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Ursolic acid alleviates lipid accumulation by
activating the AMPK signaling pathway in vivo and

in vitro
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Abstract:
aimed to explore the mechanisms of UA in reducing lipid accumulation in free fatty acids-cultured HepG2 cells and in
high-fat-diet-fed C57BL/6] mice. In vivo, UA effectively alleviated liver steatosis and decreased the size of adipocytes in

The mechanism underlying the effect of ursolic acid (UA) on lipid metabolism remains unclear. This study

the epididymis. It also significantly decreased the total cholesterol (TC) and triglyceride (T'G) contents in the liver and
plasma in C57BL/6 mice. In vitro, UA (20 uM) significantly reduced lipid accumulation; the intracellular TC contents
decreased from 0.078 £ 0.0047 to 0.049 £ 0.0064 pmol/mg protein, and TG contents from 0.133 £ 0.005 to 0.066 +
0.0047 pmol/mg protein, in HepG2 cells. Furthermore, UA reduced the mRINA expression related to fat synthesis,
enhanced the mRINA expression related to adipose decomposition, and dramatically upregulated the protein expression
of P-AMPX in vivo and in vitro. Of note, these protective effects of UA on a high-fat environment were blocked by the
AMPK inhibitor (compound C) in vitro. In addition, the molecular docking results suggested that UA could be docked to
the AMPK protein as an AMPK activator. These results indicated that UA lowered the lipid content probably via activating
the AMPK signaling pathway, thereby inhibiting lipid synthesis and promoting fat decomposition.

Keywords: adenosine 5-monophosphate-activated protein kinase, C57BL/6] mice, HepG2 cells, lipid accumulation, ursolic

acid

Practical Application:

Ursolic acid (UA) widely exists in vegetables and fruits. This study highlighted a lipid-lowing

mechanism of UA in HepG2 cells and C57BL/6] mice. The data indicated that UA might be used in lipid-lowering

functional foods.

1. INTRODUCTION

Lipid metabolic disorders induce many chronic diseases, in-
cluding atherosclerosis, cardiovascular, type 2 diabetes, aging, and
NAFLD (Radaelli et al., 2018). Some anti-obesity drugs are of-
ten used to reduce lipid accumulation, but have many side effects,
such as liver dysfunction (Saokaew et al., 2017) or gastrointestinal
discomfort (Cavaliere, Floriano, & Medeiros-Neto, 2001). There-
fore, natural, safe, and novel small molecules should be explored for
reducing liver fat accumulation.

Ursolic acid (UA) (Figure 2a) widely exists in vegetables and
fruits, such as Rosmarinus officinalis leaves and Ocimum tenuiflo-
rum and Vaccinium vitis-idaea fruits (Hwang et al., 2013) (the con-
tent of UA from different sources is summarized in Table 1)
(Bernatoniene et al.,2016; Lopez-Hortas, Perez-Larran, Gonzalez-
Munoz, Falque, & Dominguez, 2018), which possess antihyperlipi-
demic (Li et al., 2014), anti-oxidant (Wang, Gong, et al., 2018),
anti-inflammatory (Wang, Li, Deng, Liu, & He, 2018), and hy-
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poglycemic properties (Rao et al., 2011). Previous studies found
that short-term (8 week) dietary supplementation of UA (50 and
200 mg/kg body weight) could activate peroxisome proliferator-
activated receptor alpha (PPAR«) to improve lipid and glucose
metabolism in mice (Jia et al., 2015). Recent studies also demon-
strated the roles of UA in obesity. For example, treating 3T3-L1
adipocytes with UA for 6 weeks could inhibit preadipocyte dif-
ferentiation by activating the LKB1/AMPK pathway (Liu, Qiao,
et al., 2017). Also, Chu et al. (2015) showed that UA could ad-
just UCP3/AMPK to regulate free fatty acid (FFA) accumulation
in skeletal muscle cells. A previous study also showed that supple-
menting 0.125%, 0.25%, and 0.5% UA (approximately 45, 90, and
180 mg/kg body weight) for 6 weeks alleviated fat accumulation
induced by a high-fat diet (HFD) in rats (Li et al., 2014). How-
ever, previous studies were mostly based on short-term effects. The
mechanism underlying the effect of the long-term supplementa-
tion of UA on AMPXK signaling pathway in C57BL/6] mice is still
unclear.

