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ABSTR ACT: Increased chicken-derived fat and fructose consumption in the human diet is paralleled by an increasing prevalence of obesity and metabolic 
syndrome (MS). Herein, we aimed at developing and characterizing a mouse model of diet-induced obesity (DIO) resembling most of the key features 
of the human MS. To accomplish this, we fed male C57BL/6J mice for 4, 8, 12, and 16 weeks with either a low-fat diet (LFD) or a high-chicken-fat diet 
(HFD) and tap water with or without 10% fructose (F). This experimental design resulted in the following four experimental groups: LFD, LFD + F, 
HFD, and HFD + F. Over the feeding period, and on a weekly basis, the HFD + F group had more caloric intake and gained more weight than the other 
experimental groups. Compared to the other groups, and at the end of the feeding period, the HFD + F group had a higher adipogenic index, total cho-
lesterol, low-density lipoprotein cholesterol, fasting basal glycemia, insulin resistance, hypertension, and atherogenic index and showed steatohepatitis 
and systemic oxidative stress/inflammation. A mouse model of DIO that will allow us to study the effect of MS in different organs and systems has been 
developed and characterized.
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Introduction
Advances in technology have resulted in significant changes 
in the processing, availability, and composition of food.1 Pro-
cessed foods are enriched in saturated fat, trans-fatty acids, 
sucrose, fructose, and beef and soybean proteins, but they are 
poor in monounsaturated fatty acids (MUFAs), polyunsatu-
rated fatty acids (PUFAs), plant-based proteins, and fiber.1 
According to the Food Agriculture Organization of the 
United Nations (FAO) and the Organization for Economic 
Co-operation and Development, the worldwide consump-
tion of chicken has increased compared to the consumption 
of beef and pork. Compared to beef and pork, chicken meat 
has minor proportions of saturated fatty acids, but a high con-
tent of MUFAs and PUFAs.2 In addition, currently, there is 
a tendency to consume drinks and food with a high energy 
value but poor in nutrients.3 Fructose is commercially used 
as a sweetener (eg, corn syrup) and as a substitute for sucrose 
in the preparation of desserts, cakes, and carbonated drinks.4

The metabolic syndrome (MS) is one of the most seri-
ous consequences of overweight and obesity. This syndrome 

includes a number of metabolic obesity-associated abnor-
malities. MS is a constellation of clinical and biochemi-
cal key features that include central obesity, dyslipidemia, 
insulin resistance, hypertension, and nonalcoholic fatty liver 
(NAFL).5,6 Patients with MS usually show a systemic pro-
oxidant, pro-inflammatory, and pro-thrombotic profile linked 
to an increased risk of cardiovascular diseases, type 2 diabetes, 
NALF, osteoporosis, and premature death.1,7–9 Recently, it has 
been suggested that the risk of MS is linked to hypercaloric 
diets with a high content of refined fats and carbohydrates.10–15

In order to understand the pathogenicity of obesity and 
obesity-associated metabolic complications, animal models are 
needed.16 However, the major challenge is to find an animal 
model that develops more than two of the key features of 
human MS. Among the most used animal models of obesity 
are those with deficiency in the gene encoding leptin (Ob/Ob 
mice)17 or leptin-receptor (db/db mice),18 or other orexigenic 
genes. However, the fact that these gene deficiencies are rare 
human disorders raises concerns about the relevance of those 
models to human diseases. A number of diet-induced obesity 
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(DIO) models have been developed in rats and mice that have 
provided valuable information on the pathogenesis and thera-
peutics for obesity and obesity-associated metabolic complica-
tions.16 DIO mouse models have been developed by feeding 
mice for 4–30 weeks with chow containing high fat and sugar, 
mostly sucrose, and in some cases fructose (F).6,14,19–24 Models 
that utilize dietary extremes, such as 60% of calories from fat 
or 60% of calories from fructose, do not reflect commonly 
encountered dietary habits, and such dietary models typically 
focus on just one dietary component. A model resembling 
most of the key features of MS is needed in order to study the 
molecular mechanisms and therapeutics against this deadly 
syndrome associated with obesity and overweight.

Herein, we describe the experimental adjustment of a 
DIO model in male C57BL/6J mice based on feeding them 
food containing 22% (v/p) chicken-derived fat and 10% fruc-
tose in the drinking water. After 16 weeks of dieting, these 
mice developed dyslipidemia, insulin resistance, hypertension, 
NAFL-like histology, and systemic inflammation/oxidative 
stress. All these parameters resemble the human MS. Data 
gathered from this animal model can help us understand the 
pathogenesis and suggest therapeutics against MS.

