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A novel mice model of metabolic syndrome:
the high-fat-high-fructose diet-fed ICR mice
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Abstract: Currently, the metabolic syndrome (MS) is occurring at growing rates worldwide, raising
extensive concerns on the mechanisms and therapeutic interventions for this disorder. Herein, we
described a novel method of establishing MS model in rodents. Male Institute of Cancer Research
(ICR) mice were fed with high-fat-high-fructose (HFHF) diet or normal chow (NC) respectively for 12
weeks. Metabolic phenotypes were assessed by glucose tolerance test, insulin tolerance test and
hyperinsulinemic-euglycemic clamp. Blood pressure was measured by a tail-cuff system. At the end
of the experiment, mice were sacrificed, and blood and tissues were harvested for subsequent
analysis. Serum insulin levels were measured by ELISA, and lipid profiles were determined
biochemically. The HFHF diet-fed ICR mice exhibited obvious characteristics of the components of
MS, including obvious obesity, severe insulin resistance, hyperinsulinemia, dislipidemia, significant
hypertension and hyperuricemia. Our data suggest that HFHF diet-fed ICR mice may be a robust
and efficient animal model that could well mimic the basic pathogenesis of human MS.
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Introduction

With the prevalence of the western life style, the
metabolic syndrome (MS) is occurring at growing rates
worldwide, leading to frightful consequences to human’s
health [1, 27]. According to the International Diabetes
Federation (IDF) definition, this syndrome is usually
defined as a cluster of metabolic abnormalities, including
abdominal obesity, insulin resistance, and dyslipidemia,
hypertension, fatty liver disease and type 2 diabetes mel-
litus [10]. Despite its high prevalence, the pathogenesis
of MS is not completely understood [21]. A better un-

derstanding of the molecular causes of MS will provide
further evidences for developing novel preventative and
therapeutic strategies.

In fact, there have emerged multiple types of animal
models that commonly used to study the pathophysiol-
ogy and mechanism of MS. Firstly, the ob/ob [9] and db/
db mice [3], which were commonly used in the study of
obesity, insulin resistance, diabetes, dyslipidemia and
fatty liver, exhibit the main features of MS happened in
human. Moreover, the apoE deficient mice [16], the
Goto-Kakisaki (GK) rats [28], Zucker rats [13], OLEFT
rats [29], were also most widely used monogenetically
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mutant rodent models for diabetes and MS. Besides,
there are recently increasing use of diet-induced MS
models. Previous studies have shown that the high-fat
or high-fructose diet in combination with alloxan or low
dose streptozotocin (STZ) are effective methods to es-
tablish type 2 diabetes or insulin resistance in animals
[26, 30]. Although these models showed the typical
characteristics of MS, they are either based on mono-
genic mutation or beta cell destruction, thus of little
clinical relevance. Therefore, they are in fact, not most
suitable models for studying the molecular mechanisms
underlying these basic defects.

Recently, there are emerging evidences showing that
a combination use of HFHF diet tends to predispose to
insulin resistance and deteriorate the metabolic disorders
in animals [12, 25, 34]. It has been shown that HFHF
feeding successfully establishes MS model in rats, as
demonstrated by increased abdominal fat deposition,
impaired glucose tolerance, dyslipidemia, hyperinsu-
linemia, and increased systolic blood pressure [6, 22]. It
was also reported that HFHF diet impairs hepatic glucose
uptake and disturbs the suppressive effect of insulin on
lipolysis in partially pancreatectomized dogs, indicating
that a consumption of HFHF diet leads to deleterious
metabolic consequences [5]. However, there is still no
researches elucidate whether this HFHF feeding protocol
also works effectively in mice.

Moreover, there are recently a growing number of
researches performed in ICR mice aimed to establish the
diabetes or MS model [4, 8, 23, 24, 38]. In fact, although
the C57BL6J mice are most widely used in metabolic
researches, there are existing evidences showing that
ICR mice are potentially a more suitable animal for
studying the MS. It was reported that goldthioglucose
induced diabetic changes were more severe in ICR mice
than C57BL mice [19]. Moreover, in comparision with
fat-fed C57BL/6]J mice, fat-fed ICR seems to be more
sensitive to diabetogenic effects of STZ, suggessting that
ICR might be more suitable for establishing MS than
C57BL/6J mice [17]. In addition, it was shown that com-
bination use of high-fat diet with nicotinamide and STZ
in ICR mice induces significant insulin resistance, hy-
perlipidemia, impaired insulin secretion, glucose intoler-
ance, and obesity. Yet, high-fructose feeding alone exerts
no significant effect on ICR mice [31]. This study indi-
cated that the high-fat diet-fed ICR mice with partly
destructed beta cells demonstrated key features of MS.
However, whether the combination use of high-fat and

high-fructose diet establishes MS in ICR mice has not
been clarified.

