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Abstract

Objective: We assessed the sex-specific differences in the molecular mechanisms of 
insulin resistance in muscle and adipose tissue, in a MS rat model induced by a high 
sucrose diet.
Methods: Male, female, and ovariectomized female Wistar rats were randomly distributed 
in control and high-sucrose diet (HSD) groups, supplemented for 24 weeks with 20% 
sucrose in the drinking water. At the end, we assessed parameters related to MS, 
analyzing the effects of the HSD on critical nodes of the insulin signaling pathway in 
muscle and adipose tissue.
Results: At the end of the treatment, HSD groups of both sexes developed obesity, with 
a 15, 33 and 23% of body weight gain in male, female, and OVX groups respectively, 
compared with controls; mainly related to hypertrophy of peripancreatic and gonadal 
adipose tissue. They also developed hypertriglyceridemia, and liver steatosis, with the 
last being worse in the HSD females. Compared to the control groups, HSD rats had 
higher IL1B and TNFA levels and insulin resistance. HSD females were more intolerant to 
glucose than HSD males. Our observations suggest that insulin resistance mechanisms 
include an increase in phosphorylated AKT(S473) form in HSD male and female groups 
and a decrease in phosphorylated P70S6K1(T389) in the HSD male groups from 
peripancreatic adipose tissue. While in gonadal adipose tissue the phosphorylated form 
of AKT decreased in HSD females, but not in HSD males. Finally, HSD groups showed a 
reduction in p-AKT levels in gastrocnemius muscle.
Conclusion: A high-sucrose diet induces MS and insulin resistance with sex-associated 
differences and in a tissue-specific manner.

Introduction

Morphological and physiological differences associated 
with sex are common in animals (1), many of them 
depend on gonadal hormones and sex chromosomes (2). 
Men and women differ in metabolism and energy balance 
(3). However, the mechanisms that explain the sex 
differences in response to obesity, metabolic syndrome 
(MS), and type 2 diabetes mellitus (DM2) are not well 

understood (4). It is essential to clarify the effect of sex 
on the incidence of these diseases and offer effective 
strategies for their prevention and treatment.

MS is a group of metabolic alterations that increases 
the risk of developing cardiovascular diseases (CVD) and 
DM2. The definitions for MS may vary; but according 
to WHO, the cardinal signs include central obesity  

-20-0288

Key Words 

 f metabolic syndrome

 f insulin resistance

 f sexual dimorphism

 f obesity

Endocrine Connections
(2020) 9, 890–902

ID: 20-0288
9 9

This work is licensed under a Creative Commons 
Attribution-NonCommercial 4.0 International License.https://doi.org/10.1530/EC-20-0288

https://ec.bioscientifica.com © 2020 The authors
Published by Bioscientifica Ltd

mailto:mvelasco@ifc.unam.mx
mailto:mhiriart@ifc.unam.mx
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-20-0288
https://ec.bioscientifica.com


M Velasco et al. Insulin resistance sexual 
dimorphism in MS

891

PB–XX

9:9

(based on the waist circumference), dyslipidemia 
(decreased levels of high-density lipoprotein cholesterol, 
or hypertriglyceridemia), hypertension, impaired fasting 
glucose, and insulin resistance (5). MS diagnosis involves 
the presence of 3 or more of these signs, including insulin 
resistance or impaired fasting glucose. The International 
Diabetes Federation (IDF) mentions central obesity as a 
cardinal sign (6). Other consider the BMI as necessary (7).

The MS develops in response to hypercaloric diets and 
sedentary lifestyles, depending on the personal genetic and 
environmental factors. Other factors, such as geography, 
age, race, education, income, and sex, had contributed to 
the increase in its prevalence to a pandemic proportion 
(8, 9). Sex-associated differences in MS components and 
their prevalence have been observed among men and 
women (9).

Adipose tissue is differently distributed between 
men and women, depending on genetic, hormonal, and 
social factors (10). For example, men show an android 
phenotype, where fat accumulates predominantly in 
visceral adipose tissue; while women have a gynoid 
phenotype, with a higher proportion of subcutaneous 
adipose tissue (11, 12).

Obesity often associates with insulin resistance, where 
a low-grade inflammatory state exists. There is a high level 
of pro-inflammatory adipokines, such as IL1B, TNFA, and 
IL6 (13, 14, 15), and alterations in the storage of nutrients. 
Triglycerides and free fatty acids released in excess produce 
ectopic lipid accumulation in various tissues (muscle, 
liver, pancreas, and heart). Both mechanisms negatively 
affect insulin signaling, reducing insulin sensitivity, and 
producing metabolic abnormalities (16, 17). 

After insulin binding, its receptor is auto-
phosphorylated and activates several downstream targets 
such as IRS1 and kinases such as PI3K, and AKT, which are 
critical nodes in the insulin signaling pathway (18). PI3K/
AKT pathway regulates glucose uptake, glycogen synthesis, 
gluconeogenesis, protein and lipids synthesis, and cell 
growth. AKT activity is regulated by phosphorylation on 
Thr-308 and Ser-473 by PDK1, and mTORC2, respectively. 
These critical nodes are potential targets of several kinases 
that down-regulate the insulin pathway (19). Under 
conditions of nutrient overload, the increase in protein S6 
kinase 1 (P70S6K1) levels in human visceral adipose tissue 
participates in the development of insulin resistance and 
inflammation (20). An overactivation of P70S6K1, via 
mTORC1, results in the phosphorylation of IRS1 on serine 
residues, inhibiting its binding to the insulin receptor, 
promoting its proteasomal degradation, and ultimately 
downregulating AKT downstream signaling (21).