Materials and Methods
Animal model. Six-week-old male C57BL/6J mice were 

used in this study. Mice were randomly divided into four 
groups and kept during the whole feeding period at a tempera-
ture of 23 ± 3°C with dark–light cycles of 12 hours. The four 
groups of six animals each were fed for 4, 8, 12, or 16 weeks 
as follows: LFD, mice were fed a low-fat diet and drank tap 
water; LFD + F, mice were fed an LFD and 10% fructose 
(ENA Sport Nutrition) (F) in tap water; HFD, mice were fed 
a high-fat diet and tap water; and HFD + F, mice were fed 
an HFD and 10% fructose in water. Food and drink were 
changed daily and provided ad libitum. Mouse chow was pur-
chased from GEPSA S.A. and contained 6% chicken-derived 
fat, 40.7% carbohydrates, and 24% protein. The HFD was 
prepared in our laboratory by adding 22% chicken-derived fat 
(Granja Tres Arroyos). The final composition and caloric value 
of both diets, LFD and HFD, are shown in Table 1. All exper-
iments were carried out according to a protocol approved by 

the Institutional Committee for Use of Animals in Research 
of the National University of San Luis (Protocol# B97/15) 
and followed the guidelines of the Guide for Care and Use of 
Laboratory Animals in Research (USNIH).

Assessment of diet composition. To assess food mois-
ture, 10  g of sample was weighed on a precision scale on a 
Petri dish and dried at 105 ± 1°C in a forced air oven until it 
attained a constant weight. Weight loss was considered to be 
the moisture content, and the dried residue was considered 
food-dry matter. The results were expressed as percentages.25 
For the determination of crude protein–nitrogen, the Kjeldahl 
procedure was followed.26 The fat content in a food sample was 
measured using a Soxhlet extractor.25 Ash content in the food 
was measured by a gravimetric method of previous calcination 
at 550 ± 25°C; the amount of residual inorganic matter was 
weighed, and results are shown as percentages.25 The amount 
of crude fiber was determined following the Prosky method.27 
To assess the carbohydrate content in the food, FAO recom-
mendations were followed. From the results of the determina-
tions of fats (F), ashes (A), proteins (P), moisture (M), and 
dietary fibers (DF), the amount of carbohydrates was calcu-
lated as follows: carbohydrates (%) = 100 - (%F + %A + %P + 
%M + %DF).25

The energy value of the samples was obtained conve-
niently by adding the energy value from proteins, carbo-
hydrates, and fats in each sample. To accomplish this, the 
following conversion factors were used according to Atwater 
numbers28: proteins = 4 kcal/g, carbohydrates = 4 kcal/g, and 
fats = 9 kcal/g.

Weight gain and calorie consumption. Food (g/day) 
and water (mL/day) consumption was measured every day for 
each 4 weeks of feeding. Total caloric intake (kcal/day) was 
calculated from the grams of food eaten and the milliliters 
of fluid drunk per day. Body weight gain (g) was recorded for 
each mouse from each group once a week during the entire 
feeding period (16 weeks).

Blood pressure measurements. Systolic blood pressure 
(SBP) and diastolic blood pressure (DBP) were measured 
every 4 weeks during the entire 16 weeks of feeding with a 
noninvasive tail-cuff system by using a CODA Surgical Mon-
itor (Kent Scientific Co.). Measurements were performed and 
presented according to the manufacturer’s instructions.

Glucose tolerance test. After 12 hours of fasting, mice 
were intraperitoneally injected with a 10% glucose solution 
at a dose of 2 g/kg. Blood glucose was measured using blood 
samples taken from a cut at the tail-tips at baseline (time = 0) 
and at 30, 60, and 120 minutes after the injection of glucose. 
Data are presented as glycemia curves.29

Euthanasia and tissue collection. At the end of the 
feeding period, animals were fastened for 12 hours and anes-
thetized with vapors of isofluorane. Blood was withdrawn 
following the submandibular vein (cheek-pouch) technique. 
After blood coagulation, the serum was collected for 
biochemical analysis. The epididymal fat depot was removed 

Table 1. Diet composition.*

LFD HFD

Moisture (%) 13.00 0.65

Ashes (%) 9.30 6.55

Fats (g%) 6.00 43.77

Crude fibers (g%) 7.00 6.52

Proteins (g%) 24.00 20.28

Carbohydrates (g%) 40.70 22.23

Energetic value (kcal%) 312.80 563.97

Note: *Fructose energy value: 3.9 kcal/mL.

http://www.la-press.com
http://www.la-press.com/nutrition-and-metabolic-insights-journal-j101


Mouse model of DIO resembling human metabolic syndrome 

95Nutrition and Metabolic Insights  2016:9

following a surgical procedure and weighed. Adiposity index 
(AI%), a parameter of central obesity, was calculated using 
the following formula: [weight of epididymal fat pad(g)/body 
weight(g)] × 100.19

Adipokines, lipids, and markers of hepatic damage in 
serum. Serum leptin and adiponectin were measured using 
an enzyme-linked immunosorbent assay (ELISA) kit fol-
lowing the manufacturer’s instructions (BioVision Inc.). 
Fasting serum triglyceride (TG), total cholesterol (TC), and 
high-density lipoprotein cholesterol (HDL-c) were measured 
using commercially available kits (Weiner Laboratories). 
Low-density lipoprotein cholesterol (LDL-c) was calculated 
as follows: LDL-c = [TC - TG/5] - HDL-c.30 The athero-
genic index (AI) was calculated using the following formula: 
TC (mg/dL)/HDL-c (mg/dL).31 Glutamic oxaloacetic trans-
aminase (GOT) and glutamic pyruvic transaminase (GPT), 
markers of hepatic function, were enzymatically measured by 
using a Wiener Autoanalyzer CM 250 and commercially avail-
able kits following the manufacturer’s instructions (Wiener 
Laboratories). An internal quality control with levels 1 
and 2 standards was performed.

