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Abstract
Background: To date, there is only scare evidence characterizing the temporal features and progression of metabolic dysfunction
in high-fat diet (HFD)-fed obese mice. Hence, its specific pathogenesis remains unclear.
Methods: Sixty 6-week-old male C57BL/6J mice were randomly divided into HFD and control diet (CD) groups and sacrificed at
1, 5, 9, 13, 17, and 21 weeks, respectively. At weekly intervals, intraperitoneal glucose tolerance testing (IPGTT) and
intraperitoneal insulin tolerance testing (IPITT) were performed in both groups. A detailed time course in HFD-fed mice was
investigated by evaluating the initiation of glucose homeostasis impairment, dyslipidemia, systemic insulin sensitivity, monocyte
chemoattractant protein-1 (MCP-1) levels, epididymal white adipose tissue (eWAT) expansion, macrophage content changes, pro-
inflammatory (M1)/anti-inflammatory (M2) macrophage imbalance, lipid accumulation in the liver, and b-cell morphometry in the
pancreas.
Results: In the HFD group, progressive weight gain and impairments in glucose metabolism (elevated fasting blood glucose and
area under the curve (AUC) of IPGTT) were observed from the 3rd week, and a significantly elevated AUC of IPITT was first
detected after week 7 of HFD feeding. As for dyslipidemia, after 9 weeks of feeding, the low-density lipoprotein cholesterol level
and total cholesterol level in HFD group were significantly higher than those in the CD group (all P < 0.05), whereas no significant
differences were shown in triglyceride level. Adipocyte size increased significantly in the HFD group in the 1st week, a phenotypic
switch in eWAT from anti-inflammatory (M2) to pro-inflammatory (M1) macrophages was observed in the 5th week, and the
metabolic inflammation was distinct in eWAT in the 9th week. Additionally, liver steatosis was considerably obvious at the 17th
week and pancreatic b-cell morphometry did not change during 21 weeks of HFD feeding.
Conclusion: The eWAT expansion was detected early in HFD-induced obese mice, which occurred prior to obvious insulin
resistance.
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Introduction

With improvements in standard of living and lifestyle
alterations, the morbidity of obesity has increased
worldwide, along with several health issues including
metabolic syndrome (MS), insulin resistance (IR), type
2 diabetes, and cardiovascular disease.1,2 Obesity is
characterized by a chronic inflammation state initiated
by excessive intake of food, especially overconsumption
of high-energy processed foods that have abundant
sugar and fat.3 It has been proven that metabolic
inflammation may impair insulin signaling in insulin-
targeted tissues and disrupt cellular metabolism.4

However, the temporal features and the progression of
metabolic inflammation and dysfunction in high-fat diet
(HFD)-induced obesity patients remain unclear.

In the past few years, several animal models have
been widely used in studies on the mechanisms and
pathophysiology of MS in obesity.5 One of the most
popular models is the genetic animal model, which has
been proven to be a good tool to study the pathophys-
iology and molecular mechanisms of MS as well as its
accompanying disorders.6 Nevertheless, these models
are based on either monogenic mutation or beta cell
destruction. Even if the genetic animal models have the
typical characteristics of MS, they have relatively little
clinical relevance. Moreover, it is reported that exces-
sive fat intake may cause insulin insensitivity and
obesity,7 and the role of lipid overload and ectopic fat
deposition is highlighted in obesity-related inflamma-
tion. Consequently, the HFD-induced obesity mouse
model is well-established and commonly used. Such a
model is characterized by rapid weight gain as well as
metabolic dysfunction, leading to IR.8,9

The aim of this study was to assess the progression
of metabolic dysfunction, the temporal features, and a
detailed time course of HFD-induced obesity in wild-
type male C57BL/6J mice.

Methods

Ethical approval

This study was strictly conducted following the
recommendations from the National Guide for the Care
and Use of Laboratory Animals of China, and all an-
imal experiments were approved by the Xi'an Jiaotong
University Laboratory Animal Welfare Ethics Review
Committee.

Animal diets and housing conditions

A total of sixty 6-week-old male C57BL/6J mice
were purchased from Weitonglihua Inc. (Shanghai,
China) and housed in a specific pathogen free (SPF)
animal facility with a 12 h light: 12 h dark cycle at
room temperature (23 ± 2 �C).