Insulin resistance (IR) shows an impairment of fasting 
glucose (IFG) and glucose tolerance (IGT), both of which 
have a dimorphic sex pattern. Compared to women, IFG 
in men is more frequent, while IGT is more common in 
women (22). However, the molecular mechanisms that 
underlie the sex differences in insulin resistance are not 
fully understood.

In this study, we determined sex differences in the 
molecular mechanisms of insulin resistance, by assessing 
the levels of the phosphorylated and total forms of IRS1, 
AKT and P70S6K1 in adipose tissue and the gastrocnemius 
muscle in a MS model, induced with a high-sucrose diet in 
male and female rats.

Material and methods

We obtained reagents as follows: HEPES, oil red-O, EGTA 
and collagenase from Merck; many antibodies from Cell 
Signaling Technology (CST), and others will be mentioned 
in the text.

Animals

All methods used in this study were approved by the 
Animal Care Committee of the Instituto de Fisiología 
Celular (IFC), Universidad Nacional Autónoma de México 
(UNAM), Mexico City. Animal care was performed 
according to the ‘International Guiding Principles for 
Biomedical Research Involving Animals’, Council for 
International Organizations of Medical Sciences, 2010.

MS model

Young adult Wistar rats (250–280 g, approximately 8 
weeks of age) males, females and ovariectomized females 
(OVX) were obtained from the local facility of the IFC, 
UNAM, Mexico City. OVX rats underwent a bilateral 
ovariectomy through a lumbar incision before dietary 
treatment was administered. Ovariectomy was performed 
when rats were 200 g of body weight. The OVX rats started 
the treatment when they reached 250–280 g of weight. 
Rats were randomly separated in control and HSD groups 
and housed in 12 h light:12 h darkness cycle, at 20–23°C 
and 40% of relative humidity. 

All animals were fed with standard rat chow (Lab 
Diet 5001) composed by 28.5% protein, 13.5% fat, and 
58% carbohydrates. Tap water or 20% (w/v) sucrose 
solution was provided to the control group or to the HSD  
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(high-sucrose diet) group ad libitum, respectively, for  
24 weeks as described previously (23).

All measurements and experiments were done in 
12 h fasted-rats, during this period the sucrose solution 
was replaced with plain water. At the end of treatment, 
animals were anaesthetized with an intraperitoneal 
(IP) injection of sodium pentobarbital (40 mg/kg). 
Blood samples were obtained from the inferior cava 
vein in heparinized tubes. Peripancreatic (pWAT) 
and gonadal (gWAT) white adipose tissue samples, 
gastrocnemius muscles and liver were dissected. Animals  
were euthanized using pentobarbital overdose  
(100–150 mg/kg). 

We quantified food and water consumption by rat per 
day. Food consumption decreased in HSD groups which 
was 7.0 ± 0.4, 11.4 ± 0.3 and 11.8 ± 0.3 g for female, 
OVX, and male respectively; and 18.7 ± 0.2, 26.6 ± 0.4 
and 23.6 ± 0.3 g for the control female, OVX, and male 
groups, respectively. In contrast, beverage consumption 
increased in HSD groups (86 ± 1, 108 ± 2 and 86 ± 2 mL 
for female, OVX and male), compared with the control 
groups (57 ± 2, 66 ± 0.1 and 48 ± 1 mL for female, OVX 
and male, respectively). Global caloric intake increased in 
the HSD group. Table 1 shows the daily caloric intake for 
control and HSD rats (n = 12 rats for female and male; n = 6 
for OVX rats) and the respective percentage, according to 
the nutrient group.

ITT (insulin tolerance test) and IPGTT  
(IP glucose tolerance test)

We performed the ITT or IPGTT (12 h fasted-rats)  
1 week prior to the end of treatment. IP insulin (0.2 IU/Kg  
of body weight) or glucose (2 g glucose/kg of body 
weight) injection was administered to each rat. The same 
person handled the animals. Peripheral blood samples 
were collected from the tail vein immediately before 
glucose or insulin administration (time 0) and 15, 30, 
60, 90 and 120 min after. Glucose levels were determined 
with a glucometer (Accu-Check, Hoffman La Roche  
Basel Switzerland).

Somatometric parameters

After 24 weeks of treatment, we obtained the following 
measures: body weight (BW, g), abdominal circumference 
(AC, circumference of abdomen just above the iliac crest, 
cm) and body length (BL, animal length from the tip of 
the nose to the anus, cm) (23, 24).

Liver steatosis

For liver histological examination, we used liver pieces 
from the right ventral lobe which were fixed in a 4% 
paraformaldehyde-PBS solution, embedded in paraffin, 
cut and stained with standard hematoxylin–eosin 
protocol. Oil red O stain (Merck) was used to determine 
lipids accumulation in frozen liver sections, fixed in a 
4% paraformaldehyde-PBS solution before the staining 
procedure. All tissue slices were imaged with a DM500 
compound microscope (Leica Microsystems), using a  
40X objective.

