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Abstract

Effective and safe pharmacological interventions for hyperlipidemia remains badly needed. By incorporating the key
pharmacophore of fibrates into the natural scaffold of resveratrol, a novel structural compound ZBH was constructed. In
present study, we found ZBH reserved approximately one third of the sirtuin 1 (SIRT1) activation produced by resveratrol at
in-vitro enzyme activity assay, directly bound to and activated all three peroxisome proliferator-activated receptor (PPAR)
subtypes respectively in PPAR binding and transactivation assays. Moreover, ZBH (EC50, 1.75 mM) activate PPARa 21 fold
more efficiently than the well-known PPAR pan agonist bezafibrate (EC50, 37.37 mM) in the cellular transactivation assays. In
the high fat diet induced hyperlipidemic hamsters, 5-week treatment with ZBH significantly lowered serum triglyceride,
total cholesterol, LDL-C, FFA, hyperinsulinemia, and improved insulin sensitivity more potently than bezafibrate. Meanwhile,
serum transaminases, creatine phosphokinase and CREA levels were found not altered by ZBH intervention. Mechanism
study indicated ZBH promoted the expression of PPARa target genes and SIRT1 mRNA. Hepatic lipogenesis was markedly
decreased via down-regulation of lipogenic genes, and fatty acid uptake and oxidation was simultaneously increased in the
liver and skeletal muscle via up-regulation of lipolysis genes. Glucose uptake and utilization was also significantly promoted
in skeletal muscle. These results suggested that ZBH significantly lowered hyperlipidemia and ameliorated insulin resistance
more efficiently than bezafibrate in the hyperlipidemic hamsters primarily by activating of PPARa, and SIRT1 promotion and
activation. ZBH thus presents a potential new agent to combat hyperlipidemia.
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Introduction

Widespread excessive diet and sedentary lifestyles have resulted

in an exponential increase in hyperlipidemia worldwide [1,2].

Additionally, many metabolic diseases, such as obesity and

diabetes, are comorbidities associated with dyslipidemia [3]. Drugs

that attenuate dyslipidemia are acutely important in the preven-

tion of cardiovascular diseases [3,4]. Within the past three

decades, phenoxyalkylcarboxylic acid derivatives (fibrates) have

been the most widely used drugs for hypertriglyceridemia [3,5,6].

By activating of peroxisome proliferator-activated receptor (PPAR)

a, fibrates substantially reduce serum triglycerides and moderately

elevate HDL-C levels, resulting in a small decrease in LDL-C

levels [6,7]. However the adverse effects of these drugs [hepatic

toxicity (elevated serum transaminase), myopathy and cholelithi-

asis] limit their more widely using and, thus, discovery and

characterization of novel scaffolds based small molecules are

expected to avoid or reduce the adverse effects of current fibrate

drugs and provide a superior profile compared with that of existing

fibrates in dyslipidemia intervention.

Resveratrol (trans-3, 5, 49-trihydroxystilbene) is a bioactive

natural product found in grape, which exerts cardiovascular

protective effects in age-associated chronic diseases through

modulation of multiple targets [8,9]. One target, sirtuin 1 (SIRT1),

is an evolutionarily conserved NAD+ dependent protein deacety-

lase [8,10]. SIRT1 activation promotes mitochondrial energy

expenditure, prevented the onset of obesity, ameliorated dyslipi-

demia and reduced insulin resistance in rodents and humans

[7,11]. Furthermore, resveratrol also displays weak pan-activation

to PPAR a, b and c at in-vitro assays [12,13]. The beneficial

effects and safety profiles of resveratrol, as well its unique chemical

structure makes resveratrol an ideal scaffold in synthesis of new

molecules. To take advantage of the therapeutic potential of both

fibrates and resveratrol, we sought to find structure diverse new

anti-hyperlipidemic drugs with more effective anti-hyperlipidemic

actions and less side effects, via incorporation of the fibrate

carboxylic acidic head group which is responsible for hydrogen

bonding interactions with the key amino acid residues in the ligand

binding domain (LBD) of PPARa, with the scaffold of resveratrol

that plays vital role in its beneficial effects (Figure 1). A series of a-

alkyl-substituted aryloxyalkanoic acids had been designed, and

synthesized in our institute previously [14]. The anti-hyperlipid-

emic action of compound ZBH is very impressive in dyslipidemic
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mice (Figure 1). Its oral LD50 is .1.2 g kg21 in Kunming mice;

and this compound possesses favorable pharmacokinetics and

excellent oral bioavailability (67%).

The hamster was recently proposed as a more ideal model than

mice or rats for evaluating the efficacy of anti-hyperlipidemic

agents as hamsters’ lipid metabolism and lipoprotein profile are

relatively comparable to humans [15,16]. Hamsters synthesize

hepatic cholesterol and bile acids and also respond to dietary lipids

like humans [15,16], thus they are prone to hypercholesterolemia

induced by excessive dietary cholesterol intake, while rats are

resistant to this [15]. Moreover, hamsters also respond to

treatment with a PPARa selective agonist fenofibrate in a manner

similar to humans [15,17,18]. Therefore, to better forecast the

anti-hyperlipidemic effect of ZBH in humans and disclose its

mechanism of action, the impact of this compound was

systematically evaluated on the high fat diet induced hyperlipid-

emic hamster. For comparison, bezafibrate was simultaneously

chosen as a reference drug for its similar pan-activation to PPAR

three isotypes.

Materials and Methods

Materials
ZBH (ZBH201102) and Bezafibrate were synthesized by the

new drug design center of our institute. Purity and structure were

confirmed by high performance liquid chromatography, mass

spectrometry and 1H nuclear magnetic resonance (NMR). The

structure of ZBH ((E)-5-(3-methoxy-5-(4-methoxystyryl)phenoxy) -

2,2-dimethylpentanoic acid) is shown in Figure 1 and its synthesis

has been previously described [14].

Ligand Binding Assay with Surface Plasmon Resonance
(SPR)

The binding affinities of ZBH for PPARa-LBD, PPARd-LBD

or PPARc-LBD (Cayman chemical, MI, USA) were assayed using

SPR-based Biacore T100 (GE Healthcare/Biacore, Uppsala,

Sweden) as described previously [19,20]. BIAevaluation software

version 2.0.3 (GE Healthcare/Biacore) and steady state affinity

fitting analysis were used to determine the equilibrium dissociation

constant (KD) of compounds [20].

