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Celastrol ameliorates liver metabolic damage
caused by a high-fat diet through Sirt1
Yinliang Zhang 1, Chao Geng 1, Xiaoyan Liu 1, Meixia Li 2, Mingyue Gao 1, Xiaojun Liu 1,*, Fude Fang 1,**,
Yongsheng Chang 1,***
ABSTRACT

Objective: Celastrol was recently identified as a potential novel treatment for obesity. However, the effect of Celastrol on nonalcoholic fatty liver
disease (NAFLD) remains elusive. The aim of this study is to evaluate the role of Celastrol in NAFLD.
Methods: Functional studies were performed using wild-type C57BL/6J (WT) mice and liver specific Sirt1-deficient (LKO) mice. The molecular
mechanism was explored in primary mouse liver and primary hepatocytes.
Results: When WT mice receiving a high-fat diet (HFD) were treated with Celastrol, reductions in body weight, subcutaneous and visceral fat
content, and liver lipid droplet formation were observed, along with reduced hepatic intracellular triglyceride and serum triglyceride, free fatty
acid, and ALT concentrations. Furthermore, Celastrol decreased hepatic sterol regulatory element binding protein 1c (Srebp-1c) expression,
enhanced the phosphorylation of hepatic AMP-activated protein kinase a (AMPKa), and increased the expression of hepatic serineethreonine
liver kinase B1 (LKB1). Additionally, Celastrol treatment improved glucose tolerance and insulin sensitivity in WT mice fed the HFD. Celastrol
administration also improved the anti-inflammatory and anti-oxidative status by inhibiting nuclear factor kappa B (NFkB) activity and the mRNA
levels of proinflammatory cytokines and increasing mitochondrial DNA copy number and anti-oxidative stress genes expression in WT mice liver,
in vivo and in vitro. Moreover, Celastrol induced hepatic Sirt1 expression in WT mice, in vivo and in vitro. These Celastrol-mediated protective
effects in WT mice fed a HFD were abolished in LKO mice fed a HFD. It was more interesting that Celastrol aggravated HFD-induced liver damage
in LKO mice fed a HFD by inhibiting the phosphorylation of AMPKa and boosting the translocation of NFkB into the nucleus, thereby resulting in
the increase of Srebp-1c expression and the mRNA levels of liver proinflammatory cytokines.
Conclusions: Celastrol ameliorates NAFLD by decreasing lipid synthesis and improving the anti-oxidative and anti-inflammatory status. And
Sirt1 has an important role in Celastrol-ameliorating liver metabolic damage caused by HFD.

� 2016 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD), characterized histologically by
hepatic steatosis, is currently the most common chronic liver disease
worldwide. NAFLD is not caused by alcohol consumption or viruses, is
not congenital, and does not display autoimmune liver disease
markers. NAFLD is emerging as a risk factor for diabetes and car-
diovascular disease [1]. The pathologic characteristics of NAFLD
comprise a wide spectrum of liver damage, ranging from simple
steatosis to nonalcoholic steatohepatitis (NASH) and cirrhosis [2]. The
pathogenesis of NAFLD is complex and some risk factors including
lipid metabolic disorder, chronic inflammation, and oxidative stress
have been shown to play a key role in the pathogenesis of NAFLD [3].
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There are some theories to explain the pathological features of NAFLD,
such as the ’two hit’ model [4]. The first hit is that insulin resistance
causes lipid accumulation in hepatocytes, and the second hit is that
cellular insults result in inflammation and fibrosis from oxidative stress,
mitochondrial dysfunction, lipid peroxidation, and cytokine activity [5].
Additionally, hepatocyte death caused by the defect of hepatocyte
regeneration and oxidative stress inhibiting the replication of mature
hepatocytes represents the proposed ‘third hit’ in NAFLD pathogenesis
[6]. However, another view has been proposed that free fatty acids can
also directly cause toxicity by increasing oxidative stress and activating
inflammatory pathways [6].
Silent mating type information regulation 2 homolog 1 (Sirt1) plays a
crucial role in the DNA damage response, carcinogenesis, and the
s Chinese Academy of Medical Sciences & School of Basic Medicine Peking Union
ience, Institute of Biophysics, Chinese Academy of Sciences, Beijing 100101, China

f Basic Medical Sciences Chinese Academy of Medical Sciences & School of Basic
ax: þ86 10 65253005. E-mail: xiaojunliu@ibms.pumc.edu.cn (X. Liu)

