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Article

3-Acetyl-oleanolic acid ameliorates non-alcoholic
fatty liver disease in high fat diet-treated rats by
activating AMPK-related pathways
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Abstract

3-Acetyl-oleanolic acid (3Ac-OA) is a derivative of oleanolic acid (OA), which has shown therapeutic beneficial effects on diabetes

and metabolic syndrome. In this study we investigated whether 3Ac-OA exerted beneficial effect on non-alcoholic fatty liver disease
(NAFLD) in rats and its potential underlying mechanisms. Treatment with 3Ac-OA (1-100 pumol/L) dose-dependently decreased the
intracellular levels of total cholesterol (TC) and triglyceride (TG) in FFA-treated primary rat hepatocytes and human HepG2 cell lines
in vitro. Furthermore, oil red staining studies showed that 3Ac-OA caused dose-dependent decrease in the number of lipid droplets
in FFA-treated primary rat hepatocytes. SD rats were fed a high fat diet (HFD) for 6 weeks and subsequently treated with 3Ac-OA (60,
30, 15 mgkg™d™) for 4 weeks. 3Ac-OA administration significantly decreased the body weight, liver weight and serum TC, TG, LDL-C
levels in HFD rats. Furthermore, 3Ac-OA administration ameliorated lipid accumulation and cell apoptosis in the liver of HFD rats.
Using adipokine array analyses, we found that the levels of 11 adipokines (HGF, ICAM, IGF-1, IGFBP-3, IGFBP-5, IGFBP-6, lipocalin-2,
MCP-1, M-CSF, Pref-1 and RAGE) were increased by more than twofold in the serum of 3Ac-OA-treated rats, whereas ICAM, IGF-1
and lipocalin-2 had levels increased by more than 20-fold. Moreover, 3Ac-OA administration significantly increased the expression

of glucose transporter type 2 (GLUT-2) and low-density lipoprotein receptor (LDLR), as well as the phosphorylation of AMP-activated
protein kinase (AMPK), protein kinase B (AKT) and glycogen synthase kinase 33 (GSK-3p) in the liver tissues of HFD rats. In conclusion,
this study demonstrates that 3Ac-OA exerts a protective effect against hyperlipidemia in NAFLD rats through AMPK-related pathways.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is considered to
be the most common chronic liver disease and affects mil-
lions of people worldwide!. NAFLD has emerged as an
integral part of metabolic syndrome and is associated with
obesity, hyperlipidemia and diabetes”?*. NAFLD ranges from
steatosis to the more aggressive non-alcoholic steatohepa-
titis (NASH)™.. Several influencing factors, such as insulin
resistance, lipid accumulation, inflammation and oxidative
stress, have also been recognized as characteristic inducers of
NAFLDP ?. Characterized by large fat droplet accumulation,
NAFLD induces dysregulation of fatty acid metabolism, and
the resulting imbalance between the influx and efflux of fatty
acid metabolism in the liver induces excessive lipid accumu-
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lation'”. Significant overloading of FFA stimulates hepatic

TG synthesis and directly causes hepatic lipotoxicity and

inflammation'®.

Treatment strategies for NAFLD are mainly
focused on dietary changes, enhancement of exercise levels
and additional medication to ameliorate slight disease states.
Bezafibrate, as a PPARa agonist, is a lipid-lowering agent that
is used to treat hyperlipidemia®. However, when confronted
with serious disease conditions, we lack effective treatment
strategies. Therefore, a comprehensive and directed treatment
for targeting hepatic lipid regulation remains to be developed.

Oleanolic Acid (OA) is a commonly used natural compound
and exerts beneficial effects against diabetes and metabolic
syndrome . Our previous studies have shown that OA can
inhibit GP (glycogen phosphorylase) and has beneficial effects
against hypoglycemia in vivo™ ™. 3-Acetyl-Oleanolic Acid
(BAc-OA) is synthesized based on OA. We hypothesized that
3Ac-OA might have a therapeutic effect on NAFLD and ame-
liorate hyperlipidemia. The present study investigated the
effects of 3Ac-OA on hyperlipidemia in NAFLD and clarified



Figure 1. Structure of 3Ac-OA [(4aS,6aS,6bR,8aR,10S,12aR,12bR,14bS)-
10-acetoxy-2,2,6a,6b,9,9,12a-heptamethyl-1,3,4,5,6,6a,6b,7,8,8a,9,10,11,
12,12a,12b,13,14b-octadecahydropicene-4a(2H)-carboxylic acid].

the mechanism involved both in vitro and in vivo.

