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Abstract

Background

The high morbidity of metabolic dysfunction diseases has heightened interest in seeking

natural and safe compounds to maintain optimal health. γ-Oryzanol (OZ), the ferulic acid

(FA) ester with phytosterols, mainly present in rice bran has been shown to improve mark-

ers of metabolic syndrome. This study investigates the effects of FA and OZ on alleviating

high-fat and high-fructose diet (HFFD)-induced metabolic syndrome parameters.

Methods

Male SD rats were fed with a regular rodent diet, HFFD, or HFFD supplemented with

0.05% FA or 0.16%OZ (equimolar concentrations) for 13 weeks. Food intake, organ indices,

serum lipid profiles, glucose metabolism, insulin resistance (IR) index and cytokine levels

were analyzed. The mechanisms were further investigated in oleic acid-stimulated HepG2

cells by analyzing triglyceride (TG) content and lipogenesis-related gene expressions.

Results

In the in vivo study, FA and OZ exhibited similar effects in alleviating HFFD-induced obesity,

hyperlipidemia, hyperglycemia, and IR. However, only OZ treatment significantly decreased

liver index and hepatic TG content, lowered serum levels of C-reactive protein and IL-6, and

increased serum concentration of adiponectin. In the in vitro assay, only OZ administration

significantly inhibited intracellular TG accumulation and down-regulated expression of

stearoyl coenzyme-A desaturase-1, which might facilitate OZ to enhance its

hepatoprotective effect.

Conclusion

OZ is more effective than FA in inhibiting hepatic fat accumulation and inflammation. Thus, FA

and OZ could be used as dietary supplements to alleviate the deleterious effects of HFFD.
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Introduction
Metabolic syndrome (MS) is a cluster of metabolic dysfunctions that includes hyperglycemia,
hypercholesterolemia, hypertriglyceridemia and insulin resistance (IR), and accompanies type
2 diabetes mellitus, obesity and cardiovascular diseases. [1,2]. Approximately one-fourth of
adults worldwide have been diagnosed with MS [3]. The high morbidity of MS can be partly at-
tributed to modern dietary patterns. For example, diets rich in fats and sugars are the main cul-
prits leading to MS symptoms [4, 5]. Among the common dietary sugars, fructose has been
widely used in the production of beverages and sweets due to its low cost and preferred taste
[6]. However, dietary fructose is almost totally absorbed and metabolized rapidly by the liver,
undergoing a markedly different metabolic fate from glucose metabolism, resulting in deleteri-
ous effects, such as IR, obesity and hyperuricemia [7]. We have previously shown that fructose
worsens the adverse effects of dietary fats on serum glucose and lipids regulation [8]. Therefore,
there is a heightened interest in identifying highly effective compounds that lessen the health-
threatening effects of fructose and fats while maintaining food palatability.

Phenolic acids and their derivatives are natural compounds that possess pharmacological
properties. Ferulic acid (FA), a well-known natural antioxidant present in common fruits and
vegetables, has been shown to improve glucose tolerance and lipid metabolism [9, 10]. Similarly,
γ-oryzanol (OZ), the FA esters with phytosterols, mainly present in rice bran, exhibits numerous
nutritive effects, such as free radical scavenging activity, anti-ulcer and neuromodulation [11,12].
Both FA and OZ demonstrated similar effects in preventing alcohol-induced liver injury and reg-
ulating glucose and lipid metabolism [13–15]. However, previous studies have used these com-
pounds at similar mass fraction in the diets without considering their varying molecular weights
and therefore their potential differential effects [13–15]. Furthermore, whether FA or OZ can be
used as dietary supplements to improve parameters of MS is not known. In previous studies, the
effects of these compounds on metabolic dysregulations were mostly evaluated under high fat
feeding regimen. Given the reported adverse effects of fructose on metabolic balance, such as he-
patic damage, dyslipidemia and IR [16, 17], and that the typical western diet contains a mixture
of high fat and high fructose, it is important to examine the effects of FA and OZ on combined
dietary fat- and fructose-induced metabolic disorders.