Protein extraction and Western blot

We obtained a pool of total protein extracts (three 
rats each) from gastrocnemius, pWAT and gWAT, by 
homogenization in RIPA lysis buffer. Total protein was 
quantified by Bradford’s method. The protein extracts 
were separated by SDS-PAGE and transferred to a PVDF 
membrane, using an accelerated semi-dry blotting 
transfer system (Trans blot turbo, Bio-Rad Laboratories). 
The membranes were blocked with 5% non-fat dry 
milk in TBS-tween 1% for 1 h at room temperature 
and incubated overnight at 4°C with rabbit polyclonal 
anti-AKT (CST#9272) diluted 1:500; rabbit polyclonal 
anti-p-AKT(S473) (CST#9271) diluted 1:500; rabbit 
polyclonal anti-P70S6K1, rabbit polyclonal anti-p-P70S6K 
(T389) diluted 1:200 (CST#cat9202 and #cat9205) or 
rabbit polyclonal anti-IRS1 or rabbit polyclonal anti-p-
IRS1(S1101) diluted 1:200 (CST#2382 and CST#2385) 
in blocking solution. Goat polyclonal antibody against 
beta actin (Santa Cruz Technology #sc1616) was used 

Table 1 Nutrimental distribution and daily caloric intake.

 
Nutrients

Male (kcal/day/rat) Female (kcal/day/rat) OVX (kcal/day/rat)

Control MS Control MS Control MS

Carbohydrates 55.6 (57.9%) 99.1 (82.7%) 42.8 (57.8%) 84.5 (87.6%) 62.1 (57.2%) 115.8 (87.9%)
Proteins 27.5 (28.5%) 12.8 (11.6%) 21.2 (28.7%) 7.94 (8.2%) 31.1 (28.7%) 13.3 (9.9%)
Fat 13.9 (13.4%) 6.5 (5.5%) 9.9 (13.4%) 3.7 (3.4%) 14.5 (13.4%) 6.2 (4.6%)
Total 96.0 ± 1.4 (99%) 119.5 ± 2.6 (99%)a 73.9 ± 0.9 (99%) 96.2 ± 2.6 (99%)b 107 ± 0.4 (99%) 135 ± 0.6 (99%)a,c

aP < 0.001, bP < 0.02 compared to their control, cP < 0.01 compared to HSD male and female groups.
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to detect beta actin as a load control. After incubation 
with the secondary antibodies, proteins were visualized 
using a chemiluminescent HRP substrate method with 
Immobilon Western Chemiluminescent HPR substrate 
(#WBKLSO100, Merck Millipore). Densitometric analysis 
was performed using ImageJ software (NIH 1.44) and 
represents an average of the intensity of bands of three 
independent experiments.

Analysis of plasma cytokines

Plasma samples were collected from the inferior cava 
vein in heparinized tubes, from 12 h fasted control and 
HSD rats. The plasma levels of TNFA, IL1B, IL6 and IL4 all 
from Peprotech were determined by ELISA according to 
the manufacturer’s instructions. Optical density (OD) was 
measured after 15 min using an ELISA reader (Multiskan 
FC Microplate Photometer, Thermo Scientific) at 405 nm.

Systolic blood pressure

Systolic blood pressure (SBP) was measured with the 
Panlab non-invasive blood pressure (NIBP) system (LE 
5002, Panlab Harvard Apparatus). Rats were trained in 
several sessions before the SBP and cardiac frequency 
measurements, which were done with heated and awake 
rats. We performed an average of four measurements/
day/rat. Normal systolic blood pressure was considered 
between 110–135 mmHg; while above 140 mmHg was 
considered hypertension.

Metabolic parameters

Plasma insulin levels were determined using Ultrasensitive 
rat insulin ELISA system according manufacturer’s 
instructions (10-1137-10; Mercodia Uppsala, Sweden). 
Triglycerides were determined by colorimetric glycerol 
phosphate oxidase and phenol 4-amine anti-pyrene 
peroxidase (GOP-PAP) method, using a Random RX 
Imola, according manufacturer’s instruction (TR 3823, 
Randox Laboratories Limited, United Kingdom).

Statistical analysis

All data are reported as the mean ± s.e.m.; n denotes the 
number of animals analyzed. For statistical analysis, two-
way ANOVA (with sex and diet as factors) and one-way 
ANOVA with post hoc Tukey’s tests were performed (Origin 
2016 software). Statistical significance was considered for 
P values < 0.05.

Results

HSD leads to obesity

To study the effect of a high-sucrose diet (HSD) on body 
weight, we quantified the body weight during the 24 
weeks of treatment in males (n = 65, for control and HSD 
groups), females (n = 24 for control and HSD groups), 
and OVX rats (n = 12 for control and HSD groups). After  
24 weeks of treatment, HSD groups gained more body 
weight (BW) than the controls (Fig. 1A left panel). 
Furthermore, BW was different between male and female. 
Interestingly, the percentage of BW gain (Fig. 1A right 
panel) compared to control group in females started on 
the 3rd week of treatment and increased to 33% until 
the end, compared to controls (Fig. 1B). Concerning the 
males, the difference between BW was evident from the 
8th week, and at the end of treatment, BW gain was only 
15% higher compared to controls. The OVX rats showed 
a middle behavior between the others, with a BW gain of 
23% higher compared to controls (Fig. 1A right panel).

