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Abstract Here, we aimed to investigate whether
resveratrol (RSV) can ameliorate high-fat diet (HFD)-
induced metabolic disorder in fish. Blunt snout bream
(Megalobrama amblycephala) with average weight
27.99 ± 0.56 g were fed a normal fat diet (NFD, 5%
fat, w/w), a HFD (11% fat), or a HFD supplemented
with 0.04, 0.36, or 1.08% RSV for 10 weeks. As
expected, fish fed a HFD developed hepatic steatosis,
as shown by elevated hepatic and plasma triglycerides,
raised whole body fat, intraperitoneal fat ratio and
hepatosomatic index, and increased plasma alanine
aminotransferase (ALT) and aspartate aminotransfer-
ase (AST). RSV supplementation lessened increases in
bodymass, whole body fat, and intraperitoneal fat, and
alleviated development of hepatic steatosis, elevations
of plasma triglyceride and glucose, and abnormalities
of ALT and AST in HFD-fed fish. RSV supplementa-
tion increased SIRT1 messenger RNA (mRNA)
expression and consequently hepatic mRNA expres-
sion of adipose triglyceride lipase (ATGL), carnitine
palmitoyltransferase (CPT1a), and microsomal
triglyceride transfer protein (MTTP), implying upreg-
ulation of lipolysis, β-oxidation, and lipid transport,

respectively, in the liver. Conversely, hepatic lipopro-
tein lipase (LPL), sterol regulatory element-binding
protein 1 (SREBP-1c), peroxisome proliferator-
activated receptor γ (PPARγ), and ATP citrate lyase
(ACLY) mRNA expression were decreased, implying
suppression of fatty acid uptake, lipogenesis, and fatty
acid synthesis. Additionally, RSV downregulated
glucokinase (GCK) and sodium-dependent glucose
cotransporter 1 (SGLT1) and upregulated glucose
transporter 2 (GLUT2) mRNA expression, thus restor-
ing normal glucose fluxes. Thus, RSV improves lipid
and glucose metabolisms in blunt snout bream, which
are potentially mediated by activation of SIRT1.
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Introduction

The blunt snout bream (Megalobrama amblycephala)
is a commercially important fish species farmed in
China. Since aqua-feed became more available and
affordable in the past few decades, the total output of
blunt snout bream inChina has increased each year and
reached705,821,000kg in 2012, according to the latest
Food and Agriculture Organization of the United
Nations (FAO) Fishery and Aquaculture Statistics
yearbook (FAO 2014). However, it has become appar-
ent that this species is highly susceptible to hepatic
steatosis in intensive culture, probably as a result
of the feeding of nutritional imbalance diet, especially
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high fat protein-sparing diet (Lu et al. 2013). This kind
of metabolic syndrome affects growth performance,
the stress response, anti-oxidant capacity, and innate
immunity of blunt snout bream and causes great eco-
nomic loss every year (Lu et al. 2014). Thus, novel
approaches are required to prevent and treat hepatic
steatosis in this species.

Resveratrol (3,4′,5-trihydroxystilbene, RSV) is a
natural polyphenol and phytoalexin that is found in
grapes, red wine, peanuts, other groundnuts, and
some berries. Previous studies demonstrated that
RSV has potential anti-oxidant, anti-inflammatory,
anti-tumorigenic, and cardioprotective properties (de
la Lastral and Villegas 2007; Delmas et al. 2006;
Hung et al. 2000; Schwager et al. 2017) and can exert
important effects on lipid and glucose metabolism
(Baur et al. 2006; Ganjam et al. 2009; Zhang et al.
2012). Due to its beneficial effects on energy metab-
olism, RSV has been suggested to be a promising
therapeutic agent for metabolic diseases. Adenosine
monophosphate-activated protein kinase (AMPK)
and sirtuin-1 (SIRT1) are two key molecular targets
of RSV (Kulkarni and Canto 2015). AMPK is a
sensor of energy homeostasis, and it is activated by
phosphorylation in response to RSV, thereby increas-
ing mitochondrial biogenesis through its interaction
with SIRT1 in vivo and in vitro (Gencoglu et al.
2015). SIRT1 deacetylase functions as a master
switch to maintain lipid and glucose homeostasis
and energy balance via important metabolic regula-
tors, such as peroxisome proliferator-activated recep-
tor γ coactivator α (PGC-1α), forkhead box protein
O1 (FOXO-1), and liver X receptor (Li et al. 2007;
Rodgers et al. 2008; Rodgers and Puigserver 2007).
When challenged with a high-fat diet (HFD), trans-
genic mice overexpressing Sirt1 show lower levels of
lipid-induced inflammation, better glucose tolerance,
and near-total protection from hepatic steatosis
versus wild-type littermates (Pfluger et al. 2008).

