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A B S T R A C T

γ-Mangostin (γ-man), an active compound from Garcinia mangostana L., has been discovered as a hepatopro-
tective agent against oxidative injury. However, the underlying mechanisms remained unclear. The current
study showed that γ-man stimulated the nuclear translocation of nuclear factor erythroid 2-related factor 2
(NRF2) to enhance antioxidant capacity under oxidative stress, which was partially reversed by treatment of the
NRF2 inhibitor, all-trans-retinoic acid. Moreover, γ-man increased the expression and activity of SIRT1 (silent
mating type information regulation 2 homolog 1), which facilitated the deacetylation of peroxisome proliferator-
activated receptor γ coactivator 1α to improve the mitochondrial function in L02 cells. The protective effect of γ-
man was partially blocked by treatment of the SIRT1 inhibitor tenovin-1 or SIRT1 knockdown. In vivo studies
showed γ-man protected mice from carbon tetrachloride-induced acute liver injury, through up-regulation of
NRF2 and SIRT1. Thus, γ-man might be a candidate to protect liver from acute oxidative injury.

1. Introduction

Many factors, such as hepatic virus infection (Choi & Ou, 2006),
excessive alcohol consumption (Wu & Cederbaum, 2003) and drug in-
take (Bissell, Gores, Laskin, & Hoofnagle, 2001), can cause acute liver
injury. The rise of oxidative stress in liver is considered as one of the
main causes of liver damage. More and more research focuses have
been attracted on alleviation and/or prevention of excess accumulation
of reactive oxygen species (ROS) in liver.

Nuclear factor erythroid 2-related factor 2 (NRF2) is the master
regulator of the antioxidant responsive element (ARE)-mediated in-
duction of phase II detoxification and anti-oxidative enzyme genes ex-
pression (Gorrini, Harris, & Mak, 2013). Under basal condition, the
NRF2 inhibitor KEAP1 (Kelch-like ECH-associated protein 1) binds and
retains NRF2 in cytoplasm where it can be targeted for ubiquitin-
mediated degradation (Cullinan, Gordan, Jin, Harper, & Diehl, 2004;
Itoh et al., 1999). Under oxidative stress, NRF2 is released and trans-
located to nucleus and binds to ARE-containing genes, which activates

the transcriptions of heme oxygenase-1 (HO-1) and superoxide dis-
mutase 2 (SOD2) to against oxidative stress (Liu et al., 2017; Nguyen,
Sherratt, Nioi, Yang, & Pickett, 2005). The induction of HO-1 and SOD2
have been implicated in numerous disease states, such as Alzheimer
disease, and liver diseases (Cullinan et al., 2004; Ke et al., 2012;
Schipper, Gupta, & Szarek, 2009).

The silent mating type information regulation 2 homologs (Sirtuins)
are nicotinamide adenine dinucleotide (NAD+)-dependent protein
deacetylases. Sirtuin 1 (SIRT1) is implicated in the regulation of many
cellular processes, including apoptosis, cellular senescence, glucose
homeostasis, aging and longevity, and its targets include p53 (Vaziri
et al., 2001), forkhead transcription factors (Brunet et al., 2004), per-
oxisome proliferator-activated receptor gamma (PPARγ) (Picard et al.,
2004), and the PPARγ coactivator-1α (PGC-1α) (Rodgers et al., 2005).
SIRT1 also plays a key role in improving oxidative stress (Li, 2014).
SIRT1 stimulates mitochondrial biogenesis through PGC-1α, reduces
ROS generation from the respiratory chain, and enhances SOD2 ex-
pression in mitochondria, resulting in increased mitochondrial
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superoxide dismutation (Hsu et al., 2010; Nemoto, Fergusson, & Finkel,
2005; St-Pierre et al., 2006; Tanno et al., 2010).