The BW gain was associated with an increase in the 
size of fat depots. Compared to controls, peripancreatic 
and gonadal adipose depots were heavier in HSD. The 
increase in peripancreatic fat depot weights were 135, 195 
and 350% for male, female and OVX groups respectively. 
Meanwhile for gonadal adipose tissue they corresponded 
to 145, 248 and 169% for male, female and OVX groups, 
respectively (Fig. 1C). Although no changes in length 
between control and HSD rats of male and OVX groups 
were observed, there were differences between control 
and HSD female rats. Figure 1D shows other parameters, 
such as abdominal circumference (AC) and BMI, that were 
higher in the HSD groups compared to their controls. In 
addition all the aforementioned parameters were different 
between males and females.

Insulin resistance

We performed an intraperitoneal glucose tolerance test 
(IPGTT, Fig. 2A) or an insulin tolerance test (ITT, Fig. 
2B) in 12 h fasted rats, one week before the end of the 
treatment. The glucose tolerance test showed that (Fig. 
2A), HSD rats had higher blood glucose levels following 
the glucose injection, compared to their counterparts. 
However, HSD females showed a maximum glucose level 
of 370 ± 17 mg/dL, while males had 294 ± 25 mg/dL at  
15 min. In the HSD groups, blood glucose did not return 
to basal levels after 120 min. Quantification of area under 
the curve (AUC) showed an increase in both HSD female 
and male rats. Besides, control females showed a higher 
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area under the curve (AUC Fig. 2B) than males (P < 0.01). 
The HSD OVX rats did not show any difference compared 
to their control group (data not shown).

In the ITT (Fig. 2C), HSD groups were less sensitive 
to insulin when compared to control groups, depicted 
by an increment in the AUC (Fig. 2D). Moreover, HSD 
males showed a higher AUC than females (P < 0.007). 
These observations indicate that females are more glucose 
intolerant, while males are less sensitive to insulin. 

Metabolic changes

We analyzed some metabolic parameters to determine 
the effect of a high sucrose diet on the fasting insulin, 
glucose and triglycerides (TG) plasma levels. HSD rats of 
both sexes were hyperinsulinemic (Fig. 3A) compared 
with their controls (P < 0.0001). However, HSD males 
showed higher insulin levels compared to HSD females. 
Furthermore, only the HSD male group showed 
hyperglycemia (P < 0.02) (Fig. 3B). TG levels were higher 
in HSD groups of both sexes, compared to their controls 
(Fig. 3C), although females and OVX rats showed higher 

levels in both, controls and HSD conditions, compared  
to males. 

Concerning to the systolic blood pressure (SBP) (Fig. 
3D), only HSD males had hypertension (P < 0.008). We 
did not observe changes in cardiac frequency in any 
group (Fig. 3E).

Morphometric profile of adipose tissue

We also analyzed the effect of HSD in the morphometric 
profile of peripancreatic (pWAT) and gonadal (gWAT) 
white adipose tissue; we analyzed the adipocyte diameter 
in pWAT (Fig. 4A) and gWAT (Fig. 4B). We observed that 
adipocyte diameter of all HSD groups increased compared 
to controls. The frequency distribution of adipocyte 
diameters from both depots in the HSD animals shifted to 
the right (insert on the right in Fig. 4A and B. In addition, 
the frequency of larger adipocytes (diameter from 106 
to 226 µm) in pWAT of HSD females was higher than in  
HSD males. 

Adipocytes of HSD OVX rats showed larger diameters 
than female and male groups, at the peak frequency  

Figure 1
High-sucrose diet produces obesity. (A) Body 
weight gain after 24 weeks of diet (left panel) and 
the percentage of BW gain compared to control 
(right panel) in control and HSD male (n = 65, for 
control and HSD groups), female (n = 24, for 
control and HSD groups) and ovariectomized rats 
(OVX; n = 12, for control and HSD groups). (B) 
Body weight at the end of HSD treatment mean ± 
s.e.m. Two-way ANOVA was performed (Sex, 
F(1,228) = 380.9, and diet, F(1,228) = 122.6, 
P = 0.0001 for both factors), with post hoc Tukey’s 
test, *P < 0.0001 compared to their control 
groups, #P < 0.0001 compared to control male 
group, boxes around the mean represent the 
s.e.m., and whiskers represent the s.d. (C) 
Peripancreatic and gonadal adipose tissue weight 
of males (n = 63 to control and n = 75 to HSD), 
females (n = 29 and 44 for control and HSD 
respectively) and OVXs (n = 18 for both 
conditions), boxes around the mean represent 
the s.e.m., and whiskers represent the s.d. Two-way 
ANOVA was performed (Sex, F(1,208) = 3.8 and 
F(1,207) = 5.5; P = 5.2 x 10−2 and P = 0.019 for 
pWAT and gWAT respectively; Diet, 
F(1,208) = 158.9 and F(1,207) = 143.3; P = 0.0001 
for pWAT and gWAT respectively), with post hoc 
Tukey’s test, *P < 0.0001 compared to their 
control group. (D) Somatometric parameters 
mean ± s.e.m. for length, abdominal circumference 
(AC) and BMI. Two-way ANOVA was performed 
(Sex, F(1,225) = 595.9, 207.5 and 106.7; P = 0.0001 
for length, AC and BMI, respectively) with post hoc 
Tukey’s test. *P < 0.0001 compared to their 
control groups.
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(106–126 µm) in gonadal adipose tissue. In addition, the 
mean adipocyte diameter increased by 15, 30, and 40% in 
HSD males, females, and OVXs, respectively, compared to 
their controls in peripancreatic adipose tissue. In contrast, 
these changes were lower in gonadal adipose tissue (Fig. 4C).

