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Abstract

Hyperlipidemia is considered one of the greatest risk factors of cardiovascular diseases. We
investigated the anti-hyperlipidemic effect and the underlying mechanism of wedelolactone,
a plant-derived coumestan, in HepG2 cells and high-fat diet (HFD)-induced hyperlipidemic
hamsters. We showed that in cultured HepG2 cells, wedelolactone up-regulated protein lev-
els of adenosine monophosphate activated protein kinase (AMPK) and peroxisome prolif-
erator-activated receptor-alpha (PPARa) as well as the gene expression of AMPK, PPARaq,
lipoprotein lipase (LPL), and the low-density lipoprotein receptor (LDLR). Meanwhile, admin-
istration of wedelolactone for 4 weeks decreased the lipid profiles of plasma and liver in
HFD-induced hyperlipidemic hamsters, including total cholesterol (TC), triglycerides (TG),
and low-density lipoprotein-cholesterol (LDL-C). The activation of AMPK and up-regulation
of PPARa was also observed with wedelolactone treatment. Furthermore, wedelolactone
also increased the activities of superoxidase dismutase (SOD) and glutathione peroxidase
(GSH-Px) and decreased the level of the lipid peroxidation product malondialdehyde (MDA)
in the liver, therefore decreasing the activity of alanine aminotransferase (ALT). In conclu-
sion, we provide novel experimental evidence that wedelolactone possesses lipid-lowering
and steatosis-improving effects, and the underlying mechanism is, at least in part, mediated
by the activation of AMPK and the up-regulation of PPARa/LPL and LDLR.

Introduction

Hyperlipidemia is a metabolic disorder characterized by increased levels of TC, LDL-C, very
low-density lipoprotein-cholesterol (VLDL-C), and TG, with a concomitant decrease in the
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level of high-density lipoprotein-cholesterol (HDL-C) circulating in the blood. High serum
levels of lipids are a risk factor for the development of cardiovascular diseases, including ath-
erosclerosis, coronary heart disease, and hypertension. Meanwhile, lipid accumulation

in the liver (steatosis) results in inflammation and oxidative stress, leading to liver

damage [1,2].

Wedelolactone is a plant-derived coumarin. It is an important active small-molecule com-
pound with many pharmacological activities including anti-fibrotic effects on the human
hepatic stellate cell line LX-2 [3], inhibitory effects on the proliferation and differentiation of
pre-osteoclasts [4], and anti-HCV activity [5]. The lipid-lowering effects of wedelolactone have
not been reported. However, Eclipta prostrate L, which is a traditional Chinese herbal medicine
whose characteristic compound is wedelolactone, has been demonstrated to have hypolipi-
demic activity [6]. This current study is the first to determine the hypolipidemic effects of
wedelolactone and investigate its underlying mechanism.

Interestingly, wedelolactone has been found to be a potent and selective inhibitor of I kappa
B kinases [7] and 5-lipoxygenase [8], making it a candidate drug for the prevention and treat-
ment of inflammation. Inflammation is associated with disturbance of reactive oxygen species
(ROS) within the pathogenesis of hyperlipidemia and contributes to liver damage. Therefore,
hyperlipidemia is usually accompanied by liver damage; theoretically, lipid-lowering process
by drugs can improve liver damage. However, a few studies reveal that several anti-hyperlipid-
emia drugs may induce liver damage [9,10]. Therefore, we also explored the beneficial effects
of wedelolactone in reducing liver damage as well as its lipid-regulating effect.

Materials and Methods
Ethical approval of the study protocol

All animal experimental procedures were in accordance with the Guide for the Care and Use of
Laboratory Animals (8th edition; US National Institutes of Health Publication, Bethesda, MD,
USA, 2011) and the protocol was approved by the Animal Care and Use Committee of Xiamen
University (Xiamen, China).

Procedures of cell culture

HepG2 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)/high glucose
(HyClone; Thermo Scientific, Jiilich, Germany) with 10% fetal bovine serum (FBS) (Gemini
Bio Products, Sacramento, CA, USA) at 37°C with 5% CO, until ~#70% confluent. Cells were
synchronized in DMEM containing 0.4% FBS for 24 h before treatment. To inhibit the activa-
tion of PPARGa, cells were pre-treated with MK886 for 0.5 h, followed by treatment of wedelo-
lactone (Jingke Chemical Science and Technology, Shanghai, China) for 24 h.