Garcinia mangostana L. (Clusiaceae) is an evergreen tree in Southeast
Asia, and its fruits, mangosteen, are called as “Queen of Fruit” due to its
sweet taste, pleasant aroma and potential role in promoting health (Liu,
Wang, & Lin, 2015). Many healthy botanical dietary supplements have
been developed from mangosteen, such as Xango, Verve and TraXan,
which ranked 12th amongst the top-selling dietary supplements in the
US according to NBJ’s Supplement Business Report, U.S, 2013. A series
of xanthones have been identified from different parts of G. mangostana,
with a wide range of bioactivities including anti-oxidation, anti-in-
flammation and anti-cancer (Akao, Nakagawa, & Nozawa, 2008; Jung,
Su, Keller, Mehta, & Kinghorn, 2006; Liu et al., 2016). In our previous
study, γ-mangostin (γ-man) was identified as the chemical principle of
G. mangostana in protecting hepatocytes from being damaged by tert-
butyl hydroperoxide (t-BHP) with low cytotoxicity (Wang, Liu, Ye,
Wang, & Lin, 2015). However, the underlying mechanisms remain
unclear. Herein, we attempt to disclose the underlying mechanisms for
the hepatoprotective effect of γ-man in vitro and in vivo, and provide
basis for further develop of this compound as functional food for
treatment or prevention of liver diseases.

2. Materials and methods

2.1. Chemicals and reagents

Phosphate-buffered saline (PBS) powder, RPMI 1640 medium, pe-
nicillin-streptomycin (P/S), 0.25% (w/v) trypsin/1 mM EDTA and fetal
bovine serum (FBS) were purchased from Gibco (Waltham, MA, USA). t-
BHP, 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-imidacarbocyanine io-
dide (JC-1), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-2H-tetrazolium
bromide (MTT), Hoechst 33342, 2′,7′-dichlorofluorescin diacetate
(DCFH-DA), polyethylene glycol 400 (PEG 400), paraformaldehyde
(PFA), all-trans-retinoic acid (ATRA) and carbon tetrachloride (CCl4)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). RIPA lysis
buffer was purchased from Beyotime Biotechnology Company
(Shanghai, China). Protein A/G agarose, SIRT1 shRNA and SIRT1 pri-
mary antibody were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Goat anti-Rabbit IgG secondary antibody and
Lipofectamine 2000 were purchased from Thermo Scientific (Waltham,
MA, USA). All other primary and secondary antibodies were purchased
from Cell Signaling Technology (Danvers, MA, USA). Tenovin-1 was
purchased from Selleck Chemicals (Houston, TX, USA). γ-Mangostin (γ-
man, ≥98%) was separated from the pericarps of G. mangostana as
previously reported (Liu et al., 2016). γ-Man was well dissolved in
DMSO at a concentration of 10mM as stock solution. A small volume of
γ-man stock solution was added in each well based on the concentra-
tions indicated in figures, and the same volume of DMSO was also
added as the vehicle control. The concentration of DMSO is less than
0.1% in all experiments.

2.2. Cell culture

Human immortalized hepatocyte cell line L02 was obtained from
the Cell Bank of Chinese Academy of Sciences (Shanghai, China). L02
cells were routinely cultured in RPMI 1640 medium supplemented with
10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin in a hu-
midified incubator under 95% air and 5% CO2 at 37 °C.

2.3. Cell viability assay

The cell viability was evaluated by MTT assay. L02 cells were
seeded in 96-well plates at a density of 5×103 cells/well. When
reaching approximately 70–80% confluence, cells were treated with or
without different concentrations of indicated compounds for 12 h.
Subsequently, the culture medium was discarded and cells were

cultured with or without 200 μM t-BHP for additional 6 h. Then cell
viability was determined by being incubated with medium containing
MTT (1 mg/ml) for 4 h, followed by dissolving the formazan crystals
with DMSO. The absorbance at 570 nm was determined by a microplate
reader (SpectraMax M5, Molecular Devices, USA) and presented as
relative cell viability. The results were analyzed based on at least three
independent experiments.

2.4. ROS determination

A fluorescent probe, DCFH-DA, was used for determination of in-
tracellular ROS levels. L02 cells were seeded in 96-well black plates at a
density of 5× 103 cells/well for 24 h. Cells were pretreated with or
without different concentrations of γ-man or inhibitors for 12 h and
then incubated with t-BHP for additional 4 h. Then cells were washed
with PBS for three times and incubated with DCFH-DA (10 μM) at 37 °C
for 15min. Subsequently, cells were washed with PBS for three time
and the intracellular fluorescent intensity was determined by a micro-
plate reader (SpectraMax M5) with the excitation and emission wave
lengths at 485 and 535 nm, respectively. Meanwhile, the Incell
Analyzer 2000 was used to observe the intracellular fluorescence.
Results were presented as relative fluorescent intensity based on at least
three independent experiments.