Antioxidants in serum. Total antioxidant capacity (TAC) 
in serum was measured by an improved method that measures 
the quenching of the 2,2′-azino-bis-(3-ethylbenzothiazoline-
6-sulfonic acid) radical cation (ABTS•+ ) by both lipophilic 
and hydrophilic antioxidants present in serum.32 Reduced glu-
tathione (GSH) concentration in serum was measured using 
a commercially available kit (Biovision Inc.). Oxidized glu-
tathione (GSSG) was measured as GSH after treatment of 
the sample with GSH reductase following the manufacturer’s 
instructions. Thiol status in serum is shown as the GSH/
GSSG ratio.

Catalase (CAT)- and total glutathione peroxidase (GPx)-
specific activities were measured as described using Aebi’s33 
and Flohe and Gunzler’s34 methods, respectively. The results 
are expressed as international units per milligram of total pro-
teins (IU/mg proteins).

Oxidative stress in serum. Lipid peroxidation was 
assessed spectrophotometrically by measuring thiobarbituric 
acid reactive substances (TBARS) at 535  nm.35 The results 
are shown as μmol of malondialdehyde (MDA) per milligram 
of total proteins (μmol MDA/mg protein). Protein carbonyl 
content in serum proteins was measured using an ELISA as 
previously described.36

Nitrite assay. The concentration of nitrite in the serum 
was measured spectrophotometrically by using Griess reagents 
as previously described.37 The results were expressed as nmol 
of nitrite per milligram of protein (nmol NO2

-/mg protein).
Interluekin-6. Interluekin-6 (IL-6), a marker of 

inflammation, was measured in serum using a quantitative 
murine-IL-6 sandwich ELISA following the manufacturer’s 
instructions (Cat# 900-k50, Peptrotech).

Histology. Paraffin liver sections of 5–6 µm thickness were 
cut and stained with hematoxylin–eosin (H&E). Histological 

observations were made on at least four sections of the different 
regions. Microphotographs were taken using an Olympus 
BX50 microscope connected to a digital camera and a PC-
based image analysis system (Image J).38

Statistics. All data are shown as mean values ± standard 
error of the mean, with six mice from each group and from 
three independent experiments. All statistical comparisons 
were performed using the Student’s t-test for independent 
groups and one-way analysis of variance for comparison of 
means of parameters within the same group at different times. 
P-values ,0.05 were considered statistically significant.

Results
Diet composition. Table 1 shows the percentage com-

position of each diet used to feed animals. Fat content was 
seven times higher in HFD than LFD, whereas carbohydrate 
content was almost twice as much in LFD than in HFD, but 
all other components were only slightly modified. Most likely 
because of the high-fat content, the moisture of HFD was 
only 0.65%, whereas LFD had 13%. The energetic values of 
LFD and HFD diets were 312.8 and 536.97 kcal per 100 g 
of food, respectively. Fructose contributes 3.9 kcal per ml of a 
10% fructose solution in tap water (Table 1).

HFD + F group consumes more calories. Table 2 shows 
food and drink consumption, as well as caloric intake, for each 
experimental group at 4, 8, 12, and 16 weeks of feeding. Food 
intake was not different among the four groups. Starting from 
the 4th week of feeding, fluid intake was higher in animals 
from the LFD + F, HFD, and HFD + F groups than the LFD 
group. Caloric intake per mouse was also assessed each 4 weeks 
of dieting and on a daily basis by measuring food and drink 
consumption. Compared to the LFD, animals from the other 
groups had a higher caloric intake starting from week 4 of 
dieting. During the 16th week of feeding, total caloric intake 
(kcal/day) was as follows: HFD + F (46.15 + 0.90) . LFD + F 
(37.27 + 0.88) . HFD (14.28 + 0.20) . LFD (9.21 + 0.22). 
These results show that at week 16, HFD + F animals con-
sumed more fructose solution and ate an amount of food 
equal to the other experimental groups but consumed almost 
five times more kcal/day than the LFD group and approxi-
mately three times more than the HFD group.

