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Abstract 

Considering that sex differences in glucose metabolism are observed in mice, researchers unconsciously use male 
mice to reduce variations by an estrogen cycle in female mice. In this study, we investigated the sex differences in 
glucose homeostasis in streptozotocin (STZ)‑induced diabetes inbred mice (C57BL/6J). The C57BL/6J male and female 
mice were injected with or without STZ (40 mg/kg) for 5 consecutive days. Levels of fasting blood glucose (FBG), 
glycosylated hemoglobin  (HbA1C), lipid profiles, oral glucose tolerance, and insulin resistance were measured at 3 
and 6 weeks after STZ treatment. The FBG level in the STZ‑induced male (M‑STZ) group was significantly higher than 
that in the STZ‑induced female (F‑STZ) group during the entire experimental period. Furthermore,  HbA1C and glucose 
tolerance levels in the M‑STZ group were significantly higher than those in the F‑STZ group at 3 and 6 weeks after 
STZ treatment. The glucagon/insulin ratio in the M‑STZ group was significantly higher than that in the F‑STZ group. 
Values of the homeostatic model assessment‑insulin resistance, an indicator of β‑cell function and insulin resistance, 
significantly increased in both the M‑STZ and F‑STZ groups at 3 weeks after STZ treatment. However, insulin resistance 
was observed in the M‑STZ group, but not in the F‑STZ group, at 6 weeks after STZ treatment. Taken together, our 
results indicate that glucose metabolism in the M‑STZ group was worse than that in the F‑STZ group, indicating that 
estrogen may have an important role in glucose metabolism by STZ treatment.
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Introduction
Researchers prefer to use male animals to reduce varia-
tions in their experimental results. Researchers believe 
that animal experiment results influence the estrogen 
cycle of female animals. Certainly, male animals are used 
5.5 times more compared to female animals in neuro-
science and biomedical researches [1]. There are several 
reports stating that sex is an important factor affecting 
sex differences in animals and humans. The adiposity of 
mice was influenced by the number of X chromosomes. 
The adiposity of female (XX chromosomes) mice was 

twofold higher than that of male (XY chromosomes) 
mice under the same conditions [2]. The pain of mice 
and rat inhibitors by male experimenters (but not female) 
indicates that experimenter sex is the most important 
factor in pain research [3]. Chronic pain hypersensitivity 
in male mice is induced by microglia-to-neuron signal-
ing. However, that of female mice is induced by adaptive 
immune cells, not microglia [4]. In humans, the preven-
tive effects of low-dose aspirin are different in women 
and men. Zolpidem, a drug for insomnia, also uses differ-
ent doses in women and men. Considering these reasons, 
the National Institute of Health recommends that grant 
applicants must consider sex differences in their experi-
mental plan [5].

The incidence of diabetes mellitus is significantly 
increasing worldwide. Thus, it is considered a public 
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health issue with an enormous cost of medical treat-
ment. Glucose metabolism and diabetes mellitus differ 
between men and women [6]. Insulin resistance (IR) 
in women is more increased compared to that in men 
because women have higher adipose and lower skel-
etal muscle mass than men of the same age [7]. Early 
menopause is an important risk factor for type 2 dia-
betes [8, 9], and ovariectomy also increases the risk 
of acquiring diabetes [10]. Prostate cancer patients 
treated with androgen depletion therapy are more 
susceptible to diabetes compared to prostate cancer 
patients not treated with androgen depletion ther-
apy [11]. The diastolic dysfunction of streptozotocin 
(STZ)-induced diabetic female mice was more severe 
than that of male mice [12]. Diabetic Torii  Leprfa rats 
have sex differences in blood glucose and insulin lev-
els. Diabetic symptoms in male rats are observed ear-
lier and are more critical compared to female rats [13].

Despite the differences in glucose metabolism and 
diabetes in men and women, researchers have used 
only male animal models to study the mechanisms of 
diabetes and to develop antidiabetic drugs. This is one 
of the main reasons for drug development failure in 
diabetes. To understand the detailed sex differences 
in mice, we investigated the sex differences in glucose 
metabolism in STZ-induced diabetes C57BL/6J mice. 
The levels of fasting blood glucose (FBG) and glu-
cose tolerance in males were significantly compared 
to those in females, indicating that estrogen may have 
an important role in glucose metabolism after STZ 
treatment.