All mice were fed a standard rodent maintenance
diet ad libitum prior to the study and had free access to
clean drinking water during the study. The mice were
acclimatized for one week and then were randomly
divided into two groups (n ¼ 30), namely, control diet
(CD, D12450J, Research Diets, Inc., USA; 10% fat,
70% carbohydrate, and 20% protein; 3.85 kcal/g) and
high-fat diet (HFD, D12492, Research Diets, Inc.,
USA; 60% fat, 20% carbohydrate, and 20% protein;
5.24 kcal/g, Table S1). Then, they were sacrificed at
the 1st, 5th, 9th, 13th, 17th, and 21st week, respec-
tively. This HFD is commonly used to develop diet-
induced obesity models.10,11

Blood glucose and insulin measurement

Mice were fasted overnight every other week before
fasting blood glucose (FBG) and insulin measure-
ments. Blood glucose was tested through the tail vein
using the OneTouch UltraEasy Blood Glucose Moni-
toring System (Anwen, China). Plasma insulin levels
were measured by a mouse enzyme-linked immuno-
sorbent assay (Mouse Insulin ELISA by Raybiotech,
Shanghai, China).

Intraperitoneal glucose tolerance testing (IPGTT) and
intraperitoneal insulin tolerance testing (IPITT)

At weekly intervals, mice were fasted for 4 h
(morning fasting) for IPITT and fasted overnight for
IPGTT. Blood glucose levels were measured at 0, 30,
60, and 120 min after glucose (2 g/kg) intraperitoneal
injection and at 0, 15, 30, 45, and 60 min after insulin
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(0.5 unit/kg) intraperitoneal injection. A 100-mL blood
sample was collected from the tail vein, and plasma
was separated by centrifugation at 956� g for 20 min
in EDTA-K2-treated microtubes (Kangjian Medical,
China). After centrifugation, plasma was stored at
�80 �C for future insulin measurement.

Additionally, the homeostatic model assessment
(HOMA) was applied to evaluate IR (HOMA-IR) and
b cell function (HOMA-b). The calculation was as
follows: HOMA-IR¼ (fasting glucose � fasting in-
sulin)/22.5; HOMA-b ¼ (20� fasting insulin)/(fasting
glucose e 3.5) %. The area under the curve (AUC) for
blood glucose was calculated by the linear trapezoidal
method for both IPGTT and IPITT.

Tissue and serum collection

At the 1st, 5th, 9th, 13th, and 17th week and at the
end of the 21-week study, mice were fasted overnight,
and a whole blood sample was collected by retro-
orbital bleeding under chloral hydrate anesthesia.
Serum was isolated by centrifugation, and aliquots
were stored at �80 �C before analysis. The liver,
pancreas, and epididymal white adipose tissue (eWAT)
were collected immediately after mice sacrifice,
quickly frozen in liquid nitrogen, and stored in �80 �C
for later analysis.

Measurements of serum monocyte chemoattractant
protein-1 (MCP-1) levels and free fatty acids (FFA) in
liver suspension

Briefly, liver tissue (100 mg) was homogenized
with 1 ml of phosphate-buffered saline. The liver sus-
pension was isolated by centrifugation, and aliquots
were stored at �80 �C before analysis. The quantitative
measurements of MCP-1 levels in the serum and FFA
in liver suspension were performed using a commercial
ELISA kit protocol (MCP-1: ml037840; FFA:
ml002083; mlbio, China).

Measurements of lipid levels in the serum and liver
suspension

Triglyceride (TG) and total cholesterol (TC) in the
serum and liver suspension were measured by the
HMMPS methods, and low-density lipoprotein choles-
terol (LDL-C) in the serum was measured by a selective
protection method. All these measurements were per-
formed by commercial kits according to the manufac-
turer's recommendations (FUJIFILM Wako Pure
Chemical Corporation, Japan) with an automatic
biochemical analyzer (Hitachi, LABOSPECT008AS,
Japan). The relative deviation of kits was less than 10%.

Histological and immunohistochemical analyses

Immediately after mice sacrifice, a representative
sample of each tissue (eWAT, liver, and pancreas) was
fixed in 10% neutral buffered formalin solution (Fisher
Scientific Co. LLC) for 48e72 h. Samples were then
dehydrated in a series of graded ethanol solutions, cleared
with xylene, embedded in paraffin, cut into 7mmsections,
and stained with hematoxylin and eosin (H&E). Frozen
liver sections were embedded in optimum cutting tem-
perature compound (Tissue-Tek; Laborimpex, Vorst,
Belgium) and used for Oil Red O staining for the
assessment of hepatic steatosis according to the manu-
facturer's instructions (American MasterTech, Lodi, CA,
USA). Image Pro-Plus software (Media Cybernetics,
USA) was used to evaluate the degree of steatosis.