Therefore, the aim of this study was to investigate and compare the effects of dietary sup-
plied FA and OZ on high-fat and high-fructose diet (HFFD)-induced MS in rats and to explore
their potential mechanisms. FA and OZ were added at equimolar concentration. Lipid and glu-
cose metabolism, IR index, hepatic functions, inflammation status, serum antioxidant capacity,
and hepatic histological changes were measured. The mechanisms of their effects were further
investigated in oleic acid-stimulated HepG2 cells.

Materials and Methods

Animals and diets
Twenty-four male SD rats weighing 350–360 g were purchased from the Experimental Animal
Center, Health Science Department of Peking University [Certificate No. SCXK (Beijing)
2013–0001]. Animals were kept in a controlled temperature (23°C ± 2°C) and humidity
(55% ± 5%) room on a 12:12-h light/dark cycle and were fed with standard laboratory chow
(Experimental Animal Center, Beijing, China) for one week. After adaptation period, rats were
randomly divided into four groups (n = 6/group) with equal body weight and were placed on
the following diets for 13 weeks: regular rodent diet (NG, 3.2 kcal/g, 4.5% fat, w/w); HFFD
(MG, 4.7 kcal/g, 25% fructose and 25% lard); FA group (HFFD plus 0.05% FA, purity 98%);
and OZ group (HFFD plus 0.16% OZ, purity 98%). FA and OZ were added at the same molar
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concentration (2.6 mmol/kg diet). Rats had ad libitum access to food and drinking water. Body
weight was measured weekly and food consumption was monitored daily. At the end of the ex-
periment, animals were sacrificed after overnight fasting (12 h). The liver, spleen, kidney, epi-
didymal and perirenal fat pads were dissected and weighed immediately. The protocols were
approved by the Ethics Committee of the Beijing Key Laboratory of Functional Food from
Plant Resources (Permit number: A330–5) and were conducted in accordance with the guide-
lines for animal care of the National Institute of Health [18]. All efforts were made to minimize
suffering of animals.

Measurement of biochemical parameters
After a 12-h overnight fasting, blood samples were taken from orbital venous by capillary tube
under anesthesia, and centrifuged at 4,000 g for 10 min to obtain serum. The concentrations of
serum total triglyceride (TG), total cholesterol (TC), low density lipoprotein-cholesterol
(LDL-C), high density lipoprotein-cholesterol (HDL-C), free fatty acid (FFA), total bilirubin
(TBIL), and the activities of aspartate transaminase (AST), alanine transaminase (ALT), alka-
line phosphatase (ALP), and lactate dehydrogenase (LDH) were measured using corresponding
commercial assay kits (Biosid Biotechnology and Science Inc. Beijing, China) on Alcyon
300 automatic analyzer (Alcyon, USA). The total antioxidant capacity (TAOC) and malondial-
dehyde (MDA) levels of the serum were determined with enzymatic kits purchased from Nan-
jing Jiancheng Bioengineering Inst. (Nanjing, China). Serum insulin concentration was assayed
with a radio-immunological assay kit (Insulin RIA kit, Atom High Tech Co., Ltd., Beijing,
China). Concentrations of serum leptin, adiponectin, C-reactive protein (CRP), tumor necrosis
factor-α (TNF-α), and interleukin-6 (IL-6) were determined by commercial assay kits from
Keyingmei Biotechnology and Science Inc. (Beijing, China). The liver was homogenized and
the lipids were extracted as previously described [19]. Hepatic TC and TG levels were deter-
mined in the same way as the serum lipid profiles.

Oral glucose (OGTT) and insulin (ITT) tolerance tests
For OGTT, 12 h overnight fasted rats were orally infused with glucose (2 g/kg body weight).
Tail blood was collected at 0 (before glucose infusion), 30, 60, 90, and 120 min (post infusion).
Blood glucose levels were measured with a glucometer (Johnson & Johnson Investment Ltd.,
China) at each time point. For ITT, insulin (0.5 U/kg body weight) was injected intraperitone-
ally after a 4 h fast, and blood tests were carried out as for the OGTT. Total area under the
curve (AUC) was calculated for both OGTT and ITT, and HOMA-IR index was determined as
previously described [20].