Materials and methods

Chemicals and reagents

3Ac-OA (Figure 1) was obtained from the Center for Drug
Discovery at the China Pharmaceutical University. All
of the drugs used in the present study were dissolved in a
0.5% carboxymethylcellulose sodium (CMC-Na) solution.
Plasma triglyceride (TG), total cholesterol (TC), high-density
lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C) and hemoglobin Alc kits were purchased
from Whitman Biotech (Nanjing, China). Antibodies (Abs)
against LDLR and GLUT4 were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA), and Abs against -actin
were purchased from Abcam (Cambridge, MA, USA). Abs
against protein kinase B (PKB/Akt), phospho-Ser473-Akt
(p-Akt), GSK3 and phospho-GSK3, and AMPK and phospho-
AMPK were from Cell Signaling Technology (Beverly, MA,
USA). HRP-conjugated secondary Abs, affinity-purified
mouse anti-rabbit IgG and rabbit anti-mouse IgG were
purchased from Sigma-Aldrich (St Louis, MO, USA). The
adipokine array kit was purchased from R&D (St Paul, MN,
USA). All other chemicals used were of reagent grade.

Culture and FFA treatment of HepG2 cells

Human hepatocellular carcinoma cells (HepG2) were obtained
from American Type Culture Collection (ATCC, VA, USA).
Cells were seeded and cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) High Glucose with 10% FBS and a 1%
Penicillin-Streptomycin solution at 37°C with 5% CO,. Cells
were subsequently passaged with a 0.25% trypsin-EDTA
solution. An FFA (0.5 mmol/L) mixture of oleate/palmitate at
a ratio of 2:1 was used to establish a lipid accumulation model;
the mixture was then added to DMEM medium containing
a final concentration of 1% bovine serum albumin (BSA). At
the same time, the cells were treated with 3Ac-OA (1, 10, 100
pmol/L); bezafibrate (100 pmol/L) was used as a positive
control. The cellular neutral lipid droplet accumulation
was measured by incubating the cells with Nile Red and mea-
suring by FACS. The intracellular TG and TC levels of FFA-
induced lipid storage within HepG2 cells was measured.

Isolation, culture and FFA treatment of primary rat hepatocytes
Primary rat hepatocytes isolated from male Sprague-Dawley
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(SD) rats (250-300 g) were cultured as previously described™!.
Primary hepatocytes were cultured in William E medium
(Invitrogen, San Diego, CA, USA) containing 100 nmol/L insu-
lin, 100 nmol/L dexamethasone, 100 IU/mL penicillin and 100
mg/mL streptomycin. The cells were then treated similarly to
the HepG2 cells. Cell imaging by oil red O staining was used
to measure the lipid contents. The intracellular TG and TC
levels were measured.

Animals and treatments

Male Sprague Dawley rats (180-200 g) were purchased from
the Shanghai Laboratory Animal Center (Shanghai, China).
Animals were allowed free access to food and water through-
out acclimatization and experimental periods. To examine
the protective effects of 3Ac-OA on HFD-induced hyperlip-
idemia, rats were randomly assigned to the following six
groups (n=8): (I) vehicle group (0.5% CMC-Na, normal diet);
(I) HFD group (0.5% CMC-Na, high fat diet); (II) HFD plus
atorvastatin (5 mg/kg); (IV) HFD plus 3Ac-OA 60 mg/kg; (V)
HFD plus 3Ac-OA 30 mg/kg; and (VI) HFD plus 3Ac-OA 15
mg/kg. Rats in the vehicle group (I) were fed a standard
diet; rats in the other five groups (II to VI) were fed a HFD for
6 weeks. The ingredients of the high fat diet included 2%
cholesterol, 0.5% sodium cholate, 3% lard oil, 0.2% propyl-
thiouracil and 94.3% basic fodder, which were mixed and
irradiated with cobalt-60 (radiation dose 25.0 kGy) before
use. The HFD was provided by the Jiangsu Xietong Bio-
tech Company. Rats were treated daily with 3Ac-OA for 4
weeks. Then, rats were fasted for 16 h and sacrificed under
anesthesia for collection of blood and liver samples. Rats were
handled according to university and institutional legislation,
regulated by the Committee for the Purpose of Control and
Supervision of Experiments on Animals.