In vitro Transactivation Assay
Transactivation of PPARs was analyzed in a cell-based

luciferase reporter assay using HEK-293 cells transiently

transfected to express hPPAR-GAL4 chimeric receptors with

plasmids GAL4-hPPAR a, c, or d, and pUAS (5x)-tk-luc

receptor vector as previously described [21]. 24 h after

transfection, cells were treated with the indicated compounds,

followed by the measurement of luciferase activity 24 h later.

Figure 1. The structure of ZBH [(E)-5-(3-methoxy-5-(4-methoxystyryl) phenoxy)-2, 2- dimethylpentanoic acid] (MW, 406) and the
philosophy of compound design. The key pharmacophore of fibrates and the scaffold of resveratrol were combined into ZBH.
doi:10.1371/journal.pone.0096056.g001
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Mean values represent those obtained from at least three

independent experiments performed in triplicate and normal-

ized by the Renilla luciferase reading.

SIRT1 Enzyme Activity Assay
SIRT1 enzyme activity was assayed with the SIRT1 Direct

Fluorescent Screening Assay kit (Cayman chemical, MI, USA),

Figure 2. Kinetic analyses of ZBH (A, C, E) and bezafibrate (B, D, F) binding to PPARa (A, B), hPPARd (C, D) and hPPARc (E, F)
measured by SPR (Biacore T100). Representative sensorgrams obtained from injections of ZBH and bezafibrate at different concentrations. The
ligands were injected for 120 s. The sensorgrams were obtained from injections of series of concentrations of ZBH and bezafibrate over the
immobilized PPAR-LBDs on the CM5 sensor chip.
doi:10.1371/journal.pone.0096056.g002

Table 1. Kinetic parameters for the binding of ZBH to PPARs-LBD.

KD (M)

hPPARa-LBD hPPARd-LBD hPPARc-LBD

Bezafibrate 9.2961027 2.3861026 4.4661026

ZBH 8.2661027 4.1761026 3.9061026

doi:10.1371/journal.pone.0096056.t001
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according to the manufacturer’s instructions. Fluorescence was

measured on an EnVision Multilabel Plate Reader (PerkinElmer,

CA, USA). DMSO was used as a negative control and also as a

solvent for resveratrol and ZBH.

Animals and Treatment
Male golden Syrian hamsters (Mesocricetus auratus) weighing

90–110 g were purchased from Vital River Laboratory Animal

Technology Co. Ltd. (Beijing, China). Animals were maintained

on a 12-h day/night schedule with ad libitum access to nutrition

and water. Animals were acclimated for 1 week before experi-

mental animals were fed with a high fat diet (HFD) consisting of

10% coconut oil and 0.12% cholesterol. Blood samples were taken

after overnight fasting from the suborbital sinus under light

sevoflurane anesthesia on the fifth and tenth day for measurement

of serum total cholesterol (TC) and triglyceride (TG). Hamsters in

which serum lipids were significantly increased were selected and

randomly divided into 6 groups (n = 11–12 each) according to

their initial body weight and baseline serum TC and TG levels,

and received bezafibrate (25 or 50 mg kg21 per day), ZBH (6.25,

12.5 or 25 mg kg21 per day), or vehicle (model control, MC). The

dose selection of ZBH was based on previous pilot study. Hamsters

with standard rodent diet were used as normal control.

Compounds were dissolved in DMSO and suspended in 0.5%

methylcellulose and administered by gavage once a day for 5

weeks. Individual body weight and cage food consumption were

measured every two days. Dynamic serum lipid monitoring was

performed weekly and blood samples were taken from the retro-

orbital venous plexus under light ether anesthesia using a glass

capillary tube after overnight fasting. Then the animal were

sacrificed by cervical decapitation under anesthesia, and the liver,

heart, epididymal white adipose tissue (eWAT) and gastrocnemius

muscle were excised, rapidly frozen in liquid nitrogen and

maintained at 280uC until analysis.

Ethic statement: All animal handling and experiments were

performed strictly in accordance with the recommendations in the

Guide for the Care and Use of Laboratory Animals of the National

Institutes of Health. The protocol was approved by the Animal

Experimental Ethics Committee of Beijing Institute of Pharma-

cology and Toxicology.

Metabolic Studies
Serum TC, TG and free fatty acids (FFA) were measured by

using commercial kit (Nanjing Jiancheng, Bioengineering Institute,

Nanjing, China) as previously described [21]. Serum glucose, low-

density lipoprotein cholesterol (LDLc) and high-density lipoprotein

cholesterol (HDLc) were measured with the Hitachi 917

Figure 3. ZBH activation of hPPARa (A), hPPARd (B) and hPPARc (C). HEK-293 cells transiently transfected to express hPPAR-GAL4 chimeric
receptors with plasmids GAL4-hPPAR a, c, or d, and pUAS (5x)-tk-luc receptor vector. 24 h after transfection, cells were treated with the indicated
compounds at various concentrations followed by the measurement of luciferase activity 24 h after treatment. The results shown are the mean
values obtained from at least three independent experiments performed in triplicate normalized by the Renilla luciferase reading.
doi:10.1371/journal.pone.0096056.g003

Figure 4. Activation of SIRT1 by ZBH. SIRT1 enzyme activity was
measured after treatment with ZBH and Resveratrol, and the
fluorescence was tested on EnVision Multilabel Plate Reader. Values
are mean6SE, n = 3.
doi:10.1371/journal.pone.0096056.g004
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automated biochemistry analyzer (Roche diagnostics, Indianapo-

lis, USA). Serum insulin was quantified by ELISA using a hamster

insulin assay kit (Crystal Chem Inc., IL, and USA). The insulin

sensitivity index (ISI) was calculated by the values of fasting blood

glucose (FBG) and fasting blood insulin (FBI). ISI = 1/(FBG6FBI)

1000 [21].

Determination of Hepatic Lipids
For determination of TG and TC in liver, 100 mg frozen tissue

was homogenized with TissueLyserII (Qiagen, Germantown, MD,

USA) in 2 ml chloroform/methanol (2:1, v/v) for 16 h, after

which 2% KH2PO4 was added and the solution was centrifuged.

After evaporation of the chloroform under nitrogen, lipid samples

were resuspended in isopropyl alcohol, and TG and TC content

was determined by enzymatic assay [21].

