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Objectives. The onset of puberty in humans is followed by an increase in insulin resistance and 
this transient phenomenon decreases at the end of the puberty. However, the insulin resistance 
during puberty has not been described in mice. Thus, in the present study we performed a tem-
poral characterization of the development of insulin resistance during puberty in male and female 
C57BL/6 mice.

Methods. From the fourth week of life male (n=18) and female (n=32) C57BL/6 wild-type mice 
were weekly subjected to insulin tolerance tests until the seventh week of life. Blood glucose levels 
were determined using a glucose meter through samples collected from the tail tip. Vaginal open-
ing was assessed daily in female mice. Preputial separation was determined in a subgroup of males.

Results. We observed a transient increase in the area under the curve of the insulin tolerance 
tests and in basal glycemia in female mice at the time of vaginal opening (between the fourth and 
fifth week of life) compared with previous and subsequent weeks of pubertal development. In con-
trast, male mice show no changes in insulin sensitivity during puberty.

Conclusions. Our findings demonstrate that the insulin resistance at puberty can also be ob-
served in female mice and this peak occurs at the time of vaginal opening. Our temporal character-
ization can be used as a reference for future studies that aim to study glucose homeostasis during 
puberty in rodents.

Key words: insulin resistance, puberty, mice

Corresponding author: Jose Donato Jr., PhD., Av. Prof. Lineu Prestes, 1524, Sao Paulo, SP, Brazil, 05508-000; phone: +55-11-3091-
0929; fax: +55-11-3091-7285; e-mail: jdonato@icb.usp.br. *These authors contributed equally to this study as co-first authors.

Puberty is characterized by numerous physiolog-
ical, physical, metabolic, and endocrine changes that 
ultimately lead to the development of reproductive 
capacity. During the transition from prepubertal 
stages to adulthood, there are temporary increases 
in the secretion of sexual steroids, growth hormone 
(GH), and insulin-like growth factor-1 (IGF-1). These 
endocrine changes not only induce the physical 
and reproductive alterations typical of this devel-
opment stage, but they also cause metabolic conse-
quences (Veldhuis et al. 2006). Noteworthy, classical 
studies reported a transient insulin resistance during 
puberty, causing poor glycemic control in both 

diabetic and normal adolescents (Amiel et al. 1986; 
Bloch et al. 1987; Moran et al. 1999). Increased GH 
levels are known to cause insulin resistance (Rizza 
et al. 1982). IGF-1 levels, which change according to 
GH secretion, are correlated with insulin resistance 
during puberty, indicating that GH/IGF-1 axis is 
an important contributor of the insulin resistance 
observed during puberty (Moran et al. 2002).

Although the insulin resistance during puberty 
has been well-documented in humans (Amiel et al. 
1986; Bloch et al. 1987; Moran et al. 1999, 2002), to 
our best knowledge this phenomenon has not been 
described in experimental animals. Considering the 
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importance of studies with rodents for the detailed 
understanding of physiological mechanisms, it is 
imperative to determine whether changes in glucose 
homeostasis during puberty occur in a similar way to 
humans. Therefore, the objective of the present study 
was to perform a temporal characterization of the 
development of insulin resistance during puberty in 
male and female C57BL/6 mice.

Material and methods

Animals. C57BL/6 wild-type mice were produced 
and maintained in standard conditions of light (12 h 
light/dark cycle) and temperature (22±1 °C). Mice 
received a regular rodent chow diet and filtered 
water ad libitum, unless specified. The experiments 
were previously approved by the Ethics Committee 
on the Use of Animals of the Institute of Biomedical 
Sciences, University of São Paulo (protocol number: 
73/2017).

Experimental design. Mice were weaned at 3 
weeks of age, separated according to sex and main-
tained in cages with 2 or 3 animals. From the fourth 
week of life, males (n=18) and females (n=32) were 
weekly subjected to insulin tolerance tests (ITT), until 
the seventh week of life. Food was removed from cage 
4 hours before each test and after evaluation of the 
basal glucose level (time 0), mice received an intra-
peritoneal injection of 1 IU insulin/kg body weight, 
followed by serial determinations of glycemia. Blood 
glucose levels were determined using a glucose meter 
(One Touch Ultra; Johnson & Johnson) through 
samples collected from the tail tip. Vaginal opening 
(VO) was assessed daily in female mice. Preputial 
separation (PS) was determined in a subgroup of 
males (n=9).

Statistical analysis. The GraphPad Prism software 
(GraphPad, San Diego, CA) was used for the analyses. 
The area under the curve was calculated for each ITT 
and the differences in insulin sensitivity and basal 
glycemia between the weeks of life were determined 
by one-way ANOVA and Newman-Keuls post-hoc 
test. Data were expressed as mean ± standard error 
of the mean.