Histological analysis
For the oil red O staining, hepatic tissues were frozen in liquid nitrogen, sliced and stained with oil
red O solution (0.5 g/100 ml, dissolved in isopropanol). For the hematoxylin-eosin (HE) staining,
hepatic tissues were fixed in 10% formalin, embedded in paraffin, sliced and stained. All the sec-
tions were examined with BA-9000L microscope (Osaka, Japan). Hepatocellular necrosis, fat vacu-
oles and lipid droplets were indicated by arrows and marked as “hn”, “fv” and “ld”, respectively.

Cell culture and treatment
The human hepatocellular carcinoma cell line (HepG2) was purchased from the Cell Culture
Center of Peking Union Medical Science (Beijing, China) and cultured in Dulbecco’s modifica-
tion of eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (Gibco Life
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Technologies, Grand Island, NY). The cytotoxicity of FA and OZ was conducted based on our
previous report [20]. After attachment in a 96 well plate for 24 h, cells were incubated with
serum-free DMEM containing 2 mM oleic acid-bovine serum albumin (OA-BSA) [21] and
OA-BSA containing FA or OZ for 24 h. Intracellular TG content was determined as previously
reported [20]. The results obtained from the cell culture were normalized to intracellular total
protein and expressed as percentage of control cells.

RNA extraction and real-time PCR
Total RNA was isolated from HepG2 cells by RNeasy mini kit (QIAGEN, Germany) according
to manufacturer’s protocol. The purity of the RNA extract was analyzed by spectrophotometer,
and its concentration by Qubit 2.0 Fluorometer (Invitrogen, USA). Gene expression of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), liver X receptors α (LXRα), fatty acid
synthase (FAS), stearoyl coenzyme-A desaturase-1 (SCD-1), acetyl coA carboxylase α (ACCα),
acetyl coA carboxylase β (ACCβ), sterol regulatory element binding protein 2 (SREBP-2), and
3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) were analyzed. The sequences
of the designed primers and probes are shown in Table 1. One-step real-time quantitative re-
verse transcription polymerase chain reaction (RT-PCR) detection was performed by Senti-
FAST kit (Bioline, USA) on LightCycler 480II device (Roche, Germany). The reaction
parameters were as follows: 45°C for 10 min and 95°C for 2 min before the 40 cycles; each cycle
was conducted at 95°C for 5s and at 60°C for 20s. Data were analyzed with LightCycler

Table 1. Primer sequences of genes.

Gene GenBank numbers Product length (bp) Primer sequence (5’-3’)

GAPDH AF261085.1 126 Forward: GGTGGTCTCCTCTGACTTCAACA

Reverse: GTTGCTGTAGCCAAATTCGTTGT

Fluorescent probe: CCTCAACGACCACTTTGTCAAGCTCATT

LXRα AB307698.1 205 Forward: AACTGGGCATGATCGAGAAG

Reverse: AAGCCGGGTAGCTGTTTAGC

Fluorescent probe: CCATCGTCTCTGTGCAGGAGATAGTTGA

FAS U26644.1 234 Forward: CCAGAGTCGGAGAACTTGC

Reverse: CACGATGGCTTCATAGGTGA

Fluorescent probe: TCTAGGTTTGATGCCTCCTTCTTCGGAG

SCD-1 AF097514.1 280 Forward: CCTCTACTTGGAAGACGACATTCGC

Reverse: GCAGCCGAGCTTTGTAAGAGCGGT

Fluorescent probe: TCTCTGCTACACTTGGGAGCCCTGTATG

ACCα NM_198839.1 250 Forward: CGCAGCAATAAGAATGTTTGG

Reverse: TGTCCAGCCAGCCAGTATC

Fluorescent probe: CAATTTCAAACATGGTGGTGGCTTTGA

ACCβ NM_001093.3 124 Forward: CGTGCAGTTGGTCCAGAGAT

Reverse: CACACTTGTCGTAGTGGGCT

Fluorescent probe: TCCTGAGAAGATACTTGCGTGTTGAGCA

SREBP-2 NR_103834.1 165 Forward: GTTTCTCCCACCTCAGTTCC

Reverse: TATCAAAGGCTGCTGGATGA

Fluorescent probe: TCAGCTGCAACAACAGACGGTAATGATC

HMGCR BC033692.1 190 Forward: CCAGAGCAAGCACATTAGCA

Reverse: CAGCCAAAGCAGCACATAA

Fluorescent probe: CCCTCGATGCTCTTGTTGAATGTCTTGT

doi:10.1371/journal.pone.0118135.t001
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480 Software (Roche, Germany). The relative standard method (relative fold change) was em-
ployed to calculate the amount of the target gene [22] with GAPDH expression used as control.