AMPK, a serine/threonine protein kinase, is a sensor of intracel-
lular energy status. Once activated, AMPK directly phosphorylates
multiple downstream genes to control glucose and lipid home-
ostasis (Alvarez-Suarez et al., 2016). Previous studies showed that
AMPK inhibited fatty acid synthesis by preventing fat synthesis-
related targets, such as acetyl-CoA carboxylase (ACC), sterol reg-
ulatory element-binding protein 1C (SREBP-1C), and fatty acid
synthase (FAS), as well as by promoting the fatty acid oxidation-
related targets, such as carnitine palmitoyltransferase (CPT-1),
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Figure 1-Effect of UA on pathology in EWAT and liver of HFD-administrated mice detected by H&E staining (x200) (a). The adipocyte size of EWAT (b). Data
are represented as mean + SD. P < 0.01 versus control group; #P < 0.05 and ##P < 0.01 versus FFAs group

Table 1-Content of UA from different sources.

Origin UA (mg/g) Origin UA (mg/g)
Rosmarinus officinalis leaves 158 £0.2 Vaccinium vitis-idaea fruits 7.09
Calendula officinalis flowers 20.53 Ziziphus jujuba fruit 0.31 to 0.53
Malus domestica fruit, peel 14.3 Crataegus pinnatifida fruits 0.61 to 1.14
Ligustrum lucidum Ait. fruit 5.8 t0 9.8 Satureja montana 9.4

Note. These data were obtained from previous reports (Bernatoniene et al., 2016; Lopez-Hortas et al., 2018).

acyl-coenzyme A oxidase 1 (ACOX1), and PPAR«a (Fan et al.,
2018).

SREBP-1C can bind to the promoter of downstream genes,
such as ACC (Park, Kim, Im, & Lee, 2015) and FAS (Chen et al.,
2018). The downregulation of ACC, a rate-limiting enzyme of
de novo lipogenesis, decreases the synthesis of malonyl-CoA, up-
regulates the gene expression of CPT-1, and then promotes fatty
acid B-oxidation (Al Zarzour et al., 2017). FAS is another key fac-
tor for the synthesis of fatty acids, which catalyzes the conver-
sion of acetyl-CoA and malonyl-CoA into palmitate (Chang et al.,
2013). SREBP-2 is relatively specific to cholesterol synthesis; it can
adjust the expression of cholesterol synthesis-related genes (e.g.,
3-hydroxy-3-methylglutaryl-CoA reductase [HMGCR]) (Yeom
et al., 2018). Cluster of differentiation 36 (CD36) is a multifunc-
tional class B scavenger receptor that regulates lipid balance and
immune response; it binds to lipids, transports lipids into cells, and
then enters the next step of lipid metabolism, such as f-oxidation
(Zhao, Varghese, Moorhead, Chen, & Ruan, 2018). PPAR« is a nu-
clear receptor that regulates the expression of genes related to fatty
acid oxidation, such as promoting the gene expression of ACOX1
and CPT1. ACOX1 and CPT1 are vital enzymes in peroxisome
B oxidation. The deletion of peroxisome S gene leads to the in-
ability of hepatocytes to oxidize long-chain fatty acids and hence
lipid accumulation (Zeng et al., 2016).
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In this study, HFD-fed C57BL/6] mouse model was used for in
vivo studies, whereas FFAs-cultured HepG2 cells were used for in
vitro studies to evaluate the mechanism underlying the lipid-lowing
effect of the supplementation of UA on the AMPK pathway, and
the protective effect of the long-term supplementation of UA in
mice. The purpose of this study was to provide a basis for the
development of functional foods containing UA.

2. MATERIALS AND METHODS

2.1 Chemicals

UA (purity >90%), compound C, oleate acid (OA), palmi-
tate acid (PA), penicillin, and streptomycin were purchased from
Sigma—Aldrich (St Louis, MO, USA). Trypsin, Dulbecco’s modi-
fied Eagle’s medium (DMEM), and fetal bovine serum (FBS) were
obtained from Hyclone (Logan, UT, USA). Triglyceride (TG),
total cholesterol (TC), and BCA protein assay kits were pur-
chased from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). AMPK, P-AMPK, and f-actin antibody were purchased
from Cell Signaling Technology (Danvers, MA, USA). Mineral
and vitamin mixes were procured from Harlan Teklad (Madison,
W1, USA). Cholesterol was purchased from Solarbio Life Science
(Beijing, China), whereas others were obtained from the Tianjin
supermarket.



Lipid-lowering effect of ursolic acid...