f Basic Medical Sciences Chinese Academy of Medical Sciences & School of Basic
ax: þ86 10 65253005. E-mail: fangfd@vip.sina.com (F. Fang)

of Basic Medical Sciences Chinese Academy of Medical Sciences & School of Basic
ax: þ86 10 65253005. E-mail: changy@ibms.pumc.edu.cn (Y. Chang)

r 8, 2016 � Available online 17 November 2016

his is an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.molmet.2016.11.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molmet.2016.11.002&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


regulation of lifespan, which are all mediated by its nicotinamide
adenine dinucleotide (NADþ)-dependent deacetylase activity. Sirt1 and
its activators play a key role in lipid and glucose homeostasis and
insulin sensitivity via regulating mitochondrial biogenesis and b-
oxidation, and improving anti-inflammatory activities [7]. Previous
studies indicated that the activation of Sirt1 in the liver protects against
high-fat diet (HFD)-induced metabolic damage [7e10].
Celastrol, also known as tripterine, was originally identified from
traditional Chinese medicine and used for the treatment of cancer and
some inflammatory diseases. In addition, Celastrol has been shown to
be a very potent inhibitor of lipid peroxidation in mitochondria by direct
radical scavenging. Moreover, it can prevent the attack of oxygen
radicals on the inner mitochondrial membrane by increasing its
negative surface charge [11]. Recently, Celastrol was identified as a
leptin sensitizer and potential novel treatment for obesity [12,13], and
Celastrol-treated mice exhibited a decrease in liver weights due to
reduced hepatic steatosis and intrahepatic triglycerides accumulation
[13]. However, whether Sirt1 mediates the effect of Celastrol on NAFLD
has remained elusive.
In this study, we report that Celastrol ameliorates NAFLD by decreasing
lipid synthesis and improving the anti-oxidative and anti-inflammatory
status. However, Celastrol aggravates liver metabolic damage in liver
specific Sirt1-deficient mice fed a HFD through inhibiting the phos-
phorylation of AMP-activated protein kinase a (AMPKa) and boosting
the translocation of nuclear factor kappa B (NFkB) into the nucleus,
thereby increasing expression of Srebp-1c and the mRNA levels of liver
proinflammatory cytokines.

2. MATERIALS AND METHODS

2.1. Animal protocols
Wild-type C57BL/6J (WT) male mice, approximate 6 weeks of age
were purchased from the Model Animal Research Center of Nanjing
University (Nanjing, China). Mice with floxed alleles of Sirt1 were
crossed with mice that express Cre recombinase driven by the albumin
promoter (Jackson Laboratory) in the liver to generate liver specific
Sirt1-deficient (LKO) mice, which express a Sirt1 mutant protein in
liver. The LKO mice bear a conditional deletion of Sirt1 exon 4, which
encodes 51 amino acids of the conserved Sirt1 catalytic domain [14].
All mice were housed in individually ventilated cages and maintained
on a 12 h light-dark cycle. The mice were fed a HFD (60% fat;
Research Diets) ad libitum with free access to water. The WT and LKO
male mice fed a HFD were intraperitoneally injected with Celastrol
(200 mg/kg, �98% (HPLC), Cat. No. C0869; Sigma, St. Louis, MO) or
DMSO (control) at 14-weeks-old every two days for 4 weeks. All an-
imal experiments were conducted under protocols approved by the
Animal Research Committee of the Institute of Laboratory Animals,
Chinese Academy of Medical Sciences and Peking Union Medical
College. Serum and liver concentrations of triglyceride (TG) and total
cholesterol (TC) were determined using an automated Monarch device
(Peking Union Medical College Hospital, Beijing, China). To assess
Lipopolysaccharide (LPS) susceptibility, mice were injected intraperi-
toneally with 20 mg/kg of Escherichia coli-derived LPS serotype
0111:B4 (Sigma). All surgeries were performed under sodium pento-
barbital anesthesia, and all precautions were taken to minimize the
suffering.

2.2. Isolation and culture of mouse primary hepatocytes
Mouse primary hepatocytes were isolated and cultured as previously
reported [15]. Hepatocytes were harvested after incubation for
different concentration of Celastrol treatment for indicated time.
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2.3. Histological analysis
For H&E staining, liver tissues were fixed in 10% neutral-buffered
formalin, embedded in paraffin, and cut into 4-mm sections. For Oil
Red O staining, liver tissues were frozen in liquid nitrogen and cut into
8-mm sections. Sections were stained and analyzed at 200�
magnification using a microscope.