HFD + F group gains more weight and adiposity. 
All mice started the experiment with similar body weight. 
The higher total caloric intake in the HFD + F group led 
to higher body weight gain (g) as compared with other 
experimental groups over a feeding period of 16 weeks 
(HFD + F, 36.55  ±  0.69; HFD, 31.55  ±  0.44; LFD + F, 
28.31  ±  0.26; LFD, 27.36  ±  0.19, P  ,  0.001) (Fig. 1A). 
Interestingly, after 2 weeks of feeding, HFD + F animals 
gained more weight than any other animals (P , 0.05). 
Afterward, HFD + F gained more weight than any other 
group (P , 0.01). The greater differences started to be more 
notable after 6–7 weeks of feeding, when HFD + F and 
HFD animals started to gain more weight than the other 
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animals. The images in Figure 1A (insert) show a distinctive 
epididymal adipose depot in a representative animal from 
each experimental group. The weight of the epididymal fat 
depot (g) was higher in the HFD + F group as compared 
to the other three groups (HFD + F, 1.36  ±  0.10; HFD, 

0.91  ±  0.07; LFD + F, 0.54  ±  0.04; LFD, 0.36  ±  0.02) 
(Fig. 1B). The adiposity index (AI%), a marker of central 
adiposity, was higher in the HFD + F group than any of 
the other groups (HFD + F, 3.89 ± 0.24; HFD, 2.89 ± 0.20; 
LFD + F, 1.88 ± 0.13; LFD, 1.32 ± 0.10) (Fig. 1C).

Table 2. Food, drink, and caloric intake.

LFD LFD + F HFD HFD + F

Week 4
Food (g/day) 2.92 ± 0.24* 2.51 ± 0.06 2.95 ± 0.15 2.04 ± 0.23
Drink (mL/day) 4.56 ± 0.41 6.16 ± 1.91a 6.34 ± 3.57a 7.38 ± 2.04a–c

Caloric intake (kcal/day) 9.11 ± 0.20 31.8 ± 0.90a 16.60 ± 1.86a,b 40.26 ± 1.13a–c

Week 8
Food (g/day) 2.87 ± 0.35 2.60 ± 0.20 2.60 ± 0.11 2.08 ± 0.05
Drink (mL/day) 3.69 ± 1.05 8.34 ± 1.41a 2.13 ± 0.42a,b 9.5 ± 1.82a,c

Caloric intake (kcal/day) 8.90 ± 0.71 40.63 ± 0.80a 14.63 ± 0.26a,b 48.76 ± 0.93a–c

Week 12
Food (g/day) 2.57 ± 0.44 1.87 ± 0.22a 2.46 ± 0.26b 1.46 ± 0.21a,c

Drink (mL/day) 5.04 ± 1.19 7.09 ± 1.25a 6.31 ± 1.92a 7.18 ± 2.16a,c

Caloric intake (kcal/day) 8.01 ± 0.81 33.48 ± 0.73a 13.84 ± 1.09a,b 36.22 ± 1.18a–c

Week 16
Food (g/day) 2.95 ± 0.07 2.35 ± 0.06 2.55 ± 0.03 2.16 ± 0.05
Drink (mL/day) 4.52 ± 0.26 7.65 ± 0.47a 4.95 ± 0.56b 8.71 ± 0.46a,c

Caloric intake (kcal/day) 9.21 ± 0.22 37.27 ± 0.88a 14.28 ± 0.20a,b 46.15 ± 0.90a–c

Notes: *Values are presented as mean values ± standard error of the mean. Statistical symbols (aLFD, bLFD + F, cHFD) show differences at P , 0.05, n = 6.
Abbreviations: LFD, low-fat diet; LFD + F, low-fat diet with fructose in drinking water; HFD, high-fat diet; HFD + F, high-fat diet with fructose in drinking water.

Figure 1. HFD + F diet induces central adiposity in mice. (A) Body weight gain curve in C57BL/6J mice fed for 4, 8, 12, and 16 weeks an LFD and HFD 
with (LFD + F and HFD + F) or without fructose in the drinking water. ‡P , 0.05, ¥P , 0.01, and †P , 0.001 compared HFD + F with LFD. *Indicates 
differences (P , 0.05) between HFD and LFD. Insert, epididymal fat depot in a representative mouse from each group after 16 weeks of dieting. 
(B) Weight of epididymal fat depot after 16 weeks of feeding. (C) Adiposity index (AI%): [(epididymal fat/body weight) × 100]. Results are shown as 
representative images or mean values ± standard error of the mean (n = 6). aP , 0.05 compared to LFD.
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HFD + F group develops more hypertension. To assess 
hypertension, we measured changes in SBP and DBP in each 
experimental group after 4, 8, 12, and 16 weeks of dieting 
(Fig. 2). No changes in blood pressure were observed before 
12 weeks of feeding (Fig. 2A and B). However, starting from 
the 12th week of feeding and as compared to animals fed 
either an LFD, LFD + F, or HFD, animals fed an HFD + F 
had higher DBP and SBP (Fig. 2C). Figure 2D shows that the 
HFD + F group had a higher SBP and DBP than the other 
experimental groups (HFD + F, 203.0 ± 4.5/167.4 ± 3.0; HFD, 
162.3 ± 2.9/127.6 ± 3.6; LFD + F, 157.4 ± 2.4/131.8 ± 1.9; 
LFD, 142.6  ±  2.5/115.8  ±  3.8). After 16 weeks of feeding, 
animals from the LFD + F and HFD groups had higher SBP 
than the LFD group. Although SBP and DBP were not sig-
nificantly different between the HFD and LFD + F groups, 
the animals who consumed the most calories had the highest 
DBP and SBP after a feeding period of 16 weeks.