1204

100

cell viability
(% of control)
2
i

C 1201

- -
3 g'—é
- = =1
% £
= © =2
(i Z =
- =9
IR R 20
o S

10 15

Figure 2-Chemical structure of UA (a). Cytotoxicity
of HepG2 cells induced with UA (b), FFAs (c), and
the UA combined with T mM FFAs (d). The effect of
UA on morphological changes was detected by
inverted-phase contrast microscopy (x 100) (e).
Data are reported as mean & SD. **P < 0.01 and
“**P < 0.001 versus control group
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2.2 Animal experiment

Male C57BL/6] mice (weighing 19 to 20 g; aged 6 weeks) were
obtained from Beijing Vital River Laboratory Animal Technol-
ogy Co., Ltd. (Beijing, China). A total of 60 mice were housed in
normative animal rooms with a specific environment: temperature,
23 % 2 °C; humidity, 50% % 10%;and a 12 hrlight/dark cycle. The
experiments were performed under the guidelines and approval of
the Ethics Committee for the Experimental Use of Animals at the
Center for Drug Safety Evaluation of Tianjin University of Sci-
ence and Technology (Approval No: 20171114C).

The C57BL/6] mice were randomly divided into five groups
(12 in each group) for 15 weeks to administer the following diets:
normal diet (NC), HFD, and HFD combined with orally admin-
istered UA (60, 80, and 100 mg/kg body weight). The dose of UA
was according to previous doses (Jia et al., 2015; Zhai et al., 2018).
It was equivalent to human doses of 4.86, 6.49, and 8.11 mg/kg
body weight per day, as shown in Table 1. This calculation was
based on the body surface area, using the following formula: hu-
man doses (mg/kg) = mouse dose (mg/kg) x (3/37), where 3 and

37 mean Km (Km = weight/body surface area) of 0.02 kg mouse
and 60 kg human being (Reagan-Shaw, Nihal, & Ahmad, 2008).
Humans need the supplementation of 18.45, 24.6, and 30.99 ¢
Rosmarinus officinalis leaves or 20.39, 27.23, and 34.03 g Malus do-
mestica fruit to reach the doses. The diet was drafted according to
the American Institute of Nutrition’s 1993 guidelines. The ingre-
dients in the control diet were as follows (g/kg diet): casein, 212;
sucrose, 50; vitamin mix, 15; D-L methionine, 1; mineral mix, 35;
lard, 50; gelatin, 10; and corn starch, 627. The ingredients in HFD
were as follows (g/kg diet): casein, 212; sucrose, 50; vitamin mix,
15; D-L methionine, 1; mineral mix, 35; lard, 200; cholesterol, 1;
gelatin, 10; and corn starch, 476.

After a 15-week supplementation, the mice were euthanized hu-
manely, and blood was immediately extracted from the mouse eye-
ball after withholding food for 12 hr. Blood samples and liver were
immediately excised, transferred to liquid nitrogen,and then stored
at =80 °C for further analysis. Meanwhile, the tissues were weighed
as previously described, frozen in liquid nitrogen, and then stored
at =80 °C for further analysis. Moreover, a part of the liver and
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Liver

GCATCTTCTTGTGCAGTGCCTACGGCCAAATCCGTTCACA
GGACTTACTTGTTGGATTTCCGCCTTTGGCAAGATCGATAGTTG

CTGCTAGCTAGATGACCCTGCTCTGGCTTTGATCCCGGAAG
GGAGGAGGAGGGAAAGGGATCTCCCCAAGGAGATACCCCA
GTGCTTGCTGGCTCACAGTTAGGTTGGTGTACCCCCATTCA
GTTGACCACGCTGAAGACAGACACCAGGGTTGGCACTTGAA
GAGCCCCATGCATGCTAAGTGCCATGCATCCGGAAAAGTC
TGCAGCCTCAGCCAAGTTGAATTCCCGAACTTGACCAGCCA
TTCGTGCAGCCAGATTGGTAGCGGCTTTGTCTTGAATCTTGG
GCATCTTCTTGTGCAGTGCCTACGGCCAAATCCGTTCACA

HepG2
ATGCTGGTGCCGAGTATGTTGCAGAAGGTGCGGAGATGATGAC

TGAAGCCAGAACGTGTTGATAATTTGGCGATCCACAGC

GTCGTAGATGCGGAGAAGTTGATGGAGGAGCGGTAG
TTCCAGAGCAAGCACATTAGCCCAACTCCAATCACAAGACATTC

ACTGTGGTGGTTGGTAGAGCGGTTGAAGTCCTTGATGG
GCCGCCATCTACAACATCGTCTTCCACACTATGCTCAG
TCACATTACCTTCCTTCTCCATTACCGTCTGTTGTTG
CAGGCTATCATTACGGAGTCCGGTCGCACTTGTCATAC
CCACTGCCTATGCCTTCCCCATCCGACATGCTTCAATG

Table 2-Sequence of the primers used in real-time PCR.
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TACTTCAAGGTCTGGCTCTACGAGGCTCCGAGGTATTGTC
GATGAACAGCAGCAACATTCCCACAGCCAGATTGAGAAC

ForwardR everse

CPT-1

GCCAAGCTATTGCGACATGAATCTCAATGTCCGAGACTTTTCAAC

ForwardR everse

CD36

epididymal white adipose tissue (EWAT) were fixed in formalin
solution for histologic analysis (Cai, Huang, & Wang, 2015; Ye,
Wu, Zhang, & Wang, 2019).

