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Oxidative stress results from the imbalance between reactive
oxygen or nitrogen species and antioxidants and has been
increasingly recognized as a significant contributing factor
in the pathogenesis of various disorders, such as pulmonary
disorders and cardiovascular diseases. Although well known
as antioxidants and widely perceived for their beneficial
effects, a large number of phenolic natural products remain
underexplored and more evidence is needed to elucidate
the molecular mechanisms of different classes of phenolic
compounds involved in the potential protective effects
against oxidative stress. This special issue aimed to highlight
the discovery as well as biological evaluation of natural
phenolic antioxidants. From about 20 manuscripts received,
we selected 7 primary research articles and 2 reviews that
addressed different aspects of those objectives.

X. Ren et al. reported that the role of resveratrol, a
phenolic antioxidant, in regulating mitochondrial functions
and dynamics during the cardiac aging process involves
the Drp1/Parkin/PINK1 signaling pathway. The activation
of parkin and PINK1 may be a potential mechanism of
resveratrol for treating cardiovascular complications related
to aging.

In their primary research article, K. Ji et al. evaluated gin-
ger oleoresin, mainly comprised of phenolic gingerols and
shogaols, for their potential to alleviate γ-ray irradiation-
induced reactive oxygen species. Besides the direct radiation
damage, most of the ionizing radiation- (IR-) induced inju-
ries are caused by generation of reactive oxygen species

(ROS). Thus, alleviation of such ROS represents an impor-
tant means for radiation protection. Their results showed
that ginger oleoresin exerted radioprotective effect via the
induction of the translocation of Nrf2 to cell nucleus and
the subsequent activation of the expression of cytoprotective
genes encoding HO-1 and NQO-1, suggesting that ginger
oleoresin has a potential as an effective antioxidant and
radioprotective agent.

M. Strzemski et al., in their article, studied the chloro-
genic acid content, mineral content, total phenolic content,
total flavonoid content, and antioxidant activity of three pop-
ulations of Carlina vulgaris L. Among these populations, the
flower head extracts obtained from the nonmetallicolous
populations were shown to contain the largest amount of
chlorogenic acid, a major antioxidant component of this spe-
cies. Their study suggested Carlina vulgaris L. as a source of
phytochemicals with antioxidant activity.

The review article by Y. Zhao et al. summarized the
recent experimental and limited clinical trial evidence sup-
porting that quercetin, curcumin, and resveratrol, the three
selected phenolic compounds, have potential beneficial func-
tions on obesity treatment, through the alleviation of intra-
cellular oxidative stress as one of the possible mechanisms.

A. Papadopoulou et al. observed the reduction of oxida-
tive stress in chickens after the administration of drinking
water rich in polyphenolic powder from olive mill waste
waters. They evaluated the biomarker in plasma associated
with the reduction of oxidative stress and suggested that the
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phenolic components from olive mill waste waters could be
utilized as a supplement to reduce oxidative stress-induced
damage in chicken raising.

In a primary research study, L. Du et al. showed that sea
buckthorn paste, a traditional Tibetan medicine with high
content of polyphenols and remarkable antioxidant activity,
provided significant protection against LPS-induced acute
lung injury through maintaining redox homeostasis, with
the underlying mechanism involving Nrf2 nuclear transloca-
tion and activation.

H. Zhou et al., in their article, revealed that rosmarinic
acid attenuated the endothelial dysfunction induced by oxi-
dative stress via the activation of the AMPK/eNOS pathway.
They showed that rosmarinic acid cotreatment mitigated the
endothelium-dependent relaxation impairments and the oxi-
dative stress induced by H2O2 and reversed the downregula-
tion of AMPK and eNOS phosphorylation.

In another review article, L. Yu et al. summarized the
recent research development with regard to the cardioprotec-
tive effects of salvianolic acid, the major bioactive phenolic
constituent of Radix Salviae miltiorrhizae. They used the vas-
cular endothelium growth factor, blood vessel density, and
myocardial infarct size as the outcome measures for evalua-
tion. Their meta-analysis demonstrated that salvianolic acid
can exert cardioprotection effect through promoting angio-
genesis in animal models of myocardial infarction.

The article of H. Wu et al. investigated the hepatoprotec-
tive effect and underlying mechanisms of the polyphenol-
enriched fraction from Folium Microcos. Their findings
suggested that the hepatoprotective effect of Folium Microcos
against APAP-induced hepatotoxicity is mainly through
dual modification of ROS/MAPKs/apoptosis axis and Nrf2-
mediated antioxidant response, which might be attributed
to the strong antioxidant activity of phenolic components.

Jie Li
Keyvan Dastmalchi

Lin-sen Qing
Pei Luo
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Resveratrol is widely known for its antiaging properties and exerts cardiovascular protective effects in different experimental
models. The role of resveratrol in regulating mitochondrial functions and dynamics during the cardiac aging process remains
poorly understood. In this study, the effects of resveratrol on mitochondrial morphology and mitochondrial depolarization and
on expressions of Drp1, parkin, PINK1, and LC3 were investigated in H9c2 cells after D-galactose treatment that induced
senescent-like cardiomyocytes. The results show that downregulation of Drp1 markedly increased mitochondrial elongation.
Senescent-like cardiomyocytes were more resistant to CCCP-induced mitochondrial depolarization, which was accompanied by
suppressed expression of parkin, PINK1, and LC3-II. Resveratrol treatment significantly increased Drp1 expression, ameliorated
mitochondrial elongation, and increased the mitochondrial translocations of parkin and PINK1. In addition, resveratrol
significantly enhanced LC3-II expression and decreased TOM20-labeled mitochondrial content. Resveratrol also suppressed the
phosphorylation of parkin and PINK1, which may relate to its abilities to degrade the impaired mitochondria in senescent-like
cardiomyocytes. These findings show that suppressing mitochondrial elongation in a Drp1-dependent manner is involved in the
effect of resveratrol on attenuating the development of aging cardiomyocytes. Activation of parkin and PINK1 may be a
potential mechanism of resveratrol for treating cardiovascular complications related to aging.

1. Introduction

Age-related loss or attenuation of myocardial ischemic
preconditioning (IPC) has been studied in animals and
humans [1, 2]. Although the dysfunctional IPC mechanisms
underlying the aging process remain unclear, there is con-
siderable agreement that mitochondria play a key role in
the aging process and that specific defects in mitochondrial
function are associated with age-related decline in cardiac
efficiency. Alterations of mediator release and/or intracellu-
lar pathways mediated by mitochondria may be responsible
for the age-related IPC reduction. However, therapeutic
intervention via mitochondrial-related mechanisms, such
as ATP-sensitive potassium channels (KATP channels) and
permeable transition pore openings [3–5], showed disap-
pointing outcomes in aged hearts [6].

In the past decade, the role of mitochondrial dynamics
focusing on organelle fission and fusion has been studied
in normal and diseased hearts, and the dysfunction of mito-
chondrial fission and fusion was well implicated in cardiac
death or disease with aging [7–9]. Cardiomyocytes are par-
ticularly vulnerable to ischemia due to their high-energy
utility and no reserve. Therefore, the tolerance conferred
by IPC in aged cardiomyocytes is probably dependent on
their ability to maintain mitochondrial dynamism, such as
fusion, fission, biogenesis, and selective degradation. The
predominant molecular mediator of mitochondrial fission is
a member of the dynamin family of GTPases named
dynamin-related protein-1 (Drp1) which modulates mito-
chondrial dynamics. Mitochondrial fragmentation frequently
observed in ischemic cardiomyocytes is widely recognized as
evidence of increased mitochondrial fission mediated by
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Drp1 [10]. Pharmacological inhibition of Drp1 with the
Mdivi-1 compound has been suggested to reduce cell death
after myocardial infarction [11, 12]. Although a few studies
have tested this approach and early results appear promis-
ing, the essential requirement of Drp1 in cardiac aging
remains elusive. One major challenge in the investigation
of mitochondrial fission is to discern the effects of cardio-
myocyte senescence from those produced by DNA muta-
tions, metabolism disorders, and excessive ROS (reactive
oxygen species) production [13, 14], which contributed to
mega, giant, or enlarged mitochondria [15, 16]. Mitochon-
dria with these abnormal dynamics exhibited functional
disorders and probably were responsible for the decreased
response of aging hearts to IPC.

The selective removal of damaged mitochondria plays
a crucial role in maintaining mitochondrial homeostasis
maintenance and normal cellular metabolisms of cells.
However, a deficiency in mitochondrial fission proteins
results in increased activity of senescence-associated β-
galactosidase and mitochondrial elongation in aging hearts
[17]. Elongated mitochondria display a larger size that
increases the difficulty of removal and always presents defec-
tive fission. Although whether Drp1 is essential for the
selective removal of damaged mitochondria remains unclear,
Drp1 is strongly expressed in heart and brain tissues com-
pared to other tissues [18]. There is evidence indicating that
cardiac-specific Drp1-knockout mice developed mitochon-
drial dysfunction and suppressed selective mitochondrial
removal [19]. Drp1-mediated mitochondrial fission pro-
moted parkin translocation in cardiomyocytes, which was
disturbed by the inhibition of Drp1 [20]. PTEN-inducible
kinase 1 (PINK1), a mitochondrial kinase, displayed outer
membrane accumulation and initiated parkin translocation
in the heart [7], implying that the selective removal of mito-
chondria in heart tissue is related to PINK1. Based on these
previous studies, we hypothesized that the attenuation of
abnormal mitochondrial elongation could restore the pro-
tective function of IPC in aged hearts by a new mechanism
involving Drp1 and parkin.

Resveratrol, a natural polyphenol compound present in
several plants, was shown to display antioxidant properties
[21] and extend lifespan [22]. Resveratrol was also shown
to downregulate lipid peroxidation and upregulate Mn-
SOD to decrease oxidative stress in cardiovascular diseases
[23]. Resveratrol was reported to restore the cardioprotective
effect of IPC on aged hearts by enhancing cardiac function
and reducing ischemia/reperfusion-induced cell apoptosis
[24]. As a potential activator of sirtuin 1 (SIRT1), resveratrol
improved cardiac function through SIRT1-mediated sig-
naling pathways in aged hearts [25]. Moreover, SIRT1
inhibition diminished the preconditioning effect of resvera-
trol, demonstrating that the SIRT1 pathway was implicated
in resveratrol preconditioning [26]. Additionally, several
studies have reported the effects of resveratrol on the regula-
tion of mitochondrial morphology and dynamics through
Drp1-parkin-PINK1 signaling. Therefore, it is possible that
Drp1-parkin-PINK1 signaling could be involved in the
abnormal mitochondrial dynamics during cardiac aging
and the cardioprotective effect of resveratrol.

In this study, we investigated the mitochondrial dynamic
alterations inH9c2 cells in response to D-galactose induction,
which was characterized by increased levels of senescence-
associated β-galactosidase and BrdU incorporation. D-
Galactose intervention generates reactive oxygen species and
induces calcium overloading in cardiomyocytes, which are
regarded as a potential mechanism in aging research. We
explored the roles of mitochondrial depolarization and
parkin/PINK1 translocation on elongated mitochondria in
D-galactose-induced senescent-like H9c2 cardiomyocytes.
To the best of our knowledge, this study is the first to propose
a new mechanism of resveratrol, in which it modulates Drp1
to protect against cardiac aging disorders. The new roles of
parkin and PINK1 activation required for the elimination of
aging mitochondria and their importance in uncovering the
antiaging functions of resveratrol are also discussed herein.

2. Materials and Methods

2.1. Cell Culture and Pharmacological Treatments. A rat
H9c2 cardiomyocyte cell line, obtained from American Type
Cultural Collection (CRL1446, ATCC, USA), was cultured
in Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
Oklahoma, USA) supplemented with 10% fetal bovine serum
(FBS, Gibco, Oklahoma, USA) and 1% v/v penicillin/strepto-
mycin (Gibco, Oklahoma, USA) at 37°C in a 5% CO2 humid-
ity environment. D-Galactose (D-Gal, ≥99%, Sigma, USA)
was dissolved in DMEM and given for 48 hours. Carbonyl
cyanide 3-chlorophenylhydrazone (CCCP, Sigma, USA)
and resveratrol (RSV, purity> 98%, HPLC, Chengdu Conbon
Bio-Tech Co. Ltd., Sichuan, China) were dissolved in
dimethyl sulfoxide (DMSO, ACROS, USA).

2.2. Senescence-Associated β-Galactosidase Staining. Senes-
cence-associated β-galactosidase staining (CST, USA) was
performed according to the manufacturer’s protocol. Briefly,
cells in a 6-well plate were washed with PBS, fixed for 15min
at room temperature with fixative solution, and incubated for
24 hours with β-galactosidase staining solution in a dry incu-
bator (absence of CO2). H9c2 cells were observed for the
development of blue color under a microscope (100x). The
percentage of positive cells was calculated by counting the
blue-stained cells and total cells (as a standard) in five
randomized fields.

2.3. Cell Viability and Mitochondrial Viability. Cell viability
was determined by using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT, Molecular Probes,
USA) assay. An absorbance of 570/650 nm was evaluated by
a Multi-Mode Detection Platform (SpectraMax Paradigm,
Molecular Devices, USA). For mitochondrial viability, a
mitochondrial viability assay reagent (Abcam, UK) was used
according to the manufacturer’s protocol. Briefly, 5× 104
cells/ml were seeded in a 96-well plate. After treatment,
100μl DMEM and 100μl diluted reagent were added to each
well for 4-hour incubation at 37°C. The fluorescent intensity
was evaluated at 590nm with an excitation wavelength of
550 nm. Cell viability and mitochondrial viability were calcu-
lated as the ratio to the DMSO group (set as 1.0), respectively.
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2.4. Evaluation of Mitochondrial Morphology. H9c2 cells
were seeded into a μ-Slide 8-well glass bottom plate
(#80826, ibidi, Germany) at a total number of 7500 per well.
After treatments of D-galactose (0, 10, 20, and 40 g/l, Sigma,
USA) or Mdivi-1 (40μM, Sigma, USA), the cells were incu-
bated with 50 nM MitoView Red (GeneCopoeia, USA) at
37°C for 30min. Then, the cells were washed with PBS for
three times. Mitochondrial morphology in each group was
captured using a confocal microscope (Leica TCS SP8,
Germany) equipped with a 63x oil immersion objective.
Red fluorescence represents the mitochondria stained by
MitoView Red.

2.5. Transmission Electron Microscopy.H9c2 cardiomyocytes
were fixed in 2.5% glutaric dialdehyde overnight at 4°C and
washed with PBS for three times, then postfixed in 1%
osmium tetraoxide for 1-2 hours, dehydrated in a graded
series of ethanol concentrations, and embedded in Sparr
resin. Sections of 50–70 nm thickness were placed on copper
grids that were double-stained with uranyl acetate and lead
citrate. Samples were examined with an H-7650 transmission
electron microscope (Hitachi, Japan).

2.6. ROS and Calcium Determination. To measure the
cellular ROS production and calcium concentration, an
H2DCFDA Cellular ROS Detection Assay Kit (Molecular
Probes, USA) and a Fluo-4 AM calcium indicator (Thermo
Scientific, USA) were used according to the manufac-
turers’ protocols and determined by BD FACSAria III
flow cytometer (BD, USA) analysis. For ROS and calcium
determination, Ex 488/Em 530nm was used. The intensity
of each group was calculated by counting 10,000 cells
as representation.

2.7. MMP Determination. To measure the mitochondrial
membrane potential (MMP), a JC-1 Mitochondrial Mem-
brane Potential Assay Kit (Abcam, Cambridge, UK) was used
according to the manufacturer’s protocol. The fluorescent
images of JC-1 in each group were captured using a confocal
microscope by red and green fluorescence. For the quantifi-
cation of JC-1 intensity, H9c2 cells were seeded in a 96-well
black plate with clear bottom. Ex 488/Em 530nm and Ex
550/Em 600nm were used, and the MMP was calculated by
the ratio of red-to-green fluorescence.

2.8. ATP Content Assay. The ATP level of H9c2 cells
was measured by using a Luminescent ATP Detection
Assay Kit (Abcam, UK) according to the manufacturer’s
protocol. The contents of ATP were analyzed from three
independent experiments and detected by a Multi-Mode
Detection Platform.

2.9. BrdU Incorporation Assay. A BrdU incorporation assay
was used to measure the cell proliferation. H9c2 cells were
seeded into a μ-Slide 8-well glass bottom plate at a total
number of 7500 per well. After treatment, the cells were
incubated with medium containing 10μM BrdU (Sigma,
USA) for 24 hours. Then, cells were fixed by 70% ethanol
and incubated with 2MHCl for 30min at room temperature.
1% BSA was used for blocking, and the cells were incubated

with a BrdU primary antibody (1 : 500, Abcam, UK) over-
night and with a secondary antibody (1: 250) for 2 hours at
room temperature. DAPI (Invitrogen, USA) was stained in
the final step. A fluorescent image was detected using a
confocal microscope equipped with a 63x oil immersion
objective. Blue fluorescence represents DAPI staining, and
red fluorescence represents BrdU. Images were analyzed by
using the manufacturer’s software. The percentage of positive
cells was calculated by counting the double-stained cells and
total cells (as a standard) in five randomized fields.

2.10. Evaluation of Mitochondrial Respiration. The cellular
oxygen consumption rate (OCR) was measured to determine
the key parameters of mitochondrial respiration using the
Seahorse Bioscience XFp Extracellular Flux Analyzer
(Seahorse Bioscience, USA) containing an XFp Cell Mito
Stress Test Kit according to the manufacturer’s protocol.
H9c2 cells were seeded into an XFp cell culture miniplate at
a density of 4000 cells/80μl/well and treated with D-
galactose (40 g/l). The sensor cartridge for the XFp analyzer
was hydrated in a 37°C non-CO2 incubator a day before the
experiment. For calibration, the sensor cartridge was loaded
with 1.5μM oligomycin (complex V inhibitor) to port A,
2μM FCCP to port B, and 0.5μM rotenone/antimycin A
(inhibitors of complex I and complex III) to port C. The
cellular cultural medium was replaced by 180μl/well assay
medium that was prepared by supplementing XF Base
Medium with 5.5mM glucose, 1mM pyruvate, and 2mM
L-glutamine (adjusted to pH7.4) and incubated at 37°C for
1 hour without CO2. When the calibration was completed,
the calibration plate was replaced with a culture miniplate
into the calibrated XFp Extracellular Flux Analyzer for the
Mito Stress Test. The oxygen consumption rate was calcu-
lated to evaluate mitochondrial respiration.

2.11. Immunoblot Analysis. Cells were washed with iced PBS
and lysed with RIPA buffer (20mM Tris-HCl (pH7.5),
150mM NaCl, 1mM Na2EDTA, 1mM EGTA, 1% NP-40,
1% sodium deoxycholate, 2.5mM sodium pyrophosphate,
1mM beta-glycerophosphate, 1mM Na3VO4, and 1μg/ml
leupeptin, Cell Signaling Technology, USA) containing pro-
tease inhibitors (Roche, Basel, Switzerland), then stored on
ice for 30min. The cell lysate was centrifuged at 13,000 rpm
at 4°C for 10min, and the supernatant was collected to a
new and clear tube. The protein concentration was deter-
mined using a Bio-Rad protein assay kit (Bio-Rad Labora-
tory, USA). Equal amounts of proteins were boiled and
separated with 8% SDS-PAGE gels and transferred to a
nitrocellulose membrane (Millipore, Germany). The mem-
brane was blocked with 5% nonfat milk in Tris-buffer
saline-Tween 20 (TBST) at room temperature for 1 hour,
then incubated overnight at 4°C with primary antibodies of
anti-Drp1 (1 : 500, Cell Signaling Technology, USA), anti-
Mfn2 (1 : 1000, Cell Signaling Technology, USA), anti-Mfn1
(1 : 500, Abcam, UK), anti-OPA1 (1 : 500, Abcam, UK),
anti-Bcl-2 (1 : 500, Cell Signaling Technology, USA), anti-
Bax (1 : 500, Cell Signaling Technology, USA), anti-PINK1
(1 : 500, Novus, USA), anti-parkin (1 : 500, Abcam, UK),
anti-LC3 (1 : 1000, Cell Signaling Technology, USA), and
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anti-TOM20 (1 : 500, Abcam, UK). Membranes were washed
in TBST for three times and incubated with a secondary anti-
body (1 : 1000) for 1 hour at room temperature. Subse-
quently, the membranes were washed in TBST for three
times and detected using the Odyssey Scanner (Licor, USA).
Actin (1 : 10,000, Sigma, USA) was used as a loading control.

2.12. Phos-Tag Assay. To detect phosphorylated PINK1 and
parkin proteins, 8% polyacrylamide gels containing 25μM
phos-tag acrylamide (Wako Chemicals, USA) and 50μM
MnCl2 were prepared before using. Before electrophoresis,
samples were mixed with 1mM MnCl2. During electropho-
resis, cold running buffer was used. After electrophoresis,
phos-tag acrylamide gels were washed with transfer buffer
containing 1mM EDTA for 10min with gentle agitation
and then replaced with transfer buffer without EDTA for
10min with gentle agitation. Proteins were transferred to a
nitrocellulose membrane (Millipore, Germany) and analyzed
by conventional immunoblotting.

2.13. Immunocytochemistry Analysis. H9c2 cells were seeded
into a μ-Slide 8-well glass bottom plate at a total number of
7500 per well. After treatment, cells were washed with PBST
(0.1% Tween 20 to PBS) and fixed with 4% PFA (15min, RT),
then permeabilized with 0.1% Triton X-100 (10min, RT).
The cells were washed with PBST for 3 times, blocked
with 1% BSA/PBST for 1 hour at room temperature, and
incubated with a primary antibody (TOM20 1 : 50, Abcam;
parkin 1 : 200, Abcam; and PINK1 1 : 200, Novus) over-
night in 4°C. A secondary antibody was used in 1 : 250
in room temperature for 2 hours. A fluorescent image
was detected using a confocal microscope equipped with
a 63x oil immersion objective.

2.14. Statistical Analysis.Data were analyzed using GraphPad
Prism 6.0 (GraphPad Software Inc., San Diego, CA, USA),
and all results were expressed as means± SEM. Dunnett’s
test of one-way ANOVA was used to analyze difference
between 3 or more groups. For two-group analysis, Stu-
dent’s t-test was used. Values with p < 0 05 were considered
statistically significant.

3. Results

3.1. Resveratrol Attenuated Drp1-Mediated Mitochondrial
Elongation in Response to D-Galactose Induction in H9c2
Cells. We examined the morphology of mitochondria in
H9c2 cells exposed to D-galactose for 48 hours (Figure 1(a)).
The live cell staining dye MitoView Red indicated the
changes in the morphology and distribution of mitochondria
after different doses of D-galactose induction. The propor-
tion of tubular or thread-like mitochondria was significantly
increased in H9c2 cells treated with D-galactose at concen-
trations of 10, 20, and 40 g/l. After induction with 40 g/l
D-galactose, more that 80% of the mitochondria were highly
elongated and completely organized into lengthy traveling
chains, whereas cells without D-galactose induction dis-
played short or punctiform mitochondria distributed
throughout their cytoplasm. Mitochondria are quite flexible
and are directly correlated with the level of cardiomyocyte

metabolic activity. Therefore, we wanted to investigate the
mechanism underlying mitochondrial elongation or affect-
ing mitochondrial dynamics in response to D-galactose in
H9c2 cells. We evaluated fission- or fusion-regulated protein
(Mfn1, Mfn2, OPA1, and Drp1) expressions, finding that
Drp1 was obviously downregulated after D-galactose induc-
tion (Figure 1(b)). Compared with D0 cells (cells treated
with 0 g/l D-galactose), the expression levels of Drp1 in
D40 cells were significantly decreased. Conversely, there
was no change in the expression levels of Mfn1, Mfn2, or
OPA1 in response to D-galactose (Figure 1(c)). In addition,
we further tested whether Drp1 dominated mitochondrial
elongation after D-galactose induction using a selective
cell-permeable Drp1 inhibitor (Mdivi-1). Mdivi-1 treatment
suppressed Drp1 expression and Drp1-mediated mitochon-
drial fission and altered mitochondrial elongation even
further in H9c2 cells, indicating that mitochondrial elonga-
tion induced by D-galactose is partially due to deficient
fission machinery caused by Drp1 downregulation.

Next, we examined the effects of resveratrol on mito-
chondrial morphology in response to D-galactose. H9c2
cells were treated with D-galactose for 48 hours followed
by different doses of resveratrol for 12 hours. Interestingly,
live cell analysis of the changes in both mitochondrial
length and distribution indicated that mitochondrial elon-
gation was ameliorated by resveratrol in a dose-dependent
manner (Figure 2(a)). In cells treated with D40 and
100μM resveratrol (RSV 100), the mitochondria packed
tightly into a relatively stable phonotype and their elonga-
tion was dramatically diminished compared with that in
D40 cells. Quantification of mitochondrial morphology
showed that the percentage of cells exhibiting mitochon-
drial elongation was decreased significantly in cells treated
with D40 plus 50μM or 100μM RSV cells (Figure 2(b)).
We next used transmission electron microscopy to observe
mitochondrial morphology changes after D-galactose induc-
tion (Figure 2(e)). In the D0 group, most of the mitochondria
presented a short- and round-shaped morphology. Most of
the mitochondria in D40 cells appeared as long, tubular,
and sometimes branched or two-neighbored structures that
spread throughout the entire cytoplasm. Notably, some of
them were elongated and became the highly interconnected
net-like mitochondria (indicated with red arrows). Thus, the
structural features of the mitochondrial elongation thus
represented abnormal mitochondrial dynamics in response
to D-galactose. After resveratrol (100μM) treatment, we
observed a decreased number of elongated mitochondria in
H9c2 cells that displayed a tubular or ball-like structure
without the connected-like part.

Meanwhile, we evaluated the effects of resveratrol on
fission- or fusion-regulated proteins after D-galactose
induction and found that resveratrol significantly upre-
gulated Drp1 expressions in a dose-dependent manner
(Figure 2(c)). We further analyzed whether resveratrol with
or without D-galactose might play roles in cellular toxicity
and mitochondrial damage. As shown in Figure 2(d), MTT
and fluorescent staining experiments demonstrated that
the cell and mitochondrial viabilities were not impaired
by 24 hours of 100μM resveratrol treatment.
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Taken together, these results indicated that Drp1 down-
regulation in response to D-galactose caused marked
alterations in both mitochondrial length and distribution,
revealing obvious elongation morphology. After resveratrol
treatment, mitochondrial elongation was decreased, thus
ameliorating the characteristic abnormalities in mitochon-
drial dynamics induced by D-galactose.

3.2. Resveratrol Alleviated Senescent-Like Cell Phenotypes in
Response to D-Galactose Induction. Chronic D-galactose
administration causes alterations that resembled natural
aging in animals [27]. Here, we examined the senescence-
related parameters in H9c2 cardiomyocytes in response to
D-galactose. First, we performed the senescence-associated
β-galactosidase (SA β-Gal) staining, a biomarker for

senescent and aging cells. The percentage of positive blue
staining in the D40 group increased to 83.16% compared
with only 16.16% in the D0 group (Figure 3(a)). To further
confirm a cellular senescent-like phenotype in response to
D-galactose, the BrdU incorporation assay was performed
to evaluate cell proliferation. Fluorescent images show that
there was loss of BrdU/DAPI double staining in D40 cells
compared with D0 cells. Quantification of cells with double
staining showed 44.44% loss of BrdU staining, indicating a
reduction in cardiomyocyte proliferation (Figure 3(b)). Fur-
thermore, we used a fluorescent probe to detect the produc-
tion of reactive oxygen species (ROS) and cellular calcium
concentrations. Compared with D0 cells, the ROS produc-
tions in D20 and D40 cells were significantly increased
(Figure 3(c), 1.71-fold increase in the D40 group compared
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Figure 1: Drp1 mediated mitochondrial elongation induced by D-galactose. (a) H9c2 cardiomyocytes were treated with D-galactose
(D-Gal; 0, 10, 20, and 40 g/l) and Mdivi-1 (40 μM) for 48 hours, respectively. Mitochondrial morphology was detected using a confocal
microscope by MitoView Red staining (upper panels); objective magnification, 63x; white scale bar represents 20 μm. Magnified
photographs showed a detail view of the area indicated in the upper panels. (b) Drp1 expressions in H9c2 cells treated with D-galactose
and Mdivi-1 were detected by immunoblot analysis. Actin was represented as the loading control. The relative values were normalized to
actin. Data (n = 3) were shown as the mean± SEM (∗p < 0 05). (c) Mfn1, Mfn2, and OPA1 expressions were detected by immunoblot
analysis. Actin was represented as the loading control. The relative values were normalized to actin. Data (n = 3) were shown as the
mean± SEM. NS: no significance (p > 0 05).
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Figure 2: The effects of resveratrol on mitochondrial elongation and Drp1 expression. (a) H9c2 cardiomyocytes were treated with resveratrol
(RSV; 25, 50, and 100 μM) for 12 hours after 48-hour induction of D-Gal (40 g/l). Mitochondrial morphology was detected using a confocal
microscope by MitoView Red staining (upper panels); objective magnification, 63x; scale bar represents 20μm. Magnified photographs
showed a detail view of the area indicated in the upper panels. (b) Quantification of mitochondrial morphology (foreshortened and
elongated) in 50 cells from fluorescent images captured by a confocal microscope. Gray bar: cells with elongated mitochondria/total cell
number; black bar: cells with foreshortened mitochondria/total cell number. ∗∗∗p < 0 001 versus elongated mitochondria in cells without
any treatment; ##p < 0 01 and ###p < 0 01 versus elongated mitochondria in cells treated with D-galactose (40 g/l). (c) The effect of RSV
(25, 50, and 100 μM) on Drp1 expressions was detected by immunoblot analysis. Actin was represented as the loading control. The
relative values were normalized to actin. Data (n = 3) were shown as the mean± SEM (∗p < 0 05). (d) The toxic effects of resveratrol
(100 μM) on H9c2 cardiomyocytes and mitochondria were evaluated. Data (n = 3) were shown as the mean± SEM; NS: no significance
(p > 0 05). (e) Electron microscopy analysis (magnification, 25,000x; upper panels) of cells treated with RSV (100 μM) for 12 hours after
48-hour induction of D-Gal (40 g/l). Scale bar represents 1μm. Magnified photographs showed a detail view of the area indicated in the
upper panels. The red arrow indicated the interconnected net-like mitochondria.
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Figure 3: Continued.
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with the D0 group). Meanwhile, calcium concentrations in
the D20 and D40 were also significantly increased
(Figure 3(d), 4.88-fold increase in the D40 group compared
with the D0 group). Senescent cardiomyocytes are well-
known to display reduced ATP production. Therefore, we
examined the ATP content, and the result shows a 38.96%
decrease in ATP content in D40 cells compared with D0 cells
(Figure 3(e)).

We also wondered whether the elongated mitochondria
were damaged in response to D-galactose induction.

Therefore, we performed a mitochondrial membrane poten-
tial (MMP) assay to explore whether the mitochondria were
depolarized which was induced by D-galactose. Interestingly,
no significant change was found in the MMP in H9c2 cells
induced by D-galactose (Figure 3(f)). In addition, we further
detected mitochondrial respiration by testing the oxygen
consumption rate. As shown in Figure 3(g), the H9c2 cel-
lular oxygen consumption rate did not obviously change,
suggesting that mitochondrial respiratory functionality was
not impaired in D40 cells. To further evaluate proapoptotic
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Figure 3: H9c2 cardiomyocytes displayed senescent-like phenotypes induced by D-galactose. (a) H9c2 cardiomyocytes were treated with
D-galactose (D-Gal; 0, 10, 20, and 40 g/l). SA-β-Gal activity was detected using a microscope in a bright field with positive blue
staining; original magnification, 100x; the percentage of positive staining was analyzed in five randomized fields. Data (n = 5) were shown
as the mean± SEM (∗∗∗p < 0 001). (b) BrdU activity was represented by BrdU (red) and DAPI (blue) double staining detected using a
confocal microscope; objective magnification, 63x; scale bar represents 40 μm. The percentage of positive staining was analyzed in five
randomized fields. Data (n = 5) were shown as the mean± SEM (∗∗∗p < 0 001). H9c2 cardiomyocytes were treated with D-galactose
(D-Gal; 0, 10, 20, and 40 g/l). (c) ROS production was evaluated by using H2DCFDA probe staining, and (d) calcium concentration was
evaluated by using Fluo-4 AM staining. Results were detected by flow cytometry. Data (n = 3) were shown as the mean± SEM (∗p < 0 05,
∗∗p < 0 01, and ∗∗∗p < 0 001). (e) ATP content was detected by the luminescent detection assay. Data (n = 3) were shown as the
mean± SEM (∗∗∗p < 0 001). (f) Mitochondrial membrane potential (MMP) was detected using flow cytometry by JC-1 fluorescent dye
staining. Data (n = 3) were shown as the mean± SEM; NS: no significance (p > 0 05). (g) The H9c2 cardiomyocyte oxygen
consumption rate was evaluated using the XFp Cell Mito Stress Test Kit and detected by the Seahorse Bioscience XFp Extracellular
Flux Analyzer. (h) Bcl-2 and Bax protein expressions were analyzed by immunoblot analysis and calculated. Actin was represented as
the loading control. Data (n = 3) were shown as the mean± SEM; NS: no significance (p > 0 05).
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protein expressions, we analyzed the expressions of Bcl-2 and
Bax. No significant changes in the expression levels of Bcl-2
and Bax were detected in response to different doses of D-
galactose (Figure 3(h)).

We evaluated the effects of resveratrol on senescent-
like phenotypes induced by D-galactose. As shown in
Figure 4(a), resveratrol significantly and dose-dependently
reduced D-galactose-induced SA β-Gal-positive staining
and increased the percentage of BrdU/DAPI double staining
(Figure 4(b)). Moreover, resveratrol significantly decreased
the ROS production and calcium concentration in response
to D-galactose, respectively, in a dose-dependent manner
(Figures 4(c) and 4(d)).