Cell viability assay

The MTS assay was employed to evaluate the toxicity of wedelolactone on the human liver
hepatocellular carcinoma cell line HepG2 (Cell Resource Center of the Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences, Shanghai, China). Briefly, HepG2 cells were
plated at 2x10° cells per well in 96-well plates in DMEM containing 10% FBS at 37°C. After
overnight incubation, cells were synchronized in DMEM containing 0.4% FBS for 24 h and
stimulated with various concentrations of wedelolactone for a further 24 h. Cell viability was
measured by a CellTiter 96 AQueous One Solution Cell Proliferation Assay kit (Promega,
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Table 1. Primer sequences used for qPCR.

Fitchburg, WI, USA). Viability was calculated using the following formula:
Viability (%) = A490(sample) /A490(control) x 100%

Absorbance was measured at 490 nm on a Microplate Reader (Molecular Devices, Silicon
Valley, CA, USA).

Quantitative real-time polymerase chain reaction (QPCR)

Relative mRNA expression of PPARa, LPL, LDLR, AMPK, carnitine palmitoyltransferase 1
(CPT1), cluster of differentiation 36 (CD36), acetyl-CoA carboxylase (ACC), sterol regulatory
element binding protein-1c (SREBP-1c), sterol regulatory element binding protein-2 (SREBP-
2), and SREBPs’ downstream genes, including hydroxy-3-methyl-glutaryl-CoA reductase
(HMGCR), fatty acid synthetase (FAS) and stearoyl-CoA desaturase (SCD) [11] in HepG2
cells were determined by qPCR.

Total cellular RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA, USA) following
the manufacturer’s instructions. cDNA synthesis was undertaken using a Reverse Transcrip-
tion kit (Thermo Fisher, Boston, MA, USA). Primers were synthesized by Sangon Biotechnol-
ogy (Shanghai, China) and are listed in Table 1.

qPCR was performed with the 7300 Real Time PCR System (Applied Biosystems, Life Tech-
nologies Corporation, CA, USA). Gene expression was measured using SYBR Green (Applied
Biosystems). The cycling program was set as follows: thermal activation for 30 s at 95°C and 40
cycles of PCR (melting for 5 s at 95°C, followed by annealing/extension for 31 s at 60°C).
PPARo, LPL, LDLR, AMPK, CPT1, CD36, ACC, SREBP-1c, SREBP-2, HMGCR, FAS and
SCD gene expression data for individual samples were normalized to the corresponding con-
trol glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression.

Western blot analyses

Protein was extracted using RIPA-reagent LS (Aidlab Biotechnologies, Beijing, China) accord-
ing to the manufacturer’s protocols. Protein level was measured using a Bicinchoninic Acid kit
(Thermo Scientific). Then, 40 pg of protein lysate was separated by 10% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis, transferred onto polyvinylidene difluoride membranes

Genes Forward primer (5'-3') Reverse primer(5'-3')

PPARa TCCTGAGCCATGCAGAATTTAC AGTCTAAGGCCTCGCTGGTG

LPL GCTCAGGAGCATTACCCAGTGTC GCTCCAAGGCTGTATCCCAAGA
LDLR TTGCAAACCCTGGTTGCTGTA CACAGTCCAGTTCGTGCAAATAATC
AMPK GTCATGATAGCTTGCATAAATGGTG AGTTGAATAGAACAAGCCCTGGAC
GAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA
SREBP1c CAGCCCCACTTCATCAAGG ACTGTTGCCAAGATGGTTCCG
SREBP2 AACGGTCATTCACCCAGGTC GGCTGAAGAATAGGAGTTGCC
ACC TCCGCACTGACTGTAACCAC GCGACTTCCATACCGCATTA
HMGCR AAGGAGGCATTTGACAGCAC CTGACCTGGACTGGAAACG

FAS TGTGGACATGGTCACGGAC GGCATCAAACCTAGACAGGTC
CD36 AATGTAACCCAGGACGCTGA AGCCAGATTGAGAACTGTGAAG
SCD TTCCCGACGTGGCTTTTTCT AGCCAGGTTTGTAGTACCTCC
CPT1 GGTGGAACAGAGGCTGAAGT AAAGGCAGAAGAGGTGACGA
GAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA
doi:10.1371/journal.pone.0132720.t001
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(Millipore, Bedford, MA, USA), and then immunoblotted with antibodies against phospho-
AMPK,,; (Thr-172; 1:1000 dilution; Cell Signaling Technology, Danvers, MA, USA), AMPK
(1:1000; Abcam, Cambridge, UK), PPARa. (1:1000; Abcam), and GAPDH (1:2000; Abcam).
Subsequently, they were incubated with horseradish peroxidase-conjugated secondary antibod-
ies (MultiSciences (Lianke) Biotech, Hangzhou, China), visualized using an ECL Plus kit (Milli-
pore) and exposed by autoradiography (Eastman Kodak, Rochester, NY, USA).

Antioxidant activity of wedelolactone in vitro

The antioxidant activity of wedelolactone in vitro was measured using 2,2-diphenyl-1-picrylhy-
drazyl (DPPH) and SOD activity assays.