2.3 Metabolic parameters analysis

The serum samples were collected and centrifuged at 4,000 x ¢
and 4 °C for 15 min as previously described (Cai et al., 2015). The
serum TC, TG, and high-density lipoprotein cholesterol (HDL-C)
and the liver TC, TG, and protein levels were measured using en-
zymatic analysis kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the assay protocol and by a previ-
ously described method (Chen, Fang, & Wang, 2020). The serum
non-HDL-C level was calculated by subtracting the HDL-C level
from the TC level.

2.4 Histological analysis

EWAT and liver tissues were embedded in paraffin for hema-
toxylin and eosin (H&E) straining. The stained images were ob-
served under an inverted microscope (200x magnification). The
adipocyte sizes were analyzed using Image J software.

2.5 Cell culture

The human hepatoblastoma cell line (HepG2) was gained from
the Cell Resource Center of Shanghai Institute of Life Sci-
ences, Chinese Academy of Sciences. HepG2 cells were grown
in DMEM supplemented with 10% FBS, 0.1 U/L penicillin, and
0.1 g/L streptomycin in a humidified incubator at 37 °C with 5%
CO,. When the cells reached 70% confluence, they were induced
with UA and FFAs (OA:PA, 2:1, following by the method reported
previously [Gomez-Lechon et al., 2007]) or compound C (2 uM,
referring to a previous experimental dose [Cheng et al., 2019]) for

24 hr.

2.6 Cytotoxicity assay

The cells (5 x 10*/mL) were seeded in 96-well plates, cultivated
for 24 hr, and then incubated with FFAs (0.2, 0.4, 0.6, 0.8, 1, and
1.2 mM), UA (5, 10, 15, 20, 25, 30, 35, and 40 uM), or FFAs com-
bined with UA for 24 hr. Thereafter, HepG2 cells were treated
with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) for 4 hr, after which MTT was replaced with 150 pL
of Methyl sulfoxide (DMSO). The absorbance was determined
with a microplate reader at 570 nm.

2.7 Oil red O staining assay

The oil red O staining assay can reflect intracellular fat content,
which can be detected by a previously described method (Cheng
et al., 2019). In brief, the cells (5 x 10*/mL) were seeded in 96-
well plates, cultivated for 24 hr, and then incubated with FFAs
and UA for 24 hr. The cells were washed with phosphate buffer
saline (PBS) thrice and fixed with paraformaldehyde for 40 min.
After 40 min of fixation, the cells were stained with oil red O for
40 min and then observed under an inverted microscope. The cells
were washed with 60% isopropanol for 10 s before adding 200 pL
isopropanol to dissolve oil red O, so as to determine the content of
oil red O. The absorbance was detected with a spectrophotometer
at 510 nm.

2.8 Quantification of intracellular TC and TG contents

The TC and TG contents of cells and protein concentrations
were measured using commercial kits by the methods described
in Section 2.3. Finally, the TG and TC contents were calculated
and shown as pmol/mg protein.
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Table 3-Body/organ weight of C57BL/6] mice.

Parameters NC HFD UA 60 UA 80 UA 100
Before UA supplement (g) 19.42 4 0.54 19.39 + 0.24 1957 + 0.38 19.47 £ 0.49 1932 + 0.29
After UA supplement (g) 30.12 + 1.67 38.94 + 2.84" 3422 + 127 31.35 + 2,53 30.09 + 1.82°
Food intake (g/day) 351 + 0.67 3.45 + 0.68 352 + 0.54 356 + 0.71 353 + 0.65
Liver (g) 1.44 £ 0.56 2.82 + 0.54* 2.56 + 0.76" 2.34 + 053" 2.03 + 0.66"
Heart (g) 0.18 + 0.03 0.19 + 0.02 0.20 + 0.02 0.19 + 0.03 0.18 % 0.02
Kidney (g) 0.41 + 0.06 0.43 + 0.07 0.42 + 0.05 0.45 + 0.07 0.44 + 0.06
Perirenal adipose (g) 0.12 £ 0.01 0.48 £ 0.03* 0.39 £ 0.02° 0.32 £ 0.03 0.23 + 0.02°
Epididymal adipose (g) 221 + 0.25 3.68 + 027 351 + 0.24" 3.08 + 0.32" 2.68 + 0.16"
Note. Data are represented as mean £ SD (n = 12).