Materials and methods
Animals and streptozotocin (STZ) treatment
Eight-week-old C57BL/6J mice were obtained from the 
DBL Company (Korea). The mice were divided into 
the following four groups: (1) the C57BL/6J male con-
trol (M-con, n = 10), (2) STZ-induced male (M-STZ, 
n = 10), (3) C57BL/6J female control (F-con, n = 10), 
and (4) STZ-induced female (F-STZ, n = 10) groups. 
Mice were treated with STZ (40  mg/kg) in 50  mM 
citrate buffer (pH, 4.5) for 5 consecutive days via the 
intraperitoneal route. To prevent fatal hypoglycemia, 
mice freely received 10% sucrose water from 1 to 6 days 
after STZ treatment. The animal facility maintained an 
environment temperature of 22 ± 2  °C, a humidity of 
55 ± 10%, and a 12-h light cycle (8 A.M.–8 P.M.) with 
normal experimental mice chow diet (Purina, Korea) 
and water ad  libitum. The animal experiments were 
conducted according to the guidelines of the “Institu-
tional Animal Care and Use Committee” of Hallym 
University (Hallym2018-55).

Measurement of fasting blood glucose, hemoglobin  A1C, 
and lipid profile levels
Mice were fasted for 6 h, and subsequently, blood was 
collected from the retro-orbital plexus using a capillary 
tube. FBG level was measured using a blood glucose 
monitoring meter (Accu-Chek, Roche, USA). Glyco-
sylated hemoglobin  (HbA1C) level was measured using 
whole blood with an  HbA1C analyzer (careSURE™ Ana-
lyzer 100, Wellsbio, Korea). Lipid profile levels were 
measured as previously described [14].

Oral glucose tolerance test
An oral glucose tolerance test (OGTT) was performed 
at 3 and 6 weeks after STZ treatment. All groups were 
fasted for 6 h. Mice were orally administered with 2 g/
kg of d-glucose (Sigma, USA). Blood glucose levels 
were measured at 0, 30, 60, and 120 min after d-glucose 
administration. To determine whether glucose toler-
ance was observed, the area under the curve (AUC) was 
calculated.

Histological analysis
Mice were anesthetized with isoflurane and transcar-
dially perfused with 4% paraformaldehyde. The dis-
sected pancreas was fixed in 4% paraformaldehyde, 
embedded in paraffin, and cut into 5-µm sections with 
an automatic rotary microtome (Reichert-Jung, Ger-
many). To reduce nonspecific hybridization, sections 
were washed with 1X Tris-buffered saline for 5  min 
followed by blocking buffer for 30 min. Insulin expres-
sion in islets was detected with an anti-insulin anti-
body (1:1000, Santa Cruz Biotechnology Inc., USA) and 
donkey anti-rabbit immunoglobulin G (IgG) secondary 
antibody (1:1000, Abcam, UK). Glucagon expression 
was observed with donkey anti-goat IgG secondary 
antibody (1:2000, Abcam, UK) following the incuba-
tion with anti-glucagon (1:100, Santa Cruz Biotechnol-
ogy Inc., UAS) antibody. Confocal microscopy (LSM 
710, Carl Zeiss, Germany) was performed to capture 
the images. The expression of insulin and glucagon in 
the pancreas was measured using an Image J program 
(NIH, USA) with at least three mice per group.

Homeostatic model assessment‑insulin resistance (IR)
To assess β-cell function and IR, the public homeo-
static model assessment (HOMA) 2 calculator was used 
in this study (https ://www.dtu.ox.ac.uk/homac alcul 
ator/). HOMA-IR was calculated according to the fol-
lowing formula: fasting insulin (μU/L) × fasting glucose 
(nmol/L)/22.5.

https://www.dtu.ox.ac.uk/homacalculator/
https://www.dtu.ox.ac.uk/homacalculator/
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Statistical analyses
Results are expressed as the mean ± standard devia-
tion. The differences between groups were analyzed by 
one-way analysis of variance using the Statistical Pack-
age for the Social Sciences (SPSS) Statistics version 22.0 
(SPSS Inc., USA). Statistical significance was defined at 
P < 0.05.