HFD + F group develops insulin resistance. To assess 
insulin sensitivity, we measured fasting blood glucose and per-
formed a glucose tolerance test (GTT) in animals from each 
group at 4, 8, 12, and 16 weeks of feeding. Fasting blood glu-
cose (mg/dL) was higher in the HFD + F group than in the 

other experimental groups (HFD + F, 181.8 ±  24.0; HFD, 
144.2  ±  15.7; LFD + F, 113.5  ±  15.2; LFD, 110.5  ±  6.8) 
(Fig. 3A). Starting from the 8th week of feeding, animals fed 
with an HFD had higher blood fasting glycemia than ani-
mals fed an LFD. Moreover, the GTT shows that HFD + F 
mice had impairment in glucose disposal after an intraperito-
neal injection (Fig. 3B). Although all groups reached a gly-
cemic peak at 30 minutes postglucose challenge (HFD + F, 
396.3 ±  26.9; HFD, 372.7 ±  23.3; LFD + F, 328.5 ±  30.8; 
LFD, 308.0  ±  5.7), the glucose concentration (mg/dL) at 
60–120 minutes postglucose injection was higher in the 
HFD + F group as compared to other experimental groups 
(60/120 minutes: HFD + F, 308.3 ± 19.6/197.7 ± 22.8; HFD, 
245.0 ± 22.0/172.2 ± 20.7; LFD + F, 229.7 ± 36.0/160.0 ± 19.9; 
LFD, 191.2 ± 5.6/123.3 ± 16.2).

Systemic oxidative stress in the HFD + F group. Table 3 
shows the assessment of systemic redox status in animals fed 
for 16 weeks with the four experimental diets. Serum TAC 
was measured as a parameter of antioxidant content that may 
change by depletion of antioxidants due to increased detoxi-
fication of pro-oxidants and inflammation.39 Serum from 
HFD + F animals had a reduced TAC as compared to the 

Figure 2. HFD + F diet feeding elevates SBP in C57BL/6J mice. Mice were fed LFD—low-fat diet; LFD + F—low-fat diet with fructose in drinking water; 
HFD—high-fat diet; HFD + F—high-fat diet with fructose in drinking water for 4 (A), 8 (B), 12 (C), and 16 (D) weeks. At the end of the feeding period, SBP 
and DBP were measured as indicated in the “Materials and methods” section. The values are reported as mean ± standard error of the mean (n = 6). 
a–cP , 0.05 compared to LFD, LFD + F, and HFD + F, respectively.
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LFD + F and LFD groups. HFD animals showed reduced 
TAC as compared to LFD and LFD + F animals. Animals 
from the HFD + F group had less TAC than HFD animals. 
To assess systemic nonenzymatic antioxidant defenses, the 
GSH/GSSG ratio was measured in serum. The GSH/GSSG 
ratio was diminished in the serum of HFD + F mice as com-
pared to all other experimental mice (P , 0.001). To assess 
enzymatic antioxidants in serum, we measured the specific 
activity of CAT and GPx. Serum CAT and GPx activity was 
higher in the HFD + F group than in the other three experi-
mental groups (P , 0.001).

Lipid peroxidation, a marker of lipid oxidation, was mea-
sured as TBARS (Table 3). Serum TBARS were increased 
in the serum of animals from the HFD + F group as com-
pared to any of the other experimental groups (P , 0.001). 
HFD caused increased TBARS in serum when compared 
to LFD. There was no change in serum TBARS when LFD 
and LFD + F were compared. Serum carbonyls, markers of 
protein oxidation, were higher in HFD + F mice than in the 

other three experimental groups. Compared to LFD, all the 
other experimental groups showed at least twice the protein 
carbonyl concentration in serum.

Systemic inflammation is affected by the diet. Serum 
nitrites and IL-6 were measured in the serum as markers of 
systemic inflammation. Figure 4A shows that, compared to 
other groups, nitrite concentration (nmol/mg protein) was 
higher in mice fed an HFD + F (HFD + F: 16.9 ± 2.6; HFD: 
10.1 ± 1.4; LFD + F: 8.1 ± 1.1; LFD: 4.6 ± 0.9). The concen-
tration of IL-6 in serum (pg/mL) was more than twice as high 
in HFD + F than in any other experimental group (HFD + F) 
(Fig. 4B). No differences in serum IL-6 were observed between 
the LFD, LFD + F, and HFD experimental groups.