The DPPH radical-scavenging activities of wedelolactone were examined in comparison
with ascorbic acid, a known antioxidant, (Sinopharm Chemical Reagents, Shanghai, China)
using a method previously reported [12]. Briefly, various concentrations of samples (1.0, 0.5,
0.125, 0.1, 0.08, 0.0625, 0.05, 0.03125 mg/mL) were mixed with 3 mL of an ethanol solution of
DPPH (0.04 g/L; Sigma-Aldrich, St. Louis, MO, USA). The mixture was shaken vigorously and
allowed to stand at room temperature for 0.5 h. Absorbance was measured at 517 nm in a Spec-
traMax M2 Microplate Reader (Molecular Devices, Silicon Valley, CA, USA). Lower absor-
bance of the reaction mixture indicated a higher activity of scavenging of free radicals. The
percentage of DPPH discolored samples was calculated according to the following formula:
Anti-radical activity (%) = [A; —(As - Ag)]/A1x100%. A, is the blank control absorbance value
(containing anhydrous ethanol) used to eliminate the color effect of the sample itself; A; serves
as the control absorbance value (containing only the DPPH ethanol solution); Ag is the absor-
bance value of wedelolactone at different concentrations.

SOD activity in the cell study was measured by the xanthine oxidase method using a detec-
tion kit from the Nanjing Jiancheng Bioengineering Institute. Briefly, HepG2 cells were plated
at 2x10° cells per well in 6-well plates in DMEM containing 10% FBS at 37°C. After overnight
incubation, cells were synchronized in DMEM containing 0.4% FBS for 24 h and stimulated
with 25 uM oleic acid (OA) or OA with various concentrations of wedelolactone for an addi-
tional 24 h. Then, the SOD activity in HepG2 cells was measured using the detection kit.

Animals and experimental design

Thirty-two adult KM mice weighing 24-28 g (SLAC Laboratory Animal Co. Ltd., Shanghai,
China, license number: SCXK (Shanghai) 2007-0005) and sixty male Syrian golden hamsters
weighing 90-100 g (Vital River Laboratory Animal Technology, Beijing, China) were housed
in an environmentally controlled room with a 12 h / 12 h light / dark cycle at 22 + 0.2°C and
received a diet of standard pellets and water ad libitum for an acclimatization of 7 days before
experiment.

Triton-induced acute hyperlipidemia. Acute hyperlipidemia was induced by intraperito-
neal injection of Triton WR-1339 (Sigma-Aldrich) and used for the screening assay. KM mice
were randomly divided into four groups of eight. One group served as the normal group and
another as the Triton group; the remaining two groups served as test groups. The normal
group underwent intraperitoneal administration of physiologic (0.9%) saline and the other
groups of mice were injected with Triton WR-1339 (400 mg/kg body weight). Then, the normal
group and the Triton group were treated with distilled water, whereas the test groups were
treated with fenofibrate (100 mg/kg) or wedelolactone (100 mg/kg) by intragastric administra-
tion. After 16 h, mice were anesthetized with 10% chloral hydrate (4 mL/kg). Blood samples
were collected through the orbital sinus and immediately centrifuged at 1123 x g for 10 min at
room temperature. Sera were stored at -80°C for biochemical analyses.
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HFD-induced hyperlipidemia. To evaluate the lipid-lowering effect of wedelolactone, an
HFD-induced model of hyperlipidemia in hamsters was employed. Animals were randomly
divided into six groups of 10: normal; HFD; HFD + xuezhikang (a well-used hypolipidemic
Chinese patent drug); HFD + WDL10; HFD + WDL25; and HFD + WDL40. The normal
group was fed a normal diet. The other groups were fed a HFD, which contained 80% normal
rodent chow, 10% fat, and 2% cholesterol (Solabio, Paris, France). The latter four groups were
administered xuezhikang (250 mg/kg/day; Peking University WBL Biotech, Beijing, China) via
the intragastric route and three doses of wedelolactone (10, 25, and 40 mg/kg/day). The normal
chow diet group and the HFD group were simultaneously given the same volume of vehicle.

At the end of the 4-week period, after fasting overnight, the hamsters were weighed and
anesthetized with 10% chloral hydrate (4 mL/kg). Their blood samples were collected from car-
diac puncture, centrifuged at 1123 x g for 10 min at room temperature, and stored at -80°C for
future serum analysis. Livers were removed and stored at -80°C before use.

Measurement of lipids and enzymes

Liver samples were homogenized (10%, w/v) in alcohol and then centrifuged at 1000 x g for 15
min at room temperature. Supernatants were used for analysis of hepatic levels of TC and TG.
Supernatants from homogenates in cold saline were used for the assay of SOD, MDA, and
GSH-Px.