The cytokine profiles

We determined the change in the cytokine secretion 
profile associated to adipocyte hypertrophy. We measured 
plasma levels of IL1B (Fig. 5A) and observed a four-, 
five-, and four-fold increment in HSD males, females, 
and OVX groups, respectively, in HSD rats compared 
to controls. Moreover, IL1B levels were higher in HSD 
females compared to HSD males (P < 0.02). Plasma levels 
of TNFA (Fig. 5B) also increased 9 times in males, and 2 
times in females, and OVXs fed with HSD. Interestingly, 
TNFA levels were undetectable in the OVX control groups. 
We did not find differences in IL6 and IL4 plasma levels 
among any of HSD groups compared to their controls 
(Fig. 5C and D). 

HSD leads to liver steatosis

We observed that the liver weight of HSD male  
(18.2 ± 0.7 g) was heavier than their HSD females 

counterparts (12.2 ± 0.4 g) and HSD OVXs (13.3 ± 0.7 g)  
(P < 0.04). However, after normalization using total  
body weight, the ratio liver weight/BW decreased in HSD 
female and HSD male groups compared to their controls 
(Fig. 6A) (P < 0.03). No differences were observed between 
the OVX groups. 

Histological analyses showed microvesicular fat 
depositions (black arrow heads, Fig. 6B). Moreover we 
analyzed lipids accumulation (Fig. 6C), by using Oil-
red-O staining, and observed that all HSD groups showed 
(Fig. 6D), an increase in the percentage of the area 
occupied by lipids in HSD groups compared to control 
groups. However, lipids accumulation in HSD groups 
from female and OVX groups were higher than HSD 
male group.

Effect of HSD in insulin signaling

We analyzed the IR mechanisms induced by HSD by 
measuring the total protein and phosphorylated forms 
of IRS1, AKT, and P70S6K1 in pWAT, gWAT, and the 
gastrocnemius muscle. We observed higher levels of total 
IRS1 in both pWAT and gWAT of HSD groups (males, 
females, and OVX) compared to their controls (Fig. 7A and 
B); while phosphorylated IRS1(S1101) was not detected 
(original Western blots for pWAT and gWAT are shown in 

Figure 2
Sex differences in insulin resistance. (A) IP glucose 
tolerance test (2 g/kg body weight) were 
performed in male (n = 22 and 23 to control and 
HSD group respectively), female (n = 22 for both 
conditions) control and HSD rats. Data expressed 
as mean ± s.e.m. Two-way ANOVA was performed 
(Sex, F(1,70) = 10.4, P = 0.0018 and diet 
F(1,70) = 20.8, P = 2.04 x 10−5), with post hoc 
Tukey’s test *P < 0.001, **P < 0.02 compared to 
their controls. (B) The areas under the curves 
(AUC) *P < 0.001, **P < 0.02 compared to their 
control group, boxes around the mean represent 
the s.e.m., and whiskers represent the SD. (C) 
Insulin (0.2 IU/Kg body weight) was administered 
IP to males (n = 12 and 22 to control and HSD 
group respectively), females (n = 17 to control 
group and n = 20 to HSD group) and OVXs  
(n = 7 to both conditions). Data expressed as  
mean ± s.e.m., *P < 0.01 compared to their 
controls. (D) AUC boxes around the mean 
represent the s.e.m., and whiskers represent the 
s.d. Two-way ANOVA was performed (Sex, 
F(1,32) = 25.4, P = 1.77 x 10−5 and diet 
F(1,32) = 18.4, P = 1.53 x 10−4), with post hoc 
Tukey’s test. *P < 0.05; **P < 0.01; ***P < 0.02.
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Supplementary Figs 3, 4, 5, 6, 7, 8 and 9, see section on 
supplementary materials given at the end of this article).

Furthermore, we observed increased levels of 
phosphorylated AKT(S473) in pWAT of HSD males and 
HSD females, while OVXs did not show differences. 
Instead, the levels of phosphorylated P70S6K1(T389) 
decreased in pWAT of HSD males and HSD OVX, compared 
to their controls, while the HSD female group did not 
show differences compared to control group (Fig. 7A 
and B). In gonadal adipose tissue, we observed decreased 
levels of phosphorylated AKT(S473) in HSD female group 
compared to control group; while we did not observe 
differences in p-AKT(S473) and p-P70S6K1(T389) between 
HSD groups and their controls (Fig. 7C and D). 

Moreover, we analyzed the same proteins in 
gastrocnemius muscle and observed a reduction in 

p-AKT(S473) levels of HSD males and HSD females (Fig. 
8A), compared to their controls (Fig. 8B); while in OVX no 
differences between HSD and controls groups were found. 
Finally, p-P70S6K1(T389) levels did not show any change 
between HSD groups and controls (original Western blots 
for pWAT and gWAT are shown in Supplementary Figs 10, 
11 and 12). 

Discussion

We compared the MS development in response to a HSD 
administration for 24 weeks, in males and female adult rats. 
We observed an interesting markedly dimorphic response 
in BW gain and metabolic parameters. Furthermore, HSD 
male rats were less insulin sensitive, while HSD female 
rats were more intolerant to glucose.