2.4. RNA isolation and quantitative RT-PCR
Total RNA was extracted from mouse liver or primary hepatocytes
using a TRIzol-based method (Roche Molecular Biochemicals, Indi-
anapolis, IN). Approximately 2 mg of total RNA was reverse-transcribed
into a first-strand cDNA pool using SuperScript� reverse transcriptase
and random primers (Abcam). Q-PCR was performed using the SYBR
Green I Q-PCR kit (Promega) with a Bio-Rad CFX system. All gene
expression data were normalized to GAPDH expression levels. The
specific primer sequences are presented in Supplemental Table S1.

2.5. Western blotting
Protein was extracted from frozen liver samples or cultured hepato-
cytes in cell lysis buffer. In total, 40e60 mg of protein was loaded onto
a 10% SDS-polyacrylamide gel, and separated proteins were trans-
ferred to PVDF membranes. Western blot assays were performed using
specific antibodies. Anti-Sirt1 antibody was purchased from Millipore
(Cat. No. 7131, Millipore, Schwalbach, Germany), and anti-p-AMPKa
and AMPKa antibodies were purchased from Cell Signaling Technol-
ogies (Cat. No. 2535 and 5831, Beverly, MA, USA). Anti-Srebp-1
antibody was obtained from Santa Cruz Biotechnology (Cat. No. sc-
13551, Santa Cruz, CA, USA). Anti-Gapdh and a-tubulin antibodies
were obtained from Abmart (Cat. No. CW0100A and CW0098A,
Arlington, MA, USA). Anti-Sod2, NFkb and LKB1 antibodies were
purchased from ABclonal Technology (Cat. No. A1340, A2771 and
A2122, Abclonal, Wuhan, China). Anti-HDAC3 antibody was obtained
from Abcam (Cat. No. ab7030, Abcam, Cambridge, UK).

2.6. Tolerance test
The glucose tolerance test (GTT) and insulin tolerance test (ITT) were
performed after 4 weeks of Celastrol administration. For GTT, mice
fasted for 16 h received an intraperitoneal injection of glucose (1.5 g/
kg). For and ITT, mice fasted for 6 h received an intraperitoneal in-
jection of human insulin (0.75 IU/kg). Blood glucose concentrations
were measured from tail blood at the indicated times using a One-
Touch Ultra� glucometer (LifeScan Inc., Milpitas, CA).

2.7. Mitochondrial DNA copy number
The mitochondrial DNA (mtDNA) copy number was used as a marker
for mitochondrial density using qPCR as previously reported [16].
Briefly, total DNA was isolated from liver or hepatocytes using a Uni-
versal Genomic DNA Extraction Kit (Tiangen) according to the manu-
facturer’s instructions. The mitochondrial DNA copy number was
calculated from the ratio of COX II (mitochondrial-encoded gene)/b-
actin (nuclear-encoded gene). The primer sequences of COX II and b-
actin are presented in Supplemental Table S1.

2.8. Measurement of mitochondrial ROS accumulation
Mitochondrial reactive oxygen species (ROS) accumulation was
measured as previously reported [17]. In brief, intracellular production
of mitochondrial ROS was measured using MitoSOX Red (Molecular
Probes). For this assay, primary hepatocytes were plated in six-well
plates. Cells were treated with Celastrol or DMSO. After 24 h, cells
were trypsinized, harvested, and loaded with MitoSOX Red for 10 min
in the dark at 37 �C. Next, cells were washed twice with PBS, and
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Figure 1: Celastrol protects against high-fat diet-induced hepatic steatosis. Effects of Celastrol treatment in WT mice fed a HFD. Reduction in body weight (A) and
subcutaneous and visceral fat weight (B). (C) Reversal of HFD-induced hepatosteatosis as indicated by H&E and Oil Red O staining (200�). (D) Decreased protein expression of
hepatic Srebp-1c. (E) Decreased hepatic mRNA levels of Srebp-1c and its target gene, Acc. (F) Celastrol treatment increased hepatic AMPKa phosphorylation and LKB1 expression
in WT mice fed a HFD. (G) Glucose tolerance tests and insulin tolerance tests. The wild type mice were treated with DMSO (n ¼ 8) or Celastrol (n¼ 8, intraperitoneally injected with
200 mg/kg at 14-weeks-old every two days for 4 weeks). The quantitative data are presented as the mean � SD or SEM of three independent experiments. *p < 0.05, **p < 0.01,
***p < 0.001, n.s., not significant.
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fluorescence was measured using flow cytometry (excitation at
510 nm, emission at 580 nm). A minimum of 10,000 cells was ac-
quired for each sample.