Hepatic steatosis, which is characterized by the
accumulation of triglycerides (TG) in hepatocytes, is
strongly associated with metabolic impairment in this
species. Animal models of diet-induced hepatic
steatosis are particularly useful to investigate the
mechanisms underlying this metabolic disease.
Previous studies report that RSV protects against
diet-induced hepatic steatosis in murine models
(Andrade et al. 2014). For example, RSV reduced
body fat, total cholesterol, TG, plasma transaminases,

and insulin in mice fed for 60 days with a HFD. In
addition, messenger RNA (mRNA) expression of ace-
tyl CoA carboxylase (ACC), peroxisome proliferator-
activated receptor γ (PPARγ), and sterol regulatory
element-binding protein 1 (SREBP-1) was significant-
ly suppressed in these mice (Andrade et al. 2014), all
of which encode proteins involved in adipogenesis.
Ponugoti et al. showed that SREBP-1c acetylation
was elevated in diet-induced obese mice and that
hepatic overexpression of SIRT1 or treatment with
RSV ameliorated this change, supporting the use of
RSV for the treatment of metabolic disorders
(Ponugoti et al. 2010). RSV also increased metabolic
rate and reduced fat mass in wild-type but not in
AMPKα1−/− mice fed a HFD and failed to increase
insulin sensitivity, glucose tolerance, and mitochon-
drial biogenesis if either AMPKα1 or α2 was absent
(Um et al. 2010). Furthermore, RSV maintained glu-
cose homeostasis in mice fed a HFD by activating the
phosphoinositol 3-kinase (PI3K) and SIRT1 signaling
pathways (Wang et al. 2014).

Although the effects of RSV have been widely stud-
ied in terrestrial animals, it is not known whether RSV
supplementation has beneficial effects in HFD-fed fish.
Accordingly, the present study aimed to investigate the
potential benefits and possible mechanisms whereby
RSV might regulate lipid and glucose metabolism in
blunt snout bream. A deeper understanding of the role of
RSV in modulating biological markers of HFD-induced
hepatic steatosis should indicate its potential as a thera-
peutic substance for fish.

Materials and methods

Experimental fish and feeding trial

Juvenile blunt snout bream obtained from the Fish
Hatchery ofGuangling (Yangzhou,China)were reared
with commercial diet in floating net cages in a pond.
The nutritional ingredients of commercial diet are very
similar to those in the normal diet we used in our exper-
iment (Table 1). After 2 weeks of acclimation, 320 fish
(weight 27.99 ± 0.56 g; length 11.13 ± 0.78 cm) were
randomly assigned into five groups and fed with a diet
containing normal levels of fat (NFD, 5% fat, w/w), a
HFD(11%fat,w/w), or aHFDsupplementedwith0.04,
0.36, or 1.08% RSV (purity 99%; Hubei Jusheng
Technology Co., Ltd., Hubei, China) for 10 weeks.
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Each group had four net cage replicates (L × W × H:
1.0 m × 1.0 m × 2.0 m), each housing 16 fish. The fish
were hand-fed to apparent satiation three times a day
(6:00–6:30, 12:00–12:30, and 18:00–18:30). During
the trial period, fish were reared under the following
conditions: water temperature, 25–29 °C; dissolved
oxygen, 5.0–7.0 mg/L; pH, 7.2–7.6; photoperiod; and
natural light. The formulations and approximate com-
positions of the experimental diets are described in
Table 1. All dietary ingredients were finely ground,
wellmixed, and pelleted by a laboratory pelletmachine
(MUZL 180, Jiangsu Muyang Group Co., Ltd.,
Yangzhou, China). The extrusion temperature of the
diets is 80–90 °C. After drying, all diets were kept at
− 20 °C in a fridge until used.