Figure 3
High-sucrose diet affects the metabolic status.  
(A) Plasma insulin levels from male (n = 60), 
female (n = 34) and OVX (n = 12) group of both 
conditions. Two-way ANOVA was performed (Sex, 
F(1,183) = 47.5, P = 8.57 x 10-11 and diet 
F(1,183) = 53.7, P = 7.11 x 10-12), with post hoc 
Tukey’s test *P < 0.0001, **P < 0.02 compared to 
their control group, #P < 0.0001 compared to 
control males, boxes around the mean represent 
s.e.m. and whiskers represent the s.d. (B) Plasma 
glucose levels from male (n= 70), female (n = 36) 
and OVX groups (n= 12). Boxes around the mean 
represent the s.e.m., and whiskers represent the 
s.d. Two-way ANOVA was performed (Sex, 
F(1,208) = 2.865, P = 0.09 and diet F(1,208) = 5.517, 
P = 0.02), with post hoc Tukey’s test *P < 0.02.  
(C) Plasma triglycerides levels from males (n = 20), 
females (n = 17) and OVX rats (n = 12) of both 
conditions. Boxes around the mean represent the 
s.e.m., and whiskers represent the s.d. Two-way 
ANOVA was performed (Sex, F(1,69) = 21.255, 
P = 1.79 x 10-5 and diet F(1,69) = 45.449  
P = 3.89 x 10-9), with post hoc Tukey’s test  
*P < 0.001, **P < 0.01 compared to control 
groups, #P < 0.01 compared to control male. 
systolic blood pressure (D) and cardiac frequency 
(E) from males (n = 20), females (n = 25) and OVX 
rats (n = 6) for both conditions. boxes around the 
mean represent the s.e.m., and whiskers represent 
the s.d. one-way ANOVA was performed with  
post hoc Tukey’s test *P < 0.008 compared to 
control groups.
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We assessed the molecular mechanisms of insulin 
resistance in adipose tissue and muscle by measuring 
the levels of phosphorylated AKT on serine 473 and 
phosphorylated P70S6K1 on threonine 389, which 
are activated by insulin signaling. We found that the 
p-AKT(S473) form in pWAT were higher in both HSD 
female and male groups, compared to their controls. 
However, AKT downstream signaling was altered in the 
HSD male and OVX groups, revealed by a decreased 
levels of the p-P70S6K1(T389). In addition, p-AKT(S473) 
levels decreased in gWAT from HSD females, compared 
to controls, without differences in male and OVX groups. 
Finally, p-AKT(S473) in gastrocnemius muscle was 
decreased in both HSD female and male groups.

Sex-associated differences were previously observed 
in the MS components (9). After 24 weeks of treatment, 
high sucrose diet induced obesity in male and female rats. 
However, male rats in all conditions were heavier than 
their female counterparts. Interestingly, HSD produced 
a higher BW gain in females (by 33%), compared to 
their controls. The body fat in women is more abundant 
than in men, irrespective of ethnicity, BMI, or age (25). 

These differences are related to an estrogenic effect (26). 
Premenopausal women tend to accrue more subcutaneous 
gluteal-femoral fat; where subcutaneous adipocytes have 
more TG storage capacity and expandability. Whereas 
men accrue more visceral fat in the upper body region, 
which shows more lipolytic activity that contributes to 
cardiovascular risk (12, 26, 27, 28).

Obesity does not depend on BW, but on either a 
raise in adipocyte number (hyperplasia) or an enhanced 
fat accumulation, which increases the size of adipocytes 
(hypertrophy) (29); and while women develop hyperplasia, 
men adipocytes suffer hypertrophy. During obesity, 
visceral adipose tissue exceeds its storage capacity and it is 
characterized by adipocyte hypertrophy, tissue fibrosis, and 
inflammation which includes the release of free fatty acids 
(FFAs) and several pro-inflammatory adipokines (reviewed 
in (9)). These mediators induce inflammation in other 
tissues (15, 30, 31). We observed that pWAT and gWAT 
adipocytes from HSD male, female, and OVX rats, increased 
in size (hypertrophy) in association with an increase in 
plasma IL1B and TNFA levels. Surprisingly, we did not 
observe differences in IL6 between HSD and controls. 

Figure 4
High-sucrose diet produces hypertrophy of the 
peripancreatic and gonadal adipocytes. 
Representative picture of H&E stained sections 
(n = 6 animals per group and 10 optic fields per 
animal) from peripancreatic (A), and gonadal 
adipose tissue (B), the insert represent the 
frequency histogram of adipocyte diameters 
(classified in 17 classes from 26–46 µm to 
346–366 µm). (C) The bars represent the  
mean ± s.e.m. of adipocytes diameter for both 
adipose tissue depots from male, female and OVX 
rats of both conditions (n is indicated in the bars). 
Two-way ANOVA was performed (Sex, 
F(1,2835) = 409.3 and F(1,1500) = 10.3; P = 0 and 
P = 0.0013 for pWAT and gWAT respectively; Diet, 
F(1,2835)= 1714.6 and F(1,1500) = 69.0; P = 0 and 
P = 2.2 x 10−16 for pWAT and gWAT respectively), 
with post hoc Tukey’s test; with interaction 
between sex and diet. *P < 0.0001, **P < 0.03 
compared to the control group, #P < 0.0001 
compared to the control male group. 10x 
objective, scale bar = 200 µm.
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However, as several factors affect IL6 secretion, their effects 
probably result in down-regulation in our model.

To investigate the hormone effect on the metabolic 
syndrome components, we used ovariectomized rats. 