2.9. Immunofluorescence staining
Primary hepatocytes were fixed in 4% PFA, permeabilized with PBS,
0.2% Triton X-100, and incubated with anti-p65 monoclonal anti-
bodies (ABclonal), followed by incubation with a TRITC-conjugated
anti-mouse antibody. Nuclei were stained with DAPI.

2.10. Statistical analysis
The quantitative data are presented as the mean� SD or SEM of three
independent experiments. For the statistical analysis, the differences
140 MOLECULAR METABOLISM 6 (2017) 138e147 � 2016 The Author(s). Published by Elsevier GmbH. T
among means values were analyzed by nonparametric independent-
sample test (SPSS), and p < 0.05 was considered statistically sig-
nificant. *p < 0.05, **p < 0.01, ***p < 0.001.

3. RESULTS

3.1. Celastrol alleviates high-fat diet-induced hepatic steatosis in
wild type mice
As previously reported [12], Celastrol treatment for 4 weeks decreased
the body weight of WT mice fed the HFD by 17% (p < 0.05)
(Figure 1A). In addition, we also tested daily food intake for two weeks
after treatment in WT mice fed the HFD. The daily food intake for the
control WT mice fed the HFD treated by DMSO was 2.30 � 0.03 g
his is an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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during the first two weeks of trial (Figure S1A). In the Celastrol-treated
group, the daily food intake was reduced to 1.80 � 0.06 g in WT mice
fed the HFD (Figure S1A). The Celastrol-induced change in body weight
was also manifested by a reduction in subcutaneous and visceral fat in
the WT mice (Figure 1B). Furthermore, we also detected the role of
Celastrol in liver steatosis. We found the liver weights of the Celastrol-
treated WT mice fed the HFD were lower compared to the control group
(Figure S1B). However, the liver/body weight ratio was not significantly
different between the Celastrol-treated WT mice fed the HFD and those
in the control group (Figure S1C). Chronic HFD exposure causes
apparent hepatosteatosis, including the massive accumulations of
large lipid droplets and the ballooning degeneration of liver cells, which
were clearly reversed by Celastrol treatment in WT mice fed the HFD
(Figure 1C). The biochemical analysis revealed that Celastrol also
reduced hepatic TG and serum TG, FFA, and ALT concentrations of WT
mice fed the HFD (Table 1). Srebp-1c has been reported to be an
important transcription factor involved in liver fat metabolism by
regulating the expression of genes involved in fatty acid synthesis [18].
In this study, Celastrol decreased the hepatic protein expression of
Srebp-1c in WT mice fed the HFD in vivo and in vitro (Figure 1D and
Figure S1D). In addition, Celastrol also reduced the hepatic mRNA
levels of the Srebp-1c target gene, acetyl-CoA carboxylase (Acc), in WT
mice fed the HFD and the cellular mRNA levels of Srebp-1c and Acc in
primary hepatocytes (Figure 1E and Figure S1E). AMPKa is an energy
sensor that regulates cellular metabolism including lipid metabolism
via down-regulation of Srebp-1c [19,20]. In WT mice fed the HFD,
Celastrol promoted phosphorylation of AMPKa but did not increase
AMPKa protein levels (Figure 1F). Furthermore, Celastrol increased the
hepatic expression of serineethreonine liver kinase B1 (LKB1), a
principal upstream kinase for AMPK (Figure 1F). To further investigate
whether Celastrol plays a role in systemic glucose and insulin sensi-
tivity, we performed the GTT and ITT. Compared to the control group,
Celastrol had no obvious effect on basal glucose levels but improved
glucose tolerance and insulin sensitivity in WT mice fed on the HFD
(Figure S1F and Figure 1G).

3.2. Celastrol increases hepatic anti-inflammation and antioxidant
capacity
HFD-induced obesity leads to chronic inflammation, which is believed
to be a key feature of obesity [21]. Previous reports have indicated that
the mRNA expression of interleukin 6 (IL-6) and tumor necrosis factor
a (TNFa) was significantly increased in the livers of the WT mice fed a
HFD [8]. Our results showed that Celastrol inhibited the hepatic mRNA
expression of TNFa, IL-6, and IL-1b in vivo and in vitro (Figure 2A and
Figure S2A). Because IL-6 and TNFa are regulated by NFkB, we tested
the effect of Celastrol on the p65 subunit of NFkB complex. The results
Table 1 e Metabolic profiles of WT and LKO mice fed a high-fat diet.