Plasma levels of TC, TG, and LDL-C, as well as hepatic levels of TC and TG, were deter-
mined using enzymatic kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Samples were analyzed with a SpectraMax M2 Microplate Reader (Molecular Devices).

SOD activity was measured by the xanthine oxidase method. GSH-Px activity was deter-
mined based on an NADPH-coupled reaction. MDA content was analyzed using the thiobarbi-
turic acid method. Activity of ALT in plasma was measured by enzymatic methods according
to the manufacturer’s instructions. All detection kits were obtained from the Nanjing Jiancheng
Bioengineering Institute.

Liver histology

Livers were fixed in 4% paraformaldehyde, embedded in tissue-freezing medium (Sakura Fine-
tek, Torrance, CA, USA), and stored at -80°C. Frozen tissue was cut into sections (thickness,

5 um and 10 um) and placed on slides. Tissue sections were visualized by staining with hema-
toxylin and eosin (H&E) and Oil-Red O.

Statistical analyses

Results were presented as the mean + SD. Data were analyzed by one-way ANOVA. Compari-
sons between two groups were made using the Student-Newman-Keuls method. A p value
<0.05 was considered statistically significant. Statistical analysis and graphical presentation of
data were conducted using Prism 5 (GraphPad, Avenida, CA, USA).

Results
Effects of wedelolactone on cell viability of HepG2 cells

We first measured the cytotoxic effect of wedelolactone in HepG2 cells. HepG2 cells were cul-
tured until 90% confluence was reached and the cytotoxicity was assessed by the MTS assay.
We observed no significant change in cell viability when cells were treated with wedelolactone
at concentrations of 10, 20, 30, 40 and 50 uM. In addition, the relative growth rate (RGR) of
cells (Table 2) in the presence of wedelolactone at different concentrations was more than 90%
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Table 2. RGR of cells after treatment of wedelolactone.

Groups Concentrations RGR(%)
Control - 100

DMSO 1%o 98.28+1.640
WDL10 10 uM 99.07+0.4837
WDL20 20 uM 98.99+0.7994
WDL30 30 uM 95.32+1.300*
WDL40 40 uM 94.89+2.368**
WDL50 50 uM 94.39+1.726**

The values are presented as the mean + SD of triplicate assays.
*p<0.05 and
**p<0.01 compared to control.

doi:10.1371/journal.pone.0132720.t002

of that observed in control cells. According to the American Pharmacopeia, these concentra-
tions of wedelolactone were classified as cytotoxic grade 1 and were therefore not considered to
have an appreciable cytotoxicity effect on HepG2 cells.

Wedelolactone regulates lipid metabolism-related genes and proteins in
vitro

We then determined by western blot whether wedelolactone affected two very important lipid-
regulating proteins: PPARo. and AMPK. It was shown that wedelolactone administration sig-
nificantly increased the protein levels of PPARa and activated AMPK in a dose-dependent
manner (Fig 1). Up-regulation of PPARo. expression was reversed by pre-treatment with
MK3886 for 0.5 h (Fig 2).

To evaluate the effects of wedelolactone on gene expression, we detected the genes involved
in lipid metabolism, especially the genes involved with the pathways of PPARa and AMPK,
using qPCR. The specificity of all the primers was demonstrated by both the solubility curves
and the agarose gel strips of the mix of qPCR experiments (S1 and S2 Figs). It was revealed that
the mRNA expressions of AMPK, LDLR, PPARo and LPL were significantly up-regulated by

O <

A B: C

0.06+
% 0.044

o S

: =

< <
o o 0.024

cAPDH D DD D G WD

0.0+ 0.00+

° S o
; & N %
$<>\3/ ® @QV Q\Q\’

Fig 1. Wedelolactone activated PPARa and phospho-AMPK. (A): HepG2 cells were treated with or without wedelolactone at different concentrations for
24 h before collection of cell proteins and western blotting. (B) and (C): Protein levels were standardized against those of GAPDH. Histogram panels
represent the ratios of PPARa/GAPDH (B) and phospho-AMPK/total AMPK (C). These values were obtained by quantification of the intensity of each band of
the western blot. The values are expressed as the mean + SD of triplicate assays. *p<0.05, **p<0.01 vs. control group.

doi:10.1371/journal.pone.0132720.g001
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Fig 2. Up-regulation of PPARa expression was reversed by pre-treatment of MK886. HepG2 cells were
pretreated with MK886 (15 uM) for 0.5 h before the administration of fenofibrate (100 pM) or wedelolactone
(25 pM) for 24 h. Quantification of PPARa was normalized by GAPDH. The values are expressed as the
mean + SD of triplicate assays. ***p<0.001 vs. control, *#p<0.001 vs. fenofibrate alone, ~*"p<0.001 vs.
wedelolactone alone.

doi:10.1371/journal.pone.0132720.g002

wedelolactone (Fig 3A-3D). Other genes we measured, such as CPT1 and CD36, were not sig-
nificantly affected by wedelolactone (Fig 4).