Histopathological Examination
Liver samples were resected and fixed with 10% formaldehyde

phosphate buffer saline (PBS, pH = 7.4), and embedded in

paraffin, sectioned, stained with hematoxylin/eosin (HE) and

analyzed by microscopy and morphometry [21]. Frozen liver

samples were used to perform hepatic lipid specific staining with

Oil Red O staining.

Quantitative Real-time PCR
To determine the relative mRNA expression levels of lipid

metabolism-related genes, total RNA was isolated from the liver,

white adipose tissue (WAT) or muscle and real-time PCR was

performed with the ABI PRISM 7300 sequence detection system

(Applied Biosystems, Warrington, UK) as previously described

[21]. The relative amount of all mRNAs was calculated using the

comparative CT method. Target gene expression is presented

relative to b-actin expression.

Statistical Analysis
All results are expressed as mean6SE. For multiple compar-

isons statistical analysis was performed either by one-way ANOVA

followed by Tukey multiple comparison tests or by 2-way ANOVA

plus Repeated Measurements with SPSS 13.0 software. P,0.05

was considered to be statistically significant.

Results

ZBH Directly Interacts with PPARs–LBD
ZBH association with PPARs-LBD was evaluated by Biacore

SPR experiments. We found that the response units (RU)

increased with increasing concentrations of ZBH and bezafibrate,

indicating that both bound directly, in a dose-dependent manner,

to PPARa, PPARd and PPARc-LBD (Figure 2). The dissociation

constants (KD) suggest similarly direct and robust binding of both

compounds to the three PPAR subtypes (Table 1). However, the

RUs of ZBH are higher than those of bezafibrate for all subtypes,

demonstrating that ZBH is a non-selective ligand of all three

PPAR subtypes with higher affinity for PPARa-LBD than

bezafibrate.

The PPARs Transcription Agonism of ZBH
As previously reported [22], bezafibrate achieved weak and

dose-dependent pan-agonism of the three PPAR subtypes at

comparable doses (37.37 mM, 40.30 mM and 64.76 mM for

PPARa, PPARd and PPARc respectively) (Figure 3 and

Table 2). ZBH achieved approximately 11-fold maximal activation

of PPARa and an EC50 (1.75 mM) 21 fold greater than that of

bezafibrate. Like bezafibrate, ZBH also exhibits weak and dose-

dependent activation to PPARd and PPARc at higher concentra-

tions; however its PPARa activation exceeds PPARd and PPARc
activation by 11 and 14 fold respectively (Figure 3 and Table 2).

Activation of SIRT1 by ZBH
An enzyme bioactivity assay confirmed that ZBH could activate

SIRT1. The maximal activation was roughly one third of that

achieved by resveratrol (135.94% vs. 207.98%), whereas the EC1.5

of ZBH (EC1.5 = 78.6 mM) is close to that of resveratrol

(EC1.5 = 48.9 mM) (Figure 4). We found the EC1.5 and maximum

activation of resveratrol to be equivalent to previously reported

data (46.2 mM and 201% respectively) [23].

Figure 5. Effect of ZBH on body weight (A) and food intake (B) in hyperlipidemic hamsters, which was calculated for individual
hamster and then averaged. Hyperlipidemic hamsters were given indicated dose of bezafibrate (BEZ) or ZBH (Z) for 5 weeks. Values are
mean6SE; n = 8 for NC, n = 11–12 for other groups. *P,0.05, **P,0.01 vs. MC group. NC, normal control; MC, model control; BEZ50, Bezafibrate
50 mg kg21; Z6.25, ZBH 6.25 mg kg21; Z12.5, ZBH 12.5 mg kg21; Z25, ZBH 25 mg kg21.
doi:10.1371/journal.pone.0096056.g005
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Figure 6. Effect of ZBH on serum lipids in hyperlipidemic hamsters. Serum TG (A), TC (B), FFA (C), LDL-C (D), HDL-C (E) were measured in
hyperlipemic hamsters following 10 days of HFD and then orally gavage with the indicated dose of bezafibrate (BEZ) or ZBH (Z) for 5 weeks, and HDL-
C/TC(F) was calculated accordingly. Values are mean6SE; n = 8 for NC, n = 11–12 for other groups. *P,0.05, **P,0.01, **P,0.001 vs. MC group. NC,
normal control; MC, model control; BEZ50, Bezafibrate 50 mg kg21; Z6.25, ZBH 6.25 mg kg21; Z12.5, ZBH 12.5 mg kg21; Z25, ZBH 25 mg kg21.
doi:10.1371/journal.pone.0096056.g006

Table 2. In vitro transactivation activity of ZBH in different hPPAR subtypes.

Compound EC50 (mM)

hPPARa hPPARd hPPARc

Bezafibrate 37.37 40.30 64.76

ZBH 1.75 19.19 25.35

Mean values represent those obtained from at least three independent experiments performed in triplicate and normalized to Renilla luciferase reading.
doi:10.1371/journal.pone.0096056.t002
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Impact of ZBH on Body Weight Gain and Physical
Parameters in Hyperlipidemic Hamsters

As depicted in Figure 5A, the body weight of hamsters in model

control (MC) group had significantly increased within 2-weeks, in

comparison to hamsters fed a normal diet (NC group). This weight

gain was maintained till the end of the experiment and was not

altered by bezafibrate treatment. However, hamsters administered

high dose (25 mg/kg) ZBH gained less weight from the second

week of treatment and throughout the two weeks follow up

(Figure 5A).

Impact of ZBH on food intake is negligible; although it showed

a relative decreasing tendency in a dose-dependent manner at the

last 2 weeks of treatment, but statistical difference is not present

(Figure 5B). The brown and white adipose tissue located in

subcutaneous, retroperitoneal, and mesenteric compartments was

also decreased considerably by high dose ZBH (25 mg kg21)

(Table 3). In addition, the weight of the liver of hamsters treated

with ZBH also showed increasing tendency (7%,17%) after 5

weeks. PPARa agonists often induce increases in the size of the

liver and kidney [24–26]; however ZBH treatment appears to only

slightly impact the size of the liver (Table 3). Meanwhile, serum

aspartate aminotransferase (GOT), alanine aminotransferase

(GPT), creatine phosphokinase (CK) and creatinine levels were

found not altered by ZBH intervention in current study (Figure

S1).