WT

Con Cela

Serum TG (mg/dL) 278.9 � 19.46 228.7 �
Serum TC (mg/dL) 191.3 � 14.46 184.2 �
Serum FFA (mg/dL) 1.390 � 0.0715 1.091 �
Serum ALT (U/L) 84.06 � 8.813 50.94 �
Serum AST (U/L) 167.6 � 11.01 160.8 �
Liver TG (mg/g liver) 140.9 � 14.03 88.30 �
Liver TC (mg/g liver) 8.017 � 0.2653 8.564 �
The data are presented as the mean � SEM. (n ¼ 6-8 per group), * p < 0.05, ** p < 0.
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showed that Celastrol inhibited hepatic NFkB expression in vivo and
in vitro (Figure 2B and Figure S2B). LPS is an inflammatory agent that
activates a wide range of responses partly mediated by NFkB. In this
study, WT mice fed a standard diet treated by Celastrol had a marked
LPS hypersensitivity compared with the controls (Figure 2C). Collective
studies have suggested that oxidative stress may also contribute to
clinical progression from simple fatty liver to NASH [3]. Mitochondria
are now widely recognized to have numerous complex functions,
including the regulation of oxidative stress and inflammation [22]. In
this study, Celastrol increased hepatic mtDNA copy number
(Figure 2D). Moreover, Celastrol promoted the expression of the
antioxidant-related genes Sod2 and Tfam, in vivo and in vitro
(Figure 2E and Figure S2C). In addition, Celastrol inhibited mitochon-
drial reactive oxygen species (ROS) production in WT primary hepa-
tocytes (Figure 2F).

3.3. Celastrol induces hepatic Sirt1 expression
An increasing number of studies have reported that the activation of
Sirt1 may affect the pathogenetic molecular cascade and the thera-
peutic mechanisms of NAFLD [7e10]. Therefore, we tested the effect
of Celastrol on hepatic Sirt1 in vivo. The results showed that Celastrol-
induced liver Sirt1 mRNA and protein expression (Figure 3A).
Furthermore, we also tested the effect of Celastrol on Sirt1 expression
in primary hepatocytes. We found that the protein expression of Sirt1
was induced in the WT primary hepatocytes in response to different
concentrations of Celastrol treatment (Figure 3B). In addition, Celastrol
also increased the mRNA levels of Sirt1 in WT primary hepatocytes
(Figure 3C).

3.4. Alleviation of HFD-induced hepatic steatosis by Celastrol is
abolished in liver specific Sirt1-deficient mice
To further evaluate the molecular mechanism of Celastrol-induced
protection for NAFLD, we tested the role of Celastrol in LKO mice fed
a HFD in vivo. Although liver specific LKO mice bear a conditional
deletion of Sirt1 at exon 4, which encodes 51 amino acids of the
conserved Sirt1 catalytic domain, the mutant Sirt1 protein migrates
slightly faster than WT Sirt1 in Western blot analyses (Figure S3A).
Similar to previous reports [23], LKO mice fed the HFD are also pro-
tected from body weight gain (Figure S3B). Celastrol had a modest and
non-significant effect on the body weights of LKO mice fed a HFD
(Figure 4A). In addition, like the role of Celastrol in WT mice on HFD,
Celastrol also decreased daily food intake in LKOmice on HFD during the
first two weeks of the trial (Figure S4A). Furthermore, the reductions in
Celastrol-induced subcutaneous and visceral fat, liver weight, hepatic
TG, and serum TG, FFA, and ALT levels in WT mice fed the HFD were
abrogated in LKOmice fed the HFD (Figure 4B, Figure S4B and Table 1).
LKO

strol Con Celastrol

4.226* 141.7 � 16.08 135.8 � 5.197
8.969 144.4 � 10.24 151.5 � 7.038
0.0498** 1.073 � 0.0692 1.039 � 0.0740
3.084** 68.25 � 7.170 62.58 � 14.84
6.589 176.1 � 8.902 136.6 � 18.89
11.44* 133.4 � 7.181 182.9 � 5.495**
0.5792 9.618 � 0.5686 11.29 � 0.9825

