa appears to be a major bioactive component involved in
antiatherosclerosis activity. SSa attenuates ox-LDL-induced
lipid uptake and promotes cholesterol efflux to inhibit foam
cell formation, a hallmark of early atherosclerosis [45].
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Concomitantly, SSa enhances the expression of ATP-
binding cassette transporter A1 and peroxisome
proliferator-activated receptor γ, both of which can protect
against atherosclerosis and slow the progression of athero-
sclerosis. Mechanistically, SSa inhibits ox-LDL-induced acti-
vation of Akt and NF-κB, assembly of the NLR family pyrin
domain containing 3 (NLRP3) inflammasome, and the con-
sequent release of inflammasome-dependent cytokines.
These results suggest that SSa has therapeutic potential
against atherosclerosis by modulating the PI3K/Akt pathway
and the NLRP3 inflammasome.

Platelet aggregation induced by collagen, thrombin,
and adenosine diphosphate (ADP) can lead to abnormal
clotting and increase the risk of CVD such as heart attack
and stroke via thrombotic and atherogenic mechanisms.
Thromboxane is known to play an important role in plate-
let activation and coagulation following thrombin activa-
tion. SSa significantly inhibits ADP-induced platelet
aggregation and platelet thromboxane formation from ara-
chidonic acid [46]. The inhibitory effect of SSa on platelet
activation indicates the therapeutic benefit of SSa in the
maintenance of vascular homeostasis.

Table 1: Therapeutic strategies for cancer using saikosaponins. Related references are listed.

Saikosaponins Mode of action Target molecules Cancer model Ref.

SSa

Growth inhibition Not determined Liver cancer [12]

Differentiation Not determined Glioma [13]

Increase in sub-G1 peak Not determined Liver cancer [14]

G1 phase arrest p15, p16 Liver cancer [15]

G1 phase arrest Erk, p15, p16 Liver cancer [16]

Apoptosis Bcl-2, c-Myc, p53, p21 Breast cancer [17]

Apoptosis Caspase-2, Caspase-8 Colon cancer [18]

Apoptosis, DNA damage Caspase-4, Caspase-2 Colon cancer [19]

SSb
G1 phase arrest PKC Melanoma [20]

Differentiation PKC Melanoma [21]

SSd

Growth inhibition Not determined Liver cancer [12]

Differentiation Not determined Glioma [13]

Apoptosis Not determined Liver cancer [22]

G1 phase arrest, apoptosis p53, p21, Bax, Fas (L), NF-κB Liver cancer [23]

G1 phase arrest, apoptosis p53, p21, Bax, Fas (L) Lung cancer [24]

Inhibition of invasiveness and metastasis MMP-2, MMP-13, TIMP-2 Liver cancer [25]

Autophagic cell death CAMKK, AMPK, mTORC Apoptosis-resistant cancer [26]

G1 phase arrest, apoptosis p53, p21, Bax, Bcl-2 Undifferentiated thyroid cancer [27]

G1 phase arrest, apoptosis p53, p21, Bcl-2, cytochrome c Prostate cancer [28]

Apoptosis STAT3, HIF-1a, Cox-2 Liver cancer [29]

Apoptosis JNK, p38, p53, cytochrome c Melanoma [30]

Inhibition of invasiveness, metastasis, stemness GSK3β, Wnt/β-catenin Prostate cancer [31]

Table 2: Therapeutic strategies for improving sensitivity to chemotherapy and radiotherapy with the use of saikosaponins in cancer therapy.
Related references are listed. DOX: doxorubicin; VCR: vincristine; PAC: paclitaxel; CDDP: cisplatin; ET: etoposide; IR: ionizing radiation;
GSH: glutathione; MDA: malondialdehyde.

Saikosaponins Therapy Mode of action Target molecules Cancer model Ref.

SSa
DOX, VCR, PAC Apoptosis P-gp MDR breast & liver cancer [32]

CDDP Apoptosis ROS Cervical & ovarian & lung cancer [35]

SSb ET Apoptosis, DNA damage NF-κB Melanoma [37]

SSd

DOX Cytotoxicity P-gp MDR breast cancer [33]

DOX Cytotoxicity P-gp MDR breast cancer [34]

CDDP Apoptosis ROS Cervical & ovarian & lung cancer [35]

TNF-α Apoptosis NF-κB Cervical & liver cancer [36]

IR G1 phase arrest, apoptosis p53, Bax, Bcl-2 Liver cancer [38]

IR Apoptosis HIF-1α, p53, Bax, Bcl-2 Liver cancer [39]

IR DNA damage GSH, MDA Liver cancer [40]
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5. Therapeutic Approaches for Obesity

Obesity is a common and growing public health problem in
modern life, and effective treatment is challenging. Obesity
results in an increased mortality rate and significant health
problems, including type 2 diabetes, hypertension, heart dis-
ease, stroke, hyperlipidemia, asthma, and certain types of
cancer. However, the role of drug therapy in the comprehen-
sive care of patients with obesity has been questioned. Most
obesity drugs have both efficacy and safety issues. Long-
term medication is limited in its effects on weight loss, and
most patients regain weight once the use of obesity drugs is
stopped. Abundant natural products have been explored for
their potential to treat obesity, which could provide an excel-
lent alternative strategy for the management of obesity.

Recently, the antiobesity action of saikosaponins has
been reported [47, 48]. Modulating 5-hydroxytryptamine
2C (5-HT 2C) appears to be an important strategy for the
treatment of obesity because the central 5-HT system is crit-
ical for the brain’s control of energy homeostasis, and human
obesity is associated with a diminished biosynthesis and
chronic turnover of 5-HC in the brain. Saikosaponins exhibit
agonistic activity on the 5-HT 2C receptor, thereby exerting
antiobesity properties [47]. SSa appears to be the biologically
active compound with antiobesity properties, with obvious
agonistic activity on the 5-HT 2C receptor. SSa can also
attenuate obesity-associated inflammation in hypertrophied
3T3-L1 adipocytes via the Erk/NF-κB pathway [48]. Finally,
SSa significantly decreases proinflammatory cytokines, such
as TNF-α and IL-1β, and inflammatory factors, such as
inducible nitric oxide synthase (iNOS) and Cox-2, by inhibit-
ing the NF-κB pathway in 3T3-L1 adipocytes. Given that pre-
treatment with U0126, an Erk inhibitor, inhibits nuclear
translocation of NF-κB, the antiobesity action of SSa appears
to be mediated by reduced inflammation via the downregula-
tion of Erk following NF-κB inhibition.

6. Therapeutic Approaches for Diabetes

Diabetes mellitus, which is commonly referred to as diabetes,
is a chronic metabolic disorder in which high blood glucose
levels are present in the body over a prolonged period due
to defects in the production and/or function of insulin.
Although diabetes may not be a normal part of aging and
type 1 diabetes can occur at any age, the incidence of type 2
diabetes, which is more common than type 1, increases with
age and is usually seen in middle-aged or older individuals.
Diabetes can damage both large and small blood vessels,
thereby increasing the risk of heart attack, stroke, blindness,
and kidney disease. In the treatment of diabetes, the efficacy
of antidiabetics varies for each individual, indicating that
more individual-specific diabetic treatment is needed. This
may be because many antidiabetics work on only one or
two causes of the disease. Side effects also present a signifi-
cant problem as some antidiabetics cause side effects such
as low blood glucose and/or weight gain.

Diabetes is a major risk factor for kidney disease because
diabetes can damage the kidney. Diabetic kidney disease, also
known as diabetic nephropathy, is the chronic loss of kidney

function that occurs in diabetes mellitus over a patient’s life-
time. SSd protects renal tubular epithelial cells against high
glucose-induced diabetic nephropathy [49]. High glucose
levels result in the production of highly reactive compounds
(e.g., ROS and MDA), as well as a concomitant decrease in
the activity of antioxidant enzymes (e.g., SOD) in renal tubu-
lar epithelial cells. Incubation with SSd significantly restores
these changes via the upregulation of mitochondrial NAD-
dependent deacetylase Sirt3 expression followed by the
upregulation of the expression of mitochondrial NADP-
dependent isocitrate dehydrogenase 2 and manganese-
dependent SOD.

7. Therapeutic Approaches for Inflammation

Inflammation is triggered by the innate immune system as
a defense mechanism against infection or tissue injury.
However, the transition from transient and/or acute
inflammation to chronic inflammation triggered by the
dysregulation of the normal immune response leads to
inflammatory disorders such as asthma, arthritis, and
autoimmune diseases. Inflammation appears to be related
to nearly every chronic disease, including cancer, demen-
tia, cardiovascular diseases, and diabetes.

Saikosaponins are well known for their immunomodula-
tory antiallergic inflammation action [50]. SSd suppresses
murine T lymphocyte activation [51], indicating that SSd
may be a potential candidate for the treatment of autoreac-
tive T lymphocyte-mediated autoimmune diseases. The
inhibitory effects of SSd on PMA-triggered T lymphocyte
activation are associated with SSd-induced downregulation
of NF-κB, nuclear factor of activated T-cells, and activator
protein-1 (c-Fos) signaling pathways. SSd is also effective in
the treatment of allergic reactions induced by β-conglycinin
[52]. SSd inhibits β-conglycinin-induced activation and
degranulation of rat basophilic leukemia-2H3 cells by sup-
pressing intracellular mobilization and tyrosine phosphory-
lation followed by suppression of ROS generation,
activation of Cdc42 and c-Fos, and β-hexosaminidase
release. Because soybean β-conglycinins are potential food
allergens, SSd might be an effective therapy for alleviating
soybean allergy. Both SSa and SSd exhibit anti-
inflammatory activity. iNOS and Cox-2 play pivotal roles in
the development of certain inflammatory conditions, and
modulating iNOS and Cox-2 is thought to be a promising
therapeutic tool to inhibit inflammation. Both SSa and SSd
inhibit the production of iNOS-derived nitric oxide and
Cox-2-derived prostaglandin E2 triggered by lipopolysaccha-
ride (LPS) in murine macrophage RAW264.7 cells [53]. The
LPS-induced production of proinflammatory cytokines, such
as TNF-α and IL-6, is also suppressed by SSa and SSd. All of
the inhibitory effects of SSa and SSd have been attributed to
the cytosolic retention of NF-κB in RAW264.7 cells. More-
over, these saikosaponins have been shown to exhibit signif-
icant in vivo anti-inflammatory activity in two different
murine models; a rat model of carrageenan-induced paw
swelling and a mouse model of acetic acid-induced vascular
permeability. Remarkably, these saikosaponins appear to be
useful in the treatment of inflammatory diseases. For
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instance, SSa can exert inhibitory activity against a rat model
of allergic asthma, a complex and chronic inflammatory dis-
order [54], and against inflammatory arthritis in a human
osteoarthritis chondrocyte cell model [55]. These findings
suggest that saikosaponins may be used in anti-
inflammatory treatment strategies for chronic disease.