Lipid Lowering Effect of ZBH in Hyperlipidemic Hamsters
We observed 10-days of HFD dramatically increased serum TG

(2.3 fold), TC (2.1 fold) and FFA (1.4 fold) in hamsters (Figure 6A–

C), and metabolic dyslipidemia exacerbated with time. Serum

LDLc had increased nearly 8 fold over normal control levels by

the end of the experiment, accounting for the strikingly increased

serum TC (Figure 6B and D). The HDLc/TC ratio was thus

reduced by almost half (0.5960.02 vs. 0.2860.02, P,0.001)

(Figure 6F). Severe obesity and insulin resistance also emerged

within 7 weeks (Figure 5A and 8). The increase in circulating

triglycerides and induced hyperlipidemia within the HFD hamster

model corresponded with the pattern of hyperlipidemia progres-

sion observed in humans with elevated TG and a reduced HDLc/

LDLc ratio [16]. Administration of 12.5 or 25 mg kg21 ZBH

Figure 7. Effects of ZBH on hepatic lipids accumulation in hyperlipidemic hamsters. (A) Photograph of liver. The liver of MC hamster is
liparoid yellow and swelling is apparent when compared to a normal hamster (NC). ZBH treatment reduces these effects more substantially than BEZ.
(B) and (C) Photomicrograph of histological examination based on hematoxylin-eosin staining and Oil Red O staining respectively. Hepatic steatosis
is evident in the MC group (Original magnification: 2006). (C) Hepatic TG and TC contents. Values are mean6SE; n = 8 for NC, n = 11–12 for other
groups. *P,0.05, **P,0.01, ***P,0.001 vs. MC group. NC, normal control; MC, model control; BEZ50, Bezafibrate 50 mg kg21; Z6.25, ZBH
6.25 mg kg21; Z12.5, ZBH 12.5 mg kg21; Z25, ZBH 25 mg kg21.
doi:10.1371/journal.pone.0096056.g007
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induced a time and dose-dependent decrease in serum TG, TC

and LDLc, and a dose-dependent increase in HDLc/TC

(Figure 6). Serum FFA also lowered remarkably after one-week

treatment with 25 mg kg21 ZBH and it lasted until the end of the

experiment (Figure 6C). Five weeks of administration of

50 mg kg21 bezafibrate, higher than the clinically relevant dose

(10 mg kg21) [27], did not alter these serum lipid parameters in

hyperlipidemic hamsters under same conditions (Figure 6).

Anti-hepatic Steatosis Effect of ZBH in Hyperlipidemic
Hamsters

The liver of MC hamsters appeared liparoid yellow, swollen,

and had lost its normal kermesinus and luster (Figure 7A),

histopathological examination revealed hypertrophy of hepato-

cytes and hepatic steatosis (Figure 7 B and C). In accordance with

this, hepatic TG contents of hamsters on a high fat diet reached 9

fold that of normal hamsters (P,0.001, Figure 7D), further

confirmed the existence of hepatic steatosis. Unlike bezafibrate

treatment, which did not ameliorate hepatic steatosis, ZBH greatly

lowered hepatic TG contents in a dose-dependent manner, and

significantly lowered hepatic lipid droplet accumulation, returning

the normal hepatic morphology (Figure 7). These results strongly

suggest that ZBH reduces fat levels in liver.

Insulin Sensitizing Effect of ZBH in Hyperlipidemic
Hamsters

HFD feeding significantly increased serum insulin levels,

possibly as a result of elevated serum lipids and induced mild

peripheral insulin resistance, as reflected by markedly elevated

fasting serum insulin and reduced ISI (Figure 8). ZBH treatment

led to a dramatic, dose-related decrease in insulin levels with a

maximum decrease of 84% at 25 mg kg21, and resulted in a

significant improvement in insulin sensitivity (Figure 8A and C).

Fasting blood glucose levels in 12.5 and 25 mg kg21 ZBH treated

Table 3. Effects of ZBH on physical parameters in hyperlipidemic hamsters.

NC MC Bezafibrate ZBH

50 mg/kg 6.25 mg/kg 12.5 mg/kg 25 mg/kg

Subcutaneous WAT(g) 5.4460.27* 7.4260.39 7.4860.47 7.2860.32 6.5360.42 5.1960.12**

Retroperitoneal WAT(g) 9.9460.58** 14.1460.69 13.9360.44 13.9360.82 12.6360.66 10.4360.39**

iBAT(g) 0.2260.01 0.2560.02 0.2460.02 0.2360.01 0.2160.01 0.1960.01

Liver(g) 4.8860.17** 7.2560.28 7.0460.21 7.7860.23 7.7760.31 8.5260.45

Kidney(g) 0.9660.04 0.9960.10 1.0260.11 1.0160.08 0.9560.09 0.9460.05

Compounds or vehicle were administered for 5 weeks at the indicated doses. NC, normal control; MC, model control; WAT, white adipose tissue; iBAT, interscapular
brown adipose tissue. Values are mean6SE. n = 8 for NC, n = 11–12 for other groups.
*P,0.05, **P,0.01, vs. MC group.
doi:10.1371/journal.pone.0096056.t003

Figure 8. Effect of ZBH on serum glucose (A), serum insulin (B) and ISI (C) in hyperlipidemic hamsters. At the end of the 5-week
experiment, hyperlipidemic hamsters were bled retroorbitally and serum glucose and insulin was measured. Values are mean6SE; n = 8 for NC,
n = 11–12 for other groups. *P,0.05, **P,0.01 vs. MC group. NC, normal control; MC, model control; BEZ50, Bezafibrate 50 mg kg21; Z6.25, ZBH
6.25 mg kg21; Z12.5, ZBH 12.5 mg kg21; Z25, ZBH 25 mg kg21.
doi:10.1371/journal.pone.0096056.g008
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hamsters was comparative to that of NC hamsters (Figure 8B).

However, bezafibrate treatment did not impact serum insulin and

ISI.