Several pieces of evidence suggest that ovarian hormones, 
like estrogens, are involved in body weight regulation 
(9, 32, 33), increase food intake and energy expenditure 
(34). Moreover, estrogens also participate in adiposity 
distribution, triglycerides storage capacity, and particularly 
in the liver regulation of lipids metabolism and serum 
lipoproteins (VLDL-triglycerides, LDL, HDL-cholesterol) 
levels (reviewed in (35)).

We observed that the control OVX group showed 
an increased body weight gain of 23% at the end of the 
treatment compared with control females, suggesting a 
protective role of estrogens against obesity. Furthermore, 
the HSD OVX group showed the same increase (23%) at 
the end of the treatment compared with the control OVX 
group, suggesting that a HSD and estrogens have the same 
impact over body weight gain.

Furthermore, HSD OVX rats showed an increase 
in liver fat accumulation in both HSD female and HSD 
OVX rats. In contrast, female control rats showed the 
lowest liver fat accumulation. All these changes could 
also be related to estrogen actions. Previous studies 
with ovariectomized animal models observed an 
increase in liver fat accumulation, dyslipidemia, insulin  
resistance (35, 36).

Interestingly, blood pressure and glucose homeostasis, 
in which a significant regulatory role of estrogens has 
been suggested, did not show changes. These components 
showed similar levels between the OVX group and the 
female control group. With respect to glucose homeostasis, 
an explication could be related to estrogen actions 
through G-protein-coupled estrogen receptor (GPER) as 

Figure 5
Cytokines profile. (A) Plasma IL1B levels of male, female and OVX control 
and HSD groups (two-way ANOVA was performed (Sex, F(1,271) = 9.167, 
P = 0.0027 and diet F(1,271) = 165.325, P = 0), with post hoc Tukey’s test 
*P<0.02, ***P<0.0001 compared to control). (B) Plasma TNFA levels of 
male, female and OVX control and HSD groups (two-way ANOVA was 
performed (Sex, F(1,67) = 3.1593, P = 0.080 and diet F(1,67)= 134.46, P = 0), 
with post hoc Tukey’s test *P < 0.001 compared to control). (C) Plasma IL6 
levels of male, female and OVX control and HSD groups. (D) Plasma IL4 
levels of male, female and OVX control and HSD groups. We used n = 25 
per duplicated for each cytokine. The bars represent the mean ± s.e.m.

Figure 6
Liver steatosis. (A) The ratio of the liver weight 
and body weight ratio of the rats. The bars 
represent the mean ± s.e.m. (n = 10). Two-way 
ANOVA was performed (Sex, F(1,39) = 1.81, 
P = 0.1857 and diet F(1,39) = 17.01, P = 1.88 x 10−4), 
with post hoc Tukey’s test *P < 0.03 compared to 
control. Representative pictures of H&E stained 
(B) and Oil-red-O stained, black arrowheads show 
microvesicular fat depositions (C) liver sections 
from males, females and OVXs of control  
and HSD conditions, scale bar = 50 µm.  
(D) The bars represent the percentage of area 
occupied by lipids in both control and HSD 
conditions from male, female and OVX groups 
(n = 10 rats per condition). Two-way ANOVA was 
performed (Sex, F(1,35) = 1.80, P = 0.18 and diet 
F(1,35) = 81.30, P = 1.18 x 10−10), with post hoc 
Tukey’s test; with interaction between sex and 
diet (P = 0.001). *P < 0.002, **P < 0.0001;  
***P < 0.05 compared to their control group.
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suggested by evidence from studies using αERKO and 
βERKO mice exposed to streptozotocin, which did not 
exhibit an increased incidence of diabetes compared to 
wild-type mice.

These adipose tissue alterations are associated with the 
development of IR (13, 16, 37, 38, 39). Consistently, we 
observed IR in all animals treated with a HSD. Furthermore, 
sex-related differences were notable between females and 
males. Males were less sensitive to insulin than females. 
In consequence, only the HSD males were hyperglycemic, 
compared to the controls, while females were more intolerant 
to glucose. All HSD rats were hyperinsulinemic compared to 
their controls, as a result of IR; insulin levels were higher in 
males than in females in both HSD and controls. 

During IR, insulin is not acting correctly in its 
target. Physiologic adaptability in insulin sensitivity is 

an essential mechanism that allow nutrient distribution 
in the organism under different conditions of energy 
demand (reviewed in (39)). Moreover, several tissues such 
as muscle and adipose tissue develop IR during chronic 
overnutrition preventing nutrient-induced toxicity  
(40, 41); hence, IR triggers metabolic illness (39).

Insulin receptor activation starts the insulin-signaling 
pathway. Phosphorylation in tyrosine residues promotes 
the IRS1 binding and activation/phosphorylation of 
other kinases in the insulin pathway such as PI3K, AKT, 
and mTOR kinase. The later kinase regulates anabolic and 
mitogenic processes such as proliferation, growth, and 
survival through several effectors (42).

A well-documented mechanism suggests that mTOR 
and its downstream target, the ribosomal protein S6 kinase 
1(S6K1 or P70S6K1) participates in the obesity-induced IR 
(21, 43, 44, 45, 46), since S6K1 deficient mice (S6K1−/−) 
were protected from diet-induced IR (46). Obesity and 
cytokines promote mTOR activation and the subsequent 
phosphorylation of S6K1 on threonine 389 (47), which 
inhibits insulin signaling through phosphorylation of 
IRS1 on Ser1101 and the consequent reduction of the 
PI3K/AKT activation (21). 