Sepsis, a life-threatening body-wide complication of
infection, occurs through blood-borne infection with micro-
organisms such as bacteria, fungi, or viruses. Administration
of small doses of bacterial LPS to mice triggers acute inflam-
mation and endothelial damage and apoptosis, mimicking
the early stages of septic shock in humans. We recently dem-
onstrated that SSc inhibits LPS-induced apoptosis by inhibit-
ing caspase-3 activation and the subsequent degradation of
focal adhesion kinase in endothelial HUVECs [56]. Our
results suggest that SSc represents a promising therapeutic
candidate for the treatment of vascular endothelial cell injury
and barrier dysfunction.

8. Therapeutic Approaches for Liver Disease

Consistent with the fact that aging affects the liver to a lesser
degree than other organs and that there are no identified
liver diseases specific to advanced age, there have been few
comprehensive studies of liver degeneration during the
aging process. Nonetheless, liver function decreases and liver
damage increases with age. Acute liver injury has been
shown to be greater in aged rats compared with younger rats
[57, 58]. In a mouse liver model, age-related repression of
three key regulators of liver function, C/EBPα, farnesoid X
receptor, and telomerase reverse transcriptase, may lead to
an increase in liver injury and apoptosis following carbon
tetrachloride (CCl4) treatment [59]. Liver fibrosis is a conse-
quence of the excessive accumulation of extracellular matrix
(ECM) protein including collagen as a healing response trig-
gered by chronic liver injury. Aging also increases suscepti-
bility to hepatic inflammation and liver fibrosis and
enhances the liver fibrotic response by disrupting ECM
remodeling. Stellate cells are the major cell type involved in
liver fibrosis. Following liver injury, hepatic stellate cells
undergo activation, leading to increased proliferation and
migration, which is responsible for the increased synthesis
and deposition of ECM proteins in the liver and for amplifi-
cation of the fibrotic response.

Although Bupleurum has yielded a number of pharmaco-
logically active compounds, the most relevant for the treat-
ment of liver disease is the saikosaponins. Both SSa and SSd
have been shown to improve hepatic antioxidant capacity
and protect against CCl4-induced liver injuries, such as
inflammation and fibrosis, in rat models [8, 9, 60]. SSa and
SSd also inhibit platelet-derived growth factor (PDGF) and
transforming growth factor- (TGF-) β1-induced prolifera-
tion and migration of hepatic stellate cells [61]. Downregula-
tion of Erk/PDGF/TGF-β1 signaling has been implicated in
SSa- and SSd-mediated liver protection. Both SSa and SSd
also significantly induce hepatic stellate cell apoptosis. Given
that survival, proliferation, and migration of hepatic stellate
cells are key drivers of liver fibrosis and ECM remodeling,
SSa and SSd might exert therapeutic activities against liver

fibrosis and damage by inhibiting the activation of hepatic
stellate cells.

9. Conclusions and Perspectives

Natural products, such as herbal medicines, represent
monotherapies or adjunctive therapies in the treatment
of age-related diseases. Because conventional drugs have
limitations and adverse side effects, the development of
alternative medicines is necessary. Owing to the advan-
tages of natural products, additional pharmaceutical agents
will be discovered. Saikosaponins, which we have been
studying for a long time, can be developed as novel poten-
tial drugs for future therapeutic strategies. Naturally occur-
ring saikosaponins have been studied by different research
groups and found to be very promising drug candidates
for the prevention and treatment of various age-related
diseases due to their multiple actions in inflammation, oxi-
dant/antioxidant balance, and damage response.

However, despite its usefulness and potential for growth,
natural product-derived medicine has not yet been widely
applied in age-related diseases. As shown above, a significant
portion of the research on natural products, including saiko-
saponins, has focused on cancer. It is still unknown whether
saikosaponins exert therapeutic activity against other chronic
disorders such as the forms of dementia other than AD and
cardiovascular diseases other than atherosclerosis. Likewise,
the therapeutic relevance of saikosaponins in the aging pro-
cess remains unclear. Moreover, despite the extensive litera-
ture on the anticancer activities of saikosaponins, the
cytotoxicity of saikosaponins has not been well investigated
in normal cells. Therefore, it is necessary to evaluate the cyto-
toxic selectivity of saikosaponins for cancer cells versus nor-
mal cells. For research purposes, the accumulation of
scientific data through cell culture, molecular biology, and
in vivo mouse experiments will be necessary for an under-
standing of the underlying mechanisms of the therapeutic
action and toxicity of natural products like saikosaponins in
the body. Further studies of the possibly superior outcome
of saikosaponin treatment over other components of
Bupleuri Radix and the probable advantage of combined
treatment with saikosaponin monomers and other compo-
nents of Bupleuri Radix in the treatment of various age-
related diseases are also required.

Saikosaponins are minimally soluble in water. Saikosa-
ponins contain a rigid hydrophobic group and are dis-
solved in DMSO. Since DMSO may be toxic to normal
cells, there are safety concerns regarding the use of DMSO
as a solvent. However, given that less than 0.1% DMSO is
generally noninfluential and that the final concentration of
DMSO as a solvent of saikosaponins can be adjusted to be
no greater than 0.1%, the possibility of DMSO toxicity in
saikosaponin solution seems very slight. Nonetheless, the
poor solubility of saikosaponins may be a major problem
in future drug development. Therefore, various approaches
to improve the solubility and bioavailability of saikosapo-
nins should be considered. The application of pharmaceu-
tical particle technologies, such as particle size reduction
technologies and bioavailability enhancement technologies
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to saikosaponins may improve their solubility and phar-
macokinetics for clinical development.
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To protect against oxidative stress-induced apoptosis in lens epithelial cells is a potential strategy in preventing cataract formation.
The present study aimed at studying the protective effect and underlying mechanisms of p-coumaric acid (p-CA) on hydrogen
peroxide- (H2O2-) induced apoptosis in human lens epithelial (HLE) cells (SRA 01–04). Cells were pretreated with p-CA at a
concentration of 3, 10, and 30μM before the treatment of H2O2 (275 μM). Results showed that pretreatment with p-CA
significantly protected against H2O2-induced cell death in a dose-dependent manner, as well as downregulating the expressions
of both cleaved caspase-3 and cleaved caspase-9 in HLE cells. Moreover, p-CA also greatly suppressed H2O2-induced
intracellular ROS production and mitochondrial membrane potential loss and elevated the activities of T-SOD, CAT, and GSH-
Px of H2O2-treated cells. As well, in vitro study showed that p-CA also suppressed H2O2-induced phosphorylation of p-38, ERK,
and JNK in HLE cells. These findings demonstrate that p-CA suppresses H2O2-induced HLE cell apoptosis through modulating
MAPK signaling pathways and suggest that p-CA has a potential therapeutic role in the prevention of cataract.

1. Introduction

Age-related cataracts are the leading causes of blindness
among the elderly population, affecting nearly 50% of 180
million visually impaired people in the world [1]. Although
the surgery has proved effective for cataracts, it still exists in
many risks and complications [2]. It is estimated that if the
onset of clinical cataract can be delayed for 10 years, half of
the cataract surgeries will not be necessary [3]. Thus, to delay
or prevent cataract development would be important both
for increasing the well-being of older adults and for reducing
medical care costs. Oxidative stress caused by reactive oxygen
species (ROS) has long been recognized as the major contrib-
utor to the formation of cataract, and hydrogen peroxide
(H2O2) is the main intracellular ROS in the aqueous humor,

which can activate multiple signaling events such as the
activation of the caspases, the Bcl-2 family, the mitogen-
activated protein kinases (MAPKs), and NF-кB pathways to
induce lens epithelial cell (HLE) apoptosis and cause lens
opacification, resulting in subsequent cataract development
[4–7]. Therefore, to protect human lens epithelial cells from
oxidative stress-induced apoptosis is an important strategy
in preventing and delaying cataract formation.

p-Coumaric acid (p-CA) is a phenolic acid which is
widely distributed in many plants and human diets such as
cereals, fruits, and vegetables, possessing versatile medicinal
activities including antioxidant, cardioprotective, antimela-
nogenic, antimutagenic, antiplatelet, anti-inflammatory,
and immunomodulatory actions [8–13]. Previous studies
reported that p-CA is effective to protect the cornea from
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UVB-induced oxidation damage in vivo and in vitro [14–16].
Other studies also proposed that p-CA could prevent cells
from oxidative stress-induced apoptosis [17, 18]. However,
the molecular mechanisms behind its protection against
oxidative stress remain unknown. In our preliminary work,
we screened the protective effects of natural compounds on
H2O2-induced oxidative damage in human lens epithelial
cells and found that p-CA exerts a potent protective effect
on H2O2-induced oxidative stress in human lens epithelial
cells (SRA 01–04). In the present study, we therefore
investigated the effect of p-CA on H2O2-induced apoptosis
in human lens epithelial (HLE) cells and its molecular
mechanisms involved.