Effect of ZBH on Gene Expression
To elucidate the mechanism by which ZBH improves metabolic

dysfunction in the hyperlipidemic hamster, gene expression

profiles of the liver, adipose and skeletal muscle were analyzed

in hamsters administered ZBH for a short term (3 days) or

chronically (5 weeks). Short-term administration of 25 mg kg21

ZBH significantly increased expression of key enzymes involved in

TG catabolism (lipoprotein lipase (LPL)), fatty acid oxidation (acyl-

CoA oxidase (ACO)) and PPARc in the liver, and significantly

decreased expression of genes mediating endogenous fatty acid

synthesis (sterol response element binding protein 1c (SREBP1c),

fatty acid synthase (FAS) and acetyl CoA carboxylase (ACC))

(Figure 9A). Meanwhile, upregulation of ATP-binding cassette

transporter A 1 (ABCA-1), scavenger receptor class B type I (SR-

BI) and phospholipid transfer protein (PLTP) expression

suggests that reverse cholesterol transport to the liver was

increased. Short-term bezafibrate (25 mg/kg) treatment did not

affect the expression of all genes altered by ZBH, but did impact

the expression of ACO, PPARc, FAS and ACC.

The gene expression profile in adipose tissue indicated that

representative PPARc target genes such as leptin, AdipoQ

(adiponectin) and TNFa were not altered by short-term ZBH

treatment, but the mRNA level of UCP2 (involved in energy

uncoupling) was significantly increased, whereas those genes

implicated in fatty acid uptake and synthesis such as LPL, FAS,

ACC and PPARa were down-regulated by ZBH (Figure 9C).

Short-term Bezafibrate treatment did not impact the expression of

these genes in adipose tissue. In skeletal muscle, key genes for fatty

acid oxidation (carnitine palmitoyl transferase I b (CPT1b)) and

glucose uptake (glucose transporter 4 (GLUT4)) were similarly up-

regulated by short-term ZBH or bezafibrate administration; and

insulin receptor substrate (IRS) 1 mRNA expression was up-

regulated only by ZBH (Figure 9E).

The expression profile after chronic ZBH and bezafibrate

treatment is similar to that resulting from short-term administra-

tion, but reflects more potent alterations in gene expression. In the

Figure 9. Effects of ZBH on gene expression in hyperlipidemic hamsters. Relative gene expression of the indicated genes in the liver (A and
B), WAT (C and D) and skeletal muscle (E and F) of hyperlipidemic hamsters following 3 days (A, C and E) and/or 5 weeks (B, D and F) of ZBH or BEZ
administration was determined by QPCR. Results are normalized to b-actin and expressed as mean fold increase of mRNA 6SD compared to the
normal hamsters (NC). n = 3. *P,0.05, **P,0.01, ***P,0.001 vs. MC group. NC, normal control; MC, model control; B25, Bezafibrate 25 mg kg21; B50,
Bezafibrate 50 mg kg21; Z12.5, ZBH 12.5 mg kg21; Z25, ZBH 25 mg kg21.
doi:10.1371/journal.pone.0096056.g009
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liver ABCA-1 and PPARa expression increased (Figure 9B). In

adipose tissue, chronic ZBH treatment no longer affected PPARa
expression or fatty acid synthesis (FAS and ACC), but inhibited

fatty acid oxidation (ACO and CPT1b), increasing expression of

AdipoQ and up-regulating UCP2 and PPARc expression

(Figure 9D). In skeletal muscle, in addition to CPT1b, GLUT4

and IRS1, the expression of LPL, fatty acid translocase (FAT),

pyruvate dehydrogenase kinase isoform 4 (PDK4), IRS2 and all

three PPAR subtypes were all markedly upregulated with

extended administration of ZBH, particularly PPARc (Figure 9F).

Interestingly, SIRT1 mRNA expression was upregulated not only

in the liver, but also in adipose tissue and skeletal muscle after both

short-term and chronic ZBH treatment (Figure 9A–F), but

bezafibrate treatment did not up-regulate SIRT1, consistent with

the results of the in vitro SIRT1 enzyme assay, in which

bezafibrate also did not impact SIRT1.

Discussion

Not completely similar to bezafibrate and resveratrol, they both

activate PPAR three subtypes weakly (Figure S2) [22], ZBH was

categorized as a PPAR pan-agonist with 11 fold greater affinity for

PPARa than the other two PPAR subtypes. Moreover, ZBH

activates PPARa 21 fold more potently than bezafibrate, and its

powerful PPARa activation was further manifested on regulating

expression of PPARa target genes in vivo. Molecular docking

studies revealed that ZBH could interact with the key amino acid

residues (Ser280, Tyr464, Tyr314) in the LBD essential for

activation of PPARa and may bind to the receptor in a different

mode from that of fenofibric acid (the active form of fenofibrate)

and bezafibrate [28]. The two phenyl rings of fenofibric acid were

docked into the hydrophobic pocket (also known as ‘‘benzophe-

none’’ pocket) formed by the helices 3, 6, and 10 adjacent to the

AF-2 helix. Whereas the two phenyl rings of ZBH were docked

into the hydrophobic pocket formed by the helices 29, 3, and b
sheet, the gem-dimethyl substituents were directed into a lipophilic

pocket bounded by Phe273, Gln277, Val444, and Leu456, a

region at the top end of the ‘‘benzophenone’’ pocket.

ZBH potently reduced the metabolic dysfunctions in the

hyperlipidemic hamsters after only 1 week of administration.

Dramatic increases in serum TG, TC and FFA, caused by the

HFD, were reduced by administration of ZBH. LDLc and the

HDLc/TC ratio was decreased and increased respectively within

five weeks of administration. Hepatic lipids were simultaneously

reduced and liver steatosis was effectively ameliorated. Adipose

tissue content was also reduced. An increase in the relative liver

weight, evidence of activation of PPARa in rodents [25], appeared

in hamsters given the highest dose of ZBH (17% increasing relative

to that of MC), but was absent in bezafibrate treated hamsters.

This species-specific response may be related to proliferation of

peroxisomes via induction of a set of genes encoding peroxisomal

fatty acid oxidation and biogenesis [24,29]. To some extent, this

also further signifies that PPARa was not effectively activated by

current dose bezafibrate. Thus consistent with in-vitro PPARa
transactivation data, the in-vivo results in hamster further

corroborated the powerful potency of ZBH relative to the clinical

widely used drug bezafibrate in ameliorating dyslipidemia.

In accordance with the powerful pharmacodynamics of ZBH,

in-vivo gene expression analysis corroborated that ZBH achieved

strong agonism of PPARa rather than PPARd and PPARc. Both

short-term and chronic treatment with ZBH regulated PPARa
target gene expression in the liver of the hyperlipidemic hamsters.