Histopathology analysis

Rat livers from different groups were collected and fixed in
4% paraformaldehyde in 0.1 mol/L PBS. Paraffin-embedded
tissue regions (4 pm) were stained with hematoxylin and eosin
(H&E) according to standard techniques. Samples were exam-
ined by a professional pathologist blinded to the treatment
conditions to evaluate the levels of steatosis, inflammation and
fibrosis.

Oil Red O staining

Oil Red O staining and lipid droplet analysis were performed
by cell imaging. Neutral lipid accumulation was determined
by Oil Red O staining, which allows detection of TG and cho-
lesterol esters. Frozen hepatic tissues were cut at 5-10 pm
and mounted on slides, air-dried, and then fixed in ice-cold
10% formalin for 5-10 min. Slides were rinsed immediately in
distilled water 3 times and then placed in absolute propylene
glycol for 2-5 min to avoid carrying water into the Oil Red O
step. Slides were stained in pre-warmed Oil Red O solution
for 8-10 min in a 60 °C oven. Slides were then differentiated in
an 85% propylene glycol solution for 2-5 min and rinsed twice
in distilled water prior to staining in Mayer's hematoxylin for
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30 s. After washing thoroughly in running tap water for 3
min, slides were placed in distilled water, mounted with glyc-
erin jelly and observed by Image]J software (National Institutes
of Health Bethesda, MD, USA).

Nile Red staining

The lipid level in primary rat hepatocytes was determined
using Nile Red. After cells were treated with FFA for 24 h,
a monolayer of cells was washed twice with PBS, fixed with
3.7% formaldehyde for 10 min, and incubated for 3 min with
a Nile Red and DAPI solution. Cells were then washed with
PBS. The fluorescence level was determined using a fluores-
cence microscope. Image Pro plus software was used to quan-
tify the fluorescence value.

Biochemical analysis

The serum lipid levels of TC, TG, LDL and HDL were inves-
tigated to evaluate the relative lipid content changes via com-
mercially available kits provided by Whitman Biotech (Nan-
jing, China). The liver triglyceride and total cholesterol levels
were analyzed according to the manufacturer’s protocol. The
liver index was calculated as follows and used to assess organ
health and hepatic histological damage: Liver index=liver
weight/body weight.

Electron microscopy

Ultra-thin sections of 60 nm tissues were fixed with 4% glutar-
aldehyde and treated as Wu described™. After rinsing in 0.1
mol/L phosphate buffer for 30 min, tissues were treated with
1% OsO, for 1 h, dehydrated, and embedded with epoxy resin.
Electron photomicrographs of the ultra-structures of tissue
were taken under an electron microscope.

Rat adipokine array

Blood samples were clotted for 2 h at room temperature and
then centrifuged for 20 min at 1000xg. Serum samples were
assayed immediately or split and stored at < -20°C, avoiding
repeated freeze-thaw cycles. The relative expression levels of
30 rat adipokines were determined simultaneously by using
an adipokine array following the protocol provided in the kit.