2. Materials and Methods

2.1. General. Fetal bovine serum (FBS), 0.25% trypsin, and
DMEM/F12 medium were obtained from Gibco (Grand
Island, NY, USA). Dimethyl sulfoxide (DMSO), H2O2,
cocktail of protease inhibitors, and 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
purchased from Sigma Chemical Co. (St. Louis, MO,
USA). Quick start Bradford 1x dye reagent was from
Bio-Rad Laboratories Inc. (Berkeley, California, USA).
Anti-cleaved caspase-3, anti-cleaved caspase-9, anti-p-p38,
anti-p-ERK, anti-p-JNK, anti-β-actin, U0126, LY2228820,
and SP600125 were obtained from Cell Signal Technology
(Beverly, MA, USA). The ECL detection kit was acquired
from Amersham Pharmacia (Arlington Heights, IL, USA).
The annexin V/FITC kit was purchased from eBioscience
(Bender MedSystems GmbH, Vienna, Austria). T-SOD,
CAT, and GSH-Px colorimetric activity assay kits were pur-
chased from Jiancheng Bioengineering Institute (Nanjing,
China). H2DCF-DA was obtained from Beyotime (Beyotime
Institute of Biotechnology, Shanghai, China).

2.2. Cell Culture. Human lens epithelial (HLE) cells SRA 01/
04 were purchased from the Chinese Academy of Medical
Sciences (Beijing, China). The HLE cells were cultured as a
monolayer in DMEM/F12 medium supplemented with 15%
heat-inactivated FBS, penicillin (100U/mL), and streptomy-
cin (100 μg/mL) and were maintained under standard cell
culture conditions at 37°C in a humidified atmosphere of
5% CO2. The cells were routinely subcultured every 2-3 days.

2.3. Cell Viability. The cells were cultured in 96-well micro-
plates with a density of 1× 104 cells/well and incubated with
different concentrations of p-CA (0–100μM), respectively,
with or without the exposure of H2O2. After 24 h incubation,
the culture medium was removed and cell viability was mea-
sured using the MTT method as previously described [19].

2.4. Detection of Cell Apoptosis. The percentage of apoptotic
cells was assayed using the annexin V/FITC apoptosis detec-
tion kit according to the manufacturer’s directions. Briefly,
cells were plated and incubated in 6-well plates at a density
of 1× 106 cells/well. After exposure to H2O2 (275μM) and/
or indicated concentrations of p-CA for 6 h, the cells were
harvested by 0.25% trypsin and washed twice with ice-cold
PBS. The cell pellets were resuspended in binding buffer

(1x) prior to the addition of 5μL FITC-labeled annexin V
and 10μL propidium iodide (PI) for 15min at room temper-
ature in the dark. The level of cell apoptosis was immediately
analyzed on a flow cytometer (Becton Dickinson, San Jose,
CA, USA).

2.5. Reactive Oxygen Species (ROS) Generation Assay. The
intracellular ROS levels were evaluated using the ROS-
specific fluorescent dye H2DCF-DA. After indicating treat-
ments, cells were washed with PBS for three times and
stained with H2DCF-DA, incubated at 37°C for 30min in
the darkness. Furthermore, cells were harvested and the gen-
eration of ROS was quantified by measuring the intracellular
fluorescence intensity by a flow cytometer. The samples were
then analyzed with FlowJo 7.6.1.

2.6. Measurement of Mitochondrial Membrane Potential
(Δψm) and the Activities of Antioxidant Enzymes. The
mitochondrial membrane potential was tested using Rhoda-
mine123 (Rh123) as previously described [20]. As well, T-
SOD, CAT, and GSH-Px activities were all measured as
previously described using a colorimetric assay kit according
to the manufacturers’ instructions [20].

2.7. Immunoblotting. Cells were incubated in 6-well plates at
a density of 1× 106 cells/well. After exposure to H2O2
(275 μM) and/or indicated concentrations of p-CA for 24 h,
the cells were washed twice with ice-cold PBS and then lysed
using RIPA buffer for 30min on ice. Protein concentrations
were quantified using the BCA protein assay kit [21]. And
then, protein from each sample (50 μg) was separated by
12% SDS-PAGE gels and transferred onto nitrocellulose
membranes. After incubation with primary antibodies
against cleaved caspase-3, cleaved caspase-9, p-p-38, p-
ERK, p-JNK, and β-actin, followed by incubations with the
appropriate secondary antibodies conjugated with HRP as
our previously describedmethod [22], the blots were detected
by enhanced chemiluminescence (ECL), and then protein
bands were quantified by densitometric analysis using
Image-Pro Plus® software (Media Cybernetics Inc., USA).

2.8. Statistical Analysis. The data are presented as the mean
value± standard error of the mean (SEM). The difference
between the mean values was evaluated using one-way
ANOVA, followed by Duncan’s multiple range tests. Com-
parisons were performed using GraphPad Prism 5.0 soft-
ware (GraphPad Software Inc., San Diego, CA, USA). A
P value < 0.05 was considered statistically significant.

3. Results and Discussion

It is well-known that the apoptosis of lens epithelial cells
plays a vital role in cataract formation, and oxidative stress
induced by ROS such as O2

− and H2O2 has been recognized
as an important mediator to induce apoptosis of lens epithe-
lial cells [3, 5, 6]. Therefore, in the study, H2O2 was used to
induce oxidative injury of lens epithelial cells. After H2O2
exposure, the cells showed a high cell apoptosis rate and
275 μM H2O2 was set as the working concentration
(Figure 1(b)). In parallel, HLE cells were treated with
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different concentrations of p-CA (0, 0.3, 1, 3, 10, 30, and
100 μM) for 24h and no significant cytotoxicity was observed
(Figure 1(c)). And then, the dose response of p-CA was
assayed on H2O2-treated HLE cells, and the result showed
that pretreatment with p-CA (3–100 μM) significantly pre-
vented H2O2-induced cell death in a dose-dependent manner
(Figure 1(d)). To quantitatively examine the protective
potential of p-CA against H2O2-induced cell death in HLE
cells, the percentage of apoptotic cells was detected by the
annexin V/PI double staining method. As shown in
Figure 2(a), the percentage of total apoptotic cells (the sum
of early-stage apoptotic cells (annexin V+/PI− cells) and
late-stage apoptotic cells (annexin V+/PI+)) was significantly
increased after the exposure of 275 μM H2O. Compared to
the cells treated with H2O2 alone, pretreatment with p-CA
(3, 10, and 30 μM) resulted in a significant decrease of
apoptotic cells in the total population of cells in a dose-
dependent manner. Caspases are the main initiators and exe-
cutioners of apoptosis [23, 24]. As one of the key effectors,
caspase-3 is activated through cleavage by caspase-9 and
involved in the mitochondria-mediated pathway. We thus
examined the expressions of cleaved caspase-3 and cleaved
caspase-9 using Western blot. As shown in Figure 2(b), the
expressions of cleaved caspase-3 and cleaved caspase-9 were

markedly upregulated after H2O2 treatment. In contrast, pre-
treatment with p-CA (3, 10, and 30μM) significantly inhib-
ited the upregulation of cleaved caspase-3 and cleaved
caspase-9. Collectively, these results suggested that p-CA
exhibits a potent protective effect against H2O2-induced apo-
ptosis in HLE cells.

Oxidative stress can be defined as the imbalance between
prooxidant/antioxidant that can occur as a result of an
increase in free radical production and/or a decrease in radi-
cal scavenging capability of antioxidant defense systems. We
therefore detected the production of intracellular free radical
ROS in H2O2-induced HLE cells, as shown in Figure 3(a).
When the cells were exposed to H2O2, the generation of
ROS increased significantly, whereas pretreatment with p-
CA (3, 10, and 30μM) significantly inhibited H2O2-induced
production of intracellular ROS in a dose-dependent man-
ner. The mitochondria are the major location to produce
intracellular ROS, and ROS overload would result in lyso-
somal leakage through the mitochondrial outer membrane
and mitochondrial dysfunction. A significant reduction of
mitochondrial membrane potential (Δψm) is a symbolic fea-
ture of early apoptosis. We further determined the loss of
Δψm in H2O2-induced HLE cells. As shown in Figure 3(b),
exposure of HLE cells to H2O2 for 6 h could significantly
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Figure 1: Effects of p-CA on cell viability of H2O2-induced cell death in HLE cells. (a) Structure of p-CA. (b) HLE cells were treated with a
series of H2O2 concentrations (0–300 μM) for 24 h. (c) HLE cells were incubated with different concentrations of p-CA (0–100 μM) for 24 h.
(d) HLE cells are preincubated with p-CA (0–100μM) for 2 h before 275 μMH2O2 treated for 24 h. Cell viability was measured using theMTT
method. Data are expressed as the mean± SEM (n = 3). ###P < 0 001, compared with the untreated control group; ∗P < 0 05, ∗∗P < 0 01 and
∗∗∗P < 0 001, compared with the H2O2-treated group.
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increase the percentage of cells with Δψm loss, which is up to
29.0%, and pretreatment with p-CA (3, 10, and 30μM) could
significantly reduce the percentage of cells with Δψm loss to
23.7%, 21.2%, and 15.8% in a dose-dependent manner. In
parallel, we also detected the radical scavenging capability
of antioxidant defense systems of HLE cells, such as the activ-
ities of T-SOD, GSH-Px, and CAT enzymes. Compared to

the untreated control, H2O2 decreased the activities of T-
SOD, CAT, and GSH-Px near 2-fold. In H2O2-treated HLE
cells, pretreatment with p-CA (3, 10, and 30μM) could sig-
nificantly enhance the activities of T-SOD, CAT, and GSH-
Px in dose-dependent manners as shown in Figure 4. These
results indicated that p-CA possesses potent antioxidant
activities against H2O2-induced impairment in HLE cells.
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Figure 2: p-CA prevented H2O2-induced cell apoptosis in HLE cells. (a) HLE cells were pretreated with p-CA (3, 10, and 30 μM) for 2 h
before 275 μM H2O2 treatment for 6 h. The apoptotic cells were detected by flow cytometry after staining with both FITC annexin V and
PI. (b) HLE cells were pretreated with p-CA (3, 10, and 30 μM) for 2 h before 275 μM H2O2 treatment for 24 h. Cleaved caspase-3 and
cleaved caspase-9 expressions were measured by Western blot. Data are expressed as the mean± SEM (n = 3). ###P < 0 001, compared
with the untreated control group; ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001, compared with the H2O2-treated group.