Statistical analysis
Results were presented as means ± SD. The statistical significance of the difference between
groups was calculated by Kruskal-Wallis test followed by Dunn’s multiple range post-test.
Statistical significance was set at P<0.05. All statistical analyses were performed using Prism
5.0 (GraphPad Software, San Diego, CA).

Results

Effects of FA and OZ on body weight, food intake, and organ indices
HFFD resulted in a significant higher body weight gain in MG compared to NG rats, and this
was significantly attenuated by supplementations with FA and OZ (P<0.05, Fig. 1B). Energy
intake of HFFD-fed rats was significantly higher compared to that of NG rats (P<0.05), and
this was not affected by FA or OZ treatment (Fig. 1D).

Rats fed with HFFD showed significant higher hepatic index and adipose tissue indices
compared with NG (P<0.05, Fig. 1E, H and I). The increased hepatic index was markedly re-
duced by 14.9% in OZ treated group, and the epididymal and perirenal fat indices were signifi-
cantly decreased by both FA and OZ supplementations (compared with MG, P<0.05). The
indices of spleen and kidney were not affected by diet or treatment supplementation (P>0.05,
Fig. 1F and G).

Effects of FA and OZ on serum lipid profiles and hepatic fat
accumulation
As shown in Fig. 2, rats fed with HFFD had significant higher serum TC, TG, LDL-C, FFA lev-
els and lower HDL-C level (compared with NG rats, P<0.05). After administration of FA and
OZ, the HFFD induced dyslipidemia was alleviated as serum TG, TC, LDL-C and FFA levels
were significantly decreased and the HDL-C levels were markedly increased (compared with

Fig 1. Effects of FA and OZ on body weight, food intake and organ indices. (A): Initial body weight; (B): Final body weight; (C): Food intake; (D): Energy
intake; (E): Liver index; (F): Spleen index; (G): Kidney index; (H): Epididymal fat index; (I): Perirenal fat index. Data are presented as mean ± SD (n = 6 per
group). Mean values with different letters are significantly different (P<0.05). P values were determined by Kruskal-Wallis test. NG, normal group; MG, high-
fat and high-fructose diet (HFFD); FA, HFFD plus ferulic acid; OZ, HFFD plus γ-oryzanol.

doi:10.1371/journal.pone.0118135.g001
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MG, P<0.05). OZ was more effective than FA in lowering serum FFA level, but the difference
was not statistically significant (P>0.05).

Hepatic lipid profiles were analyzed and presented in Fig. 2. The hepatic TC and TG con-
tents of MG rats were remarkably increased by 1.5 and 3.1 fold, respectively (compared with
NG, P<0.05, Fig. 2F and G). After oral administration of FA and OZ, the HFFD-induced in-
crease in hepatic TC content was markedly suppressed by 22.7% and 21.2%, respectively
(P<0.05, Fig. 2F). In addition, administration of OZ showed a significant effect on decreasing
hepatic TG content by 59.1% (compared with MG, P<0.05, Fig. 2G), while only a decreasing
tendency was observed in the FA rats (compared with MG, P>0.05).

Histopathological analysis
The histopathological analysis of hepatic sections revealed the presence of TG fat vacuoles and
hepatocellular necrosis which were clearly observed in MG rats (Fig. 3A). This condition was
markedly improved following FA and OZ treatment, with hepatic tissue returning to its normal
state. Similarly, more red dyed fatty droplets were present in MG hepatic sections indicating in-
creased accumulation of lipid under HFFD treatment (Fig. 3B). OZ treatment attenuated
HFFD-induced hepatic lipid accumulation and its effect was more pronounced than that of FA
treatment. These findings are in agreement with changes in the liver index (Fig. 1E) and hepatic
TG content (Fig. 2G).