To detect macrophage and crown-like structures
(CLSs), eWAT sections were stained with anti-F4/80
antibody (1:1000 dilution, GB11027, Servicebio,
China). In order to evaluate adipocyte size indirectly,
the number of adipocytes per mm2 was calculated by
manual counting of all adipocytes in an area of 4e5
mm2 with Image Pro-Plus software (Media Cyber-
netics, USA). CLSs density was counted along with
total adipocyte number and was expressed as number
per 1000 adipocytes, as previously described.12

Pancreata were routinely processed, and a plani-
metric method was used to measure b-cell mass
(BCM) based on a previous study.13 To identify b-cells,
pancreatic sections were immunostained for insulin
(using a guinea pig anti-insulin primary antibody,
1:100 dilution, GB13121, Servicebio, China).

RNA isolation and quantitative real-time polymerase
chain reaction (PCR)

Epididymal adipose and pancreas tissueswere lysed in
TRIzol reagent (Invitrogen,CA,USA),whichwas used to
isolate total RNA from frozen tissues following the
manufacturer's protocol. RNA quantity and quality were
assessed using the NanoDrop ND-2000 spectrophotom-
eter (NadroDrop Technologies, Wilmington, DE, USA).
Single-stranded cDNA was synthesized using Prime-
Script™RT reagent Kit (Takara Bio INC., Shiga, Japan).
Quantitative real-time PCR was conducted on a Rotor-
Gene Q instrument system (Qiagen, Frederick, MD,
USA) by using SYBR Green PCR kits (Takara). The
relative mRNA level was quantified by the 2�DDCT

method. PCR sequences for various genes are presented



Fig. 1. High-fat diet (HFD) led to progressive hyperglycemia and

weight gain. (A) Weekly morning fasting body weight (FWt)

measured for 21 weeks in control diet (CD)-fed and HFD-fed mice

(n ¼ 10/group). (B) Weekly morning fasting blood glucose (FBG)

concentrations measured through 21 weeks in CD-fed and HFD-fed

mice (n ¼ 10/group). All data are presented as means ± SD

(n ¼ 5). Significance was determined by independent samples t-test.
aP < 0.05; bP < 0.01.
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in Table S2. b-actin or Ppia was utilized as an internal
control.

Western blot analysis

eWATwas homogenized with adipose tissue protein
extraction reagent (HR7812; bjbalb, Beijing, China).
Equal quantities of protein were loaded and separated
on 10% SDS-PAGE gels. After electrophoresis, pro-
teins were transferred to immobilon-P polyvinylidene
difluoride membranes and blocked with 5% bovine
serum albumin (BSA). Then, the membranes were
immunoblotted with different primary antibodies:
GLUT4 (diluted 1:200), Akt (diluted 1:200), pAkt
(phosphorylated at Ser473) (diluted 1:200), and Glyc-
eraldehyde 3-phosphate dehydrogenas (GADPH,
diluted 1:500; Santa Cruz, USA). After the membranes
were washed, the immunoblots were incubated with a
secondary antibody conjugated with horseradish
peroxidase, visualized with an ECL detection system
(Syngen, Cambridge, UK), and analyzed using
ChemiDoc Quantity One software (Bio-Rad Labora-
tories, Milan, Italy). GADPH was used as a loading
control for Glut4, and pAkt was normalized to Akt.

Statistical analysis

Normally distributed data are presented as means and
standard deviations (SD) or as medians with interquartile
ranges (HOMA-IR, HOMA-b, density, and integrated
optical density (IOD) of red oil-stained liver sections).
Differences between HFD and CD groups were analyzed
by an independent samples t-test or Wilcoxon's rank sum
test. Statistical analysis was conducted by SPSS for
Windows 22.0 (IBM Corp., USA), and a P value of less
than 0.05 was considered significant.