4 Oxidative Medicine and Cellular Longevity



To explore the molecular mechanisms involved in the
protective effects of p-CA against H2O2-induced apoptosis,
we evaluated the possible influence of this compound on the

expression of mitogen-activated protein kinases (MAPKs),
namely, ERK, JNK, and p38, which play important roles in
the regulation of intracellular metabolism and responding
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Figure 3: p-CA suppressed intracellular ROS production and mitochondrial membrane potential loss in H2O2-treated HLE cells. (a) HLE
cells were pretreated with p-CA (3, 10, and 30μM) for 2 h before 275μM H2O2 treatment for 6 h. After staining with H2DCF-DA, cells
were incubated at 37°C for 30min in the darkness and then detected by flow cytometry. (b) HLE cells were preincubated with p-CA (3, 10,
and 30μM) for 2 h before 275 μM H2O2 treatment for 6 h. Cells were incubated with Rh123 for 30min at 37°C, and then the fluorescent
intensity was analyzed using flow cytometry. Data are expressed as the mean± SEM (n = 3). ###P < 0 001, compared with the untreated
control group; ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001, compared with the H2O2-treated group.
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Figure 4: p-CA enhanced the activities of T-SOD, CAT, and GSH-Px in H2O2-treated HLE cells. HLE cells were pretreated on p-CA (3, 10,
and 30 μM) for 2 h before 275μM H2O2 treatment for 24 h. The activities of T-SOD (a), CAT (b), and GSH-Px (c) were measured
by commercial assay kits. Data were expressed as the mean± SEM (n = 3). ###P < 0 001, compared with the untreated control group;
∗P < 0 05 and ∗∗p < 0 01, compared with the H2O2-treated group.
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to external stress [6]. Several previous investigations reported
that p-CA reduced the oxidative stress of various cells via the
inhibition of the MAPK signaling cascade [25–27]. Our data
showed that (Figure 5(a)) incubation with H2O2 led to a
massive increase of p-p38, p-ERK, and p-JNK. As expected,
increased p-p38, p-JNK, and p-ERK were significantly
rescued by p-CA in a dose-dependent manner. To further
confirm the role of the MAPK signaling pathway to mediate
the inhibitory effect of p-CA on H2O2-induced apoptosis in
HLE cells, we have detected the cell viability of cells exposed
to H2O2 with the ERK inhibitor (U0126) or p-38 inhibitor
(LY2228820) or JNK inhibitor (SP600125), respectively. As
shown in Figure 5(b), compared to cells treated with p-CA
alone in the presence of H2O2, HLE cells treated with p-CA

combined with LY2228820 or U0126 or SP600125 in the
exposure of H2O2 exhibited a much higher cell viability,
which displayed the protective effect of p-CA on H2O2-
induced apoptosis in HLE cells via affecting MAPK signal-
ing pathways.

4. Conclusion

In conclusion, the data from this study demonstrate that
p-CA, a natural compound, could protect HLE cells from
oxidative stress-induced apoptosis through modulating
MAPK signaling pathways. Our findings suggest a poten-
tial use of p-CA in the prevention of cataractogenesis.
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Figure 5: p-CA suppressed MAPK signals in H2O2-treated HLE cells. (a) HLE cells were pretreated on p-CA (3, 10, and 30μM) for 2 h before
275μM H2O2 treatment for 24 h. Cells were lysed, and then p-p-38, p-ERK, and p-JNK expressions were measured using Western blot. (b)
HLE cells were pretreated on p-CA (10 μM) or ERK inhibitor (FR180204, 1.25 μM) or p-38 inhibitor (PD169316, 1.25 μM) or JNK inhibitor
(SP600125, 1.25 μM) or a combination of both p-CA and SP600125 or PD169316 and FR180204 for 2 h before 275 μM H2O2 treatment
for 24 h; then the cell viability was measured using the MTT method. Data are expressed as the mean± SEM (n = 3). ###P < 0 001,
compared with the untreated control group; ∗P < 0 05, ∗∗P < 0 01 and ∗∗∗P < 0 001, compared with the H2O2-treated group; and
$P < 0 05, compared with the H2O2 + p-CA group using Student’s t-test.
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Acute myocardial infarction (AMI) is the leading cause of morbidity and mortality worldwide. Timely reperfusion is considered
an optimal treatment for AMI. Paradoxically, the procedure of reperfusion can itself cause myocardial tissue injury. Therefore, a
strategy to minimize the reperfusion-induced myocardial tissue injury is vital for salvaging the healthy myocardium. Herein, we
investigated the cardioprotective effects of fisetin, a natural flavonoid, against ischemia/reperfusion (I/R) injury (IRI) using a
Langendorff isolated heart perfusion system. I/R produced significant myocardial tissue injury, which was characterized by
elevated levels of lactate dehydrogenase and creatine kinase in the perfusate and decreased indices of hemodynamic
parameters. Furthermore, I/R resulted in elevated oxidative stress, uncoupling of the mitochondrial electron transport chain,
increased mitochondrial swelling, a decrease of the mitochondrial membrane potential, and induction of apoptosis.
Moreover, IRI was associated with a loss of the mitochondrial structure and decreased mitochondrial biogenesis. However,
when the animals were pretreated with fisetin, it significantly attenuated the I/R-induced myocardial tissue injury, blunted
the oxidative stress, and restored the structure and function of mitochondria. Mechanistically, the fisetin effects were found
to be mediated via inhibition of glycogen synthase kinase 3β (GSK3β), which was confirmed by a biochemical assay and
molecular docking studies.

1. Introduction

Ischemic heart disease is one of the leading causes of mor-
bidity and mortality worldwide, while effective therapy to
limit the spectrum of abnormalities often leads to arrhyth-
mias, myocardial stunning, and necrosis, and these patholog-
ical changes are collectively referred to as reperfusion injury
(RI) [1, 2]. Clinically, predicting the onset of RI is challeng-
ing, because of the lack of definitive biomarkers. This prob-
lem is confounded by the lack of clear understanding of the
pathomechanisms involved in RI [3]. Currently, mitochon-
drial dysfunction, oxidative stress, perturbed cardiomyocyte

Ca2+ homeostasis, inflammation, and apoptosis cascades
are recognized as the key drivers for RI-induced myocardial
tissue damage [4, 5]. Therefore, targeting these pathways
could be beneficial for preventing RI and could aid in the
functional recovery of the myocardium.

Epidemiological studies have indicated that regular con-
sumption of fruits and vegetables containing flavonoids and
polyphenols is associated with a reduced risk for the develop-
ment of cardiovascular diseases, inflammatory diseases, neu-
rodegenerative diseases, and cancer [6]. The underlying
mechanisms of several cardioprotective procedures such as
ischemic preconditioning for IRI have been linked to the

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2018, Article ID 9173436, 16 pages
https://doi.org/10.1155/2018/9173436

http://orcid.org/0000-0003-2051-2399
http://orcid.org/0000-0003-2660-2184
https://doi.org/10.1155/2018/9173436


inhibition of GSK3β, which provides cardioprotection by
modulating mitochondrial ATP-sensitive K+ channel, the
mammalian target of rapamycin (mTOR) signaling pathway,
and autophagy [7–9]. Since downstream signaling of GSK3β
converges in mitochondria, along with its translocation by
ischemic stimuli, studying the action of natural compounds
on reversing mitochondrial dysfunction, the key player in
the pathology of I/R, by modulating GSK3β will provide the
impetus for the development of small molecules as selective
GSK3β inhibitor [8, 10]. Fisetin is a natural flavonoid found
in several fruits and vegetables [11]. The compound has
been reported to elicit antioxidant and anti-inflammatory
effects, retard the development of atherosclerosis, and exhibit
neuroprotective properties in several preclinical studies [11].
In this study, we investigated the cardioprotective effects
of fisetin against IRI using a Langendorff isolated heart
perfusion system. In addition, in in silico and molecular
docking studies, using the crystal structure of GSK3β, a
library of polyphenolic compounds was screened by
energy-optimized pharmacophore-based virtual screening
to identify a molecule with the best-suited structural orienta-
tion for GSK3β inhibition. Since fisetin emerged as the prime
candidate for a GSK3β inhibitor, its cardioprotective activity
was validated using an isolated rat heart model of IRI.

2. Materials and Methods

2.1. Animals and Chemicals. All animal experimental proce-
dures were conducted according to the guidelines of the
Committee for the Purpose of Control and Supervision of
Experiments on Animals (CPCSEA), Government of India.
A prior approval for the conduct of experiments was
obtained from the Institutional Animal Ethical Committee
(IAEC) at SASTRA Deemed University, Thanjavur, India.
Male Wistar rats (250–300 g) used in the study were inbred
at the central animal facility, SASTRA University. All the
animals were housed in ventilated polycarbonate cages and
provided access to food and water ad libitum. Unless speci-
fied, all fine chemicals were procured from Sigma-Aldrich
(St. Louis, MO, USA).

2.2. Isolated Rat Heart Model of Ischemia Reperfusion Injury.
Isolated mammalian heart model according to Langendorff
was used for establishment of myocardial IRI [12]. The
ex vivo method involved anesthetization of a rat (ketamine
80mg/kg+ xylazine 20mg/kg) followed by the excision of
heart and perfusion with Krebs-Henseleit buffer (118.0mM
NaCl, 4.7mM KCl, 1.9mM CaCl2, 1.2mM MgSO4,
25.0mM NaHCO3, 1.2mM KH2PO4, and 10.1mM glucose,
pH7.4), maintained at 37°C with continuous oxygenation
(95% O2+ 5% CO2). The heart was stabilized for 20min on
the perfusion system (ADInstruments, Bella Vista, New
South Wales, Australia) by maintaining a constant perfusate
pressure of 70mmHg. Hemodynamic changes were moni-
tored using a pressure transducer connected to a latex
balloon placed in the left ventricle. Electrical recordings were
continuously made using a PowerLab data acquisition system
(ADInstruments) and analyzed using the LabChart Pro 8
software (ADInstruments) [12].