Effects of FA and OZ on glucose tolerance, fasting glucose, fasting
insulin, and IR
After 13-week of HFFD feeding, MG rats had significantly increased fasting glucose and insulin
levels compared with NG group (P<0.05, Fig. 4C and D). The AUC for OGTT, ITT as well as
the HOMA-IR values were all increased in HFFD-fed rats, indicating impaired glucose toler-
ance and insulin resistance (P<0.05, Fig. 4A, B and E). Treatment of FA and OZ significantly
lowered the AUC for OGTT by 6.5% and 10.9%, respectively (Fig. 4A), and notably improved
fasting hyperglycemia by 15.2% and 13.0%, respectively (compared with MG, P<0.05, Fig. 4C).

Fig 2. Effects of FA and OZ on serum and hepatic lipid profiles. (A): Serum total cholesterol level; (B): Serum total triglyceride level; (C): Serum low
density lipoprotein-cholesterol level; (D): Serum high density lipoprotein-cholesterol level; (E): Serum free fatty acid level; (F): Hepatic total cholesterol level;
(G): Hepatic total triglyceride level. Data are presented as mean ± SD (n = 6 per group). Mean values with different letters are significantly different (P<0.05).
P values were determined by Kruskal-Wallis test. NG, normal group; MG, high-fat and high-fructose diet (HFFD); FA, HFFD plus ferulic acid; OZ, HFFD plus
γ-oryzanol.

doi:10.1371/journal.pone.0118135.g002
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Both treatments improved hyperinsulinemia equally, and markedly reduced AUC of ITT and
HOMA-IR values (compared with MG, P<0.05, Fig. 4B, D and E).

Effects of FA and OZ on hepatic function
The results of serum analysis showed that the activities of serum AST, ALT, ALP, and LDH in
MG rats were significantly increased compared to those of NG rats (P<0.05, Fig. 5), and the
serum TBIL concentration was also significantly elevated by 1.7-fold (compared with NG,
P<0.05, Fig. 5E). In comparison with MG rats, the HFFD- induced hepatic function im-
pairment was significantly alleviated by FA and OZ administration as the activities of serum
AST, ALT, ALP and LDH were normalized, and the TBIL levels were markedly lowered by
35.8% and 26.9%, respectively (P<0.05, Fig. 5).

Effects of FA and OZ on serum antioxidant capacity
MG rats showed a significant decrease in serum TAOC and a marked elevation in MDA con-
tent (compared with NG, P<0.05, Fig. 6), which indicated a decline in antioxidant status. FA

Fig 3. Histological examination of liver. Representative samples of hepatic tissue were stained with hematoxylin and eosin (A) and Oil red O (B). Arrows
indicate hepatocellular necrosis, fat vacuoles and lipid droplet were marked as “hn”, “fv” and “ld”, respectively. The bar represents 73 μm. NG, normal group;
MG, high-fat and high-fructose diet (HFFD); FA, HFFD plus ferulic acid; OZ, HFFD plus γ-oryzanol.

doi:10.1371/journal.pone.0118135.g003

Fig 4. Effects of FA and OZ on serum glucose, insulin, and AUC for OGTT and ITT. (A): AUC of oral glucose tolerance test; (B) AUC of insulin tolerance
test; (C): Fasting glucose level;(D): Fasting insulin level; (E): Homeostasis model of assessment for insulin resistance index. Data are presented as
mean ± SD (n = 6 per group). Mean values with different letters are significantly different (P<0.05). P values were determined by Kruskal-Wallis test. NG,
normal group; MG, high-fat and high-fructose diet (HFFD); FA, HFFD plus ferulic acid; OZ, HFFD plus γ-oryzanol.

doi:10.1371/journal.pone.0118135.g004
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treatment significantly increased the TAOC by 13.8% (compared with MG, P<0.05, Fig. 6A)
while OZ supplementation showed a similar tendency but did not reach significance (P>0.05).
Compared with MG rats, the serumMDA levels of FA and OZ rats were significantly decreased
by 37.6% and 26.8%, respectively (P<0.05, Fig. 6B).