Results

General characteristics of HFD-fed C57BL/6J mice

The mean body weight and FBG of C57BL/6J mice
in the HFD group (17.14 ± 1.27 g, 4.70 ± 2.49 mmol/L,
n ¼ 30) and CD group (16.82 ± 0.76 g,
4.31 ± 0.93 mmol/L, n ¼ 30) showed no differences at
the beginning. Fasting body weight (FWt) of the HFD
group mice was increased to 19% above that of the CD
group mice only after 1 week, significantly increased
after 3 weeks (25.46 ± 1.98 g vs. 23.43 ± 1.79 g,
Fig. 1A, P ¼ 0.027), and continued to progressively
increase to 40% above that of the CD mice by 21 weeks
(38.56 ± 7.12 g vs. 27.44 ± 1.13 g, Fig. 1A, P ¼ 0.009).
Likewise, there was a clear trend for higher FBG levels
in HFD-fed mice, and the FBG in the HFD group was
significantly higher than that in the CD-fed mice after 3
weeks (9.20 ± 1.05 mmol/L vs. 5.42 ± 1.29 mmol/L,
Fig. 1B, P ¼ 0.001).

Early and progressive impairment of glucose
homeostasis in HFD-fed mice

It has been demonstrated that HFD exacerbates the
impairments of glucose metabolism in C57BL/6J
mice. During IPGTT, HFD induced an increase in
FBG and the area under the curve (AUC) after 3-week
feeding (Fig. 2A, C). After 7-week HFD feeding, the
blood glucose levels were sustained at high levels at
each time point, and the blood glucose did not return
to normal 120 minutes after intraperitoneal glucose
injection (Fig. 2B). Furthermore, the AUC remained
significantly elevated during the 21 weeks of HFD
feeding (the 21st week: 1832.20 ± 236.08 vs.
2349.60 ± 211.14 mmol/L � 120 min, P ¼ 0.006).

Meanwhile, IPITT was conducted to evaluate the
whole-body insulin sensitivity. During IPITT, after 3-
week feeding, a significant increase was only detec-
ted in 4-h FBG and 15 min after intraperitoneal insulin
injection (Fig. 2C). Notably, after 7-week feeding, the
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blood glucose remained elevated in the HFD group 60
min after intraperitoneal insulin injection (Fig. 2E),
and the AUC in the HFD group was significantly
increased (Fig. 2F), which meant that the insulin-
induced hypoglycemic response in HFD-fed mice
was impaired. Although no significant increase was
found in blood glucose values expressed as percentages
of the time 0 value (Fig. 2D, E), the AUC remained
significantly elevated during the 21 weeks of HFD
feeding (the 21st week: 391.66 ± 50.85 vs.
630.18 ± 165.19 mmol/L � 60 min, P ¼ 0.015).
Therefore, HFD feeding impaired insulin tolerance in
mice starting at the 7th week, which was demonstrated
by the attenuated action of insulin to lower glucose and
the increase in the AUC compared to the CD group
(Fig. 2E, F).

Although corresponding insulin secretion profiles
in HFD-fed mice tended to be higher (Fig. 2A and B),
this was not sufficient to overcome the IR state in
these mice. Additionally, the homeostasis model
assessment of IR (HOMA-IR) in the 7-week HFD
group showed a significantly higher value than that in
the CD group (8.45 ± 1.15 vs. 5.66 ± 1.51, P ¼ 0.011,
Table S3), which suggested a state of IR in HFD-fed
mice starting from the 7th week. Additionally, the
homeostasis model assessment of b (HOMA-b) in the
two groups also showed no significant difference
(P > 0.05, Table S3).

Effects of HFD on lipid levels

A HFD may induce lipid metabolic indisposition,
and it always results in hyperlipidemia. To identify
Fig. 2. Progressive glucose intolerance and insulin sensitivity assessed with

insulin tolerance testing (IPITT) in control diet (CD)-fed and High-fat die

values, B: the corresponding insulin secretion curves, C: Area under the cu

multiple time points through 3 and 7 weeks of both diets. (DeF) IPITT (0.5

as percentages of the time 0 value, F: AUC for the blood glucose levels) for

of both diets. All data are presented as means ± SD (n ¼ 5). Significance
dyslipidemia in HFD-fed mice, circulating lipid levels
in the serum, including TC, TG, and LDL-C, were
measured (Fig. 3). The HFD led to significantly higher
LDL-C levels (0.36 ± 0.17 mmol/L vs. 0.14 ± 0.02
mmol/L, P ¼ 0.021) compared with the CD group after
5 weeks, whereas serum levels of TG and TC showed
no significant difference between the two groups.
However, after 9-week feeding, LDL-C levels
(0.40 ± 0.04 mmol/L vs. 0.22 ± 0.14 mmol/L,
P ¼ 0.028) and TC levels (3.63 ± 0.47 mmol/L vs.
2.05 ± 1.03 mmol/L, P ¼ 0.014) in the HFD group
were significantly higher than those in the CD group,
whereas no significant difference was detected in TG
levels (0.38 ± 0.07 mmol/L vs. 0.42 ± 0.24 mmol/L,
P ¼ 0.676). Moreover, these lipid level changes
remained until the end of the study.