001, compared with the control group.
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Figure 2: Celastrol increases hepatic anti-inflammation and antioxidant capacity. (A) Celastrol reduced the mRNA levels of hepatic TNFa, IL-6, and IL-1b in WT mice fed a
HFD. (B) Celastrol decreased the protein expression of hepatic NFkB-p65. (C) KaplaneMeier plot of survival curves of wild type mice on standard diet treatment with Celastrol or
DMSO for 4 weeks after injection of 20 mg/kg LPS (n ¼ 6 per group). (D) Celastrol increased the hepatic mitochondrial DNA copy number in WT mice fed a HFD. (E) Celastrol
promoted the protein expression of hepatic Sod2 and increased the mRNA levels of hepatic Sod2 and Tfam. (F) Celastrol inhibited mitochondrial ROS production in the primary
hepatocytes of WT mice. The quantitative data are presented as the mean � SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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Interestingly, Celastrol increased the hepatic lipid droplet formation and
TG concentration in LKO mice fed the HFD (Figure 4C and Table 1). In
contrast to the WT mice, Celastrol induced the expression of hepatic
Srebp-1c in vivo and in vitro (Figure 4D and Figure S4C). And Celastrol
increased the mRNA level of hepatic Acc in vivo but not in vitro
(Figure 4D and Figure S4C). Furthermore, Celastrol decreased the
phosphorylation of AMPKa and inhibited hepatic LKB1 expression in
LKO mice fed the HFD (Figure 4E). Celastrol had no effect on glucose
tolerance and insulin sensitivity in LKO mice on HFD (Figure 4F).

3.5. Celastrol inhibits the expression of proinflammatory factors
and antioxidant capacity through Sirt1
We further tested the role of Celastrol on chronic inflammation and
oxidative stress in LKO mice fed a HFD. In contrast to the WT mice fed a
142 MOLECULAR METABOLISM 6 (2017) 138e147 � 2016 The Author(s). Published by Elsevier GmbH. T
HFD, Celastrol increased the mRNA expression of liver TNFa, IL-6, and
IL-1b in LKO mice fed a HFD, but not in the hepatocytes of LKO mice
(Figure 5A and Figure S5A). Furthermore, Celastrol also enhanced
hepatic NFkB expression in vivo and in vitro and induced NFkB
translocation from the cytoplasm to the nucleus (Figure 5B, C,
Figure S5B). LKO mice fed a standard diet and treated with Celastrol
had reduced LPS hypersensitivity compared with the controls
(Figure 5D). In addition, Celastrol decreased the liver mtDNA copy
number in LKO mice (Figure 5E). The Celastrol-induced increases in
anti-oxidative genes, including Sod2 and Tfam, in WT mice fed the HFD
were abolished in LKO mice fed the HFD and the primary hepatocytes
of LKO mice (Figure 5F and Figure S5C). Finally, the effect of Celastrol-
induced mitochondrial ROS reduction was alleviated in the LKO primary
hepatocytes (Figure 5G).
his is an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: Celastrol induces hepatic Sirt1 expression. (A) Celastrol induced the protein (left) and mRNA (right) expression of Sirt1 in the livers of WT mice fed a HFD. (B) The
protein expression of Sirt1 was induced in WT primary hepatocytes with different concentration of Celastrol for 24 h (left) and with 0.1 mM Celastrol for indicated time (right). (C)
The mRNA levels of Sirt1 were increased in the WT primary hepatocytes with 0.1 mM Celastrol for 24 h. The quantitative data are presented as the mean � SEM of three
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
4. DISCUSSION