Collectively, D-galactose induced cellular senescent-like
phenotypes in H9c2 cardiomyocytes, including increased
expression of a senescent biomarker, reduced cell prolifer-
ation, excessive ROS production, and calcium overloading.
Regarding the functional aspect of mitochondria, no
changes in the mitochondrial membrane potential or the
respiration chain were observed. We also showed that
the mitochondrial-mediated apoptotic signaling pathway
was not activated. Importantly, resveratrol decreased SA β-
Gal activity, increased cellular proliferation, and decreased
ROS production and calcium overloading, thus amelio-
rating D-galactose-induced senescent-like phenotypes in
H9c2 cardiomyocytes.
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Figure 4: The effects of resveratrol on senescent phenotypes of H9c2 cardiomyocytes induced by D-galactose. (a) H9c2 cardiomyocytes
were treated with resveratrol (RSV; 25, 50, and 100 μM) for 12 hours after 48-hour induction of D-Gal (40 g/l). SA-β-Gal activity was detected
using a microscope in a bright field with positive blue staining; original magnification, 100x; the percentage of positive staining was analyzed
in five randomized fields. Data (n = 5) were shown as the mean± SEM (∗∗∗p < 0 001). (b) BrdU activity was represented by BrdU (red) and
DAPI (blue) double staining detected using confocal microscopy; objective magnification, 63x; scale bar represented 40μm. The percentage of
positive staining was analyzed in five randomized fields. Data (n = 5) were shown as the mean± SEM (∗∗∗p < 0 001). (c, d) H9c2
cardiomyocytes were treated with resveratrol (RSV; 25, 50, and 100μM) for 12 hours after 48-hour induction of D-Gal (40 g/l). ROS
production was evaluated by using H2DCFDA probe staining, and calcium concentration was evaluated by using Fluo-4 AM staining.
Results were detected by flow cytometry. Data (n = 3) were shown as the mean± SEM (∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001).
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3.3. Resveratrol Reduced the Resistance of Elongated
Mitochondria to CCCP-Induced Depolarization in Senescent-
Like Cardiomyocytes. The mitochondrial membrane poten-
tial (MMP) is considered a key sensor and/or effector of
intracellular regulatory processes such as apoptosis, redox
status, calcium homeostasis, and balance of mitochondrial
fusion and fission. We next explored the relationship
between mitochondrial depolarization induced by CCCP
and mitochondrial elongation after D-galactose induction.
We detected the MMP with JC-1 dye using fluorescence
microscope- and microplate cytometry-based analyses. Incu-
bating H9c2 cells with CCCP for 3 hours before JC-1 staining
indeed increased the intensity of the green fluorescent signal
(Figure 5(a), middle panels), indicating significant mitochon-
drial depolarization. However, we did not observe the CCCP-
induced collapse of MMP in the 40 g/l D-galactose-treated
H9c2 cells (D40, Figure 5(a), right panels). Using cytometry,

we calculated the ratio of red FL to green FL, which repre-
sents contributions from both monomers and aggregates of
JC-1. Consistent with the results shown in fluorescent
images, we also found a decreased red FL/green FL ratio
in H9c2 cells after CCCP stimuli, indicating significant loss
of MMP. However, there was a significant attenuation of
the ability of CCCP to trigger decreased MMP in D40
cells. Meanwhile, we also tested whether the distinct effect
of CCCP on D40 cells occurred due to mitochondrial
elongation in senescent-like cardiomyocytes. We examined
mitochondrial morphological changes in cells exposed to
CCCP by immunostaining with an anti-TOM20 antibody
(red). Compared with the H9c2 cells without D-galactose
induction, CCCP-treated cells contained a higher propor-
tion of short and/or punctate mitochondria, revealing
that CCCP leads to mitochondrial fragmentation. Inter-
estingly, the effect of CCCP was not observed in cells
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Figure 5: Resveratrol reduced the resistance of elongated mitochondria to CCCP-induced depolarization in H9c2 cells. (a, c) Mitochondrial
membrane potential was detected using confocal microscopy by JC-1 fluorescent dye staining. Images were captured by confocal microscopy
to show the variations of red and green FL; white scale bar represented 40μm. The ratio of red/green FL was calculated by the fluorescence
microplate assay. Data (n = 3) were shown as the mean± SEM (∗∗p < 0 01, ∗∗∗p < 0 001). (b, d)Mitochondrial morphology was detected using
confocal microscopy (upper panels) by immunostaining with a TOM20 antibody (red); objective magnification, 63x; white scale bar
represents 20μm. Magnified photographs showed a detail view of the area indicated in the upper panels.
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in which mitochondrial elongation was induced by D-
galactose, supporting our previous observation that normal
or nonelongated mitochondrial morphology was required
for CCCP-induced mitochondrial depolarization in cardio-
myocytes (Figure 5(b)).

We then postulated that mitochondrial elongation might
be an important determination in the MMP-mediated
pathway. To determine whether the effects of resveratrol on
mitochondrial elongation are involved in mitochondrial
depolarization, we examined the MMP alterations and
mitochondrial morphology in H9c2 cells after resveratrol
treatment. As expected, resveratrol had no direct effect on
the loss of MMP in D40 cells. Interestingly, in D40 plus
CCCP cells, resveratrol significantly deceased the MMP,
suggesting sensitized depolarization to mitochondrial decou-
pling (Figure 5(c)). Evaluation of mitochondrial morphology
by immunostaining with TOM20 further validated the
observation that the number of elongated mitochondria was
reduced by resveratrol treatment compared with that in
D40 cells (Figure 5(d)).

These data suggested that the resistance of mitochon-
dria to CCCP-induced depolarization was likely due to
abnormal elongation in D-galactose-induced senescent-
like cardiomyocytes. After resveratrol treatment, the mito-
chondria were more susceptible to depolarization induced
by CCCP, which probably resulted from mitochondrial
elongation suppression.

3.4. Resveratrol Regulates Parkin/PINK1 Signaling upon
Mitochondrial Depolarization in Senescent-Like Cardiomyocytes.
First, we detected the parkin mitochondrial translocation
by immunostaining with an anti-parkin antibody (green)
and an anti-TOM20 antibody (red) using confocal micros-
copy in the H9c2 cells without D-galactose induction. After
incubating the H9c2 cells with CCCP for 3 hours, we
observed increased intensity of the yellow fluorescent signal
in the merged image (Figure 6(a), second line from the left)
compared with that in the cells without CCCP treatment
(Figure 6(a), first line from the left). The yellow spots
represented the overlaying of green and red fluorescence
(FL), indicating that parkin translocated to mitochondria.
Next, we examined the activation of PINK1 by immuno-
staining with an anti-PINK1 antibody (green) and an
anti-TOM20 antibody (red). Compared with the H9c2 cells
without CCCP treatment (Figure 6(a), second line from the
right), the number of yellow dots was increased in the
CCCP-treated H9c2 cells, indicating mitochondrial PINK1
translocation (Figure 6(a), first line from the right). We
next accessed whether the CCCP-induced mitochondrial
translocations of parkin and PINK1 were associated with
their upregulations. We analyzed the protein levels of par-
kin and PINK1 after exposure to a CCCP stimulus. Immu-
noblot analysis showed that the total protein expression of
parkin was not changed significantly (Figure 6(d)). Parkin
phosphorylation is a critical step for its mitochondrial
translocation in response to CCCP-induced mitochondrial
depolarization. We therefore performed immunoblot anal-
ysis using an SDS-PAGE gel containing a phos-tag to inves-
tigate whether parkin was phosphorylated in H9c2 cells

subjected to CCCP. In the phos-tag immunoblot, phos-
phorylated proteins appeared as slower migrated bands,
and a significant increase in band intensity revealed that
parkin was phosphorylated in the CCCP-treated cells.
Interestingly, the total protein expression level of PINK1
was increased significantly which was induced by CCCP.
Meanwhile, we observed an obvious slower PINK1 migra-
tion in its phos-tag immunoblot gel, which was potentially
reflective of increased PINK1 phosphorylation. These
results indicated that both parkin and PINK1 translocated
to mitochondria in the presence of CCCP and suggested
that higher parkin and PINK1 phosphorylation played a
role in their activations.

To further address whether mitochondrial elongation
affects the activations of parkin and PINK1 in senescent-
like cardiomyocytes, we next investigated the mitochondrial
translocation of parkin and PINK1 in the H9c2 cells induced
by 40 g/l D-galactose (D40). In the merged images, we did
not observe an obvious yellow fluorescent signal in D40
cells not treated with CCCP, indicating that parkin did
not translocate to mitochondria (Figure 6(b), first line from
the left). Interestingly, the CCCP-induced increase in yel-
low fluorescence was not detected in D40 cells, suggesting
a significant attenuation in the ability of CCCP to trigger
the mitochondrial translocation of parkin (Figure 6(b),
second line from the left). Next, we analyzed the protein
level of parkin induced by CCCP in the D40 cells. Com-
pared with the D40 cells not treated with CCCP treatment,
the total parkin expression level did not change signifi-
cantly in the presence of CCCP (Figure 6(d)). Meanwhile,
we also tested whether the CCCP-induced activation of
PINK1 was exhibited only in D40 cells. As shown in
Figure 6(b), D-galactose treatment did not induce the mito-
chondrial translocation of PINK1 (second line from the
right). We did not observe PINK1 mitochondrial transloca-
tion in the D40 cells exposed to CCCP in the merged
images (first line from the right). Immunoblot analysis of
the PINK1 total protein level showed that its expression
did not increase in response to CCCP treatment in the
D40 cells. Furthermore, we tested whether the phosphoryla-
tion of parkin and PINK1 induced by CCCP was affected
by D-galactose induction. In phos-tag immunoblots, we
did not observe significant levels of phosphorylated parkin
and PINK1 induced by CCCP in D40 cells. These data
demonstrated that the CCCP-induced activation of parkin
and PINK1 was decreased in the D40 cells, suggesting that
mitochondrial depolarization induced by CCCP might be
required for the activation of parkin and PINK1.

We next investigated the effects of resveratrol on the
expressions of parkin and PINK1 in the D40 cells. First,
resveratrol did not induce parkin mitochondrial transloca-
tion in D0 cells (Figure 6(c), second line from the left).
Then, we examined parkin mitochondrial translocation in
the D40 cells treated with resveratrol. In the merged
images, we observed significantly increased yellow fluores-
cence signal intensity after 12 hours of resveratrol treatment
(Figure 6(c), second line from the right). Interestingly, the
number of colocalized yellow dots was increased in the
presence of CCCP, suggesting that resveratrol increased
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Figure 6: Resveratrol regulated the activity of parkin/PINK1 signaling upon mitochondrial depolarization in H9c2 cells in response to
D-galactose induction. (a, b, c) Parkin and PINK1 expressions were detected using confocal microscopy by immunofluorescence analysis;
objective magnification, 63x; scale bar represents 20 μm. Colocalization of parkin (or PINK1) (green) and TOM20 (red) was shown in
magnified images. The yellow fluorescence represented the overlap of red and green fluorescence. (d) Parkin and PINK1 protein
expressions were detected by immunoblot analysis and calculated. Actin was represented as the loading control. Phosphorylation of parkin
and PINK1, respectively, was detected by immunoblot analysis with phos-tag and incubated with anti-parkin and anti-PINK1 primary
antibodies. The upper binds (slow migration binds) indicated by the black arrow showed phosphorylated proteins. Data (n = 3) were
shown as the mean± SEM (∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001).
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CCCP-induced parkin mitochondrial translocation in the
D40 cells (Figure 6(c), first line from the right). Moreover,
after resveratrol treatment, the total expression levels of
parkin and PINK1 were not significantly changed in response
to CCCP induction in D40 cells. Therefore, we speculated
whether parkin and PINK1 phosphorylation increased in
response to resveratrol. As shown in Figure 6(d), phosphory-
lated parkin and PINK1 expressions were detected and
showed a significant increase in D40 cells and D40 plus
CCCP cells after resveratrol treatment, suggesting that parkin
phosphorylation and PINK1 phosphorylation were impli-
cated in parkin mitochondrial translocation induced by
resveratrol in H9c2 cells.

Taken together, the CCCP-induced activation of parkin
and PINK1 was suppressed in senescent-like H9c2 cardio-
myocytes, most likely due to the resistance of elongated
mitochondria to depolarization. After resveratrol treatment,
parkin translocated to mitochondria due to the phosphoryla-
tion of parkin and PINK1.

3.5. Resveratrol Regulates LC3-Mediated Autophagy Induced
by CCCP in Senescent-Like Cardiomyocytes. As an E3
ubiquitin ligase, parkin is targeted to damaged mitochondria
and mediates its selective removal via damaged protein
degradation by autophagosomes or lysosome. We therefore
examined the LC3-II/LC3-I conversion induced by CCCP
in the H9c2 cells and calculated the ratio of LC3-II to LC3-I
by immunoblot analysis. Figure 7(a) shows that CCCP
(80μM) treatment for 3 hours significantly increased the
expression of LC3-II in D0 cells (left panels). In D40 cells,
we observed that the increased expression of LC3-II after
CCCP treatment was significantly lower than that in D0 cells
(middle panels). As shown in Figure 7(b), the ratio of LC3-II
to LC3-I was increased by approximately 10-fold and 5-fold
in D0 and D40 cells, respectively, in the presence of CCCP.
Resveratrol treatment significantly increased the expression
of LC3-II (Figure 7(a), right panels), and the ratio of LC3-II
increased more than 10-fold in RSV plus CCCP-treated
D40 cells. This result implied that the suppression of parkin
and PINK1 contributed to the reduced activity of LC3-II
in D-galactose-treated H9c2 cardiomyocytes. Resveratrol
enhanced the ability of CCCPs to upregulate LC3-II expres-
sion, suggesting that it affected LC3-mediated autophagy.

We also investigated whether RSV affected the TOM20-
labeled mitochondria in H9c2 cells treated with CCCP. After
24 hours of treatment with CCCP, the expression of TOM20
was downregulated significantly in the D0 cells (Figure 7(c),
left panels). The relative expression intensity was calculated,
and the results in Figure 7(d) show that the expression of
TOM20 was downregulated by approximately 50% in D0
cells treated with CCCP for 24 hours. Meanwhile, in the
D40 cells, the expression of TOM20 did not change signifi-
cantly after CCCP induction (Figure 7(c), middle panels).
Interestingly, the expression of TOM20 was significantly
downregulated by CCCP in the D40 cells treated with resver-
atrol (Figure 7(c), right panels), indicating that the effect of
resveratrol is probably involved in the mitochondrial autoph-
agy process that was disturbed by D-galactose in H9c2 cells.
To confirm the loss of mitochondrial content, we visualized

the mitochondria using fluorescence staining by MitoView
Red and calculated the fluorescence intensity. In D0 cells,
the morphology of mitochondria significantly changed to
very short, fragmented spots after CCCP induction. The
mitochondrial distribution was observed in parts of the cyto-
plasm, although some disappeared (Figure 7(e), left panels).
The intensity of the mitochondrial fluorescence staining
dye was significantly decreased, indicating the loss of mito-
chondrial content (Figure 7(f), left panel). Although the
mitochondria were obviously fragmented in D40 plus CCCP
cells, no significant loss of mitochondrial content could be
detected (Figures 7(e) and 7(f), middle panels). Interestingly,
after resveratrol treatment, the mitochondrial content was
significantly decreased in D40 plus CCCP cells (Figures 7(e)
and 7(f), right panels).

4. Discussion

In our study, mitochondrial dynamic abnormalities were
found and most mitochondria became tubular or thread-
like in response to D-galactose induction. The major regula-
tors of mitochondrial morphology were fission and fusion
proteins, suggesting that mitochondrial elongation is proba-
bly caused by the imbalance of fission and fusion [28].
Immunoblot analysis showed that Drp1 might be the major
factor contributing to mitochondrial elongation induced by
D-galactose. Mdivi-1 was a mitochondrial fission inhibitor
that induced mitochondrial elongation by inhibiting fission
machinery [12]. Our study showed that the mitochondria
were elongated and the expression of Drp1 was downregu-
lated in response to Mdivi-1 induction. Compared with the
cells induced by Mdivi-1, D-galactose-treated cells showed
similar mitochondrial morphology and Drp1 expression,
suggesting that mitochondrial elongation induced by D-
galactose was partially due to defective fission. Regarding
fusion proteins, 40 g/l D-galactose induction did not alter
the expressions of Mfn1, Mfn2, or OPA1. A study by Neus-
piel et al. showed that mitofusin 2 (Mfn2) acted as a signaling
GTPase to induce mitochondrial fusion and protected
against permeability transition [29], suggesting that Mfn2-
mediated mitochondrial fusion enhances the endurance of
cardiomyocytes to depolarization. However, specific Mfn2
knockout produced enlarged mitochondria that exhibited
impaired respiratory function [30]. In addition, independent
of Mfn2 promoting fusion, this protein played a critical role
in culling damaged mitochondria [9]. Therefore, the roles
of Mfn2 in the formation of enlarged mitochondria are
complex and not fully elucidated. In our study, Drp1-
mediated fission played a major role in mitochondrial
elongation in response to D-galactose induction. Resveratrol
significantly decreased the mitochondrial elongation in H9c2
cells, thus attenuating the characteristic mitochondrial
dynamic abnormalities induced by D-galactose.

Previous studies have evaluated several parameters to
show the effects of D-galactose on cellular senescence, such
as advanced glycation end products (AGEs), superoxide
dismutase (SOD), and telomeres [13, 31–33]. Because
cellular senescence is a very complex process that is not fully
elucidated, here, we analyzed the senescent-like phenotypes
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Figure 7: Resveratrol regulated the LC3-mediated autophagy induced by CCCP in D-galactose-induced H9c2 cells. (a) LC3-I and LC3-II
expressions in H9c2 cells treated with CCCP (80 μM) for 3 hours were detected by immunoblot analysis. Actin was represented as
the loading control. (b) The relative values of LC3-II/LC3-I expressions were calculated. Data (n = 3) were shown as the mean± SEM
(∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001). (c) TOM20 expressions in H9c2 cells treated with CCCP (80 μM) for 24 hours were detected by
immunoblot analysis. Actin was represented as the loading control. (d) The relative values of TOM20 expressions were normalized to
actin. Data (n = 3) were shown as the mean± SEM (∗p < 0 05); NS: no significance (p > 0 05). (e) H9c2 cardiomyocytes were treated with
CCCP (80 μM) for 24 hours. Mitochondrial morphology was detected using confocal microscopy by MitoView Red staining; objective
magnification, 63x; white scale bar represented 20μm. (f) Quantification of MitoView Red staining dye was assessed by the fluorescence
microplate assay. Data (n = 3) were shown as the mean± SEM (∗∗p < 0 01, ∗∗∗p < 0 001); NS: no significance (p > 0 05).
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in H9c2 cardiomyocytes in response to D-galactose by
evaluating senescence-associated β-galactosidase activity, a
biomarker for cellular senescence or organ aging [34]. For
cellular senescence and proliferation [35], we observed
reduced cell proliferation by the BrdU incorporation assay.
Furthermore, several other metabolism disorder indicators,
such as intracellular calcium overloading, enhanced ROS
production enhancement, and decreased levels of ATP
production, were found in H9c2 cardiomyocytes induced
by D-galactose. Taken together, D-galactose induction
increased the activity of senescence-associated β-galactosi-
dase and reduced cellular proliferation, thus inducing
senescent-like phenotypes in H9c2 cardiomyocytes. More-
over, H9c2 cells displayed excessive ROS production and
intracellular calcium overloading induced by D-galactose.
Aging cardiomyocytes produced damaged and enlarged
mitochondria that exhibit excessive ROS and mutated respi-
ratory function genes and proteins, which make them more
difficult to selectively remove than smaller mitochondria
[6]. Therefore, we further evaluated the mitochondrial mem-
brane potential and respiration in response to D-galactose.
D-galactose induction did not change the MMP and oxygen
consumption rate, implying that the mitochondrial function
was not impaired. Further analysis of expressions of Bcl-2
and Bax suggested that the mitochondrial-mediated apo-
ptotic signaling pathway was not activated. Further evalu-
ations of resveratrol on senescent-like phenotypes induced
by D-galactose showed that resveratrol significantly reduced
SA β-Gal-positive staining and increased the percentage of
BrdU/DAPI double-positive staining. In addition, resveratrol
significantly decreased the ROS production and calcium
concentration in response to D-galactose, respectively, in a
dose-dependent manner.

Mitochondrial elongation with abnormal dynamics was
shown to alter small molecular activation and/or intracellular
pathways, including the balance of fusion and fission and
the selective removal of damaged mitochondria, probably
contributing to the reduction of IPC in the development
of cardiac aging. Drp1-mediated mitochondrial fission is
considered a potential upstream effector for subsequent
selective removal of mitochondria [20]. Evidence showed
that decreased Drp1 expression damaged mitochondria, thus
increasing cardiomyocyte apoptosis and suppressing glucose
deprivation-induced autophagosome formation and autoph-
agic flux. Ikeda et al. applied mitochondrial-targeted Keima
fluorescence to monitor the maturation of autophagosomes
to lysosomes by detecting excitation spectra peaking in acidic
pH conditions. The CCCP-induced positive staining of
Keima on mitochondria was not detected in cardiomyocytes
transduced with Ad-shDrp1, suggesting that Drp1 was
necessary for mitochondrial autophagic removal. More direct
evidence that Drp1 downregulation decreased the number of
autophagosomes and autophagosomes containing mitochon-
dria in response to glucose deprivation was detected by
electron microscopy. Moreover, the authors also investigated
the autophagic flux in Drp1-CKO mice. In Drp1-CKO mice,
the activity of LC3-II was suppressed and the autophagic
flux was present under both physical and chemical stimuli
in the heart [19]. This result leads to the hypothesis that

Drp1-mediated fission machinery probably dominates the
separation of damaged mitochondrial components. Drp1-
mediated mitochondrial fission was shown to segregate dam-
aged components for selective elimination and to recruit par-
kin to mitochondria to maintain their integrity. Suppression
of Drp1 reduced the mitochondrial translocation of parkin
[20]. Parkin, an E3 ubiquitin ligase, was required in this
process to promote Drp1-dependent mitochondrial frag-
mentation [36]. Furthermore, PINK1, a serine-threonine
kinase that collaborates with parkin to regulate mitochon-
drial programmed clearance, was related to Drp1-mediated
mitochondrial fission [37]. A prevalent signaling pathway
implicated in selective mitochondrial removal was deter-
mined to be mediated by the parkin and PINK1 proteins
[38]. Mitochondrial depolarization activated the outer
membrane localization of PINK1 and drove cytosolic par-
kin recruitment [39, 40]. To investigate whether Drp1-
mediated mitochondrial elongation in senescent-like cardio-
myocytes suppressed selective mitochondrial removal, CCCP
was used to induce mitochondrial depolarization and parkin
and PINK1 activation.

CCCP is a conventional compound that causes mito-
chondrial depolarization and induces parkin mitochondrial
translocation. In our study, no CCCP-induced mitochondrial
depolarization was found in H9c2 cells in response to D-
galactose. Interestingly, the mitochondria retained their
elongated morphology in the presence of CCCP, indicating
that elongated mitochondria exhibited resistance to CCCP-
induced mitochondrial depolarization. Additionally, resvera-
trol ameliorated abnormal mitochondrial elongation by
upregulating the expression of Drp1 in D-galactose-treated
cardiomyocytes. Therefore, resveratrol probably could
enhance the ability of CCCP to induce mitochondrial depo-
larization. After resveratrol treatment, the mitochondria
were depolarized which was induced by CCCP in D-
galactose-treated H9c2 cardiomyocytes. Next, we explored
the activation of parkin and PINK1 to determine whether
the resistance of elongated mitochondria to CCCP-induced
depolarization would affect parkin mitochondrial transloca-
tion. Our results showed that parkin translocated to mito-
chondria in response to CCCP induction. However, we did
not observe significant parkin mitochondrial translocation
in D-galactose-treated cells that were resistant to CCCP-
induced depolarization. Meanwhile, the results of PINK1
expression analysis by immunostaining showed that its
activation was reduced, suggesting that the defective par-
kin and PINK1 mitochondrial translocations were impli-
cated in the resistance of D-galactose-treated cells to
CCCP-induced mitochondrial depolarization. Furthermore,
PINK1-mediated parkin phosphorylation and PINK1 auto-
phosphorylation were essential for the mitochondrial trans-
location of parkin upon mitochondrial depolarization [41,
42]. To examine the phosphorylation of parkin and PINK1,
we applied SDS-PAGE gels containing a phos-tag to specifi-
cally separate the phosphorylated proteins for detection
using immunoblot analysis. The phos-tag gel showed that
the phosphorylation levels of parkin and PINK1 were
enhanced in response to CCCP induction. However, the
increased levels of phosphorylation were not observed in
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the cells induced by D-galactose, indicating that the phos-
phorylation of parkin by PINK1 was reduced and suggesting
that Drp1-mediated mitochondrial elongation attenuated the
activations of parkin and PINK1. Furthermore, CCCP-
induced LC3-II protein upregulation and loss of mitochon-
drial content were suppressed in senescent-like cardiomyo-
cytes, possibly, due to the attenuated activation of parkin.

Mutations in genes encoding the parkin and PINK1 pro-
teins were first identified in the pathogenesis of Parkinson’s
diseases and determined to be involved in the underlying
mechanisms of several other major neurodegenerative dis-
eases [43, 44]. Decreased mitochondrial membrane potential
and impaired respiratory chain were found in parkin-mutant
patients and PINK1-mutant patients [45, 46]. Defective

dysfunctional mitochondrial removal was revealed in the
progress of neurodegenerative diseases with the absence of
functional parkin and PINK1 [47, 48]. The potential mecha-
nism elucidated by researchers was that the functional inter-
action of parkin and PINK1 displayed the clearance of
dysfunctional mitochondria [49]. Despite the epidemiologi-
cal association between Parkinson’s diseases and heart
failure, the indispensable roles of parkin and PINK1 for nor-
mal heart function have come under intense attack in the
past decade. Evidence showed that deficient parkin protein
levels in mice enhanced their sensitivity to cardiac infarction
and larger infarct sizes [50]. Decreased PINK1 protein levels
led to impaired mitochondrial function and redox homeosta-
sis in cardiac dysfunction [51]. Moreover, the translocation
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of parkin to damaged mitochondria was disturbed in aged
hearts. The overexpression of parkin ameliorated cardiac
aging and maintained mitochondrial integrity [52]. In addi-
tion, Huang et al.’s study showed that parkin was involved
in the cardioprotection of ischemic preconditioning and
short-term hypoxia increased parkin mitochondrial translo-
cation in cardiomyocytes [53]. These studies indicated that
parkin plays a critical role in mitochondrial integrity in aging
hearts, and defective parkin mitochondrial translocation
might be a possible reason for the loss or attenuation of car-
diac ischemic preconditioning.

Resveratrol is a polyphenol compound that functions in
age-related disorders [54]. Resveratrol can reportedly
improve cardiac function in failing hearts by activating the
SIRT1 protein level and improving AMPK expression [55].
The effect of resveratrol on mitochondria has been studied
for years. Resveratrol was shown to exhibit multiple effects
on mitochondrial mass, mtDNA content, and upregulation
of the biogenetic factor of PGC-1α, supporting the role of res-
veratrol against myocardial ischemia/reperfusion injury by
decreasing ROS generation and inhibiting mPTP opening
[56]. Meanwhile, resveratrol has been shown to exhibit pro-
tective effects against oxidative stress by modulating mito-
chondrial biogenesis in an SIRT3-dependent manner after
activating AMPK-PGC-1α-ERRα signaling [57]. Notably,
our study is the first to investigate the effects of resveratrol
on mitochondrial dynamics. Morphological studies of mito-
chondria by live cell staining and ultrastructural detection
demonstrated that resveratrol ameliorated mitochondrial
elongation by upregulating Drp1 expression. Therefore, our
study provided a new viewpoint in the effects of resveratrol
on mitochondrial dynamic imbalance, suggesting that the
potential mechanisms of resveratrol antiaging properties
are probably related to mitochondrial dynamics (Figure 8).
Meanwhile, resveratrol increased the level of mitochondrial
depolarization, perhaps by ameliorating mitochondrial elon-
gation. For decades, few studies have explored the effects of
resveratrol on parkin and PINK1 protein expressions and
the signaling pathways in which they are involved. Recently,
Das et al. showed that raised resveratrol exhibited the poten-
tial effects on a Sirt1-Sirt3-Foxo3-PINK1-PARKIN signaling
network during ischemia/reperfusion injury [58]. Although
their study provided promising insight into the effective
mechanisms of resveratrol that involve parkin and PINK1,
fully understanding the roles of resveratrol on the functional
activation of parkin and PINK1 in different pathological
processes still needs to be accomplished. Promisingly, our
study showed that resveratrol significantly induced parkin
mitochondrial translocation in senescent-like H9c2 cardio-
myocytes by regulating the phosphorylation of parkin and
PINK1. Furthermore, resveratrol upregulated the expres-
sion of LC3-II and decreased the mitochondrial content
in D-galactose-induced cells, suggesting that it affected
LC3-mediated autophagy.

5. Conclusion

In summary, our study characterized mitochondrial dynamic
disorders in H9c2 cardiomyocytes that presented cellular

senescent-like phenotypes in response to D-galactose induc-
tion. We observed marked mitochondrial elongation by
Drp1-mediated fission disorders. Interestingly, D-galactose-
treated cardiomyocytes showed resistance to mitochondrial
depolarization, and their mitochondrial morphology exhib-
ited elongation in response to CCCP induction. Importantly,
the natural polyphenol compound resveratrol ameliorated
mitochondrial elongation by enhancing Drp1 expression
and increasing the level of mitochondrial depolarization,
suggesting that mitochondrial elongation is partly implicated
in depolarization resistance. Furthermore, the reduced
activations of parkin and PINK1, including mitochondrial
translocation and protein phosphorylation, in response to
CCCP induction were found in senescent-like cardiomyo-
cytes. Finally, resveratrol upregulated the mitochondrial
translocation of parkin, activated the phosphorylation of
parkin and PINK1, and upregulated the LC3-II activity, pro-
viding a new pharmacological approach for further studies of
the mechanisms of Drp1 and parkin-PINK1 signaling.
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Unplanned exposure to radiation can cause side effects on high-risk individuals; meanwhile, radiotherapies can also cause injury on
normal cells and tissues surrounding the tumor. Besides the direct radiation damage, most of the ionizing radiation- (IR-) induced
injuries were caused by generation of reactive oxygen species (ROS). Human mesenchymal stem cells (hMSCs), which possess self-
renew and multilineage differentiation capabilities, are a critical population of cells to participate in the regeneration of IR-damaged
tissues. Therefore, it is imperative to search effective radioprotectors for hMSCs. This study was to demonstrate whether natural
source ginger oleoresin would mitigate IR-induced injuries in human mesenchymal stem cells (hMSCs). We demonstrated that
ginger oleoresin could significantly reduce IR-induced cytotoxicity, ROS generation, and DNA strand breaks. In addition, the
ROS-scavenging mechanism of ginger oleoresin was also investigated. The results showed that ginger oleoresin could induce the
translocation of Nrf2 to cell nucleus and activate the expression of cytoprotective genes encoding for HO-1 and NQO-1. It
suggests that ginger oleoresin has a potential role of being an effective antioxidant and radioprotective agent.

1. Introduction

Radiation from natural or artificial sources is a common
phenomenon in our daily life [1]. However, abnormal expo-
sure to radiation can cause side effects on individuals who are
involved in nuclear mishaps, attack cleanup crews, astro-
nauts, nuclear power plant workers, and some medical
professionals whom could be professionally or accidentally
exposed to radiation [2]. Furthermore, radiation therapy
used as one of the most important therapy strategies for
human malignancy can also injure the normal cells and tis-
sues surrounding the tumor [3]. It represents a cause of treat-
ment toxicity and a limiting factor for dose, volume, and
technique of radiation therapy.

Human mesenchymal stem cells (hMSCs) which reside
in the mesenchymal stroma are an important population of
cells [4]. hMSCs were first isolated from bone marrow and
could be found in almost all human organs and tissues such
as kidney, vascular tissue, adipose tissue, skin, umbilical cord,
and placenta [5–7]. These cells possess stem cell-like charac-
teristics including self-renewal and multilineage differentia-
tion into mesenchymal and nonmesenchymal lineages [8].
hMSCs have been proved to participate in the regeneration
of ionizing radiation-damaged tissues. However, hMSCs
themselves can also be damaged by ionizing radiation [9].
When irradiated in vitro with increasing doses, the human
bone-derived MSC was reported with the phenomenon of
greatly reduced self-renewal, proliferation, and differentiation
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capabilities [10]. Thus, there is an urgent need for exploring
natural effective radioprotectors which could be used to pro-
tect normal cells, especially hMSCswhen exposed to radiation.

Radiation-induced damages are mediated directly by
DNA single-strand breaks, DNA double-strands breaks,
and chromosome damage and indirectly due to the produc-
tion of reactive oxygen species (ROS) [1, 11–13]. ROS makes
a large part of contributions to radiation-induced damages,
so much of the efforts in the past were made in exploring
potential natural antioxidants without obvious side effects
to ameliorate radiation-induced toxicities [14]. Many
naturally occurring phenolic compounds, such as bioactive
substances in plants, grape seed proanthocyanidins, tea poly-
phenol, curcumin, and ginger oleoresin, have been reported
to possess antioxidant properties [15–20]. Ginger (Zingiber
officinale Roscoe, Zingiberaceae) is one of the most widely
consumed spice and condiment for foods and beverages
[21]. It has also been used as a remedy for common cold,
motion sickness, nausea, digestive disorders, rheumatism,
indigestion, and osteoarthritis for a long time in traditional
oriental medicine [22]. Ginger oleoresin is a complex mixture
which is extracted from Zingiberaceae and is rich in gingerols
and shogaols. [6]-Gingerol, [6]-shogaols, and their deriva-
tives are considered as chemopreventive candidates against
ROS stress and cancer due to their property of activating
the Nrf2-ARE signaling pathway in different types of human
cells [23–26]. Furthermore, many researches have reported
that [6]-gingerol can prevent UVB or gamma radiation-
induced cell damage both in vitro and in vivo [27, 28].
Nrf2, which is regarded as a redox-sensitive prosurvival
transcription factor, is maintained at a very low level through
Keap1-mediated ubiquitylation and subsequent proteasome-
mediated degradation. However, when cells are exposed to
oxidative situation, the level of Nrf2 rises, meanwhile Nrf2
translocates into the cell nucleus and binds to the antioxidant
response element (ARE) located in the promoter region of
cytoprotective genes and upregulates their transcription
[29]. The Nrf2 target genes can encode proteins with diverse
cellular functions including intracellular redox-balancing
proteins such as heme oxygenase-1 (HO-1) and glutamate-
cysteine ligase that eliminate ROS and maintain the cellular
redox capacity and phase II detoxifying enzymes such as
NAD(P)H:quinone oxidoreductase 1 (NQO-1) [29].

Ginger oleoresin, which is extracted from ginger by a
supercritical CO2 fluid-extracted method, is a nonvolatile
pungent mixture [30]. Ginger oleoresin is mainly composed
of gingerols and shogaols [30]. Therefore, we hypothesized
that ginger oleoresin may be a potent radioprotective agent
in hMSCs cells via Nrf2 protective response. In the present
study, we evaluated that ginger oleoresin can protect hMSCs
against radiation-inducing cell damage. Based on these
findings, we further verified the radioprotective molecular
mechanism of ginger oleoresin focusing on the roles of
Nrf2 and its target antioxidant enzymes.

2. Materials and Methods

2.1. Cell Culture. Human mesenchymal stem cells (hMSCs)
were obtained from the National Engineering Research

Center (NERC) of China, cultured in Dulbecco’s modified
Eagle’s medium-F12 (Hyclone, Logan, UT, USA) containing
10% fetal bovine serum (Gibco, Carlsbad, CA, USA) and
antibiotics (100U/mL penicillin and 100μg/mL streptomy-
cin) (Invitrogen, Carlsbad, CA, USA) in an atmosphere with
5% CO2 at 37

°C and passaged every two days.

2.2. Treatment with Ginger Oleoresin and Irradiation
Schedule. Ginger oleoresin was presented by Tianjin
University of Commerce and diluted in the equal volume of
dimethyl sulfoxide (DMSO) (Dingguo, BJ, China) to prepare
the stock solution. Then, the stock solution was further
diluted to the required concentration using cell culture
medium. For cytotoxicity determination of ginger oleoresin,
hMSCs were exposed to 10−3, 10−4, 10−5, and 10−6 g/mL
ginger oleoresin and cultured for 24 h, 48 h, and 72 h. For
radioprotective effect determination, hMSCs were pretreated
with 10−4 g/mL ginger oleoresin and cultured for 2 h followed
by exposure to γ-rays at the Irradiation Center. After irradi-
ation, the cells were subsequently incubated for 24 h. 137Cs
was used as the irradiation source (AECL, Canada). hMSCs
cells (±ginger oleoresin in medium) were irradiated at a dose
of 4Gy. DMSOwas used as a vehicle control. hMSCs+ ginger
oleoresin without γ-ray irradiation were also studied.