In the present study, we aimed to explore the possibil-
ity of establishing MS model in ICR mice with combined
HFHF feeding, so as to establish a novel mice model for
the mechanistic and therapeutic studies of MS.

Materials and Methods

Reagents
Unless otherwise stated, all reagents were purchased
from Sigma-aldrich.

Animals

Male ICR mice aged 8 weeks were purchased from
Shanghai Laboratory Animal Center, Chinese academy
of science (CAS). All experimental procedures were ap-
proved by the ethics committees for laboratory animals
at Shanghai Jiao Tong University School of Medicine.
Mice were fed in a standard animal room with 12/12
dark/light cycles. After an adaptive feeding for 1 week,
animals were randomly divided into two groups: normal
chow group (NC); high-fructose high-fat diet group
(HFHF), with 12 mice in each group. Subsequently,
animals were fed with NC or HFHF diet respectively for
12 weeks (pivotal test have been performed for setting
the appropriate feeding periods in before starting this
study). For the NC, 10% of calories were in the form of
fat, 20% in the form of protein, and 70% in the form of
carbohydrates. The HFHF diet is consisted of 49.0% of
calories from fat, 15.4% of calories from protein, and
35.6% of calories from carbohydrate (Shanghai R&S
Biotechnology Co., Ltd.).

Glucose tolerance test and insulin tolerance test

For the glucose tolerance test, mice were fasted for
12 h, and then injected intraperitoneally with glucose (1
g/kg) to measure glucose tolerance. Blood glucose was
measured using blood samples taken from cut tail tips
at baseline and at 30, 60, 90, and 120 min after the injec-
tion of glucose. For insulin tolerance tests (ITT), mice
were intraperitoneally injected with insulin (0.25 U/kg)
in 0.9% NaCl after fasted for 6 h. A tail vein blood
sample was taken immediately prior to and 30, 60, 90,
and 120 min after the injection for determination of
blood glucose. The results were expressed as percentage
of basal glucose.
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Hyperinsulinemic-euglycemic clamp (HEC)

The HEC study was performed as previously described
[35]. In brief, male adult ICR mice were anesthetized
intraperitoneally with pentobarbital sodium. A cannula
was inserted into the right internal jugular vein, and mice
were allowed to recover for 5 days. The cannula was
flushed daily with a 0.9% NaCl solution containing 100
IU/ml heparin. For the HEC study, animals were fasted
for 15 h. On the morning of the experiments, catheters
were flushed with heparinized saline. After a 90-min
equilibration period, mice were infused with 4 mIU/kg/
min insulin and 25% glucose through a three-way con-
nector. Blood glucose level was measured every 10 min
from the tail tip, and glucose infusion rate (GIR) was
adjusted to maintain blood glucose at approximately 6.7
mM. The steady state was maintained for at least 30 min,
and insulin sensitivity was assessed by glucose infusion
rate during the steady state as previously described.

ELISA examination

Serum was harvested from ICR mice at the end of the
experiment and stored at —80°C. Insulin levels were
measured with a mouse ELISA kit according to the
manufacturer’s instructions (Mercodia, Sweden). Adpo-
nectin, lepetin and TNF-alevels were measured with a
mouse ELISA kit according to the manufacturer’s in-
structions (R&D, US).

Blood pressure and heart rate measurement

Systolic blood pressure (SBP) and heart rate (HR)
were measured at the end of research with a non-invasive
tail-cuff system (Blood Pressure Analysis System BP-
98 AW monitor, Softron Co., Ltd., Tokyo, Japan). In
brief, mice were placed in a clear plastic tube with nose
cone and tail hole pieces secured at either end. Mice were
allowed to warm on a platform with a temperature of 35
for 10—15 min prior to the experiment. Thereafter, mea-
surements were taken on each mouse. All measurements
were performed between 06:00 and 12:00 h each day.

Metabolic parameters and lipid profile

Mice body weight was measured at the end of the
experimental. Serum was harvested from cut tail and
centrifuged immediately at 13,000 g. The supernanant
was removed and stored at —80°C. Measurements of
plasma glucose, total cholesterol, high density lipopro-
tein-cholesterol (HDL-C), and low density lipoprotein-
cholesterol (LDL-C), triglycerides, free fatty acids

(FFA), uric acid (UA) were performed using a Beckman
Coulter Synchron CX5 Delta chemistry analyzer (Beck-
man Coulter, Inc., Diagnostic Division, Brea, CA, USA).