Dyslipidemia is only observed in the HFD + F group. 
To assess systemic biochemical status, we measured the 
changes in the concentration of adipokines, lipid profiles, and 
markers of liver status in the serum of mice fed with differ-
ent diets. As shown in Table 4, HFD and HFD + F caused 
increased leptin but reduced adiponectin concentrations 

Figure 3. HFD + F induces insulin resistance in mice. (A) The basal fasting glycemia was determined after 4, 8, 12, and 16 weeks of feeding. a–cP , 0.05 
compared to LFD, LFD + F, and HFD + F, respectively. (B) GTT was performed at 16 weeks of feeding for each experimental group of animals. aIndicates 
differences (P , 0.05) compared with the LFD group. The values are shown as mean ± standard error of the mean, n = 6.

Table 3. Systemic redox status.

LFD LFD + F HFD HFD + F

Antioxidants

TAC (µM ascorbic acid) 2,478.00 ± 103.80* 2,419.00 ± 107.60 2,115.00 ± 54.7a 1,799.00 ± 37.10a,b

GSH/GSSG ratio 128.70 ± 0.70 97.77 ± 1.50a 50.63 ± 2.70a,b 28.54 ± 5.10a–c

CAT (IU/mg protein) 17.43 ± 1.50 29.33 ± 0.60a 30.89 ± 0.70a 42.13 ± 2.60a–c

GPx (IU/mg protein) 0.12 ± 0.01 0.26 ± 0.08a 0.29 ± 0.05a 0.36 ± 0.09a–c

Markers of oxidative stress

TBARS (µmol/mg protein) 0.16 ± 0.01 0.21 ± 0.06 0.25 ± 0.08a 0.3 ± 0.03a–c

Carbonyls (nmol/mg protein) 0.75 ± 0.20 1.40 ± 0.03a 1.4 ± 0.10a 2.03 ± 0.09a–c

Notes: *Values are presented as mean ± standard error of the mean. Statistical symbols (aLFD, bLFD + F, cHFD) show differences, P , 0.05. n = 6.
Abbreviations: LFD, low-fat diet; LFD + F, low-fat diet with fructose in drinking water; HFD, high-fat diet; HFD + F, high-fat diet with fructose in drinking water; TAC, 
total antioxidant capacity; GSH, reduced glutathione; GSSG, oxidized glutathione; CAT, catalase; GPx, glutathione peroxidase; TBARS, thiobarbituric acid reactive 
substances.
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in serum. Comparing all groups, the highest and lowest 
concentrations of leptin and adiponectin, respectively, were 
found in the serum of the HFD + F mice. Along with serum 
nitrites and IL-6, this profile of adipokines indicates systemic 
inflammation and an insulin-desensitizing status. Compared 
to the LFD group, TC only increased in the serum of the 
HFD + F group. Interestingly, and compared to the LFD 
group, serum concentration of TG increased in the HFD and 
HFD + F groups. HDL-c diminished and LDL-c increased 
only in the HFD + F group when compared with the other 
three groups. These data suggest a marked dyslipidemia—a 
feature of MS herein only observed in the HFD + F group. 
This lipid profile is compatible with a higher atherogenic index 
(AI)—a parameter of visceral adiposity. Indeed, AI was higher 
in the HFD + F group than any other experimental groups.

To assess liver status, we measured the serum concentration 
of GOT and GPT (Table 4). Animals from the HFD + F 
group showed the highest concentration of GPT, but interest-
ingly, this group showed a reduced concentration of GOT.

HFD + F group develops steatohepatitis. To relate 
biochemical data to liver status, liver histopathology was per-
formed in each experimental group (Fig. 5). H&E-stained 
cuts were analyzed at low (10×) and then at higher (600×) 
magnification for evidence of injury and steatosis. Liver his-
tology of LFD (Fig. 5A) shows normal architecture. There 
were no appreciable differences between LFD and LFD + F 
liver histology (Fig. 5B). The light micrographs in LFD + F 
showed the most hepatocytes having a light eosinophilic cyto-
plasm. Significant morphological changes in hepatic paren-
chyma were observed in mice fed with HFD and HFD + F for 

Figure 4. Markers of systemic inflammation in serum. (A) Serum nitrites are shown as nmol/mg proteins. (B) Serum IL-6 was determined by a quantitative 
ELISA as indicated in the “Materials and methods” section. Results are shown as mean values ± standard error of the mean. a,bP , 0.05 compared to LFD 
and LFD + F, respectively. Repeated measures analysis of variance followed by the Bonferroni test was used.

Table 4. Biochemical parameters in serum. 