2.3. Cell Viability Assay. To detect cell viability, the 3-(4,5-
dimethylthia-zol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) (Solarbio, Beijing, China) assay was performed [31].
MTT can be reduced to purple formazan in the mitochondria
of living cells. The absorbance of formazan solution can be
quantified by a spectrophotometer, and hence, this method
can be applied to assess the cytoprotective ability and the
toxicity of ginger oleoresin based on the viability of cells.
For toxicity test, hMSCs cells (5× 103 cells/well) were seeded
in a 96-well plate and treated with the indicated dose of gin-
ger oleoresin for the indicated time period. For cytoprotective
determination, hMSCs were seeded in a 96-well plate and
pretreated with 10−4 g/mL ginger oleoresin or the same vol-
ume of DMSO and cultured for 2 h before exposure to 4Gy
γ-rays. Then, the hMSCs cells were cultured for 24 h and
added 10μL MTT (5mg/mL) solution. The cells were
incubated at 30°C for 4 h. The supernatants were discarded,
and then 150μL DMSO was added. The cell viability was
determined by measuring the absorbance at 492nm on a
multifunctional microplate reader (BioTek, Winooski, VT).

2.4. Intracellular ROSMeasurements.Measurements of intra-
cellular ROS levels were performed using the 2′,7′-dichloro-
dihydrofluoroscein diacetate (DCFH2-DA) (Sigma, USA)
method [32]. DCFH2-DA is able to diffuse through the cell
membrane and be hydrolysed by intracellular esterases to
produce DCFH2. The nonfluorescent DCFH2 is oxidized by
intracellular ROS and results in fluorescent DCF. The treated
cell samples (hMSCs, hMSCs+ ginger oleoresin, hMSCs+γ-
ray irradiation, and hMSCs+ginger oleoresin +γ-ray irradia-
tion) were incubated in the presence of 10μMDCFH2-DA in
DMEM-F12 medium at 37°C for 20min and then washed
three times with DMEM-F12 medium to remove the
extracellular DCFH2-DA. The fluorescence values of DCF
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inside the cells were monitored to evaluate and detect intra-
cellular ROS by excitation at 498nm and emission 530 nm
using a flow cytometer (BriCyte E6, Mindray, Shenzhen,
China) and inverted fluorescence microscope (Leica
DMI3000B, German).

2.5. Comet Assay. The DNA damage in an individual cell was
measured by using the gel electrophoresis-based comet assay
[33]. Under alkaline conditions, the negatively charged DNA
supercoils with broken ends were able to migrate toward the
anode during electrophoresis. But the DNA supercoils with-
out breaks prevented migration. For comet assay, hMSCs
were pretreated with 10−4 g/mL ginger oleoresin and cultured
for 2 h followed by exposure to γ-rays at the Irradiation Cen-
ter. After irradiation, the cells were subsequently incubated
for 24h. The comet assay was performed as described before
[33]. Briefly, the treated cell samples were applied to prepare
single-cell suspensions using trypsin disaggregation. The
single-cell suspensions (30 μL) were mixed with low melting
point agarose gel (70 μL) (Promega, Madison, WI). The mix-
ture drop was added to a slide with agarose gel (Biowest,
Nuaille, France) and then was lysed. Subsequently, the cells
were exposed to alkali for DNA unwinding and electrophore-
sis. After electrophoresis, the slides were neutralized, stained
with ethidium bromide (EB), and observed using a fluores-
cence microscope (ETLPSE 90i, Nikon, Japan). The result
images were analyzed using CASP software.

2.6. Quantitative Real-Time PCR. After treatment with or
without ginger oleoresin and γ-ray irradiation, cells were cul-
tured for 24h. RNA extraction, cDNA synthesis, and quanti-
tative real-time PCR were performed as described before
[34]. The total RNA in each group was isolated using Trizol
reagent (Invitrogen, Carlsbad, CA) following the manufac-
turer’s protocol, and equal amounts of RNA were reverse
transcribed to cDNA using a PrimeScript RT reagent kit
(Takara, Dalian, China). Nrf2, HO-1, NQO-1, and GAPDH
mRNA transcription levels were determined using Fast Start
Universal SYBR Green Master (Roche, Indianapolis, IN).
The sequences of primers used in this study are listed in
Table 1. The quantitative real-time PCR data presented are
relative mRNA levels normalized to GAPDH, and the value
from the untreated control group was set as 1.

2.7. Immunoblotting Analysis. After cells were treated as
described above and incubated for 24 h, the expression levels
of Nrf2, HO-1, NQO-1, TBP, and TUBLIN were detected
using immunoblotting assay. Briefly, cells were lysed with
RIPA protein extraction reagent (Bestbio, Shanghai, China)
to extract the total protein. The protein concentrations of
the extracts were measured by using a bicinchoninic acid
kit (Beyotime, Beijing, China) according to the manufac-
turer’s instructions. Equal amounts of extracts were fraction-
ated by SDS-PAGE, and then they were transferred to
nitrocellulose membranes (Millipore, Massachusetts, USA).
After being transferred, the proteins on the nitrocellulose
membranes were blotted with the antibodies indicated.
Nrf2, HO-1, NQO-1, TBP, and TUBLIN primary antibodies
were purchased from Abcam (Abcam, Cambridge, UK). The

intensities of protein bands were measured using Quantity
One software (Bio-rad, Hercules, CA).

2.8. Determination of Nuclear Levels of Nrf2.Nuclear levels of
Nrf2 were determined by immunofluorescence assay and
immunoblotting assay. For immunofluorescence assay, the
cells were fixed with 4% paraformaldehyde; and the cell
membranes were disrupted using 0.3% TrintonX-100 after
the cells were treated and incubated. Subsequently, the cells
were labelled with Nrf2 antibody and secondary antibody
IgG. Then, the cells were stained with DAPI for nuclear
staining. The stained cells were examined using an EVOS
inverted fluorescence microscope (Thermo Fisher, MA,
USA). Overlay images were recorded by superimposing
simultaneous images from two different channels. For immu-
noblotting assay, the proteins in the cytoplasm and nucleus
were isolated using NE-PER Nuclear and Cytoplasmic
extraction reagent (Thermo Scientific, Waltham, USA).

2.9. siRNA Knockdown Studies. Nrf2 siRNA was used for
knocking down Nrf2 in hMSCs to explore whether the anti-
oxidant effect of ginger oleoresin was through the Nrf2
pathways. RNA interference assay was performed as
described before [35]. Briefly, 7× 104 cells were inoculated
into a 6-well plate and 1.8mL fresh medium was replaced
for every well. Then, 2 nmol siRNA (GenePharma, Suzhou,
China) mixed with 5μL Lipofectamine 2000 RNAiMAX
Reagent (Thermo Scientific, Waltham, USA) and 193μL
Opti-MEM reduced serum culture medium (Thermo
Scientific, Waltham, USA) were added into each well. Cells
were further cultured for 1~3 days for transfection and gene
knockdown. Knockdown hMSCs were treated with or with-
out ginger oleoresin for 2 h followed by a radiation dose of
4Gy and incubated for 24 h. MTT assay was used to detect
whether the radiation protection effect of ginger oleoresin
was lost in Nrf2-silenced hMSCs. Cells were further subjected
to RNA extraction for quantitative real-time PCR assay and
protein extraction for Western blot assay.

2.10. Statistical Analysis. Data are represented as means
± standard deviations. Statistical analysis was performed
using SPSS 19.0 software. Student’s t-test was performed for
the analysis of differences between the two groups. p < 0 05
was indicated as statistically significant.

Table 1: List of primers used for QRT-PCR.

Gene Sequence (5′-3′)

Nrf2
(Forward) TCAGCGACGGAAAGAGTATGA

(Reverse) CCACTGGTTTCTGACTGGATGT

HO-1
(Forward) AGAGGGAATTCTCTTGGCTGGCTT

(Reverse) ATGCCATAGGCTCCTTCCTCCTTT

NQO-1

(Forward)
AGGAAGAGCTAATAAATCTCTTCTTTGCTG

(Reverse)
TCATATTGCAGATGTACGGTGTGGATTTAT

GADPH
(Forward) TGACTTCAACAGCGACACCCA

(Reverse) CACCCTGTTGCTGTAGCCAAA
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3. Results

3.1. Toxicity of Ginger Oleoresin to Human Mesenchymal
Stem Cells (hMSCs).We firstly used the MTTmethod to eval-
uate the toxicity of ginger oleoresin to human mesenchymal
stem cells (hMSCs) and to determine the treatment doses.
As shown in Figure 1, when cells were treated with ginger
oleoresin for 24 h, 48 h, and 72 h, there was no significant cell
toxicity below 10−4 g/mL, but 10−3 g/mL was toxic. Therefore,
the concentration of 10−4 g/mL was chosen for the subse-
quent bioassays.

3.2. Ginger Oleoresin Significantly Protected Human
Mesenchymal Stem Cells against Radiation-Induced
Cytotoxicity. The protection conferred by ginger oleoresin
against radiation-induced cytotoxicity was evaluated.
Human mesenchymal stem cells (hMSCs) were pretreated
with 10−4 g/mL ginger oleoresin for 2 h before γ-ray irradia-
tion. As shown in Figure 2(a), we demonstrated that the pre-
treatment of hMSCs cells with ginger oleoresin before
radiation significantly increased cell survival rates as com-
pared to cells treated with radiation alone. To our knowledge,
the homeostasis of cellular redox status is very important for
maintaining the normal functions of cells [36], and ionizing
radiation is known to modulate the cellular redox status via
inducing the production of reactive oxygen species [1]. The
effect of ginger oleoresin to modulate cellular redox status
was then evaluated by monitoring changes in ROS levels
using DCFH-DA assay. As observed in a fluorescence micro-
scope (Figure 2(b)) and measured in flow cytometry
(Figure 2(c)), treatment with 4Gy γ-ray irradiation alone sig-
nificantly increased the intracellular level of ROS (248.40
± 10.13) compared to the untreated control group (101.70
± 1.72), which could be reverted by pretreatment with 10−4

(g/mL) ginger oleoresin (130.70± 4.99), while this dose of
ginger oleoresin alone had no obvious effect on ROS levels
(129.00± 13.96). These results indicated that ginger oleoresin
is able to enhance intracellular redox capacity and inhibit
γ-ray irradiation-induced oxidative stress. In addition, ioniz-
ing radiation is very harmful to cells through inducing wide-
spread biomolecule damages, such as DNA, protein, and
lipid damages [37], among which DNA damage is the most
important target of IR. Protection of ginger oleoresin to
DNA damage was investigated via comet assay. As shown
in Figure 3, the radiated human mesenchymal stem cells
(hMSCs) resulted in an increase in the levels of all comet
parameters (tail DNA%, tail length, and tail moment),
whereas pretreatment of ginger oleoresin before radiation
inhibited the increase of these parameters significantly. These
results indicated the protective effect of ginger oleoresin on
IR-induced DNA damage.

3.3. Ginger Oleoresin Induced the Enhancement of
Antioxidant Pathway in Human Mesenchymal Stem Cells
(hMSCs). Kelch-like ECH-associated protein 1- (Keap1-)
nuclear factor erythroid 2-related factor 2- (Nrf2-) antioxi-
dant response element (ARE) pathway is reported as one of
the most important defense mechanisms against oxidative
stress [38]. Then, we tested the ability of ginger oleoresin to

induce Nrf2 and downstream genes encoding for heme
oxygenase-1 (HO-1) and NAD(P)H:quinone oxidoreductase
1(NQO-1) in mRNA level via qRT-PCR and protein level via
Western blotting. As shown in Figure 4(a), ginger oleoresin
enhanced the transcription of Nrf2 very weakly, and the
results were not statistically significant (p > 0 05). However,
the mRNA levels of HO-1 and NQO-1 were significantly
induced by ginger oleoresin, especially for the group treated
with ginger oleoresin and IR. And the variation pattern of
Nrf2, HO-1, and NQO-1 at protein levels was consistent with
that of mRNA levels (Figure 4(b)). These data indicated that
ginger oleoresin induced the enhancement of the antioxidant
pathway in mesenchymal stem cells not by activating the
expression of Nrf2.

3.4. Knocking Down Nrf2 Significantly Abrogated the Ginger
Oleoresin Radiation Protective Effect and Induced
Antioxidant Pathway in hMSCs. To further test the role of
Nrf2 in the radiation protective effect of ginger oleoresin on
hMSCs, Nrf2 knockdown assay was carried out. hMSCs were
transfected with Nrf2 siRNA or scrambled siRNA to create a
knockdown or negative control. After 3 days, transfected cells
with ablated Nrf2 were treated as described above (with or
without ginger oleoresin and with or without irradiation)
and were further monitored for the cell viability, transcrip-
tion, and expression of Nrf2, HO-1, and NQO-1 by MTT,
qRT-PCR, and immunoblotting, respectively. When pre-
treated with ginger oleoresin and then irradiation, the cell
viability of hMSCs was significantly higher than that treated
with irradiation alone (Figure 5) which was consistent with
the abovementioned Figure 2(a). The result suggested that
ginger oleoresin has a protective effect on hMSCs. However,
the radiation protective effect of ginger oleoresin on hMSCs
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Figure 1: Cytotoxicity of ginger oleoresin in human mesenchymal
stem cells (hMSCs) for 24, 36, and 48 h. Cell viability was
measured using the MTT assay. The results are the mean± SD of
three experiments, each in triplicate. ∗∗p < 0 01 10−3 g/mL treated
versus control. ∗∗∗p < 0 001 10−3 g/mL treated versus control.
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was lost when Nrf2 was knocked down (Figure 5). In addi-
tion, as shown in Figures 6(a), 6(b), and 6(c), when pre-
treated with ginger oleoresin and then irradiation, the
mRNA levels of HO-1 and NQO-1 genes were significantly
increased compared to those treated with irradiation alone.
Interestingly, knocking down the Nrf2 pathway significantly
abrogated the transcription of HO-1 and NQO-1 genes. Fur-
ther, reduction of NQO-1 expression was also observed when
the Nrf2 gene was knocked down (Figure 6(d)). These results
confirmed that Nrf2 functions as a central regulator for HO-1
and NQO-1 activation. All these data illuminated that ginger
oleoresin may play a radiation protective effect on hMSCs
through Nrf2 and its induced antioxidant pathway.

3.5. Ginger Oleoresin Mediated the Nuclear Translocation of
Nrf2. Many reports have suggested that Nrf2 is stabilized,
increased, and translocated into the nucleus under oxidation
conditions [29]. Because of the central role of the Nrf2 path-
way to regulate the expression of HO-1 and NQO-1, we
hypothesized that ginger oleoresin might promote the
nuclear translocation of Nrf2 in hMSCs. To test this, we ana-
lyzed the distribution of Nrf2 in the cytoplasm and the
nucleus of hMSCs using immunofluorescence assay. As
shown in Figure 7(a), when cells were treated with or without
ginger oleoresin alone or combined with irradiation, the red
fluorescence of TRIC-Nrf2 cannot form a clear nucleus struc-
ture. When merged with blue fluorescence of a DAPI-stained
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Figure 2: Ginger oleoresin increased the cell viability and reduced the γ-ray irradiation-induced ROS level in hMSCs. Cell viability was
measured using the MTT assay (a). The level of ROS was measured using DCF fluorescence with a fluorescence microscope (b) and flow
cytometry (c). Cells were untreated (Ctrl) or treated with ginger oleoresin (10−4 g/mL) (Trt) and γ-ray irradiation (4Gy) (IR) or pretreated
with ginger oleoresin (10−4 g/mL) and then γ-ray irradiation (4Gy) (Trt + IR). Results are expressed as mean± SD (n = 4). ∗p < 0 05 IR
versus untreated control (Ctrl). #p < 0 05 Trt + IR versus IR.
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nucleus, the red fluorescence was not observed in the cell
nucleus. When cells were pretreated with ginger oleoresin
and irradiated with γ-ray radiation, the TRIC-Nrf2 red fluo-
rescence formed a clear nucleus structure located on the blue
fluorescence of the DAPI-stained nucleus (Figure 7(a)). To
further demonstrate the nuclear translocation of Nrf2, we
extracted the cytoplasm proteins and the nucleus protein of
cells which were treated with γ-ray irradiation alone or pre-
treated with ginger oleoresin then γ-ray irradiation, respec-
tively. Subsequently, the Nrf2 of the cytoplasm and nucleus
was detected using immunoblotting. Consistent with the

immunofluorescence results, when pretreated with ginger
oleoresin, the Nrf2 levels in the cell nucleus increased
(Figure 7(b)). These results suggested that ginger oleoresin
induced the nucleus translocation of Nrf2.

4. Discussion

In the current study, we show that ginger oleoresin treatment
prevents IR-induced cell injury and reduces IR-induced ROS
generation in hMSCs (Figure 2). Radiation exposure from
medical diagnosis, cancer therapy, nuclear exposure, and
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Figure 3: Ginger oleoresin reduced the IR-induced DNA strand breaks in hMSCs. The levels of DNA strand breaks were assayed by comet
assay. (a) Representative micrographs—(A): untreated group; (B): treated with ginger oleoresin only; (C): treated with IR only; and (D):
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spaces flight is a kind of physical stress that increases the oxi-
dative pressure and leads to the disturbance of cellular redox
homeostasis through increasing the production of reactive
oxygen species [39]. High levels of ROS can result in further
oxidative damage of DNA, lipids, and protein and induce the

activation of apoptotic pathway [40], so maintenance of
cellular redox homeostasis is important to maintain cell via-
bility and normal physiological responses [14]. There were
studies showing that the natural source of ginger oleoresin
could protect against oxidative pressure and damages. [6]-
Gingerol, a major constituent of ginger oleoresin, has been
found to possess many diverse pharmacologic effects includ-
ing antioxidant, anti-inflammatory, and anticancer activities
[23, 40, 41]. Besides, [6]-shogaol, another component of
ginger oleoresin, was suggested to exhibit the most potent
of antioxidant and anti-inflammatory properties in RAW
264.7 cells, although its content was much lower than ginger-
ols [23, 42]. On the basis of the above research, it thus seems
receivable that the hMSCs cell protection effects against IR by
ginger oleoresin are due to the suppression of ROS produc-
tion induced by IR.

Additionally, it iswell known thatDNA is one of themajor
targets of ROS. In our current study, ginger oleoresin was
proved to be able to protect hMSCs against IR-induced DNA
double-strand breaks. The result from comet assay demon-
strates that treatment of hMSCsbyginger oleoresin cangreatly
reduce radiation-inducedDNAdamages (Figure 3).However,
themolecularmechanismof gingeroleoresinonROSscaveng-
ing in hMSCs remains unknown. Many investigators have
shown that redox-sensitive prosurvival transcription factor
Nrf2 plays a primary role in scavenging theROS [38, 43]. Con-
sequently, the Nrf2 signaling pathway is firstly taken into
account for the ROS-scavenging ability of ginger oleoresin.
In the present study, the cytoprotective genes encoding for
HO-1 and NQO-1 were induced on both mRNA and protein
levels when pretreatedwith ginger oleoresin and then ionizing
radiation; however, the expression of the key regulatory factor
Nrf2 was observed to be not obviously changed (Figure 4). To
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Figure 4: Expression properties of Nrf2 and its downstream genes encoding for HO-1 and NQO-1 in hMSCs when untreated (Ctrl) or treated
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further investigate the role of Nrf2 on the radiation protective
effect on hMSCs and the induction of HO-1 and NQO-1,
siRNA knocking down of Nrf2 was introduced. Our data
highlighted that the radiation protective effect was lost

(Figure 5), and the expression of HO-1 and NQO-1 was
significantly decreased when Nrf2 was knocking down
(Figure 6), confirming the critical role of Nrf2 on radiation
protective effect on hMSCs and regulating the downstream

0.0

0.2

0.4

0.6

0.8

1.0

1.2
N

rf2
 m

RN
A

 (f
ol

d)
⁎⁎

⁎⁎

0 
G

y

4 
G

y

4 
G

y +
 R

N
A

i

4 
G

y+
gi

ng
er

 o
le

or
es

in

4 
G

y+
gi

ng
er

 o
le

or
es

in
+

RN
A

i

(a)

0

1

2

3

4

H
O

-1
 m

RN
A

 (f
ol

d)

⁎⁎
⁎⁎

0 
G

y

4 
G

y

4 
G

y+
RN

A
i

4 
G

y+
gi

ng
er

 o
le

or
es

in

4 
G

y+
gi

ng
er

 o
le

or
es

in
+

RN
A

i

(b)

0

1

2

3

4

N
Q

O
-1

 m
RN

A
 (f

ol
d)

⁎⁎
⁎⁎

0 
G

y

4 
G

y

4 
G

y+
RN

A
i

4 
G

y+
gi

ng
er

 o
le

or
es

in

4 
G

y+
gi

ng
er

 o
le

or
es

in
+

RN
A

i

(c)

NQO-1

�훽-Tubulin

NQO-1

1.00 1.15 1.16 1.43 0.44

1.00 1.08 1.16 1.30 1.26

�훽-Tubulin

0 
G

y

4 
G

y

4 
G

y +
 R

N
A

i

4 
G

y +
 G

in
ge

r o
le

or
es

in

4 
G

y +
 G

in
ge

r o
le

or
es

in
 +

 R
N

A
i

(d)

Figure 6: Knocking down Nrf2 reversed the activation of HO-1 and NQO-1 offered by ginger oleoresin in hMSCs when cotreated with
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gene expression. As the Nrf2 expression was not responsible
for its regulatory function, we hypothesized that the activation
of Nrf2 may be through its translocation into the cell nucleus.
On the basis of this consideration, the distribution and posi-
tioning of Nrf2 were analyzed by immunofluorescence and
immunoblotting.Ourdata clearly showed that thegingeroleo-
resin induced the translocation of Nrf2 into the cell nucleus to
activate the Nrf2 signaling pathway (Figure 7). Interestingly,
we also observed that the nuclear levels ofNrf2 in hMSCswere
not increased when cells were treated with ginger oleoresin
alone but significantly increased when cells were treated with
ginger oleoresin and radiation. Nrf2 has been proved to be
maintained at a low level throughKeap1-mediated ubiquityla-
tion and 26S proteasome-mediated degradation. However,
Nrf2 is stabilized, and Nrf2 levels rise when cells are exposed
to electrophiles or oxidants [29]. In our study, it is perhaps that
Nrf2was bounded byKeap1 and could not translocate into the
cell nucleus by ginger oleoresinwhen treatedwith ginger oleo-
resin alone. Nevertheless, Nrf2 was released and stabilized
when exposed to irradiation. Then, the stabilized Nrf2
can be translocated into the cell nucleus by ginger oleo-
resin. These results suggested that the ginger oleoresin
could alleviate γ-ray irradiation-induced reactive oxygen
species (ROS) via the Nrf2 protective response in human
mesenchymal stem cells (hMSCs).

In line with our experimental finding, [6]-gingerol has
been reported to protect against UVB-induced ROS produc-
tion and COX-2 expression in vitro and vivo [27]. Mean-
while, ginger essential oil and [6]-shogaol have recently
been certified to protect against γ-ray irradiation-induced
oxidative stress, clastogenic damage, and intestinal mucosa
injury in mice [44, 45]. Compared to the above studies, our
data extend previous findings and further confirm the
protective effect of ginger oleoresin on hMSCs under IR
conditions. Given the important role of hMSCs in the repair
of radiation-induced tissue damage, our current study has a
more important significance for radiation protection.
Besides, we further investigated the molecular mechanism
of ginger oleoresin to reduce IR-induced ROS generation,
which is found to be regulated through the translocation
of Nrf2.

In summary, ginger oleoresin pretreatment prevents IR-
induced cell injury in hMSCs via reducing IR-induced ROS
production, which are related to the nuclear translocation
of Nrf2 and its regulation of downstream gene expression
of HO-1 and NQO-1. Our study paves the way for prospec-
tive drug development of ginger oleoresin as natural
resources against IR-induced injury. However, it should be
noted that the scavenging ability of ginger oleoresin should
be further elucidated in vivo.
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The methanol extracts from three populations of Carlina vulgaris L. were examined for the chlorogenic acid content, mineral
content, total phenolic content (TPC), total flavonoid content (TFC), and antioxidant activity. Two populations originated from
natural nonmetallicolous habitats (NN (populations from Nasiłów) and NP (populations from Pińczów)), and one
metallicolous population (MB) was collected from Bolesław waste heap localized at the place of former open-cast mining of
Ag-Pb and Zn-Pb ores dating back to the 13th century and 18th century, respectively. The level of Zn, Pb, Cd, Fe, Ni, and Mn
was significantly higher in the root and leaves of MB plants as a result of soil contaminations compared to those of the NN and
NP ones. The highest antioxidant potency has been showed by the plants growing in a nonmetallicolous habitat. The flower
head extracts obtained from the nonmetallicolous populations also contained the largest amount of chlorogenic acid, whereas
the lowest was determined in the roots (ca. 2–3.5mg/g and 0.2–0.4mg/g of air-dry weight, resp.). These studies provide
important information on the influence of a habitat on the quality of herbal materials and the content of the biologically active
primary and secondary metabolites.

1. Introduction

Free radicals that are constantly generated in the human
body cause oxidative stress. The ratio of free radicals may
be increased by the factors such as drugs, chlorinated com-
pounds, deficiency of natural antioxidants, tobacco, and
pollution. Despite naturally occurring antioxidant systems
in the human body, free radicals cause lipid, protein, and
DNA oxidation. These damages at the molecular level
may influence the etiology of diseases, such as cancer, ath-
erosclerosis, diabetes, neurodegenerative disorders, and
aging-related diseases. Some evidence indicates that the

diet rich in antioxidants may be protective against above-
mentioned diseases [1–3].

One of the special sources of antioxidants is plant-
based natural phenolic compounds. Phenolic compounds,
known as nonnutritional ingredients in food, constitute
one of the most widely occurring groups of phytochemi-
cals with a wide range of physiological properties. They
are components of many herbs, fruits, and vegetables,
which are associated with the health benefits after their
consumption. A clinical trial and epidemiological studies
have established that a dietary intake of fruits is strongly
associated with a reduced risk of the civilization diseases.
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In the human body, they play as antiallergenic, anti-
atherogenic, anti-inflammatory, antimicrobial, antioxidant,
and antithrombotic agents. However, their health benefits
also depend on their absorption and metabolism, which
in turn are determined by their structure, molecular size
and solubility in cell wall structure, location of glycosides
in cells, and binding of phenolic compounds within the
food matrix [4].

Plants belonging to the Carlina L. genus (Asteraceae)
which comprises over 30 species found in Europe and
Asia are rich in antioxidants. Since hundreds of years,
some of them have been used in traditional medicine in
many countries, for example, in Italy, in Spain, in Hungary,
in the Balcan countries, and in Poland. They are used for
medicinal and nutritional purposes. They act as diuretic,
diaphoretic, stomachic, or antibiotic agents. Extracts are used
externally in the treatment of skin diseases. Regarding the
chemical composition of Carlina spp., reports are scarce
and include mainly pentacyclic triterpenes and essential oil.
The Strzemski et al.’s previous studies revealed that the
Carlina spp. contain a high amount of triterpenes (lupeol,
lupeol acetate, α-amyrin, β-amyrin, β-amyrin acetate, olea-
nolic acid, and ursolic acid) [5–9]. There is no information
about phenolic acids and minerals and the antioxidant activ-
ity of different Carlina spp. growing wildly in Poland. As part
of a program to search for bioactive constituents from
Carlina species, this study was focused on the establishment
of phenolic compounds (phenolic acids, TPC, and TFC),
mineral content, and antioxidant properties of Carlina
vulgaris L. Moreover, the differences between the populations
from a natural habitat and from a postindustrial area con-
taminated with heavy metals were investigated.

2. Experimental

2.1. Plant Material. Fifty-two specimens of Carlina vulgaris
L. (Asteraceae) were collected from three different sites in
Poland. Two populations were from Nasiłów (NN, n = 22)
and Pińczów (NP, n = 11), and one population (MB, n = 19)
originated from a contaminated metalliferous area in
Bolesław. The coordinates of sites and exemplary plant
photos are presented in Figure 1. The plants were collected
at the first half of August 2016. Taxa were identified on the
basis of the monographs “Lebensgeschichte der Gold - und
Silberdisteln” [10] and “Polish Plants” [11]. All plant samples
were deposited at the Department of Plant Physiology,
Institute of Biology and Biochemistry, Maria Curie-
Skłodowska University, Poland.

2.2. Chemicals and Reagents. Chlorogenic acid standard
(≥95%), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS), 2,2-diphenyl-1-picrylhydrazyl (DPPH),
Folin–Ciocalteau reagent, trolox, aluminum chloride, supra-
pure nitric acid (65%), and solution of metal standards
(1000 ppm) were purchased from Sigma (St. Louis, MO,
USA). Methanol, trifluoroacetic acid (TFA), and HPLC-
grade acetonitrile were from Merck (Darmstadt, Germany).
Water was deionized and purified by Ultrapure Millipore
Direct-Q® 3UV-R (Merck, Darmstadt, Germany).

2.3. Analysis of Metal Content. Dried and pulverized roots,
leaves, and flower heads (0.1000 g) were mineralized using
10mL of mixture HNO3 :H2O (2 : 8, v/v) in TOPwave
apparatus (Analytik Jena AG, Jena, Germany). Mineraliza-
tion parameters are given in Table S1 in Supplementary
Material available online at https://doi.org/10.1155/2017/
1891849. The analysis of metal content was conducted
using a high-resolution continuum source atomic absorp-
tion spectrometer (HR CS AAS) (contrAA® 700, Analytik
Jena, Germany) in an electrothermal graphite furnace
mode for Ag, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, and Pb
and using a C2H2/air flame technique for Zn. The valida-
tion parameters are summarized in Table S2.

2.4. Extract Preparation. Methanol extracts were prepared
according to the previously published procedure [6]. Dried
and pulverized roots, leaves, and flower heads (0.5000 g)
were extracted four times with methanol (4× 10mL) using
ultrasonic bath (4× 15min). The obtained extracts were
combined, concentrated, and filled up with methanol
to 10mL.

2.5. Spectroscopic Measurement. The assay was carried out
using a Bio-Rad Benchmark Plus microplate spectrometer
(Bio-Rad, Hercules, CA, USA). Antioxidant capacities of
methanol extracts were determined with the use of 2-
azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS)
and 2,2-diphenyl-1-picrylhydrazyl (DPPH) and expressed
as trolox equivalent per gram of air-dry weight (mg TE/g
ADW). The total phenolic content (TPC) was established
using the Folin–Ciocalteau reagent, and total flavonoid
content (TFC) was analyzed based on the reaction with
aluminum chloride. TPC and TFC were expressed as
equivalent of gallic acid (mg GAE/g ADW) and rutin
(mg RUE/g ADW), respectively. All experiments were per-
formed in triplicate.

2.6. High-Performance Liquid Chromatography (HPLC).
Chromatographic determination was performed on VWR
Hitachi Chromaster 600 chromatograph set coupled with
a diode array detector (DAD) (Merck, Darmstadt, Germany)
and C18 column Kinetex (10 cm× 4.0mm i.d., 2.6 μm par-
ticle size) (Phenomenex, Torrance, CA, USA). The condi-
tion of extract separation was based on literature [12]. A
mixture of acetonitrile with 0.025% TFA (solvent A) and
water with 0.025% TFA (solvent B) was used as a mobile
phase. The gradient program was as follows: 0–8min (A, 0%;
B, 100%), 8–33min (A, 0–11%; B, 100–89%), 33–38min
(A, 11%; B, 89%), and 38–60min (A, 11–70%; B, 89–30%).
The eluent flow rate was 1.0mL/min. The column tempera-
ture was 25°C. The data were collected in a wavelength range
from 200 to 400 nm. The analytes were identified by com-
paring the retention times and m/z values obtained with
mass spectrometry (MS) analysis using a micrOTOF-Q II
mass spectrometer (Bruker Daltonics, Bremen, Germany).
The quantitative analysis was conducted at analytical wave-
length characteristic for the investigated compounds using
an external calibration method.
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2.7. Statistical Analysis. Analysis of variance (one-way
ANOVA) was applied to the evaluation of difference between
the populations. Differences were determined using Fisher’s
least significance difference test at the 0.05 probability level.
Statistical analysis was carried out using Statistica ver. 12
(StatSoft Inc., 2014).

3. Results and Discussion

Since the environmental conditions may affect signifi-
cantly the composition and antioxidant properties of a
plant, in our work, the three populations from different
sites were investigated. Two of them originated from

Bolesław (50∘17′54″N 19∘28′19″E)

Nasiłów (51∘20′55″N 21°58′04″E)

Pińczów (50°31′13″N 20°31′34″E)

Figure 1: Coordinates of origin sites and exemplary photos of the investigated Carlina vulgaris L. plants.
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natural habitats (NN and NP—nonmetallicolous), and
one (MB—metallicolous) was collected from Bolesław
waste heap localized at the place of former open-cast
mining of Ag-Pb and Zn-Pb ores dating back to the13th
century and 18th century, respectively. The analysis of
soil from Bolesław revealed the increased level of Zn,
Cd, and Pb [13], and metal stress may induce [14] or
inhibit [15] the production of plant antioxidants. The
relationships of variables such as metal content, morpho-
metric parameters, antioxidant activity, and total phenolic
and flavonoid content were studied with the use of prin-
cipal component analysis (PCA).

3.1. Metal Content. Microelements and toxic metals were
determined in the investigated plant populations. The results
are presented in Table 1.

For most metals, the differences of their content
between the populations from natural habitats were only
slight or statistically insignificant. The amount of Zn,
Cr, Mo, Co, and Mn was in the range typically found
in plants [16]. However, C. vulgaris showed the ability
to accumulate Fe and Cu, especially in the root. The level
of Fe reached even to 2000mg/kg and Cu content was
above 50mg/kg, while the values in the other plants usu-
ally ranged from 75 to 400 and from 5 to 20mg/kg,

respectively. In turn, the high variation of heavy metal
content between the metallicolous population from Boles-
ław (MB) and the nonmetallicolous populations (NN and
NP) has been noticed. As expected, the level of Zn, Pb,
Cd, Fe, Ni, and Mn was significantly higher in the root
and leaves of MB plants as a result of soil contaminations
compared to those of the NN and NP. Particularly, high
differences were observed for the content of Pb, Zn, and
Cd; the concentration was from several to even few hun-
dredfold higher in the MB population. In MB flower
heads, the amount of these metals was also increased;
however, it was about 10-fold lower than that in MB
leaves and roots. The restricted translocation of heavy
metals to generative plant organs is common phenomena
occurring in numerous species [16]. The differences in
distribution of metals between the MB and NN/NP pop-
ulations were also observed. In reference populations, the
concentration of Cr in roots was 2-3-fold higher than
that in leaves whereas accumulation of Zn was higher
in leaves. In turn, in MB plants, there were no statisti-
cally significant differences between Cr and Zn content
in the root and leaves. The translocation of metals in
plants exposed to excess of Ni, Pb, and Cd was also
reported by Pandey and Sharma [17]. The concentration
of Fe was significantly increased in all parts of MB plants
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Figure 2: Morphometric parameters obtained for leaves and roots of the investigated C. vulgaris populations (NN—fromNasiłów, NP—from
Pińczów, and MB—from a metalliferous area in Bolesław). Data are means± SE. According to Fisher’s test (p < 0 05), the values followed by
different letters are significantly different, the values followed by the same letter are not significantly different, and “ab” indicates that there is
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compared to those of NP/NN; however, plants are able to
accumulate a much higher amount of Fe without a toxic
effect [18]. The differences between the amount of Cu
and Cr in the metallicolous and NP/NN populations were
not statistically significant. For Co and Mo, slight differ-
ences were observed; however, it was not linked with
postindustrial contamination.

