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liver disease through the AMPK and LXR signaling pathways
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Abstract. Non-alcoholic fatty liver disease (NAFLD) is a major
public health concern worldwide. The aim of the present study
was to observe the effect of diosgenin on NAFLD and investi-
gatethe underlying mechanisms. Diosgenin treatmentincreased
the phosphorylation of AMP-activated protein kinase (AMPK)
and acetyl-CoA carboxylase (ACC) in HepG?2 cells. Diosgenin
significantly inhibited high glucose (HG)-induced triglyceride
(TG) accumulation and sterol regulatory element-binding
protein-1c (SREBP-1c) mRNA increase in HepG2 cells, which
were partially abolished by the AMPK inhibitor compound C.
Diosgenin also significantly inhibited the increase of liver
X receptor (LXR) o mRNA induced by HG or T0901317.
However, T0901317-induced upregulation of LXRa and
SREBP-1c mRNA was not blocked by compound C. Following
a high-fat diet for 16 weeks, the body and liver weights of the
experimental rats were significantly increased, but this effect
was significantly suppressed by diosgenin. Diosgenin and feno-
fibrate ameliorated lipid deposition in the liver and reduced
the increase of hepatic TG content. Diosgenin significantly
decreased the alanine aminotransferase (ALT) level, whereas
fenofibrate significantly increased the ALT and aspartate
aminotransferase levels. Diosgenin also increased AMPK
and ACC phosphorylation and suppressed LXRa in the liver.
In conclusion, the results of the present study suggested that
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diosgenin is a potential agent for preventing the development
of NAFLD through the AMPK and LXR signaling pathways.

Introduction

Non-alcoholic fatty liver disease (NAFLD), which is char-
acterized by excessive triglyceride (TG) accumulation in
hepatocytes, has become a major public health concern
worldwide, with an estimated prevalence range of 24-42% in
Western countries and 5-40% in Asian countries (1,2). NAFLD
may progress to steatohepatitis and fibrosis, or even cirrhosis,
liver cancer and liver failure over time (3). The mechanisms
underlying the development of NAFLD have not yet been
fully elucidated. Since obesity and diabetes are considered to
be major risk factors for the development and progression of
NAFLD, current therapies for NAFLD are mainly aimed at
reducing body weight and improving insulin sensitivity (4).
AMP-activated protein kinase (AMPK) plays an impor-
tant role in regulating hepatic lipogenesis (5). In the liver,
activation of AMPK by phosphorylation of threonine 172
induces the phosphorylation and inactivation of acetyl-CoA
carboxylase (ACC), subsequently leading to the suppression of
fatty acid synthesis (6). In addition, AMPK is a negative sterol
regulatory element-binding protein-lc (SREBP-1¢), a key
regulator of TG metabolism (7). Phosphorylation of AMPK
downregulates the activity of SREBP-1c (8,9). However, the
activity of AMPK is dysregulated in patients with metabolic
syndromes, such as diabetes and obesity (10,11). Thus, stimula-
tion of AMPK activation, which thereby suppresses ACC and
SREBP-Ic activity, may alleviate hepatic accumulation of TG.
Our institute has expressed a continuous interest in
the prevention and treatment of chronic liver diseases
with traditional Chinese medicine. Diosgenin, which is
abundant in Chinese yam (Dioscorea villosa) and Rhizoma
Dioscoreae Nipponicae, has been shown to lower increased
plasma glucose levels and improve the distorted tissue
lipid profile in high-fat diet (HFD)-streptozotocin-induced
diabetic rats (12). Furthermore, diosgenin was able to induce
AMPK phosphorylation under basal as well as inflammatory
conditions in perivascular adipose tissue (13). These results
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indicate that diosgenin may be an effective treatment for
NAFLD. Therefore, the effect of diosgenin on HFD-induced
rat NAFLD was observed, and the underlying mechanisms
were investigated in the present study.