PPARa, as a ligand dependent transactivator, directly controls

expression of a comprehensive set of genes that regulate lipid

catabolism, and lipoprotein synthesis and metabolism. By elevat-

ing LPL, triglyceride-VLDL lipolysis was increased and VLDL

clearance was improved. Thereby atherogenic LDLc, and serum

and hepatic TG were reduced. Meanwhile, the reduction in TG is

attributed to enhancement of fatty acid b-oxidation via signifi-

cantly up-regulated ACO, and reduced endogenous fatty acid

synthesis by down-regulating SREBP1c, FAS and ACC. Energy

uncoupling was simultaneously induced in adipose tissue. This

reduction in the amount of fatty acids available for TG synthesis

and storage in white adipose tissue is consistent with the

significantly decreased adipose pad and hepatic steatosis observed

in ZBH treated hamsters. Reduction in serum cholesterol may

occur primarily through increased reverse cholesterol transport by

accelerating the efflux of cholesterol from peripheral tissues, and

promoting its uptake into the liver through a pathway involving

increased expression of ABCA-1, SR-BI and PLTP; where

cholesterol is excreted in the bile as free cholesterol or as bile

salts. ZBH induced a dramatic decrease in serum LDL-C, and

raised the HDL-C/TC ratio in the hyperlipidemic hamsters,

similar to the human response to human lipoprotein metabolism.

We also found that the marked induction of hepatic PPARa
gene seems to be mediated indirectly and secondarily to responses

to the metabolic ameliorations, as it was observed only after

chronic treatment. Meanwhile we found that fatty acid synthesis

was inhibited at the initial stage in adipose tissue when

hyperlipidemia was present, whereas this inhibitory effect disap-

peared when serum lipids were recovered after 5-week ZBH

treatment. The elevated expression of PPARc and adiponectin

(the beneficial adipokine) in chronic ZBH treatment also may be a

collateral effect. In skeletal muscle, although only fatty acid

oxidation (CPT1b) was enhanced initially, fatty acid uptake (LPL,

FAT) and oxidation were all increased after chronic ZBH

administration; as confirmed by increasing in PDK4 expression.

Thus, gene expression in hamsters consistently suggested that

ZBH markedly decreased endogenous fatty acid synthesis in the

liver and increased fatty acid uptake and oxidation in the liver and

skeletal muscle.

Previous studies had demonstrated that SIRT1 activation could

enhance the ability of organisms to consume fat and use

mitochondrial respiration to optimize energy harvesting

[10,30,31], and resveratrol could stimulate the expression of

SIRT1 mRNA in adipocytes and increase SIRT1 activity in

rodents and humans [32]. Inclusion of the scaffold of resveratrol in

the structure of ZBH engendered the compound with approxi-

mately one third of the SIRT1 activation produced by resveratrol

when assayed at the in-vitro level. In the hamster, ZBH induced

significant increases in the SIRT1 mRNA expression within the

main insulin target tissues. SIRT1 mediated deacetylation

activates PGC-1a [33], and may thus facilitate ZBH’s activation

of PPARa and full transcriptional induction of PPARa target gene

expression. Hepatic deletion of SIRT1 impairs PPARa activity,

decreases fatty acids oxidation, and results in hepatic steatosis and

inflammation in response to high-fat feeding [34]. In contrast,

even moderate SIRT1 overexpression in mice could protect

against the development of hyperglycemia, fatty liver, and

metabolic diseases [35,36]. Moreover, studies also had demon-

strated that the mRNA and protein expression of SIRT1 is

reduced in obese mice and humans with dyslipidemia. The present

results thus suggesting that ZBH mediated amelioration of

dyslipidemia is at least partially dependent upon the up-regulation

of SIRT1 expression [37].

Besides hyperlipidemia, this hamster model also developed mild

insulin resistance, particularly in the liver, manifested by elevated

basal insulin excursion and lowered ISI. This observation is in line
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with report of a strong link between the development of

dyslipidemia and diabetes. ZBH, but not bezafibrate, prevented

mild hyperinsulinemia and reduced insulin insensitivity in the high

fat-fed hamsters. Which may mainly result from PPAR activation,

GLUT4 and IRS mRNA in skeletal muscle were rapidly up-

regulated within 3 days, and this up-regulation became more

prominent as chronic treatment induced PPARc expression in

insulin sensitive target tissues, particularly skeletal muscle.

Significantly increased expression of adiponectin in hamster

adipose tissue may also partially contribute to this. We also found

that 10–100 mM ZBH could dramatically up-regulate adiponectin

expression in 3T3-L1 adipocytes in a dose dependent manner

(data not shown). Alternatively, the insulin sensitizing effect may

also be secondary to the recovery of dyslipidemia. Although

bezafibrate also induced GLUT4 and CPT1b expression in

skeletal muscle, IRS and PDK4 expression was not similarly

effected; this together with the stable adiponectin gene expression

and unrectified dyslipidemia explained why insulin resistance was

not improved by bezafibrate. Additionally, differential regulation

on SIRT1 gene expression constitutes another important differ-

ence between bezafibrate and ZBH. Because increased SIRT1

expression or activation could improve insulin resistance and

enhance insulin secretion through deacetylation and activation of

PGC-1a [35,36,38,39]. Moreover, SIRT1 also could inhibit

gluconeogenic gene expression through deacetylating CREB-

regulated transcriptional coactivator 2 and leading to its degra-

dation [40].

However, we unexpectedly found that 50 mg kg21 bezafibrate

had little effect on hyperlipidemia in the same hamster model.

Although the expression of few PPARa target genes in the liver

and muscle were altered. The impact of bezafibrate on hyperlip-

idemic hamsters has not yet been evaluated, and a previous dose–

response study with fenofibrate suggested that the dose commonly

used in mouse was efficacious in hamsters [15,17,18,41]. We thus

reasoned this may also be the case for bezafibrate, and selected

daily dosing of 25 and 50 mg kg21 bezafibrate based on earlier

rodent models’ studies in which 10 mg kg21 was the lowest

effective dose for lowering serum lipids in rats [29,42–45].

According to present results, we thus can presume that the

dyslipidemia in hamsters may be more severe than that in mice or

rats. This also may partially explain why the doses of bezafibrate

employed here did not improve HFD induced hyperlipidemia in

the hamster in present study.