2.5. Mitochondrial membrane potential (MMP) assay

The cationic dye, JC-1, was used to determine the MMP of L02 cells.
L02 cells were seeded in 24-well plates for 24 h, followed by treatment
with or without different concentrations of γ-man for 12 h. Then cells
were incubated with or without 200 μM t-BHP for additional 4 h, fol-
lowed by JC-1 (10 μg/ml) staining for 10min and gently washed with
PBS for three times. Then cells were suspended in PBS for flow cyto-
metry analysis (Becton Dickinson, USA). Meanwhile, the Incell
Analyzer 2000 was used to observe the intracellular fluorescence. The
MMP of cells was expressed as the ratio of red to green fluorescent
intensity for each sample.

2.6. Nuclear and cytoplasmic protein Extraction

The nuclear and cytoplasmic protein was collected with the Nuclear
and Cytoplasmic Protein Extraction Kit (Beyotime Biotechnology com-
pany, Shanghai, China), according to the manufacture’s instruction.

2.7. Immunoprecipitation (IP)

To examine the acetylation level of PGC-1α, the IP/Western blot
analyses were performed. The detailed procedure was described as
followings: the cellular protein was extracted and precleared by in-
cubation with protein A/G agarose beads at 4 °C for 1 h. Next, the
sample was incubated with the beads coupled to the PGC-1α antibody
at 4 °C overnight. The immune complex was washed by RIPA lysis
buffer for three times and boiled in protein loading buffer for 5min at
95 °C. Finally, the immunoprecipitate was separated with SDS-PAGE
and transferred to polyvinylidene difluoride (PVDF) membranes.

2.8. Immunofluorescent assay

L02 cells were cultured in dish for 24 h and then treated with or
without different concentrations of indicated compounds for 12 h.
Subsequently, the culture medium was discarded and cells were cul-
tured with or without 200 μM t-BHP for additional 6 h. And then cells
were fixed with 4% (v/v) PFA for 1 h at room temperature and per-
meabilized with 0.1% Triton X-100 for 1 h at room temperature. The
cells were blocked with PBS supplemented with 0.5% (w/v) BSA,
thereafter, incubated with anti-NRF2 antibody overnight at 4 °C. After
washing with PBS, the cells were incubated for 1 h at room temperature
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with a Texas red-conjugated secondary antibody (1:1000 dilution;
Molecular Probes, Eugene, OR, USA). Finally, the cells were washed
twice with PBS and the nuclei were counterstained with Hoechst 33342
for 15min at room temperature. Observation of the intracellular
fluorescence was performed on a Leica TCS SP8 Confocal Laser
Scanning Microscope System.

2.9. Generation of SIRT1 knockdown cell line

L02 cells were cultured in 6-well plate and incubated with anti-
biotics free medium for 24 h. shRNA targeting SIRT1 and empty vector
were transfected to cells using Lipofectamine 2000, following the
manufacturer’s instruction. Six hours after transfection, medium was
changed to fresh culture medium. Forty-eight hours after transfection,
10 μg/ml puromycin was added to the medium to select positive cells
for 14 days. Medium was changed every other day. The positive cells
were pooled together.

2.10. Western blot analysis

Cell lysates were prepared in RIPA buffer on ice. The protein con-
centrations were determined by BCA Protein Assay Kit (Pierce
Biotechnology). Equal amounts of protein were separated by SDS-
PAGE, and transferred to PVDF membranes. The membranes were
blocked with 5% nonfat milk for 3 h at room temperature and im-
munoblotted with polyclonal primary antibodies. After washed with
TBST for three times, the immunoblots were incubated with peroxidase-
conjugated secondary antibodies (diluted 1:1000) at room temperature
for 3 h. The proteins were detected with SuperSignal™ West Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific, Waltham,
MA, USA).