With a peroxisome proliferator response element (PPRE) in the promoter region, LPL is
reported to be a target of PPARa [13,14]. LPL expression after treatment of wedelolactone in
HepG2 cells was increased dramatically at the mRNA level (Fig 3D) along with the up-regula-
tion of PPARa both at the mRNA expression level (Fig 3C) and at the protein level (Fig 1A-
1B). Up-regulation of LPL expression was reversed by pre-treatment with MK886 (PPARc.
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Fig 3. Wedelolactone altered the expression of genes related to lipid metabolism. (A), (B), (C) and (D): Effect of wedelolactone on mRNA expression in
HepG2 cells treated with or without wedelolactone for 24 h. Vehicle and experimental groups were supplemented concurrently with DMSO, fenofibrate

(100 uM) or wedelolactone (10 pM, 25 pM, 50 uM). (E) and (F): HepG2 cells were pretreated with MK886 (15 uM) for 0.5 h before administration of fenofibrate
(100 pM) and wedelolactone (25 uM) for 24 h. The values are expressed as the mean * SD of triplicate assays. *p<0.05, **p<0.01, ***p<0.001 vs. control,
#p<0.01, #¥p<0.001 vs. fenofibrate alone, "p<0.05, “'p<0.01 vs. wedelolactone alone.

doi:10.1371/journal.pone.0132720.9003
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Fig 4. Some gene expression was not affected by wedelolactone treatment. Effect of wedelolactone on gene expressions in HepG2 cells with or without
treatment of wedelolactone for 24 h. Vehicle and test groups were concurrently supplemented with DMSO, fenofibrate (100 uM) or wedelolactone (10 uM,
25 pM, 50 uM). The values are expressed as the mean + SD of triplicate assays.

doi:10.1371/journal.pone.0132720.9004

antagonist) for 0.5 h (Fig 3F), along with inhibition of the mRNA level (Fig 3E) and the protein
level of PPARa: (Fig 2). These findings suggest that following wedelolactone treatment in
HepG2 cells, LPL is a downstream target of PPARc, and that wedelolactone up-regulates LPL
expression via PPARo. up-regulation. Previous studies report that activation of PPARa typi-
cally induces the up-regulation of CPT1 and CD36 expression [15,16]. However, in HepG2
cells, CPT1 and CD36 remained unchanged after wedelolactone treatment in our study (Fig 4).

LDLR mediates endocytosis of cholesterol-rich LDL by hepatocytes. The mRNA level of
LDLR was markedly increased by wedelolactone (Fig 3B), suggesting a potential mechanism by
which wedelolactone reduces LDL-C and TC.

In addition to PPARa/LPL and LDLR, mRNA transcription of AMPK was also significantly
increased by wedelolactone (Fig 3A). However, gene expression downstream of AMPK (ACC,
SREBP2, SREBP-1¢, and the downstream genes of SREBPs, including HMGCR, FAS, and
SCD) was not significantly altered in HepG2 cells after treatment with wedelolactone (Fig 4).

These results indicated that wedelolactone up-regulated LDLR and PPARo/LPL and acti-
vated AMPK in the cultured HepG2 cells.

Effect of wedelolactone on Triton-induced hyperlipidemia

Next, we illustrated the effects of wedelolactone in the in vivo hyperlipidemia models induced
by Triton WR-1339 in mice. It was demonstrated that Triton WR-1339 dramatically elevated
plasma levels of TC and TG in mice compared with the normal group; meanwhile, wedelolac-
tone and fenofibrate significantly decreased TG levels compared with the Triton group

(Fig 5B). However, neither fenofibrate nor wedelolactone showed significant effects on plasma
levels of TC (Fig 5A).