The experimental groups included sham, fisetin + sham,
I/R alone, and fisetin pretreatment, followed by I/R (fisetin
+ I/R). Fisetin (20mg/kg; TOCRIS Bioscience, Bristol, UK)
was injected intraperitoneally 1 h before the induction of
ischemia. We performed pilot experiments to ascertain a
suitable dosage regimen of fisetin, and our observations
revealed that administration of fisetin at (20mg/kg) consis-
tently provided the optimal cardioprotection. Therefore, we
adopted this dose for further experiments.

A typical I/R protocol consisted of 30min of ischemia
induced by stopping the buffer flow, followed by 60min of
reperfusion induced by resuming the flow. Throughout the
duration of the experiment, hemodynamic parameters were
continuously monitored and the perfusate was collected at
the end of reperfusion for biochemical analysis. At the end
of the experiment, the hearts were immediately frozen in
liquid nitrogen and stored at −80°C until further analysis.

2.3. Functional and Morphological Assessment of Cardiac
Injury. Cardiac injury was assessed by measuring the levels
of lactate dehydrogenase (LDH) and creatine kinase (CK)
released into the perfusate after ischemic injury. LDH was
estimated spectrophotometrically at a wavelength of 340nm
based on the conversion of lactate to pyruvate and expressed
as NADH oxidized/min/mg protein [13]. CK was estimated
based on the amount of inorganic phosphate formed from
ATP, with 1-amino-2-naphthol-4-sulphonic acid (ANSA)
reagent and measured at 640 nm [13]. Heart sections were
stained using triphenyl tetrazolium chloride (TTC) to calcu-
late the percentage of the infarcted area. Measurement of the
infarct size was performed as described previously [14].
Briefly, heart sections were incubated in 1.5% TTC prepared
in PBS for 10min at 37°C. Images were acquired using a
zoom stereomicroscope (NIKON-SMZ1270) equipped with
a high-definition CCD camera (NIKON-DS-Fi2), and the
NIS Elements documentation software. The ImageJ soft-
ware (NIH-USA) was used for the measurement of the
infarcted area [14].

2.4. Isolation of Subcellular Organelles (Mitochondria,
Lysosomes, and Microsomes). Cardiac mitochondria were
isolated by differential centrifugation as described previously
[15], and microsomes and lysosomes were isolated using
sucrose density gradients as described by Graham [16].
Briefly, a 10% heart homogenate was prepared in isolation
buffer (220mM mannitol, 70mM sucrose, 5mM MOPS,
2mM EDTA, and 0.2% BSA, pH7.4) and centrifuged at
500×g for 10min at 4°C, to pellet the nuclear fraction. The
resulting supernatant was centrifuged at 12,000×g for
10min at 4°C to obtain a crude mitochondrial fraction
consisting of light and heavy mitochondria as well as lyso-
somes. In the subsequent step, the supernatant, consisting
of microsomes, was ultracentrifuged (Beckman Coulter,
Indianapolis, IN, USA) at 100,000×g for 40min at 4°C to
collect microsomes, and the supernatant was used as the
cytosolic fraction for further analysis. The microsomes were
resuspended in storage buffer (0.25M sucrose, 1mM EDTA,
and 10mM HEPES adjusted to pH7.4).
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The crude mitochondrial pellet was subjected to sucrose
density gradient separation as reported earlier [17]. Briefly,
a sucrose density gradient (1.25, 1.22, 1.19, 1.15, 1.11, and
1.09 g/cm3) was prepared in PBS (pH7.4) and layered in a
5mL centrifuge tube. The crude mitochondrial pellet was
resuspended in PBS, then layered on top of the density gradi-
ent, and centrifuged in a swingout bucket rotor at 100,000×g
for 3 h at 4°C using the lowest acceleration and deceleration
speeds. Based on their densities, lysosomes (1.12 g/cm3) and
mitochondria (1.18 g/cm3) were separated into two fractions,
which were collected and stored in storage buffer (0.25M
sucrose, 1mM EDTA, and 10mM HEPES adjusted to
pH7.4). All the subcellular fractions separated were esti-
mated for their protein content using the Bradford assay
reagent (Bio-Rad, Hercules, CA, USA).

2.5. Estimation of Lipid Peroxide, Antioxidant, and
Antioxidant Enzyme Activities in Subcellular Compartments.
The cytosolic and subcellular fractions isolated as described
above were used for the assessment of oxidative stress
markers. A thiobarbituric acid reactive species (TBARS)
assay based on the formation of malondialdehyde was
performed to quantify the amount of lipid peroxidation by
using the method of Ohkawa et al. [18]. Briefly, 100μL of a
sample was added to the reaction mixture (0.8% thiobarbitu-
ric acid and 15% trichloroacetic acid, adjusted to pH3.5), and
the mixture was incubated for 1 h in a water bath maintained
at 75°C. After cooling, a butanol-pyridine mixture (15 : 1)
was added to extract the pink-colored complex, and the
absorbance of the organic layer was read at 532 nm. Malon-
dialdehyde was used as a standard in the assay [12, 13, 15].

The antioxidant status of the myocardium was evaluated
based on the GSH level using Ellman’s reagent (5,5′-dithio-
bis-2-nitro-benzoic acid). GSH concentration was deter-
mined according to the method of Sedlak and Lindsay [19].
In brief, phosphate buffer (pH8), 5% trichloroacetic acid,
and Ellman’s reagent were added to a protein sample to
observe the color development due to formation of thionitro-
benzoate. The absorbance was measured at 412nm, and the
values were expressed as μM/μg of protein using GSH as a
standard [12, 13, 15].

The superoxide dismutase (SOD) activity was deter-
mined in cardiac tissues as reported [12, 13, 15]. The assay
was based on the ability of SOD, present in the samples, to
inhibit the autoxidation of pyrogallol. Briefly, 50μL of a
sample was mixed with buffer (45mM Tris, 1mM EDTA
adjusted to pH7.4), and 2.5mM pyrogallol was added to
initiate the reaction. The autoxidation of pyrogallol was
kinetically monitored at 420nm for 5min, and the SOD
activity was calculated based on the ability of 1 unit of SOD
to inhibit autoxidation of pyrogallol by 50%.

The catalase activity was determined as reported
[12, 13, 15]. Essentially, the reaction buffer (0.1M sodium
phosphate buffer, pH7.2, 4mM H2O2, and 5N H2SO4) was
added to 100μL of a sample, and the reaction was initiated
by the addition of 0.005M KMnO4. The rate of the optical
density change was kinetically monitored at 515nm. The
enzyme activity was expressed in units/mg protein using
the catalase enzyme as the standard.

The glutathione peroxidase (GPx) activity was assayed as
reported previously [12, 13, 15]. Briefly, 50μL of a sample
was added to the reaction buffer consisting of 10mM NaN3,
4mM GSH, and 2.5mM H2O2 prepared in phosphate buffer
pH7.4 and incubated for 10min at room temperature. The
GPx reaction was stopped by adding 10% trichloroacetic
acid, and the unreacted GSH was estimated using 0.04%
Ellman’s reagent prepared in 1% sodium citrate and reading
the absorbance at 412 nm using a spectrophotometer.

The glutathione reductase (GR) activity was assayed as
per the method described previously [12, 13, 15]. Briefly,
50μL of a protein sample was added to the reaction mixture
(0.25M sodium phosphate buffer, pH7.4, 0.5mM EDTA,
4mM oxidized glutathione, and 0.2mM NADPH) and the
oxidation of NADPH was monitored at 340nm for 5min.
The values were expressed as units/mg of protein using GR
as a standard [12, 13, 15].

2.6. Measurement of Energy Metabolism from Electron
Transport Chain Enzyme Activity of Cardiac Mitochondria.
The electron transport chain (ETC) enzyme activities were
measured in mitochondria based on specific donor-
acceptor oxidoreductase activities. Complexes I and III were
assessed based on the rotenone-sensitive NADH-
oxidoreductase (NQR) and rotenone-sensitive NADH-
cytochrome C reductase (NCCR) activities. The ubiquinol
cytochrome C reductase (QCR) activity was assessed for
complex III, while the succinate decylubiquinone 2,6-
dichlorophenolindophenol (DCPIP) reductase (SQR) and
succinate cytochrome C reductase (SCCR) activities were
measured for complexes II and III. The cytochrome C
oxidase (COX) activity was measured as discribed [15]. All
kinetic readings were acquired in a high throughput format
using a using Synergy H1 multimode reader (BioTek,
USA). The enzyme activities were expressed in μMof NADH
oxidized/min/mg protein (NQR), μM of cytochrome C
reduced/min/mg protein (NCCR, SCCR, and QCR), μM of
DCPIP reduced/min/mg protein (SQR), and μM of cyto-
chrome C oxidized/min/mg protein (COX) [15].

2.7. Cardiac Mitochondria Swelling Assay. The mitochondrial
swelling assay was performed to assess the functional
efficiency of the permeability transition pore in regulation
of calcium overload induced by IRI in the myocardium. In
brief, the assay was performed by incubating 150μg of mito-
chondrial protein in swelling buffer (120mM KCl, 10mM
Tris-HCl, and 5mM KH2PO4, pH7.4) and monitoring the
rate of change in absorbance at 540 nm after addition of
250μM CaCl2 for 20min, according to the procedure of
Martens et al. [20]. The swelling activity was reported as light
scattering/mg protein at 540nm [15].