Materials and methods

Cell culture. The human liver cancer HepG2 cell line was
obtained from the CellBank of Chinese Academy of Sciences
and cultured in Dulbecco's modified Eagle's medium (DMEM)
containing normal glucose [5.5 mM, D-glucose; low glucose
(LG)] supplemented with 10% fetal bovine serum (FBS),
100 U/ml penicillin and 0.1 mg/ml streptomycin at 37°C in a
humidified atmosphere of 5% CO,. To examine the accumula-
tion of TG, HepG2 cells were maintained in serum-free DMEM
overnight, as previously described (14), and the cells were then
treated with indicated concentrations of diosgenin in DMEM
containing a high concentration of glucose [30 mmol/l; high
glucose (HG)] for another 24 h, as previously described (14,15).
The cells were then lysed and TG levels were determined using
a commercial kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer's instructions.

Reverse transcription-quantitative polymerase chain reaction
(PCR). Total RNA was extracted from HepG?2 cells after dios-
genin treatment with TRIzol reagent (Invitrogen Life
Technologies; Thermo Fisher Scientific, Inc., Carlsbad, CA,
USA) according to the manufacturer's instructions. Total RNA
(500 ng) was reverse-transcribed into cDNA using a
First-Strand cDNA synthesis kit (FSK-100; Toyobo, Osaka,
Japan). The amplification of the cDNA was accomplished in
triplicate using SYBR-Green PCR Master Mix (Toyobo). The
c¢DNA was amplified under the following conditions: 95°C for
5 min for denaturation, followed by 40 cycles at 95°C for
10 sec, 60°C for 20 sec and 72°C for 25 sec. The primers used
in the present study were as follows: SREBP-1c forward,
5'-ACCGACATCGAAGGTGAAGT-3' and reverse, CCAGCA
TAGGGTGGGTCAAA; LXRa forward, 5-GGACCAGCT
CCAGGTAGAGA-3' and reverse, 5-ACACTTGCTCTGAGT
GGACG-3"; and B-actin forward, 5~AGCGGGAAATCGTGC
GTG-3' and reverse, 5-CAGGGTACATGGTGGTGCC-3".
The relative expression level of mRNA in each sample was
normalized to its B-actin content. The relative expression
levels of mRNA were calculated with the 2424 method.

Western blot analysis. Total protein was extracted as previously
described (16). The protein concentration was determined by
the bicinchoninic acid method. Equal quantities of proteins
were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred by electroblotting to a
nitrocellulose membrane. The membrane was blocked with
5% BSA in TBST buffer (20 mM Tris-HCI, pH 7.4, 150 mM
NaCl and 0.1% Tween-20) overnight at 4°C. Subsequently, the
membrane was incubated with specific primary antibodies
[rabbit monoclonal antibodies (1:1,000) AMPK (no. 2603),
p-AMPK (no. 2535), ACC (no. 3676), and rabbit polyclonal
antibody (1:1,000) pACC (no. 3661) (all from Cell Signaling
Technology, Inc., Danvers, MA, USA), goat polyclonal
antibody LXRa (1:200; sc-1202; Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA), rabbit monoclonal antibody
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B-actin (1:5,000; no. 4970; Cell Signaling Technology, Inc.)]
overnight at 4°C, followed by incubation with a secondary
antibody [anti-rabbit IgG (no. 7074; Cell Signaling Technology,
Inc.) or anti-goat IgG (sc-2354; Santa Cruz Biotechnology,
Inc.)] for 1 h. The signal was visualized with an enhanced
chemiluminescence (ECL) kit (Thermo Fisher Scientific, Inc.,
Carlsbad, CA, USA).

Animals. A total of 40 male Sprague-Dawley rats (6-8 weeks
old, weighing 250+20 g) were purchased from the Shanghai
Laboratory Animal Center and kept at the Second Military
Medical University Laboratory Animal Center. The animals were
maintained on a 12-h light/dark cycle (7:00 a.m.-19:00 p.m.), at
22+2°C, with food and water available ad libitum. To avoid the
effect of environmental changes, all the animals were housed
for 1 week in the controlled environment prior to use in the
experiment. All the procedures were performed in accordance
with the institutional guidelines for animal research. The
present study was approved by the Committee on Ethics of
Biomedicine, the Second Military Medical University.