Statistical analysis

Values are expressed as means £ SEM. All groups of
animals were studied in parallel. Comparisons between
different groups were performed by Student’s #-test for
unpaired samples. The level of significance was P<0.05.

Results

The HFHF diet increases body weight and abdominal
adipose tissue mass

We first observed the effect of HFHF diet feeding on
body weight. It was shown that, at the end of the ex-
periment, the HFHF fed ICR mice were much heavier
than the NC fed mice (P<0.05). Interestingly, this en-
hancement could be largely attributed to the increase of
body adipose tissue mass. As is shown in Fig. 1, the
abdominal adipose tissue content was markedly aug-
mented in HFHF diet- fed mice than in NC mice.

The HFHF diet impairs glucose tolerance and whole
body insulin sensitivity

We measured the fasting blood glucose and insulin
levels at the end of the experimental. As is shown in Fig.
2, the fasting blood glucose and insulin levels were sig-
nificantly increased in the HFHF diet-fed mice relative
to NC mice (P<0.05). Furthermore, we determined the
glucose tolerance and insulin tolerance of two groups of
mice. It was demonstrated that the HFHF diet-fed mice
exhibited significantly impaired glucose tolerance and
insulin tolerance as compared with NC mice (P<0.05).
Moreover, in the HEC study, the glucose infusion rate
was also much lower in the HFHF diet group, indicating
decreased whole body insulin sensitivity.

The HFHF diet elevates blood pressure

Previous studies have indicated that high-fructose diet
feeding enhances blood pressure in several types of
animals [33, 34]. Thus, in our study, we also determined
the changes of blood pressure in mice. It was shown that,
the HFHF diet mice demonstrated remarkably elevated
systolic pressure as compared with the NC mice (Fig.
3), while no changes on heart rate was observed, indicat-
ing deleterious effect of HFHF diet on cardiovascular
system.
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Fig. 1.

HFHEF diet feeding induces obesity and abdominal adipose tissue depots in ICR mice. A. Fasting body weight of ICR

mice during the experimental period. B. Weight of fat mass after 12 weeks feeding. C. Representative mice of NC and
HFHF group. Results were expressed as means = SEM, n=12, **P<0.01 vs. NC group.

The HFHF diet disturbs lipids and uric acid metabolism

We also analyzed the changes of serum lipids profile
and uric acid levels, which have recently been included
in the components of MS [11]. It was shown that, the
FFA, LDL-C, TG and TC were markedly increased in
HFHF mice (P<0.05 or P<0.01), while HDL was de-
creased in the sample of serum (P<0.01), indicating the
disturbance of lipids metabolism (Fig. 4). In addition,
the uric acid in the serum was also increased in HFHF

group.

The effect of HFHF diet on adipokine levels

We also analyzed the changes of plasma adipokine
levels, which have recently been demonstrated strongly
association with MS. It was shown that, the leptin, and
TNF-o were markedly increased in HFHF mice (P<0.05),
while adiponectin was decreased in the sample of plasma
(P<0.01) (Table 1).

Discussion

With the global prevalence of the western life style,
MS is now occurring at epidemic rates and severely
threatens human’s health [1, 10, 27]. Although various
existing rodent models have been fundamental to ad-
vance our knowledge of the basis of obesity, type 2 dia-
betes, hypertension, and dyslipidemia, we are still in lack
of knowledge of MS as a complex disorder [21]. The
widespread occurrence of MS urges us to better our un-
derstanding of molecular basis and progression of this
syndrome, which require reliable and clinically relevant
experimental models that develop all major aspects of
MS.

In the present study, we successfully established MS
model in ICR mice by 12 weeks” HFHF diet feeding.
This model demonstrates most characteristics of the
components of human MS. In addition, no chemical
destruction of pancreatic beta cell was introduced.
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Fig. 2. HFHF diet feeding deteriorates glucose tolerance and insulin sensitivity in ICR mice. A. Fasting blood
glucose of ICR mice during the experimental period. B. Fasting insulin levels at the end of the experimen-
tal. C. Intraperitoneal glucose tolerance test of ICR mice at the end of the experimental. D. Insulin tolerance
test of ICR mice at the end of the experimental. E. Blood glucose levels of ICR mice during the steady state
of the HEC test. F. Glucose infusion rate of ICR mice during the steady state of the HEC test. Results were
expressed as means + SEM, n=12, **P<0.01 vs. NC group.