Wedelolactone alleviates liver steatosis and decreases plasma levels of
TC, TG, and LDL-C in HFD hamsters

To further understand the lipid-lowering effect and mechanism of wedelolactone, we applied a
model of hyperlipidemia in hamsters induced by a HFD. We showed that the plasma levels of
TC, TG, and LDL-C (Fig 6A-6C) were significantly decreased by treatment of wedelolactone at
higher doses of 25 and 40 mg/kg. Meanwhile, TC and TG levels in the liver (Fig 7) were
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Fig 5. Effect of wedelolactone on plasma levels of TC and TG in mice. The normal group underwent
intraperitoneal administration of physiologic (0.9%) saline and the other groups were injected with Triton WR-
1339. The normal group and Triton group were treated with distilled water by intragastric administration. Test
groups were treated with fenofibrate (100 mg/kg) or wedelolactone (100 mg/kg) by intragastric administration,
respectively. The values are shown as the mean + SD from eight animals in each group. ##p<0.001, Triton
group vs. normal group, ***p<0.001, test group vs. Triton group.

doi:10.1371/journal.pone.0132720.9005
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Fig 6. Effects of wedelolactone on plasma levels of TC (A), TG (B), LDL-C (C), and ALT (D) in Syrian hamsters. The normal group was fed a normal diet
whereas the other groups were fed a HFD. HFD + xue and HFD + WDL groups were supplemented concurrently with xue (xuezhikang) (250 mg/kg) or
wedelolactone (10 mg/kg, 25 mg/kg, 40 mg/kg) for 4 weeks. The values are shown as the mean + SD from ten animals in each group. #p<0.01, ##p<0.001
vs. normal group, *p<0.05, **p<0.01, *¥**p<0.001 vs. HFD group.

doi:10.1371/journal.pone.0132720.9006
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Fig 7. Hepatic levels of TC (A) and TG (B) in Syrian hamsters. The normal group was fed a normal diet
whereas the other groups were fed a HFD. The HFD + xue and HFD + WDL groups were supplemented
concurrently with xuezhikang (250 mg/kg) or wedelolactone (10 mg/kg, 25 mg/kg, 40 mg/kg). After 4 weeks,
livers were homogenized and levels of TC and TG were measured. The values are shown as the mean = SD
from ten animals in each group. ##p<0.001 vs. normal group, *p<0.05, **p<0.01, ***p<0.001 vs. HFD
group.

doi:10.1371/journal.pone.0132720.g007

significantly lower in all wedelolactone-treated groups compared to the HFD group. The acti-
vation of AMPK and the up-regulation of PPARo. in the liver (Fig 8) were observed in wedelo-
lactone-treated groups in this HFD-induced hamster model, consistent with our in vitro
HepG2 cell study (Fig 1).
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Fig 8. Wedelolactone activated AMPK and PPARa in Syrian hamsters. Treatment with xuezhikang (250 mg/kg) or wedelolactone (10 mg/kg, 25 mg/kg,
40 mg/kg) for four weeks significantly increased the level of phospho-AMPK (A, C) and PPARa (D, E) in liver tissues. Protein levels were standardized
against GAPDH levels. The histograms represent the ratios of AMPK/GAPDH (B), phospho-AMPK/total AMPK (C) and PPARa/GAPDH (E). These values
were obtained by quantification of the intensity of each band of the western blot. The values are expressed as the mean + SD from three animals in each
group. #p<0.01 vs. normal group, *p<0.05, **p<0.01 vs. HFD group.

doi:10.1371/journal.pone.0132720.9008
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Fig 9. Wedelolactone alleviated liver damage and lipid accumulation. (A) Histopathologic sections of liver from Syrian hamsters with different treatments
were stained with H&E. (B) Histopathologic sections of liver from hamsters in each group were stained with Oil Red O. The normal group was fed a normal
diet whereas the other groups were fed a HFD. HFD + xue and HFD + WDL groups were supplemented concurrently with xuezhikang (250 mg/kg) or
wedelolactone (10 mg/kg, 25 mg/kg, 40 mg/kg).

doi:10.1371/journal.pone.0132720.g009

We also performed Oil Red O staining of the liver to observe hepatic lipid accumulation. It
was revealed that a HFD induced significant lipid accumulation in the liver, and that wedelo-
lactone, at three doses, inhibited lipid accumulation to be close to that of healthy animals
(Fig 9B). These data were consistent with the above hepato-protective effects of wedelolactone
on hepatic levels of TC and TG.
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Fig 10. Wedelolactone increased the activities of SOD and up-regulated the expression of PPARa in
OA-induced lipid peroxidized HepGz2 cells. HepG2 cells were stimulated with our without OA (25 pM) and
treated with or without wedelolactone at different concentrations for 24 h before collection of cell lysates for
SOD detection (A) and cell proteins for western blotting determination (B). OA, F100, WDL10, WDL25 and
WDL50 groups were stimulated simultaneously with OA and treated with dimethyl sulfoxide (DMSO),
fenofibrate (100 uM), or wedelolactone at 10, 25 or 50 uM, respectively. The values are expressed as the
mean + SD of triplicate assays. *p<0.05, ##p<0.001 vs. control group, *p<0.05, **p<0.01, ***p<0.001 vs.
OA group.

doi:10.1371/journal.pone.0132720.g010

Wedelolactone possesses anti-oxidant and hepatoprotective activities

To further illustrate the mechanism of hepatoprotective effects of wedelolactone, we evaluated
whether wedelolactone had anti-oxidant activity, as the HFD model we used could induce ROS
generation [17]. We demonstrated that in OA-induced lipid peroxidized HepG2 cells, wedelo-
lactone increased the activity of SOD, accompanied by an up-regulation of PPARo. (Fig 10)
and possessed antiradical activity as determined by DPPH assay (Table 3). Based on the DPPH
assay, the EC50 of wedelolactone was calculated as 46 pg/mL.