*P < 0.05 versus control group.

#P < 0.05 versus FFAs group.

Table 4-Effect of UA on metabolic parameters of C57BL/6] mice.

Parameters NC HFD UA 60 UA 80 UA 100
Serum

TG (mmol/L) 0.75 £ 0.08 132 + 0.13" 1.19 £ 0.09" 13 + 0.06" 0.94 + 0.04”
TC (mmol/L) 3.22 + 0.36 5.75 + 0.89™ 5.03 + 0.76 412 £ 0.66" 3.72 + 0.68"
HDL-C (mmol/L) 1.71 % 0.08 1.89 & 0.13 1.99 & 0.12 222 + 0.147 249 + 0.18"
No-HDL-C (mmol/L) 152 + 0.09 3.85 £ 0.19** 3.04 + 0.13" 1.99 £ 0.11" 1.23 + 0.07"
Liver

TG (mmol/g) 121 + 0.07 291 £ 0.43™ 2.15 + 0.22" 1.94 + 0.12" 1.32 + 0.07%
TC (mmol/g) 13 + 0.09 3.21 + 0.29™ 2.75 + 0.34" 2.02 + 0.18" 1.28 + 0.06"

Note. Data are represented as mean £ SD (n = 12).
**P < 0.01 versus control group.

#p < 0.05.

##P < 0.01 versus FFAs group.

2.9 Realtime polymerase chain reaction assay

The cells and liver tissue were lysed to obtain total RNA as de-
scribed previously (Wang et al., 2017; Yang, Cai, Huang, & Wang,
2020). cDNA was synthesized by reverse transcription using a
commercial kit (TaKaRa PrimeScript RT Master Mix, Dalian,
China) following the manufacturer’s protocol. The mRINA ex-
pression was detected using UltraSYBR Mixture reagents (CoWin
Biosciences, Beijing, China). The related primers are summarized
in Table 2. The expression of genes was standardized to the level
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

2.10 Determination of AMPK activity

AMPK activity was determined in HepG2 cells as described pre-
viously to investigate the relationship between AMPK and lipid
metabolism (Cheng et al., 2019). An anti-AMPK-pana antibody
was purchased from Merck (California, USA.). SAMS peptide
(HMRSAMSGLHLVKRR) was obtained from Sigma—Aldrich.

2.11 Western blot analyses

The cells and liver were harvested and lysed using RIPA lysis
buffer (containing 1% PMSF [phenylmethanesulfonyl fluoridel]).
The expression levels of proteins were measured as described pre-
viously (Li et al., 2019). The extracted proteins were separated
on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and then transferred onto a polyvinylidene diflu-
oride membrane. The membrane was sealed with 3% skimmed
milk for 2 hr. For immunoblotting, the blots were hybridized with
primary antibodies overnight at 4 °C. Then, the membrane was
soaked in the secondary antibody for 1 hr and, the ECL Plus
chemiluminescence agent was added. The protein stripes were ob-
served using autoradiography (Kodak, Japan). B-Actin was used as
an internal loading control.

2.12  Molecular docking

Molecular docking was conducted using the software of
CDOCKER with Discover Studio 3.5 (Accelrys, California,
USA), as previously described, to explore the possible interac-
tion mode of UA and AMPK (Cheng et al., 2019). The crystal
of AMPK protein (PDB:4CFH) was retrieved from the RCSB
Protein Data Bank, and the structure of UA was obtained using
the ChemBio3D software.

2.13 Statistical analysis

Data were shown as mean = standard deviation, and all exper-
iments were repeated at least three times. Significant differences
were analyzed by one-way analysis of variance (ANOVA), followed
by Duncan’s test for post hoc analysis. A P-value < 0.05 indicated
a statistically significant difference.

3. RESULTS AND DISCUSSION

3.1 UA reduced body and viscera weights and improved
profiles of serum and liver

The initial body weights of mice were similar, and the data
showed no remarkable differences in the food intake (Table 3).
However, the average body weight, liver weight, and epididymal
and perirenal adipose contents significantly increased in the HFD
group compared with the NC group due to different energy
consumption (Table 3) (P < 0.05). After administering UA for
15 weeks, the average body weight, liver weight, and epididymal
and perirenal adipose contents significantly reduced in the UA (at
100 mg/kg) group by 22.7%, 28%, 27.2%, and 52.1% compared
with the HFD group, respectively (all P < 0.05). Non-HDL-C is
considered to be an important risk factor for predicting obesity-
related chronic diseases and is superior to low-density lipoprotein
cholesterol in disease assessment (Liu et al.,, 2018; Ramjee,
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Figure 3-Effect of UA on the lipid content. Morphological changes of HepG2 cells (a) (x 100) and oil red O-stained cells (b) (x200) were observed using
inverted-phase contrast microscopy. The content of oil red O staining (c) was detected by the colorimetric method. The contents of intracellular TC (d) and
TG (e) were measured using commercial kits. The concentration of FFAs was 1 mM. Data are represented as mean =+ SD. “P < 0.05, *"P < 0.01, and “**P
< 0.001 versus control group; P < 0.05, #P < 0.01, and ###P<0.001 versus FFAs group