Metal ions have a diverse influence on plants. Cad-
mium and lead belong to the typical toxic components
which cause a cellular damage and disturb cellular homeo-
stasis [17, 19, 20]. Zn, Mn, Fe, Co, and Ni are essential for
plant growth and development because they are involved
in various physiological processes, such as enzyme activa-
tion, absorption, and translocation, and may play an
important role in the adaptive responses of plant cells

under environmental stresses [16, 21, 22]. They are also
essential for human as valuable components of plant-
derived products affecting their biological properties.

3.2. Morphometric Parameters. The excess of metals in a
growth environment may cause the adverse process in a
plant, such as chlorosis, necrotic leaf spots, and the other
morphological alterations. The tolerance on a decreased
level of metals is highly dependent on the plant species,
cultivars, or genotypes within a species [23]. In our inves-
tigation, the leaf length and width, flower head diameter,
number of flower heads and leaves per plant, and root
length and plant height were compared between the
MB, NN, and NP populations. The results are presented
in Figure 2.
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Figure 3: Comparison of antioxidant activity, TPC, and TFC obtained for the different parts of the C. vulgaris plant (NN—population from
Nasiłów, NP—population from Pińczów, and MB—population from a metalliferous area in Bolesław). Data are means± SE. According to
Fisher’s test (p < 0 05), the values followed by different letters are significantly different, the values followed by the same letter are not
significantly different, and “ab” indicates that there is no difference between values followed by a and b letters.
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The diameter and number of flower heads and leaves
were similar for all tested populations (Figure S1); how-
ever, the other morphological parameters differed signifi-
cantly. MB plants were about 2-fold lower, and they had
shorter and wilder leaves and longer roots compared to
reference populations. The differentiation in morphological
features between the metallicolous and NN/NP popula-
tions is observed by numerous researchers. For example,
in plants exposed to Pb chronic stress, roots are usually
longer or/and thicker and Pb is cumulated in their outer
part to prevent generative organs [24, 25]. The content
of Cd, Pb, Zn, and Ni in the MB population significantly
exceeded the values typically found in the other plants,
and it affected the plant morphology.

3.3. Antioxidant Activity: Total Phenolic Content (TPC)
and Total Flavonoid Content (TFC). Plant and plant-
based products may be a rich source of polyphenols,
which act as antioxidants, and therefore, they are helpful
in preventing oxidative stress [1]. The antioxidant activity
and the total phenolic and flavonoid content for C. vulgaris
were established using a spectrophotometric technique. The
comparison of results obtained for the different parts of the
plant was presented in Figure 3.

As it can be seen, the aboveground part of C. vulgaris had
significant antioxidant activity. The highest ability to

scavenge free radical was noted for flower head extracts,
and it was more than 2-fold higher compared to that for
the leaf extract. In turn, root extracts exhibited the lowest
activity, and it may be explained by generally lower produc-
tion of antioxidants in the underground part of the plant.
No or only slight differences between the investigated popu-
lations were observed, and it showed that chronic multime-
tallic stress had no influence on the antioxidant activity.
These findings are in accordance with the results obtained
by Dresler et al. [15, 25]. Generally, minor differentiation of
TPC and TFC values between the investigated populations
was observed for root and flower head extracts. As expected,
the highest mean TPC and TFC were obtained for flower
heads (15.4 and 18.3mg/g, resp.) whereas for the root, both
values were the lowest (5.8 and 8.2, resp.). The differences
between the populations were clearly visible for leaf extracts.
The highest TPC and TFC were determined for NP plants; in
turn, for the MB population, the values were significantly
lower. It suggested that chronic stress decreased the level of
polyphenolics. Moreover, the high correlation between
TPC/TFC, TPC and DPPH/ABTS, and TFC and DPPH/
ABTS was obtained (r > 0 79, r > 0 61, and r > 0 68, resp.).
The detailed correlation data are presented in Table S3.

3.4. HPLC Analysis. Phenolic acids and their derivatives are
considered one of the main groups of plant secondary
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compound identified in the extract.
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metabolites with significant antioxidant activity [26]. HPLC
of phenolic acids in C. vulgaris plant extracts was conducted
using an experimentally elaborated gradient elution program
which enabled the separation of common plant phenolics
[12]. The analysis revealed that chlorogenic acid was a
predominant compound found in all parts of the plant. In
few samples, caffeic and protocatechuic acids also occurred;
however, their contents were slight (below the limit of quan-
tification). The example of the obtained chromatogram is
presented in Figure 4.

Quantification of chlorogenic acid was performed based
on the linear regression equation (y=124454737.80×−36813,
r = 0 9997). The calibration curve was constructed on the
basis of the relationship between peak areas and standard
concentrations at 5 concentration levels (n = 5).

The results are demonstrated in Figure 5.
Our research revealed that C. vulgaris plants are a rich

source of chlorogenic acid. Its amount was higher than that
in C. acaulis and C. acalifolia [26]. As it can be seen, the
highest content of chlorogenic acid was in the flower heads
whereas the lowest was determined in the roots (ca. 2-
3.5mg/g ADW and 0.2–0.4mg/g ADW, resp.). Moreover,
the populations from a natural habitat (NP and NN)
contained significantly higher total content of chloro-
genic acid compared to the metallicolous population
(MB). The differences may be caused by the ability to
chelate metal ions by polyphenols with at least two
hydroxyl groups in the phenolic ring [27]. Therefore,
chlorogenic acid may be bonded in complex, and thus,
the amount of its free form is decreased. The antioxi-
dant activity of C. vulgaris was statistically significantly
correlated with the content of chlorogenic acid; however,
the correlation between chlorogenic acid and TPC was

0 1 2 3 4 5
Chlorogenic acid
(mg g‒1 ADW)

NP

NN

MB

A

A

B

Flower heads
Leaves
Roots

Figure 5: Content of chlorogenic acid in different populations of
C. vulgaris (NN—population from Nasiłów, NP—population
from Pińczów, and MB—population from a metalliferous area in
Bolesław). Data are means± SE. According to Fisher’s test (p < 0 05),
the values followed by different letters are significantly different and
the values followed by the same letter are not significantly different.
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lower, and it suggests the presence of other phenolics in
plants with lower antioxidant capacity.

3.5. Multivariate Comparison between the Investigated
Populations. The multivariate comparison between the
populations is presented in Figure 6.

The performed principal component analysis (PCA) of
leaf and root data showed a clear separation between the
metallicolous and nonmetallicolous populations (Figures 6(a)
and 6(c)). It was noted that the variations among the studied
plants were explained by the first two components and repre-
sented 60, 46, and 58% of the total variance for leaves, flower
heads, and roots, respectively. The first components (in the
analysis of all plant organs) were largely negatively determined
by heavy metal concentration (except Mo in the leaves and
the roots) and these separated plants collected from heavy
metal-contaminated and heavy metal-noncontaminated
areas (particular leaf and root data analysis) (Figures 5(a)
and 5(c)), while PC2 was generally loadings on the second-
ary metabolites and antioxidant capacity data (positive in
the flower heads and roots and negative in the leaf data)
and generally showed (leaf data) (Figure 5(a)) difference
between the MB and NP populations.

4. Conclusion

Our results demonstrate that C. vulgaris is rich in poly-
phenols and minerals. The species growing in nonconta-
minated areas contain more chlorogenic acid and possess
higher antioxidant activity; thus, these species may become
ingredients of herbal teas or natural products where a high
amount of phytochemicals and minerals is needed. The
results obtained in this study confirm an importance of
the plants’ growth conditions for the safety and quality
of the herbal material.
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Over the past two decades, obesity has been one of the major public health concerns in most countries. In the search for new
molecules that could be used for the treatment of obesity, good perspectives have been opened up for polyphenols, a class of
natural bioactive phytochemicals. Experimental and limited clinical trial evidence supports that some polyphenols such as
quercetin, curcumin, and resveratrol have potential benefit functions on obesity treatment. This brief review focuses on the main
functions of the above-named polyphenols on adipose tissue. These polyphenols may play beneficial effects on adipose tissue under
obese condition by alleviating intracellular oxidative stress, reducing chronic low-grade inflammation, inhibiting adipogenesis and
lipogenesis, and suppressing the differentiation of preadipocytes to mature adipocytes.

1. Introduction

Over the past decades, obesity has been one of the major pub-
lic health threats in most developed countries and in an
increasing number of developing countries [1]. Obesity is
caused by the imbalance between energy intake and expendi-
ture, which promotes the hypertrophy of adipocytes and
results in adipose tissue dysfunction [2]. It is well known that
obesity is a strong risk factor for type 2 diabetes mellitus
(T2DM) and cancer, and T2DM is linked to the development
of cardiovascular diseases, such as hypertension and athero-
sclerosis [3, 4]. Furthermore, obesity was associated with
higher disability rates and mortality rates in the elderly
[5]. A better understanding of the molecular basis of obesity
will lead to establish strategies for prevention and treatment
of obesity.

Adipose tissue is composed of many kinds of cell types,
including adipocytes, macrophages, endothelial cells, and
stem cells. In addition, as the major energy storage organ,
adipose tissue also is a very important endocrine organ [6].
To maintain the function on energy regulation, adipose tissue
produces adipokines, such as adiponectin and leptin, and
proinflammatory cytokines, such as tumor necrosis factor-
(TNF-) α and interleukin- (IL-) 1β [6]. Under normal phys-
iological lean state, when the body takes excessive energy,
adipose tissue can be rapidly enlarged by increasing the adi-
pocyte size (hypertrophy) and numbers (hyperplasia), which
were accompanied by an increase of blood vessels (angiogen-
esis) to supply more oxygen (O2) and nutrients to the whole
tissue [7]. However, under pathological obese state, adipose
tissue will undergo a process named “adipose tissue remodel-
ing,” which was characterized by reduced angiogenesis,
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increased hypoxia levels and extra cellular matrix (ECM)
levels, and induced higher levels of immune cell infiltration
and subsequently induced a low-grade chronic inflamma-
tion. All of these pathological events will lead to adipocyte
dysfunction, cell death, and systemic insulin resistance [7].

There are two types of adipose tissue, white adipose tissue
and brown adipose tissue. The excess energy was mainly
stored in the white adipose tissue in the form of triglycerides
(TAGs). The function of brown adipose tissue is to directly
transfer energy from nutrients to heat by uncoupling protein
(UCP) 1, which mediates uncoupling of oxidative phos-
phorylation from ATP synthesis (conferred thermogenesis)
[8–10]. In vitro and in vivo studies demonstrated that the
activation of brown adipocytes is an effective and efficient
way for excess energy metabolism [11–15]. Human studies
showed that activation of brown-like adipocytes is a poten-
tial way to counteract obesity [12, 13, 16–19].

Oxidative stress is referred to an event resulting from the
imbalance between the intracellular oxidation system and
reduction system, the redox system [20]. The imbalance
between oxidant and antioxidant enzymes/substrates will
result in a series of oxidation-reduction reactions, which will
subsequently induce cytotoxicity by inducing cellular stress
responses and stimulating cell death [21]. A series of studies
have revealed that oxidative stress is related to the develop-
ment of obesity. Excess levels of reactive oxygen species
(ROS) might lead to the dysfunction of mitochondria by
inhibiting respiration process and result in a reduction on
the energy expenditure in adipocytes and conversely enhance
the energy storage in adipose tissue [22]. Oxidative stress also
suppresses the endocrine functions of adipose tissue by dis-
rupting the secretion of adipokines such as adiponectin
[23]. Antioxidants can protect cells from oxidative stress by
trapping free radicals and restoring cell functions. In recent
years, chemical antioxidants derived from natural plants,
which are named as “phytochemicals,” have gained interest
by researchers for preventing and treating diseases, including
obesity and obesity-related metabolic diseases [24–29].

Among the phytochemicals studied, researchers pay
more attention on polyphenols, which are derived from diet
food such as vegetables and fruits, as well as beverages such
as juice, coffee, and tea [30–35]. Studies showed that poly-
phenols such as quercetin, curcumin, and resveratrol exerted
beneficial effects on lipid and energy metabolism and poten-
tial body weight change. In this review, we will focus on the
roles of and the mechanisms of polyphenols including quer-
cetin, curcumin, and resveratrol and on obesity and adipose
tissue function.

2. Quercetin

Quercetin is the most abundant of flavonoids and is found in
vegetables, fruits, tea, and wine [36].

2.1. Effects on Cell Culture Models of Obesity. The first in vitro
study investigating the potential antiobesity effect of
quercetin on obesity was performed on primary adipocytes.
Kuppusamy and Das found that quercetin induced lipolysis
of primary rat adipocytes in a dose- and time-dependent

manner by increasing cyclic adenosine monophosphate
(cAMP) levels and hormone-sensitive lipase (HSL) activity
[37]. In addition to the inductive effect on lipolysis, quercetin
can also suppress lipogenesis by reducing the incorporation
rate of fatty acids into adipocyte triacylglycerols in rat fat
pads [38] and by inhibiting the gene expression levels of fatty
acid synthase (FAS) and the activity of acetyl-CoA carboxyl-
ase (ACC) [39]. Quercetin also can inhibit adipogenesis by
decreasing gene expression levels of the key adipogenic fac-
tors peroxisome proliferator-activated receptor γ (PPARγ)
and CCAAT/enhancer binding protein α (C/EBP α) [39].
Recently, using hypertrophied 3T3-L1 adipocyte model,
Herranz-López et al. showed that quercetin can rapidly
reduce the intracellular ROS levels, which was correlated
with the higher levels of quercetin metabolite [40]. Moreover,
in human SGBS adipocytes, quercetin can significantly
reduce levels of adipokines ANGPTL4, adipsin, and PAI-1
as well as of glycolysis-associated enzymes ENO2, PFKP,
and PFKFB4, all of which are associated with obesity and adi-
pose tissue dysfunction [41]. Adipocyte browning is a prom-
ising strategy for the prevention of obesity [14, 42–44]. In
3T3-L1 adipocytes, quercetin (50 μM) induced the expres-
sion of brown adipocyte-specific genes such as UCP-1 and
cell death-inducing DNA fragmentation factor-alpha-like
effector A (CIDEA) by the activation of AMP-activated
protein kinase (AMPK) [45], which is a key checkpoint to
control the energy balance in adipocytes by suppressing the
activity of ACC; as a result, the levels of lipid in adipocytes
were decreased [46].

2.2. Effects on Animal Models of Obesity. Animal studies
showed that quercetin can protect mice or rats from high-
fat diet- (HFD-) induced body weight gain and adipose tissue
accumulation [47–49]. In HFD-fed mouse model, Stewart et
al. showed that quercetin can transiently increase energy
expenditures which may relate to the upregulation of UCP-
1 [49]. In HFD-fed rat model, quercetin suppressed adipo-
genesis by reducing the key adipogenic factor C/EBP α gene
expression levels and reduced lipogenesis by downregulating
the gene levels of FAS and ACC [50]. Quercetin also has anti-
inflammatory effects on adipose tissue. Stewart et al. found
that long-time treatment with quercetin can reduce the levels
of inflammatory markers IFNγ, TNFα, IL-1, and IL-4 in mice
[49]. Quercetin suppresses the accumulation and activation
of immune cell and improves mitochondrial functions in adi-
pose tissue of HFD-induced obese mice by increasing the
levels of oxidative stress-sensitive transcription factor and
antioxidant enzymes [51]. Moreover, Dong et al. found that
quercetin attenuated mast cell and macrophage infiltration
into epididymis adipose tissues (EATs) through the AMPK
α1-silent information regulator (SIRT) 1 pathway in HFD-
fed mice [52]. In Wistar rats, quercetin suppressed the
expression of oxidative stress and inflammatory markers,
including nuclear factor kappa B (NF-κB), nuclear factor-
related factor- (Nrf-) 2, and heme oxygenase- (HO-) 1 [53].
In another study, quercetin (10mg/kg of body weight)
improved the inflammatory status of visceral adipose tissue
by suppressing the expression of TNF-α and enhancing the
levels of adiponectin, which indicates the recovery of the
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functions of the adipose tissue, in obese Zucker rats, a genet-
ically obese rat model [48].

2.3. Human Studies and Clinical Trials Using Quercetin to
Treat Obesity. Although many cell culture and animal studies
focused on the beneficial effects of quercetin in obesity, there
are only a limited number of human studies and clinical trials
that have been performed to evaluate the effects of quercetin
on obesity treatment. In a 12-week, randomized, double-
blind, placebo-controlled study, Lee et al. demonstrated that
quercetin (100mg/day/subject) significantly decreased the
total body fat, particularly in the percentage of fat in the
arm, and decreased the body mass index (BMI) of overweight
or obese subjects [54]. Another study evaluated the effects of
quercetin on obesity in overweight-obese subjects with
various apolipoprotein E (APOE) genotypes; the authors
reported that quercetin (150mg/day/subject) decreased the
waist circumference and triacylglycerol concentration [55].
In addition to these findings, one study showed that 12-
week of onion extract (quercetin-rich extract) intake
decreased body weight, percentage of body fat, and BMI of
10 female university students [56]. However, another study
reported that 12-week of onion extract intake has no effect
on body fat composition and BMI of the female university
students [57], indicating that the experiment period of the
study is important for the effects of the onion extracts on
body weight change. Currently, there is one clinical trial that
is still under phase II stage investigation; the purpose of this
study is to investigate whether quercetin changes the absorp-
tion of glucose by the body in obese subjects and obese dia-
betic subjects [58]. Although quercetin suppressed oxidative
stress in obese rodent models [51, 53], Shanely et al. reported
that quercetin has no effect on oxidative stress and antioxi-
dant capacity during a 12-week consuming period of high
doses of quercetin (500 or 1000mg/day/subject) in obese
subjects [59]. Future research need to further investigate
the bioactive effects and bioavailability of quercetin in the
treatment of obesity.

3. Curcumin

Curcumin is derived from and is the most bioactive polyphe-
nol in the spice turmeric [60]. Curcumin exerts several biolog-
ical functions including antioxidation, anti-inflammation,
and antiangiogenesis in different organs including adipose
tissue [60].

3.1. Effects on Cell Culture Models of Obesity. Curcumin may
have a significant effect on adipogenesis. In primary human
adipocytes and murine 3T3-L1 adipocytes, curcumin treat-
ment suppressed the expression of adipogenic genes peroxi-
some proliferator-activated receptor γ (PPARγ) and C/EBP
α [61]. In addition to the antiadipogenic effects, curcumin
also suppresses the differentiation of preadipocytes to mature
adipocytes. Ahn et al. demonstrated that curcumin inhibited
3T3-L1 adipocyte differentiation by inhibiting activities of
mitogen-activated protein kinases including ERK, JNK, and
p38 [62]. Another report showed that the inhibition effect
of curcumin on adipocyte differentiation might have been

mediated by the suppression of PPARγ expression in a
dose-dependent manner in human adipocytes [63]. More-
over, curcumin also showed anti-inflammatory effects.
Curcumin pretreatment inhibited the secretion of monocyte
chemoattractant protein- (MCP-) 1, a proinflammatory
cytokine, from 3T3-L1 adipocytes [64].

3.2. Effects on Animal Models of Obesity. Curcumin showed
beneficial effects on body weight reduction and energy
metabolism. Two weeks of high dietary curcumin supple-
mentation feeding in rats reduced epididymal adipose tissue
and increased fatty acid β-oxidation, indicating the increase
of energy expenditure after curcumin treatment [65]. Curcu-
min also showed anti-inflammatory functions. In HFD-
induced obesity and in genetic obesity (ob/ob mice) models,
curcumin reduced adipose tissue inflammation by reducing
macrophage infiltration into adipose tissue and by increasing
adiponectin production [66, 67]. Curcumin also showed
antioxidant effects. Dietary curcumin (0.2–1 g/100 g diet)
suppressed high-fat-induced lipid accumulation in epididy-
mal adipose tissue [65].

3.3. Human Studies and Clinical Trials Using Curcumin to
Treat Obesity. Unlike the studies on the effects of curcumin
in cells or animals, studies on obese subjects are limited.
The first clinical trial using curcumin for obesity treatment
was conducted by Mohammadi et al. [68]. In this study,
obese subjects were treated with a commercial formulation
of curcumin (C3 Complex®, 1 g/day) supplemented with a
bioavailability enhancer, piperine (5mg/day) for a month.
Although there were no changes in weight, body mass index
(BMI), or body fat, serum triglyceride levels were signifi-
cantly decreased after curcumin treatment, indicating the
improvement of insulin actions [68]. In another randomized,
double-blind, crossover trial, Ganjali and Sahebkar showed
that 30-day treatment of C3 Complex (500mg/day) plus
piperine (5mg/day) reduced serum levels of inflammatory
cytokines IL-1β and IL-4 of obese individuals [69], indicating
the anti-inflammatory activity of curcumin in obesity ther-
apy. Moreover, oral curcumin supplementation (1 g/day for
30 days) was effective in reducing oxidative stress burden in
obese individuals [70].

Although curcumin has been used for clinical trials in
obesity treatment, the multifaceted pharmacological nature
of curcumin and its pharmacokinetics and the side effects
of curcumin in obesity therapy need to be carefully investi-
gated. The recommended maximum daily usage of curcumin
is 1mg/kg body weight by a joint report of the World Health
Organization and the Food and Agriculture Organization
[71]. However, a few studies showed that the chronic use of
curcumin can cause liver toxicity [72] and high doses of cur-
cumin can induce gastrointestinal upset, inflamed skin, and
chest tightness in a phase II trial in patients with advanced
pancreatic cancer [73].

4. Resveratrol

Resveratrol (3,5,4′-trihydroxytrans-stilbene) is a small poly-
phenolic compound, which was well known as constituent
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of red grapes, red wine, peanuts, and ground nuts [74, 75].
Resveratrol showed antioxidant and anti-inflammatory
actions [76] and showed beneficial effects in preventing
the development of many diseases including obesity and
diabetes [77].

4.1. Effects on Cell Culture and Ex Vivo Adipose Tissue
Culture Models of Obesity. Resveratrol can inhibit adipogen-
esis by reducing the stability and transcriptional activity of
PPARγ [78, 79] and prevent triglyceride accumulation via
enhancing the expression of sirtuin1 (Sirt1), which is an
important molecular target regulating cellular energy metab-
olism and mitochondrial homeostasis [80] in 3T3-L1 adipo-
cytes. Moreover, resveratrol enhanced lipolytic activity in
human and rat adipocytes; this effect was mediated by β-
adrenergic activation and the induction of cAMP levels [81,
82]. In addition, to enhance lipolysis, resveratrol also can
inhibit lipogenesis by downregulating the expression of lipo-
genic genes in human adipocytes [83]. Kang et al. found that
resveratrol pretreatment suppressed secretion of TNF-α and
IL-6 from 3T3-L1 adipocytes and inhibited the activation
of inflammatory-related proteins such as extracellular
receptor-activated kinase (ERK) and NF-kappaB (NF-κB),
indicating that resveratrol has anti-inflammatory effects in
adipocytes [84]. In human adipocytes, resveratrol reversed
IL-1β-stimulated expression of proinflammatory adipokines
including IL-6, IL-8, monocyte chemoattractant protein-
(MCP-) 1, and plasminogen activator inhibitor- (PAI-) 1
[85, 86]. Moreover, reports showed that resveratrol inhibited
adipose tissue inflammation by downregulating the protein
levels of IL-6, IL-8, MCP-1, and the inflammatory-related
adipokine leptin in human adipose tissue in vitro [86, 87].

4.2. Effects on Animal Models of Obesity. Dietary treatment
of rodents with resveratrol protected mice against HFD-
induced body weight gain and obesity by increasing energy
expenditure which was partly mediated by stimulating intra-
cellular mitochondrial functions (fatty acid oxidation) in
adipose tissue and by the suppression of fatty acid synthesis
[88–90] and by inducing brown-like adipocyte formation in
white adipose [91–94]. The in vitro anti-inflammatory effect
of resveratrol was also confirmed in animal models. In mice,
resveratrol attenuated HFD-induced inflammation of WAT
by downregulating the protein levels of proinflammatory
cytokines TNF-α, IFN-α, IFN-β, and IL-6 [89]. In addition,
resveratrol reduced adipose tissue macrophage infiltration
[95] and prevented the suppression of the production of reg-
ulatory T cells (Tregs, the negative regulators of inflamma-
tion) [96] in HFD-induced obese mice. In Zucker rats,
resveratrol suppressed the protein levels of IL-6 and the
activity of NF-κB in adipose tissue by reducing macrophage
infiltration [97]. Interestingly, Jimenez-Gomez et al. showed
that resveratrol showed similar effects on high-fat-treated
adult rhesus monkey model as effects on HFD-induced
obese rodent models, suppressed the activation of NF-κB,
and decreased the mRNA levels of IL-6, TNF-α, IL-1β,
and adiponectin in the visceral adipose tissue of high-fat-
treated monkey model [98]. Resveratrol also showed antiox-
idant effect in animal models. Lv et al. found that resveratrol

attenuated diet-induced oxidative stress in epididymal white
adipose tissue partly by the reduction of Sirt1 and manga-
nese superoxide dismutase (Sod2) levels [99].

4.3. Clinical Trials Using Resveratrol to Treat Obesity.
Although several clinical trials that examine the effect of res-
veratrol on obesity are currently ongoing (see http://
clinicaltrials.gov) or have finished (see Review [100]), none
of them were designed specifically to test the effects of resver-
atrol on body weight change of obese subjects. In a random-
ized double-blind cross-over study, Timmers et al. showed
that 150mg/day of resveratrol treatment increased energy
expenditure, reduced serum inflammatory markers, and
decreased adipose tissue lipolysis and plasma fatty acid and
glycerol levels of obese men [101]. In another study, Konings
et al. investigated the effects of 30 days resveratrol treatment
(150mg/day) on the adipocyte size and gene expression
patterns in obese men. The authors found that resveratrol
treatment decreased the size of abdominal subcutaneous adi-
pocytes [102]. However, another report showed that high
levels of resveratrol supplementation treatment had no effect
on energy expenditure, adipose tissue content, and metabolic
events [103]. The reason for the reversed results obtained
from the two reports may possibly lie in the administered
doses of resveratrol they used for obesity treatment. The lat-
ter report used 1500mg/day for the trial [103]; this dose was
ten times of the dose Konings et al. used in the study [102].

5. Concluding Remarks

In the search for new molecules that could be used for the
treatment of obesity, good perspectives have been opened
up for polyphenols. Current knowledge from cell cultures
and animal models suggests that polyphenols, including
quercertin, curcumin, and resveratrol, play beneficial effects
under obese condition potentially by alleviating intracellular
oxidative stress, reducing chronic low-grade inflammation,
inhibiting adipogenesis and lipogenesis, and suppressing
the differentiation of preadipocytes to mature adipocytes.
Although investigators have obtained limited results from
clinical trials, there is still no sufficient data to support the
high-dose and long-term usage of these polyphenols in obe-
sity treatment.
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The aim of the study was to examine the effects of a polyphenolic powder from olive mill wastewater (OMWW)
administered through drinking water, on chickens’ redox status. Thus, 75 chickens were divided into three groups. Group
A was given just drinking water, while groups B and C were given drinking water containing 20 and 50μg/ml of
polyphenols, respectively, for 45 days. The antioxidant effects of the polyphenolic powder were assessed by measuring
oxidative stress biomarkers in blood after 25 and 45 days of treatment. These markers were total antioxidant capacity
(TAC), protein carbonyls (CARB), thiobarbituric acid reactive species (TBARS) and superoxide dismutase activity (SOD)
in plasma, and glutathione (GSH) and catalase activity in erythrocytes. The results showed that CARB and TBARS were
decreased significantly in groups B and C, and SOD decreased in group B compared to that in group A. TAC was
increased significantly in group C and GSH was increased in group B, while catalase activity was increased in groups B
and C compared to that in group A. In conclusion, this is the first study showing that supplementation of chickens with
polyphenols from OMWW through drinking water enhanced their antioxidant mechanisms and reduced oxidative stress-
induced damage.
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1. Introduction

Free radicals are atoms, molecules, or ions that have unpaired
valence electrons [1]. Free radicals such as reactive oxygen
species (ROS) are produced in living organisms either from
normal essential metabolic processes or from external sources
(e.g., exposure to X-rays, air pollutants, and industrial chemi-
cals) [2]. Due to the unpaired electrons, free radicals are very
reactive species and their overproduction can cause damage
to all biological macromolecules such as DNA, proteins, and
lipids, thus resulting in cell damage and subsequently in
manifestation of pathological conditions [1]. Oxidative stress
is defined as an imbalance between the production of free
radicals and the ability of the organism to detoxify them or
counteract their harmful effects through neutralization by
antioxidants and is responsible for the cause of several diseases
[1, 2]. Several studies have suggested that oxidative stress in
farm animals may be involved in pathological conditions
affecting animal production and welfare [3]. For example,
the hot and humid environment in aviaries may cause heat-
induced oxidative stress in chickens, which in turn reduces
growth and meat quality [4]. Thus, administration of natural
antioxidant compounds to chickens has been proposed as a
means for reducing the oxidative stress-induced adverse
effects [5–7]. Polyphenols are bioactive phytochemical com-
pounds andmostly studieddue to their antioxidant properties.
Polyphenols are secondary metabolites and act defensively in
plants against pathogens and UV-mediated stress [8]. They
are divided mainly into four groups according to their chemi-
cal structure, flavonoids, phenolic acids, stilbenes, and lignans
[8]. Many studies have suggested that polyphenols’ antioxi-
dant activity may improve the well-being of living organisms
and protect against several diseases [9–11]. Moreover, poly-
phenol consumption causes lower toxicity and fewer side
effects than other chemical compounds used for prevention
from diseases [12].

One of the polyphenols’ sources is olive oil obtained from
olive tree fruit (Olea europaea L.). The main polyphenolic
compounds found in olive oil are tyrosol, hydroxytyrosol,
oleuropein, and pinoresinol, exhibiting potent antioxidant
properties [13, 14]. For example, olive oil-supplemented diet
has been shown to protect chicken skeletal muscle from heat
stress-induced oxidative stress [15]. Moreover, byproducts of
olive oil production such as olive mill wastewater (OMWW)
contain polyphenols (e.g., p-coumaric acid, homovanillic
acid, caffeic acid, protocatechuic acid, 3,4-dihydroxyman-
delic acid, vanillic acid, and ferulic acid) with antioxidant
activity [16–18]. In previous studies, we have demonstrated
that administration of feed supplemented with polyphenols
from OMWW improved the redox status in chickens and
pigs [7, 19]. However, polyphenols from OMWW bypro-
ducts have not been so far administered to chickens
throughwater supply. Polyphenols’ supplementation through
water or feed may affect differently their absorption and
consequently their bioavailability and bioactivities’ potency.
Thus, in the present study, water-diluted polyphenolic pow-
der from OMWW was administered to broiler chickens.
Then, the possible enhancement of antioxidant mechanisms
or the protection of macromolecules from ROS-induced

damage was assessed by measuring oxidative stress bio-
markers in broilers’ blood.

2. Materials and Methods

2.1. Polyphenolic Powder Description. The product with the
name MEDOLIVA® is produced according to an estab-
lished patented procedure (patent application number:
20120100569—Greek Industrial Property Organization),
for obtaining polyphenols from OMWW based on the use
of ceramic membrane microfiltration using clean vegetable
waters from olive mills. The product comes in a liquid form
which is stable and safe without the use of conservatives.
The polyphenolic liquid product is transformed into powder,
using maltodextrin as nanoencapsulation material, through
the freeze dryer technology.

2.2. HPLC Analysis for the Identification of Polyphenols of
Medoliva Powder. All HPLC analyses were carried out on
a Hitachi Co-Japan system (Japan) equipped with a qua-
ternary pump L-2130, column thermostat L-2300, and
diode array L-2455 detector. The column used was a
Pinnacle II RP C18 (150mm× 4.6mm) with a guard col-
umn of Kromasil 100-5 C18 (3.0× 4.6mm). Injection was
by means of a Hitachi Elite LaChrom Autosampler L-
2200 with a 20μl fixed loop. For the chromatographic
analyses, HPLC grade water was used, whereas all HPLC
solvents were filtered prior to use through cellulose acetate
membranes of 0.45μM pore size. Chromatographic data
were acquired and processed using Agilent EZChrom Elite
software (Agilent, CA, USA).

For the preparation of the sample analyzed by HPLC,
10ml of the sample solution was extracted four times with
HPLC grade ethyl acetate, and then the solvent was evapo-
rated and the remaining organic phase was dissolved in
4ml of HPLC grade methanol and collected to HPLC type
glass bottles for further analysis.

The HPLC analysis was carried out at 40°C (maintained
by the column thermostat) using samples of 20μl, which
were directly injected by means of a Hitachi Elite LaChrom
Autosampler L-2200. The gradient eluted consisted of
solvent A [obtained by the addition of 3% acetic acid in
20mM sodium acetate aqueous solution, pH 3.2] and solvent
B (acetonitrile, CH3CN). Run time was set at 28min with a
constant flow rate at 1.0ml/min in accordance with the
following gradient time table: at zero time, 100% A; after
3min, the pumps were adjusted to 88% A and 12% B; at
10min, 79% A and 21% B; at 12min, 61% A and 39% B; at
18min, 46% A and 54% B; at 25min, 40% A and 60% B;
and finally, at 28min, 100% B. The analysis was monitored
at 280nm for oleuropein, hydroxytyrosol, and tyrosol and
at 355nm for flavonols simultaneously. Three replicate
experiments were carried out for each sample examined.
Peaks were identified by comparing their retention time
and UV-vis spectra with the reference compounds, and data
were quantitated using the corresponding curves of the refer-
ence compounds as standards. All standards were dissolved
in methanol.
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2.3. Assessment of the Total Polyphenolic Content (TPC). The
TPC of the Medoliva powder was determined in accor-
dance with a modified version of the Folin-Ciocalteu
method [20].

Initially, 1 gr of powder was added to 20ml of extraction
solution (80% v/v ethanol, 20% distilled water containing 1%
HCl). The mixture was added to a 50ml flask and centrifuged
at 3000 rpm for 20min. Then, the supernatant solution was
added to a 50ml volumetric flask that was filled with distilled
water until the final volume. Afterwards, 5ml of the solution
was transferred to a volumetric flask of 25ml that was filled
with water until the final volume.

After the above preparation, 1.6ml of sample was added
to a tube along with 0.3ml of 20% Na2CO3 deionized water
and 0.1ml of Folin-Ciocalteu reagent. The mixture was
allowed to stand at room temperature for 2 h. Absorbance
was measured at 725nm versus a blank. The results are
expressed as gallic acid equivalents using the standard curve
(absorbance versus concentration) prepared from authentic
gallic acid.