Experiment design and drug administration. The animals were
randomly assigned into 5 groups (n=8): Control group (C),
model group (M), high-dose diosgenin group (HDD), low-dose
diosgenin group (LDD) and fenofibrate group (FEN). The rats
in the model, HDD, LDD and FEN groups were fed HFD,
HFD mixed with 1% (wt/wt) diosgenin, HFD mixed with 0.5%
(wt/wt) diosgenin and HFD mixed with 0.02% fenofibrate,
respectively. The control group was given the same amount of
food as the other groups. HFD was provided by the Shanghai
Laboratory Animal Center. The energy composition of the
HFD consists of 45% fat, 18% protein and 37% carbohydrate.
A regular rat diet (10% fat, 22% protein, 68% carbohydrate)
was used as the maintenance and control diet.

After 16 weeks of feeding according to previous
studies (17,18), blood was collected from the retro-orbital
venous plexus for detecting the content of serum total choles-
terol (TC) and TG and the liver function. The rat liver was
removed and frozen in liquid nitrogen for the following experi-
ments.

Detection of serum aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) activity. Serum ALT and
AST were determined using biochemical kits (Nanjing
Jiancheng Bioengineering Institute) according to the manufac-
turer's instructions.

Hematoxylin and eosin (H&E) and Oil red O staining.
Liver tissue was embedded in Tissue-Tek optimum cutting
temperature compound (Sakura Finetek, Torrance, CA, USA),
quickly frozen by immersion in liquid nitrogen, and stained
with H&E. Alternatively, intrahepatic lipids were stained by
the Oil red O method, as previously described (19). Images
were obtained using a Leica inverted fluorescence microscope
(Leica Microsystems GmbH, Wetzlar, Germany).

Statistical analysis. Data are expressed as means + stan-
dard deviation. One-way analysis of variance followed by
Student-Newman-Keuls tests were used for statistical analysis.
Statistical significance was established at P<0.05.
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Figure 1. Diosgenin (Dio) increases AMP-activated protein kinase (AMPK) and acetyl-CoA carboxylase (ACC) phosphorylation and suppresses high
glucose (HG)-induced triglyceride (TG) accumulation in HepG2 cells. (A) Diosgenin increases AMPK and ACC phosphorylation under low glucose (LG) con-
ditions; (B) diosgenin increases AMPK and ACC phosphorylation under HG conditions; (C) diosgenin inhibits HG-induced TG accumulation in HepG2 cells;
(D) diosgenin inhibits HG-induced increase of sterol regulatory element-binding protein-lc (SREBP-1c) mRNA in HepG2 cells; (E and F) compound C (C.C)
blocks the effect of diosgenin on SREBP-1c mRNA expression and TG accumulation in HepG2 cells. The data are presented as mean =+ standard deviation,
n=3. "P<0.01 compared with the control group; "P<0.01 compared with the HG group; “"P<0.01 compared with the diosgenin group.

Results

Diosgenin increases AMPK and ACC phosphorylation
and suppresses HG-induced TG accumulation in HepG2
cells. In view of the important role of AMPK (AMPKa) in
lipid metabolism, the effect of diosgenin on the activation
of AMPK in vitro was first examined by using a specific
anti-phospho-Thr-172 AMPK antibody. Under both LG and
HG conditions, diosgenin treatment for 24 h significantly
increased the phosphorylated AMPK levels in a dose-depen-
dent manner (Fig. 1A and B). No changes in endogenous
AMPK protein were observed by immunoblotting in both LG
and HG medium. ACC is a downstream target of AMPK. The
phosphorylation of ACC was next determined. Western blot
analysis revealed that diosgenin obviously induced phosphory-
lation of ACC in a dose-dependent manner (Fig. 1A and B).
Therefore, it was further investigated whether diosgenin
prevented HG-induced lipid accumulation in HepG2 cells.
As shown in Fig. 1C, treatment with a high concentration of
glucose for 24 h significantly increased the TG level in HepG2
cells. Diosgenin (10, 25 and 50 yM) significantly inhibited
HG-induced TG accumulation in HepG2 cells. High concentra-
tion of glucose also induced a significant increase of SREBP-1c
mRNA (Fig. 1D), while diosgenin treatment suppressed the
increase of SREBP-1c mRNA level. To further confirm the effect
of diosgenin on TG accumulation, and that SREBP-1c mRNA
expression is mediated by the AMPK pathway, compound C (an

inhibitor of AMPK) was applied. As shown in Fig. 1E and F,
the inhibition of TG and SREBP-1c mRNA in HepG2 cells by
diosgenin was partially blocked by compound C.