Results
Fasting blood glucose and glycosylated hemoglobin levels 
of the STZ‑induced male (M‑STZ) group were significantly 
higher than those of the STZ‑induced female (F‑STZ) group
The FBG level of the M-STZ group was significantly 
higher than that of the M-con group throughout the 
experimental period (Fig.  1a). The FBG level of the 
F-STZ group was also significantly higher than that of 
the F-con group during the entire experimental period 
(Fig.  1b). There was no significant difference in the 
FBG levels between the M-con and F-con groups at 
6  weeks after STZ treatment (135.40 ± 9.50  mg/dL and 
125.40 ± 15.81  mg/dL, respectively). The FBG levels of 
the M-STZ and F-STZ groups were 236.20 ± 26.07 mg/dL 
and 157.80 ± 16.60 mg/dL, respectively, at 6 weeks after 
STZ treatment. The FBG levels of the F-STZ group were 
significantly lower than those of the M-STZ group from 
1 to 6 weeks after STZ treatment, indicating that female 

mice are more resistant to STZ toxicity compared to 
male mice.

HbA1C levels in the M-STZ group were significantly 
higher than those in the F-STZ group at 3 and 6 weeks 
after STZ treatment (Fig. 1c). At 6 weeks after STZ treat-
ment, the  HbA1C level of the M-STZ group was signifi-
cantly higher than that of the M-con group (5.32 ± 0.65 
vs. 4.44 ± 0.11%, respectively, P < 0.05). However, the 
 HbA1C level of the F-STZ group was not significantly dif-
ferent from that of the F-con group at 6 weeks after STZ 
treatment (Fig. 1c).

Glucose tolerance in the M‑STZ group is more severe 
than that in the F‑STZ group
To determine whether glucose tolerance was observed, an 
OGTT was performed at 3 and 6 weeks after STZ treat-
ment. At 3 weeks after STZ treatment, FBG levels in the 
M-STZ and F-STZ groups were significantly higher at 30, 
60, and 120 min after glucose injection than those of the 
M-con (P < 0.01) and F-con (P < 0.01) groups, respectively 
(Fig. 2a). The AUC for blood glucose in the M-STZ group 
(1471.50 ± 102.57) was significantly higher than that in 
the F-STZ group (1196.20 ± 52.24, P < 0.01), indicating 
that male mice are more sensitive to STZ treatment than 
female mice. At 6  weeks after STZ treatment, the AUC 
for blood glucose in the M-STZ group (1317.40 ± 175.48) 

Fig. 1 Sex differences in fasting blood glucose and glycosylated hemoglobin  (HbA1C) of streptozotocin (STZ)‑induced diabetes mice. a Fasting 
blood glucose level of the STZ‑induced male (M‑STZ) and male control (M‑con) groups. b Fasting blood glucose of the STZ‑induced female (F‑STZ) 
and female control (F‑con) groups. c  HbA1C in both mice at 3 and 6 weeks after STZ treatment. Blood glucose and  HbA1C levels were higher in the 
M‑STZ group than those in the F‑STZ group, suggesting that male mice are more sensitive to STZ toxicity compared to female mice
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was significantly higher than that in the M-con group 
(541.40 ± 109.22). The AUC of blood glucose in the 
M-STZ group was significantly higher than that in the 
F-STZ group at 6  weeks after STZ treatment (Fig.  2b). 
The plasma insulin levels of the M-STZ and F-STZ 
groups were 0.410 ± 0.03  ng/mL and 0.410 ± 0.1  ng/mL 
at 6 weeks after STZ treatment, respectively. The plasma 
insulin levels after STZ treatment were not significantly 
different compared to each control group.

STZ is more toxic to the pancreatic islets of the M‑STZ 
group compared to those of the F‑STZ group
To verify the morphological changes in pancreatic islets 
after STZ treatment, α- and β-cell masses were deter-
mined using immunohistochemical analysis. In the 
M-con and F-con groups, β cells, which produce insu-
lin, were localized in the entire region of the pancreatic 
islets. The α cells, which produce glucagon, were mainly 
localized in the peripheral region of the pancreatic islets 
(Fig. 3a).

At 6  weeks after STZ treatment, β-cell masses in the 
M-STZ and F-STZ groups were not significantly different 
compared to that in each control group. The β-cell mass 

in the M-STZ group was significantly lower than that 
in the F-STZ group at the same age (Fig. 3b). The α-cell 
mass in the M-STZ group was significantly higher than 
that in the M-con group (Fig.  3c). Thus, the glucagon/
insulin ratio in the M-STZ group was significantly differ-
ent from that in the M-con group (Fig. 3d). The glucagon/
insulin ratio in the M-STZ group was significantly differ-
ent from that of the F-STZ group at 6  weeks after STZ 
treatment (Fig.  3d). Taken together, STZ treatment was 
more toxic in the pancreatic islets in male mice com-
pared to the pancreatic islets in female mice.

