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a b s t r a c t

Fibroblast growth factor (FGF) 21 is a mediator of glucose and lipid metabolism. Although exogenous
administration of FGF21 exerts beneficial effects on glucose and lipid metabolism, circulating FGF21
levels are elevated in ob/ob and db/db mice, diet-induced obese mice and obese human. Here we show
that ingestion of eicosapentaenoic acid (EPA) for 6 days after individually-housing significantly sup-
pressed the hyperglycemia and hypertriglyceridemia associated with decreases in plasma insulin and
FGF21 levels in KKAy mice while having no effects on food intake, body weight or plasma active GLP-1
levels. The ingestion of EPA had no significant effects on the expression of FGF21 in the liver, epidid-
ymal white adipose tissue and skeletal muscle. Moreover, the ingestion of EPA significantly decreased the
expression of hepatic peroxisome sterol regulatory element-binding protein (SREBP1c), carbohydrate
response elementebinding protein (ChREBP), stearoyl-CoA deaturase and periostin, which are involved
in hepatic lipogenesis and hepatosteaotosis, in KKAy mice. On the other hand, the ingestion of EPA had no
significant effects on expression of hepatic gp78, Notch, forkhead box protein O1 or glucose-6-
phosphatase. These findings suggest that EPA ingestion in the early stage of social isolation suppresses
hyperglycemia and hypertriglyceridemia associated with reduced FGF21 and insulin resistance without
altering food intake and body weight, and that the EPA ingestion suppresses hepatic lipogenesis by
suppressing Notch- and gp78-independent SEREBP1c and ChREBP pathways in KKAy mice.

© 2015 Published by Elsevier Inc.
1. Introduction

Fibroblast growth factor (FGF) 21 is produced by the liver, adi-
pose tissues, and skeletal muscle [1]. Administration of FGF21 re-
duces hepatic glucose production and plasma glucose levels while
increasing insulin sensitivity and adipose tissue glucose uptake [1].
Moreover, FGF21 reduces hepatic and plasma triglyceride and body
weight while activating brown adipose tissue [1].

In the rodent diet-induced obesity (DIO) [2], genetically obese
db/db [3] and ob/ob mice [4], the expression of FGF21 in white
adipose tissue and liver is increased. In humans, circulating FGF21
levels are increased in obesity [3] and patients with type 2 diabetes
[5,6]. Moreover, DIO mice have increases in endogenous levels of
knonogaki-tky@umin.ac.jp
FGF21 and respond poorly to exogenous FGF21 [7]. These findings
suggest that obesity is an FGF21-resistant state.

Eicosapentaenoic acid (EPA) reportedly reduces hepatic de novo
lipogenesis by suppressing the expression of hepatic sterol regu-
latory element-binding protein (SREBP1c) and stearoyl-CoA dea-
turase (SCD-1) in ob/ob mice [8] and diet-induced obese mice [9].
We previously reported that social isolation promotes obesity and
hyperglycemia in KKAy mice with ectopic overexpression of agouti
peptide, an endogenous melanocortin-4 receptor antagonist [10].
The effects of EPA on FGF21 resistant state and metabolic abnor-
malities induced by social isolation in KKAy mice, however, have
not been evaluated.

To determine the effects of EPA ingestion on the metabolic ab-
normalities in the early stage of social isolation, we examined the
effects of ingestion of EPA for 6 days on body weight, food intake,
blood glucose, plasma triglyceride, insulin, active GLP-1 and FGF21
levels, the expression of FGF21 in the liver, epididymal white adi-
pose tissue (eWAT) and skeletal muscle, and genes involved in the
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Table 1
Primers used for real-time RT-PCR.
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regulation of hepatic lipogenesis and hepatic glucose production in
individually-housed KKAy mice.
Gene Primer

Notch Sense ATGTGGATGCTGCTGTTGTGCTCC
Antisense CCGGTTGGCAAAGTGGTCCA

G6Pase Sense TGCAAGGGAGAACTCAGCAA
Antisense GGACCAAGGAAGCCACAATG

FOXO1 Sense GCGTGCCCTACTTCAAGGATAA
Antisense TCCAGTTCCTTCATTCTGCACT

SREBP1c Sense GCCGTGGTGAGAAGCGCACAGCCC
Antisense CAAGACAGCAGATTTATTCAGCTTTGC

ChREBP Sense CAGGGAATACACGCCTACAG
Antisense CAGGTGGGATCTTGGTCTTA

SCD-1 Sense CCTTTCTGTCCATCCTCTGAAC
Antisense TAGGCACATTGAACACGAAGAC

gp78 Sense CCTGTCCCTGCTGATTGCTA
Antisense CTCACGGTCACAAGAAGAGACT

Periostin Sense CCTCTATCCAGCAGATATTCCA
Antisense CTGCCACGAACAAACTTGA

FGF21 Sense CACCGCAGTCCAGAAAGTC
Antisense ATCAAAGTGAGGCGATCCA
2. Materials and methods

2.1. General procedures

KKAy mice (4-wk-old males) were purchased from Japan CLEA
(Tokyo). All mice were group-housed and acclimated to the colony
for 1 wk before beginning the experiment. All mice were housed in
cages with free access to water and a fish meal-free diet (fish meal-
free F1: 4.4% fat; Funabashi Farm, Funabashi, Japan) on a 12-h
lightedark cycle (lights off 20:00 h) in a temperature-controlled
(20e22 �C) environment.