As we known, the western style diet is the root cause
and driving forces for the epidemic of type 2 diabetes
and MS in western countries [18]. Accordingly, the high
calorie feeding has been increasingly used to establish
the type 2 diabetes or MS models. Previously, diets high
in saturated fats have been shown to induce weight gain,
insulin resistance, and hyperlipidemia and hepatic ste-
atosis in humans and animals [2, 37]. A commonly used
and relevant model is the high-fat diet fed C57BL/6J

mouse that well resembles the MS happened in human
[36]. Furthermore, due to a high intake of sucrose and
high fructose, the dietary fructose consumption has in-
creased significantly in the western countries [15].
Therefore, the high-fructose feeding has also recently
been used as another efficient method to establish MS.
The high-fructose fed rats often exhibit hypertension,
insulin resistance, impaired glucose tolerance, dislipid-
emia and obesity ef al. [14, 32, 33].
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Fig. 3. HFHF diet feeding elevates systolic blood pressure in ICR
mice. Mice were fed with NC or HFHF diet for 12 weeks.
At the end of the feeding, mice blood pressure was mea-
sured by the tail-cuff method. A. Mice systolic blood pres-
sure. B. Mice heart rate. Results were expressed as means
+ SEM, n=12, **P<0.01 vs. NC group.

Table 1. Adipokine levels (pg/ml) in 12 week-old
NC and HFHF ICR mice

NC HFHF
Adiponectin 9,325 +447 6,168 +439*
Leptin 6,694 +2157 16,294 + 4,832*
TNF-a 8.46 +0.32 11.95+0.61*

*P<0.05 vs. NC group.

Although high-fat or high-fructose diet induces most
of the components of human MS in rodents, they do not
resemble the diet causing MS and the relevant complica-
tions, as the human diet is much more complex than
high-fat or high-fructose diet alone. Interestingly, how-
ever, there is an emerging evidence indicating that the
combination use of both gradients would has a synergic
effect in inducing MS [25].

In our study, we fed ICR mice with a combination of
high-fat and high-fructose diet for 12 weeks so as to most
closely resemble the pathogenesis of MS happened in
human. It was demonstrated that, in comparison with
other diabetes and obesity models, this model exhibited
nearly all aspects of disorder of MS, including increase
in body weight, abdominal fat deposition, along with
impaired glucose tolerance, dyslipidemia, hyperinsu-
linemia, hypertension and hyperuricemia. Thus, we
showed in our study that the HFHF diet feeding is a
reliable and effective method of establishing MS model
in rodents. In fact, the HFHF diet induced MS model has
been newly reported in Wistar rats and dogs [5, 12, 22,
25, 34], while no relevant study was performed in mice.
Our study testified this protocol in mice for the first time
and provided confirming evidences for using this proto-
col in MS researches.
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Fig. 4. HFHF diet feeding disturbs lipids and uric acid metabolism
in ICR mice. Mice were fed with NC or HFHF diet for 12
weeks. Serum was harvested at the end of the experimental
and parameters were determined biochemically. Results
were expressed as means + SEM, n=12, *P<0.05, **P<0.01
vs. NC group.

In addition, most of the previous protocol for diet-
induced diabetes or MS model in animals introduced the
use of STZ to destroy the beta cells. And low dose-STZ
in combination with high-fat diet induction of diabetes
model has been used in recent studies [20, 30]. How-
ever, according to the 2011 Banting lecture, the initial
causative factor of insulin resistance is the hyperinsu-
linemia, and beta cell deficiency is the consequence, not
the cause of diabetes [7]. In this sense, to destroy the
beta cell chemically or physically would fail to objec-
tively reflect the procedures undergoing in the develop-
ment of MS. In our study, we did not use STZ, thus,
without impairment of the beta cells. From this point of
view, our model more closely resembles the pathophys-
iology that happened in human MS.

Another advantage of our protocol is the mice we have
chosen in our study. Previous studies have indicated that,
compared with commonly used C57BL/6J mice, ICR
mice are more susceptible to induce diabetes, making it
a more optional model for establishing MS [17, 19].
Indeed, in our study, after 12 weeks’ HFHF diet feeding,
the ICR mice developed obvious features of MS. The
differences between HFHF group and NC group were
dramatically significant. To be noted, the main purpose
of our study was to testify the possibility of establishing
anovel MS model with HFHF diet feeding in ICR mice.
Hence, we have not made adequate direct comparisons
between our model and other existed models, and these
may be done in our future work. Last but not least, the
ICR mouse is relative cheaper than the most widely used
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C57BL/6J mouse, making it more available in our daily
research.

In conclusion, we report for the first time that the
HFHEF diet-fed ICR mice exhibit most of the components
of MS, including central obesity, severe insulin resis-
tance, hyperinsulinemia, significant lipid disorder, sig-
nificant hypertension and hyperuricemia. This method
more closely mimics the pathogenesis happened in hu-
man MS, and would be an effective and reliable tool for
both mechanistic and treatment studies of MS.
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