Many studies have shown that chronic HFD exposure leads to an in-
crease metabolic damage in the liver of WT mice. Our findings showed
that Celastrol administration caused a reduction in body weight, food
intake, and subcutaneous and visceral fat in WT mice fed a HFD.
Additionally, Celastrol decreased lipid droplet formation in the livers of
WT mice fed a HFD. Moreover, Celastrol decreased the liver TG and
serum TG, FFA, and ALT concentrations in WT mice fed a HFD.
Celastrol treatment also improved glucose tolerance and insulin
sensitivity in WT mice fed a HFD. The hallmark of NAFLD is hepatic
neutral lipid accumulation, mainly triacylglycerol; thus, Srebp-1c, as a
key transcription factor regulating hepatic lipid metabolism, has been
proposed to have great potential for NAFLD treatment [18]. Our results
showed that Celastrol inhibited the expression of Srebp-1c and its
target gene, Acc.
As the most extensively studied Sirtuins, Sirt1 has a prominent role
in metabolic tissues, such as the liver, skeletal muscle, and adipose
tissues. Some studies have indicated that increased Sirt1 expression
in the liver protects against HFD-induced metabolic damage by
deacetylating Srebp-1c, thus decreasing its expression [8,9]. In this
study, Celastrol increased Sirt1 expression in the liver and primary
hepatocytes. Furthermore, Celastrol had a slight and non-significant
effect on the body weights of LKO mice fed a HFD. Work from Liu
et al. [12] had indicated that Celastrol is a leptin sensitizer and can
suppress food intake by increasing leptin sensitivity. Like the role of
Celastrol in WT mice on HFD, Celastrol also decreased daily food
intake in LKO mice fed a HFD indicating that Celastrol could increase
the hypothalamus leptin sensitivity in both WT and LKO mice. In
contrast to the role of Celastrol in WT mice, Celastrol had no effect
on subcutaneous and visceral fat, and glucose tolerance and insulin
MOLECULAR METABOLISM 6 (2017) 138e147 � 2016 The Author(s). Published by Elsevier GmbH. This is an op
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sensitivity in LKO mice fed a HFD. However, Celastrol promoted lipid
droplet formation and liver TG concentration in the livers of LKO
mice fed a HFD and induced an increase in hepatic Srebp-1c in LKO
mice.
Previous studies have indicated an association between chronic
inflammation and hepatic steatosis [6]. Our study showed that
Celastrol inhibited hepatic proinflammatory factors, such as TNFa, IL-
6, and IL-1b. Previously, it was indicated that the NFkB signaling
pathway plays an important role in chronic hepatic inflammation [24],
and HFD exposure was shown to activate the hepatic NFkB signaling
pathway. Therefore, increased NFkB activity is associated with the
elevated hepatic expression of TNFa, IL-6, and IL-1b [8,24]. Sirt1
participates in the inflammatory process by deacetylating NFkB,
particularly at its subunit, transcription factor p65 [25]. Resveratrol, a
Sirt1 activator, can inhibit the upregulation of inflammatory markers,
such as intercellular adhesion molecule 1 and TNFa [26]. Kauppinen
and colleagues suggested that the regulation of innate immunity and
energy metabolism are connected together through an antagonistic
crosstalk between NFkB and Sirt1 signalling pathways [27]. Sirt1 in-
hibits NFkB signalling directly by deacetylating the p65 subunit of
NFkB complex and indirectly by activating AMPK, PPARa, and PGC-1a,
further inhibiting NFkB signalling. On the other hand, NFkB signalling
down-regulates Sirt1 activity through the expression of miR-34a, IFNg,
and reactive oxygen species. In this study, our results also showed that
Celastrol inhibited the expression of hepatic NFkB and enhanced LPS
hypersensitivity in WT mice. However, Celastrol enhanced hepatic
NFkB expression and induced NFkB translocation from the cytoplasm
to the nucleus in LKO mice. And the Celastrol-induced increase in LPS
hypersensitivity in WT mice was also reversed. These results indicate
that Sirt1 may be an upstream regulator for Celastrol-induced NFkB
decrease.
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Figure 4: Celastrol effects on high-fat diet-induced hepatic steatosis are abolished in liver specific Sirt1-deficient mice. Effects of Celastrol in LKO mice fed a HFD. (A) No
effect on the body weight. (B) No effect on the subcutaneous and visceral fat weight. (C) Aggravation of liver metabolic damage as shown via H&E and Oil Red O staining (200�).
(D) Increased protein expression of hepatic Srebp-1c and mRNA levels of Srebp-1c and Acc. (E) Celastrol inhibited hepatic AMPKa phosphorylation and LKB1 expression in LKO
mice fed a HFD. (F) Glucose tolerance tests and insulin tolerance tests. LKO mice were treated with DMSO (n ¼ 6) or Celastrol (n ¼ 6, intraperitoneally injected with 200 mg/kg at
14-weeks-old every two days for 4 weeks). The quantitative data are presented as the mean � SD or SEM of three independent experiments. *p < 0.05, **p < 0.01,
***p < 0.001, n.s., not significant.