Effects of FA and OZ on serum cytokines
HFFD consumption resulted in a remarkable decline in adiponectin level and marked increases
in serum leptin, TNF-α, IL-6, and CRP concentrations (compared with NG, P<0.05, Fig. 7).
Compared with MG rats, both FA and OZ treatment significantly reduced TNF-α level
(Fig. 7C), and only OZ administration markedly decreased serum CRP and IL-6 levels and

Fig 5. Effects of FA and OZ on hepatic function. (A): Aspartate aminotransferase activity; (B): Alanine aminotransferase activity; (C): Alkaline
phosphatase activity; (D): Lactate dehydrogenase activity; (E) Total bilirubin level. Data are presented as mean ± SD (n = 6 per group). Mean values with
different letters are significantly different (P<0.05). P values were determined by Kruskal-Wallis test. NG, normal group; MG, high-fat and high-fructose diet
(HFFD); FA, HFFD plus ferulic acid; OZ, HFFD plus γ-oryzanol.

doi:10.1371/journal.pone.0118135.g005

Fig 6. Effects of FA and OZ on serum antioxidant capacity. (A): Total antioxidant capacity,
(B): Malondialdehyde level. Data are presented as mean ± SD (n = 6 per group). Mean values with different
letters are significantly different (P<0.05). P values were determined by Kruskal-Wallis test. NG, normal
group; MG, high-fat and high-fructose diet (HFFD); FA, HFFD plus ferulic acid; OZ, HFFD plus γ-oryzanol.

doi:10.1371/journal.pone.0118135.g006

Fig 7. Effects of FA and OZ on serum cytokines levels. (A): Leptin level; (B): Adiponectin level; (C): Tumor necrosis factor α level; (D): Interleukin-6 level;
(E): C-reactive protein level. Data are presented as mean ± SD (n = 6 per group). Mean values with different letters are significantly different (P<0.05).
P values were determined by Kruskal-Wallis test. NG, normal group; MG, high-fat and high-fructose diet (HFFD); FA, HFFD plus ferulic acid; OZ, HFFD
plus γ-oryzanol.

doi:10.1371/journal.pone.0118135.g007
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increased adiponectin level (P<0.05, Fig. 7A and E). Neither FA nor OZ decreased serum lep-
tin concentration significantly (compared with MG, P>0.05, Fig. 7A).

Effects of FA and OZ on TG accumulation in HepG2 cells
MTT assay was conducted to avoid cytotoxicity. Neither FA nor OZ influenced cell viability
under the concentrations used (Fig. 8A). OA induction can lead to TG accumulation and IR in
HepG2 cells [21]. Therefore, this cell model was used to evaluate the inhibitory effects of FA
and OZ on hepatocytes fat deposition. Compared with control group, FA treatment did not
regulate intracellular TG content, whereas OZ treatment significantly inhibited intracellular
TG accumulation at 50 μM (P<0.05, Fig. 8B).

Expressions of regulatory genes
As shown in Fig. 9, mRNA expressions of LXRα, FAS, ACCα, ACCβ, SREBP-2, and HMGCR
in MG cells were significantly increased than those of NG cells (P<0.05, Fig. 9). Both FA and

Fig 8. Effects of FA and OZ on cell viability (A) and intracellular TG content (B). The cells in (B) were
incubated with serum free DMEM containing 2 mMOA for 24 h. Ferulic acid or γ-oryzanol was added at
50 μM. Data are presented as mean ± SD (n = 8 per group). *P<0.05 compared with control. The P value in
(B) was determined by control and 50μMOZ.

doi:10.1371/journal.pone.0118135.g008

Fig 9. Effects of FA and OZ on gene expressions in OA stimulated HepG2 cell.GAPDHwas used for normalization of all target genes. Data are
presented as mean ± SD (n = 6 per group) and expressed as fold change over NG. Mean values with different letters are significantly different (P<0.05).
P values were determined by Kruskal-Wallis test. NG, normal cells; MG, cells incubated with serum free DMEM containing 2 mMOA; FA, MG treatment
containing 50 mM ferulic acid; OZ, MG treatment containing 50 mM γ-oryzanol; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; LXRα,
liver X receptors α; FAS, fatty acid synthase; SCD-1, stearoyl coenzyme-A desaturase-1; ACCα, acetyl coA carboxylase α; ACCβ, acetyl coA carboxylase β;
SREBP-2, sterol regulatory element binding protein 2; HMGCR, 3-hydroxy-3-methylglutaryl coenzyme A reductase.

doi:10.1371/journal.pone.0118135.g009
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OZ treatment significantly inhibited gene expressions of FAS, ACCα, ACCβ, SREBP-2, and
HMGCR (compared with MG, P<0.05). The inhibitory effects of OZ on LXRα and FAS ex-
pressions were slightly better than FA’s, although no statistical significance was noted
(P>0.05). Moreover, only OZ significantly down-regulated expression of SCD-1 (compared
with MG, P<0.05).