2.11. CCl4-induced acute liver injured mice model

Fifty C57BL/6 mice were purchased from the animal facility of
Faculty of Health Science, University of Macau. The mice were housed
at 22 ± 1 °C with 12 h light–dark cycles. Food and water were avail-
able ad libitum. The mice were randomly divided into five groups
(n=10). Groups I (blank control) and III (CCl4) were administrated
PEG 400-water (6:4, v/v) (10ml/kg body weight). Groups II (γ-man
control), IV (low dosage) and V (high dosage) were received 10, 5 and
10mg/kg γ-man (dissolved in PEG 400-water (6:4, v/v), 10ml/kg body
weight), respectively. The mice were intraperitoneally injected once a
day for 7 days. Two hours after the final administration, the mice from
Groups III–V were injected intraperitoneally with 5% (v/v) CCl4
(10ml/kg, dissolved in olive oil), and those from Groups I and II were
given the same volume of olive oil (i.p.). After twenty hours, the blood
samples were collected and the livers were dissected. A part of liver was
fixed with 4% PFA for histological analysis, and the remained part was
refrozen in −80 °C for biochemical parameters measurement and pro-
teins determination. All the procedures were approved by the Animal
Ethics Committee of University of Macau, and performed in strictly
accordance with the recommendations in the Guide for the Care and
Use of Laboratory Animals of Macau.

2.12. H&E staining

H&E staining was performed using standard procedures. Briefly,
liver pieces were rapidly removed from 4% PFA solution and embedded
in paraffin wax. The sections were cut to appropriate thickness followed
by H&E staining.

2.13. Measurement of biochemical parameters

The biochemical parameters, including aspartate aminotransferase
(AST), alanine aminotransferase (ALT) in serum, superoxide dismutase

(SOD) and glutathione (GSH) in liver tissues, were measured with en-
zymatic assays, according to the manufacturer's instructions (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). The results of GSH
and SOD were expressed as μg/mg protein and U/mg protein, respec-
tively. And the results of AST and ALT were expressed as unit per liter
(U/l). The protein contents were determined with a BCA Kit.

2.14. Statistical analysis

Data were expressed as mean ± SEM based on at least three in-
dependent experiments and analyzed on Graphpad Prism 6 (GraphPad
Software, San Diego, CA, USA). The significance of differences between
groups was assessed by one-way analyses of variance (ANOVA) using
SPSS software 16.0 (Chicago, IL, USA). ∗p < .05 and ∗∗p < .01 were
considered as significant difference.

3. Results

3.1. γ-Man induced expression and nuclear localization of NRF2

Our previous study evaluated the hepatoprotective effect of a series
of xanthones from G. mangostana, and found γ-man showed obvious
protective effect in L02 cells against t-BHP through decreasing in-
tracellular ROS accumulation (Wang et al., 2015). As the master reg-
ulator of antioxidant responses, NRF2 mediates the anti-oxidative ac-
tivity of many natural compounds. Hence, the expression of NRF2 in
L02 cells was detected. Treatment of γ-man upregulated the NRF2
protein level in L02 cells, which induced the expressions of the anti-
oxidant proteins HO-1 and SOD2 (Fig. 1A). Challenging with oxidative
stress, cytoplasmic NRF2 translocates to nuclei and binds to the ARE to
transcript the anti-oxidation elements. As shown in Fig. 1B, the ex-
pression of NRF2 (Texas–red fluorescence indicated) was suppressed in
L02 cells treated with t-BHP compared with that of control cells. When
treated with γ-man (10 μM), the expression of NRF2 was obviously
increased and more NRF2 was translocated to nuclei, compared with
that of t-BHP treated cells. To further confirm the distribution of NRF2
protein, nuclei and cytoplasm proteins were separated and NRF2 was
determined by Western blot. Interestingly, the cytoplasmic NRF2 was
unchanged in either t-BHP or γ-man treated cells, while the nuclear
NRF2 level was decreased in t-BHP treated cells compared with that of
control cells, and pre-treatment with γ-man increased the nuclear NRF2
level in a concentration-dependent manner (Fig. 1C).

To confirm whether the hepatoprotective effect of γ-man was
mediated by NRF2, all-trans-retinoid acid (ATRA), an NRF2 inhibitor,
was recruited. The viability was significantly decreased in t-BHP and
ATRA co-treated cells, compared with that of t-BHP treated cells, in-
dicating that ATRA treatment significantly decreased the ability of
counteracting oxidative stress in L02 cells (Fig. 2A). As expected, the
protective effect of γ-man was partially impaired when co-treated with
ATRA (Fig. 2A). Next, treatment with t-BHP or co-treatment with t-BHP
and ATRA significantly increased the intracellular ROS accumulation in
L02 cells, which was eliminated by γ-man treatment (Fig. 2B). The ROS
level was significantly increased in the cells co-treated with γ-man and
ATRA compared with that in γ-man treated cells. Compared with the
untreated cells, the expression of HO-1 was decreased in t-BHP treated,
as well as t-BHP and ATRA co-treated cells. And γ-man treatment in-
creased the levels of HO-1 and SOD2, which were slightly decreased by
the treatment of ATRA (Fig. 2C). Taken together, γ-man increased ex-
pression of NRF2 and promoted its nuclear localization to enhance
antioxidant capacity in L02 cells.