Dynamic changes in epididymal adipose tissue over
21 weeks

To identify the temporal transition point of eWAT
dysfunction, mice were fed an HFD for 1, 5, 9, 13, 17,
and 21 weeks, and the mean adipocyte size was eval-
uated at each time point. The H&E staining of eWAT
showed an increased adipocyte size in HFD-fed mice
starting at the 1st week (Fig. S1). The number of adi-
pocytes per mm2 significantly decreased after 1 week
of HFD feeding, suggesting an increased adipocyte
size compared to the CD group (Fig. 4A, P < 0.01).

Obesity is commonly related to low-grade inflam-
mation in eWAT, especially the increasing infiltration
of adipose tissue macrophages (ATMs). A time-
dependent increasing trend was detected in ATM
intraperitoneal glucose tolerance testing (IPGTT) and intraperitoneal

t (HFD)-fed mice. (AeC) IPGTT (2 g/kg) results (A: blood glucose

rve (AUC) for the blood glucose levels) for CD and HFD-fed mice at

unit/kg) results (D: blood glucose values, E: glucose values expressed

CD and HFD-fed mice at multiple time points through 3 and 7 weeks

was determined by independent samples t-test. aP < 0.05; bP < 0.01.



Fig. 3. High-fat diet (HFD) led to progressive hyperlipidemia. The comparative serum lipid levels in two group after 5-week (A) and 9-week (B)

feeding. All data are presented as means ± SD (n ¼ 5). Significance was determined by independent samples t-test. aP < 0.05; bP < 0.01. LDL-C:

low-density lipoprotein TC: total cholesterol; TG: Triglyceride; CD: control diet.
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infiltration in HFD-fed mice. As shown in Fig. S2,
eWAT sections were stained with anti-F4/80 antibody
to detect ATMs and CLSs (representing an accumula-
tion of macrophages around dead adipocytes) in eWAT.
Evidently, CLSs were significantly distinct in HFD-fed
mice starting at the 13th week (Fig. 4B and Fig. S2).
Likewise, the expression of genes involved in macro-
phage infiltration, F4/80 in eWAT, was significantly
increased from the 13th week in HFD-fed mice
compared with those in CD-fed mice (Fig. 4E).

The mRNA expression of pro-inflammatory (M1)
and anti-inflammatory (M2) macrophage markers was
measured to confirm the presence of eWAT inflam-
mation, and the imbalance between M1/M2 macro-
phages, which play an important role in the
development of IR. In the adipose tissues of mice, the
mRNA levels of MCP-1, TNF-a, iNOS, IL6, and IL-1b
are used as M1 macrophage markers, and CD206 and
Chi3I3 are used as M2 macrophage markers. Our re-
sults showed that the mRNA levels of MCP-1, IL6,
TNF-a, and iNOS were significantly higher in the HFD
groups than in the CD groups from the 9th week of
HFD feeding (Fig. 4C, FeH). Moreover, we first
spotted obvious elevated MCP-1 concentrations by
ELISA (40.638 ± 5.861 vs. 49.147 ± 5.047 pg/ml,
P ¼ 0.003, Fig. 4C) at the 9th week of HFD feeding. In
addition, the mRNA levels of CD206 and Chi3I3 were
significantly lower in the HFD groups than in the CD
groups from the 5th week of HFD feeding (Fig. 4I, J).
Taken together, our mouse model suggested a pheno-
typic switch in adipose tissue from anti-inflammatory
(M2) to pro-inflammatory (M1) macrophages starting
in the 5th week of HFD feeding, and the metabolic
inflammation was distinct in eWAT from the 9th week.

In addition, the protein expression of Glut4 and
pAkt (Ser473), and mRNA expression of Glut4 and
resistin in eWATwas measured to better understand the
insulin signaling and the process of IR in our model.
Although the protein expression of pAkt was relatively
decreased in the HFD group from the 13th week
(Fig. 4M), no significant difference was found in
Western blot results. However, the mRNA levels of
Glut4 were significantly lower and resistin was
significantly higher in the HFD group than in CD
group from the 13th week of HFD feeding (Fig. 4K, L),
which indicated that IR in eWATwas initially observed
at the 13th week of HFD feeding.