Discussion
The incidence of MS is influenced by a variety of lifestyle factors with dietary patterns playing
a crucial role. Diets rich in fats and fructose have been shown to cause a host of detrimental ef-
fects leading to several pathologies and have been frequently used in studies seeking to induce
dysfunctions characteristics of metabolic syndrome [23,24]. Indeed, in the present study, feed-
ing a HFFD resulted in increased body weight gain, which was associated with symptoms of
MS, such as hyperlipidemia, hyperglycemia, IR and hyperinsulinemia (see Figs. 1, 2, and 4).

FA and OZ, derived from plants, are well-researched natural compounds due to their abun-
dant resources and reported health benefits [13–15]. Supplementations of FA or OZ in HFFD
had no effect on daily food intake (Fig. 1C). Since both compounds were added to the diet at
equal molar concentrations and given the fact that FA is the major metabolite of OZ [25], it
can be reasonably assumed that equal amount of FA might be deposited in the target organs re-
sulting in similar in vivo effects.

Our results showed that FA and OZ exhibited similar effects in alleviating HFFD-induced
obesity and dyslipidemia (Figs. 1 and 2). Obesity, especially visceral obesity, plays a central role
in MS and is a risk factor for other HFFD-induced diseases. As shown in Fig. 1, HFFD caused
a significant increase in body weight and adipose tissue mass in MG group. These were signifi-
cantly diminished by FA and OZ treatment (P<0.05, Fig. 1), demonstrating an anti-obesity ef-
fect of dietary supplemented FA and OZ. Moreover, compared with that of MG rats, the serum
lipid profile was normalized by FA and OZ treatment as serum TG, TC, LDL-C and FFA levels
were significantly decreased and the HDL-C levels were significantly elevated (P<0.05, Fig. 2).
These findings are in agreement with previous work showing hypolipidemic effects of FA and
OZ treatment in rodents [26, 27], which is largely due to increased fecal lipid excretion [14].

Treatment with FA and OZ also improved parameters of type 2 diabetes. As such, fasting
glucose levels were significantly lowered by FA and OZ supplementation (P<0.05, Fig. 4C).
When rats were challenged with a glucose load, FA and OZ significantly decreased the AUC
values for OGTT (P<0.05, Fig. 4A), suggesting an enhancement in glucose disposal. As FA and
OZ inhibit the activities of glucose–6–phosphatase and phosphoenolpyruvate carboxykinase
[13], the hepatic gluconeogenesis might be reduced, thus contributing to the alleviation of type
2 diabetic–like parameters. Moreover, exaggerated endoplasmic reticulum stress is also closely
related with diabetes [28] and it was ameliorated by FA and OZ treatment [29, 30], indicating
another possible pathway by which FA and OZ regulate glucose metabolism.

Consumption of diets rich in fats and fructose can lead to hepatic fat accumulation and liver
dysfunctions [23], conditions that are underlined by leakage of cellular enzymes, such as ALT,
AST, ALP and LDH [31]. In the present study, the activity of these enzymes and the concentra-
tion of TBIL were all normalized by FA and OZ treatment (Fig. 5), demonstrating an attenuation
effect on hepatic necrosis, which is probably due to hepatocytes integrity maintenance [32].