Table 5-Interacting amino acids between macromolecule and ligands.

Hydrogen Binding

Ligands bondsInvolved energy

name residues (kcal/mol) Interactive amino acids

UA ARG 132ASP 128 —70.02448 MET 334, GLU 232, ARG 331, ASN 335, ASP 128, ARG 132,
THR 258, ILE 259, ARG 263, LYS 260, LYS 338, PRO 278,
LEU 342, TYR 341, and THR 43

PT1 ARG 263ARG —196.28528 GLU 232, ASN 335, ASP 128, ARG 132, ILE 259, ARG 263,LYS

132 260, PRO 278,LYS 262, MET 134, HIS 131, and ARG 331

Sperling, & Jacobson, 2011; Verbeek, Hovingh, & Boekholdt,
2015). Therefore, the serum levels of TC, TG, HDL-C, and non-
HDL-C and the TC and TG contents in liver tissue were tested
to evaluate the lipid-lowering effect of UA (Table 4). The results
showed that the serum concentrations of TC, TG, and non-HDL-
C, as well as the TC and TG contents in the liver, significantly in-
creased in the HFD group, whereas the serum level of HDL-C was
not significantly changed. These data showed that HFD induced
lipid accumulation in mice, which was consistent with the findings
of Liu, Qiao, et al. (2017). After the supplementation of UA, the
liver and serum levels of TC, TG, and non-HDL-C significantly
reduced, which was consistent with previous reports showing
that the supplementation of UA alleviated the hepatic steatosis
by reducing the levels of hepatic TG and TC in HFD-fed mice
(Kwon, Shin, & Choi, 2018). Further, the level of serum HDL-C
dramatically increased compared with the HFD group. These

6 Journal of Food Science ¢ Vol. 0, Iss. 0, 2020

results showed that UA decreased lipid accumulation in HFD-fed
mice.

3.2 Histopathological analysis of mice

In animal experiments, HFD-induced excessive fat accumula-
tion usually leads to marked accumulations of lipids in tissues, such
as liver, kidney, and epididymis (Jiao et al., 2019). The morphology
of EWAT and liver was analyzed by H&E staining to explore and
observe the effects of UA administration on tissue fat accumu-
lation (Figure 1). HFD administration significantly increased the
mean size of adipose cells compared with that in the NC group
(P < 0.05), whereas the supplementation of UA (at 100 mg/kg)
dramatically reduced the mean size of adipose cells compared with
that in the HFD group (P < 0.05) (Figure 1). The histopatholog-
ical analysis of the liver illustrated that HFD treatment exhibited
severe liver steatosis and empty lipid vacuoles compared with the
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NC group, suggesting that HFD treatment induced serious liver fat
accumulation in vivo. Moreover, the supplementation of UA signif-
icantly alleviated liver steatosis and empty lipid vacuoles compared
with the HFD group, which was consistent with a previous study
showing that carnosic acid alleviated liver steatosis by decreasing
lipid accumulation in HFD-fad mice (Song et al., 2018). Taken
together, these results suggested that UA alleviated liver lipid ac-
cumulation in C57BL/6] mice.

3.3 UA reduced FFAs-induced cytotoxicity in HepG2 cells
The effects of FFAs and UA on cell viability were detected us-
ing MTT. As shown in Figure 2b and 2e, the cells treated with

the tested doses of UA (5, 10, 15, and 20 pM) had no cytotox-
icity, whereas high doses of UA (25, 30, 35, and 40 uM) sig-
nificantly reduced cell viability (P < 0.05). Moreover, the via-
bility of HepG2 cells treated with 1.2 mM FFAs was reduced
to approximately 80%, whereas 1 mM FFAs had no cytotoxic-
ity, which was consistent with other studies demonstrating that
1 mM FFAs had no cytotoxicity and could induce lipid accumu-
lation in HepG2 cells (Ai et al., 2015) (Figure 2c). In addition,
FFAs (1 mM) combined with UA (5, 10, 15, and 20 pM) did not
show any cytotoxic effects (Figure 2d). Based on these results, FFAs
(1 mM) and UA (5, 10, 15, and 20 pM) were selected for further
experiments.
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3.4 UA suppressed FFAs-induced lipid accumulation in
HepG2 cells