3.2. γ-Man exerted protective effect by enhancing the activity of SIRT1 and
maintaining the mitochondrial membrane potential (MMP) in L02 cells

Due to the involvement of SIRT1 in counteracting oxidative stress,
we speculated that the hepatoprotective effect of γ-man might be
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mediated through activating SIRT1. As expected, γ-man reversed t-BHP
induced suppression of SIRT1 expression in a concentration-dependent
manner (Fig. 3A). PGC-1α, one of the deacetylation substrates of SIRT1,
was also involved in alleviation of excessive ROS accumulation in cells,
and the deacetylated PGC-1α was the biologically activated form (St-
Pierre et al., 2006). Therefore, the total and acetylated PGC-1α in L02
cells were investigated. As shown in Fig. 3B, treatment of γ-man sig-
nificantly increased total PGC-1α level, and decreased the acetylated
PGC-1α level in a concentration-dependent manner. These results in-
dicated that γ-man stimulated SIRT1 expression and enhanced its

deacetylation activity on PGC-1α, resulting in protective effect against
oxidative stress in L02 cells.

Excess oxidative stress can change the MMP of cells, and further
induce cell apoptosis (Wei et al., 2001). SIRT1 and PGC-1α are reported
to regulate the mitochondrial function (Gerhart-Hines et al., 2007;
Lagouge et al., 2006). Thus, the protective role of γ-man might be re-
flected by the MMP in L02 cells. Using JC-1 staining, the polarized
mitochondria (normal status) were markedly displayed punctate or-
ange-red fluorescence, which was replaced by diffuse green monomer
fluorescence on depolarization (abnormal status) (Smiley et al., 1991).
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As shown in Fig. 3C, the red fluorescence was significantly decreased
accompanied with rise of green fluorescence in L02 cells after treatment
with t-BHP, compared with those of control cells, which indicated that a
great proportion of mitochondria were at depolarization status. Pre-
treatment of γ-man obviously reversed the change of fluorescence,
which suggested the polarized status of mitochondria was maintained.
The relative intensity of red to green fluorescence was analyzed quan-
titatively on a flow cytometer. The great shift of red to green fluores-
cence was observed in t-BHP treated cells, which was gradually re-
versed in γ-man pretreated cells (Fig. 3D). The ratio of red to green
fluorescent intensity in t-BHP treated cells was around half of that of
control cells, which was significantly increased by γ-man treatment in a
dose dependent manner (Fig. 3E). Therefore, it was deduced that the
hepatoprotective effect of γ-man might be mediated by maintaining the
polarized status of mitochondria.

3.3. SIRT1 inhibitor or SIRT1 knockdown partially blocked the
hepatoprotective effect of γ-man in L02 cells

To further confirm the role of SIRT1 in hepatoprotective effect of γ-
man, tenovin-1, a SIRT1 inhibitor, was recruited. The cell viability was
significantly decreased by treatment of t-BHP or co-treatment of t-BHP
and tenovin-1, compared with that of control cells (Fig. 4A). γ-Man

dramatically rescued L02 cells from t-BHP induced oxidative injury,
while tenovin-1 partially blocked the protective effect of γ-man, which
indicated that the hepatoprotective effect was partially through SIRT1
(Fig. 4A). Western blot analysis showed decreased total PGC-1α level
and increased acetylated PGC-1α level in L02 cells treated with t-BHP
or co-treated with t-BHP and tenovin-1, compared with those of control
cells (Fig. 4B). Interestingly, tenovin-1 only partially abolished the ef-
fect of γ-man on acetylation level of PGC-1α, but not total PGC-1α
(Fig. 4B).