2.4. Animals. The experiment was reviewed and approved by
the institutional review board and the appropriate state
authority. Seventy-five broiler chickens (Hubbard-Sasso
hybrid), 15 days old, were purchased from “Bloutsos” aviary
(Trikala, Greece). Chickens were housed under controlled
environmental conditions (12-hour light/dark cycle, temper-
ature 18–21°C, and humidity 50–70%). Then, they were ran-
domly divided into three experimental groups (25 chickens
per group) as follows: group A, chickens were given fresh
tap water without polyphenolic powder; group B, chickens
were given polyphenols dissolved in water at a concentration
of 200μg/ml powder (equals to 20μg/ml of polyphenols);
and group C, chickens were given polyphenols dissolved in
water at a concentration of 500μg/ml powder (equal to
50μg/ml of polyphenols). The Medoliva powder was
instantly soluble in the water, as it was prepared by freeze
drying. The concentrations of 200 and 500μg/ml did not
cause a solubility problem. The addition of the powder to
the water was made at a daily basis, and for this reason, there
was no problem of stability. Chickens’ weight was monitored
every five days throughout the 45 days of the experiment.
Moreover, feed and water consumption were recorded at a
daily basis.

2.5. Blood Collection. Blood samples were drawn at the age
of 40 days (i.e., after 25 days of treatment) and 60 days
(i.e., after 45 days of treatment). 4ml of blood was
collected from the brachial vein of each chicken and
placed into 5ml aseptic EDTA tubes. Blood samples were
centrifuged immediately at 1370g for 10min at 4°C, and
the plasma was collected and used for measuring total
antioxidant capacity (TAC), thiobarbituric acid reactive
species (TBARS), and protein carbonyls (CARB). The
packed erythrocytes were lysed with distilled water (1 : 1
v/v), inverted vigorously, and centrifuged at 4020g for
15min at 4°C, and the erythrocyte lysate was collected
for the measurement of reduced glutathione (GSH) and
catalase activity.

2.6. Oxidative Stress Biomarkers. Glutathione (GSH) was
measured according to the method of [21]. In particular,
20μl of erythrocyte lysate, treated with 5% trichloroacetic
acid (TCA), was mixed with 660μl of 67mM sodium
potassium phosphate (pH 8.0) and 330μl of 1mM 5,5-
dithiobis-2-nitrobenzoate (DTNB). The samples were incu-
bated in the dark at room temperature for 45min, and the
absorbance was read at 412 nm. GSH concentration was
calculated on the basis of a calibration curve made using
commercial standards.

Catalase activity was determined using the method of
[22]. Briefly, 4μl of erythrocyte lysate (diluted 1 : 10) was
added to 2991μl of 67mM sodium potassium phosphate
(pH 7.4), and the samples were incubated at 37°C for
10min. A total of 5μl of 30% hydrogen peroxide was added
to the samples, and the change in absorbance was immedi-
ately read at 240 nm for 1.5min. Calculation of catalase activ-
ity was based on the molar extinction coefficient of H2O2.

The determination of superoxide dismutase (SOD) activ-
ity was based on the method of nitroblue tetrazolium salt
(NBT) according to Oberley and Spitz [23]. More specifically,
this assay included a negative control made by mixing 800μl
of SOD buffer [1mM diethylenetriaminepentaacetic acid
(DETAPAC) in 0.05M potassium phosphate buffer (pH
7.8); 1U catalase; 5.6× 10−5M NBT; 10−4M xanthine] with
100μl of 0.05M potassium phosphate buffer. Subsequently,
~60mU of xanthine oxidase (XO) was added and the rate
of increase in absorbance was measured at 560nm for
3.5min. In the test samples, 100μl of plasma was added to
800μl of SOD buffer followed by the addition of ~60mU of
XO and the rate of increase in absorbance was measured
for 3.5min at 560nm. Calculation of SOD activity in the test
samples was based on the percent inhibition of the rate of
increase in absorbance. The rate of increase in absorbance
(A) per minute for the negative control and for the tested
samples was determined by formula (1), and the percentage
inhibition for each sample was calculated using formula (2):

ΔA560 nm
min = A560 nmf inal − A560 nminitial

3 5min , 1

% Inhibition

=
Δ A560 nm / minnegative control − Δ A560 nm / minsample

Δ A560 nm / minnegative control
× 100

2

The determination of TAC was based on the method of
[24]. Briefly, 20μl of plasma was added to 480μl of 10mM
sodium potassium phosphate (pH 7.4) and 500μl of
0.1mM 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical,
and the samples were incubated in the dark for 30min at
room temperature. The samples were centrifuged for 3min
at 20,000g, and the absorbance was read at 520nm. TAC is
presented as mmol of DPPH reduced to 2,2-diphenyl-1-
picrylhydrazine (DPPH :H) by the antioxidants of plasma.

For the determination of TBARS, a slightly modified
assay of [25] was used. According to this method, 100μl of
plasma was mixed with 500μl of 35% TCA and 500μl of
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Tris-HCl (200mmol/L; pH 7.4) and incubated for 10min at
room temperature. 1ml Na2SO4—thiobarbituric acid (TBA)
solution—was added, and the samples were incubated at
95°C for 45min. The samples were cooled on ice for 5min
and were vortexed after 1ml of 70% TCA was added. The
samples were centrifuged at 15,000g for 3min, and the
absorbance of the supernatant was read at 530nm. A baseline
shift in absorbance was taken into account by running a
blank along with all samples during the measurement. Calcu-
lation of TBARS concentration was based on the molar
extinction coefficient of malondialdehyde.

CARB were determined based on the method of [26]. In
this assay, 50μl of 20% TCA was added to 50μl of plasma.
This mixture was incubated in an ice bath for 15min and
centrifuged at 15,000g for 5min at 4°C. The supernatant
was discarded, and 500μl of 14mM 2,4-dinitrophenyl hydra-
zine (DNPH) dissolved in 2.5N HCl for the sample or 500μl
of 2.5N HCl for the blank was added in the pellet. The
samples were incubated in the dark at room temperature
for 1 h, with intermittent vortexing every 15min, and were
centrifuged at 15,000g for 5min at 4°C. The supernatant
was discarded, and 1ml of 10% TCA was added, vortexed,
and centrifuged at 15,000g for 5min at 4°C. The supernatant
was discarded, and 1ml of ethanol-ethyl acetate (1 : 1 v/v) was
added, vortexed, and centrifuged at 15,000g for 5min at 4°C.
This washing step was repeated twice. The supernatant was
discarded, and 1ml of 5M urea (pH2.3) was added, vortexed,
and incubated at 37°C for 15min. The samples were
centrifuged at 15,000g for 3min at 4°C, and the absorbance
was read at 375 nm. Calculation of CARB concentration
was based on the molar extinction coefficient of DNPH.
Total plasma protein was assayed using a Bradford reagent
(Sigma-Aldrich Ltd.).

2.7. Determination of Hydroxytyrosol in Chickens’ Plasma by
Mass Spectrometry. For all plasma samples, a preparation was
carried out before the measurement of hydroxytyrosol.
Briefly, 100μl of plasma was thawed and 480μl of acetoni-
trile, 60μl of methanol, and 60μl of purified water were
added. Subsequently, the blurred sample due to protein
precipitation was centrifuged at 12000 rpm for 10min, and
the supernatants were evaporated to dryness. Finally, with
100μl of methanol/water 1 : 1, the samples were reconstituted
and at first were subjected to chromatographic separation
and then analyzed at UPLC-TQD-MS/MS.

For chromatographic separation, ultra high-performance
liquid chromatography system (EVOQ™, Bruker, Bremen)
was employed. Mobile phases consisted of (A) deionized
water with 0.1% formic acid and (B) acetonitrile (LC-MS
grade). The samples (5μl) were injected to a Waters HSS
(2.1× 100mm, 1.8μm) analytical column with 95.0%
mobile phase B at a flow rate of 0.4ml/min for 2min.
The mobile phase composition was increased to 10% B
and held for 6min before returning to 95% B for other
3.0min to reequilibrate. Total run time injection-to-
injection was 11min. Column oven temperature was
maintained at 40°C throughout.

After chromatographic separation, the eluate was
directed into EVOQ triple quadrupole mass spectrometer.

The mass spectrometer was operated in the negative electro-
spray ionization mode, the spray voltage was maintained at
4000V, and the cone temperature was 250°C, although the
heated probe temperature was 300°C. The probe and the
nebulizer gas flow (nitrogen) were 30 arbs and 50 arbs,
respectively. The transition of hydroxytyrosol (153.10 to
123.10m/z) was monitored in the multiple reaction monitor-
ing (MRM) mode with a scan time of 50ms with collision
energy of 12 eV. The calibration curve of hydroxytyrosol used
for its determination consisted of six points (0.1, 0.5, 1.0, 5.0,
10.0, and 50.0 ng/ml).

2.8. Statistical Analysis. Data were analyzed by one-way
ANOVA. The level of statistical significance was set at
p < 0 05. All results are expressed as mean± SD. Data were
analyzed using SPSS, version 13.0 (SPSS Inc., Chicago, Il).

3. Results

3.1. Total Polyphenolic Content and Composition of
Medoliva Powder. The TPC of the Melidova powder was
100mg GAE/g powder (Table 1). In Figure 1, the HPLC
of the polyphenolic profile of Medoliva powder is presented.
From the polyphenols used as standards, four polyphenols
were identified, hydroxytyrosol, tyrosol, caffeic acid, and p-
coumaric acid, and their quantities were 0.50, 0.55, 0.02,
and 0.04mg/g of Medoliva powder, respectively (Table 1).

3.2. Assessment of Chickens’ Weight. Chickens’ weight was
monitored throughout the experiment. Groups B and C

Table 1: Polyphenolic composition and total polyphenolic content
(TPC) of Medoliva powder.

Polyphenols

Hydroxytyrosol 0.50a

Tyrosol 0.55

Caffeic acid 0.02

p-Coumaric acid 0.04

TPC 100.00
aAll values are mg/g powder. TPC: total polyphenolic content (as mg gallic
acid/g powder).
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Figure 1: HPLC polyphenolic profile of Medoliva powder.
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showed an increase in weight compared to the control group,
but it was not statistically significant (Figure 2). In addition,
there were not significant differences in feed consumption
between the different groups (data not shown). Likewise,
water consumption did not differ significantly between the
different groups (Table 2).

3.3. Assessment of Oxidative Stress Markers in Chickens’
Blood. Regarding oxidative stress markers’ measurements,
all of them showed that polyphenolic powder administration
through water supply improved the redox status of the
broiler chickens. Specifically, CARB levels were decreased
significantly in groups B and C, compared to the control
group (Figure 3(a)). Group C exhibited the highest decrease
in CARB levels by 44.7 and 33.8% at days 25 and 45, respec-
tively (Figure 3(a)). In group B, there was a decrease in
protein carbonyl levels by 26.1% at 25 days (Figure 3(a)).
Moreover, the decrease in CARB levels was dose dependent,
since there was significant reduction of CARB in group C
(high dose) at both 25 and 45 days compared to group B
(low dose) (Figure 3(a)).

Like protein carbonyls, TBARS levels in plasma were
decreased significantly in groups B and C, compared to the
control group (Figure 3(b)). Group C exhibited the greatest
decrease in TBARS levels by 34.1 and 19.4%, at 25 and 45 days
of treatment, respectively. In group B, TBARS were decreased
by 19.1% at 25 days (Figure 3(b)). Moreover, at 25 days of
treatment, there was a dose-dependent decrease in TBARS,
since they were significantly lower in group C (high dose)
compared to group B (low dose) (Figure 3(b)). Also, there
was a time-dependent effect of the administration of
polyphenols from OMWW, since in both groups B and C,
TBARS were significantly lower at 45 days compared to 25
days (Figure 3(b)).

TAC in plasma was increased significantly in group C by
13.9 and 19.5% at 25 and 45 days of treatment, respectively
(Figure 3(c)).

Therewas also a significant increase inGSHlevels in eryth-
rocytes in group B, where GSH levels were increased by 50.9%
at 25 days (Figure 4(b)). Moreover, GSH levels were increased
time dependently in both B and C groups (Figure 4(b)).

Furthermore, the administration of polyphenolic powder
increased catalase activity in erythrocytes. Group C demon-
strated the highest increase in catalase activity by 38.4 and
30.2% at days 25 and 45, respectively (Figure 4(a)). In group
B, the catalase activity was increased by 27.6 and 24.0% at
days 25 and 45, respectively (Figure 4(a)). In addition, in
both groups B and C, polyphenols from OMWW time
dependently increased catalase activity (Figure 4(a)). There
was also a dose-dependent increase of catalase activity at
25 days (Figure 4(a)).

Regarding SOD activity in plasma, at 25 days of treat-
ment, the enzyme activity was decreased significantly by
30.4 and 33.8% in B and C groups, respectively, compared
to that in the control (Figure 5), while, at 45 days of treat-
ment, there were not significant differences in SOD activity
between the control and treatment groups (Figure 5). More-
over, in group C, SOD activity was lower at 25 days of
treatment by 26.5% compared to that at 45 days (Figure 5).

Finally, it was interesting that in the control group, the
chickens at 25 days of treatment (i.e., 40 days post birth)
had significantly higher CARB and TBARS levels and lower
GSH levels than the chickens at 45 days of treatment (i.e.,
60 days post birth) (Figures 3(a), 3(b), and 4(b)).

3.4. Assessment of Hydroxytyrosol in Chickens’ Plasma. The
mass spectrometry analysis showed that, in group C, the
hydroxytyrosol levels were 349.5 pg/ml plasma (Table 3). In
group B, the concentration of hydroxytyrosol was below the
lower limit of quantitation (100 pg/ml), while as expected,
in the control group, it was not detected (lower limit of
detection was 30 pg/ml) (Table 3).

4. Discussion

In a previous study, we have shown that supplementation of
feed with polyphenols from OMWW enhanced the antioxi-
dant mechanisms and decreased oxidative stress-induced
damage in broiler chickens [7]. As known, oxidative stress
may be the etiological factor for several diseases in farm
animals [3]. Thus, the aim of the present study was to admin-
ister polyphenols from OMWW through water supply to
chickens, as an easier way than administration through feed.
For example, in order to increase the time storage and to
improve the bioavailability of feed supplemented with
OMWW, silage corn should be made, a laborious and time-
consuming process [7]. However, the preparation for the
supplementation of polyphenolic powder from OMWW
through water requires only its dilution. The effects of water
supplied with polyphenols from OMMW on the chickens’
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Figure 2: Chicken weight in relation to the days after birth.

Table 2: Water consumption by the chickens during the
experiment.

Group A (control) Group B Group C

15–40 d after birth 229±67a 225± 18 233± 24
41–60 d after birth 362± 12 355± 21 358± 19
aWater consumption (ml) by each chicken per day. Values indicate
mean ± SD. ∗p < 0 05, significant differences from the control (there was
not any significant difference between groups).
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redox status were assessed by measuring oxidative stress
markers in blood.

The results showed that the administration of water
supplied with polyphenols from OMWW enhanced the
antioxidant mechanisms in chickens. Specifically, TAC, an
indicator of the total antioxidant capacity, was increased in
the plasma of the chicken group given water supplied with
OMWW, compared to that of the control. Especially, there
was a significant increase in TAC after the administration
of the high dose (i.e., 50μg/ml of polyphenols) of OMWW
for both 25 and 45 days treatment. Interestingly, hydroxytyr-
osol, a major polyphenol found in OMWW, has been shown
to increase nuclear factor (erythroid-derived 2)-like2 (Nrf2)
expression and nuclear translocation, where it stimulated
the transcription of antioxidant and detoxifying enzymes in
the mouse heart [27].

The abovementioned increase in TAC could be attrib-
uted, at least in part, to the OMWW-induced increase of
antioxidant molecules such as catalase enzyme activity in
erythrocytes. Catalase catalyzes the decomposition of hydro-
gen peroxide to water and oxygen. Thus, catalase prevents
the formation of the hydroxyl radical, one of the most com-
mon and potent free radicals in living organisms, from
hydrogen peroxide through the Fenton reaction [1]. Interest-
ingly, OMWW-induced increase in catalase activity was both
time- and dose-dependent suggesting a major role of this
enzyme for OMWW’s antioxidant effects. Hamden et al.
[28] have demonstrated that OMWW extract increased
catalase activity in rat plasma, liver, and kidney. Moreover,
hydroxytyrosol, one of the main polyphenols present in
OMWW, has been shown to increase catalase activity as well
as mRNA and protein expression through phosphorylation
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Figure 3: Effects on oxidative stress markers: (a) CARB, (b) TBARS, and (c) TAC, in the plasma of chickens after treatment for 25 and
45 days with water (group A; control) or water containing polyphenols at 20μg/ml (group B) or at 50μg/ml (group C). ∗Significantly
different from the value of the control group at the same sampling time (p < 0 05). #Significant differences between the values of the
same group, measured at different sampling times (p < 0 05). ¥Significant differences between the values of Β and C groups,
measured at the same sampling time (p < 0 05).
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of AMP-activated protein kinase (AMPK) leading to activa-
tion of FOXO3a transcription factor in porcine pulmonary
artery endothelial cells [29].

Apart from the catalase activity, the effects of OMWWon
SOD activity, an antioxidant enzyme that catalyzes the dis-
mutation of the superoxide anion into hydrogen peroxide
and molecular oxygen, in plasma, were examined. The results
showed that the water supplied with OMWWdecreased SOD
activity, especially at 25 days treatment. Other studies have

also reported that administration of olive oil polyphenols
decreased SOD activity in human and rat plasma [30, 31].
It has been suggested that olive oil polyphenols such as
hydroxytyrosol and tyrosol reduce SOD activity by acting
as direct scavengers of superoxide anion, that is, it is a kind
of compensation mechanism [32, 33]. In contrast, Tufarelli
et al. [34] have demonstrated that extra virgin olive oil rich
in polyphenols increased SOD activity in chicken liver. Like-
wise, olive oil polyphenols have been shown to increase SOD
activity in rat liver and heart [35, 36]. It seems that the effect
of olive oil polyphenols on SOD activity may be tissue
specific. In addition, Pajovic et al. [37] have reported that
the administration of olive oil to rats affected differently cyto-
sol superoxide dismutase (CuZnSOD) and mitochondrial
superoxide dismutase (MnSOD) even in the same tissue.

GSH in erythrocytes was another important antioxidant
molecule that was increased after the administration of
polyphenols from OMWW through water supply. However,
OMWW’s effect on GSH was peculiar, that is, there was only
significant increase after administration of the low dose (i.e.,
20μg/ml of polyphenols) of OMWW in the chickens at the
younger age (after 25 days treatment or 40 days post birth).
Thisfindingwas inaccordancewithourpreviousoneobserved
after the administration ofOMWWto chickens through feed-
ing [7]. In this study, feed supplemented with OMWW
increased also GSH levels in chickens only at a younger age
[7]. As we and others have stated previously, an explanation
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Figure 4: Effects on oxidative stress markers: (a) catalase activity (CAT) and (b) GSH in erythrocytes of chickens after treatment for 25 and 45
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Figure 5: Nitroblue tetrazolium salt (NBT) assay of superoxide
dismutase (SOD) activity in chicken plasma. Percent inhibition of
superoxide production from 100μl of chicken plasma after
treatment for 25 and 45 days with water (group A; control) or
water containing polyphenols at 20 μg/ml (group B) or at 50 μg/ml
(group C). Percent inhibition indicates the amount by which the
plasma samples inhibited NBT reduction relative to a nonplasma
containing control reaction. ∗Significantly different from the value
of the control group at the same sampling time (p < 0 005).
#Significant differences between the values of the same group,
measured at different sampling times (p < 0 05).

Table 3: Quantification of hydroxytyrosol in chickens’ plasma.

Experimental groups Hydroxytyrosol (pg/ml)

Group A (control) <LLOD
Group B 349.5

Group C <LLOQ
LLOD: lower limit of detection (30 pg/ml); LLOQ: lower limit of quantitation
(100 pg/ml).
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for this effectmay be that polyphenols fromOMWW increase
GSH at a younger age when the endogenous GSH levels are
low, but they had no effect or even reduced GSH in broilers
at an older age when chickens’ organism can produce by itself
efficient GSH [5, 7, 38]. The molecular mechanisms account-
ing for polyphenols from OMWW-induced increase in GSH
levels may be as follows: (i) increase in enzymes being respon-
sible for GSH synthesis (e.g., g-glutamylcysteine ligase and
GSH synthetase) [39], (ii) reserveGSH from reactionwith free
radicals by their direct scavenging [18], and (iii) increase in
glutathione reductase (GR) activity (GR regenerates GSH
from GSSG) [40].

The abovementioned enhancement of antioxidant mech-
anisms after the administration of polyphenols from
OMWW through water supply may account for the protec-
tion from oxidative stress-induced damage. In particular,
protein oxidation in plasma as indicated by CARB was lower
in the chicken group drinking water containing polyphenols
from OMWW compared to that in the control group. This
protection was dose dependent after both 25 and 45 days
treatments, indicating that it was more intense in the chicken
group receiving the high dose of polyphenols from OMWW.
The protection of proteins from oxidative stress-induced
damage is important, since protein oxidation can impede
protein function or lead to destruction of cellular organelles
[1]. Specifically, it has been found that 82 mitochondrial
proteins have been damaged in chicken skeletal muscle by
oxidative stress induced by heat stress [15, 41].

Apart from protein oxidation, drinking water containing
polyphenols from OMWW reduced lipid peroxidation in
chicken plasma as shown by decrease in TBARS compared
to control. Importantly, like protein oxidation, decrease in
lipid peroxidation was dose dependent after 25 days treat-
ment, while it was time dependent at both low and high dose
of polyphenols from OMWW. It has been demonstrated that
climatic stressors such as high dust and NH3 levels and low
ambient temperature caused lipid peroxidation in chickens
[42, 43]. Decrease in lipid peroxidation is considerable in
chicken farming, since oxidation of lipids has been associated
with lower food intake and egg production [44]. Interest-
ingly, polyphenols such as hydroxytyrosol, verbascoside,
and isoverbascoside found in OMWW have been shown to
reduce lipid peroxidation [45, 46].

Two different doses, 20 and 50μg/ml of polyphenols
from OMWW, were used in the present study. All the tested
oxidative stress markers, apart from GSH, suggested that the
high dose of the polyphenolic powder was more effective for
improving chickens’ redox status. Another interesting find-
ing was that the chickens of control groups at a younger
age had higher oxidative stress (e.g., CARB and TBARS)
and lower antioxidant mechanisms (e.g., GSH and catalase
activity) than the older chickens. This conforms to our obser-
vations from previous studies in chickens and lambs [7, 47].
The high sensitivity to oxidative stress of chickens at a
younger age emphasizes the need for their antioxidant sup-
plementation in order to prevent pathological conditions.

The bioactive compounds being responsible for the
abovementioned antioxidant effects in chickens, drinking
water supplied with OMWW, were probably the polyphenols

which are known for their antioxidant activity [9, 10]. The
chemical analysis of Medoliva powder showed that it was
rich in polyphenols, since TPC was the 10% w/w of the
powder. Moreover, although the hydroxytyrosol levels
(349.5 pg/ml) in plasma were low, it was shown that it
can be absorbed by chickens’ organism. Since this is the
first study assessing the bioavailability of olive oil polyphe-
nols in chickens, it is not possible to be compared with the
other ones. However, studies on the bioavailability of olive
oil polyphenols in human have also shown that polyphe-
nols in their free forms present too low levels in plasma
or urine due basically to the phase I/II xenobiotic metab-
olism [48]. Because of these low levels, the polyphenols’
ability to exert bioactivities has been questioned. However,
it has been suggested that (i) the metabolites derived from
polyphenols’ metabolism may also be bioactive and (ii)
polyphenols may be freed from their conjugates intracellu-
larly [48]. Finally, it should be taken into account that
individual polyphenols may present in low levels but their
bioactivities are usually attributed to synergistic effects
between many different polyphenols [49].

5. Conclusions

This is the first study showing that supplementation of
broiler chickens with polyphenols from OMWW through
drinking water is an easy, cost-effective, and time-saving
method for the enhancement of their antioxidant mecha-
nisms (i.e., catalase activity, GSH, and TAC levels) and
reduction of oxidative stress-induced damage (i.e., protein
oxidation and lipid peroxidation). These findings present
particular interest, since different diseases of farm animals
have been associated with oxidative stress [3]. The most
potent dose was that of 500μg/ml powder (or 50μg/ml poly-
phenols) from OMWW. It should also be taken into account
that the exploitation of OMWW for developing high-added
value products for animal supplementation is a solution for
the environmental problems caused by OMWW.
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Oxidative stress is one of the major mechanisms implicated in endotoxin-induced acute lung injury. Seabuckthorn paste (SP), a
traditional Tibetan medicine with high content of polyphenols and remarkable antioxidant activity, is commonly used in
treating pulmonary diseases. In the present study, the protective effects and possible underlying mechanisms of SP on
lipopolysaccharide- (LPS-) induced acute lung injury in mice were investigated. It was found that body weight loss, lung tissue
microstructure lesions, transvascular leakage increase, malondialdehyde augmentation, and the reduction of superoxide
dismutase and glutathione peroxidase levels caused by LPS challenge were all consistently relieved by SP treatment in a dose-
dependent manner. Moreover, accumulation of nuclear factor erythroid 2-related factor 2 (Nrf2) in lung nuclei caused by SP
treatment was observed. Our study demonstrated that SP can provide significant protection against LPS-induced acute lung
injury through maintaining redox homeostasis, and its mechanism involves Nrf2 nuclear translocation and activation.

1. Introduction

Acute lung injury (ALI) is a multifactorial process which
occurs due to various environmental triggers that include
those caused by direct and indirect lung injury. With persis-
tent high morbidity and mortality owing to complicated
pathogenesis and a pathological course, ALI has been
drawing increasing attention as a critical disease in clinics.
According to previous reports, ALI, induced either by hyp-
oxic stress or by chemical irritation of endotoxin, is typically
accompanied with alteration of redox homeostasis and oxi-
dative damage to lipids, proteins, and DNA. Hypoxic stress
significantly enhanced the oxidative stress markers such as
free radicals and malondialdehyde, and it is accompanied
with decreased levels of antioxidants such as glutathione,
glutathione peroxidase, and superoxide dismutase [1, 2]. In
the pathogenesis of lung injury caused by lipopolysaccharide
(LPS), free radicals have been verified as the final causative
molecules with both in vitro and in vivo evidences [3]. Trials
involving antioxidant supplementation revealed consistent

results, among which alleviated damage to macromolecules
induced by high altitude or endotoxin was observed [1–3].

Seabuckthorn (Hippophae rhamnoides L., Elaeagnaceae)
has been used for a long history in Tibetan folk medicine. It
is considered as a valuable herb in treating certain diseases
including pulmonary conditions and in easing syndromes
in unacclimatized persons on ascent to high altitude. Tradi-
tionally, seabuckthorn berries are collected and stewed in
water before the extracted solution is filtered and condensed
into a paste (seabuckthorn paste (SP)), which is a common
preparation used in clinical practice. The edible berries of
seabuckthorn contain a wild variety of oxidation-resistant
compounds including relative high contents of vitamins
and polyphenols [4] and can serve as a desirable natural
antioxidant mixture. Based on these facts, we hypothesized
that administration of seabuckthorn paste may enhance
the antioxidant defense system and thus provide protection
against ALI.

The transcription factor Nrf2 (nuclear factor erythroid
2-related factor 2) is a major regulator of the adaptive
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response to oxidative stress and orchestrates the expression
of a large battery of cytoprotective genes such as antioxidants,
phase II enzymes, and membrane transporters [5]. Under
quiescent conditions, the transcription factor Nrf2 interacts
with the actin-anchored protein Keap1, largely localized in
the cytoplasm. This quenching interaction maintains low
basal expression of Nrf2-regulated genes. However, upon
recognition of chemical signals imparted by oxidative and
electrophilic molecules, Nrf2 is released from Keap1, escapes
proteasomal degradation, translocates to the nucleus, and
transactivates the expression of several dozen cytoprotective
genes that enhance cell survival [6].

Therefore, the present study was undertaken to investi-
gate the effects of seabuckthorn paste in LPS-induced ALI
in mice and to explore the possible mechanism in a per-
spective of redox homeostasis through its influence on the
Nrf2 pathway.

2. Materials and Methods

2.1. Plant Material. Well-ripened seabuckthorn berries were
collected from a natural growth site of a hilly region in the
eastern margin of the Tibetan Plateau (Ma’erkang, Sichuan
Province, China). Voucher specimens (number MZC-SJ-
20160915-00~08) of the plant material are preserved in the
herbarium of Chengdu University of Traditional Chinese
Medicine after botanical identification.

2.2. Preparation of Seabuckthorn Paste. According to tradi-
tional process, 1 kg of seabuckthorn berries was boiled in
5 L water for 30min and the supernatant was decanted, and
the residue was reboiled in fresh water. The process was
repeated three times for complete extraction. All the super-
natants were pooled and filtered through a muslin cloth
and condensed on a heater to obtain SP. The yield of SP from
fresh berries was 13.88%, and the water content was 33.52%,
calculated gravimetrically.

2.3. Antioxidant Activity In Vitro. Free radical scavenging
activity was studied using 1,1-diphenyl-2-picrylhydrazyl
(DPPH) while the total radical scavenging capacity was
determined by the 2,2-azinobis-(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) assay, according to the procedures
described by Debnath et al. [7]. Also, hydroxyl radical
scavenging capacity was evaluated by the method described
by Hazra et al. [8]. Trolox was used as standard, and the
ability to scavenge radicals was expressed as IC50, which is
defined as the concentration of the tested material required

to cause a 50% decrease in initial DPPH/ABTS/hydroxyl
radical concentration.

The contents of total polyphenols and total flavonoids in
SP were determined by colorimetry according to the method
described in previous reports [9, 10].

All measurements were performed in triplicate and
reported as mean± standard deviation (SD).

2.4. Animals. Six to eight-week-old male SPF KM mice
weighing 20± 2 g were purchased from Dashuo Biotechnol-
ogy Co Ltd. (Chengdu, China). The animals were maintained
at 24± 0.5°C with food and water ad libitum. The experimen-
tal protocol is shown in Table 1. The study protocol was
approved by the institute’s animal ethical committee and
conformed to the national guidelines on the use and care of
laboratory animals.

After acclimatization for 2 days, the mice were ran-
domly allocated into groups. The animals in the SP treat-
ment groups received respective dose of SP, while the
animals in the control and model groups received saline,
once daily through intragastric route for seven consecutive
days. On Day 8, the mice of all groups except for the control
group were administered 10mg/kg LPS (O55:B5) (Sigma,
USA) intraperitoneally. The animals were sacrificed 10 h
after LPS injection.

2.5. BodyWeight Changes. The body weight of each mouse in
each group was recorded before and 10 h after LPS injection,
and body weight ratio was calculated by the formula:
R = Wa −Wb /Wb, of which Wa and Wb represent body
weight recorded 10 h after and immediately before LPS
injection, respectively.

2.6. Bronchoalveolar Lavage Fluid (BALF) Analysis. A
median sternotomy was performed for exposure of both
lungs. The trachea was exposed and an intravenous infusion
needle was inserted. The lungs were lavaged three times with
0.5ml of ice-cold phosphate-buffered saline. Returned lavage
fluid was pooled for each animal and centrifuged at 1000×g
for 10min at 4°C. The cell-free supernatants were harvested
for total protein analysis using the BCA protein assay kit
(Nanjing Jiancheng Bioengineering Institute, China).

2.7. Lung Water Content. Lung water content was used as an
index to estimate the degree of pulmonary edema. After the
animal was sacrificed, the lungs were excised en bloc, blot
dried, and placed on preweighed glass plates. The wet weight
of the tissue was registered immediately. Then the tissue was
placed in an incubator at 80°C for 72 h to obtain a constant
weight. After the dry weight of the tissue was registered, the

Table 1: Animal experimental protocol.

Mice Analysis Items

Batch I (n = 50) Body weight, lung water content

Batch II (n = 50) Body weight, bronchoalveolar lavage fluid (BALF) analysis, histopathology, immunofluorescence

Batch III (n = 50) Body weight, oxidative stress markers, western blot

Mice in each batch were divided into five groups: (i) normal control group, (ii) model group, (iii) high-dose SP group (200mg/kg), (iv) medium-dose SP group
(400mg/kg), and (v) low-dose SP group (800mg/kg) (n = 10 for each group).
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water content of the tissue was calculated according to the
formula: lungwater content % = wet weight − dry weight /
dry weight × 100% [9].

2.8. Histopathologic Analysis. The lungs were harvested at
10 h after LPS administration and fixed with an intratra-
cheal instillation of 1ml buffered formalin (10%, pH 7.2).
The lobe was further fixed in 10% neutral buffered forma-
lin for 48 h at 4°C. The tissues were embedded in paraffin
wax. The sections approximately 5μm thick were stained
with hematoxylin and eosin using a standard protocol and
observed under a light microscope for histopathological
changes such as alveolar septum lesion, inflammatory cell
infiltration, and blood stasis.

2.9. Immunofluorescence Studies. Nuclear factor erythroid
2-related factor 2 (Nrf2) nuclear translocation in lung cells
was determined by immunofluorescence technique described
by Lindl and Sciutto [11]. The sections of the lung tissue
prepared as mentioned above were deparaffinized and
rehydrated through submersion in graded alcohols. Antigen
retrieval was performed with 10mM citrate buffer pH 6
for 5min in a microwave oven. The antibody used for
immunostaining the V5-tagged protein was anti-V5-FITC
(Invitrogen), and for visualizing the endogenous protein,
the cells were probed with Nrf2 antibody. The fluorescein
isothiocyanate- (FITC-) conjugated anti-rabbit antibody
was used as a secondary antibody. To visualize the nuclei,
the cells were stained with DAPI. The fluorescent images
were captured using appropriate filters in a Nikon inverted
fluorescent microscope. The antibodies were achieved from
Wuhan Servicebio Technology Co Ltd. (Wuhan, China).

2.10. Oxidative Stress Markers In Vivo. The lung samples
were homogenized with KCl solution (0.154mol/L) in ice-
cold condition and centrifuged at 3000×g for 15min at 4°C.
The supernatants were immediately stored at −80°C until
assayed for malondialdehyde (MDA), glutathione peroxidase
(GSH-Px), and superoxide dismutase (SOD) using respective
kits (Nanjing Jiancheng Bioengineering Institute, China)
according to instruments provided by the manufacturer.

2.11. Western Blot Analysis. The lung tissue homogenate
was centrifuged (12,000×g, 10min, 4°C) and the superna-
tants were aspirated. Biochemical fractionation of the cells
was done using the nuclear extract kit (Active Motif, USA)
according to the manufacturer’s instructions. Protein con-
centrations were determined by the Bradford method [12].
Proteins were loaded and transferred to a PVDF membrane
(Millipore, USA). After being blocked, the membranes
were incubated overnight at 4°C with anti-Nrf2 (1 : 1000,

Millipore) antibodies. The membranes were then incu-
bated for 1 h at room temperature with horseradish perox-
idase- (HRP-) labeled goat anti-rabbit secondary antibody
(1 : 4000, Vector, Burlingame, USA). The membranes were
placed into a gel imaging system (Bio-Rad, ChemiDoc XRS,
USA) and then exposed. The intensity of blots was quantified
using the Quantity One analysis software (Bio-Rad, USA).
Lamin B was used as an internal control.

2.12. Statistical Analysis. Data were expressed as mean±
standard deviation. All statistical analysis was performed
with SPSS 17.0 software package (SPSS Inc., Chicago,
USA). Statistically significant differences between groups
were determined by ANOVA followed by Tukey’s test. The
results were considered statistically significant if P values
were <0.05.