The lipid profiles in the F‑STZ group are worse than those 
in the M‑STZ group
The total cholesterol and HDL cholesterol levels sig-
nificantly increased in the F-STZ and F-con groups at 
6 weeks after STZ treatment (Fig. 4a, b). The LDL choles-
terol levels in the M-STZ group were significantly higher 
than those in the M-con group at 3 and 6 weeks after STZ 
treatment. The LDL cholesterol level in the F-STZ group 
was also significantly higher than that in the F-con group 
at 6 weeks after STZ treatment (Fig. 4c). The triglyceride 
level in the F-STZ group was significantly higher than 

Fig. 2 Sex differences in glucose tolerance in streptozotocin (STZ)‑induced diabetes mice. a The area under the curve (AUC) of glucose tolerance at 
3 weeks after STZ treatment. b The AUC of glucose tolerance at 6 weeks after STZ treatment. Glucose tolerance in the STZ‑induced male group was 
more severe than that in the STZ‑induced female group at 3 and 6 weeks after STZ treatment
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Fig. 3 The α‑ and β‑cell masses in the pancreatic islets of the streptozotocin (STZ)‑induced diabetes mice at 6 weeks after STZ treatment. a 
Immunostaining with insulin (red) and glucagon (green) antibodies. b β‑cell mass. c α‑cell mass. d Glucagon/insulin ratio. The glucagon/insulin 
ratio in the STZ‑induced male group was significantly different from that of the STZ‑induced female group, demonstrating that STZ is more toxic in 
the pancreatic islets of male mice compared to those in female mice

Fig. 4 Lipid profiles in streptozotocin (STZ)‑induced diabetes mice at 3 and 6 weeks after STZ treatment. a Total cholesterol. b High‑density 
lipoprotein cholesterol. c Low‑density lipoprotein cholesterol. d Triglyceride. Lipid profiles in the STZ‑induced female group were significantly higher 
than those in the female control group at 6 weeks after STZ treatment
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that in the F-con group at 6 weeks after STZ treatment 
(Fig.  4d). These results show that the lipid profiles of 
female mice by STZ treatment were lower than those of 
male mice.

IR in the M‑STZ group is more severe compared to that in 
the F‑STZ group
To assess β-cell function and IR after STZ treatment, 
HOMA-IR was calculated from fasting glucose and 
insulin concentrations. At 3  weeks after STZ treat-
ment, steady-state β-cell functions (%B) of the M-STZ 
and F-STZ groups were significantly lower than those 
of the M-con and F-con, groups, respectively (Fig.  5a). 
The insulin sensitivities (%S) of the M-STZ and F-STZ 
groups were significantly lower than those of the M-con 
and F-con groups, respectively (Fig.  5b), simultane-
ously. Thus, the HOMA-IR values of the M-STZ and 
F-STZ groups were significantly different from those of 
the M-con and F-con groups, respectively (Fig. 5c). The 
%B, %S, and HOMA-IR in the M-STZ group were signifi-
cantly worse than those in the F-STZ group, indicating 

that male mice are more sensitive to STZ toxicity than 
female mice at 3 weeks after STZ treatment.

At 6 weeks after STZ treatment, the  %B of the M-STZ 
and F-STZ groups were significantly lower than those 
of the M-con and F-con groups, respectively (Fig.  5a). 
The  %S and HOMA-IR values of the M-STZ group were 
significantly lower than those of the M-con group. How-
ever, the %S and HOMA-IR value in the F-STZ group 
were not significantly different from those of the F-con 
group, indicating that IR was not observed in the F-STZ 
group at 6 weeks after STZ treatment (Fig. 5b, c).