Additionally, increased SOD and GSH-Px levels were observed (Fig 11A and 11B) along
with a concomitant decrease in MDA (product of lipid peroxidation) (Fig 11C) and therefore
decreased ALT activity (indicator of liver damage) (Fig 6D). Furthermore, the fragmentation of
the hepatic cord caused by HFD was improved in wedelolactone-treated groups which were

Table 3. The antioxidant activity of wedelolactone in vitro.

Groups Concentrations(ug/mL) Antiradical activity (%)
Control — 0

WDL3 3 27.40£0.9498***
WDL50 50 40.78+0.8461***
WDL60 60 47.87+0.5623***
WDL80 80 58.61+0.4850% **
WDL100 100 65.27+0.6370% **
WDL125 125 65.63+0.6180% **
WDL250 250 66.89+0.7150***
WDL500 500 66.86+0.2138***
WDL1000 1000 67.71£0.1790***

The values are expressed as the mean +SD of triplicate assays.
**¥%*p<0.001 compared to control.

doi:10.1371/journal.pone.0132720.t003
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Fig 11. Hepatic levels of MDA (A), SOD (B) and GSH-Px (C). The normal group was fed a normal diet whereas the other groups were fed a HFD. HFD
+ xue and HFD + WDL groups were supplemented concurrently with xuezhikang (250 mg/kg) or wedelolactone (10 mg/kg, 25 mg/kg, 40 mg/kg). The values
are shown as the mean + SD from ten animals in each group. **#p<0.001 vs. normal group, **p<0.01, ***p<0.001 vs. HFD group.

doi:10.1371/journal.pone.0132720.g011

observed in the H&E stained liver sections (Fig 9A). These results suggest that wedelolactone
possesses anti-oxidant and hepato-protective activities.

Discussion

To date, studies regarding the hypolipidemic effect of wedelolactone have not been reported.
Hence, we first assessed the lipid-lowering effect of wedelolactone in an acute model of hyper-
lipidemia induced by intraperitoneal injection of Triton WR-1339 and then in a HFD-induced
model of hyperlipidemia in hamsters. Triton WR-1339 is a well-known non—ionic detergent
used to induce acute hyperlipidemia in several animal models because of its ability to block
TG-rich lipoprotein clearance and to increase biosynthesis of cholesterol in the liver [18]. In
our acute experiment, lipid levels (TC, TG) in mice plasma were increased by Triton WR-1339
(Fig 5), identical to the data of other research groups [19,20]. Our results demonstrated that
wedelolactone dramatically decreased the TG level. It has been reported that treatment with
Triton WR-1339 significantly lowers LPL expression [21], implying that the lipid-reducing
effect of wedelolactone may be related to enzymes such as LPL, which is responsible for clear-
ance of TG-rich lipoproteins.

Compared to rats and mice, hamsters are considered to be the best animal model for study-
ing lipid metabolism because metabolism patterns of lipoproteins and bile acids in hamsters
are similar to that in humans [22]. The lipid profile and hepatic steatosis increased dramatically
after hamsters were fed a HFD for 4 weeks. Wedelolactone improved plasma levels of TC, TG,
and LDL-C as well as lipid accumulation in the liver (Figs 6, 7, and 9B). These results demon-
strate that wedelolactone has admirable lipid-lowering and hepato-protective effects in vivo.
Furthermore, we observed that the hypolipidemic effect of wedelolactone was due, at least in
part, to the activation of PPARo and AMPK.

PPARo plays an important role in the regulation of lipid metabolism [23]. PPARa activa-
tion by ligands up-regulates expression of the genes involved in the transport and oxidation of
fatty acids, such as LPL, CPT1, and CD36 [24-26]. LPL is a known PPARa target gene and is
the rate-limiting enzyme for the hydrolysis of the TG core of circulating TG-rich lipoproteins
[27]. It has been reported that the hypo- triglyceridemic action of PPARo agonists results (at
least in part) from induction of the expression and activity of LPL [24,28]. Wedelolactone up-
regulated PPARo both at the protein and mRNA levels in HepG2 cells (Figs 1 and 3C). With
the dramatic activation of PPARo, the mRNA transcription of LPL increased accordingly
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(Fig 3D). Furthermore, PPAR0/LPL activation demonstrated a degree of selectivity because
other downstream targets of PPARa, such as CPT1 and CD36, were not significantly affected
by wedelolactone (Fig 4). Consistent with the in vitro study, up-regulation of PPARa was also
observed in wedelolactone treatment in our hamster experiment (Fig 8D-8E).