2.8. Determination of Mitochondrial Membrane Potential.
The mitochondrial membrane potential, an indicator of the
inner and outer membrane integrity, was estimated using
the rhodamine 123 (RH123) membrane-sensitive dye and
calculated using the Nernst equation according to the
method described by Scaduto and Grotyohann [21]. Briefly,
150μg of protein was incubated with 50 nm RH123 for
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30min at 37°C. After the incubation, the sample fluorescence
outside and inside of the mitochondria was estimated at
ex/em=485/538 nm, respectively, and the membrane poten-
tial (Δψ) was represented in millivolts [15].

2.9. Determination of Mitochondrial Superoxide (O2
•−)

Generation. Dihydroethidium [or hydroethidine (DHE)] is
an ethidium-based, redox-sensitive fluorescent probe, shown
to be oxidized by O2

•− to form 2-hydroxyethidium (2-OH-
E+). The assay was performed using the protocol previously
adapted from Back et al. [22], and the fluorescence was mea-
sured at an excitation wavelength of 500–530 nm and an
emission wavelength of 590–620 nm using a fluorimeter
(Tecan, Switzerland).

2.10. Determination of Apoptosis Markers. Chromatin frag-
mentation (DNA damage), poly (ADP-ribose) polymerase
(PARP) activity, and caspase 3 activity in myocardial tissues
were determined as described previously [23, 24].

2.11. Examination of Myocardial Ultrastructure. The ventri-
cle section from each tissue was collected after reperfusion
for ultrastructural imaging, using a transmission electron
microscope (JEM 1400-JEOL, MA, USA). Briefly, tissues
were fixed in 4% glutaraldehyde followed by 0.1% OsO4 at
8°C. After dehydration of the sections with graded series of
acetone and propylene oxide, the samples were fixed in an
epoxy resin to obtain ultrathin sections using an ultra micro-
tome (Ultracut R, Leica GmbH, Wetzlar, Germany). The
ultracut sections were stained with uranyl acetate, followed
by lead citrate, and imaged on copper grids by applying
80 kV [13].

2.12. Determination of GSK3β Activity. The GSK3β activity
in myocardial tissues was determined using an ADP-Glo
kinase assay kit (Promega, Madison, WI, USA). In brief, this
luminescent kinase assay measures ADP formed in a kinase
reaction, which is converted to ATP and then to lumines-
cence with the Ultra-Glo luciferase. Luminescence was mea-
sured in a multimode plate reader (Tecan) and was directly
proportional to the GSK3β activity present in the samples.

2.13. mRNA Expression of Mitochondrial Biogenesis Markers.
Total RNA was extracted using the TRIzol reagent (Thermo
Fisher Scientific, MA, USA) according to the manufacturer’s
protocol. Next, reverse transcription was performed using
Verso cDNA synthesis kit (Thermo Fisher Scientific). Real-
time PCR reactions were carried out using the DyNAmo
Flash SYBR Green qPCR kit (Thermo Fisher Scientific) on
a PCR system (ABI 7500, Applied Biosystems, Foster City,
CA, USA). The amplification conditions were as follows:
initial denaturation at 95°C for 2min, followed by 35 cycles
at 95°C for 30 sec and 60°C for 30 sec. The primers used in
this study are listed below:

(1) Nuclear respiratory factor 1 (NRF-1)

(a) Sense (5′-GAGTGACCCAAACCGAACA-3′)

(b) Antisense (5′-GGAGTTGAGTATGTCCGAGT-3′)

(2) Nuclear respiratory factor 1 (NRF-2)

(a) Sense (5′-GCAGGCCAAGATGACGAAGT-3′)

(b) Antisense (5′-ACTTACACCGGCTCGGA-
GAA-3′)

(3) Peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1α)

(a) Sense (5′-GACCACAAACGATGACCCTC-3′)

(b) Antisense (5′TGTTGCGACTGCGGTTGT3′)

(4) Mitochondrial transcription factor A (TFAM)

(a) Sense (5′-GGTGTATGAAGCGGATTT-3′)

(b) Antisense (5′-CTTTCTTCTTTAGGCGTTT-3′)

(5) GAPDH

(a) Sense(5′-GGAAGGACTCATGACCACAGT-3′)

(b) Antisense (5′-GCCATCACGCCACAGTTTC-3′)

2.14. Molecular Docking Studies for Determining a Potent
Inhibitor of GSK3β Activity

2.14.1. Homology Modelling. Since the experimentally deter-
mined structure of GSK3α was not available, we modeled
the protein structure using comparative modeling. The
amino acid sequence of GSK3α with the accession number
NP_063937 was downloaded from NCBI protein database.
The structure of GSK3α was modeled using the PRIMEmod-
ule implemented in the Schrodinger Software Suite (Prime,
Schrödinger, LLC, New York, NY, 2015). The crystal struc-
ture of GSK3β (PDB: 1Q41) with 2.1A° resolution was down-
loaded from the RCSB Protein Data Bank (PDB) and used as
a template. The quality of the model was evaluated using the
discrete optimized protein energy (DOPE) statistical method
for assessing homology mapping [25], the Ramachandran
plot, Verify3D plot [26], and the ERRAT (program for veri-
fying protein structures determined by crystallography).

2.14.2. Protein Structure Preparation. The atomic coordinates
of GSK3β complexed with indirubin-3′-monoxime (1Q41)
were downloaded from the RCSB Protein Data Bank (PDB)
[27]. The downloaded structure was prepared using the
protein preparation wizard [28], a tool from the Maestro
software package (Maestro v9.3, Schrödinger, LLC, New
York, NY). Hetero groups were assigned appropriate bond
orders. The formal charges were added, and the valences of
all atoms in the structure were satisfied with hydrogens.
Hydrogen bond network optimization was done by predic-
tion of His tautomers and ionization states, assignment of
1800 rotations of the terminal χ angle to Asn, Gln, and His
residues, and sampling of hydroxyl and thiol hydrogens.
The cocrystallized ligand and crystallographic water mole-
cules in the structure were removed. Using the OPLS-2005
force field and restrained minimization protocol, the energy
of the protein was minimized with the default constraint of
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0.30A° root-mean-square deviation (RMSD). The same
protocol was used for preparing the GSK3α model.

2.14.3. Ligand Docking/Refinement. The structure of fisetin
was drawn using MarvinSketch chemical structure drawing
software. The energy-minimized 3D structures of fisetin were
generated using the LigPrep wizard in the Schrödinger
software Suite. All possible ionization states of fisetin were
generated in the pH range of 5–9.

2.14.4. Receptor Grid Generation. The receptor grid was
generated using the Schrödinger receptor grid generation
wizard. The grid box was kept centered on the cocrystallized
ligand, indirubin-3′-monoxime. The size of the grid box was
defined so that it covered the entire ATP-binding site.

2.14.5. Molecular Docking. Molecular docking of fisetin with
GSK3α and GSK3β was performed using the Schrödinger
Glide extra precision (XP) algorithm (Schrödinger, LLC)
[29]. The default parameters were used, and no constraints
were set for the ligand-receptor interactions. The docking
results were written as a pose viewer file, and the protein-
ligand complex interactions were studied using the PyMOL
molecular graphics system, version 1.8 (Schrödinger, LLC.).

2.15. Statistical Analysis. Values presented are mean± SEM.
Statistical fitness of the data was analyzed using the

GraphPad Prism 7.0 program (GraphPad Software, La Jolla,
CA, USA). One-way analysis of variance (ANOVA) was
used to determine significant differences between the
groups, and post hoc Dunnet’s test was employed to deter-
mine the difference among the groups, P < 0 05 was consid-
ered statistically significant.

3. Results

3.1. Fisetin Attenuates I/R-Induced Myocardial Tissue Injury.
As shown in (Figures 1(a) and 1(b)), TTC staining revealed a
marked increase in the infarct size in the animals sub-
jected to I/R. However, this effect was attenuated when
animals were pretreated with fisetin. Further, analysis of
LDH (Figure 1(c)) and CK (Figure 1(d)) activities in the per-
fusate revealed similar trends, and the I/R effects were ame-
liorated by fisetin treatment. Similarly, the animals
subjected to I/R exhibited decreases in the indices of hemo-
dynamic parameters (Table 1) but showed improvement in
cardiac function upon treatment with fisetin (Table 1).

3.2. Fisetin Mitigates Oxidative Stress in Mitochondria,
Lysosomes, and Microsomes. In I/R-injured cardiac tissue,
subcellular organelles undergo stress caused by the release
of ROS from mitochondria. As mitochondria plays a major
role in the I/R pathology, release of ROS can impair
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Figure 1: Depicts the effect of fisetin treatment on IRI. (a) Shown are the representative TTC stained sections of heart tissues from the
respective groups; (b) the LDH activity in the perfusate and (d) CK activity in the perfusate. n = 6/group; #P < 0 001 versus sham/sham
± fisetin; ∗P < 0 01 versus I/R.
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autophagy by affecting the structure and function of lyso-
somes [30]. The endoplasmic reticulum which forms the
major component of microsomes is equally affected by I/R
due to accumulation of unfolded proteins leading to loss of
Ca2+ homeostasis in the myocardium. Hence, the restoration
of autophagy and Ca2+ homeostasis and the reduction of
ROS in the subcellular compartments are vital for the resto-
ration of the normal cardiomyocyte function [30]. Therefore,
we determined the oxidative stress markers such as the accu-
mulation of lipid peroxides and endogenous antioxidants.
As shown in Figure 2(a), the SOD activity was markedly
reduced in all the subcellular compartments in
myocardial tissues from the animals subjected to I/R.
Likewise, the catalase (Figure 2(b)), GPx (Figure 2(e)),
and GR (Figure 2(f)) activities were diminished in the
animals subjected to the I/R procedure. The decrease in
the endogenous antioxidant defense enzyme system
corroborated a diminished GSH content (Figure 2(d)) and
elevated accumulation of lipid peroxides (Figure 2(c)).
However, fisetin treatment abrogated the oxidative stress
and augmented the endogenous antioxidant defense system.