Sample collection

Prior to sampling, fish were fasted for 24 h. Ten fish per
tank were anesthetized using 100 mg/L MS-222

(tricaine methanesulfonate; Sigma Chemical Company,
St. Louis, MO, USA) and sacrificed for blood and tissue
collection according to the Chinese Regulation on
Animal Experimentation (Experimental Animal
Protect Guide of the Ministry of Science and
Technology of China, No. 398 of September 30,
2006). Blood samples were rapidly collected from the
caudal vessel into heparinized tubes and centrifuged at
590×g for 10 min at 4 °C. The supernatant was then
stored at − 70 °C for subsequent analysis of plasma
biochemical parameters. Liver samples were removed
from the fish, immediately frozen in liquid nitrogen, and
then stored at − 70 °C until use. To obtain the final
weight data, fish were batch-weighed by cage.
Proximate composition of diets was analyzed according
to the standard methods (AOAC 1990). Moisture was
determined by oven drying until constant weight
(105 °C); crude protein (nitrogen × 6.25) was detected
by the Kjeldahl method using an Auto Kjeldahl System
(FOSS KT260, Hillerød, Denmark, Switzerland); crude

Table 1 The formulation of the experimental diets

Ingredients (%) NFD HFD HFD + 0.04%RSV HFD + 0.36%RSV HFD + 1.08%RSV

Fish meal 6.50 6.50 6.50 6.50 6.50

Soybean meal 24.42 28.35 28.35 28.35 28.35

Cottonseed meal 12.00 12.00 12.00 12.00 12.00

Rapeseed meal 14.00 14.00 14.00 14.00 14.00

Soybean oil 1.59 4.75 4.75 4.75 4.75

Fish oil 1.59 4.75 4.75 4.75 4.75

Wheat bran 25.00 25.00 25.00 25.00 25.00

Wheat flour 11.80 1.54 1.54 1.54 1.54

Ca (H2PO4)2 1.80 1.80 1.80 1.80 1.80

Premixa 1.00 1.00 1.00 1.00 1.00

Salt 0.30 0.30 0.30 0.30 0.30

Total 100 100 100 100 100

Resveratrolb 0 0 0.04 0.36 1.08

Composition

Moisture 12.56 11.28 11.59 11.13 11.18

Crude protein 29.46 29.75 29.43 29.69 29.33

Crude lipid 5.67 11.13 11.06 11.23 11.32

Energy (MJ kg−1) 17.18 18.89 18.71 18.68 18.36

All the ingredients except for resveratrol were bought from Jiangsu Hipore Feed Co., Ltd., Taizhou, Jiangsu, China
a Premix supplied the following minerals (g kg−1 ) and vitamins (IU or mg kg−1 ): CuSO4·5H2O, 2.0 g; FeSO4·7H2O, 25 g; ZnSO4·7H2O,
22 g; MnSO4·4H2O, 7 g; Na2SeO3, 0.04 g; KI, 0.026 g; CoCl2·6H2O, 0.1 g; vitamin A, 900,000 IU; vitamin D, 200,000 IU; vitamin E,
4500 mg; vitamin K3, 220 mg; vitamin B1, 320 mg; vitaminB2, 1090 mg; vitamin B6, 500 mg; vitamin B12, 1.6 mg; vitamin C, 10,000 mg;
pantothenate, 1000 mg; niacin, 2500 mg; folic acid, 165 mg; choline, 60,000 mg; biotin 100 mg; myoinositol 15,000 mg
bResveratrol was bought from Hubei Jusheng Technology Co., Ltd., Hubei, Wuhan, China
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lipid was measured by ether extraction using Soxtec
System HT (Soxtec System HT6, Tecator, Sweden);
ash was detected by combustion at 550 °C for 4 h; and
crude fiber was measured by fritted glass crucible meth-
od using an automatic analyzer (ANKOMA2000i,
Macedon, NY, USA). Whole body fats were extracted
with a chloroform: methanol (2:1) mixture according to
the previous study (Folch et al. 1957). Body weight gain
(BWG), feed intake, intraperitoneal fat index (IFI), and
hepatosomatic index (HSI) were measured using the
following formulas:

Body weight gain BWGð Þ %ð Þ

¼ 100� final weight gð Þ−initial weight gð Þð Þ=initial weight gð Þ:

Feed intake gð Þ ¼ total amount of consumed feed gð Þ of each fish:

Hepatosomatic index HSIð Þ %ð Þ

¼ 100� liver weight gð Þð Þ=body weight gð Þ:

Intraperitoneal fat index IFIð Þ %ð Þ

¼ 100� Intraperitoneal fat weight gð Þð Þ=body weight gð Þ:

Analysis of plasma and tissue biochemical parameters

Activities of plasma alanine aminotransferase (ALT)
and aspartate aminotransferase (AST), concentrations
of plasma and liver TG and concentrations of plasma
free fatty acid were determined using commercial kits
(C009, C010, F001 and A042-1 respectively;
Jiancheng Bioengineering Institute, Nanjing, China).
Plasma glucose levels were measured by GOD/POD
method (Trinder 1969) using a commercial glucose kit
(F006; Jiancheng Bioengineering Institute, Nanjing,
China). Hepatic very low-density lipoproteins
(VLDLs) were detected using an ELISA kit (H249;
Jiancheng Bioengineering Institute, Nanjing, China).
Liver fat was extracted with a chloroform/methanol
(2:1) mixture and quantified as previously described
(Folch et al. 1957).

RNA extraction and qPCR

Liver total RNA was extracted using TRIzol reagent
(Life Technologies, CA, USA) according to the manu-
facturer’s instructions. RNA quantity and purity were
determined by absorbance at 260 and 280 nm, and its
integrity was assessed by electrophoresis in 1.0% form-
aldehyde denaturing agarose gel. Quantitative real-time
PCR (qPCR) was performed using the PrimeScript RT
MasterMix Kit and SYBR Premix Ex Taq II Kit (Takara
Bio, Dalian, China). The following thermal cycling
process was carried out on a 7900HT Fast Real-Time
PCR System (Applied Biosystems, Foster City, CA,
USA): 95 °C for 10 min, followed by 40 cycles of
95 °C for 15 s, and 60 °C for 40 s. The primers used
in this study are listed in Table S1. To confirm the
specificity of the amplification reaction, a melting curve
was performed after the last amplification cycle. The
data were analyzed using the 2−ΔΔCt method, and the
expression level of β-actin was used as the endogenous
reference.

Statistical analysis

Data were analyzed using SPSS software, ver. 20.0
(SPSS Inc., Chicago, IL, USA). The data are expressed
as means ± SEM (standard error of the mean). Shapiro-
Wilk test was performed to test the normality of the
variables. One-way ANOVAwas performed to compare
NFD group and HFD groups that did or did not receive
RSV supplementation, and Duncan’s Multiple Test was
performed when significant differences were identified
in the groups. Significance was accepted at P < 0.05.

Results

Effect of RSVon growth performance

To evaluate the effect of RSVon growth performance of
HFD-fed fish, blunt snout bream were fed a NFD, a
HFD, or RSV-supplemented HFDs for 10 weeks. HFD
feeding tended to increased body mass, although there
was no significant difference in bodymass gain between
NFD and HFD groups. However, body mass gain was
significantly lower in fish fed a HFD supplemented with
1.08% RSV than in fish fed a HFD (Table 2). There was
no difference in food intake among all the groups, but
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food intake tended to reduce as the levels of RSV
supplementation increased from 0 to 1.08%.

Effect of RSVon fat accumulation

HFD-feeding resulted in a significant increase in intra-
peritoneal fat percentage versus NFD-feeding, whereas
HFD supplemented with 1.08% RSV significantly
reduced intraperitoneal fat accumulation versus HFD
(Table 2). RSV supplementation (0.36 and 1.08%)
significantly ameliorated the HFD-induced elevations
in whole body crude fat and HSI.

RSV improves plasma biochemistry parameters

Plasma biochemical parameters are presented in
Fig. 1. Higher plasma TG was observed in HFD-fed
fish than in NFD-fed fish, while 1.08% RSV supple-
mentation significantly reduced this effect. Dietary
RSV supplementation from 0.04 to 1.08% signifi-
cantly ameliorated the HFD-induced elevations in
plasma glucose. Furthermore, RSV significantly
attenuated the HFD-induced increases in AST and
ALT activities, indicating that HFD feeding resulted
in liver damage, while RSV intake limited this.