Quantitative analysis results showed that treatment with γ-man
significantly decreased t-BHP induced ROS accumulation in L02 cells
(Fig. 4C). And the ROS level was significantly increased by the treat-
ment of tenovin-1 compared with that of γ-man treated cells (Fig. 4C).
Furthermore, γ-man treatment increased the expressions of HO-1 and
SOD2 in t-BHP treated L02 cells, which was partially abolished by the
SIRT1 inhibitor (Fig. 4D).

Next, SIRT1 shRNA interfering experiment was performed in L02
cells. As shown in Fig. 5A, the cell viability of L02 cells were sig-
nificantly decreased by treatment with t-BHP both in vector control
(VC) and SIRT1 knockdown group compared with that of control group.
And 20% more cells were damaged in SIRT1 knockdown cells compared
with that of VC cells. The protective effect of γ-man was impaired by
SIRT1 knockdown, in which the cell viability was decreased about 20%
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normal control group; **p < .01 vs. t-BHP treated group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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compared with that of VC cells. These results further indicated that the
protective effect of γ-man in L02 cells was involved in SIRT1. Western
blot results showed that SIRT1 knockdown significantly decreased the
expression of SIRT1 (Fig. 5C), which induced the increased acetylation
level of PGC-1α in control and t-BHP cells (Fig. 5B). γ-Man treatment
significantly increased the expression and activity of SIRT1, and the
effect of this compound was blunted by SIRT1 knockdown. It was also
found that the induction of HO-1 and SOD2 was influenced by SIRT1
ablation. As shown in Fig. 5C, SIRT1 knockdown did not influence the
expressions of HO-1 and SOD-2 in normal condition. When challenging
with oxidative stress, it was found the induction of these two enzymes
by γ-man was significantly decreased in SIRT1 knockdown cells. Taken
together, it was deduced that γ-man increased the expression and ac-
tivity of SIRT1, which further facilitated the deacetylation of PGC-1α to
resist oxidative damage.

3.4. γ-Man attenuated CCl4 induced acute liver injury in mice

CCl4 is known to cause acute liver injury characterized with cen-
trilobular necrosis (Morio et al., 2001). The main underlying mechan-
isms includes cytochrome P450-mediated metabolism of CCl4 to a

highly reactive trichloromethyl radical, which initiates lipid peroxida-
tion and leads to hepatocellular membrane damage (Koch, Glende, &
Recknagel, 1974). The hepatoprotective effect of γ-man was further
validated in CCl4-treated C57BL/6 mice. The experimental procedure
was briefly described in Fig. 6A. The H&E staining was performed to
observe the change of liver architecture. More necrosis and inflamma-
tion hepatocytes were found in the liver specimens from CCl4 treated
mice, compared with those of control mice (Fig. 6B). However, pre-
treatment of γ-man for one week obviously protected mice from CCl4-
induced liver toxicity. As shown in Fig. 6B, the liver tissues from low
and high dosage of γ-man group of mice (LD and HD) contained less
necrosis and inflammation hepatocytes. Moreover, the serum AST and
ALT levels were significantly increased by treatment with CCl4
(Fig. 7A). When pre-treated with γ-man, the AST and ALT levels were
significantly decreased compared with that of the CCl4 group, no matter
in LD or HD groups (Fig. 7A). Meanwhile, the SOD2 activity and GSH
content in liver tissues were significantly increased in γ-man treated
group compared with those of CCl4 group (Fig. 7A). The biochemical
parameters were not changed when the mice were challenged with γ-
man only, compared with those of control group, which demonstrated
that γ-man did not affect the liver physiological function in mice
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Fig. 4. The SIRT1 inhibitor (tenovin-1) partially blocked the protective effect of γ-man in L02 cells. The effect of tenovin-1 on cell viability (A), expression and acetylation level of PGC-1α
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(Fig. 7A). These biochemical parameters measurements were in ac-
cordance with the pathological observations, and the results showed
that γ-man attenuated the CCl4-induced acute liver injury in mice.

To further confirm the potential molecular mechanisms of γ-man in
counteracting CCl4-induced liver toxicity in mice, NRF2 and SIRT1
expressions were detected in livers. The expressions of NRF2 and SIRT1
were significantly increased in LD and HD groups, resulting in increased
of antioxidant enzymes HO-1 and SOD2 (Fig. 7B). Based on these re-
sults, it was deduced that the increased expressions of NRF2 and SIRT1
might mediate the hepatoprotective effects of γ-man in mice.