Results

Female mice display increased insulin resis-
tance at the time of vaginal opening. To perform 
a temporal characterization of the development of 
insulin resistance during puberty, ITT were weekly 
performed in mice at prepubertal and pubertal ages 
(Figure 1). In female mice, VO was used as an indi-

cator of the onset of puberty (Nelson et al. 1990; 
Bohlen et al. 2016). Females presented vaginal 
opening around the fourth and fifth weeks of life 
(4.8±0.1 weeks). To standardize the sexual matura-
tion stage, the ITT values at the time of VO (±2 days) 
were compared with the previous and subsequent 
weeks of pubertal development. A statistically signifi-
cant increase in the area under the curve of the ITT 
was observed at the time of VO, compared to other 
weeks (F(4, 111)=4.297, p=0.0029; Figures 1A–B). Addi-
tionally, females showed increased basal glycemia at 
the time of VO (F(4, 112)=4.41, p=0.0024; Figure 1C). 
These findings suggest that female mice display a 
transient insulin resistance at the time of VO.

Male mice show no changes in insulin sensi-
tivity during puberty. PS was used as an indicator of 
sexual maturation in a subgroup of males (n=9). PS 
was observed around the fourth week of life (4.2±0.2 
weeks). However, differently than females, no differ-
ence in the area under the curve of the ITT was 
observed along puberty in male mice (F(4, 29)=0.1594, 
p=0.9571; Figures 1D–E). No changes in basal 
glycemia were also found (F(4, 30)=0.4145, p=0.7968; 
Figure 1F). When the data of all males (n=18) were 
analyzed together according to the age, no changes 
in insulin sensitivity (F(3, 58)=0.4114, p=0.7454; 
Figures  1G–H) or basal glycemia (F(3, 58)=1.249, 
p=0.3004; Figure 1I) were observed.

Discussion

Prepubertal children are approximately 30% 
more sensitive to insulin compared to individuals 
at puberty (Bloch et al. 1987; Amiel et al. 1986). 
Insulin resistance increases immediately at the onset 
of puberty (Tanner stage T2), but decreases to near 
prepubertal levels at Tanner stage T5 (Moran et al. 
1999). In the present study, we demonstrated the 
existence of a peak of insulin resistance at the time 
of vaginal opening in C57BL/6 female mice, which 
depending on the animal occurred between the 
fourth and fifth weeks of life. Thus, like in humans, 
mice also develop this transient insulin resistance 
during puberty. There are several indicators of sexual 
maturation frequently used in female mice, including 
vaginal opening, first estrous, and regular estrous 
cyclicity (Nelson et al. 1990; Bohlen et al. 2016). 
Since vaginal opening is the first well-characterized 
temporal marker of pubertal development in female 
rodents, the insulin resistance in female mice peaks 
at the beginning of the puberty.

In contrast to females, no insulin resistance during 
puberty was identified in male mice. Several possibil-
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ities can explain this sex difference. Previous studies 
have shown that girls are more insulin resistant than 
boys at all Tanner stages (Moran et al. 1999). To our 
best knowledge, there is no information in rodents 
about a possible sex dimorphism in the insulin resis-
tance during puberty. However, when the area under 
the curve is compared between females and males 
at the time of VO and PS, respectively, female mice 
showed values 7% higher than males, although this 
difference does not reach statistical significance 
(p=0.1365). It is possible that the method used in our 
study to evaluate the insulin sensitivity may not be 
sensitive enough to detect variations in the pubertal 
male mice insulin resistance. Instead of performing 

ITT, glucose tolerance could been evaluated. However, 
insulin resistance during puberty can be compensated 
by increases in glucose-stimulated insulin secretion, 
as previously shown in humans (Bloch et al. 1987; 
Hannon et al. 2006). Thus, glucose tolerance tests 
were probably unable to detect pubertal changes in 
the insulin resistance. The gold-standard method to 
measure insulin sensitivity is the hyperinsulinemic-
euglycemic clamp (Furigo et al. 2019). However, this 
method is extremely challenging in very young mice 
and it would not allow the same animal to be tested 
at various moments during puberty. Another possi-
bility how to explain the sex difference in the insulin 
resistance is that the timing of sexual maturation in 

Figure 1. Female mice, but not males, display a transient insulin resistance during puberty. (A) Blood glucose levels during the in-
sulin tolerance tests (ITT) in female mice (n=32). (B) Area under the curve (AUC) of the ITT in female mice. (C) Basal glycemia in 
female mice. (D) Blood glucose levels during the ITT in male mice (n=9) according to the sexual maturation stage. (E) AUC of the 
ITT in male mice. (F) Basal glycemia in male mice. (G) Blood glucose levels during the ITT in male mice (n=18) according to the 
age. (H) AUC of the ITT in male mice. (I) Basal glycemia in male mice. *p<0.05, **p<0.01, ***p<0.001. Abbreviations: PS – preputial 
separation; VO – vaginal opening. 
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male mice may be less defined than in females. Thus, 
the potential development of insulin resistance may 
not been able to be detected in a specific time point 
in males.

In summary, our findings demonstrate that the 
insulin resistance at puberty can also be observed in 
female mice. Thus, our temporal characterization can 
be used as an important reference for future studies 
that aim to study glucose homeostasis during puberty 
in rodents. A better understanding of the mechanisms 
related to transient insulin resistance can help in the 
study of the pathophysiology of diabetes mellitus, 

as well as contribute to the treatment of endocrine 
disorders that affect children and adolescents.
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