RSVameliorates HFD-induced hepatic lipidosis

The hepatic TG content of HFD-fed fish was signifi-
cantly higher than that of NFD-fed fish (Fig. 2a), but this
was reduced as the level of RSV supplementation was
increased from 0 to 1.08%; 0.36 and 1.08% RSV
supplementation significantly ameliorated the HFD-

induced elevations. HFD-fed fish tended to have higher
hepatic lipid content versus NFD-fed fish, although this
effect did not reach statistical significance (Fig. 2b).
High levels of dietary RSV supplementation (0.36 and
1.08%) significantly reduced hepatic lipid content ver-
sus the HFD group. Additionally, hepatic VLDL levels
in the HFD group were significantly lower versus the
NFD group, while a high dose of RSV supplementation
improved the secretion of VLDL (Fig. 2c).

Effect of RSVon the expression of lipid
metabolism-related genes

Real-time PCR was used to measure hepatic mRNA
expression of selected genes involved in lipid metabo-
lism. As shown in Fig. 3, hepatic SIRT1 and adipose
triglyceride lipase (ATGL) mRNA levels were signifi-
cantly decreased in the HFD group compared
with the NFD group, but this suppression was amelio-
rated by 1.08% RSV supplementation. Dietary RSV
supplementation from 0.04 to 1.08% significantly
increased the HFD-induced suppression of carnitine
palmitoyltransferase 1a (CPT1a) and microsomal tri-
glyceride transfer protein (MTTP) mRNA levels and
significantly reduced the HFD-induced elevations in
lipoprotein lipase (LPL), SREBP-1c, PPARγ, and ATP
citrate lyase (ACLY) mRNA expression in the liver.

Effect of RSVon the expression of carbohydrate
metabolism-related genes

Next, we aimed to determine how RSV attenuates the
HFD-induced elevation in plasma glucose. To this end,

Table 2 Growth performance and fat accumulation in blunt snout bream fed different diets

Diets NFD HFD HFD + 0.04%
RSV

HFD + 0.36%
RSV

HFD + 1.08%
RSV

ANOVA
(P value)

Body weight gain (%) 277.78 ± 28.03ab 306.72 ± 26.56a 315.12 ± 20.92a 287.78 ± 15.87ab 229.24 ± 8.62b < 0.05

Feed intakea (g) 117.28 ± 18.59 120.83 ± 2.64 120.18 ± 6.99 119.54 ± 9.30 108.16 ± 4.05 > 0.05

Intraperitoneal fat ratio (%) 1.90 ± 0.10c 2.54 ± 0.12a 2.48 ± 0.07ab 2.35 ± 0.11ab 2.20 ± 0.09b < 0.01

Hepatosomatic index (%) 1.38 ± 0.04b 1.62 ± 0.04a 1.53 ± 0.06a 1.33 ± 0.04b 1.34 ± 0.04b < 0.05

Whole body crude fatb (%) 9.49 ± 0.23b 11.10 ± 0.26a 11.17 ± 0.57a 8.95 ± 0.14b 9.80 ± 0.14b < 0.05

Survival rate (%) 100% 100% 100% 100% 100% ns

Date are means ± SEM, n = 16 replicates per group.Mean values with different lowercase letters are significantly different among the groups

ns no significant difference
a Feed intake (g) = total amount of consumed feed (g) of each fish
b This parameter was calculated in dry matter basis
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we measured the hepatic mRNA expression of three
carbohydrate metabolism-related genes, glucokinase
(GCK), glucose transporter 2 (GLUT2), and sodium-
dependent glucose cotransporter 1 (SGLT1) in blunt
snout bream. GCK expression in the HFD group was
higher than that in the NFD group (P < 0.05; Fig. 4),
but RSV supplementation significantly reduced this. In
addition, 1.08% RSV supplementation significantly re-
versed the HFD-induced suppression of GLUT2 mRNA
expression and reduced SGLT1mRNA expression versus

the HFD group. The observed decreases in GCK and
SGLT1 and the increase in GLUT2 mRNA expression
likely explain the reduction in plasma glucose achieved
by RSV supplementation in the HFD-fed fish.