Prolonged HFD feeding resulted in lipid accumula-
tion in the liver

In order to evaluate the progression of TG accu-
mulation in the livers of two groups at different times,
H&E-stained and red oil-stained liver sections were
measured for fatty deposits. H&E-stained sections
suggested the occurrence of HFD-induced hepatic
steatosis from 17 weeks onwards, which was
confirmed by a significant increase in IOD and den-
sity in red oil-stained liver sections (Fig. 5 and S3).
Additionally, the TG, TC, and FFA concentrations in
liver tissue were measured to thoroughly confirm the
lipid accumulation in the liver. However, no signifi-
cant difference was found in liver FFA concentra-
tions. Consistent with the staining result, the TG and
TC concentrations in the liver were higher in the HFD
groups than in the CD groups from the 17th week of
HFD feeding (Fig. 5A), which further confirmed our
results.

HFD did not affect pancreatic morphology in C57BL/
6J mice

It was observed that HFD did not affect pancreatic
morphology during 21-week HFD feeding. Analysis of
insulin-containing b-cells in immunohistochemistry
sections (Fig. S4) and weight of the pancreas suggested



Fig. 4. Dynamic changes in epididymal white adipose tissue (eWAT) over 21-week high-fat diet (HFD) feeding. Histologically quantified number of

(A) adipocytes and (B) crown-like structures permm2. In the 1st week ofHFD, adipocyte size increased significantly. (C) The serum concentrations of

MCP-1 in two groups after 9-week feeding. (DeL) mRNA expression levels of macrophage marker (E: F4/80), pro-inflammatory (M1) macrophage

markers (D: MCP-1; F: IL6; G: TNF-a; H: iNOS), anti-inflammatory (M2) macrophage markers (I: CD206; J: Chi3l3), and genes responsible for

insulin signaling (K: Resistin; L: Glut4). (M)Western blots of insulin signalingmolecules (pAkt andGlut4) in eWAT.AllmRNAexpression datawere

normalized to control diet (CD) group and are presented asmeans±SD (n¼ 5). Significancewas determined by independent samples t-test. aP< 0.05;
bP < 0.01.
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that pancreas weights, BCM, islet size, and islet density
were not significantly elevated during the 21-week HFD
feeding (Fig. S5Ae5D). Therefore, no obvious evidence
supported the HFD effect on pancreatic morphology in
C57BL/6J mice. Additionally, mRNA expression levels
of selectedb cell functional genes (insulin 1) and selected
b cell transcription factors (PDX-1) in pancreatic tissues
also revealed that islets were not disturbed byHFD in this
study (Fig. S5E and 5F).

Discussion

With the development of the economy and im-
provements in living standards, the incidence of
obesity has reached an alarming rate, and its accom-
panying metabolic disorders are extremely harmful to
human health.14e16 This urges us to examine the
related molecular mechanisms and the detailed pro-
gression of this syndrome. Therefore, it is necessary to
develop a representative clinically relevant animal
model with all the major features of metabolic
dysfunction in obesity. In this study, temporal features
and the progression of metabolic dysfunction in HFD-
fed male C57BL/6J mice were evaluated for 21 weeks.
This study proved that the HFD-fed C57BL/6J
mouse is a robust model for metabolic dysfunction in
obesity, as described previously.17e19 FWt, FBG, and
AUC of IPGTT were significantly elevated after 3-
week HFD feeding, while mice maintained moderate
hyperglycemia through 21 weeks with a progressive
increase in obesity. Additionally, HFD feeding
impaired insulin tolerance in mice from the 7th week,
which was demonstrated by the attenuated action of
insulin to lower glucose and the increase in the AUC of
IPITT compared to the CD group. Similarly, Winzell
et al20 considered HFD-fed mice as an excellent model
for studying mechanisms of impaired glucose toler-
ance. Taken together, the HFD resulted in increased
body weight gain and relatively stable hyperglycemia
over time.