FFAs (oleic acid:palmitic acid, 2:1) were added to the medium,
and the cells were cultured for 24 hr to significantly induce lipid
accumulation. FFAs (1mM) prominently enhanced lipid accumu-
lation (TC and TG contents, P < 0.05) compared with the NC
group (Figure 2b), which was analyzed by oil red O staining and
TC and TG reagent kits (P < 0.05) (Figure 3c—e), and was con-
sistent with previous findings (Zhou et al., 2017). However, FFAs
had no effect on cell number, yet the cells were round in shape
(Figure 3a). UA treatment significantly prevented lipid accumula-
tion (P < 0.05) and the increase in intracellular TC and TG con-
tents in FFAs-cultured HepG2 cells (Figure 3). These data demon-
strated that UA treatment significantly reversed FFAs-induced lipid
accumulation in HepG2 cells. The results of the present study
were consistent with other findings indicating a decrease in TC
and TG contents, as well as oil red O staining, suggesting that
the lipid accumulation decreased in HepG2 cells (Zeng et al.,
2016).

3.5 UA prevented lipogenesis and promoted fatty acid
oxidation
The present study analyzed the gene expression in the liver
of mice (Figure 4). The results showed that HFD significantly

8 Journal of Food Science ¢ Vol. 0, Iss. 0, 2020

enhanced the mRNA expression of ACC, FAS, SREBP-1C,
SREBP-2, HMGCR, and CD36 (Figure 4) (P < 0.05). Mean-
while, the gene expression of CPT-1 was significantly downregu-
lated (P < 0.05). The supplementation of UA dramatically reversed
the changes in mRINA expression of genes related to lipogenesis
and fatty acid oxidation (all P < 0.05).

In vitro, 1 mM FFAs significantly enhanced the expression
of ACC, FAS, SREBP-1C, and CD36 (Figure 5) (P < 0.05),
which was in agreement with a previous study showing that
high-fat condition increased the expression of CD36 to pro-
mote fatty acid uptake in HepG2 cells (Zang, Fan, Chen,
Huang, & Qin, 2018). Meanwhile, the gene expression of
ACOX1 and PPAR« significantly decreased (P < 0.05). Treat-
ment with UA inhibited the mRNA expression of ACC, FAS,
SREBP-1C, HMGCR, and SREBP-2 (P < 0.05 at 20 uM)
(Figure 5a), which was similar to a previous study demonstrat-
ing that UA reduced lipid accumulation by suppressing the gene
expression of SREBP-1C, FAS, and ACC in T0901317 (LXRo
agonist)-induced HepG2 cells (Lin et al., 2018). In addition, UA
treatment increased the gene expression of CD36, PPAR«, CPT1,
and ACOX1 (P < 0.05 at 20 uM) (Figure 5b), which was con-
sistent with an earlier study showing that the expressions levels of
PPAR« and ACOX1 decreased in FFAs-cultured cells to prevent
fatty acid B-oxidation (Zang et al.,2018; Zhang et al.,2017). These
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results showed that UA decreased lipid accumulation by decreasing
lipogenesis and increasing lipolysis in vivo and in vitro.

3.6 UA upregulated the activity and gene and protein
expression of AMPK

AMPK can be characterized as a regulator of energy metabolism
that can control glucose and lipid homeostasis (Liu, Xu, et al.,
2017). In vitro, FFAs significantly reduced AMPK activity (P
< 0.05) and mRNA expression (Figure 6a and 6b) (P < 0.05).
However, the supplementation of UA reversed the decreased
AMPK activity and mRNA expression (P < 0.05 at 20 pM). Con-
sistently, the expression levels of P~AMPK protein were observ-
ably enhanced (Figure 6¢) (P < 0.05 at 20 pM) in FFAs-cultured
HepG2 cells. These results were in agreement with previous find-
ing that theaflavins enhanced the gene and protein expression of
AMPK to reduce hepatic lipid accumulation (Lin, Huang, & Lin,
2007).

Meanwhile, the effects of UA on AMPK gene and protein ex-
pression were determined in vivo (Figure 6d and 6e). After 15 weeks
of UA administration, the gene expression of AMPK in the liver
(Figure 6d) and the protein expression of P~AMPK significantly
increased (P < 0.05 at 80 and 100 mg/kg). These data indicated
that UA reduced fatty deposits via activating AMPK expression in
FFAs-cultured HepG2 cells and HFD-fed C57BL/6] mice. This
study was novel in exploring the lipid-lowing property of UA in
FFAs-cultured HepG2 cells and HFD-fed C57BL/6] mice based
on the AMPK pathway.