Taken together, the combination of the key pharmacophore of

fibrates into the scaffold of resveratrol, ZBH represents a new

compound with enhanced PPAR activation and anti-hyperlipid-

emic bioactivity. ZBH was found significantly ameliorate dyslipi-

demia and improve insulin resistance in the HFD induced

hyperlipidemic hamster. These properties are a result of potent

PPARa agonism, and SIRT1 promotion and activation (Figure

S3). ZBH thus presents a potential new therapeutic tool to combat

hyperlipidemia.

Supporting Information

Figure S1 Effects of ZBH on serum aspartate amino-
transferase (GOT), alanine aminotransferase (GPT),
creatine phosphokinase (CK) and CREA levels. Values

are mean6SE; n = 8 for NC, n = 11–12 for other groups. *P,

0.05, **P,0.01, vs. MC group. NC, normal control; MC, model

control; B50, Bezafibrate 50 mg kg21; Z6.25, ZBH 6.25 mg kg21;

Z12.5, ZBH 12.5 mg kg21; Z25, ZBH 25 mg kg21.

(TIF)

Figure S2 Activation of hPPARs by resveratrol. As

detailed in the ‘‘method’’, activation of PPARa, d, and c was

evaluated by transfection assays using HEK-293 cells with GAL4-

hPPAR a, c, or d, and pUAS (5x)-tk-luc receptor vector. Results

were normalized against the Renilla luciferase reading. Resvera-

trol shows weak and dose-dependent activation to PPAR three

subtypes between 1 mM and 10 mM.

(TIF)

Figure S3 Schematic of the physiological pathways that
ameliorate dyslipidemia and insulin intolerance after
ZBH treatment. The solid black line represents direct regulation

and the dotted line represents indirect effect.

(TIF)

Author Contributions

Conceived and designed the experiments: WC LLW XYJ. Performed the

experiments: WC SYF XNX NNX. Analyzed the data: WC SYF XNX

LLW. Contributed reagents/materials/analysis tools: WC SYF XNX

NNX LLW XYJ. Wrote the paper: WC XYJ LLW.

References

1. Klop B, Elte JW, Cabezas MC (2013) Dyslipidemia in obesity: mechanisms and
potential targets. Nutrients 5: 1218–1240.

2. Chiha M, Njeim M, Chedrawy EG (2012) Diabetes and coronary heart disease:

a risk factor for the global epidemic 8. Int J Hypertens 2012: 697240.

3. Tenenbaum A, Fisman EZ (2012) Fibrates are an essential part of modern anti-
dyslipidemic arsenal: spotlight on atherogenic dyslipidemia and residual risk

reduction. Cardiovasc Diabetol 11: 125. 1475-2840-11-125.

4. Tenenbaum A, Fisman EZ (2012) Balanced pan-PPAR activator bezafibrate in
combination with statin: comprehensive lipids control and diabetes prevention?

Cardiovasc Diabetol 11: 140. 1475-2840-11-140.

5. Berglund L, Brunzell JD, Goldberg AC, Goldberg IJ, Sacks F, et al. (2012)

Evaluation and treatment of hypertriglyceridemia: an Endocrine Society clinical
practice guideline. J Clin Endocrinol Metab 97: 2969–2989.

6. Miller M, Stone NJ, Ballantyne C, Bittner V, Criqui MH, et al. (2011)

Triglycerides and cardiovascular disease: a scientific statement from the
American Heart Association. Circulation 123: 2292–2333.

7. Beaudoin MS, Snook LA, Arkell AM, Simpson JA, Holloway GP, et al. (2013)

Resveratrol supplementation improves white adipose tissue function in a depot-
specific manner in Zucker diabetic fatty (ZDF) rats. Am J Physiol Regul Integr

Comp Physiol. 305: R542–51.

8. Li X, Kazgan N (2011) Mammalian sirtuins and energy metabolism. Int J Biol
Sci 7: 575–587.

9. Nakata R, Takahashi S, Inoue H (2012) Recent advances in the study on

resveratrol. Biol Pharm Bull 35: 273–279.

10. Dong XC (2012) Sirtuin biology and relevance to diabetes treatment. Diabetes

Manag (Lond) 2: 243–257.

11. Timmers S, Konings E, Bilet L, Houtkooper RH, van de Weijer T, et al. (2011)

Calorie restriction-like effects of 30 days of resveratrol supplementation on

energy metabolism and metabolic profile in obese humans. Cell Metab 14: 612–
622.

12. Inoue H, Jiang XF, Katayama T, Osada S, Umesono K, et al. (2003) Brain
protection by resveratrol and fenofibrate against stroke requires peroxisome

proliferator-activated receptor alpha in mice. Neurosci Lett 352: 203–206.

13. Tsukamoto T, Nakata R, Tamura E, Kosuge Y, Kariya A, et al. (2010)

Vaticanol C, a resveratrol tetramer, activates PPARalpha and PPARbeta/delta
in vitro and in vivo. Nutr Metab (Lond) 7: 46. 1743-7075-7-46.

14. Li W, Jia HY, He XH, Shi WG, Zhong BH (2012) Novel phenoxyalk-
ylcarboxylic acid derivatives as hypolipidaemic agents. J Enzyme Inhib Med

Chem 27: 311–318.

15. Wang PR, Guo Q, Ippolito M, Wu M, Milot D, et al. (2001) High fat fed

hamster, a unique animal model for treatment of diabetic dyslipidemia with
peroxisome proliferator activated receptor alpha selective agonists.

Eur J Pharmacol 427: 285–293.

16. Zhang Z, Wang H, Jiao R, Peng C, Wong YM, et al. (2009) Choosing hamsters

but not rats as a model for studying plasma cholesterol-lowering activity of
functional foods. Mol Nutr Food Res 53: 921–930.

17. Srivastava RA, He S (2010) Anti-hyperlipidemic and insulin sensitizing activities
of fenofibrate reduces aortic lipid deposition in hyperlipidemic Golden Syrian

hamster. Mol Cell Biochem 345: 197–206.

18. Guo Q, Wang PR, Milot DP, Ippolito MC, Hernandez M, et al. (2001)

Regulation of lipid metabolism and gene expression by fenofibrate in hamsters.

Biochim Biophys Acta 1533: 220–232.

ZBH Ameliorates Hyperlipidemia and Insulin Resistance in Hamster

PLOS ONE | www.plosone.org 11 April 2014 | Volume 9 | Issue 4 | e96056



19. Lu W, Che P, Zhang Y, Li H, Zou S, et al. (2011) HL005–a new selective

PPARgamma antagonist specifically inhibits the proliferation of MCF-7.