Interestingly, in our study, we observed bands of 
the total IRS1 protein in HSD male, female, and OVX 
groups, with the latest showing the lowest protein levels. 
However, IRS1 was undetectable in the adipose tissue 
of all control groups. It is probable that during fasting 
conditions in healthy rats, an inactive state of the insulin-
signaling pathway with shallow levels of IRS could be 
observed. In contrast, during an insulin resistant state, 
hyperinsulinemia and hyperglycemia constantly activate 

Figure 7
Effect of high-sucrose diet over the insulin-signaling pathway in 
peripancreatic and gonadal adipose tissue. Representative blots of IRS1, 
AKT, p-AKT(S473), P70S6K1, p-P70S6K1(T389), and β-actin as load control, 
from pooled peripancreatic adipose tissue (pWAT) (A) and gonadal 
adipose tissue (gWAT) (C) from control and HSD groups. Normalized ratio 
of phosphorylated AKT and P70S6K1 and total forms in pWAT (B) and 
gWAT (D). Mean density ± s.e.m. from three independent experiments. 
Two-way ANOVA was performed for p-AKT (Diet F(1,8) = 22.4, P = 0.0014) 
*P < 0.01 compared to control; p-P70S6K1 (Diet F(1,8) = 7.89, P = 0.022) 
with post hoc Tukey’s test with interaction between sex and diet. *P < 0.05 
compared to control in pWAT. For p-AKT in gWAT (Sex F(1,8) = 7.51, 
P = 0.02). One-way ANOVA with post hoc Tukey’s test *P < 0.008 compared 
to control.

Figure 8
Effect of high-sucrose diet over the insulin-signaling pathway in 
gastrocnemius muscle. Representative blots of AKT, p-AKT(S473), 
P70S6K1, p-P70S6K1(T389) and β-actin as a load control, from pooled 
gastrocnemius muscles (A). Normalized ratio of phosphorylated 
AKT(S473) and P70S6K1(T389) and total forms (B). Mean density ± s.e.m. 
from three independent experiments. Two-way ANOVA was performed 
for p-AKT (Sex, F(1,4) = 0.309, P = 0.60 and diet F(1,4) = 68.92, P = 0.001), 
with post hoc Tukey’s test *P < 0.003 compared to control. With 
interaction between sex and diet.
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the insulin signaling pathway in a dysregulated fashion 
even during fasting conditions (48).

Furthermore, p-IRS1(Ser1101) levels were 
undetectable in pWAT, gWAT, and gastrocnemius, 
suggesting that phosphorylation on serine 1101 is not 
an essential molecular mechanism in our model, despite 
it is the most documented site involved in the down-
regulation of IRS1 by S6K1 (21). Several inhibitory serine 
and threonine phosphorylation sites on IRS may impair 
insulin signaling. For example, IRS1 phosphorylation 
on serine 522 inhibits this signalling. Furthermore, 
decreasing the AKT expression with siRNA decreased the 
IRS1 phosphorylation on serine 522, suggesting that the 
PI3K/AKT signaling is involved in the phosphorylation of 
this site (49).

However to discard any problem with the antibody 
used in our experiments, we performed a blot using gWAT 
samples of 20 days old male rats as positive controls where 
we observed a band of p-IRS1(Ser1101) (Supplementary 
Figs 1 and 2).

We observed that p-AKT(S473)/AKT ratio on pWAT 
was higher in HSD males and females compared to their 
controls, indicating that the pathway is more active 
at this point. However, an unexpected reduction in 
p-P70S6K1(Thr389)/P70S6K1 levels in HSD males and 
OVXs rats suggests impaired signaling downstream of 
AKT due to a decreased activation of the mTORC1, which 
results in a decreased P70S6K1 phosphorylation, females 
did not show any change.

We also observed a reduction in the p-AKT(S473) levels 
in gWAT, but only in HSD females. This alteration seems 
to affect other pathways downstream of AKT but was not 
related to S6K1 as it was revealed by the p-S6K1(Thr389) 
levels. In the gastrocnemius muscle, we observed the 
same effect that in gWAT, a decrease in the p-AKT levels in 
both HSD sexes without changes in p-S6K1. These results 
indicate that the molecular mechanisms of IR in MS are 
tissue-specific and sex-associated.

Tissue-specific insulin sensitivity has been informed 
in some reports. Moreover, adipose tissue insulin 
resistance has been proposed as the triggering process 
for the development of systemic insulin resistance 
(48). Furthermore, sex differences have been reported 
in insulin sensitivity in the intra-abdominal adipose 
tissue, which may be regulated by physiological levels 
of sex steroids. Adipocytes from females show increased 
insulin sensitivity and lipogenesis compared to males 
adipocytes. That could partially explain why women are 
more sensitive to insulin, although women have higher 
adiposity compared to men (50).

This work explored the effects of a diet with high 
sucrose in a Wistar rat model; these animals do not have a 
genetic susceptibility to develop obesity or diabetes. Other 
studies include a high-fat diet or cafeteria diet, where 
other metabolic effects can be observed. Moreover, we 
measured factors associated with critical nodes in insulin 
signaling; however, other molecules could also be altered.

In summary, high-sucrose diet induced MS in rats, 
in a different way between sexes. Insulin resistance 
mechanisms were sex-related; and showed a tissue-specific 
pattern. Finally, HSD induced more severe changes in 
male than in the female rats.

Supplementary materials
This is linked to the online version of the paper at https://doi.org/10.1530/
EC-20-0288.
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