LFD LFD + F HFD HFD + F

Adipokines

Leptin (pg/mL) 244.0 ± 44.7* 284.0 ± 68.7 424.0 ± 64.2 577.0 ± 92.1a,b

Adiponectin (pg/mL) 565.5 ± 91.7 418.7 ± 87.7 345.3 ± 68.1 265.5 ± 61.2a

Serum lipids

Total cholesterol (mg/dL) 153.0 ± 2.6 161.0 ± 3.4 175.0 ± 8.0 192.0 ± 2.0a

Triglycerides (mg/dL) 129.7 ± 4.3 131.0 ± 4.8 167.3 ± 4.0 210.3 ± 6.3a

HDL-c (mg/dL) 46.2 ± 3.4 34.0 ± 2.7 46.0 ± 2.1 34.2 ± 0.8a

LDL-c (mg/dL) 39.2 ± 1.6 52.3 ± 5.5 54.2 ± 10.1 63.9 ± 5.7a

Atherogenic index 3.4 ± 0.3 4.6 ± 0.4 3.8 ± 0.1 5.6 ± 0.1a

Liver status

GOT (IU/L) 119.3 ± 14.0 87.6 ± 1.4 84.6 ± 10.0 66.0 ± 14.5a

GPT (IU/L) 36.0 ± 3.2 48.0 ± 6.3 54.0 ± 4.0 64.0 ± 7.8a

Notes: *Values are shown as mean values ± standard error of the mean. Statistical symbols (aLFD, bLFD + F, cHFD) show differences, P , 0.05, n = 6.
Abbreviations: LFD, low-fat diet; LFD + F, low-fat diet with fructose in drinking water; HFD, high-fat diet; HFD + F, high-fat diet with fructose in drinking water; 
HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; atherogenic index = (total cholesterol/HDLc); GOT, glutamic oxaloacetic 
transaminase; GTP, glutamic–pyruvic transaminase.
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16 weeks (Fig. 5C and D). The hepatic cells from HFD + F-fed 
mice showed degenerative changes in shape and low affinity 
for stains, which is compatible with increased lipid content 
that is lost during the processing of the sample (Fig. 5D).

HFD + F liver shows ballooned hypochromic hepato-
cytes with cytosolic membrane-delimited droplets indicating 
hypertrophy of the smooth endoplasmic reticulum due to TG 
accumulation (steatosis) with marginalization of the nucleus. 
Moreover, diffuse acidophilic bodies in cytoplasm are pres-
ent in this group (H&E staining, 600×). However, livers of 
HFD mice showed less vacuolated cytoplasm (steatosis) than 
the HFD + F group (compare Fig. 5C and D).

Discussion
Herein, an animal model resembling some of the key fea-
tures of the human MS has been developed. B6 male mice 
were fed either an LFD or an HFD for 16 weeks and tap 
water with or without 10% fructose. The uniqueness of this 
model is the addition of chicken-derived fat instead of either 
bovine- or porcine-derived fat. Mice fed with an HFD + F for 
16 weeks developed most of the key features of the human MS 
including central obesity, dyslipidemia, hypertension, insulin 
resistance, systemic oxidative stress/inflammation, and steato-
hepatitis. Male mice were chosen for this model because of 
their higher susceptibility than female mice to adipose tissue 
oxidative stress and inflammation40—key processes connect-
ing the many features of human MS. Moreover, male mice do 
not have hormonal changes related to estrous stages, which 
may affect biochemical parameters.

There are several animal models used to study obesity 
and obesity-associated metabolic abnormalities. However, 
the most appropriate is the use of inbred strains of mice that 

gain weight by manipulation of the environment instead of 
genetics.16 The standard Western diet has a high content of 
fat and sugar, which makes it energy rich. This combination 
is considered to be the main cause of DIO, obesity-associated 
comorbidities, and MS.1,14,22 The C57BL/6J mouse-strain is 
one of the most appropriate mouse strains because it shows, 
from the first week of the diet, a higher weight gain when fed 
an HFD.23,24 In this study, we show that mice fed a combina-
tion of chicken fat in the diet and fructose in the drinking 
water, as observed in the American diet, develop most of the 
key features of MS.

Patients with MS have been shown to consume around 
10–15% of fructose in their diets, and thus, our model may be 
nonrelevant; however, this may provide critical information to 
analyze organ-specific effects of MS and will help find novel 
targets for intervention.14,23 The uniqueness of our HFD + F 
model of MS is the combination of chicken-derived fat in the 
food and fructose in the drinking water. Interestingly, fructose 
in drinking water reduced food consumption; however, total 
caloric intake in animals fed an HFD + F was higher than in 
the HFD group. Our study agreed with a number of previous 
studies showing that animals fed a diet rich in either fat or 
fructose gain more weight than control animals.9,14,24,41–43 To 
assess the contribution of chicken-derived fat in the food to 
MS, we measured the key features of MS in animals fed four 
different diets. Comparing weight gain and adiposity between 
the HFD and LFD + F groups, we found that HFD mice are 
heavier than LFD + F mice; however, the latter had a higher 
energy uptake than the first. This may reflect the fact that 
fructose did not induce insulin release from pancreatic β-cells. 
β-Cells have a low expression of the fructose transporter, glu-
cose transporter-5 (GLUT-5), which limits their ability to 