4. Discussion

In the current study, γ-man was found to upregulate the expressions
of NRF2 and SIRT1 in vitro and in vivo when challenging with oxidative
stress. Recent studies reported NRF2 can be deacetylated by SIRT1 to
further induce less nuclei localization in HepG2 cells (Kawai, Garduño,
Theodore, Yang, & Arinze, 2011) and glomerular mesangial cells
(Huang et al., 2013). However, the current data showed the nuclear
localization of NRF2 and induction of antioxidant elements were sig-
nificantly increased by γ-man treatment, which was accompanied with
the increased expression and activity of SIRT1. The contrary observa-
tion might be due to the cells and animals in current study were chal-
lenged by oxidative stress (t-BHP or CCl4). Actually, several other

β-actin

HO-1 

SOD2

(C)

β-actin

PGC-1α
WB

(B)

IP: PGC-1α
WB: Ac-lysine

# 

# 

** 

** 

& 

& 

(A)

t-BHP (200 µM) - - + + + +
SIRT1 shRNA - + - + - +
empty vector + - + - + -

γ-man (10 µM)  - - - - + +

t-BHP (200 µM)  - - + + + +
SIRT1 shRNA - + - + - +
empty vector + - + - + -

γ-man (10 µM)  - - - - + +

t-BHP (200 µM)  - - + + + +
SIRT1 shRNA - + - + - +
empty vector + - + - + -

γ-man (10 µM)  - - - - + +

IP: WB: PGC-1α

SIRT1
t-BHP (200 µM)  - - + + + +
SIRT1 shRNA - + - + - +
empty vector + - + - + -

γ-man (10 µM)  - - - - + +

t-BHP (200 µM)  - - + + + +
SIRT1 shRNA - + - + - +
empty vector + - + - + -

γ-man (10 µM)  - - - - + +

t-BHP (200 µM)  - - + + + +
SIRT1 shRNA - + - + - +
empty vector + - + - + -

γ-man (10 µM)  - - - - + +

# 
# 

** 

** 

# 
# 

** 
** 

& & 

& & 

# 

# 

** 

** 
& & & 
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studies also demonstrate that SIRT1 and NRF2 simultaneously en-
hanced antioxidant capacity in several animal and cell models, in-
cluding LPS‐induced oxidative stress in rat brain, rat glomerular me-
sangial cells and coronary arterial endothelial cells (Huang et al., 2015;
Shah et al., 2017; Ungvari et al., 2010). Till now the direct interaction
relationship between SIRT1 and NRF2 is merely investigated.

The current data showed either the NRF2 inhibitor (ATRA) or the
SIRT1 inhibitor (tenovin-1) could only partially block the protective
effect of γ-man in L02 cells. Hence it was deduced that NRF2 and SIRT1
might regulate the hepatoprotective effect of γ-man parallelly. To va-
lidate this hypothesis, the protective effect of γ-man in L02 cells was
evaluated with co-treatment of ATRA and tenovin-1. As shown in Fig.
S1, more L02 cells were damaged by treatment with ATRA (4 μM) or
tenovin-1 (20 μM) compared with that of t-BHP treated cells. Co-treat-
ment of ATRA and tenovin-1 in L02 cells induced more severe cell

death, which demonstrated that NRF2 and SIRT1 signaling pathways
functioned parellelly. Surprisingly, co-treatment with ATRA and te-
novin-1, together with γ-man, only partially decreased the cell viability
compared with the γ-man treated cells. It indicated that γ-man might
competitively bind to the binding domains of NRF2 and SIRT1, re-
sulting in impaired the inhibitory effects of these two inhibitors. On the
other hand, other signaling pathways responsible for the cell survive
and mitochondrial ROS production might also mediate the hepatopro-
tective effect of γ-man, such as B-cell lymphoma 2 (Bcl-2) (Hockenbery,
Oltvai, Yin, Milliman, & Korsmeyer, 1993), Bcl-xL (Gross, McDonnell, &
Korsmeyer, 1999), p53 (Finkel & Holbrook, 2000), Forkhead box O3a
(FoxO3a) (Li et al., 2008) and hypoxia-inducible factor 1α (HIF-1α)
(Sack & Finkel, 2012). Thus, the treatment of SIRT1 and NRF2 in-
hibitors could not totally block the protective effect of γ-man in t-BHP
challenged L02 cells. Recently, mangiferin, a xanthone isolated from
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5 mg/kg BW i.p; HD, high dosage group, 10mg/
kg BW i.p).
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mango, was found to protect murine liver from being damaged by
oxidative stress, and suppress cell apoptosis induced by plumbum
through activation of mitogen-activated protein kinases (MAPK) and
nuclear factor-κB (NF-κB) pathways (Pal, Sinha, & Sil, 2013). In our
study, the oxidative stress induced by oxidants (t-BHP) or toxicants
(CCl4) is considered as the major reason for loss of cell viability in L02
cells or liver function in mice. And our results demonstrated γ-man as a
potent candidate in counteracting with oxidative stress both in vitro and
vivo. Thus, xanthones might be a new class of candidates to develop as
hepatoprotective agents.