Western blotting

Lysis buffer [25 mmol/L Tris-HCl pH 7.5, 100 mmol/L NaCl,
2.5 mmol/L EDTA and EGTA, 20 mmol/L NaF, 1 mmol/L
Na;VO,, 20 mmol/L Na f-glycerophosphate, 10 mmol/L Na
pyrophosphate, 0.5% Triton X-100, 0.1% p-mercaptoethanol
and a protease inhibitor cocktail (Roche)] was used to lyse tis-
sues after various treatments. SDS-PAGE-resolved proteins
were transferred to nitrocellulose membranes (GE Healthcare)
and incubated with Abs to detect the proteins levels. After
incubation with HRP-conjugated secondary Abs, signals were
detected via ECL. All of the Western blot results are represen-
tative of at least two independent experiments.

Statistical analysis
Data are expressed as the mean+SD unless otherwise indi-
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cated. Two-tailed Student’s f-tests and One-Way ANOVA
were performed to determine statistically significant differ-
ences. A value of P<0.05 was considered significant at the 95%
confidence level.

Results

3Ac-0A ameliorates FFA-induced lipid accumulation in primary
rat hepatocytes and HepG2 cells

Primary rat hepatocytes and human HepG2 cells were cul-
tured and induced with 0.5 mmol/L FFA with or without 3Ac-
OA (1, 10, 100 pmol/L) for 24 h before measuring the total
lipid levels. The results showed that 3Ac-OA decreased the
intracellular TG level. Moreover, 3Ac-OA treatment exhibited
a stronger effect than bezafibrate (100 pmol/L, positive con-
trol) in lowering TG and TC in a dose-dependent manner (Fig-
ure 2A, 2B: Human HepG2 cells; Figure 2C, 2D: Primary rat
hepatocytes). Oil Red O staining demonstrated that the FFA-
induced group showed a marked increase in lipid levels com-
pared with the control group (Figure 3A, 3B), whereas 3Ac-
OA treatment greatly decreased the number of lipid droplets
in a significant dose-dependent manner (Figure 3D, 3E, 3F).
Furthermore, the high dose 3Ac-OA group exhibited the same
effect as the bezafibrate group (positive control, Figure 3F).
Nile red staining also showed a similar phenomenon. Com-
pared with the control group, the FFA-treated group showed
an increase in lipid accumulation, with 10 pmol/L 3Ac-OA
treatment showing a greater effect in ameliorating lipid accu-
mulation (Figure 4). All of the above results showed that the
3Ac-OA and bezafibrate treatment decreased the lipid accu-
mulation induced by FFA.

3Ac-0A decreases food consumption, body weight, liver weight
and serum biochemical parameters in HFD-treated rats

To determine whether 3Ac-OA had anti-steatotic effects in
vivo, rats were fed a vehicle (0.5% CMC-Na) and HFD contain-
ing 2% cholesterol once daily by intragastric administration
for 6 weeks, followed by treatment with 3Ac-OA for 4 weeks.
Compared with the control group, the HFD group showed
a significantly lower average weight and food intake, but
marked lipid accumulation and histological indications. In
the process of raising the rats, we observed that rats fed a HFD
had no appetite because of the food was full of oil. However,
the TC, TG and LDL levels were significantly increased in
the HFD group. Treatment of rats with 3Ac-OA at 30 or
60 mg/kg per day for 4 weeks significantly decreased the
body weight. There was no significant difference in the
daily food intake between the 3Ac-OA-treated and control
groups. The 3Ac-OA treatment markedly decreased the lev-
els of serum TC, TG and LDL in a dose-dependent manner.
Although the 3Ac-OA treatment did not show a significant
effect on the HDL level in a dose-dependent manner, it still
produced a superior result than atorvastatin. Furthermore,
the liver triglyceride and cholesterol levels were reduced
after 3Ac-OA treatment. By contrast, treatment with atorv-
astatin in rats fed a HFD for 4 weeks resulted in no change
in these parameters (Table 1). In our previous studies,
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Figure 2. Measurement of the intracellular TG and TC levels in FFA-induced HepG2 cells and primary rat hepatocytes (Model: 0.5 mmol/L FFA;
bezafibrate: 100 pymol/L; 10%: 3Ac-OA 100 umol/L; 10°: 3Ac-OA 10 umol/L; 10°: 3Ac-OA 1 pmol/L); (A) Measurement of the intracellular TG levels
in FFA-induced lipid storage in HepG2 cells. (B) Measurement of the intracellular TC levels in FFA-induced lipid storage within HepG2 cells. (C)
Measurement of the intracellular TG levels in FFA-induced lipid storage in primary rat hepatocytes. (D) Measurement of the intracellular TC levels in
FFA-induced lipid storage in primary rat hepatocytes. “*P<0.01, compared with control group. *P<0.05, #P<0.01, compared with model group.