Diosgenin inhibits LXRa expression in HepG?2 cells. Although
activation of LXRa improves glucose tolerance and insulin
resistance, it is also able to regulate the transcription of several
lipid metabolism-related genes, including SREBP-1c, which
lead to hyperlipidemia and hepatic steatosis (20-22). To further
investigate whether the lipid-lowering effect of diosgenin was
associated with LXRa, the LXRa mRNA expression following
diosgenin treatment was examined. HG induced a significant
upregulation of LXRa mRNA in HepG2 cells (Fig. 2A).
Treatment with diosgenin significantly lowered the expres-
sion of LXRa mRNA. Diosgenin also significantly inhibited
LXRa ligand T0901317-induced LXRo and SREBP-1c
mRNA upregulation (Fig. 2B and C), which was not abolished
by compound C.

Diosgenindecreases the body and liver weight of HFD-fed rats.
There was no significant difference in the body weight among
the five groups prior to the experiment (Fig. 3A). Following
feeding with HFD for 16 weeks, the body weight of the rats
in the model group was significantly increased compared with
the control group (Fig. 3A). Diosgenin treatment significantly
suppressed weight gain in HFD-fed rats. The liver weight of
HFD-fed rats was also significantly increased compared with
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Figure 2. Diosgenin inhits liver X receptor (LXR)a mRNA in HepG2 cells.
(A) Diosgenin inhibits high glucose (HG)-induced increase of LXRa mRNA
in HepG2 cells; (B and C) diosgenin inhibits T0901317-induced increase of
LXRo and sterol regulatory element-binding protein-lc (SREBP-1c) mRNA,
respectively. The data are presented as mean + standard deviation, n=3.
“P<0.01 compared with the control group; "P<0.05 and "P<0.01 compared
with the HG group. C.C, compound C.

that of normal diet-fed rats (Fig. 3B). The liver weights of
rats in the HDD and LDD groups were lower compared with
those in the model group, while no significant difference was
observed between the model and FEN groups.

Diosgenin ameliorates hepatic lipid accumulation in
HFD-fed rats. The accumulation of intracellular TG in the
liver parenchyma is the main pathological change observed in
NAFLD (23). As shown in Fig. 4A, the Oil Red O staining
revealed an obvious lipid accumulation in the liver of HFD-fed
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Figure 3. Diosgenin decreases the body and liver weight of high-fat diet-fed
rats. (A) Body weight of rats before and after the experiment; (B) liver weight
of rats after the experiment. The data are presented as mean + standard devia-
tion, n=8. "P<0.05 and “P<0.01 compared with the control group; "P<0.05
and "P<0.01 compared with the model group. C, control group; M, model
group; FEN, fenofibrate group; LDD, low-dose diosgenin group; HDD,
high-dose diosgenin group.

rats compared with normal diet-fed rats. H&E staining
demonstrated that the increase in hepatic adipose infiltration
in HFD-fed rats was significantly reduced by diosgenin and/or
fenofibrate administration. Both diosgenin and fenofibrate
treatment ameliorated the lipid deposition in the rat liver. The
hepatic TG content in HFD-fed rats was higher compared with
that in normal diet-fed rats (Fig. 4B). Diosgenin and fenofibrate
also significantly reduced the TG content in the rat liver.
Diosgenin also significantly decreased the serum TG
levels (Fig. 4C), while it had little effect on the serum TC
levels (Fig. 4D). The high-density lipoprotein (HDL) and
low-density lipoprotein cholesterol were both significantly
increased in HFD-fed rats (Fig. 4E and F). The HDL
cholesterol levels in the diosgenin groups were higher compared
with those in the model group. However, the differences
between the diosgenin and model groups were not significant.

Diosgenin ameliorates hepatic dysfunction in HF D-fed rats.
The ALT level in HFD-fed rats was significantly increased
compared with that in normal diet-fed rats (Fig. 5A). Diosgenin
treatment significantly reduced the ALT levels, whereas feno-
fibrate further elevated the level of ALT. The AST level did not
significantly increase in the HFD-fed rats (Fig. 5B). There was
no significant difference in the AST levels between the dios-
genin treatment groups and the model group, while fenofibrate
treatment significantly increased the AST level.