3. Results

3.1. Antioxidant Activity In Vitro. The results of the three
different methods to evaluate radical scavenging activities
indicated that SP has strong antioxidant activity in the same
order of magnitude with that of the positive control trolox.
The values of IC50 are shown in Table 2.

3.2. Body Weight Change Ratio. LPS injection caused body
weight loss in each treatment group. Ten hours after injec-
tion, the average weight of the model group was significantly
reduced compared to that of the control group (P < 0 01).
While SP provided protection to some extent, weight change
ratios in all SP-treated groups were significantly decreased
than that of the model group (P < 0 01), as shown in
Figure 1. Low dose seemed to provide slightly better

Table 2: DPPH, ABTS, and hydroxyl radical scavenging activities and total polyphenols/flavonoids contents of the seabuckthorn paste.

Sample
IC50 (μg/ml)a Content (mg/g)

DPPH radicalb ABTS radicalb Hydroxyl radicalb Total polyphenolsb Total flavonoidsb

SP 18.54± 0.78 9.75± 0.35 1.43± 0.10 191.5± 5.78 130.9± 4.25
Troloxc 5.39± 0.12 3.02± 0.11 1.07± 0.08 — —
aIC50 (μg/ml): the concentration at which 50% is inhibited. bEach value is expressed as mean ± standard deviation (n = 3). cTrolox as positive control.
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protection than medium and high dose (−0.061± 0.009,
−0.069± 0.03, and −0.069± 0.008 for 200, 400, and
800mg/kg dose, resp.). Whether the difference has practical
significance is not clear yet.

3.3. Histopathologic Observations. As shown in Figure 2, the
lung tissues from the control group represented normal
structure without histopathologic changes under a light
microscope. In the LPS-induced ALI mice of the model
group, the lungs stained with hematoxylin-eosin indicated

widespread alveolar wall thickness caused by edema, severe
hemorrhage in the alveolus, alveolus collapse, and obvious
inflammatory cell infiltration. In the SP-pretreated groups,
the histopathologic lesions were minor compared with those
in the model group.

3.4. Lung Water Content. The lung water content in normal
control animals varied between 77.21% and 80.12% with a
mean of 78.63± 0.98%. The mean value of 80.48± 0.73% in
mice of the model group was significantly higher (P < 0 01)

Model

SP 800 mg

SP 400 mg

SP 200 mg

Control

× 400

× 400

× 400

× 100 × 400

× 400

× 100

× 100

× 100

× 100

Figure 2: Effects of the seabuckthorn paste on the lung histopathological changes (hematoxylin-eosin stain, ×100 and ×400).
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than that of the normal control group. The lung water
contents in the SP 800mg group and SP 400mg group ani-
mals were both significantly lower (P < 0 01 and P < 0 05,
78.81± 0.72% and 79.55± 0.66% for 800 and 400mg/kg dose,
resp.) than that of the model group, while water content dif-
ference between the SP 200mg/kg group and model group
has no statistical significance. Animals in the 800mg/kg SP
group had substantial alleviation with no significant differ-
ence in water content comparing to that of the control group,
as shown in Figure 3(a).

3.5. Total Protein Content in BALF. The mean BALF pro-
tein content in model animals was significantly higher
(1.84± 0.50mg/ml) (P < 0 01) as compared with the normal
control values (0.60± 0.37mg/ml). Pretreatment with SP
provided remarkable protection against protein transvascu-
lar leakage, with BALF protein contents in high and medium
SP dose groups significantly lower (P < 0 01 and P < 0 05,
1.00± 0.31and 1.28± 0.21mg/ml for 800 and 400mg/kg
dose, resp.) than that of the model group, and the low SP dose
group indicated a lower mean value yet without statistical
significance (1.24± 0.43mg/ml for 200mg/kg dose), as
shown in Figure 3(b). Notably, high dose of SP provided
a strong protection that protein content in BALF in the
800mg/kg group has no significant difference comparing
to that of normal control animals.

3.6. Oxidative Stress Markers. LPS injection caused a
significant increase (P < 0 01) (2.06± 0.36 nmol/mg) in the
oxidative stress marker MDA levels in the lung homogenates
than in the control group (1.22± 0.21 nmol/mg). The pre-
treatment of SP-attenuated MDA generation (1.66± 0.36,
1.83± 0.17, and 1.87± 0.14 nmol/mg for 800, 400, and
200mg/kg dose, resp.) as compared with the model group
and the difference between the 800mg/kg group and model
group have statistical significance (P < 0 01).

The levels of two antioxidant enzymes in the lung
homogenates were significantly lower (P < 0 01) in the model
group (4.37± 0.52U/mg for SOD and 25.99± 2.81μmol/mg

for GSH-Px) than that of the control group (6.01±
0.65U/mg for SOD and 36.00± 1.92μmol/mg for GSH-Px).
The pretreatment of animals with SP caused a marked
increase in the level of SOD (5.61± 1.46, 5.43± 0.55, and
5.21± 0.66U/mg for 800, 400, and 200mg/kg dose, resp.)
and GSH-Px (30.41± 4.40, 28.96± 3.97, and 31.34±
4.09μmol/mg for800, 400, and 200mg/kg dose, resp.) as
compared with the model group. Statistical significance is
evident in 400mg/kg dose for SOD (P < 0 01) and also in
800 and 200mg/kg dose for GSH-Px (P < 0 01).

These results are shown in Figure 4.

3.7. Lung Nrf2 Immunofluorescence Observations. As evi-
dent from Figure 5, immunofluorescence results showed
varying degrees of enrichment of the Nrf2 protein both
in the nuclear fraction and in the cytoplasmic fraction in
lung cells upon a different dose SP treatment, comparing
with control and model groups. The increased Nrf2 protein
in the nucleus suggested translocation of the Nrf2 protein
into the nuclei, which is considered as the starting point of
Nrf2 pathway activation.

3.8. Nrf2 Protein Expression in Lung Nuclei. As Figure 6
shows, SP treatment caused increased Nrf2 accumulation in
the nuclear fraction. Nuclear Nrf2 level in the model group
(0.30± 0.03) has a significant increase compared to that of
the control group (0.15± 0.06) (P < 0 01), while more
pronounced increases were observed in the SP groups of dif-
ferent dose (0.47± 0.06, 0.42± 0.05, and 0.40± 0.07 for 800,
400, and 200mg/kg dose, resp.), all with statistical signifi-
cance compared to that of the model group (P < 0 01 versus
model group).

4. Discussion

In the present study, we have demonstrated that traditional
Tibetan medicine seabuckthorn paste has strong radical scav-
enging activities on par with trolox. Seabuckthorn berries
contain high amount of polyphenols especially flavonoids,
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Figure 3: Effects of the seabuckthorn paste on the lung’s transvascular leakage of fluid (a) and total proteins (b) (n = 10). ∗P < 0 05 or
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which are partly responsible for its potent antioxidative
capacity. Our results consisted with previous reports that
seabuckthorn is a desirable natural antioxidant resource
possessing a variety of functions that improve health, such
as alleviating atherosclerosis, reversing hyperthyroidism,
reducing inflammation, relieving gastric ulcers, and prevent-
ing liver cirrhosis [13, 14]. However, the harvest of seabuck-
thorn berries is seasonal, and matured berries are easily to
decay. In order to access this valuable medicine whenever
necessary, Tibetans developed a process to make these
berries into a paste, which could be stored for a long time
conveniently. The oxidation resistance evaluation results
in this study proved that the preparation of SP retains
high content of polyphenols/flavonoids and potent antiox-
idative activities, thus may have health benefits similar to
seabuckthorn berries.

LPS exposure causes general toxic responses including
body weight loss and anorexia [15, 16], which were effectively
reversed by SP pretreatment in the present study. As for local
lesions, microstructure changes were observed in the lungs
under LPS challenge, with obvious alleviation in the mice
of SP treatment groups as per expectation. These results
demonstrated that administration of SP in mice provided
remarkable protection against LPS-induced acute lung injury.
Previous studies showed that LPS exposure increased airway
epithelium barrier paracellular permeability, associated with

elevated levels of leakage for fluids, proteins, and other
vascular components [17–19]. And the increased leakage
contributes to diseases such as acute respiratory distress syn-
drome and pulmonary edema. Pretreatment with SP caused a
marked decline in transvascular fluid leakage into the lungs
besides curtailing leakage of proteins into the alveoli. These
results suggest that SP may help maintain alveolar arterial
capillary membrane integrity, thereby blocking pathological
progress towards lethal conditions.

We explored the protection mechanism of SP on LPS-
induced acute lung lesion in a perspective of redox
homeostasis. High-dose exposure of LPS can trigger toxic
inflammatory reactions through reactive oxygen and nitro-
gen species, and excessive production of these radicals is
implicated to damage biomembranes, thereby compromis-
ing cell integrity and function and resulting in increased
pulmonary capillary permeability [20–22]. Hence, the oxida-
tive stress marker (MDA) and antioxidant enzymes (SOD,
GSH-Px) in the lung homogenates of different groups of
animals were measured. The increase in level of MDA and
decrease in levels of SOD and GSH-Px caused by LPS
stimulation were reversed in animals of SP treatment groups,
indicating that SP could provide a significant protection
against LPS-induced oxidative damage.

Based on the positive antioxidant results in vivo, we
investigated the involvement of the Nrf2 pathway under SP
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Figure 5: Effects of the seabuckthorn paste on Nrf2 nuclear translocation in lung cells (×400). Nrf2 localization was determined by
immunofluorescence staining with anti-Nrf2 antibody followed by fluorescence-tagged secondary antibody. DAPI was used to visualize the
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exposure. Nrf2 transcription factor is one of the most impor-
tant antioxidant defense mechanisms that protect cells and
tissues from various oxidative stresses. The accumulation of
Nrf2 from the cytoplasm to nucleus is an essential signaling
start for Nrf2 media regulation of antioxidant/detoxifica-
tion enzymes [23, 24]. Immunofluorescence and western
blot results in this study indicate that LPS stimulation
increased the level of Nrf2 in the nuclei, as a stress
response of the body defense system. And SP treatment
resulted further elevation of Nrf2 accumulation in the
nuclear fraction, confirming the occurrence of Nrf2 translo-
cation and activation. Furthermore, dose-response relation-
ships were observed in the assays. Therefore, the protective
effect of SP on LPS-induced ALI is clearly associated with
attenuation of oxidant stress, and the underlying mechanism
through which SP exert antioxidant properties involves
Nrf2 pathway activation.

In conclusion, we demonstrated that the seabuckthorn
paste with relative high contents of polyphenols and flavo-
noids has potent antioxidant activities in vitro and in vivo.
This traditional medicine can provide strong protection in
mice against LPS-induced acute lung injury through main-
taining redox homeostasis, and its mechanism involves
Nrf2 nuclear translocation and activation.
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Endothelial dysfunction is the key player in the development and progression of vascular events. Oxidative stress is involved in
endothelial injury. Rosmarinic acid (RA) is a natural polyphenol with antioxidative, antiapoptotic, and anti-inflammatory
properties. The present study investigates the protective effect of RA on endothelial dysfunction induced by hydrogen peroxide
(H2O2). Compared with endothelium-denuded aortic rings, the endothelium significantly alleviated the decrease of
vasoconstrictive reactivity to PE and KCl induced by H2O2. H2O2 pretreatment significantly injured the vasodilative reactivity to
ACh in endothelium-intact aortic rings in a concentration-dependent manner. RA individual pretreatment had no obvious
effect on the vasoconstrictive reaction to PE and KCl, while its cotreatment obviously mitigated the endothelium-dependent
relaxation impairments and the oxidative stress induced by H2O2. The RA cotreatment reversed the downregulation of AMPK
and eNOS phosphorylation induced by H2O2 in HAEC cells. The pretreatment with the inhibitors of AMPK (compound C) and
eNOS (L-NAME) wiped off RA’s beneficial effects. All these results demonstrated that RA attenuated the endothelial
dysfunction induced by oxidative stress by activating the AMPK/eNOS pathway.

1. Introduction

The vascular endothelium plays critical roles in maintaining
the vascular structure and function [1]. In physiological
states, the endothelium releases both relaxing and contract-
ing factors including nitric oxide (NO), prostacyclin, and
endothelin, which contribute to the local regulation of vascu-
lar tone and the coagulation [2].

Endothelial cells also secrete the reactive oxygen species
(ROS), especially the hydrogen peroxide (H2O2), as the fast
diffusion signal to recruit the leukocytes to the injury site
and the endothelial NADPH oxidase is the main source of
ROS [3]. Whereas excess ROS will result in oxidative stress
which contributes to vascular dysfunction in cardiovascular
events [4], diabetes [5], stroke [6], atherosclerosis [7], and

so forth, it is becoming increasingly clear that oxidative
stress contributed to the development of the macrovascular
complications [8]. Indeed, recent studies have shown that
the mechanism of endothelial dysfunction is largely due
to the reduced bioavailability of endothelium-derived NO
by oxidative stress [9]. The presence of ROS not only
reduces the bioavailability of NO [10] but also results in
the eNOS uncoupling which will result in more ROS
formation [11].

Accumulating evidences from bench to bed support the
free radical scavenging properties of phenolic antioxidants
and the pharmacological activities against oxidative stress-
mediated vascular disorders. Such (cases?) as resveratrol
[12], curcumin [13], and the flavanol (−)-epicatechin [14]
showed widely protective effects on the endothelial cells
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in vivo and in vitro. Rosmarinic acid is one of the most potent
antioxidants among the simple phenolic compounds [15].
Rosmarinic acid (α-O-caffeoyl-3, 4-dihydroxyphenyl lactic
acid; RA) is a natural phenol antioxidant contained in some
Labiatae family plants used in traditional medicine and
phytotherapy such as Perilla frutescens (L.) Britt., Salvia
miltiorrhiza Bge., Rosmarinus officinalis L., and Lavandula
angustifolia Mill. RA possesses many bioactivities including
antioxidative, astringent, anti-inflammatory, antimicrobial,
antiangiogenic, antiviral, antirheumatic, antiallergic, antide-
pressant, antidiabetic, and antitumor effects [16]. Sotnikova
et al. proved that RA improved the reactivity to phenyleph-
rine of aortic rings and prevented the upregulation of IL-1β,
TNF-α, and endothelin pathway in diabetic rats in vivo [8],
while the effects on endothelium-dependent vasodilation
were not investigated. Here, we established an oxidative
injury with hydrogen peroxide (H2O2) and investigated
the protective effects of RA on endothelium-dependent
vasodilation mediated by acetylcholine (ACh) and the under-
lying mechanisms. Our results demonstrated that the protec-
tive activities of RA are mediated by an AMPK-eNOS
signaling pathway.

2. Materials and Methods

2.1. Chemicals. Rosmarinic acid, acetylcholine (ACh), com-
pound C,5-aminoimidazole-4-carboxamide-1-β-D-ribofur-
anoside (AICAR), apocynin, and diphenyliodonium were
purchased from Sigma Chemical Co. (St. Louis, MO,
USA); phenylephrine (PE) and l-N-nitro arginine methyl
ester (L-NAME) were purchased from Aladdin Industrial
Co. (Shanghai, China). The other reagents were of
analytical purity.

2.2. Animals. Three-month-aged male Wistar rats (200–
250 g) were obtained from the Animal Center of Shandong
Luye Pharmaceutical Co. Ltd. (Yantai, China). The rats
were maintained in a 12 h light/dark cycle and had free
access to food and water. All experimental procedures
were approved by the Institutional Animal Care and Use
Committee of National Institute of Pharmaceutical Educa-
tion and Research.

2.3. Preparation of Rat Aortic Rings. The thoracic aorta was
isolated and placed in 4°C modified Krebs-Henseleit (K-H)
solution (mM: NaCl, 118; KCl, 4.7; KH2PO4, 1.2; MgSO4,
1.2; NaHCO3, 25.0; CaCl2, 2.5; D-glucose, 10.0. pH7.4,
[17]). The excess connective tissue was carefully cleaned
and the aorta was cut into segments approximately 3mm
long. In some experiments, the aortic endothelium was
removed by the paper clip. The tension of the aortic ring
was recorded with a linear force transducer, and the K-H
solution was aired with a 95% O2 and 5% CO2 mixture and
maintained at 37°C. All the vessels were equilibrated for 1 h
and the basic tension was adjusted to 2.0 g before the experi-
ment. During the equilibration period, the K-H solution was
replaced every 15min. At the beginning of an experiment,
the aortic rings were exposed to 80mM KCl for 3 times until
the responses were stable. The intact endothelium function

was verified by the relaxation reaching more than 85%
induced by ACh (10μM) to induce in the precontracted aorta
rings with PE (1μM). The endothelium was considered effec-
tively removed when the relaxation was less than 10%
induced by ACh.

2.4. Endothelial Dysfunction Induced by H2O2 and the RA
Treatment in Rat Aortic Rings. After 10min equilibration
with the new K-H solution, the aortic rings were pre-
treated with various concentrations of H2O2 (2.5, 5.0, and
10.0mM) for 10min. Following washout of H2O2, the aortic
rings were depolarized with 80mM KCl for 2 times. After
returning to baseline tension, the rings were allowed to equil-
ibrate for 20min, and then the contraction were induced with
PE (1μM) till a stable plateau in tension. Then, each ring was
exposed to increasing concentration of ACh (10−3, 10−2, 10−1,
1, 5, 10, 50μM) to generate a dose-dependent relaxation
response. In the RA intervention experiment, the aortic rings
were incubated with various concentrations (50.0μM,
25μM, 12.5μM) of RA 10min prior to exposure to 5mM
H2O2. Thereafter, a second vasodilation reactivity to ACh
was obtained to evaluate the integrity of the endothelium
after PE-induced contraction. In order to investigate the
roles of AMPK in H2O2-induced endothelium dysfunction,
the aortic rings were separately pretreated for 10min with
AMPK inhibitor (compound C) and AMPK activator
(AICAR) before the exposure to H2O2 (5mM).

2.5. Measurement of H2O2 Caused the Vasocontraction
Impairment Mediated by Smooth Muscle Cells. In order to
exclude the vasocontraction impairment mediated by smooth
muscle cells injury, the vasoconstriction reactivity to PE was
investigated after 5mM H2O2 treatment in endothelial-
intact (EC+) or endothelial-denuded (EC−) aortic rings.

2.6. Detection of O2
− by NBT Reduction Assay. NBT reduction

assay was performed as the method described previously
[18]. Briefly, the aortic rings were incubated with the K-H
solution containing 100.0μM NBT for 1 h after the experi-
ment. Subsequently, the HCl (0.5mM) was added to stop
the reaction. Then, the aortic rings were washed 3 times with
PBS buffer; after they were minced and centrifuged at 20000g
for 20min on the part of the mixture of 40mg/L diethylene-
triaminepentaacetic acid, which was dissolved into 0.1M
NaOH and 0.1% SDS, the pellet was suspended in 0.5mL of
pyridine, along with being heated at 80°C for 1.5 h in order
to extract formazan. The mixture was experienced a second
centrifugation at 10000g for 10min. Optical density (OD)
was measured at 540nm.

2.7. Cell Culture and Treatment. HAEC (human aortic endo-
thelial cells) were purchased from Cell Bank, Shanghai
Institutes for Biological Sciences, Chinese Academy of Sci-
ences, Shanghai, and cultured in Dulbecco’s Modified Eagle
Medium (GIBCO) supplemented with L-glutamine, pyridox-
ine hydrochloride, 110mg/L sodium pyruvate, 100U/mL
penicillin, and 100μg/mL streptomycin and amphotericin
at 37°C in a humidified atmosphere of 5% CO2. Cells cultured
up to six or fewer passages were first grown to confluence
before exposure to H2O2 (5mM) for 10min, and stimulated
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by RA (50μM) containing H2O2 (5mM) for 10min, to clarify
the activity of AMPK on the expression of the phosphor-
eNOS. Therefore, cells were treated with compound C
(inhibitor of AMPK) with H2O2 and in the presence of RA
for 10min.

2.8. Western Blotting Assay.After lysis of the cells, the protein
samples (25μg/lane) were resolved by electrophoresis on
10% sodium dodecyl sulfate (SDS) polyacrylamide gels and
then transferred to nitrocellulose membranes. The mem-
branes were incubated in blocking buffers and then
incubated with more of the following primary antibodies:
anti-AMPK (1 : 1000, Cell Signaling Technology, MA,
USA), anti-phospho-AMPK (Thr172) (1 : 1000, Cell Signal-
ing Technology), anti-phospho endothelial nitric oxide

synthase (eNOS, Ser1177), and anti-endothelial nitric oxide
synthase (1 : 1000, Cell Signaling Technology). Thereafter,
the membranes were washed and incubated with horseradish
peroxidase-conjugated secondary antibodies. (1 : 2000, Cell
Signaling Technology).

2.9. Statistical Analysis. Results were expressed as the mean±
SD for separated experiments and statistical analysis were
made by paired Student’s t-test or by one-way ANOVA for
multiple factors analysis with SPSS 18.0 software. Differences
were considered to be statistically significant when P < 0 05.

3. Results

3.1. Hydrogen Peroxide Exposure Affected the PE- and KCl-
Induced Contraction. The cumulative addition of H2O2 to
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Figure 1: Effects of H2O2 exposure on PE- and KCl-induced contraction in rat aortic rings. (a) KCl induced contractile response in H2O2-
treated aortic rings with (E+) or without (E−) endothelium. (b) PE induced contractile response in H2O2-treated aortic rings with (E+) or
without (E−) endothelium. (c) ACh induced vasodilative response in H2O2-treated rat aorta with intact endothelium. (d) 5.0mM H2O2
pulse treatment (10min) induced the endothelium-dependent vasodilation impairments in rat aortic rings with intact endothelium. Data
represents as means± SD (n = 6). (a and b) ∗P < 0 05, ∗∗P < 0 01 versus the respective untreated group; ##P < 0 01 versus the endothelium-
intact aortic rings treated with the same concentration of H2O2; (c and d) ∗∗P < 001 versus the untreated group.
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10.0mM showed no obvious effect on the basal tension in
endothelium-intact and endothelium-denuded aortic rings
(data were not shown). The contraction response to PE or
KCl was not affected till H2O2 reached 10.0mM in
endothelium-intact aortic rings. However, the 5.0mM
H2O2 pretreatment resulted in the significant decrease of
the maximum contraction induced by PE or KCl in
endothelium-denuded aortic rings (Figures 1(a) and 1(b)),
which indicated that H2O2 induced more serious injury to
the vascular smooth muscle in the endothelium-denuded
aortic rings and the presence of the endothelium alleviated
this injury.

A typical model regarding the concentration
response curve of ACh-induced endothelium-dependent
relaxation was impaired in H2O2-induced thoracic aorta
compared with the control (Figures 1(c) and 1(d)) (con-
trol: pD2 = 7.00± 0.05, Emax = 90%; 2.5mM H2O2: pD2 =
5.88± 0.12, Emax = 73%; 5mM H2O2: pD2 = 4.52± 0.22,
Emax = 47%).

3.2. Effect of RA on H2O2-Induced Endothelium-Dependent
Vasodilation Impairments in Rat Aortic Rings. The cumula-
tive concentration of RA to 50μM showed no effect on the
contraction response to KCl or PE (Figures 2(a) and 2(b)),
and the relaxation response to ACh (Figure 2(c)) in rat aortic
rings as well, whereas it significantly alleviated the impair-
ment of vasodilation reaction to ACh induced by H2O2 in a
dose-dependent manner (Figure 2(c)) (P < 0 01). Because
the oxidative stress mediates the endothelium injury and
the NADPH oxidase is the main source of the endogenous
reactive oxygen species, the O2

•− generation in the aortic
rings was examined by the NBT reduction. The 5mM
H2O2 treatment significantly promoted the generation of
the reduced NBT (formazan) in isolated rat aortic rings,
while the 50μM RA almost entirely abolished the effect
of H2O2 (Figure 2(d)).

3.3. eNOS Activation Was Involved in the Protection of RA
against the Endothelial Dysfunction Induced by H2O2. Given
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Figure 2: Rosmarinic acid alleviates the endothelial dysfunction induced by H2O2 in endothelium-intact rat aortic rings. (a) Rosmarinic acid
(RA) pulse exposure showed no effect on the contraction induced by KCl in rat aortic rings. (b) Rosmarinic acid (RA) pulse exposure showed
no effect on the contraction induced by PE in rat aortic rings. (c) Rosmarinic acid (RA) preincubation alleviated the endothelium-dependent
vasodilation impairments induced by H2O2. (d) Rosmarinic acid (RA) cotreatment inhibited the NBT reduction induced by H2O2 in
the endothelium-intact aortic rings. The results were expressed as the means± SD (n = 6). ∗∗P < 0 01 versus the untreated control group;
##P < 001 versus the H2O2-treated group.
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that NO is the most potent vasodilator and the modulator of
intracellular oxidative status, and it is produced by the
eNOS in endothelium [19], we explored the effect of eNOS
activation in RA’s protection against the endothelial dys-
function induced by H2O2. The pretreatment with the
NOS inhibitor L-NAME alone significantly decreased the
vasodilation induced by ACh (Figure 3(a)), while increased
the NBT reduction (Figure 3(b)) in rat aortic rings. The L-
NAME further increased the vasodilation impairment
(Figure 3(a)), whereas it increased the NBT reduction
(Figure 3(b)) in rat aortic rings induced by H2O2. Moreover,
the L-NAME treatment abolished the RA’s protection on the
impairment of the endothelial-dependent relaxation injured
by H2O2 (Figure 3(a)). And the decrease of NBT reduction
induced by RA was also reversed by L-NAME in H2O2-
treated aortic rings (Figure 3(b)).

3.4. AMPK Activation Was Involved in the Protection of RA
against the Endothelial Dysfunction Induced by H2O2. AMPK
is a crucial cellular energy sensor which senses change in the
intracellular AMP/ATP ratio. It is also an intracellular stress
sensor that is regulated by oxidative stress and other stresses
that result in diminished cellular ATP levels. AMPK is one of
the key modulators of eNOS in the endothelium and
involved in the endothelial dysfunction induced by oxidative
stress resulted from NADPH oxidase upregulation [20].
Here, we investigated the roles of AMPK in RA’s protec-
tion to endothelial dysfunction induced by H2O2. As
shown in Figure 4(a), compared with control, the response
to ACh was similar to the AICAR- and RA-treated groups
(P < 0 01). Similarly, activation of AMPK by AICAR
decreased the NBT reduction. Whereas, the beneficial effect
of RA on endothelium-dependent vasodilatation in rats was
partly attenuated in the presence of compound C, a well-
characterized AMPK inhibitor, reduced AMPK activity, and

enhanced NBT reduction at 10μM (Figure 4(b)). Further-
more, when compound C was combined with H2O2, it
intensified the NBT reduction. Mechanistically, we found
that AMPK activated and increased the protection of RA
on endothelial dysfunction (Figure 4(b)).

3.5. RA Treatment Improved Endothelial Dysfunction in
HAEC via AMPK/eNOS Pathway. In order to further ascer-
tain the relationship of AMPK and eNOS in the RA’s effect,
the AMPK-eNOS signal pathway activation was investigated
by their phosphorylation in human aortic endothelial cells
(HAEC) in vitro. As shown in Figure 5, the expression levels
of total AMPK and eNOS remained unchanged. And the
50μM RA single treatment had no obvious effect on the
AMPK and eNOS phosphorylation, while the 5mM H2O2
treatment significantly downregulated the phosphorylation
of AMPK and eNOS at Thr172 and Ser1177, respectively
(P < 0 01), in HAEC cells. The cotreatment with RA signifi-
cantly reversed the decrease of AMPK and eNOS phosphor-
ylation induced by H2O2. The AMPK’s inhibitor, compound
C cotreatment, abolished the RA’s upregulation of AMPK
and eNOS phosphorylation in H2O2-treated HAEC cells.
However, the AMPK agonist showed no more synergistic
effect with RA. The results suggest that the AMPK phosphor-
ylation played key roles in the protection effects of RA on
H2O2-induced injury in HAEC.

4. Discussion

Endothelial dysfunction resulted from oxidative stress is
the key initiating factor in almost all vascular events.
Niethammer et al. found that the extracellular H2O2 gener-
ated by dual oxidase (Duox) reached 50μM after 20min of
wounding near the wound margin in zebrafish larvae, which
constructed a concentration gradient and mediated the rapid
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Figure 3: eNOS activation mediated the protection of rosmarinic acid on the endothelial dysfunction induced by H2O2 in rat aortic rings. The
rat aortic rings were cotreated with eNOS inhibitor L-NAME (2.0 μM) and RA (50 μM) for 10min, then exposed to H2O2 (5.0mM) for
another 10min. The endothelial function was assessed by the endothelium-dependent vasodilation induced by acetylcholine (ACh, 10μM)
(n = 6). (a) The relative endothelium-dependent vasodilation rate after exposure to RA, eNOS inhibitor L-NAME, and H2O2 in rat aortic
rings. (b) The NBT reduction after exposure to RA, eNOS inhibitor L-NAME, and H2O2 in rat aortic rings. Data are presented as the
means± SD (n = 6). ∗∗P < 0 01 versus the untreated control group; ##P < 0 01 versus the H2O2-treated group; $P < 0 05 and $$P < 0 01
versus the H2O2- and RA-cotreated groups, respectively.
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recruitment of leukocytes to the wound [7]. Although the
oxidative burst derived from the neutrophil activation in
the inflammation will produce more ROS, there is no accu-
rate concentration data of H2O2 reported. Here, we investi-
gated the dose-effect relationship of H2O2 on the function
of endothelium and vascular smooth muscle. In order to
exclude the direct reaction of H2O2 with PE or ACh, the
aortic rings were incubated in fresh K-H solution for
10min and redepolarized with KCl after H2O2 pulse treat-
ment for 10min. The results showed that the vascular
smooth muscle reactivity to PE or KCl in endothelium-
denuded aortic rings were more vulnerable to H2O2 (at 5.0
and 10.0mM) than in the endothelium-intact aortic rings
(Figure 1), which indicated that the presence of endothelium
protected the vascular smooth muscle from the oxidative
injury induced by high concentration of H2O2. Moreover,
the 2.5mM H2O2 pretreatment resulted in the significant
decrease of the vasodilative reaction to ACh, which demon-
strated that the endothelial cells were more sensitive to
H2O2 than the vascular smooth muscle cells.

The previous work of Sotnikova et al. proved that RA
significantly improved the endothelium-dependent vasodila-
tion in diabetic rat aorta, which might be mediated by its
antioxidative and anti-inflammation properties [8]. The
present study proves that RA improves the impairments of
endothelial-dependent vasodilation caused by H2O2 in nor-
mal rat aorta (Figure 2). NADPH oxidase is the major
source of reactive oxygen species in endothelial cells and
vascular smooth cells [21]. Besides, it has been proved that
endothelial-dependent relaxation was effectively improved
after the deletion of Nox2, which implicates that the
endothelial dysfunction might be associated with Nox2

overexpression [22]. H2O2-induced endothelial-dependent
relaxation impairment is associated with the increased pro-
duction of superoxide anion (O2

•−). It has been proved that
H2O2 could activate NADPH oxidase in a dose- and time-
dependent manner in respiration rate [23], and the oxidative
injury to endothelium resulted from the excess ROS is the
key mediator of endothelial impairment in atherosclerosis
and diabetes [24]. Our work also proved that the pulse
treatment with H2O2 significantly increased the NBT
reduction in rat aorta and RA cotreatment significantly
reversed the effects of H2O2, which demonstrates that
the antioxidative activity is involved in the RA’s protective
effects on the endothelial function.

The endothelium-dependent vasodilation impairment is
believed to be the consequence of a decreased bioavailability
of nitric oxide (NO), an important endothelium-derived
relaxing factor. The superoxide derived from NADPH oxi-
dase could rapidly react with NO to form the stable peroxy-
nitrite anion (ONOO−), which will result in the decline of
NO bioavailability. The other reason for NO signal dysfunc-
tion might lie in the eNOS expression and activation impair-
ments. In our experiments, L-NAME partially decreased the
phosphorylation of eNOS and antagonized the protective
effects of RA on the endothelium dysfunction induced by
H2O2, while it exacerbated the ROS formation in H2O2-
treated rat aorta. These results revealed that the effects of
RA might be associated with the NO synthesis.

In the recent years, AMPK is demonstrated to improve
vascular function by activating eNOS [25]. In addition to reg-
ulating energy metabolism, AMPK exerts anti-inflammatory
and antioxidative activities [26, 27]. Previous studies
indicated that AMPK activation improved the endothelial
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Figure 4: AMPK activation mediated the protection of rosmarinic acid against the endothelial dysfunction induced by H2O2 in rat aortic
rings. The rat aortic rings were cotreated with AMPK activator AICAR (50 μM, 10min) or inhibitor compound C (10 μM) and RA
(50 μM) for 10min, then exposed to H2O2 (5.0mM) for another 10min. The endothelial function was assessed by the endothelium-
dependent vasodilation induced by acetylcholine (ACh, 10 μM). (a) The relative endothelium-dependent vasodilative rate after exposure to
RA, AMPK modulator, and H2O2 in rat aortic rings. (b) The NBT reduction after exposure to RA, AMPK modulator, and H2O2 in rat
aortic rings. Data are presented as the means± SD (n = 6). ∗P < 0 05 versus the untreated control group; ∗∗P < 0 01 versus the untreated
control group; ##P < 0 01 versus the H2O2-treated group; $$P < 0 01 versus the H2O2- and RA-cotreated groups.
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function [28]. Here, we found that the AMPK agonist AICAR
single treatment possessed the similar protective effects
against endothelial dysfunction and oxidative stress induced
by H2O2 in rat aorta as well as RA did, while the combination
of RA and AICAR showed no further beneficial effect. The
cotreatment with AMPK inhibitor compound C abolished
the effects of RA, which further proved that the AMPK
activation played a key role in the RA’s effects. Hu et al.’s
work revealed that H2O2 induced the bidirectional modula-
tion in eNOS through the Akt and AMPK in a time- and
dose-dependent way [29]. We also found that the Akt inhib-
itor LY294002 cotreatment significantly abrogates the RA’s
protection from the endothelium-dependent vasodilation
impairments (Figure 1S available online at https://doi.org/
10.1155/2017/7091904) induced by H2O2. And the RA sig-
nificantly restored the phosphorylation downregulation at
the Ser473 site of the Akt protein (Figure 2S). It indicated
that the Akt signal pathway was involved in the RA’s
protective effects, while the interaction of AMPK and Akt
in RA’s effects needed to be investigated further.

In summary, this study demonstrated that RA signifi-
cantly improved H2O2-induced endothelial dysfunction and
the activation of AMPK-eNOS pathway was involved in the
RA’s effects. However, whether the modulating effects of
RA is dependent on its direct activation of AMPK-eNOS
pathway or its modulation on the oxidative status still
remains unclarified in the present work. It needs further

investigations to identify the underlying mechanisms of
RA’s protection on the endothelial function.