3.3. Fisetin Attenuates I/R-Induced Disruption of
Mitochondrial ETC. The activities of NQR (Figure 3(a)),
SQR (Figure 3(b)), SCCR (Figure 3(d)), QCCR (Figure 3(e)),
and COX (Figure 3(f)) were markedly reduced in the mito-
chondria isolated from cardiac tissues obtained from the
animals subjected to I/R. However, the NCCR activity was
not affected by I/R. Moreover, fisetin treatment prevented
the I/R-induced deterioration of ETC (Figure 3).

3.4. Fisetin Improves Mitochondrial Physiology. There was a
marked generation of mitochondrial O2

•− in the myocardial
tissues obtained from the animals subjected to I/R
(Figure 4(a)). Similarly, mitochondrial swelling increased
(Figure 4(b)) and the membrane potential was lost in the
I/R subjected animals (Figure 4(c)). However, these effects
were attenuated by fisetin treatment.

3.5. Fisetin Mitigates I/R-Induced Apoptosis. Loss of the mito-
chondrial membrane potential triggers the apoptosis cascade,
which eventually results in the demise of cardiomyocytes. We
observed a greater propensity for apoptosis in the I/R group,
which was characterized by increased DNA fragmentation
(Figure 5(a)) and elevated PARP and caspase 3 activities
(Figures 5(b) and 5(c)). However, fisetin treatment blunted
the I/R-induced apoptotic response in myocardial tissues.

3.6. Fisetin Augments Mitochondrial Biogenesis. First, we
determined the impact of I/R on themitochondrial histoarch-
itecture with the aid of transmission electron microscope. We
observed that the induction of IRI resulted in interspersed
vacuoles and a disarray of the myofibrillar lattice. Further-
more, mitochondria were markedly abnormal, with varying
sizes and densities and characterized by a loss of the matrix
and cristae (Figure 6(b)). However, fisetin treatment
improved the mitochondrial histoarchitecture (Figure 6(c)).
Next, we determined the mRNA expression of key meditators
involved in the mitochondrial biogenesis. We observed that
the gene expression of PGC1-α, NRF-1, NRF-2, and TFAM
was significantly diminished in myocardial tissues obtained
from the animals subjected to the I/R procedure. However,
fisetin treatment augmented the mitochondrial biogenesis,
which was evident from the reversal of the mRNA expression
levels of PGC1-α, NRF-1, and TFAM (Figure 6(d)).

3.7. Fisetin Potently Inhibits GSK3β Activity. GSK3β activa-
tion has been reported to be associated with the defective
mitochondrial physiology during cardiac I/R [31]. Therefore,
there is immense interest in developing potent and selective
inhibitors of GSK3β, which could be used in the clinic
to minimize IRI. Accordingly, we determined whether fise-
tin could inhibit the GSK3β activity in the myocardial tis-
sues obtained from the I/R-subjected animals. The results
showed that GSK3β was elevated in I/R tissues but this
increase was inhibited by fisetin (Figure 7). Based on this
biochemical data, we performed a detailed bioinformatics
analysis to characterize fisetin as a potent and selective
inhibitor of GSK3β.

3.8. In Silico Analysis to Characterize Fisetin as an Inhibitor of
GSK3β. We used the crystal structure of GSK3β (1Q41) as a
template for modeling the GSK3α structure. The sequence
identity between GSK3α and GSK3β is 77%. The missing
loops were modeled and refined. The modeled protein was
subjected to a brief constrained energy minimization, and
the calculated potential energy (OPLS3) of the modeled pro-
tein (GSK3α) was 10,513 kcal/mol. The calculated RMSD
between the modeled GSK3α and the GSK3β template was
0.92A° (Figure 8(a)). The stereochemical quality of the model
was evaluated using the Ramachandran plot (Figure 8(b)).
Approximately 96.4%, 3.3%, and 0.3% of the amino acids
were present in the most favored, allowed, and outlier
regions, respectively. The ERRAT value for all quality factors
of the protein model was 88.21%. The Verify3D results

Table 1: Effect of fisetin on hemodynamic parameters.

Group
LVSP LVDP RPP +dp/dt −dp/dt

(mmHg) (mmHg) (mmHg∗ BPM× 103) (mmHg/s) (mmHg/s)

Sham (n = 8) 120.0± 2.2 13± 1.3 36.3± 0.26 3001.0± 23.3 3207.0± 13.4
Fisetin + sham (n = 8) 117.0± 5.2 12± 2.2 35.7± 0.23 2994.0± 21.2 3200.0± 14.2
I/R (n = 8) 27.0± 2.9∗ 16± 3.1∗ 4.7± 0.34∗ 1729.7± 22.6∗ 1126.7± 12.3∗

Fisetin + I/R (n = 8) 110.8± 2.5# 13± 2.6# 29.3± 0.25# 2842.0± 26.9# 2974.3± 15.5#

LVSP: left ventricular systolic pressure; LVDP: left ventricular diastolic pressure; RPP: rate pressure product; ±dp/dt: ventricular contraction assessment.
∗P < 0 001 versus sham/fisetin + sham; #P < 0 01 versus I/R.
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Figure 2: Effect of fisetin on subcellular antioxidant defense system isolated from heart tissues. (a) SOD activity, (b) catalase activity, (c) lipid
peroxide accumulation, (d) total glutathione content, (e) GPx activity, and (f) GR activity in the respective groups. n = 6/group; #P < 0 001
versus sham/sham± fisetin; ∗P < 0 01 versus I/R.
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showed that 89.09% of the residues had an average 3D-1D
score of ≥0.2 in the 3D/1D profile. To evaluate the efficiency
of the docking algorithm to reproduce the crystal pose, we
removed indirubin-3′-monoxime and redocked it using
the Glide XP docking algorithm. The Glide docking

algorithm was superior in reproducing the crystal pose as
shown in (Figure 9(a)). Further Glide was used to dock
fisetin into the binding site of GSK3β and GSK3α. The Glide
docking score for the GSK3β-fisetin complex was −10.067
and that for the GSK3α-fisetin complex was −6.40. Glide
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Figure 3: Effect of fisetin on mitochondrial enzyme activities. (a) NQR, (b) SQR, (c) NCCR, (d) SCCR, (e) QCCR, and (f) COX activities in
the mitochondrial samples isolated from heart tissues. n = 6/group; #P < 0 001 versus sham/sham± fisetin; ∗P < 0 01 versus I/R.
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score shows that fisetin has a higher affinity for the GSK3β
than the GSK3α.

The docking analysis of the GSK3β-fisetin complex
revealed that fisetin formed three strong hydrogen bond
interactions with the backbone of the amino acids Val135
and Gln185 (Figure 9(b)). In the case of GSK3α, fisetin was
able to form hydrogen bond interaction with Ile 62,
Glu133, Val135, and Asp200 (Figure 9(c)). The hydrogen
bond interaction patterns observed in our docking study
were consistent with the interactions observed in the crystal
structures of various known GSK3β-inhibitor complexes
(PDB: 1PYX, 5HLN, 5HLP, 1Q41, and 3SAY) [32, 33].
Further analysis showed that the preferred orientations for
fisetin binding to GSK3α and GSK3β were completely differ-
ent (Figures 9(b) and 9(c)). The docked pose of fisetin with
GSK3α showed that all the ring systems of the fisetin

molecule were in the same plane and the dihydroxy phenyl
group was projected away from the hinge region. However,
with GSK3β, the dihydroxy phenyl group of fisetin was
slightly projected out of the plan and closer to the hinge
region, and this conformation leads to the formation of
hydrogen bonding with Gln185. This shows that the orienta-
tion of the dihydroxy phenyl ring of fisetin and its interac-
tions with Gln185 could play a role in its affinity and
selectivity. These analyses led to the conclusion that fisetin
could be a potent and isoform-specific GSK3β inhibitor.

4. Discussion

Mitochondria are recognized as the primary target of the IRI
in the myocardium. Timely reperfusion is performed to
salvage the healthy myocardium after ischemic injury [34].
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Figure 4: Effect of fisetin on mitochondrial physiology. (a) The mitochondrial superoxide generation, n = 6/group; #P < 0 001 versus sham/
sham± fisetin; ∗P < 0 01 versus I/R. (b) Mitochondrial swelling activity, n = 6/group; #P < 0 001 versus sham/sham± fisetin; ∗P < 0 01 versus
I/R. (c) Mitochondrial membrane potential, n = 6/group; #P < 0 01 versus sham/sham± fisetin; ∗P < 0 05 versus I/R.
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Figure 5: Effect of fisetin on myocardial apoptosis induced by IRI. (a) The DNA fragmentation, (b) PARP, and (c) caspase 3 activities in the
heart tissues. n = 6/group; #P < 0 001 versus sham/sham± fisetin; ∗P < 0 01 versus I/R.
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Figure 6: Effect of fisetin on myocardial tissue ultrastructure examined by electron microscope (EM) and mitochondrial biogenesis makers
determined by qRT-PCR technique. (a) Representative EM picture of myocardial tissue processed from sham or sham± fisetin-treated
animals. (b) Shown is the EM image of myocardial tissue from animals subjected to IRI; yellow arrowheads indicate that mitochondria are
markedly abnormal, with varying size and densities and characterized by the loss of matrix and cristae. (c) EM picture reveals that fisetin
attenuates mitochondrial damage induced by IRI. (d) The mRNA expression of mitochondria biogenesis markers; n = 6/group; #P < 0 001
versus sham/sham± fisetin; ∗P < 0 01 versus I/R.
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Efforts to unravel the potential pathomechanisms of IRI are
restrained because of the lack of a bonafide biomarker and
definitive clinical endpoints. During IRI, the damage to
the mitochondrial ETC chiefly occurs during the ischemic
phase [35]. The reperfusion phase exacerbates the injury
in the myocardium, which occurs during the previous
phase of ischemic insult, and this drives an excessive ROS
production and perturbation of Ca2+ homeostasis, resulting
in abnormal mitochondrial membrane permeability and
increased swelling [36]. Furthermore, increased mitochon-
drial ROS production can result in decreased oxidative phos-
phorylation and can jeopardize the functional recovery of the
ailing myocardium after IRI. It is pertinent to note that
the adequate supply of ATP is crucial for augmenting the
metabolic activity, aiding in collateral circulation (neoangio-
genesis), which is of paramount significance for improving
the cardiac function [37].