Diosgenin increases AMPK and ACC phosphorylation and
suppresses LXRo in HFD-fed rats liver. Subsequently, the
levels of AMPK, ACC and LXRa in the livers of HFD-fed rats
were further investigated by western blot analysis. As shown
in Fig. 6A-C, the levels of p-AMPK and p-ACC were signifi-
cantly increased in the diosgenin- and fenofibrate-treated



2| SPANDIDOS
@ & PUBLICATIONS

A c
w
P
z
o
o
o
5
C D
s s
g ..E.
P 4 ¢
2 06 e
& =4
2 g: 2 :
£ 0. £
0 . o 0 .
C M FEN LDD HDD w C M FEN LDD HDD

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 41: 1089-1095, 2018

1093

B
o}
2 40
® 30
=
520
g 10
2 R RN
9 C M FEN LDD HDD
E F
s s
| E
3 4 . B4
23 T 53
- |
8 2 3 2
E ) 1 | g’ | |
,% 0 M FEN LDDD (3 0 C F DHDD

Figure 4. Diosgenin ameliorates the hepatic lipid accumulation in high-fat diet-fed rats. (A) Hematoxylin and eosin (H&E) and Oil red O staining of the rat
liver; (B) hepatic triglyceride (TG) levels; (C-F) serum TG, total cholesterol (TC), high-density lipoprotein (HDL) and low-density lipoprotein (LDL) choles-
terol levels of rats. The data are presented as mean + standard deviation, n=8. "P<0.05 and “P<0.01 compared with the control group; "P<0.05 and "P<0.01
compared with the model group; “P<0.01 compared with the fenofibrate group. C, control group; M, model group; FEN, fenofibrate group; LDD, low-dose

diosgenin group; HDD, high-dose diosgenin group.
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Figure 5. Alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) levels of the rats after the experiment. (A and B) ALT and AST
levels of the rats, respectively. The data are presented as mean + standard
deviation, n=8. “P<0.01 compared with the control group; "P<0.05 and
"P<0.01 compared with the model group. C, control group; M, model group;
FEN, fenofibrate group; LDD, low-dose diosgenin group; HDD, high-dose
diosgenin group.

groups compared with the model group. However, there
were no significant differences in the total AMPK and ACC
between the diosgenin- and fenofibrate-treated groups and the
model group. Diosgenin treatment significantly suppressed
the LXRa level compared with the model group (Fig. 6D).
However, fenofibrate treatment further upregulated the LXRa
level compared with the model group.

Discussion

NAFLD is characterized by increased hepatocellular lipid
accumulation and is frequently associated with steatohepatitis
and liver injury, which may eventually result in severe liver
damage, including hepatic fibrosis and cirrhosis, or even
liver cancer. The data of the present study demonstrated that
diosgenin was able to activate AMPK, thereby inhibiting lipid
accumulation in hepatocytes. Furthermore, the effect of dios-
genin on lipid accumulation was abolished by compound C,
an inhibitor of AMPK, suggesting that the effect of diosgenin
on NAFLD is AMPK-dependent. Moreover, our results
indicated that diosgenin may also inhibit LXRa and LXRa
agonist-induced SREBP-1c upregulation independently of
AMPK. In addition, diosgenin also alleviated the HFD-induced
liver function disruption in rats, adding an advantage over the
traditional lipid-lowering medicines.