Figure 3. Effects of 3Ac-OA on FFA-induced lipid storage in rat primary hepatocytes as detected by Oil Red O staining (original magnification: x100). (A)
Control group. (B) Model group (0.5 mmol/L FFA). (C) 100 umol/L bezafibrate+0.5 mmol/L FFA. (D) 1 ymol/L 3Ac-OA+0.5 mmol/L FFA. (E) 10 umol/L
3Ac-0A+0.5 mmol/L FFA. (F) 100 pymol/L 3Ac-OA+0.5 mmol/L FFA.

3Ac-OA (60 mg/kg) was given to normal rats for 4 weeks, rats had no significant differences compared with control rats,
and no obvious toxicity was observed. The behavior, food/ which showed that 3Ac-OA at 60 mg/kg has no effect on these
water intake, body weight, and plasma TC and TG levels of parameters in normal rats.
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Figure 4. Effects of 3Ac-OA on FFA-induced lipid storage in rat primary hepatocytes by Nile Red analysis. (A) Control group; (B) Model group (0.5 mmol/L
FFA); (C) 100 ymol/L bezafibrate+0.5 mmol/L FFA; (D) 1 ymol/L 3Ac-0A+0.5 mmol/L FFA; (E) 10 umol/L 3Ac-OA +0.5 mmol/L FFA; (F) 100 umol/L 3Ac-

OA+0.5 mmol/L FFA.

3Ac-0OA ameliorates HFD-induced lipid accumulation and cell

apoptosis in rats

Hematoxylin and eosin (H&E) staining showed that the HFD

Control

group had significant inflammation, infiltration of lympho-

cytes and macrophages, steatosis and lipid droplet accumula-

tion compared with the control group (Figure 5A, 5B). 3Ac-

Atorvastatin

Figure 5. Histopathological findings in the livers of rats fed a high-fat diet with H&E staining (original magnification: x200). Rats were treated with (A) 0.5%
CMC-Na; (B) HFD; (C) HFD+Atorvastatin; (D) HFD+3Ac-0OA 60 mg/kg; (E) HFD+3Ac-OA 30 mg/kg; (F) HFD+3Ac-0A 15 mg/kg.
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OA treatment significantly ameliorated the above symptoms
(Figure 5D, 5E, 5F). Furthermore, the 3Ac-OA treatment with
the highest dose showed minimal inflammatory cell infiltrates
and only a small amount of hepatocyte degeneration in rats,
superior to that of the atorvastatin treatment group (Figure
5C). Oil red O staining also showed marked lipid accumula-
tion in the HFD-fed group compared with the control group
(Figure 6A, 6B). Treatment with 3Ac-OA resulted in few cyto-
plasmic alterations in hepatocytes, and the lipid droplet levels
also decreased (Figure 6D, 6E, 6F). We further used electron
microscopy to analyze the cell apoptosis and lipid accumula-
tion induced by HFD. Compared to the control group (Figure
7A), cells displayed disruption of nuclear integrity and lyso-
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somal structures, chromatin margination and condensation in
the HFD model group (Figure 7B). There were significant fat
vacuoles in the model group. Atorvastatin showed beneficial
effects in maintaining cell integrity (Figure 7C). 3Ac-OA sig-
nificantly inhibited the HFD-induced lipid accumulation and
reduced cell apoptosis (Figure 7D, 7E, 7F).