Figure 5. Histopathological changes in the liver. Representative photograph of H&E staining (600×) of liver sections from each group of animals: (A) LFD, 
(B) LFD + F, (C) HFD, and (D) HFD + F after 16 weeks of feeding. Normal bi- or monogranulated nucleus (white arrows) inside an eosinophilic cytoplasm 
of hepatocytes was observed in LFD (A) and LFD + F (B). Instead, loosened (white asterisk in C, HFD) or vacuolated cytoplasm (white stars in D, 
HFD + F) associated with a nuclear displacement (black arrow) is observed in the liver of animals fed with HFD + F.
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sense fructose concentration.1,4 Moreover, chronic HFD con-
sumption alters insulin signaling, which results in adiposity by 
inducing expression of critical lipogenic enzymes.4

The visceral adipose tissue depot, which can be effectively 
assessed by the adiposity index (AI%), is the central feature of 
MS and relates to systemic inflammation.44 In mice, the epi-
didymal adipose depot is one of the major visceral depots that 
makes up total adiposity, adipose tissue inflammation, and 
systemic inflammation. Hypertrophic and hyperplastic adi-
pose tissues become inflamed by recruitment and differentia-
tion of monocytes to macrophages.45 At the inflammation, site 
macrophages acquire an inflammatory M1-phenotype causing 
adipose tissue inflammation.45 Adipose tissue inflammation is 
one of the major sources of low-grade chronic systemic oxida-
tive stress and inflammation.46 Our study shows that a com-
bination of chicken-derived fat and fructose in the diet causes 
loss or reduction of insulin sensitivity in the HFD + F group 
as compared to the other experimental groups. It has been 
reported that hypercaloric diets reduce insulin sensitivity, but 
the mechanism has not been elucidated.22,24,47–49

Increased secretion of pro-oxidative, pro-inflammatory, 
and insulin-desensitizing adipokines by inflamed adipose tis-
sue has been suggested as the central mechanism of hyper-
tension in obesity and MS.14,50–52 Indeed, our data show 
that HFD + F and HFD groups have hyperleptinemia and 
hypoadiponectinemia, which is in agreement with previ-
ous reports.22,53 Because of the hyperleptinemia observed in 
these groups, we rationalized that these animals have a state 
of brain leptin resistance,54 and thus, further leptin response 
experiments would not provide any valuable additional infor-
mation. It is also known that dietary fructose induces leptin 
expression, whereas it reduces adiponectin expression.23–51 
This effect of fructose may be amplified by the consumption of 
chicken-derived fat in the food.

Although many organs are targets of systemic oxidative 
stress and inflammation, NAFL is one of the better stud-
ied features of MS in humans. Our data showed that after 
16 weeks of feeding an HFD with or without fructose in the 
water caused a marked hypochromic pattern in the H&E 
stain, suggesting that stain is removed during sample prepa-
ration due to the high content of TG. The pattern of lipid 
accumulation inside hepatocytes in the HFD + F is in droplets 
surrounded by a membrane, resembling a hyperplasic endo-
plasmic reticulum due to TG accumulation. Caloric excess and 
further metabolic inflammation, oxidative stress, and insulin 
resistance are the central mechanisms of NAFL in MS.55–57 
Our data showed systemic oxidative stress and inflammation 
and a marked dyslipidemia in the HFD + F and HFD groups.

The serum of mice fed with HFD + F showed a reduced 
TAC. This finding suggests that feeding animals with fruc-
tose and chicken-derived fat causes a reduction in antioxi-
dants, for example, GSH, free thiol groups in proteins, uric 
acid, and l-ascorbate. Indeed, increased reactive species pro-
duction is thought to be produced by activated inflammatory 

cells at the hypertrophied and inflamed adipose tissue.44 Oxi-
dative stress is the damage to macromolecules resulting from 
an imbalance between pro-oxidants and antioxidants, in favor 
of the former. To assess systemic oxidative stress and inflam-
mation, we measured protein carbonyls—a marker of protein 
oxidation—and TBARS—a marker of lipid peroxidation. 
Protein carbonyls and TBARS were increased in the serum of 
HFD + F . HFD, whereas there was no difference between 
the HFD versus LFD + F, suggesting that neither fructose nor 
chicken-derived fat alone is enough to cause systemic oxida-
tive stress. Besides adipokine imbalance toward pro-inflam-
mation, nitrite and IL-6 in serum—two markers of systemic 
inflammation—increased in HFD + F when compared with 
the other experimental groups.

Concluding Remarks
Herein, we developed and characterized a mouse model that 
exhibits most of the feature of the human MS. C57BL/6J 
mice fed with food enriched in chicken-derived fat and drink-
ing water with fructose shows central adiposity, insulin resis-
tance, hypertension, and liver steatosis resembling some key 
features of human MS. This animal model will help to dissect 
the pathogenesis of MS in different tissues as well as provid-
ing a useful tool to study novel therapeutics.
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