High glucose concentration is associated with insulin
resistance, which leads to elevated hepatic glucose produc-
tion, hyperglycemia and hyperlipidemia (24). Exposure of
HepG2 cells to high concentrations of glucose inhibits the
phosphorylation of AMPK and ACC (25). It has been demon-
strated that the inhibition of AMPK and ACC phosphorylation
contributes to extensive glucose-induced lipid accumulation
in HepG2 cells (14). By contrast, metformin, an AMPK
activator, increases phosphorylation of ACC and effectively
attenuates lipid accumulation in HepG2 cells induced by high
concentration of glucose (14). In the present study, it was first
demonstrated that diosgenin increased the phosphorylation of
AMPK and ACC under conditions of low and high concentra-
tions of glucose, indicating that diosgenin may be capable of
regulating lipid metabolism in the liver. Therefore, a model
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Figure 6. Diosgenin increases AMP-activated protein kinase (AMPK) and acetyl-CoA carboxylase (ACC) phosphorylation and suppresses liver X receptor
(LXR)a in the liver of high-fat diet (HFD)-fed rats. (A) Western blot analysis of p-AMPK, p-ACC and LXRa in the liver of HFD-fed rats; (B-D) relative levels
of p-AMPK/AMPK, p-ACC/ACC and LXRa normalized to -actin, respectively. The data are presented as mean + standard deviation, n=8. "P<0.05 compared
with the control group; "P<0.05 and ""P<0.01 compared with the model group. C, control group; M, model group; FEN, fenofibrate group; LDD, low-dose

diosgenin group; HDD, high-dose diosgenin group.

of insulin resistance induced by high concentration of glucose
was used to test the effect of diosgenin on hepatic TG accu-
mulation. As expected, diosgenin treatment decreased the TG
level in HG-treated HepG2 cells. Moreover, the effects of dios-
genin on lipid accumulation were abolished by the inhibitor of
AMPK. These data suggest that diosgenin may be promising
for preventing HG-induced lipid accumulation in the liver
through activating the AMPK pathway.

SREBPI is the most important transcription factor regu-
lating lipogenesis in the liver, and is primarily responsible for
the regulation of genes involved in fatty acid biosynthesis,
such as FAS. AMPK suppresses SREBP-1c cleavage and
nuclear translocation, and represses SREBP-1c target gene
expression in hepatocytes exposed to HG, leading to reduced
lipogenesis and lipid accumulation (26). In the present
study, diosgenin suppressed HG-induced SREBP-1c mRNA
upregulation, which was partially blocked by the AMPK
inhibitor, suggesting that other pathways may also participate
in the lipid-lowering effect of diosgenin. SREBPI is also a
major target of LXRa, which upregulates lipogenesis (27).
The present study demonstrated that the HG-induced
increase of LXRa mRNA is also suppressed by diosgenin.
Lee et al reported that AMPK activation suppresses LXRa
agonist-induced SREBP-1c mRNA (28). The present study
demonstrated that LXRa agonist increases the expression
of LXRa and SREBP-1c mRNA, which was not blocked by
the AMPK inhibitor. These results suggest that the inhibi-
tion of LXRa/SREBP-1c¢ signaling pathway by diosgenin is
independent of AMPK.

HFD is one of the most important risk factors associated
with the incidence of NAFLD (29,30). Rodents fed a HFD
exhibit visceral adiposity, hyperglycemia, dyslipidemia,
hyperinsulinemia and hepatic steatosis, which are findings
similar to those in human NAFLD (31). In order to investigate
the in vivo effect of diosgenin on NAFLD, a rat model fed with
HFD was used. In accordance with previous studies, HFD
caused obvious increases in rat body and liver weight, which
were significantly decreased by diosgenin. As determined
by Oil red O and H&E staining, diosgenin obviously
ameliorated lipid accumulation in the liver. This result was
confirmed by quantification of liver TG content. Considering
the improvement of lipid accumulation, it is obvious that
diosgenin treatment was able to alleviate NAFLD-induced
liver injury.

ALT and AST are common indicators of liver injury in
the majority of liver diseases (32). Under normal conditions,
ALT and AST are mainly localized in the cytoplasm of hepa-
tocytes. When the hepatocytes are damaged, these enzymes
are released from the cells into the circulation, leading to
elevated hepatic and serum ALT and/or AST levels (33). In
the present study, the elevated serum ALT level in NAFLD
rats was reduced by diosgenin administration. However, feno-
fibrate treatment significantly increased the serum ALT and
AST levels. Our results indicate an advantage of diosgenin
over fenofibrate in terms of liver function in NAFLD.

In conclusion, the present study demonstrated that dios-
genin was able to activate the AMPK pathway and suppress
LXRa, thereby ameliorating the hepatic lipid accumulation



in vitro and in vivo. Diosgenin also improved the HFD-induced
liver function disturbance. These data suggest that diosgenin is
a potential agent for preventing NAFLD through the AMPK
and LXRa pathways.
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