Ac-OA alters the secretion of multiple adipokines in HFD-induced
rats

Adipokine array analyses showed that the secretion of mul-
tiple adipokines was altered by treatment with 3Ac-OA. The
levels of eleven adipokines were increased by more than two-
fold in the serum of 3Ac-OA-treated rats, including HGF,

Table 1. Effect of 3Ac-OA on food consumption, body weight, liver weight and serum biochemical parameters in HFD rats. Data are expressed as the
mean+SD. "P<0.05, “"P<0.01 compared with control group. *P<0.05, **P<0.01 compared with HFD group.

Parameters Vehicle HFD Atorvastatin 3Ac-0A 3Ac-0A 3Ac-0A
(5 mg/kg) (60 mg/kg) (30 mg/kg) (15 mg/kg)
Weight gain (g) 70.845.2 56.6+7.1" 43.1+13.2 45.3+17.4 52.947.2 55.1+8.2
Food intake (g/day/rat) 21.0+4.1 15.3+4.2™ 15.8+3.4 14.6+3.8 17.5+4.6 19.3+2.9
Serum lipid (mmol/L)
TG 1.33+0.40 3.93+1.06™ 3.41+0.71 2.21+0.54* 2.83+0.56 2.95+0.48
TC 2.88+0.29 4.29+1.16™ 2.42+0.94* 2.54+1.16* 2.98+1.28" 3.35+1.07
HDL-C 2.03+0.07 2.96+0.96" 2.33+0.37 2.32+0.43 2.06+0.29 1.98+0.54
LDL-C 0.83+0.19 2.36+0.45™ 1.87+0.36* 1.35+0.53* 1.51+0.24* 1.98+0.86
Liver changes
Liver weight (g) 8.52+0.59 12.48+2.25™ 11.02+1.21 10.92+1.05 11.95+1.45 12.06+1.53
Liver index 0.021+0.001 0.033+0.006™ 0.031+0.002 0.029+0.001 0.030+0.002 0.032+0.002
Liver TG (mg/mg) 2.15+0.65 10.26+5.67"" 5.14+1.07 3.75+0.92* 7.40+1.32 8.95+1.44
Liver TC (mg/mg) 3.41+0.33 13.83+4.99™ 8.31+1.93 6.79+2.09" 7.42+2.09 9.06+2.01
Control Model Atorvastatin
A B C
3Ac-OA 60 mg/kg 3Ac-OA 30 mg/kg 3Ac-OA 15 mg/kg
D E F

Figure 6. Oil Red O staining in the livers of rats fed a high-fat diet (original magnification: x200). Rats were treated with (A) 0.5% CMC-Na; (B) HFD; (C)

HFD+atorvastatin; (D) HFD+3Ac-0A 60 mg/kg; (E) HFD+3Ac-OA 30 mg/kg;

(F) HFD+3Ac-0A 15 mg/kg.
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Atorvastatin

Figure 7. Representative electron micrograph of ultra-thin sections of liver tissue from the control group, model group (HFD), atorvastatin group and

3Ac-OA groups (60, 30, 15 mg/kg).

ICAM, IGF-1, IGFBP-3, IGFBP-5, IGFBP-6, Lipocalin-2, MCP-1,
M-CSF, Pref-1 and RAGE (Figure 8, Table 2). Several adi-
pokines, such as ICAM, IGF-1, and Lipocalin-2, had levels
increased by more than twenty-fold. Most of the adipokines
were associated with insulin-like growth factors.

3Ac-OA activates AMPK-related pathways
We also examined the effects of 3Ac-OA on energy metabo-

Table 2. The secretion of various adipokines of serum from control group,
model group (HFD group), and 3Ac-OA (30 mg/kg) were evaluated using a
rat Antibody Array. The values obtained from the scans were analyzed by
intensity.

Coordinate Adipokine protein Fold increase
(3Ac-OA vs Model)

1 B11, B12 HGF 14.55
2 B13, B14 ICAM-1 30.17
3 B15, B16 IGF-1 26.14
4 C7,C8 IGFBP-3 3.59

5 C9, C10 IGFBP-5 7.54

6 C11,C12 IGFBP-6 8.99

7 D9, D10 Lipocalin-2 19.67
8 D11, D12 MCP-1 11.23
9 D13, D14 M-CSF 15.46
10 D15, D16 Pref-1 12.47
11 D17, D18 RAGE 18.79
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lism signaling pathways. The HFD model group showed
a decrease in expression of LDLR, GLUT-2 (Figure 9A),
phospho-AKT, phospho-GSK-3 and phospho-AMPK. The
3Ac-OA treatment group rescued phosphorylation of AMPK,
GSK-3p and AKT and also rescued expression of LDLR and
GLUT2 compared with the HFD-induced group (Figure 9B).