Abbreviations

RA: Rosmarinic acid
K-H: Krebs-Henseleit
AICAR: 5-Aminoimidazole-4-carboxamide-1-β-D-

ribofuranoside
PE: Phenylephrine
ACh: Acetylcholine
EC+: Endothelium-intact aortic rings
EC−: Endothelium-denuded aortic rings
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Radix Salviae miltiorrhizae, danshen root (danshen), is one of the widely used Chinese herbal medicines in clinics, containing rich
phenolic compounds. Salvianolic acid is the main active compound responsible for the pharmacologic effects of danshen. Here, we
aimed to evaluate the effects of salvianolic acid on cardioprotection through promoting angiogenesis in experimental myocardial
infarction. Studies of salvianolic acid in animal models of myocardial infarction were obtained from 6 databases until April
2016. The outcome measures were vascular endothelium growth factor (VEGF), blood vessel density (BVD), and myocardial
infarct size. All the data were analyzed using Rev-Man 5.3 software. Ultimately, 14 studies were identified involving 226 animals.
The quality score of studies ranged from 3 to 6. The meta-analysis of six studies showed significant effects of salvianolic acid on
increasing VEGF expression compared with the control group (P < 0 01). The meta-analysis of the two salvianolic acid A studies
and three salvianolic acid B studies showed significantly improving BVD compared with the control group (P < 0 01). The
meta-analysis of five studies showed significant effects of salvianolic acid for decreasing myocardial infarct size compared with
the control group (P < 0 01). In conclusion, these findings demonstrated that salvianolic acid can exert cardioprotection through
promoting angiogenesis in animal models of myocardial infarction.

1. Introduction

Ischemic heart disease (IHD) remains the leading cause of
death worldwide [1]. According to theWorld Health Organi-
zation report, 740 million people die of IHD annually all
around the world, accounting for the death of 13.2% of the
total population [2]. Myocardial infarction (MI) is one of
the main manifestation of IHD, which makes myocardial
necrosis or apoptosis in a short time [3], leading to heart
failure with a poor prognosis [4]. It has been ranked as the
leading cause of death in IHD [5].

In recent years, there are many types of treatments for
MI, such as reducing incidence of coronary atherosclerosis
[6], antithrombotic therapy including vitamin K antagonists

[7], antiplatelet therapy with low-dose aspirin [8], and clopi-
dogrel [9]. In addition, invasive vascular reconstruction is
widely used, which improves coronary perfusion, such as
percutaneous coronary intervention (PCI) and coronary
artery bypass grafting (CABG) [10]. In the short term, clini-
cal interventions and treatments of MI have achieved positive
effectiveness [11]. However, the side effect of drugs such as
lipid-lowering drugs leading to skeletal muscle, metabolic
and neurological adverse events [12], antithrombotic therapy
[13] and/or anti-platelet therapy [14] leading to bleeding,
and the high incidence rate of restenosis or stent thrombosis
limits the long-term success of treatment [15]. Thus, the
promotion of therapeutic angiogenesis as a new treatment
strategy has been proposed. Angiogenesis appears in all
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vascularized organs during the whole embryonic develop-
ment stage, formatting of new blood vessels from pre-
existing ones [16]. Although ischemia leads to endogenous
myocardial angiogenesis, it cannot reach the effect to main-
tain normal capillary density [17]. Therefore, therapeutic
stimulation of angiogenesis has been regarded as an effective
treatment for myocardial ischemia [18].

Radix Salviae miltiorrhizae, danshen root (danshen), the
dried root of Salvia miltiorrhiza Bge., known as a popular tra-
ditional Chinese herbal medicine, has been widely used and
well received for the treatment of coronary artery diseases,
such as angina pectoris and MI [19]. Salvianolic acid is the
main active compound responsible for the pharmacologic
effects of danshen [20] and exerts the significant cardiovascu-
lar protection [21]. Currently, various studies have indicated
its significant function of promoting angiogenesis [22].

The use of preclinical systematic review can more sys-
tematically evaluate the efficacy, identify an area for testing
in further animal experiments, provide reliable information
about the drugs study, and list the base of future clinical
research [23]. However, currently, there is no systematic
review in this area. Thus, the aim of this study is to evaluate
the effects of salvianolic acid on cardioprotection through
promoting angiogenesis in animal experiments of MI.

2. Methods

2.1. Search Strategies.We searched studies of salvianolic acid
in animal models of acute myocardial infarction from
PubMed, EMBASE, Chinese National Knowledge Infra-
structure (CNKI), VIP information database, and Wanfang
Data information site from inception to April 2016. The
search term used was “danshen OR Salvia miltiorrhiza
OR Salvianolic acid OR Daiclzein” AND “myocardial
infarction OR Myocardial Ischemia OR myocardialische-
mia OR myocardial infarct OR myocardial stems.” All
the research objects were limited to animals.

2.2. Inclusion/Exclusion Criteria. We included studies about
the effect of salvianolic acid on animal models with myocar-
dial infarction, in which the outcome measures were vascular
endothelium growth factor (VEGF) and/or blood vessel
density (BVD). To prevent bias, inclusion criteria were pre-
specified as follows: (1) acute myocardial infarction (AMI)
experimental model was induced by ligating of the left ante-
rior descending coronary artery (LAD); (2) experimental
drug was Salvianolic acid; and VEGF and/or BVD (3) is the
primary outcome measurement and (4) is compared with
control animal models receiving saline or no treatment.
Prespecified exclusion criteria were treatment with single
danshen or danshen-based prescription, a nonmyocardial
infarct model, no control group, and duplicate publications.

2.3. Data Extraction. Two authors independently extracted
data as follows: (1) publication year and the first author’s
name; (2) the information of experimental animals including
number, species, sex, weight, and age; (3) a model of myocar-
dial infarction; (4) the time of giving experimental drug; (5)
the type and the administration methods of anesthetic; (6)

the characteristics of treatment used in the experimental
group containing the types of salvianolic acid, administration
method, and duration of treatment; (7) the primary outcome
measures, other outcome measures, and timing for outcome
assessments; and (8) side effect. If there were many different
time point outcomes, only the last was recorded. Likewise, if
the experimental animals received different doses of the drug,
only the highest dose was recorded. If the primary data were
incomplete, further information was retrieved by contacting
with authors. For each comparison, we extracted the mean
value and standard deviation from each experimental and
control group of every study. Discrepancies were resolved
after discussion between the two authors.

2.4. Quality Assessment. We evaluated the methodological
quality of the included studies using the ten-item scale [24]
with minor modification as follows: (a) peer-reviewed publi-
cation; (b) control of temperature; (c) random allocation to
treatment or control; (d) blinded induction of model; (e)
blinded assessment of outcome; (f) use of anesthetic without
significant intrinsic vascular protection activity; (g) appropri-
ate animal model (aged, diabetic, or hypertensive); (h) sam-
ple size calculation; (i) compliance with animal welfare
regulations; and (j) statement of potential conflict of inter-
ests. Every item was given one point. Two authors indepen-
dently evaluated the study quality, and the final result was
identified by discussion when countering disagreement.

2.5. Statistical Analysis. All the data of VEGF and BVD were
considered as continuous data, and then, we used the stan-
dard mean difference (SMD) with the random effect model
to assess the comprehensive results, because of the heteroge-
neity between multistudies. Then we utilized I2 statistic to
estimate heterogeneity. The significance of differences
between n groups was estimated by partitioning heterogene-
ity and by using the χ2 distribution with n−1 degrees of free-
dom (df), where n equals the number of groups. The
publication bias was expressed by a funnel plot. Probability
values of 0.05 were considered significant. We utilized Rev-
Man version 5.3 to carry out the meta-analysis.

3. Results

3.1. Study Inclusion. We searched 573 potentially relevant
studies, and 315 were excluded because of duplication. After
screening titles and abstracts, 73 studies were excluded
because of a nonanimal study, clinical trial, case report, com-
ments, or review. By reading the full text of the remaining
articles, 135 studies were excluded because of at least one of
the following reasons: (1) the outcome measures did not
include VEGF and/or BVD; (2) nonmyocardial infarct
model; (3) treatment with single danshen or danshen-based
prescriptions; (4) no control group; and (5) duplicate pub-
lications. Ultimately, 14 eligible studies were included in
qualitative synthesis and 11 eligible studies [25–38] in
quantitative synthesis (Figure 1).

3.2. Study Characteristics. Fourteen studies with 226 animals
were included. All the studies were published between 2004
and 2016, including four studies [25–27, 38] in English and
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seven studies [29, 32–37], two online PhD theses [30, 31],
and one online Master’s thesis [28] in Chinese. A male/
female Sprague Dawley rat, male Wistar rat, and male piglet
model were used in 12 studies [25–31, 33, 34, 36–38], 1 study
[35], and 1 study [32], respectively. All the myocardial infarc-
tion models were produced by ligation of the LAD. Twelve
studies used blood vessel density (BVD) [26–35, 37, 38], ten
studies [25–29, 31, 33, 34, 36, 38] used VEGF, and eight stud-
ies [25–27, 30, 31, 34, 35, 37] utilized myocardial infarct size
as outcome measures. Anesthetic was reported in 13 studies,
including pentobarbital (n = 3) [30, 34, 35], urethane (n = 2)
[26, 28], chloral hydrate (n = 4) [25, 29, 31, 33], ether (n = 2)
[36, 37], ketamine and diazepam (n = 1) [32], and hydrochlo-
ride (n = 1) [27], whereas one study [38] did not report the
anesthetic. Seven studies [25, 26, 30, 34, 35, 37, 38] used sal-
vianolic acid B, two studies [27, 31] used salvianolic acid A,
and five studies [28, 29, 32, 33, 36] used mixed salvianolic
acids. There were three administration methods, including
intragastric administration (n = 7) [26, 28, 30, 33, 35–37],
intravenous administration (n = 5) [25, 27, 31, 32, 34], and
intraperitoneal administration (n = 1) [29]. The characteris-
tics of the included studies are concluded in Table 1.

3.3. Study Quality. The quality score of studies ranged from 3
to 6. All studies were publications in a peer-reviewed journal
or thesis. Five studies reported control of room temperature.
All studies described random allocation to the groups.
Thirteen studies used anesthetic without significant intrinsic
vascular protection activity. No studies described a sample
size calculation. Four studies reported a compliance with
animal welfare regulations, and five studies mentioned a
statement of potential conflict of interests. None of the
studies described masked induction of appropriate animal
models (aged, diabetic, or hypertensive). The methodologi-
cal quality is concluded in Table 2.

3.4. Effectiveness

3.4.1. VEGF. Ten studies [25–29, 31, 33, 34, 36, 38] utilized
VEGF as the outcome measure. The meta-analysis of six
studies [26, 27, 29, 31, 34, 36] showed significant effects of
salvianolic acid for increasing VEGF expression compared
with the control group (n = 101, SMD 2.02, 95% CI:
1.45∼2.59, P < 0 00001; heterogeneity χ2=5.70, P = 0 34,
I2 = 12%), Figure 2. The subgroup analysis showed that

Records identifed through database
searching CNKI, VIP, Wanfang,
PubMed, EMBASE and Google
scholars (n = 537)

Publication excluded
duplicate date (n = 315)

Records based on review of
 title and abstract (n = 222)

Studies excluded (n = 73)

Publication obtained for
further evaluation (n = 149)

Studies included in qualitative
synthesis (n = 14)

Studies included in quantitative
synthesis (meta-analysis)

(n = 11)

Id
en

tifi
ca

tio
n

Sc
re

en
in

g
El

ig
ib

ili
ty

In
cl

ud
ed

Publication excluded based on full text review
(n = 135)

(i) VEGF and NBV were not outcome
measures 

(ii) No myocardial infarct model

(iii) Treatment with single or
fufang dansheng

(iv) No control group

(v) No primary data

(i) Case report and comments,
review et al 

(ii) Clinical trials

Figure 1: Flow diagram.
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salvianolic acid A [27, 31] (n = 20, SMD 3.31, 95% CI:
1.72∼4.90, P < 0 0001; heterogeneity χ2= 0.21, P = 0 65,
I2 = 0%), salvianolic acid B [26, 34] (n = 42, SMD 1.51, 95%
CI: 0.81∼2.21, P < 0 0001; heterogeneity χ2=0.04, P = 0 84,
I2 = 0%), and a mixture of salvianolic acids [29, 36] (n = 39,
SMD 2.28, 95% CI: 1.43∼ 3.14, P < 0 00001; heterogeneity
χ2= 0.55, P = 0 46, I2 = 0%) were significantly increasing
VEGF expression compared with the control group, respec-
tively (Figure 3). After removing one study [34] that used
female animals, the meta-analysis of five studies [26, 27, 29,
31, 36] that used male animals showed significantly increas-
ing VEGF expression compared with the control group
(n = 89, SMD 2.17, 95% CI: 1.52∼2.82, P < 0 00001; heteroge-
neity χ2=4.81, P = 0 31, I2 = 17%), Figure 4. The remaining 4
studies [25, 28, 33, 38] failed to pool the analysis because of
the absence of primary data, but all of them reported signifi-
cant effects of salvianolic acid for increasing VEGF expres-
sion compared with the control group (P < 0 05 or P < 0 01).

3.4.2. BVD. Twelve studies [26–35, 37, 38] utilized BVD as
the outcome measure, including salvianolic acid A [27, 31],
salvianolic acid B [26, 30, 34, 35, 37, 38], and salvianolic acid
mixture [28, 29, 32, 33]. The meta-analysis of the two salvia-
nolic acid A studies [27, 31] showed significantly improving
BVD compared with the control group (n = 20, SMD 3.56,
95% CI: 1.89∼5.23, P < 0 00001; heterogeneity χ2= 0,
P = 0 97, I2 = 0%), Figure 5. The meta-analysis of the five
salvianolic acid B studies [26, 30, 34, 35, 37] showed sig-
nificantly improving BVD compared with the control group
(n = 107, SMD 1.9, 95% CI: 0.9∼ 2.9, P = 0 0002; heterogene-
ity χ2=16.47, P = 0 002, I2 = 76%). Owing to the significant
statistical heterogeneity, we utilized subgroup analyses to
explore the sources of the heterogeneity. Among the five

included studies, three studies [30, 34, 35] used pentobarbital
as anesthetic, one study [26] used urethane, and the last
one [37] used ether. The meta-analysis of three studies
[30, 34, 35] showed significant effects of salvianolic acid
B for improving BVD compared with the control group
(n = 56, SMD 2.83, 95% CI: 2.04∼3.62, P < 0 00001; hetero-
geneity χ2=0, P = 1, I2 = 0%), Figure 6, suggesting that
anesthetic was the potential cause of the heterogeneity.
Additionally, after removing two studies [34, 35] which
used female animals, the meta-analysis of three studies
[26, 30, 37] showed significant effects of salvianolic acid
B for improving BVD compared with the control group
(n = 71, SMD 1.38, 95% CI:0.26∼2.49, P = 0 02; heterogeneity
χ2=8.04, P = 0 02, I2 = 75%). The reason of the high hetero-
geneity was possibly different anesthetics used. The remain-
ing one salvianolic acid B study [38] failed to analyze
because of the absence of primary data, but it also reported
significant increasing BVD compared with the control group
(P < 0 05). The meta-analysis of the 3 mixtures of salvianolic
acid studies [29, 32, 33] showed significant effects for
improving BVD compared with the control group (n = 54,
SMD 8.46, 95% CI: 1.40∼15.53, P < 0 0001; heterogeneity
χ2=19.78, P = 0 02, I2 = 90%). The reason of the high het-
erogeneity might be that each of them had different types
of salvianolic acid. The remaining one mixture of a salvia-
nolic acid study [28] failed to pool the analysis because of the
absence of primary data. However, all of them reported a
positive effect on increasing BVD compared with the control
group (P < 0 05 or P < 0 01).

3.4.3. Myocardial Infarct Size. Eight studies [25–27, 30, 31,
34, 35, 37] utilized myocardial infarct size as outcome mea-
sure. The meta-analysis of five studies [25, 27, 34, 35, 37]
showed significant effects of salvianolic acid for decreasing
myocardial infarct size compared with the control group
(n = 79, SMD −2.16, 95% CI:−2.81∼−1.51, P < 0 00001;
heterogeneity χ2=4.53, P = 0 34, I2 = 12%), Figure 7. After
removing one salvianolic acid A study [27], the meta-
analysis of four salvianolic acid B studies [25, 34, 35, 37]
showed significantly decreasing myocardial infarct size
compared with the control group (n = 69, SMD −2.02,
95% CI:−2.63∼−1.41, P < 0 00001; heterogeneity χ2=0.63,
P = 0 89, I2 = 0%), Figure 8. After removing two studies
[34, 35] that used female animals, the meta-analysis of
three studies [25, 27, 37] showed significantly decreasing
myocardial infarct size compared with the control group
(n = 47, SMD −2.34, 95% CI:−3.67∼−1.02, P = 0 0005;
heterogeneity χ2= 4.36, P = 0 11, I2 = 54%), Figure 9. The
reason of the high heterogeneity was possibly the use of dif-
ferent types of salvianolic acid. The remaining three studies
[26, 30, 31] failed to pool the analysis because of the absence
of primary data, but all of them reported the significant
effects of salvianolic acid for decreasing myocardial infarct
size compared with the control group (P < 0 05 or P < 0 01).

4. Discussion

4.1. Summary of Evidences. To our knowledge, this is the first
systematic review to estimate the effects of salvianolic acid for

Table 2: Risk of bias of the included studies.

Study A B C D E F G H I J Total

Lin et al. [25] √ √ √ √ √ √ 6

He et al. [26] √ √ √ √ √ 5

Li et al. [27] √ √ √ √ √ 5

Yang [28] √ √ √ √ 4

Fang [29] √ √ √ √ 4

Ma [30] √ √ √ √ 4

Li [31] √ √ √ √ 4

Wang [32] √ √ √ 3

Liu [33] √ √ √ 3

Chen [34] √ √ √ 3

Fan [35] √ √ √ 3

Ye [36] √ √ √ 3

Pang [37] √ √ √ 3

Guo et al. [38] √ √ √ 3

Note: Studies fulfilling the criteria of: A: peer reviewed publication; B: control
of temperature; C: random allocation to treatment or control; D: blinded
induction of model; E: blinded assessment of outcome; F: use of anesthetic
without significant intrinsic vascular protection activity; G: appropriate
animal model (aged, diabetic, or hypertensive); H: sample size calculation;
I: compliance with animal welfare regulations; J: statement of potential
conflict of interests.
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Study or subgroup
1.1.1 Salvianolic acid A
Li, 2010
Li, 2014
Subtotal (95% CI)
Heterogeneity: tau2 = 0.00; chi2 = 0.21, df = 1 (P = 0.65); I2 = 0%

1.1.2 Salvianolic acid B
Chen, 2012
He, 2008
Subtotal (95% CI)
Heterogeneity: tau2 = 0.00; chi2 = 0.04, df = 1 (P = 0.84); I2 = 0%

1.1.3 Mixture of salvianolic acids
Fang, 2015
Ye, 2014
Subtotal (95% CI)

Total (95% CI)
Heterogeneity: tau2 = 0.06; chi2 = 5.70, df = 5 (P = 0.34); I2 =12%

Mean

14,000
14,228.6

65.59
0.18

0.212

Test for overall e�ect: Z = 4.21 (P < 0.0001)

0.869

SD

2000
1628.6

26.76
0.05

0.051
0.177

Total

5
5

10

6
15
21

13
7

20

51

Mean

8,000
8142.9

30.2
0.1

0.125
0.369

SD

1,600
1285.7

19.67
0.05

0.025
0.146

Total

5
5

10

6
15
21

13
6

19

50

Weight

7.0%
5.2%

12.2%

16.3%
34.6%
50.9%

26.6%
10.3%
36.9%

100.0%

IV, random, 95% CI

2.99 [0.90, 5.08]
3.75 [1.30, 6.19]
3.31 [1.72, 4.90]

1.39 [0.07, 2.71]
1.56 [0.73, 2.39]
1.51 [0.81, 2.21]

2.10 [1.11, 3.08]
2.84 [1.14, 4.55]
2.28 [1.43, 3.14]

2.02 [1.45, 2.59]

IV, random, 95% CI

‒4 ‒2 0 2 4
Favours [control], favours [experimental]

Experimental Control Std. mean di�erence Std. mean di�erence

Test for overall e�ect: Z = 4.08 (P < 0.0001)

Test for overall e�ect: Z = 5.24 (P < 0.00001)

Test for overall e�ect: Z = 6.95 (P < 0.00001)
Test for subgroup di�erences: chi2 = 4.90, df = 2 (P = 0.09), I2 = 59.2%

Heterogeneity: tau2 = 0.00; chi2 = 0.55, df = 1 (P = 0.46); I2 = 0%

Figure 3: The forest plot: subgroup analysis of salvianolic acid A, salvianolic acid B, and a mixture of salvianolic acids for improving VEGF
compared with the control group.

Study or subgroup
Chen, 2012
Fang, 2015
He, 2008
Li, 2010 
Ye, 2014
Li, 2014

Total (95% CI)
Heterogeneity: tau2 = 0.06; chi2 = 5.70, df = 5 (P = 0.34); I2 = 12%

Mean
65.59
0.212
0.18

14,000
0.869

14,228.6

SD
26.76
0.051
0.05
2000
0.177

1628.6

Total
6

13
15
5
7
5

51

Mean
30.2

0.125
0.1

8000
0.369

8142.9

SD
19.67
0.025
0.05
1600
0.146

1285.7

Total
6

13
15
5
6
5

50

Weight
16.3%
26.6%
34.6%
7.0%

10.3%
5.2%

100.0%

IV, random, 95% CI
1.39 [0.07, 2.71]
2.10 [1.11, 3.08]
1.56 [0.73, 2.39]
2.99 [0.90, 5.08]
2.84 [1.14, 4.55]
3.75 [1.30, 6.19]

2.02 [1.45, 2.59]

IV, random, 95% CI

‒10 ‒5 0 5 10
Favours [control], favours [experimental]

Experimental Control Std. mean di�erence Std. mean di�erence

Test for overall e�ect: Z = 6.95 (P < 0.00001)

Figure 2: The forest plot: effects of salvianolic acid for increasing VEGF expression compared with the control group.

Study or subgroup
Fang, 2015
He, 2008
Li, 2010
Ye, 2014
Li, 2014

Total (95% CI)
Heterogeneity: tau2 = 0.10; chi2 = 4.81, df = 4 (P = 0.31); I2 = 17%

Mean
0.212
0.18

14,000
0.869

14,228.6

SD
0.051
0.05
2000
0.177

1628.6

Total
13
15
5
7
5

45

Mean
0.125

0.1
8000
0.369

8142.9

SD
0.025
0.05
1600
0.146

1285.7

Total
13
15
5
6
5

44

Weight
31.5%
39.9%
8.9%

13.0%
6.7%

100.0%

IV, random, 95% CI
2.10 [1.11, 3.08]
1.56 [0.73, 2.39]
2.99 [0.90, 5.08]
2.84 [1.14, 4.55]
3.75 [1.30, 6.19]

2.17 [1.52, 2.82]

IV, random, 95% CI

‒4 ‒2 0 2 4
Favours [control], favours [experimental]

Experimental Control Std. mean difference Std. mean difference

Test for overall effect: Z = 6.53 (P < 0.00001)

Figure 4: The forest plot: effects of salvianolic acid in male animals for increasing VEGF expression compared with the control group.
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Study or subgroup

Li, 2010
Li, 2014

Total (95% CI)

Heterogeneity: tau2 = 0.00; chi2 = 0.00, df = 1 (P= 0.97); I2 = 0%

Mean

13.8
14

SD

2.4
2.5

Total

5
5

10

Mean

4.8
5.8

SD

2.2
1.5

Total

5
5

10

Weight

50.6%
49.4%

100.0%

IV, random, 95% CI

3.53 [1.19, 5.87]
3.59 [1.22, 5.96]

3.56 [1.89, 5.23]

IV, random, 95% CI

‒20 ‒10 0 10 20

Favours [control], favours [experimental]
Test for overall effect: Z = 4.19 (P < 0.00001)

Experimental Control Std. mean difference Std. mean difference

Figure 5: The forest plot: effects of salvianolic acid A for improving BVD compared with the control group.

Study or subgroup
Chen, 2012
Fan, 2004
Ma, 2006

Total (95% CI)
Heterogeneity: tau2 = 0.00; chi2 = 0.00, df = 2 (P = 1.00); I2 

= 0%

Mean
30.2
51

4612

SD
5.07
11

997.3

Total
8

10
10

28

Mean
15.6
26

2374.8

SD
4.62

5
381

Total
8

10
10

28

Weight
27.6%
36.4%
35.9%

100.0%

IV, random, 95% CI
2.85 [1.35, 4.35]
2.80 [1.50, 4.11]
2.84 [1.52, 4.15]

2.83 [2.04, 3.62] 

IV, random, 95% CI

‒20 ‒10 0 10 20
Favours [control], favours [experimental]

Experimental Control Std. mean difference Std. mean difference

Test for overall effect: Z = 7.03 (P < 0.00001)

Figure 6: The forest plot: effects of salvianolic acid B that used pentobarbital as anesthetic for improving BVD compared with the control
group.

Study or subgroup
Lin, 2016
Chen, 2012
Fan, 2004
Pang, 2008
Li, 2014

Total (95% CI)
Heterogeneity: tau2 = 0.07; chi2 = 4.53, df = 4 (P= 0.34); I2 = 12%

Mean
8.96
5.74
7.13

13.52
16

SD
1.76
2.02
1.96

1.925
0.9

Total
8
6

10
10
5

39

Mean
21.25
14.84
15.46

18.091
23

SD
7.72
5.4

4.38
3.002

1.4

Total
8
6

10
11
5

40

Weight
22.3%
16.6%
25.2%
32.1%
3.9%

100.0%

IV, random, 95% CI
‒2.08 [‒3.36, ‒0.79]
‒2.06 [‒3.57, ‒0.55]
‒2.35 [‒3.55, ‒1.16]
‒1.72 [‒2.75, ‒0.69]
‒5.37 [‒8.64, ‒2.10]

‒2.16 [‒2.81, ‒1.51]

IV, random, 95% CI

‒10 ‒5 0 5 10
Favours [experimental], favours [control]

Experimental Control Std. mean di�erence Std. mean di�erence

Test for overall e�ect: Z = 6.49 (P < 0.00001)

Figure 7: The forest plot: effects of salvianolic acid for decreasing myocardial infarct size compared with the control group.

Study or subgroup
Lin, 2016
Chen, 2012
Fan, 2004
Pang, 2008

Total (95% CI)
Heterogeneity: tau2 = 0.00; chi2 = 0.63, df = 3 (P = 0.89); I2 =0%

Mean
8.96
5.74
7.13

13.52

SD
1.76
2.02
1.96

1.925

Total
8
6

10
10

34

Mean
21.25
14.84
15.46

18.091

SD
7.72

5.4
4.38

3.002

Total
8
6

10
11

35

Weight
22.7%
16.3%
26.1%
35.0%

100.0%

IV, random, 95% CI
‒2.08 [‒3.36, ‒0.79]
‒2.06 [‒3.57, ‒0.55]
‒2.35 [‒3.55, ‒1.16]
‒1.72 [‒2.75, ‒0.69]

‒2.02 [‒2.63, ‒1.41]

IV, random, 95% CI

‒10 ‒5 0 5 10
Favours [control], favours [experimental]

Experimental Control Std. mean di�erence Std. mean di�erence

Test for overall e�ect: Z = 6.49 (P < 0.00001)

Figure 8: The forest plot: effects of salvianolic acid B for decreasing myocardial infarct size compared with the control group.
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experimental MI. Fourteen studies involving 226 animals
were identified. The present study showed that salvianolic
acid can reduce myocardial infarct size and promote the
expression of VEGF and BVD in animal model experiments
of MI, suggesting that salvianolic acid has cardioprotective
function through promoting angiogenesis in the animal
model of MI.

4.2. Limitations. First, we only searched English and Chinese
databases, which may result in selective bias to some degrees
[39]. Second, there are no negative studies, which may over-
estimate the effect to a certain degree [40]. Third, the meth-
odological quality of included studies is generally poor,
which ranges from 3 to 6. No study adopted blinded induc-
tion of model and blinded assessment of outcome. The poor
methodological quality will be an inherent limitation of this
systematic review, affecting the accuracy of the results [41].
MI generally occurs in patients associated with medical prob-
lems such as older age, diabetes, hypertension, and hyperlip-
idemia [42]. However, none of the studies adopted these
appropriate animal models. Thus, we should treat present
positive results cautiously because of the methodological
flaws in some included studies. Finally, another weakness
that should not be ignored is the heart protection of estrogen.
There are two included studies [34, 35] adopting female ani-
mals. Although the specific mechanism remains unclear, the
heart protection of estrogen has been observed both in clini-
cal and in preclinical studies [43]. The sex of animals should
be taken into account when designing animal experiment.

4.3. Implications. Angiogenesis is known as the process by
which this plexus differentiates and gradually comes into
being a network of functional capillaries. This step essentially
is involved with the budding off of endothelial cells from the
ends and lateral walls of the preexisting primitive endothelial
tubules, resulting in the formation of a network of narrow
capillary microvessels [44]. Clinical trials has showed that
therapeutic angiogenesis make end-stage coronary artery dis-
ease patients to acquire improvements in exercise time and in
symptoms of angina, as well as perfusion and left ventricular
function [45]. Currently, therapeutic angiogenesis, as a new
treatment of MI, has been a widespread recognition and affir-
mation [16–18]. This systematic review has showed that sal-
vianolic acid can exert cardioprotection through promoting
angiogenesis, making it as a potential candidate for clinical
MI trials in the future.

There is no doubt that study quality is an important
effect factor [41]. We suggest that further design of the
studies carried out should refer to the ten-item scale [38]
such as random allocation, blinded induction of model,
blinded assessment of outcome, and use of anesthetic without
significant intrinsic vascular protection activity. In addition,
we should include appropriate animals because an unsuitable
animal model may affect the validity of the experiments [46].
Myocardial infarction generally occurs in elderly patients
with hypertension or hyperlipidemia [42], so using appropri-
ate models can increase the accuracy of the results.

4.4. Conclusion. The salvianolic acid including salvianolic
acid A, salvianolic acid B, and a mixture of salvianolic acids
can reduce myocardial infarct size and promote the expres-
sion of VEGF and BVD in animal model experiments of
MI, suggesting that salvianolic acid has cardioprotective
function through promoting angiogenesis in the animal
model of MI. However, the positive conclusion should be
treated cautiously because of the methodological flaws.
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Folium Microcos (FM), the leaves of Microcos paniculata L., shows various biological functions including antioxidant activity
and α-glucosidase inhibitory effect. However, its therapeutic potential in acute liver injury is still unknown. This study
investigated the hepatoprotective effect and underlying mechanisms of the polyphenol-enriched fraction (FMF) from
Folium Microcos. FMF exhibited strong free radical scavenging activities and prevented HepG2/Hepa1–6 cells from
hydrogen peroxide- (H2O2-) induced ROS production and apoptosis in vitro. Antioxidant activity and cytoprotective effects
were further verified by alleviating APAP-induced hepatotoxicity in mice. Western blot analysis revealed that FMF pretreatment
significantly abrogated APAP-mediated phosphorylation of MAPKs, activation of proapoptotic protein caspase-3/9 and Bax,
and restored expression of antiapoptotic protein Bcl2. APAP-intoxicated mice pretreated with FMF showed increased nuclear
accumulation of nuclear factor erythroid 2-related factor (Nrf2) and elevated hepatic expression of its target genes,
NAD(P)H:quinine oxidoreductase 1 (NQO1) and hemeoxygenase-1(HO-1). HPLC analysis revealed the four predominantly
phenolic compounds present in FMF: narcissin, isorhamnetin-3-O-β-D-glucoside, isovitexin, and vitexin. Consequently, these
findings indicate that FMF possesses a hepatoprotective effect against APAP-induced hepatotoxicity mainly through dual
modification of ROS/MAPKs/apoptosis axis and Nrf2-mediated antioxidant response, which may be attributed to the strong
antioxidant activity of phenolic components.

1. Introduction

The liver is a major organ that regulates homeostasis of
metabolism and detoxifies metabolites/xenobiotics generated
during drug exposure in the body [1]. Owing to these crucial
functions, the liver is liable to damages caused by hepatotoxic
chemicals, free radicals, and other reactive oxygen species

(ROS) [2]. Overproduction of pro-oxidants/ROS in the liver
can cause damage to structural and functional integrity of
cells, leading to extensive liver injury [3]. Dysfunction of
antioxidant/detoxification defense system is also considered
to play a significant pathophysiological role in the develop-
ment of liver diseases [4]. Therefore, developing hepatopro-
tective agents to reduce or eliminate ROS production and
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to strengthen physiological antioxidant capability will be an
effective strategy for fighting oxidative stress that causes liver
damage and diseases.

Acetaminophen (N-acetyl-p-aminophenol, APAP), a
commonly used analgesic and antipyretic drug, is widely
used to investigate liver toxicity associated with oxidative
stress and to evaluate therapeutic potential of drug candi-
dates. APAP is usually safe and effective at therapeutic doses,
but overdose of it can cause severe acute liver injury [5].
Mechanistically, APAP-induced hepatotoxicity is initiated
by extensive formation of N-acetyl-p-benzoquinone imine
(NAPQI), a reactive metabolite of APAP, which in turn
depletes hepatic glutathione (GSH) and causes mitochon-
drial dysfunction and damage, resulting in overproduction
of mitochondrial ROS [6, 7]. During APAP challenge, ROS
generated from mitochondria and other sources not only
causes cell damage via mechanisms involving lipid peroxida-
tion with subsequent liver injury [8] but also activates many
kinases, such as c-jun-N-terminal kinase (JNK), to aggravate
degenerative progression in liver tissues [9]. Activated JNK
binding to mitochondria further enhances ROS generation.
In addition, JNK can phosphorylate several transcription
factors, such as p53 and NF-κB, to accelerate hepatic apopto-
sis and inflammatory response [10, 11], ultimately leading to
extensive oxidative stress and acute liver injury.

Therefore, rigorous control of ROS levels by antioxidant
molecules and detoxifying enzymes plays a crucial role in
maintaining intracellular redox homeostasis in response to
oxidative insults. It has been demonstrated that nuclear
factor erythroid 2-related factor (Nrf2) and its negative
regulator kelch-like ECH-associated protein 1 (Keap1) serve
as an important reaction axis for cells to combat oxidative
stress [12]. Nrf2 belongs to the basic leucine zipper family
of transcription factors and is implicated as a major regulator
of antioxidant response element- (ARE-) mediated detoxifi-
cation and antioxidant gene expression [13]. Under basal
conditions, Nrf2 interacts with Keap1 and is retained in the
cytoplasm. In response to oxidative stress, Nrf2 dissociates
from Keap1 and translocates to the nucleus, where it binds
to ARE in the upstream region and subsequently promotes
transcription of its target genes, including NAD(P)H:quinine
oxidoreductase 1 (NQO1), glutamate-cysteine ligase catalytic
and modifier subunits (GCLC and GCLM), and heme
oxygenase-1 (HO-1) [14]. Considerable research has dem-
onstrated the involvement of Keap1-Nrf2-ARE signaling
pathway in organ injuries caused by toxic stimuli. Mice
deficient in Nrf2 showed high susceptibility to APAP-
induced liver injury [15, 16]. On the contrary, hepatocyte-
specific Keap1 knockout mice exhibited an increase in genes
encoding for detoxifying enzymes and resisted hepatotoxicity
[17]. Thus, agents that can activate Nrf2 may be beneficial in
mitigating oxidative stress-induced liver injury.