3.7 Compound C reversed the protective effects of UA
Compound C is a potent ATP-competitive inhibitor of AMPK.

Therefore, compound C can influence AMPK expression by af-

fecting the AMP/ATP ratio. A previous study indicated that the

increased ratio of AMP/ATP activated AMPK protein (Vila et al.,
2011). Also, compound C inhibited the expression of AMPK gene
and phosphorylated protein (Lew et al., 2018; Liu, Wang, Hou,
Xiong, & Zhao,2017). The decrease in the number of lipid droplets
(Figure 7a and 7b) and TC (Figure 7¢) and TG (Figure 7d) con-
tents was abolished by co-treatment with compound C (2 uM) for
24 hr compared with the UA treatment group (all P < 0.05).In ad-
dition, the decreased gene expression of SREBP-2, FAS, SREBP-
1C, ACC,and HMGCR was enhanced (all P < 0.05). Meanwhile,
the increased mRINA expression of PPAR«, CPT-1,and ACOX1
was alleviated (all P < 0.05) (Figure 7e and 7f). Astragaloside IV
attenuated lipid accumulation by stimulating AMPK and reducing
the expression levels of ACC, SREBP-1C, and FAS, and these ef-
fects could be reversed by compound C (Zhou et al., 2017). How-
ever, treatment with compound C had no effect on the gene ex-
pression of CD36 compared with UA-treated cells. Furthermore,
the increased AMPK activity (Figure 7g), AMPK gene expression
level (Figure 7h),and P-AMPK protein expression level (Figure 71)
were decreased by compound C. These results showed that UA
regulated lipid metabolism in FFAs-cultured HepG2 cells partly
by activating AMPK.

3.8 Molecular docking

A previous study showed that UA entered the plasma within
about 0.5 hr after oral administration of UA (10 mg/kg) in rats;
was then transported to organs, such as lung, spleen, and liver; and
might bind to some target proteins in organs (Chen, Luo, Zhang,
& Chen, 2011). Therefore, molecular docking was used to explore
the binding modes of ligands (UA) to responsive sites (AMPK)
(Figure 8). UA and PT1 (an activator of AMPK) (Huang et al.,
2015;Pang et al.,2008) were docked into 4CFH (Figure 8a and 8b).
UA showed good binding energy docked into 4CFH in the
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binding pocket, which was comparable to that of PT1. The bind-
ing energy was —70.024 kcal/mol (UA) and —196.285 kcal/mol
(PT1). In molecular docking, the amino acids that interacted with
UA were MET 334, GLU 232, ARG 331, ASN 335, ASP 128,
ARG 132, THR 258, ILE 259, ARG 263, LYS 260, LYS 338,
PRO 278, LEU 342, TYR 341, and THR 43, and the amino
acids that interacted with PT1 were GLU 232, ASN 335, ASP
128, ARG 132,ILE 259, ARG 263,LYS 260, PRO 278,LYS 262,
MET 134, HIS 131, and ARG 331. The results showed that UA
and PT1 interacted with the AMPK protein via nine common
amino acids, including GLU 232, ARG 331, ASN 335, ASP 128,
ARG 132,ILE 259, ARG 263,LYS 260, and PRO 278. The result
revealed that UA could form hydrogen bonds with ARG132 and
ASP128 at distance of 8.340 and 2.843 A, respectively. Meanwhile,
PT1 interacted with the ARG263 and ARG132 to form hydro-
gen bonds (Figure 8 and Table 5). In this situation, the oxygen
atom on hydroxyl groups of UA formed multiple hydrogen bonds
with some amino acids. Taken together, these results showed that
UA and PT 1 bound to the AMPK protein in the same manner,
thereby activating AMPK activity. The binding energy, interactive
amino acids, and hydrogen bonds involving residues are displayed
in Table 5. The results indicated that the binding sites of UA and
PT1 were in similar pockets of 4CFH, thus leading to AMPK
activation.

10 Journal of Food Science e Vol. 0, Iss. 0, 2020

4. CONCLUSIONS

This study demonstrated a protective effect of UA against
lipid accumulation in FFAs-cultured HepG2 cells and HFD-fed
C57BL/6] mice. Furthermore, it indicated that UA regulated lipid
metabolism, and this beneficial effect was associated with reduced
lipogenesis and increased lipolysis via activating the AMPK sig-
naling pathway. These findings indicated that the supplementation
with UA might be an advisable strategy for lipid-lowering func-
tional foods to relieve HFD-induced liver injury.
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