J Steroid Biochem Mol Biol 124: 112–120.

20. Yu C, Chen L, Luo H, Chen J, Cheng F, et al. (2004) Binding analyses between

Human PPARgamma-LBD and ligands. Eur J Biochem 271: 386–397.

21. Chen W, Zhou XB, Liu HY, Xu C, Wang LL, et al. (2009) P633H, a novel dual

agonist at peroxisome proliferator-activated receptors alpha and gamma, with

different anti-diabetic effects in db/db and KK-Ay mice. Br J Pharmacol 157:

724–735.

22. Shearer BG, Hoekstra WJ (2003) Recent advances in peroxisome proliferator-

activated receptor science. Curr Med Chem 10: 267–280.

23. Milne JC, Lambert PD, Schenk S, Carney DP, Smith JJ, et al. (2007) Small

molecule activators of SIRT1 as therapeutics for the treatment of type 2

diabetes. Nature 450: 712–716.

24. Rakhshandehroo M, Knoch B, Muller M, Kersten S (2010) Peroxisome

proliferator-activated receptor alpha target genes. PPAR Res 2010.

25. Maronpot RR, Yoshizawa K, Nyska A, Harada T, Flake G, et al. (2010) Hepatic

enzyme induction: histopathology. Toxicol Pathol 38: 776–795.

26. Chen YJ, Quilley J (2008) Fenofibrate treatment of diabetic rats reduces

nitrosative stress, renal cyclooxygenase-2 expression, and enhanced renal

prostaglandin release. J Pharmacol Exp Ther 324: 658–663.

27. Nakajima T, Tanaka N, Kanbe H, Hara A, Kamijo Y, et al. (2009) Bezafibrate

at clinically relevant doses decreases serum/liver triglycerides via down-

regulation of sterol regulatory element-binding protein-1c in mice: a novel

peroxisome proliferator-activated receptor alpha-independent mechanism. Mol

Pharmacol 75: 782–792.

28. Li W, He X, Shi W, Jia H, Zhong B (2010) Pan-PPAR agonists based on the

resveratrol scaffold: biological evaluation and docking studies. ChemMedChem

5: 1977–1982.

29. Watanabe T, Horie S, Yamada J, Isaji M, Nishigaki T, et al. (1989) Species

differences in the effects of bezafibrate, a hypolipidemic agent, on hepatic

peroxisome-associated enzymes. Biochem Pharmacol 38: 367–371.

30. Feige JN, Lagouge M, Canto C, Strehle A, Houten SM, et al. (2008) Specific

SIRT1 activation mimics low energy levels and protects against diet-induced

metabolic disorders by enhancing fat oxidation. Cell Metab 8: 347–358.

31. Kemper JK, Choi SE, Kim DH (2013) Sirtuin 1 deacetylase: a key regulator of

hepatic lipid metabolism. Vitam Horm 91: 385–404.

32. Schirmer H, Pereira TC, Rico EP, Rosemberg DB, Bonan CD, et al. (2012)

Modulatory effect of resveratrol on SIRT1, SIRT3, SIRT4, PGC1alpha and

NAMPT gene expression profiles in wild-type adult zebrafish liver. Mol Biol Rep

39: 3281–3289.
33. Sugden MC, Caton PW, Holness MJ (2010) PPAR control: it’s SIRTainly as

easy as PGC. J Endocrinol 204: 93–104.

34. Purushotham A, Schug TT, Xu Q, Surapureddi S, Guo X, et al. (2009)
Hepatocyte-specific deletion of SIRT1 alters fatty acid metabolism and results in

hepatic steatosis and inflammation. Cell Metab 9: 327–338.
35. Banks AS, Kon N, Knight C, Matsumoto M, Gutierrez-Juarez R, et al. (2008)

SirT1 gain of function increases energy efficiency and prevents diabetes in mice.

Cell Metab 8: 333–341.
36. Pfluger PT, Herranz D, Velasco-Miguel S, Serrano M, Tschop MH (2008) Sirt1

protects against high-fat diet-induced metabolic damage. Proc Natl Acad
Sci U S A 105: 9793–9798.

37. Canto C, Auwerx J (2012) Targeting sirtuin 1 to improve metabolism: all you
need is NAD(+)? Pharmacol Rev 64: 166–187.

38. Lagouge M, Argmann C, Gerhart-Hines Z, Meziane H, Lerin C, et al. (2006)

Resveratrol improves mitochondrial function and protects against metabolic
disease by activating SIRT1 and PGC-1alpha. Cell 127: 1109–1122.

39. Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, et al. (2006) Resveratrol
improves health and survival of mice on a high-calorie diet. Nature 444: 337–

342.

40. Liu Y, Dentin R, Chen D, Hedrick S, Ravnskjaer K, et al. (2008) A fasting
inducible switch modulates gluconeogenesis via activator/coactivator exchange.

Nature 456: 269–273.
41. Fruchart JC (2009) Peroxisome proliferator-activated receptor-alpha (PPAR-

alpha): at the crossroads of obesity, diabetes and cardiovascular disease.
Atherosclerosis 205: 1–8.

42. Mori Y, Oana F, Matsuzawa A, Akahane S, Tajima N (2004) Short-term effect

of bezafibrate on the expression of adiponectin mRNA in the adipose tissues: a
study in spontaneously type 2 diabetic rats with visceral obesity. Endocrine 25:

247–251.
43. Ackerman Z, Oron-Herman M, Grozovski M, Rosenthal T, Pappo O, et al.

(2005) Fructose-induced fatty liver disease: hepatic effects of blood pressure and

plasma triglyceride reduction. Hypertension 45: 1012–1018.
44. Matsui H, Okumura K, Kawakami K, Hibino M, Toki Y, et al. (1997) Improved

insulin sensitivity by bezafibrate in rats: relationship to fatty acid composition of
skeletal-muscle triglycerides. Diabetes 46: 348–353.

45. Pill J, Volkl A, Hartig F, Fahimi HD (1992) Differences in the response of
Sprague-Dawley and Lewis rats to bezafibrate: the hypolipidemic effect and the

induction of peroxisomal enzymes. Arch Toxicol 66: 327–333.

ZBH Ameliorates Hyperlipidemia and Insulin Resistance in Hamster

PLOS ONE | www.plosone.org 12 April 2014 | Volume 9 | Issue 4 | e96056