Discussion
Diabetes mellitus is a disease with different glucose 
metabolisms according to sex. To elucidate this ques-
tion in mice, the phenotypic differences by sex in STZ-
induced diabetic animals were analyzed. The FBG levels 
in the M-STZ group were higher by 35.9% and 74.5% 
than those in the M-con group at 3 and 6  weeks after 
STZ treatment. The FBG levels in the F-STZ group were 
higher by 10% and 25.8% than those in the F-con group 
at 3 and 6 weeks after STZ treatment. The FBG level in 

Fig. 5 Insulin resistance and β‑cell function in streptozotocin (STZ)‑induced diabetes mice at 3 and 6 weeks after STZ treatment. a Steady‑state 
β‑cell function. b Insulin sensitivity (%S). c Homeostatic model assessment (HOMA)‑insulin resistance (IR). There were no significant differences in 
%S and HOMA‑IR between the STZ‑induced female and female control groups at 6 weeks after STZ treatment
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the M-STZ group was significantly higher than that in 
the F-STZ group during the entire experimental period. 
The  HbA1C level in the M-STZ group was significantly 
higher than that in the M-con group. These results indi-
cate that STZ is more toxic in the pancreatic islets of 
male mice compared to those in female mice. Ariza et al. 
[15] reported that blood glucose levels were higher in 
STZ-treated ICR males than those in STZ-treated ICR 
females until 23  weeks of age. Chandramouli et  al. [12] 
also reported that hyperglycemia and mild diastolic dys-
function were more frequently observed in STZ-treated 
male mice compared to STZ-treated female mice. Taken 
together, the pancreatic islets in male mice are more 
sensitive to STZ compared to those in female mice at all 
ages, indicating that researchers must consider sex-spe-
cific differences when conducting glucose metabolism 
research.

In this study, glucose tolerance was observed in the 
M-STZ and F-STZ groups at 3 and 6  weeks after STZ 
treatment. Furthermore, glucose tolerance in the M-STZ 
group at 3 and 6  weeks after STZ treatment was more 
severe than that in the F-STZ group. In immunohisto-
chemical analyses, the β-cell mass in the M-STZ group 
was significantly lower than that in the F-STZ group at 
6 weeks after STZ treatment. The α-cell mass and gluca-
gon/insulin ratio in the M-STZ group were significantly 
higher than those in the M-con group. Thus, the gluca-
gon/insulin ratio in the M-STZ group was significantly 
different from that of the F-STZ group at 6  weeks after 
STZ treatment. These results suggested that the pancre-
atic islets in the F-STZ group had been restored between 
3 and 6  weeks after STZ treatment. Total cholesterol, 
HDL cholesterol, LDL cholesterol, and triglyceride lev-
els were significantly higher in the F-STZ group com-
pared with those in the F-con group at 6  weeks after 
STZ treatment. Moreover, LDL cholesterol level was sig-
nificantly higher in the F-STZ group compared to that in 
the M-STZ group at 3 and 6 weeks. Carnevale Schianca 
et  al. reported that type 2 diabetic women had worse 
plasma lipid composition compared to men [16]. Thus, 
these results indicate that hyperlipidemia develops dif-
ferently between sexes. Values of HOMA-IR, an indica-
tor of β-cell function and IR, significantly increased in 
the M-STZ and F-STZ groups at 3 weeks after STZ treat-
ment. The HOMA-IR value in the F-STZ group was not 
significantly different from that in the F-con group, indi-
cating that β-cell dysfunction and IR in the F-STZ group 
were restored at 6 weeks after STZ treatment.

Estrogens promote β-cell function by promoting mis-
folded proinsulin degradation in mice [17]. Premenopausal 
women have decreased estradiol levels and 47% increased 
risk of diabetes [18]. Surgical menopause (ovariectomy) 
women are also associated with an increased risk of 

diabetes [10]. Since estrogens might restore β-cell func-
tion in the F-STZ group, the FBG level in the F-STZ group 
was lower than that in the M-STZ group throughout the 
experimental periods. Furthermore, glucose tolerance in 
the F-STZ group was no longer observed at 6 weeks after 
STZ treatment. To confirm this hypothesis, women with 
severe estrogen deficiency (ovariectomy) should be con-
sidered when conducting a study, and the results should 
also be compared with women having normal estrogen 
concentration.

Androgen is an endogenous steroid hormone that devel-
ops and maintains male characteristics. Androgen is mainly 
synthesized in the testes, adrenal glands, and ovaries in 
women. Men are diagnosed with type 2 diabetes as a result 
of low testosterone levels [19]. Prostate cancer patients 
treated with androgen deprivation therapy (very low tes-
tosterone level) have increased diabetic risk and show 
hyperglycemia via decreased β-cell function [20, 21]. Taken 
together, androgens have critical roles in glucose metabo-
lism, obesity, and type 2 diabetes in men. To determine the 
roles of androgens in STZ-induced diabetic males, it is nec-
essary to compare the experimental results between severe 
androgen deficiency (castration) and normal males.
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