Discussion

Epidemiological studies have indicated that liver disease
remains a major health problem throughout the world. Non-
alcoholic fatty liver disease and its subtype non-alcoholic
steatohepatitis affect approximately 35% of the population
worldwide™. Half of all deaths in patients with non-alcoholic
fatty liver disease are due to cardiovascular disease and
malignancy, and yet overall disease awareness remains low.
Despite new breakthroughs in hepatology, modern medicine
lacks a reliable hepato-protective drug with few side effects ['7.
Additionally, liver injury is one of the major side effects of
many potential candidates, resulting in numerous failures of
new drugs!"® ™.,

It is well-known that an imbalance between TG excretion,
synthesis and hepatic uptake of FFA will result in fatty liver
disease. In hepatocytes, excess TG accumulation results
in FFA esterification and uptake™, whereas FFA and lipid
metabolites potently cause lipoapoptosis and lipotoxicity.
High concentrations of circulating FFA disrupt lipid metabo-
lism in NAFLD patients, which may aggravate hepatic fat
accumulation. Regulating hepatic FFA metabolism is a con-



Figure 8. Secretion of various adipokines in serum from the control
group, model group (HFD group), 3Ac-OA (30 mg/kg) group and 3Ac-OA (60
mg/kg) group were evaluated using a rat Antibody Array.

ceivable strategy to treat early-stage NAFLD by stimulating
FFA oxidation or decreasing FFA synthesis™). FFA is the key
player in the pathogenesis of NAFLD by influencing meta-
bolic regulators™. In this study, FFA was used to induce
lipid accumulation in primary rat hepatocytes and HepG2
cells, and 3Ac-OA reduced the levels of TC and TG at the cel-
lular level. Furthermore, we established a NAFLD model by
using HFD-fed rats. 3Ac-OA improved the metabolic and
histologic effects in HFD-treated rats. Oil Red O staining and
electron microscopy also showed similar results, and 3Ac-OA
significantly inhibited cell apoptosis by improving nuclear dis-
ruption, the structural integrity of lysosomes, chromatin mar-
gination and condensation, and lipid accumulation in HFD-
induced rats.

The present study demonstrated the protective effects of
3Ac-OA on FFA-induced lipotoxicity in vitro in HepG2/ pri-
mary rat hepatocytes and in vivo in HFD-induced hyperlip-
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idemia NAFLD models for the first time. Animals fed a HFD
had a higher caloric intake and developed NAFLD to similar
pathological degrees compared to rats in the control group.
However, caloric intake in rats among the HFD fed groups
did not show significant differences with other groups. Serum
biochemical index analysis showed a significant increases in
the TG, TC, HDL-C and LDL-C levels of 49%, 195%, 46% and
184%, respectively. 3Ac-OA showed an extremely significant
efficacy in reducing the TG and LDL-C levels, superior to the
atorvastatin-treated group. Furthermore, similar pathologi-
cal changes in NAFLD were induced in HFD-fed rats. The
histopathological results showed that hepatocytes in the
HFD-induced group underwent macrovascular cytoplasmic
alterations. After treatment with 3Ac-OA, these changes were
reversed in a dose-dependent manner, supporting that triter-
penes have a positive hypolipidemic effect.