Discussion

Consumption of a diet high in fat is a major contributing
factor to the development of hepatic steatosis in animals

Fig. 1 Effect of diet and
resveratrol on plasma
biochemistry analysis. a Plasma
triglyceride (TG), b plasma
glucose, c plasma aspartate
aminotransferase (AST), and
d plasma alanine
aminotransferase (ALT) in blunt
snout bream fed a NFD or
HFD ± resveratrol (RSV)
supplementation (n = 16
replicates per group). Mean
values with different lowercase
letters are significantly different
among all the groups (P < 0.05)

Fig. 2 Effect of diet and resveratrol on hepatic lipid profiles.
a Liver TG, b liver fat, and c liver VLDL in blunt snout bream
fed a NFD or HFD ± resveratrol (RSV) (n = 16 replicates per

group). Mean values with different lowercase letters are signifi-
cantly different among all the groups (P < 0.05)
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(Nakamura and Terauchi 2013). Recently, the natural
compound RSV was shown to suppress diet-induced
liver steatosis in humans and terrestrial animals
(Andrade et al. 2014; Faghihzadeh et al. 2014).
However, whether RSV supplementation is a viable
strategy for regulating lipid metabolism in fish has not
been investigated. Blunt snout bream are susceptible to

hepatic steatosis when consuming a HFD; thus, the aim
of this study was to investigate whether HFD-induced
hepatic steatosis in blunt snout bream could be effec-
tively ameliorated by dietary RSV supplementation.

We first determined whether RSVexerted any effects
on growth performance of HFD-fed fish. We found that
there was no significant difference in body mass gain

Fig. 3 Effect of diet and resveratrol on hepatic lipid metabolism-
related gene expression. a Sirtuin-1 (SIRT1), b adipose triglyceride
lipase (ATGL), c carnitine palmitoyltransferase 1 (CPT1), d mi-
crosomal triglyceride transfer protein (MTTP), e lipoprotein lipase
(LPL), f sterol regulatory element-binding protein-1c (SREBP-1c),
g peroxisome proliferator-activated receptor γ (PPARγ), and

h ATP citrate lyase (ACLY) mRNA expression in blunt snout
bream. The expression level of each gene was normalized to that
of the gene encoding β-actin. Data are represented as the
mean ± SD of n = 16 replicates. Mean values with different
lowercase letters are significantly different among all the groups
(P < 0.05)

Fig. 4 Effect of diet and resveratrol on hepatic expression of
genes involved in glucose flux. a Glucokinase (GCK), b glucose
transporter 2 (GLUT2), and c sodium-dependent glucose
cotransporter 1 (SGLT1) mRNA expression in blunt snout bream.

The expression level of each gene was normalized to that of the
gene encoding β-actin. Data are represented as the mean ± SD of
n = 16 replicates. Mean values with different lowercase letters are
significantly different among all the groups (P < 0.05)
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among fish fed with a HFD or a HFD supplemented
with 0.04 or 0.36% RSV. However, body mass gain was
significantly lower in fish fed a HFD supplemented with
1.08% RSV than in fish fed a HFD or a HFD supple-
mented with 0.04% RSV. Ha et al. demonstrated that the
final body weights in the rats fed a HFD that includes
high levels of RSV were significantly lower than those
in the rats fed with a HFD (Ha et al. 2015). They thought
that the unique flavor of RSV might affect the appetites
of the rats fed a HFD supplemented with high levels of
RSV, resulting in a decrease in food intake and weight
reduction. It is known that resveratrol is able to cross the
blood-brain barrier (Sasaki and Kitamura 2010) and
reduce food intake in rodents (Kim et al. 2010). RSV
can downregulate neuropeptide Y (NPY) gene expres-
sion to suppress the appetite and increase satiety in mice
(Kim et al. 2010). Consistent with these results, we
observed in this study that the food intake tended to
decrease with the increasing of RSV supplementation,
although there was no significant difference in food
intake between HFD group and RSV supplemented
groups (Table 2). Additionally, Lagouge et al. reported
that RSV significantly increases the aerobic capacity of
mice, as evidenced by increased running time and oxy-
gen consumption by muscle fibers (Lagouge et al.
2006). The body weight reduction was because of re-
duced adipose tissue in the HFD-fed mice treated with
RSV, even though food intake was similar to that of the
control group. In our case, the losing of body fat and
visceral fat may contribute to the weight reduction of
fish with dietary RSV, after 10 weeks of HFD consump-
tion (Table 2). These results suggest that RSV, a highly
studied natural compound that activates sirtuins in ter-
restrial animals (Sinclair and Guarente 2014), might
reduce energy storage efficiency and/or increase energy
expenditure rate in HFD-fed blunt snout bream.