1 wk later, the mice were housed in individual cages with free
access towater and a fishmeal-free diet (fishmeal-free F1: 4.4% fat;
Funabashi Farm, Funabashi, Japan) or EPA diet (the fish meal-free
diet plus EPA ethyl ester [5%]) over 6 days. The doses of EPA were
selected as described previously [9]. At the end of the 6 days, the
animals were decapitated, and blood was collected for measure-
ments of blood glucose and plasma triglyceride levels. The liver,
eWAT and soleus muscle were excluded for determining mRNA
levels.

Mean food consumption per week was evaluated in 5 to 6-wk-
old animals. Body weight was measured at 5 wk and 6 wk (before
and after the 6 day feeding period). The experiment was performed
between 10:00e12:00.
2.2. Blood chemistry

Blood glucose levels were measured using glucose strips (Blood
glucose monitoring system; FreeStyle, NIPRO, Tokyo, Japan). Whole
blood was mixed with EDTA-2Na (2 mg/mL) and aprotinin
(500 kIU/mL) to determine the plasma triglyceride and insulin
levels. Plasma triglyceride levels were measured by the GPO-
HDAOS glycerol blanking method using L-type triglyceride H
(Wako Pure Chemical Industries, Ltd, Japan). Plasma insulin levels
weremeasured by radioimmunoassay (rat insulin RIA kit; Millipore
Corporation, Billerica, MA, USA). The plasma levels of FGF21 were
measured by ELISA (rat/mouse FGF21 ELISA kits; R&D system,
Tokyo, Japan). Plasma levels of active GLP-1 were measured by an
enzyme-linked immunosorbent assay (mouse active GLP-1 ELISA
kit; Shibayagi Inc., Gunma, Japan) as described previously [11]. EPA
was a kind gift from Mochida Pharmaceutical Co., Japan.

The animal studies were conducted in accordance with the
institutional guidelines for animal experiments at the Tohoku
University Graduate School of Medicine.
2.3. Real-time quantitative RT-PCR

Total RNA was isolated from mouse liver and soleus muscle
using the RNeasy Midi kit (Qiagen, Hilden, Germany) and eWAT
using the RNeasy Lipid Tissue Midi kit (Qiagen, Hilden, Germany)
according to the manufacturer's instructions. cDNA synthesis was
performed using a Super Script III First-Strand Synthesis System for
RT-PCR Kit (Invitrogen, Rockville, MD) with 1 mg total RNA. cDNA
synthesized from total RNA was evaluated in a real-time PCR
quantitative system (LightCycler Nano Instrument Roche Di-
agnostics, Mannheim, Germany). The primers used are listed in
Table 1. The relative amount of mRNA was calculated using b-actin
mRNA as the invariant control. Data are shown as fold-change of
the mean value of the control group, which received saline as
described previously [10].
3. Statistical methods

Data are presented as mean ± SEM (n ¼ 6). Comparisons be-
tween two groups were performed using Student's t test. A P value
of less than 0.05 was considered statistically significant.
4. Results

4.1. Effects of EPA on food intake, body weight, blood glucose and
plasma triglyceride, insulin and active GLP-1 levels in individually-
housed KKAy mice

Although the ingestion of a fish meal-free diet with EPA over 6
days had no effect on food intake (Fig. 1 A), body weight (Fig. 1B) or
plasma active GLP-1 levels (Fig. 1F), the EPA treatment significantly
decreased blood glucose (Fig. 1C), plasma triglyceride (Fig. 1D),
insulin (Fig. 1E) levels compared with controls in individually-
housed KKAy mice compared with controls.
4.2. Effects of EPA on plasma FGF21 and the gene expression of
FGF21 in the liver, eWAT and soleus muscle in individually-housed
KKAy mice

The ingestion of a fish meal-free diet with EPA over 6 days
significantly increased plasma FGF21 levels (Fig. 2A), although
there were no significant differences in FGF21 mRNA levels of the
liver, eWAT and soleus muscle between controls without EPA and
group treatedwith the EPA (Fig. 2B). These findings suggest that the
decreases in plasma FGF21 levels are not due to the decreased
expression of FGF21 in the peripheral tissues.
4.3. Effects of EPA on the gene expression involved in the regulation
of hepatic lipogenesis and glucose production in individually-
housed KKAy mice