PPAR« has also been reported to up-regulate SREBP-1c expression [29], which increases
the synthesis of cholesterol, fatty acids, and TG by enhancing transcription of the crucial genes
involved in lipogenesis, such as HMGCR, ACC, FAS, and SCD [30]. Hence, several PPARa
agonists increase hepatic steatosis, which results in the development of this side effect [9,31].
Nevertheless, wedelolactone treatment improved lipid accumulation in liver (Figs 7 and 9), and
it did not affect gene expression of SREBP-1c¢ (Fig 4), most likely due to the simultaneous acti-
vation of AMPK.

AMPK is another key regulator of lipid metabolism. AMPK has a profound effect on choles-
terol synthesis, fatty-acid oxidation, hepatic fatty acids, and VLDL synthesis [32,33]. In con-
trast to PPARo activation, AMPK phosphorylation suppresses the activity of the key proteins
involved in lipogenesis, such as SREBP-1c and HMGCR [34,35], and improves liver steatosis
[36]. AMPK has been proposed as a major therapeutic target for obesity and obesity-linked
metabolic disorders such as hyperlipidemia [32]. Wedelolactone dose-dependently up-regu-
lated AMPK at both the protein and mRNA levels in HepG2 cells (Figs 1 and 3A). However,
ACC expression (a marker of AMPK activation and an important enzyme controlling the bio-
synthesis and oxidation of fatty acids [37]) remained unchanged (Fig 4) at the mRNA level in
HepG2 cells. Nevertheless, our result is consistent with previous report demonstrating that
ACC inhibition by AMPK can be attributed to the level of protein expression and not to the
level of mRNA transcription [38]. Our hamster study demonstrated that a HFD impaired the
activity of AMPK in liver (Fig 8 A-8C), which was consistent with previous reports [39], and
treatment of wedelolactone significantly improved it, which is consistent with the in vitro acti-
vation of AMPK (Fig 1).

It was reported that LDLR gene promoter activity was enhanced through the proteolytic
activation of SREBP-2 and SREBP-1 [40]. However, our result showed the mRNA level of
LDLR was increased markedly by wedelolactone, despite the unchanged gene expression of
SREBPs, suggesting that LDLR may be regulated by other molecular mechanisms, which
requires further investigation.

Wedelolactone showed beneficial anti-oxidant activity as well as lipid-lowering effects in
the HFD-induced model of hyperlipidemia in hamsters. ROS are commonly generated by a
HFD, and they have been observed in organs and tissues [41]. Wedelolactone demonstrated
anti-oxidant effects in the DPPH assay, suggesting that it could directly eliminate ROS
(Table 3). With the EC50 of 46 ug/mlL, it is a stronger ROS scavenger than ascorbic acid
(EC50 = 110.77 ug/mL) [42]. In addition, wedelolactone increased the SOD activity in both the
in vitro cell study (Fig 10A) and the in vivo hamster study (Fig 11A). A concomitant up-regula-
tion of PPARo in OA-induced lipid peroxidized HepG2 cells was observed (Fig 10B). In fact,
the activity of SOD (one of the most important anti-oxidant enzymes) typically improves with
PPARa activation because PPAR« localizes to the promoter region of Cu/Zn-SOD [43], a prin-
cipal type of SOD. These results suggest that wedelolactone has a direct ROS-scavenging ability
and increases the activities of several antioxidant enzymes. Therefore, wedelolactone amelio-
rates liver damage from ROS, as evidenced by the reduced levels of ALT (Fig 6D) and improved
hepatic sinusoids (Fig 9A).

In conclusion, we investigated the lipid-regulatory activities of wedelolactone. Through in
vitro and in vivo studies, we demonstrated that wedelolactone possesses obvious lipid-lowering
effects and its underlying mechanism is mediated by the up-regulated expression of PPARa/
LPL and LDLR and the activation of AMPK. Wedelolactone was also beneficial against hepatic
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steatosis. Wedelolactone protected the liver from ROS damage by directly scavenging ROS and
increasing the activities of several antioxidant enzymes. Therefore, wedelolactone is a promis-
ing compound in the pharmacotherapy of hyperlipidemia with the benefit of liver protection.
Because the disease of lipid metabolism disorder is usually complicated by hepatic steatosis and
other types of liver damage, wedelolactone has the potential to be an advantageous lipid-lower-
ing drug.
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