The hallmark of liver steatosis is TG accumulation in
hepatocytes. After 10 weeks of HFD feeding, blunt snout
bream showed higher levels of plasma and hepatic TG in
comparison with NFD-fed fish, whereas supplementation
with RSV significantly lowered plasma and hepatic TG.
Furthermore, RSV supplementation (1.08%) significant-
ly ameliorated the HFD-induced elevations in visceral fat
of blunt snout bream. Consistent with this phenomenon,
Pardal et al. observed that RSV can promote rapid con-
sumption of the fat reserves in zebrafish (Danio rerio)
larvae (Pardal et al. 2014). Moreover, the increase in
plasma glucose levels resulting from HFD feeding was
ameliorated by 10 weeks of RSV consumption. These

improvements in glycemic control and blood lipid profile
were also shown in previous studies (Yang and Lim
2014), and modulation of AMPK activity is suggested
as one of the underlying mechanisms for this (Choi et al.
2014). Another characteristic of the hepatic steatosis in-
duced by HFD feeding is the enhanced plasma activities
of the markers of hepatic injury AST and ALT. Both of
these enzyme activities were significantly reduced in the
RSV-treated groups in this study. These findings collec-
tively implicate RSVas a promising compound to relieve
features of hepatic steatosis features in our fish model.

Hepatic steatosis is associated with an imbalance of
lipid availability and disposal, which may be caused by
enhanced free fatty acid release from adipose tissue or
dietary lipids, increased de novo lipogenesis, impaired
fatty acid oxidation, or decreased VLDL secretion.
Therefore, RSV may ameliorate hepatic steatosis
through modulation of one or more of these metabolic
pathways. ATGL and LPL are key enzymes that regulate
the disposal of lipid in the body. ATGL selectively
performs the first and rate-limiting step, hydrolyzing
TGs to generate diacylglycerols and fatty acids
(Zimmermann et al. 2004), while LPL hydrolyzes TGs
transported in the bloodstream as VLDLs and chylomi-
crons, providing free fatty acids for uptake by adipose
tissue for storage or by other organs such as the muscle
and heart for oxidation (Mead and Ramji 2002). In the
present study, RSV supplementation increased hepatic
mRNA expression of ATGL, potentially resulting in
decreased accumulation of TG in the liver. RSV also
significantly decreased hepatic mRNA expression of
LPL in HFD-fed fish, consistent with the suppression
previously observed in RSV-treated HFD-fed mice
(Qiao et al. 2014).

CPT1 catalyzes a crucial step in mitochondrial fatty
acid oxidation; therefore, the expression of CPT1 has
implications for liver β-oxidation. Alberdi et al. dem-
onstrated that RSV supplementation significantly ele-
vated CPT1 activity in HFD-fed rats and prevented the
increase in liver fat accumulation, suggesting that the
decrease in TG accumulation induced by RSV was at
least partly due to an increase in fatty acid oxidation.
SIRT1 is a NAD+-dependent deacetylase and acts as a
modulator of various metabolic pathways, including
those involved in lipid and glucose homeostasis
(Colak et al. 2011). RSV is a potent agonist of SIRT1,
promoting the cellular expression of the SIRT1 protein
and dramatically stimulating SIRT1 activity (Borra et al.
2005; Cohen et al. 2004). Recent studies demonstrated
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that RSV is able to alter the SIRT1 expression in
zebrafish and RSV might attenuate fat deposition by
reducing SREBP-1c expression via the SIRT1-FOXO-
1 pathway in vitro and in vivo (Ponugoti et al. 2010;
Wang et al. 2009). In this study, RSV significantly
reversed the HFD-induced SIRT1 downregulation and
SREBP-1c upregulation in blunt snout bream. PPARγ is
a nuclear receptor central to glucose and lipid homeo-
stasis, and it is generally overexpressed in steatotic liver
(Moran-Salvador et al. 2011). SIRT1 activation in-
creases lipolysis by suppressing PPARγ expression in
adipose tissue, thereby altering expression of PPARγ-
responsive genes, which mediate lipid anabolism
(Picard et al. 2004). Here, RSV supplementation
inhibited PPARγ expression and therefore impacted up-
on expression of its target gene, ACLY, which encodes a
key enzyme of fatty acid oxidation. Hepatic ACLY ex-
pression in HFD-fed fish was significantly higher than
in NFD-fed fish, and both 0.36 and 1.08% RSV supple-
mentation significantly ameliorated this effect, which
would also be predicted to reduce hepatic fat accumula-
tion. Finally, MTTP plays a pivotal role in the assembly
and secretion of apolipoprotein B-containing lipopro-
teins, including VLDL. Han et al. showed that RSV
treatment promotesMTTP expression via SIRT1 activa-
tion in goose primary hepatocytes, while the SIRT1
inhibitor, nicotinamide, downregulates expression of
MTTP (Han et al. 2014). Our data also imply that
MTTP might be a SIRT1 target gene. The upregulation
of MTTP as a result of RSV treatment was associated
with increased VLDL secretion in the liver, suggesting
that RSV supplementation can enhance hepatic lipid
transport in blunt snout bream, which might also con-
tribute to steatosis resistance.