In the present study, we observed significant myocar-
dial tissue injury in animals subjected to myocardial IRI,
as revealed by compromised cardiac function. However,
when animals were pretreated with fisetin, there was a
marked improvement in cardiac function and decrease of
myocyte injury markers such as LDH and CK. Prior stud-
ies have reported that fisetin showed antioxidant activity
and ameliorated various inflammatory diseases in preclinical
studies [38–40].

Mitochondrial permeability transition pore (mPTP)
opening results in destabilization of mitochondrial mem-
brane integrity, and this leads to the extrusion of ionic con-
tents [41]. Maintenance of mitochondria health during I/R
plays a key role in the recovery of myocardium. Especially,
the opening of mPTP during early stage of reperfusion injury
is shown to increase the myocardial infarct size and the drugs
inhibiting mPTP opening can provide cardioprotection by

preserving mitochondrial structure and function [42]. mPTP
is shown to mediate the apoptosis by rendering the pore per-
meable to molecule release from the matrix to the cytosol,
thereby disrupting the membrane potential and uncoupling
the oxidative phosphorylation. Therefore, to assess the effect
of fisetin on the mPTP opening, we measured the Ca2+-
induced swelling behavior due to the I/R in the mitochondria
isolated from the heart tissues. Our results indicated
impaired swelling behavior due to I/R which was improved
in samples obtained from fisetin-pretreated animals. In
addition, we observed that membrane potential (Δψ mV)
in fisetin + I/R group remained hyperpolarized, compared
to I/R group. These observations suggest that fisetin inhibits
mPTP opening and improves the mitochondrial function,
thereby preventing I/R-induced myocardial tissue injury.
Our findings are in agreement with a previous study, which
demonstrated that fisetin could counteract oxidative stress-
induced renal tissue damage by improving the oxidative
phosphorylation and improving the mitochondrial complex
activities [43].

Because of the restricted rate of cardiomyocyte renewal
following cardiomyocyte death, in both the injured and adja-
cent area upon IRI, the adult heart is unable to restore the
damaged tissue upon myocardial infarction [44]. Instead,
scar formation is induced in the damaged zone resulting in
a loss of contractility rather than in myocardial tissue repair.
Moreover, the myocardial tissue ceaselessly functions to
provide ATP and regulate the metabolic tone of the heart,
which has one of the highest oxygen consumption rates in
the body, mostly through aerobic metabolism [45]. Since
cardiomyocytes are terminally differentiated, they cannot
be easily replenished. Therefore, cardiomyocytes are sensi-
tive to any abnormal stress or stimuli, and consequently,
an efficient antioxidant defense system is vital for the pre-
vention IRI-induced damage to cardiomyocytes. During
IRI, ROS accumulation over time overpowers the antioxi-
dant capacity of mitochondria, which is primarily provided
by SOD, catalase, GPx, and GR. When the antioxidant
rheostat malfunctions during IRI, this culminates in mito-
chondrial dysfunction and subsequently affects the cardiac
function [4]. In this study, we observed that fisetin treat-
ment could potentially save the mitochondria from IRI by
bolstering their antioxidant capacity.

Cardiac myocytes undergo profound age-related alter-
ations which are necessary for the sustenance and survival
during the lifespan of an individual. Autophagy (self-canni-
balism) is a mechanism employed by cardiomyocytes for
their survival under physiological and pathological condi-
tions [30]. It has been reported that the accumulation of
defective autophagosomes are associated with the pathogen-
esis of several cardiovascular diseases, including IRI [30].
Defective autophagosomes can contain damaged mito-
chondria, unfolded protein aggregates, and other globular
complex lipid-protein complexes [30]. Under physiological
conditions, cardiomyocyte lysosomes contain digestive
enzymes such as calpain, which process these cellular waste
products [46]. However, during I/R, the mitochondria swell
due to dysfunctional mPTP that leads to recruitment of
Parkin, which activates calpain-1 and promotes autophagy.
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Figure 7: Fisetin inhibits GSK3β activity in myocardial IRI tissues;
n = 6/group; #P < 0 001 versus sham/sham± fisetin; ∗P < 0 01
versus I/R.
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Furthermore, these events are fueled by vicious cycle of
increased ROS generation that culminates in the heart fail-
ure [46, 47]. Similarly, a premature rupture of lysosomes
releases a labile iron pool from hydrolytic enzymes, which
perpetuates Fenton’s reaction and propagation of oxidative
stress, which in turn inflicts lysosomal injury through oxida-
tive modification of lipids and proteins [48].

Therefore, stable lysosomes are vital for the sustenance of
healthy cardiomyocytes and their protection from deleteri-
ous effects of IRI [49]. In this regard, the effective antioxidant
capacity is vital for the prevention of lysosome destabilization
during IRI [49]. In our present study, we observed that
lysosomes andmicrosomes obtained from IRI-affected hearts
exhibited exaggerated oxidative stress, characterized by
diminished levels of endogenous antioxidants and accumula-
tion of lipid peroxides. However, treatment with fisetin
blunted the oxidative stress and this effect corroborated
with the improved cardiac function. Additionally, previous
studies have reported that fisetin significantly attenuated
rotenone-induced neuroinflammation, by scavenging ROS
at mitochondria. In fact, previous studies have documented
that fisetin could engage NRF-2 and augment the expression
of hemooxugenase-1 (HO-1) as well as confer protection
against oxidative insult in human endothelial cells [50].

Apoptotic cell death is the key feature of I/R-induced
myocardial tissue injury and heart failure. Previous studies
have reported that the treatment with natural or synthetic
antioxidants could be beneficial in thwarting the IRI-
induced myocardial tissue injury [5]. Herein, we have

observed that IRI-affected heart tissues exhibited increased
DNA fragmentation, which was accompanied by increased
PARP and caspase 3 activities, signifying an increased rate
of apoptosis. Remarkably, fisetin treatment blunted the
apoptotic response in agreement with a previous report
showing that fisetin elicited an antiapoptotic effect during
inflammatory stress [51].

Mitochondrial biogenesis is a process of the replenish-
ment of damaged/defective mitochondria in cells, and this
phenomenon is universally observed in most cells and tissues
[52]. It is pertinent to note that defective mitochondrial
biogenesis has been reported in myocardial IRI and other
cardiovascular diseases [53]. Therefore, defective mitochon-
drial biogenesis in cardiomyocytes during IRI could hamper
myocardial recovery and eventually result in heart failure
[53]. In our present study, we observed that mRNA expres-
sion of key transcription factors regulating mitochondrial
biogenesis such as PGC-1α, NRF-1, and TFAM was reduced
in the hearts obtained from IRI animals. However, mitochon-
drial biogenesis improved when the animals were treated
with fisetin. Previous studies have reported that fisetin could
augment the mitochondrial biogenesis in adipocytes via
PGC-1α activation, and our present findings are consistent
with these observations [54].

GSK3β is a serine/threonine kinase playing a pivotal
role during development, cell proliferation, migration, dif-
ferentiation, modulation of apoptosis, and oncogenesis [55].
Previous studies have indicated that inhibition of the GSK3β
activity could confer cardioprotection against IRI [9]. GSK3β
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Figure 8: Comparative modeling of GSK3α using the crystal structure of GSK3β (PDB: 1Q41). (a) Molecular superimposition of GSK3α and
GSK3β. Crystal structure of GSK3β and modeled GSK3α were shown in blue and yellow. (b) Ramachandran plot of the modeled GSK3α.
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has been reported to regulate PGC-1α degradation. GSK3β
represses the PGC-1α activation, through phosphorylation
and thus priming PGC-1α for degradation via the
ubiquitin-proteasome pathway [56]. Inhibition of GSK3β
promotes the mitochondrial biogenesis during ischemia
cerebral injury [57]. Moreover, defective GSK3β activity is
linked to dysregulated mitochondrial biogenesis [56]. There-
fore, we determined the GSK3β activity in myocardial tissues
obtained from respective groups of mice and found that
GSK3β activity was significantly increased in the samples
from IRI group, but the increase was suppressed by fisetin

treatment. Moreover, it is pertinent to note that fisetin has
been reported to attenuate the GSK3β activity in vivo during
neuroinflammatory insult in preclinical studies [58]. There-
fore, it is likely that fisetin could recruit PGC-1α, augment
the mitochondrial biogenesis, repress the mitochondrial oxi-
dative stress, and ameliorate the myocardial IRI. To further
confirm our in vivo findings, in silico molecular docking
studies were performed to ascertain whether fisetin could
serve as a selective and potent inhibitor of GSK3β activity.
Our results suggested that the compound could selectively
inhibit the GSK3β activity.
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Figure 9: Molecular docking and hydrogen bonding interactions. (a) Molecular redocking of indirubin-3′-monoxime with GSK3β. The
crystal and redocked poses are shown in green and blue, respectively. (b) Molecular docking and hydrogen bonding interactions of fisetin
with GSK3α. Hydrogen bonding interaction is shown as dotted green lines. (c) Molecular docking and hydrogen bond interactions of
fisetin with GSK3β. Hydrogen bond interactions are shown as dotted red lines.
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In summary, our definitive and novel findings obtained
in this study indicate that fisetin confers cardioprotection
against myocardial IRI, by bolstering the mitochondrial
physiology, suppressing the oxidative stress, and augmenting
the mitochondrial biogenesis, and these effects are mediated
via inhibition of GSK3β activity (Figure 10). Since fisetin is
well tolerated in human subjects and does not show toxic
effects, this natural small molecule has bright prospects
for further pharmaceutical development to be used against
I/R-induced myocardial tissue injury and potentially for
the treatment of cardiovascular diseases.
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