PGC-1α, a deacetylation substrate of SIRT1, regulates mitochondrial
biogenesis and antioxidant effect with the involvement of nuclear re-
spiratory factors (NRFs) and peroxisome proliferators-activated re-
ceptor-β (PPARβ) (St-Pierre et al., 2003; Ventura-Clapier, Garnier, &
Veksler, 2008). It has been demonstrated that deacetylated PGC-1α
translocates to mitochondria and induces the expression and activation
of SIRT3, which further facilities the activation of SOD2 (deacetylation)
to counteract with ROS (Qiu, Brown, Hirschey, Verdin, & Chen, 2010;
Shi, Wang, Stieren, & Tong, 2005; St-Pierre et al., 2006). In our study, it
was found that the expression of SOD2 was not always consistent with
the ROS level in cells. It was deduced that apart from the expression of
SOD2, the activity of this enzyme might also affect its antioxidant
ability. Meanwhile, other signaling pathways, such as p53, FoxO3a and
HIF-1α, might be also responsible for ROS scavenging, which need
further investigation and exploration.

Besides γ-man, the hepatoprotective activity of other xanthones
from G. mangostana have also been investigated, especially α-man-
gostin. Previous study reported α-mangostin attenuated hepatic stea-
tosis in high fat diet induced obese mice through SIRT1 and PPARγ
(Choi et al., 2015). In the current study, we found that γ-man, one of
analogues of α-mangostin, could also upregulate the expression of
SIRT1 in liver to counteract with CCl4 induced acute liver injury. Using
the “Fluor-de-Lys” substrate, the direct activating effect of γ-man on
SIRT1 deacetylation activity was evaluated. The result showed that γ-
man did not change SIRT1 deacetylation activity obviously (data no
shown). However, other studies challenged the overall utility of the
above assay to screen SIRT1 activator, since the authors considered that
the Fluor de Lys-p53 peptide is an artificial SIRT1 substrate (Beher
et al., 2009). Resveratrol, one of the activators of SIRT1, is widely in-
vestigated in in vitro and in vivo studies (Howitz et al., 2003). Report
also indicated the activation effects of resveratrol on SIRT1 deacetyla-
tion depend on substrate sequence, and suggested substrates relevant
for in vivo effects (Lakshminarasimhan, Rauh, Schutkowski, &
Steegborn, 2013). In our study, γ-man activated SIRT1 to facilitate
deacetylation of PGC-1α challenging with t-BHP in a concentration-
dependent manner. Till now, there is no report to clearly elucidate the
activation mechanism of SIRT1 by neither α-mangostin nor γ-man.
Based on current results, several questions about the activation me-
chanism of γ-man, including whether γ-man directly binds and activates
SIRT1, which binding site is effective for γ-man and the structure-ac-
tivity relationship between xanthones, still need to be resolved and
investigated.

5. Conclusion

In summary, γ-man attenuated oxidative injury in t-BHP-treated
hepatocytes and CCl4-challenged mice. Mechanisms study demon-
strated that γ-man increased the nuclear translocation of NRF2 and
expressions of SOD2 and HO-1 to enhance antioxidant capacity.
Meanwhile, γ-man stimulated the expression of SIRT1 and enhanced its
deacetylation activity, which further facilitated the decrease of acety-
lated PGC-1α to regulate the mitochondrial function. Taken together, γ-
man might be a potential candidate for clinical prevention and treat-
ment of acute liver oxidative injury.
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