Although the pathogenesis of MS has not been clearly deciphered, oxidative stress and IR are
two main contributing factors [33]. For example, chronic fructose consumption results in exces-
sive reactive oxygen species, which would cause oxidative damage and insulin signal disruption
[34]. The concentration of thiobarbituric acid reactive substances (TBARS) is an indicator of
lipid peroxidation process and oxidative stress, and both plasma and erythrocyte lipid TBARS
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levels could be decreased by FA and OZ treatment [14]. Our results are in aggrement with previ-
ous work demonstrating in vivo antioxidant capacity following FA and OZ treatment (Fig. 6). It
was suggested that OZ prevented in vivo oxidation through its ferulate moiety [35], which might
account for the similar effects of FA and OZ. Compared with OZ, FA treatment showed better ef-
fects in elevating TAOC level and decreasing MDA concentration (Fig. 6), which is probably due
to its higher level of serum vitamin E [36]. Moreover, in the present study, the AUC for ITT and
HOMA-IR value were significantly decreased by FA and OZ treatment (Fig. 4B and E), suggest-
ing an increase in insulin sensitivity and alleviation of IR in both peripheral and hepatic tissues.

Although some similar in vivo effects were observed following FA and OZ administration,
there is a significant differential effect in the inhibition of hepatic fat deposition. Compared to
FA, OZ treatment resulted in a remarkable lower liver weight (Fig. 1E) and hepatic TG content
(Fig. 2G), which was further confirmed by hepatic histological analysis (Fig. 3B). In addition,
serum FFA level in OZ rats was lower than that of the FA rats (Fig. 2E), which indicate less ac-
tive compound required for hepatic TG synthesis and accumulation, since FFA influx stimu-
lates hepatic lipogenesis [37].

To confirm the effect of OZ in the inhibition of hepatic TG accumulation and to investigate
possible mechanisms, an in vitro study was employed using OA-stimulated HepG2 cells. The re-
sults showed that only the OZ-treated cells exhibited significant lower intracellular TG content
(Fig. 8B), which is consistent with our in vivo results (Fig. 2G). Endogenous lipogenesis is one of
the major sources of hepatic lipids [38]. LXRα is the upstream transcription factor that regulates
lipogenic enzymes such as FAS [39, 40], and FAS catalyzes the last step of fatty acid biosynthesis
[41]. Thus, as shown in Fig. 9, expressions of LXRα and FAS were potently inhibited by OZ treat-
ment, indicating a potential inhibitory effect of OZ on fatty acid de novo synthesis. Moreover, the
absorbed or synthesized fatty acid is finally converted into TG and stored in hepatocytes. SCD–1
is one of the major enzymes that regulates this process [42] and its expression was significantly
reduced by OZ treatment, resulting in lower hepatic TG content in OZ rats (Fig. 9)

Finally, treatment with FA and OZ differentially affected cytokine secretion. Inflammation
had been causally related with the incidence of MS [43]. TNF-α, IL-6 and CRP are sensitive
markers of inflammation that regulate intermediary metabolism, such as synthesis of FFA [44],
hydrolysis of TG [45], and function of pancreatic β-cells [46,47]. The levels of TNF-α, IL-6, and
CRP were significantly reduced by OZ treatment, whereas only secretion of TNF-α was con-
trolled by FA (Fig. 7). OZ treatment also significantly improved secretion of adiponectin, which
might stimulate glucose utilization and fatty acid oxidation [48] (Fig. 7B). In the present study,
although FA and OZ were used at equal molar concentration, the latter exhibited far better anti-
inflammatory effects and elevated adiponectin level (Fig. 7). This could probably be due to their
metabolites difference as OZ consists of FA esters with phytosterols, such as campesterol, stig-
masterol, or β-stigmasterol [11]. The ester bond of OZ is broken down during digestion followed
by phytosterols release [49], with subsequent beneficial effects on metabolic dysregulation. It has
been shown that daily intake of diet rich in campesterol, stigmasterol, or β-stigmasterol could
lower pro-inflammatory cytokine production and increase serum adiponectin level [50–53]. In
addition, phytosterols can also regulate TGmetabolism [53] and have been recommended as
LDL cholesterol-lowering agents [54]. Therefore, the phytosterols produced by OZ digestion
might contribute to the greater improvement in metabolic parameters by OZ over FA.

Conclusion
In summary, OZ and FA exhibit similar effects in alleviating HFFD-induced obesity, hyperlipid-
emia, hyperglycemia, hepatic injury, and IR. However, the effect of OZ in inhibiting hepatic fat
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deposition and anti-inflammatory were significantly greater than those of FA, which are possibly
due to the down-regulation of lipogenesis genes expression and differences in their metabolites.
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