Ingestion of a fish meal-free diet with EPA over 6 days signifi-
cantly decreased the expression of hepatic carbohydrate response
elementebinding protein (ChREBP), SREBP1c, SCD1 and periostin
mRNA levels which are involved in hepatic lipogenesis and hep-
atosteaotosis while having no significant effect on gp78 (Fig. 3A).
On the other hand, the EPA treatment had no significant effects on
the expression of hepatic Notch, Forkhead box O1 (FOXO1) and



Fig. 1. Effects of ingestion of a fish meal-free diet with or without EPA (5%) over 6 days on food intake (A), body weight (B), blood glucose (C) and plasma triglyceride (D), insulin (E)
and active GLP-1 levels (F) in individually-housed KKAy mice. Basal body weight in 5-wk-old KKAy mice treated with or without EPA was 25.1 ± 0.4 g and 25.2 ± 0.5 g, respectively.
Data are presented as the mean values ± SEM (n ¼ 6 for each group of animals). *P < 0.05.

Fig. 2. Effects of ingestion of a fish meal-free diet with or without EPA (5%) over 6 days on plasma FGF21 levels (A) and the expression of FGF21 in the liver, eWAT and soleus muscle
(B) in individually-housed KKAy mice. Data are presented as the mean values ± SEM (n ¼ 6 for each group of animals). *P < 0.05.

Fig. 3. Effects of ingestion of a fish meal-free diet with or without EPA (5%) over 6 days on the expression of hepatic genes involved in the regulation of triglyceride (A) and glucose
(B) metabolism, in individually-housed KKAy mice. Data are presented as the mean values ± SEM (n ¼ 6 for each group of animals). *P < 0.05.
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glucose-6-phosphatase (G6Pase), which are involved in hepatic
glucose production (Fig. 3B).
5. Discussion

The results of the present study demonstrated that the EPA
ingestion in the early stage of social isolation reduced hyperglyce-
mia and hypertriglyceridemia associated with decreases in plasma
insulin and FGF21 levels while having no effects on food intake and
body weight. Because the decreases in plasma FGF21 levels induced
by the EPA ingestion are not due to the decreased FGF21 production
in the peripheral tissues including liver, eWAT and skeletal muscle,
the decreases in plasma FGF21 induced by the EPA ingestion might
be due to a reduced FGF21 resistant state. Moreover, the reduced
FGF21 resistant state induced by the EPA ingestion might be related
to the improvement of hyperglycemia, hyperinsulinemia and
hypertriglyceridemia rather than obesity in KKAy mice.

Because the EPA ingestion had no effects on the expression of
hepatic Notch, FoxO1 and G6Pase, the suppressive effects of EPA on
hyperglycemia in KKAy mice are due to the suppression of Notch-
mediated hepatic glucose production. The results of the present
study demonstrated that the EPA ingestion reduced hyper-
insulinemia without altering active GLP-1 levels in individually-
housed KKAy mice. EPA reportedly reduces insulin resistance by
suppressing inflammatory cytokines such as tumor necrosis factor-
a and interleukin-6 [12e14], and by increasing plasma adiponectin
in obese rodents and humans [15]. The suppressive effects of the
EPA ingestion on hyperglycemia in KKAy mice might be due to the
reduced insulin and FGF21 resistant state.

Insulin promotes hepatic fatty acid synthesis and the accumu-
lation of triglycerides by SREBP1c induction [16]. Our results of the
present study demonstrated that the EPA ingestion suppressed the
insulin-induced SREBP1c pathway of hepatic lipogenesis in
individually-housed KKAy mice. In the liver, Notch signaling and
gp78, a membrane-anchored ubiquitin ligase, reportedly upregu-
late SREBP1c-mediated lipogenesis [17,18]. However, the Notch and
gp78 unlikely contributed to the suppressive effects of EPA on the
expression of hepatic SREBP1c in KKAy mice.

On the other hand, glucose promotes hepatic fatty acid synthesis
and the accumulation of triglycerides by ChREBP induction [16].
The glucose-induced ChREBP induces the expression of hepatic
periostin, which is a critical contributing factor in the regulation of
hepatic triglyceride homeostasis and the development of obesity-
induced hepatosteatosis [19]. Our results demonstrated that the
EPA ingestion suppressed the glucose-induced ChREBP and peri-
ostin pathway in individually-housed KKAy mice. In summary,
these findings suggest that the EPA ingestion in the early stage of
social isolation suppresses hyperglycemia and the FGF21 resistant
state without altering food intake and body weight, and that the
EPA ingestion suppresses hypertriglyceridemia by suppressing
Notch- and gp78-independent hepatic SEREBP1c and ChREBP
pathways of lipogenesis in KKAy mice.
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