High levels of dietary fat can impair glucose homeo-
stasis in fish, mice, and humans (Figueiredo-Silva et al.
2012; Ikemoto et al. 1996), and a 10-week HFD was
sufficient to elevate plasma glucose levels in this study.
A hypoglycemic effect of RSV has been described in
wild-type rats and mice, high-fat fed mice, and both
mice and humans with type 2 diabetes (Yonamine
et al. 2016). GCK, Glut2, and SGLT1 are key hepatic
mediators of glucose flux and thus blood glucose ho-
meostasis (Ganjam et al. 2009). In this study, RSV
treatment of blunt snout bream suppressed expression
of GCK, consistent with previous results in rats (Ganjam
et al. 2009). Previous studies indicate that PPARγ and
SREBP-1c regulate liver GCK expression (Kim et al.
2004a; Kim et al. 2004b); thus, the RSV-induced effect

on GCK might be mediated through suppression of
PPARγ and SREBP-1c via SIRT1 in this study.

Glucose enters eukaryotic cells via two different
types of membrane-associated carrier proteins, the
Na+-coupled glucose transporters and the facilitative
glucose transporters. Glut2 is trans-membrane protein
that can passively transport glucose through cell mem-
branes, and it is mainly expressed by hepatocytes and
pancreatic beta cells. Previous studies of the effect of
RSVon Glut2 have been limited. However, RSV treat-
ment improved pancreatic GLUT2 expression in diabet-
ic rats (Gencoglu et al. 2015) and treatment of INS-1E
cells for 24 h with 25 μM RSV resulted in marked
potentiation of glucose-stimulated insulin secretion and
GLUT2 expression through a SIRT1-dependent mecha-
nism (Vetterli et al. 2011). Glucose derived either from
hydrolysis of starch or from sucrose is taken up into
cells by SGLT1, which is located in the brush border
membrane at the apical side of enterocytes (Roder et al.
2014). Dietary polyphenols can downregulate the ex-
pression of SGLT1 in small intestine, thereby decreasing
hepatic gluconeogenesis and glucose release indirectly
(Kim et al. 2016). Here, we demonstrate for the first
time that RSV supplementation can reduce hepatic
SGLT1 expression.

Conclusions

RSV supplementation alleviated the increases in body
mass, whole body and intraperitoneal fat, plasma TG,
glucose, ALT, and ASTassociated with hepatic steatosis
in HFD-fed blunt snout bream.We propose that this was
achieved through an increase in SIRT1 mRNA expres-
sion, resulting in upregulation of hepatic ATGL, CPT1a,
andMTTPmRNA expressions, thereby promoting liver
lipolysis, β-oxidation, and lipid transport, respectively,
and downregulation of hepatic LPL, SREBP-1c, PPARγ,
and ACLY mRNA expressions, thereby suppressing fat-
ty acid uptake and fatty acid synthesis. Additionally,
RSV restored glucose homeostasis in the liver through
downregulation ofGCK and SGLT1 and upregulation of
GLUT2 mRNA. Thus, 1.08% RSV supplementation
ameliorates the defects in lipid and glucose metabolism
resulting from feeding of a HFD to blunt snout bream.
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