Adipocytes become hypertrophic through over-
nutrition; enlarged adipose tissue results in the infiltra-
tion of macrophages and imbalance of pro-inflammatory
and anti-inflammatory factors secreted by adipose tis-
sue.21,22 In our mouse model, the HFD induced hyper-
trophic adipocytes and a phenotypic switch in eWATfrom
anti-inflammatory (M2) to pro-inflammatory (M1) mac-
rophages, which lead to the promotion of inflammation,



Fig. 5. Prolonged high-fat diet (HFD) feeding resulted in lipid accumulation in the liver. A significant elevation in triglyceride (TG) and

cholesterol accumulation in the liver was detected at the 17th week (A) and 21st week (B). Lipid levels are presented as means ± SD (n ¼ 5), and

significance was determined by independent samples t-test. Density and integrated optical density (IOD) of red oil-stained liver sections are

presented as medians with interquartile ranges, and significance was determined by Wilcoxon's rank sum test. aP < 0.05; bP < 0.01. TC: total

cholesterol; CD: control diet.
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impairment of insulin sensitivity, and dysregulation of
lipid metabolism.23,24 Accumulating evidence and our
study suggested that metabolic low-grade inflammation
in eWAT might play an essential role in the development
of obesity-relatedmetabolic dysfunction,10,25,26 resulting
in an increase in total serum cholesterol and LDL-C
concentrations, and is associated with dyslipidemia.27

The influence of pro-inflammatory cytokines on lipid
metabolism is complex, with the underlyingmechanisms
still unclear. The pro-inflammatory cytokines play a role
in lipid metabolism in different tissues and include a
number ofmetabolic processes, such as inducing lipolysis
and increasing FFA production.26 In addition, pro-
inflammatory cytokines regulate cholesterol metabolism
and other adipocyte-derived adipokines such as leptin,
adiponectin, and resistin, which may also alter lipid
metabolism.26

In this study, we elucidated the temporal relation-
ship among eWAT inflammation, liver steatosis, and
pancreatic b cell expansion in the progression of
metabolic dysfunction. Notably, it was revealed that
the adipocyte size significantly increased by 1 week of
HFD-feeding. Moreover, it was shown that chronic
metabolic inflammation was obvious in visceral eWAT
depots after 9 weeks of HFD feeding, whilst liver
steatosis was obvious from the 17th week, and
pancreatic b cell morphological changes did not occur
during 21 weeks of HFD feeding. Likewise, Heijden
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et al17 suggested the initial role of eWAT inflammation
during the progression of obesity-induced metabolic
inflammation. In a word, we provided evidence that
obesity-induced eWAT inflammation occurs prior to
liver steatosis and pancreatic b cell morphological
change, suggesting that eWAT inflammation occurs in
the initial phase of metabolic dysfunction in obesity.
Consequently, targeting eWAT inflammation might be
helpful to ameliorate metabolic dysfunction in obese
mice by obstructing its initiation and delaying subse-
quent progression to other related organs like the
liver.17

This study identified the temporal features in
different tissues responding to HFD, which was
related initially to nutritional challenge, primarily in
the eWAT expansion and increased inflammation in
eWAT, and latterly to liver steatosis. The change of
diet composition appeared to take effect in expanding
eWAT after 1-week of HFD feeding. The level of
sucrose intake in the CD group was identical to that of
the HFD group, so that any effect of sucrose on
metabolic changes should be identical in the two
groups, and any metabolic dysfunction detected
should be the result of increased fat content in the
diet. This study demonstrated that HFD-induced
obesity in mice well-mimicked metabolic dysfunc-
tion in human adiposity, providing insight into the
prevention and treatment of obesity and the accom-
panying metabolic disorders.

There are some limitations of this study. Firstly,
IPITT was a relatively rough measurement that could
not be used identify differences between hepatic and
peripheral IR. A future study might utilize
hyperinsulinemic-euglycemic clamps to provide more
powerful and detailed evidence in this regard. Sec-
ondly, due to the time-consuming characteristics of
diet experiments and common outliers such as mice
without weight gain or mice with abnormal blood
glucose levels, the sample size, which should consist of
more than 8 mice, was not large enough. Thirdly, the
expansion, inflammation, and insulin sensitivity among
eWAT, subcutaneous adipose tissue, and brown adipose
tissue could not be differentiated.

In conclusion, temporal features underlying the
development of metabolic dysfunction during HFD-
induced obesity were evaluated in this study. eWAT
expansion was detected in the early course of HFD-
induced obesity, which occurred prior to obvious IR.
Further research is needed for successful extrapolation
of the existing evidence to clinical conditions in
humans.
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