Original Article
It is well known that mitochondria are essential for cellular energy
metabolism and the control of ROS [28,29]. Oxidative stress, which
arises as an imbalance between the production of ROS and the action
of antioxidant defense mechanisms, plays a role in the pathogenesis of
NAFLD [30]. The present study showed that Celastrol promoted
mitochondrial biogenesis and inhibited mitochondrial ROS production.
Chronic inflammatory cytokines are also potent stimulators of ROS
production, and ROS can induce oxidative stress, with the subsequent
activation of inflammatory pathways and mitochondrial damage [31e
33]. Previous studies have shown that Sirt1 has a regulatory effect on
oxidative stress in many tissues through reducing the ROS levels and
improving cell survival via this antioxidant effect [34]. The anti-
inflammatory activities of Sirt1 and its activators can reduce the
oxidative stress and provide beneficial effects in some disorders, such
as obesity, hypertension, and endothelial dysfunction [35]. These
Celastrol induced increases in mtDNA copy number and anti-oxidative
genes and reductions in mitochondrial ROS in WT mice fed a HFD were
abolished in LKO mice fed a HFD. Previous studies indicate that Sirt1
144 MOLECULAR METABOLISM 6 (2017) 138e147 � 2016 The Author(s). Published by Elsevier GmbH. T
can increase the production of ROS-detoxifying enzymes [36]. Addi-
tionally, randomized, double-blind, placebo-controlled human studies
have shown that resveratrol decreases the levels of ROS [7].
It is well known that AMPK is an energy sensor that regulates
cellular metabolism including lipid metabolism [19]. LKB1 is the
principal AMPK kinase that catalyzes the phosphorylation of its
catalytic a-subunit [37]. Sirt1 can diminish the lysine acetylation of
LKB1, resulting in its own activation, and subsequently that of AMPK
[38]. The current study showed that Celastrol promoted the phos-
phorylation of AMPKa and increased hepatic expression of LKB1 in
WT mice fed a HFD. In contrast, Celastrol decreased the phos-
phorylation of AMPKa and inhibited hepatic LKB1 expression in LKO
mice fed a HFD. Some findings have indicated that histone deace-
tylases 3 (Hdac3) is crucial for the maintenance of hepatic lipid
homeostasis by co-localizing with a nuclear receptor co-repressor in
chromatin near genes in the mouse liver in a circadian pattern [39].
Furthermore, perilipin 2, which stabilizes lipid droplets and controls
lipolysis, can be markedly induced following Hdac3 depletion and
his is an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 5: Celastrol inhibits the expression of proinflammatory factors and antioxidant capacity through Sirt1. Celastrol treatment increased hepatic TNFa, IL-6, and IL-1b
mRNA expression (A), induced the protein expression of hepatic NFkB-p65 (B), and promoted the translocation of NFkB-p65 into the nucleus of primary hepatocytes (C). (D)
KaplaneMeier plot of survival curves of wild type mice on standard diet treatment with Celastrol or DMSO for 4 weeks after injection of 20 mg/kg LPS (n ¼ 5 per group). (E)
Celastrol reduced hepatic mitochondrial DNA copy number in LKO mice fed a HFD. (F) These Celastrol-induced increases in anti-oxidative genes, observed in WT mice fed a HFD,
were abolished in LKO mice fed a HFD and the primary hepatocytes of LKO mice. (G) Celastrol had no effect on mitochondrial ROS production in the primary hepatocytes of LKO
mice. The quantitative data are presented as the mean � SD or SEM of three independent experiments. *p < 0.05, ***p < 0.001, n.s., not significant.

Figure 6: Schematic representation of the action of Celastrol mediated by Sirt1 in liver metabolism.
contributes to both the development of steatosis and improved
tolerance to glucose [40]. In the current study, Celastrol inhibited
hepatic Hdac3 expression and increased perilipin 2 expression in
LKO mice fed the HFD (data not shown). Combined with our above
findings that Celastrol increased the expression of NFkB and
inhibited the phosphorylation of AMPKa and hepatic Hdac3
MOLECULAR METABOLISM 6 (2017) 138e147 � 2016 The Author(s). Published by Elsevier GmbH. This is an op
www.molecularmetabolism.com
expression in LKO mice fed a HFD, this may explain the reason for
Celastrol treatment-induced steatosis exacerbation in LKO mice fed
a HFD.
An increasing number of studies have demonstrated that factors
including lipid metabolism disorder, chronic inflammation, and
oxidative stress played important roles in the pathogenesis of NAFLD
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Original Article
[31]. A previous study indicated that Celastrol protects against obesity
and metabolic dysfunction through activation of a HSF1-PGC1a tran-
scriptional axis [13]. In the current study, we report that Celastrol can
alleviate HFD-induced damage in WT mice fed a HFD by increasing
Sirt1 expression, further causing a reduction in Srebp-1c expression
and improving the anti-oxidative and anti-inflammatory status
(Figure 6 left). However, Celastrol aggravates HFD-induced liver
damage in LKO mice fed a HFD by inhibiting the phosphorylation of
AMPKa and increasing NFkB activity (Figure 6 right). In summary, Sirt1
plays an important role in Celastrol-ameliorating liver metabolic
damage caused by HFD.
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