HFD-treated animals showed dyslipidemia and hepatic
lipid accumulation; on the other hand, continuous HFD treat-
ment induced oxidative infiltration and adipokine factors in
the liver, which may develop to NASH. Similarly, the present
investigation showed that rats with HFD-induced NAFLD
exhibited higher levels of oxidative stress factors, lipid per-
oxidation products, and pro-inflammatory cytokines. In this
study, we used a rat adipokine array kit to measure the rela-
tive expression levels of adipokines in serum. The results
showed that 3Ac-OA increased secretion of HGF, ICAM-1,
IGF-1, IGFBP-5, IGFBP-3, IGFBP-6, Lipocalin-2, MCP-1,
M-CSF, Pref-1 and RAGE compared with the model group.
Several adipokines, such as IGF-1, IGFBP-5, IGFBP-3, and
IGFBP-6, were derived from insulin growth factors. IGF-I,
which is mostly carried by IGF-binding protein 3 (IGFBP-3) in
blood, was associated with cancer, diabetes and chronic kid-
ney disease in a previous multiethnic study™. In this study,
there were several records suggesting that IGFBP-3 may be
partly associated with lipid metabolism. Further details of
the effects of the mechanism of 3Ac-OA on IGF pathways are
under study .

AMPK plays an important role in maintaining energy and
redox homeostasis under various conditions . A well-
known role of AMPK is its participation in the regulation of
many metabolic processes. In muscle cells, AMPK is impor-
tant in the processes of glucose uptake and fatty acid oxidation;
in the liver, AMPK plays a key role in fatty acid synthesis and
gluconeogenesis™?!. Due to its roles in energy regulation, the
AMPK pathway is regarded as a potential therapeutic target for
obesity and diabetes. The HFD model group showed a marked
decrease in expression of AKT, GSK-3p and AMPK. The sig-
naling pathways of hepatic insulin and obesity are impaired
by HFD exposure. In C2C12 cells, AMPK directly stimulates
IRS-associated PI3K and the downstream signaling factors Akt
and GSK-3p to ensure normal metabolism®. The 3Ac-OA
treatment group had increased phosphorylation of AMPK and
AKT compared to the untreated HFD group. 3Ac-OA might
exert its modulatory effects on NAFLD through multiple sig-
naling pathways involving AMPK. Further studies are needed
to address the detailed molecular mechanisms in vitro.
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Figure 9. (A-B) Representative Western blots of total protein extracts from the control group, HFD group, Atorvastatin group, 3Ac-OAH group (60 mg/kg),
3Ac-0AM group (30 mg/kg), and 3Ac-OAL group (15 mg/kg); n=6 in each experimental group. (C-D) The fold-change was calculated based on the

densitometric analysis of band intensities. ““P<0.01 vs model group.

This project was partially aimed at drug discovery based on
pharmacological interference with lipid metabolism. We pre-
viously focused on research and development of pentacyclic
triterpenes as natural and low-toxic anti-diabetic agents, which
are used to provide preventive and therapeutic effects against
non-alcoholic fatty liver complications. The present study pro-
vides the first evidence for the protective effects of 3Ac-OA in
FFA /HFD-induced lipotoxicity both in vivo in NAFLD models
and in vitro in HepG2/primary rat hepatocytes. 3Ac-OA may
hold great promise as a potential natural therapeutic agent for
the treatment of NAFLD.
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Abbreviation

NAFLD, non-alcoholic fatty liver disease; 3Ac-OA, 3-Acetyl-
Oleanolic Acid; OA, oleanolic acid; HFD, high fat diet; TC,
total cholesterol; TG, triglyceride; HDL-C, high-density lipo-
protein-cholesterol; LDL-C, low-density lipoprotein-choles-
terol; FFA, free fatty acids; GP, glycogen phosphorylase; HGF,
hepatocyte growth factor; ICAM-1, intercellular cell adhesion
molecule-1; IGF-], insulin-like growth factor I; IGFBP-3, IGF-
binding protein 3; IGFBP-5, IGF-binding protein 5; IGFBP-6,
IGF-binding protein 6; MCP-1, monocyte chemotactic protein
1, M-CSF, macrophage colony-stimulating factor; Pred-1, pre-
adipocyte factor 1, GLUT-2, glucose transporter type 2; LDLR,
low-density lipoprotein receptor; AMPK, AMP-activated pro-
tein kinase; AKT, protein kinase B; GSK-3[, glycogen synthase
kinase 3p.
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