Despite the increasing need for hepatoprotective agents
to protect people from liver injury, only a limited number
of efficacious and reliable drugs were used successfully, and
some of them even possessed potential adverse effects. In
recent years, numerous edible and medicinal plants around
the world have drawn increasing attention as dietary
supplements and therapeutic intervention strategies for their

excellent health-promoting properties and being less harm-
less than synthetic agents [18–20]. Microcos paniculata L.,
belonging to the Malvaceae family, is mainly distributed
in tropical and subtropical areas of South and Southeast
Asia [21]. In China, its leaves, named as Folium Microcos
(FM), are traditionally used as folk medicine and herbal
tea materials for treatment of fever, heatstroke, indigestion,
and diarrhea [22]. Previous phytochemical studies on FM
validated the existence of various bioactive constituents,
such as triterpenoids, flavonoids, and alkaloids with phar-
macological effects [21–23]. However, there are few reports
available to describe the potential effect of FM against liver
injury and what kinds of compounds it is related to. Hence,
the present study evaluated the effect of the polyphenol-
enriched fraction (FMF) from FM on oxidative stress and
APAP-induced hepatotoxicity and investigated the potential
mechanisms. Moreover, the main components of FMF
were identified and quantified by reversed phase high-
performance liquid chromatography (RP-HPLC) to gain
insights into the compounds responsible for its antioxidant
and hepatoprotective effects.

2. Materials and Methods

2.1. Chemicals and Reagents. Acetaminophen (N-acetyl-p-
aminophenol, APAP), 3-(4,5-dimethylthiazol-2yl)-2,5-diphe-
nyltetrazolium bromide (MTT), 2′,7′-dichlorodihydrofluores-
cein diacetate (DCFH-DA), 1,1-diphenyl-2-picrylhydrazyl
(DPPH), nitroblue tetrazolium (NBT), phenazine methosul-
fate (PMS), β-nicotinamide adenine dinucleotide, reduced
disodium salt, trihydrate (β-NADH), hematoxylin, and eosin
were purchased from Sigma-Aldrich (St. Louis, MO, USA);
Trizol, PrimeScript™ RTMasterMix, and SYBRGreenMaster
Mix were purchased from Takara Biotechnology (Dalian,
China); Oligonucleotides were synthesized by Sangon Biotech
(Shanghai, China); Gallic acid and ascorbic acid were pur-
chased from Sangon Biotech (Shanghai, China); assay kits of
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), lactate dehydrogenase (LDH), catalase (CAT), super-
oxide dismutase (SOD), malonaldehyde (MDA), reduced
glutathione (GSH), and glutathione peroxidase (GSH-Px)
were purchased from Nanjing Jiancheng Institute of Biotech-
nology (Nanjing, China); Nuclear and Cytoplasmic Protein
Extraction Kit was purchased from the Beyotime Institute
of Biotechnology (Shanghai, China); Dulbecco’s minimum
essential medium (DMED), fetal bovine serum (FBS), and
penicillin/streptomycin were purchased from Invitrogen
(Carlsbad, CA, USA). All other chemicals were of the highest
grade available.

2.2. Plant Material, Extraction, and Preparation. Leaves of
Microcos paniculata L. were purchased from Guangzhou
Qingping Professional Market for Traditional Chinese Med-
icine, Guangdong, China. The concentrated solution (FME)
was prepared according to the following procedures [24]:
the air-dried leaves of FM (400 g) were powdered and boiled
with 7000mL of deionized water for 1 h. The decoction was
filtered and then concentrated by a rotary evaporator with a
water bath at 55°C. FME was filtered again before being
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added to a Diaion HP-20 resin (Mitsubishi Chemical, Tokyo,
Japan) column, which was then washed sequentially with
two-column volumes of water and 75% aqueous ethanol.
Sugars, proteins, and salts were removed by washing the
column with water, and the eluate was named as FMW.
Polyphenols were retained and then eluted with 75% aque-
ous ethanol, and the eluate was designated as FMF. Each
eluate was concentrated by vacuum rotary evaporation.
The concentrated solution was dried in a lyophilizer and
then stored at 4°C. The yields of FMW and FMF were
20.0 and 10.9 g, respectively.

2.3. Determination of Total Polyphenols and Total Flavonoids.
Total polyphenolic contents in the different fractions were
measured by Folin-Ciocalteu method as gallic acid equiva-
lents (GAE), expressed as milligrams of gallic acid per
gram of fractions [25]. Briefly, aliquots of 1mL samples
or standard solutions were mixed with 1mL of Folin-
Ciocalteu reagent and allowed to react for 3min. Then,
1mL of 10% Na2CO3 solution was added to the mixture,
and the distilled water was supplied to the final volume
of 10mL, followed by a thorough mixture and a further
stand at 25°C for 2 h. Absorbance was detected at 760nm,
and total polyphenolic contents were calculated as GAE
from a calibration curve (y = 0 0575x + 0 159, R2 = 0 9980,
1–50μg of gallic acid). Data were presented as the average
of triplicate analyses.

Total flavonoids of the fractions were measured using a
modified colorimetric method as rutin equivalents (RE),
expressed as milligrams of rutin per gram of fractions [26].
Approximately 1mL of samples or standard solutions were
mixed with 0.2mL of 5% NaNO2 solution. After 5min,
0.2mL of 10% AlCl3 solution was added, and the mixture
was allowed to stand for another 5min. Subsequently, the
reaction solution was mixed with 0.6mL of 4% NaOH
solution, and 60% ethanol was immediately supplied to
obtain a final volume of 10mL, followed by thorough mixing
and standing for another 10min. Absorbance of the mixture
was determined at 510nm, and total flavonoid contents
were calculated as RE according to a calibration curve
(y = 0 0051x + 0 0029, R2 = 0 9999, 1–50μg of rutin). Data
were presented as the average of triplicate analyses.

2.4. Measurement of Antioxidant Activities In Vitro. DPPH
free radical scavenging activities of different fractions were
evaluated based on a reported method [27]. One mL of
samples at various concentrations was added to 1mL of
100μM freshly prepared DPPH radical methanol solution.
Reaction mixtures were shaken vigorously and incubated at
37°C in the dark for 30min, and an equal volume of metha-
nol and DPPH served as a control. Absorbance was measured
at 517nm. Superoxide anion radical (O2

•−) scavenging activ-
ities of different fractions were determined using a modified
method [28]. One mL of samples at various concentrations
was successively mixed with 1mL of 468μM NADH,
60μM PMS, and 156μM NBT and then incubated at
room temperature for 5min. Absorbance of the mixture
was determined at 560nm, and an equal volume of methanol
served as a control.

Scavenging activities were estimated based on per-
centages of scavenged DPPH and O2

•−, as shown by the
following equation:

Scavenging ef fect %

= 1− absorbance of sample− absorbance of blank
absorbance of control− absorbance of blank × 100%

1

2.5. Cell Culture and Treatment. Human hepatic carcinoma
cell line (HepG2) and mouse hepatoma cell line (Hepa1–6)
were purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA). Cells were cultured in DMEM
supplemented with 10% FBS and 100U/mL penicillin/
streptomycin in humidified incubator at 37°C and 5%
CO2-enriched atmosphere. To determine the antioxidant
effect of FMF in H2O2-induced oxidative stress model,
cells were seeded in 96-well plates at an initial density
of 2× 104 cells/well to adhere overnight, incubated with
various concentrations of FMF for 12 h, and then exposed
to 400μM H2O2 without changing the medium for 4 h
[29]. Control cells were incubated with culture medium
of equal volume.

2.6. Cell Morphology Assay. Cells were seeded in 96-well
plates at an initial density of 2× 104 cells/well to adhere
overnight, incubated with various concentrations of FMF
for 12 h, and then exposed to 400μMH2O2 without changing
the medium for 4 h. Cell morphology images were taken at
the magnification of 100x [29].

2.7. Cell Viability Assay. Cell viability was measured by MTT
assay [30], which is based on the conversion of MTT to dark-
blue formazan crystals by mitochondrial dehydrogenase
enzyme. In brief, 10μL of 5mg/mLMTTwas added into each
well and incubated at 37°C for 4 h. After incubation, the
culture medium was removed from the wells and replaced
with 150μL DMSO. Plates were then vigorously shaken to
ensure complete solubilization. Finally, absorbance of for-
mazan was measured on a plate reader (Molecular Devices,
Sunnyvale, CA) at 490nm. Relative cell viability was calcu-
lated as absorbance of sample-treated cells divided by
absorbance of untreated control cells.

2.8. Measurement of Intracellular ROS In Vitro. Intracellular
ROS levels were measured by using a modified method
with DCFH-DA as a fluorescent probe [31]. Cells were
cultured in collagen-coated 96-well black plates with
transparent bottoms, treated with FMF at different con-
centrations for 12 h, and then exposed to 400μM H2O2
without changing the medium for 4 h. Cells were subse-
quently loaded with 10μM DCHF-DA at 37°C for
30min. After washing twice with PBS buffer, fluorescence
intensity that is representative of intracellular ROS levels
was detected at 485/20 nm excitation and 528/20 nm emis-
sion using a fluorescence microplate reader (Molecular
Devices, Sunnyvale, CA).

2.9. Animals and Experimental Design. Male ICR mice
weighing 22.5± 1.0 g were purchased from the Laboratory
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Animal Center, Xiamen University (Xiamen, China). Mice
were allowed to acclimate to laboratory conditions for 7 days
prior to dosing and maintained in a temperature-controlled
environment (22± 2°C) with a 12 h light-dark cycle, free
access to water, and standard rodent chow. All methods were
conducted in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Ani-
mals. All efforts were made to minimize the number of
animals used and their suffering.

Mice were randomly divided into three groups and are as
follows: Group 1, control group, given appropriate vehicle
throughout the experiment; Group 2, APAP group, given
500mg/kg body weight APAP; Group 3, APAP+FMF group,
given different doses of FMF (100, 200, and 400mg/kg body
weight) prior to APAP administration.

Concretely, Groups 1 and 2 were given PBS, and Group 3
was orally administered with FMF once daily for 7 consecu-
tive days. Two hours after the final administration, Group 1
was treated with appropriate vehicle, while Groups 2 and
3 were treated with APAP at a dose of 500mg/kg body
weight by intragastric administration. Mice were subse-
quently anesthetized for blood sample collection and then
sacrificed to obtain liver tissues after 12 h APAP treatment.
Serum samples were separated from the blood by centrifu-
gation at 10,000×g for 10min at 4°C and then kept at
−80°C for bioassays. A portion of the liver was fixed by
4% paraformaldehyde for histopathological analysis, and
the remaining tissues were flash-frozen in liquid nitrogen
and stored at −80°C for further analysis.

2.10. Measurement of Biochemical Parameters in Serum.
To assess liver injury caused by APAP administration,
enzymatic activities of serum ALT, AST, and LDH were
estimated by using the corresponding commercial kits
(Nanjing Jiancheng Institute of Biotechnology, China).
Results of ALT, AST, and LDH were expressed as units per
liter (U/L).

2.11. Measurement of Hepatic Levels of GSH, GSH-Px, SOD,
CAT, and MDA. Liver tissues were homogenized in ice-cold
PBS buffer and then centrifuged at 10,000×g for 10min at
4°C. Supernatants were collected for the measurement of
hepatic MDA, GSH, GSH-Px, SOD, and CAT using the
corresponding commercial kits (Nanjing Jiancheng Institute
of Biotechnology, China). Results were corrected for their
protein content.

2.12. Histopathological Analysis. Portions of the freshly
obtained liver were fixed in 4% buffered paraformaldehyde
phosphate solution for 24h and then embedded in paraffin
for sectioning [8]. Hematoxylin and eosin staining was per-
formed on 5μm paraffin sections according to a standard
procedure and analyzed by light microscopy.

2.13. Preparation of Nuclear and Cytosol Fractions. Liver
nuclear and cytosol extracts were prepared by using the
Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime
Institute of Biotechnology, Shanghai, China) according to
the manufacturer’s protocols. Protein concentrations were

determined by Bradfordmethod using bovine serum albumin
as a standard.

2.14. RNA Isolation, RT-PCR, and Quantitative Real-Time
PCR Analyses. Total RNA was isolated from liver tissues
using TRIzol reagent (Takara Biotechnology, Dalian, China)
and then reversely transcribed to cDNAs using PrimeScript
RT Master Mix (Takara) according to the manufacturer’s
instructions. Quantitative real-time PCR analysis was per-
formed using SYBR Green Master Mix (Takara) in a Roche
LightCycler® 480 System (Roche Group, Switzerland).
GAPDH was analyzed in each sample as an internal control
for normalization, and fold changes inmRNAexpressionwere
calculated by the Comparative-Ct Method (ΔΔCt method).

Forward and reverse primers used for specific genes are
listed as follows: Bax: (Forward, 5′-TTTCATCCAGGAT
CGAGCAGG-3′ and Reverse, 5′-GCAAAGTAGAAGAGG
GCAACCAC-3′); Bcl2: (Forward, 5′-GGCATCTTCTCC
TTCCAG-3′ and Reverse, 5′-CTACCCAGCCTCCGTTAT-
3′); GAPDH: (Forward, 5′-TGCCGCCTGGAGAAACCT-3′
and Reverse, 5′-TGAAGTCGCAGGAGACAACC-3′).

2.15. Western Blot Analysis. Frozen liver tissues were
homogenized in lysis buffer with glass homogenizers, and
protein concentrations were then determined. Proteins were
separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), transferred onto polyvinylidene
difluoride membranes, and then identified by immunoblot
analysis with appropriate primary antibodies at a dilution
of 1 : 1000. Antibodies against cleaved caspase-3 (9664),
caspase-3 (9665), cleaved caspase-9 (9509), caspase-9
(9508), Bax (2772), Bcl2 (3498), phospho-JNK (4668), JNK
(9252), phospho-ERK1/2 (4370), ERK1/2 (4695), GAPDH
(2118), Nrf2 (12721), HO-1 (70081), Tubulin (2148), and
Lamin B (13435) were purchased from Cell Signaling Tech-
nology (Beverly, MA, USA); antibodies against NQO1
(11451–1-AP) and CYP2E1 (19937–1-AP) were purchased
from Proteintech Group (Wuhan, China). Horseradish
peroxidase-conjugated antibodies to rabbit IgG (7074) or to
mouse IgG (7076) (1 : 5000 dilution for each) were purchased
from Jackson ImmunoResearch Laboratories (West Grove,
PA, USA). Protein bands were visualized using a SuperSignal
West Pico Kit (Thermo Fisher Scientific Pierce, IL, USA)
according to the manufacturer’s instructions.

2.16. HPLC Analysis of Main Compounds of FMF. Chemical
composition of FMF was determined using HPLC. The
analysis was performed using an HC-C18 column (5μm,
150mm× 4.6mm id, Agilent Technologies, USA) on an
Agilent 1260 series HPLC system equipped with a diode
array detector, an autosampler, and an openLAB CDS
ChemStation Workstation (Agilent Technologies). A gradi-
ent elution was performed by varying the proportion of
solvent A (acetonitrile-methanol, 25 : 75, v/v) to solvent B
(water, containing 0.1% formic acid), with a flow rate of
1.0mL/min. The solvent gradient was as follows: 0–10min
from 5% to 25% A; 10–50min from 25% to 28% A;
50–70min from 28% to 28% A. The wavelength for UV
detection was 360nm, and the injection volume was 10μL.
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All separations were performed at 25°C. The lyophilized
powder of FMF was dissolved in methanol at a concentration
of 0.44mg/mL. All samples and mobile phases were filtered
through a 0.45μm membrane filter (Millipore) and then
degassed in an ultrasonic bath prior to use. Four different
flavonoids, including vitexin, isovitexin, isorhamnetin-3-O-
β-D-glucoside, and narcissin were investigated. Identifica-
tion of these compounds was performed by comparing
retention times (tR) with those of commercial standards.
The linear regression equation for each calibration curve
was established by plotting the amount of each standard
compound injected against the average peak area.

2.17. Statistical Analysis. All data were representative of at
least three independent experiments. Results were shown
as mean± SD. Student’s t-test was used for comparisons
between two groups. Differences were considered significant
at p < 0 05. Prism 6 software package (GraphPad Software
Inc., USA) was employed for statistical tests and graphical
presentation of data.

3. Results

3.1. Total Phenolic, Flavonoid Contents, and Antioxidant
Activities of Different Extracts. Polyphenolic compounds
are able to alleviate oxidative stress by exerting antioxi-
dant activities or affecting the antioxidant defense system
[32, 33]. Therefore, total phenolic contents of FME, FMW,
and FMF were determined using Folin-Ciocalteu method.
As presented in Table 1, FME, FMW, and FMF contained
79.3± 1.1, 24.2± 2.5, and 338.1± 8.4μg GAE/mg extract,
respectively. Similar results were observed from the deter-
mination of total flavonoid contents in FME, FMW, and
FMF, with values reaching 175.8± 2.1, 36.0± 4.2, and
519.3± 5.3μg RE/mg extract, respectively. This quantitative
analysis demonstrated that FMF contained the highest
content of total phenolics and total flavonoids, implying
that FMF is a polyphenol-enriched fraction. Then, DPPH
free radical and superoxide anion radical (O2

•−) scavenging
systems were employed to evaluate the antioxidant potential
of FME, FMW, and FMF. As shown in Figure 1 and Table S1
in Supplementary Material available online at https://doi.org/
10.1155/2017/3631565, FMF exhibited a concentration-
dependent scavenging activity against DPPH and O2

•− radi-
cals ranging from 10μg/mL to 40μg/mL, and this property
was superior to those of other tested extracts. In addition,
the difference in free radical scavenging activity was unre-
markable between FMF and the positive control ascorbic acid

in both detected systems, especially when the concentration
was above 40μg/mL. These results showed close connection
between both total phenolic and flavonoid contents and anti-
oxidant capacity, suggesting that polyphenol-enriched FMF
from Folium Microcos may potentially provide protection
against oxidative damage. Hence, FMF was selected for the
following cell and animal studies.

3.2. Protective Effects of FMF on Oxidative Stress In Vitro. A
H2O2-mediated oxidative stress model in HepG2 cells was
established to investigate the effects of FMF on oxidative
damage. As can be seen in Figure 2, H2O2 exposure caused
severe oxidative stress, as evidenced by increased ROS
production and high cellular mortality compared with those
by the untreated control cells. Prominent morphological
changes were also caused by H2O2 stimulation (Figure S1).
However, the abovementioned alterations were significantly
alleviated by FMF pretreatment in a dose-dependent man-
ner. Similar results were observed in Hepa1–6 cells (Figures
S2 and S3). Further cytotoxicity assay indicated that FMF
hardly affected the viability of tested cells (Figure S4). Collec-
tively, these in vitro data supported the therapeutic potential
of FMF in modulating antioxidant responses.

3.3. FMF Inhibited APAP-Induced Liver Injury. Oxidative
stress plays an initial and augmented role in the pathogenesis
of APAP-induced hepatotoxicity [34]. Therefore, hepatopro-
tective effects of FMF were investigated in APAP-induced
liver injury mice model. As depicted in Figure 3, mice
treated with APAP (500mg/kg body weight) showed evi-
dence of severe liver injury, as indicated by remarkable
increases in serum ALT, AST, and LDH activities. How-
ever, these APAP-caused increases were significantly and
dose-dependently inhibited by FMF pretreatment (100,
200, and 400mg/kg body weight). Histopathological analy-
sis provided supportive evidence for biochemical parame-
ters assay (Figure 4). The sections of liver samples taken
from APAP-intoxicated mice revealed extensive histological
changes in the form of remarkable gross necrosis, sinusoidal
congestion, hemorrhage, and inflammatory cell infiltration.
Interestingly, FMF pretreatment remarkably ameliorated
APAP-induced liver injury, and administration of APAP
along with FMF at a dose of 400mg/kg body weight showed
a near-normal appearance, suggesting that FMF can protect
against APAP-induced hepatic damage.

3.4. FMF Reduced APAP-Induced Hepatic Oxidative Stress.
Lipid peroxidation and antioxidant enzyme activities were
measured to examine the role of FMF in APAP-induced
oxidative damage. MDA, a major end product that forms
during the final stages of lipid peroxidation, is generally
recognized as a direct index of toxic processes caused by free
radicals [35]. As shown in Figure 5, administration of APAP
to mice remarkably elevated MDA levels as compared to the
untreated normal group. The liver antioxidant capacity of
mice was also sharply decreased, as manifested by the
significant reduction in hepatic GSH, GSH-Px, SOD, and
CAT activities, which are the major enzymatic or nonenzy-
matic antioxidants and regulators of tissues responsible for

Table 1: Contents of total phenolics and total flavonoids of different
Folium Microcos extracts.

Extract
Total phenolics

(μg GAE/mg extract)
Total flavonoids

(μg RE/mg extract)

FME 79.3± 1.1 175.8± 2.1

FMW 24.2± 2.5 36.0± 4.2
FMF 338.1± 8.4a 519.3± 5.3a

Results are shown as mean ± SD (n = 3). ap < 0 001 compared with
other extracts.
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intracellular redox homeostasis. However, the abovemen-
tioned alterations were effectively disputed by FMF pretreat-
ment, clearly indicating the strong antioxidant capacity of
FMF against APAP-induced liver injury.

3.5. FMFAmeliorated the Activation of ROS/MAPKs/Apoptosis
Signaling and Facilitated Nrf2 Nuclear Translocation to
Protect against APAP-Induced Hepatotoxicity. To determine
the underlying mechanisms by which FMF alleviated APAP-
induced acute liver injury, liver samples from mice treated
with APAP with or without FMF pretreatment (400mg/kg
body weight) were homogenized for further western blot
analysis. It is commonly recognized that APAP is converted
to the highly reactive metabolite NAPQI by the hepatic
cytochrome P450 system, especially CYP2E1, whose activity

is critical for the development of APAP-induced hepatic
injury [6, 7]. As presented in Figure 6(a), APAP treatment
caused a significant increase in the expression level of
CYP2E1. However, FMF pretreatment markedly suppressed
APAP-induced elevation of CYP2E1. Many studies have
illustrated the involvement of apoptosis in APAP-induced
hepatotoxicity [36, 37]. Therefore, the expression of apoptosis-
related proteins was determined. APAP administration sig-
nificantly increased levels of cleaved caspase-3/9 and Bax
and decreased Bcl2 protein expression. Nevertheless, these
effects were prominently reversed by FMF pretreatment.
Similar results were observed in mRNA levels of Bax and
Bcl2 (Figure 6(b)). The activation of MAP kinases, espe-
cially the phosphorylation of JNK and ERK, can exacerbate
APAP-induced mitochondrial oxidative stress and aggravate
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Figure 1: In vitro antioxidant activities of different extracts from Folium Microcos. (a) DPPH radical scavenging activity. (b) Superoxide
anion radical (O2

•−) scavenging activity. FME, the concentrated solution; FMW, the fraction eluted with water; FMF, the fraction eluted
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Figure 4: Effects of FMF on histological changes in APAP-intoxicated mice livers. Liver sections were stained with hematoxylin and eosin
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BW)+APAP. (e) FMF (400mg/kg BW)+APAP.
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hepatic apoptosis [38]. As can be seen in Figure 6(a),
administration of APAP to mice sharply increased levels
of phosphorylated JNK and ERK. This was in good agreement
with the results of previous studies. Interestingly, FMF
pretreatment significantly inhibited APAP-mediated phos-
phorylation. Consequently, these results indicated that FMF
alleviated APAP-induced hepatic apoptosis partially through
inactivation of JNK/ERK MAPK pathway. Nrf2, which is a

key sensor of oxidative stress, plays a protective role against
APAP-induced hepatotoxicity by regulating the expression of
intracellular detoxifying and antioxidant genes responsible
for cytoprotective progress [12]. To examine whether FMF
affects Nrf2 signaling, Nrf2 protein expression and nuclear
accumulation were measured. As shown in Figure 7, despite
a slight increase in Nrf2 protein level, the nuclear transloca-
tion of Nrf2 was suppressed after APAP intoxication. The
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Figure 5: Effects of FMF on hepatic levels of MDA, GSH, GSH-Px, SOD, and CAT.Mice were intragastrically administered with either PBS or
FMF at 100, 200, and 400mg/kg body weight once daily for 7 consecutive days prior to single administration of APAP (500mg/kg BW). Mice
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∗∗∗p < 0 001 compared with the control group; ###p < 0 001, ##p < 0 01, #p < 0 05 compared with APAP-intoxicated group.
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hypothesis that APAP treatment repressed the transcrip-
tional activity of Nrf2 was further supported by declined
expression levels of two Nrf2 target genes (NQO1 and

HO-1). However, the suppression caused by APAP admin-
istration was dramatically restored by FMF pretreatment.
Furthermore, FMF treatment may to some extent promote
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Figure 6: Effects of FMF on APAP-induced cell death-related gene expression. (a) Total cellular protein from liver tissues was extracted, and
protein levels of CYP2E1, cleaved caspase-3/9, caspase-3/9, Bax, Bcl2, p-JNK, JNK, p-ERK, and ERK were determined by western blot.
GAPDH was used as an endogenous control. (b) Total RNA from liver tissues was isolated and reverse-transcribed into cDNA for
quantitative real-time PCR analysis of Bax and Bcl2 mRNA levels. GAPDH was used as an endogenous control. Results are shown as
mean ± SD (n = 3). ∗∗∗p < 0 001, ∗∗p < 0 01 compared with the control group; ###p < 0 001 compared with APAP-intoxicated group.
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Nrf2 nuclear translocation and its target gene expression, as
verified by experiments in Hepa1–6 cells (Figure S5). Taken
together, these data suggested that administration of FMF aug-
mented Nrf2 nuclear accumulation, resulting in an enhanced
antioxidant defense system to protect against APAP-induced
oxidative injury.

3.6. Characterization of Chemical Composition of FMF.
HPLC analysis was conducted to identify and quantify the
major polyphenolic compounds present in FMF. HPLC
chromatograms of standards and samples were shown in
Figure S6. Under proposed HPLC analytical conditions, a
good baseline separation was obtained for all the analytes,
and four flavonoid glycosides, including vitexin, isovitexin,
isorhamnetin-3-O-β-D-glucoside, and narcissin, were iden-
tified by comparing their retention times (21.3, 24.6, 45.3,
and 47.2min, resp.) with those of authentic standards. Quan-
titative data were calculated from their respective standard
curves (Table S2). As shown in Figure S6 (b) and Table S2,
narcissin (62.4μg/mg) was identified as the major phenolic
compound in FMF, followed by isorhamnetin-3-O-β-D-
glucoside (11.3μg/mg), isovitexin (10.6μg/mg), and vitexin
(10.4μg/mg).

4. Discussion and Conclusions

In the present study, we demonstrate that the polyphenol-
enriched fraction (FMF) from Folium Microcos has a preven-
tive effect on APAP-induced hepatic apoptosis and oxidative
injury. APAP-induced hepatotoxicity, as an experimentally
convenient and clinically relevant animal model, is widely
used to investigate liver injury associated with oxidative
stress caused by ROS and other free radicals [39]. Previous
studies on APAP toxicity have documented that oxidative
stress is the major mechanism involved in the develop-
ment of hepatotoxicity, and extensive defects of antioxidant
defense systems were also observed in APAP-intoxicated
tissues [34]. Currently, N-acetylcysteine (NAC), as a precur-
sor of the antioxidant glutathione (GSH), serves as the
primary and FDA-approved antidote for APAP poisoning.
However, its efficacy is limited because of therapeutic win-
dow and adverse effects [40, 41]. Therefore, it is of great
importance to develop effective therapeutic agents with little
or no side effect.

Polyphenolic compounds, which are most abundantly
present in green teas and herbal teas, have drawn increasing
attention for their medicinal functions and health benefits,
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Figure 7: Effects of FMF on Nrf2 nuclear translocation and its target gene expression. (a) Nuclear and cytoplasmic extracts of liver tissues
were prepared and protein level of Nrf2 was determined by western blot. Lamin B and tubulin were used as endogenous controls
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and the widely accepted mechanism behind these properties
involves the reduction of oxidative stress by scavenging free
radicals [42]. To our knowledge, no report links hepatopro-
tective effects with phenolic constituents of Folium Microcos.
In this study, the polyphenol-enriched fraction (FMF) from
Folium Microcos exerted a strong antioxidant property in
DPPH and O2

•− scavenging assays (Figure 1) and prevented
H2O2-induced ROS production and cell death (Figure 2).
The considerable antioxidant effect of FMF, which is mainly
attributed to the high content of polyphenol constituents,
implies the potential of Folium Microcos in the prevention
or attenuation of oxidative stress-mediated liver injury. This
hypothesis was further verified by suppressing APAP-
induced liver damage in mice pretreated with FMF. Our data
showed significant increases in levels of serum ALT, AST,
and LDH, which are considered as sensitive indicators of
liver tissue damage, after APAP administration, as reported
previously (Figure 3) [7, 10]. However, FMF pretreatment
substantially prevented these elevations, suggesting that
FMF not only preserved structural and functional integrity
of hepatic cellular membrane but also protected liver tissues
against toxic effects of APAP. Histopathological examination
provided visual evidence for hepatoprotective effects of FMF,
as manifested by the restoration toward histomorphological
variations (Figure 4).

It is commonly recognized that enhanced lipid peroxida-
tion and decreased functioning of enzymatic or nonenzymatic
antioxidant defense systems are the major characteristics of
APAP-induced hepatotoxicity [6]. In this study, administra-
tion of APAP to mice dramatically reduced liver antioxidant
capacity, as characterized by remarkable increase in MDA
content and decrease in hepatic levels of SOD, CAT, GSH-
Px, and GSH, which are often regarded as indicators of
oxidative stress response [6, 7, 10]. However, FMF pretreat-
ment distinctly reversed the changes in parameters of
hepatic oxidative damage (Figure 5). Collectively, together
with histopathological evidence, the results of biochemical
parameters assays in serum and liver tissue demonstrated
that the protective effect of FMF on APAP-induced liver
injury may result from the modification of endogenous anti-
oxidant defense systems.

Accumulating evidence has demonstrated that hepatic
apoptosis plays a central role in APAP-induced hepatotox-
icity [36, 37]. In this process, ROS derived from APAP
bioactivation directly activates JNK through MAPK path-
way. Together with ROS, activated JNK can stimulate the
expression of proapoptotic proteins and block the function
of antiapoptotic proteins, leading to serious hepatotoxicity
and cell apoptosis [38]. It was also reported that inhibition
of JNK or hepatocyte-specific JNK knockout mice pre-
vented the development of mitochondrial oxidative stress
and decreased hepatic apoptosis and liver injury [43, 44].
Consistent with previous results, the present study showed
that APAP administration caused severe impairment of
antioxidant defense systems and activation of MAPK path-
way. However, these alterations could be substantially
reversed by FMF pretreatment (Figures 5 and 6), suggesting
significant potential of FMF to protect against oxidative
stress-induced hepatic apoptosis. Members of the caspase

and Bcl2 families have been proposed to be crucial regulators
of apoptotic response mediated by many agents. Several
studies have also confirmed prominent apoptotic charac-
teristics in APAP-intoxicated liver tissues, as evidenced
by release of cytochrome c from the mitochondria, decreased
Bcl2/Bax ratio, and increased activities of caspase-3, 6, 8, and
9 [45, 46]. In our hands, during APAP challenge, FMF pre-
treatment significantly disputed the conversion of caspase-
3/9 into active forms, enhanced Bcl2 level, and reduced Bax
expression in protein and mRNA levels, implying that
actions of FMF against APAP-induced liver injury may be
through the suppression of apoptosis (Figure 6). On this
basis, our results indicated that in the presence of FMF, the
decrease in ROS-mediated activation of MAPKs might act
in conjunction with the reductive effect on apoptosis axis,
resulting in attenuated oxidative stress and increased cell
survival in response to APAP challenge.

Upon oxidative stress, the antioxidant defense system
in organisms is frequently activated to provide protection
against oxidative damage by maintaining cellular redox
homeostasis [47]. Numerous studies have demonstrated the
active involvement of Nrf2 in oxidative stress-mediated
hepatotoxicity induced by APAP treatment [12–17]. To
explore the possible mechanism of hepatoprotection, the
present work investigated inductive effects of FMF on the
activation of Nrf2 signaling. Our results revealed that FMF
pretreatment reinforced Nrf2 nuclear accumulation and
delayed its nuclear exclusion in response to APAP, resulting
in enhanced transcriptional activities. The positive regulation
of FMF on Nrf2 signaling was further manifested by the
restoration of APAP-induced reduction of phase-2 enzymes,
including NQO1 and HO-1 (Figure 7 and Figure S5), both of
which are the major regulators that play critical roles in the
elimination of ROS and toxic metabolites derived from the
redox process in liver tissues. NQO1 enzymatically reduces
NAPQI and prevents mitochondrial dysfunction caused by
APAP [48]. HO-1 catalyzes the cleavage of heme to form
biliverdin and diminishes intracellular ROS production
[49]. Consequently, our results demonstrated that FMF
enhanced hepatic defense system through the activation of
Nrf2-mediated antioxidant and detoxifying gene expression
to protect against APAP-induced liver injury.

In the current study, the main polyphenols present in
FMF were identified and quantified by HPLC analysis to
gain insights into the major active constituents responsible
for its antioxidant and hepatoprotective effects. HPLC analy-
sis clearly showed that narcissin (62.4μg/mg) was identified
to be the prominent phenolic compound in FMF, followed
by isorhamnetin-3-O-β-D-glucoside (11.3μg/mg), isovitexin
(10.6μg/mg), and vitexin (10.4μg/mg) (Figure S6 and Table
S2). Narcissin and isorhamnetin-3-O-β-D-glucoside share
the same basic parent structure of isorhamnetin, which has
been demonstrated to be not only an effective antioxidant
agent but also a candidate drug for the prevention and treat-
ment of liver diseases [50]. Isorhamnetin was reported to be
efficacious in protecting hepatocytes against oxidative stress
through the activation of AMPK pathways [51]. A recent
study verified the hepatoprotective function of isorhamnetin
in attenuating liver fibrosis by inhibiting TGF-β/Smad and

11Oxidative Medicine and Cellular Longevity



Nrf2 signalings [52]. Itwas also shown thatnarcissinpossessed
significant antioxidant effects on non-enzyme-induced lipid
peroxidation in isolated microsomes and increased hepatic
cell viability in both CCl4- and t-BuOOH-induced injury
models [53]. Isorhamnetin-3-O-β-D-glucopyranoside was
described to alleviate the adverse effects of hepatic ethanol
ingestion by enhancing the activities of alcohol-oxidizing
enzymes, microsomal ethanol-oxidizing system, and alde-
hyde dehydrogenase [54]. Vitexin, isovitexin, and vitexin-
and isovitexin-enriched extracts also showed antioxidant or
hepatoprotective activities [55–57]. Therefore, the presence
of narcissin, isorhamnetin-3-O-β-D-glucoside, vitexin, and
isovitexin in FMF from Folium Microcos may be the main
bioactive compounds contributing to its antioxidant and
hepatoprotective properties. This assumption requires fur-
ther verification and will be discussed in our future studies.

In conclusion, the current study demonstrates for the
first time the hepatoprotective role of FMF in liver tissues
as a critical crossroad in cascade reactions triggered by APAP
challenge via dual modification of the apoptosis signal-
ing through the effects on ROS/MAPKs axis and Nrf2-
mediated antioxidant defense system response (Figure 8).
Collectively, our data strongly revealed the clinical potential
of the polyphenol-enriched fraction from Folium Microcos
as a natural and functional food ingredient for the prevention
of oxidative stress-induced hepatic injury.
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