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Abstract. A positive effect of estradiol on insulin sensitivity has been shown for females and males. Insulin sensitivity 
is higher in females than in males, and males show a greater tendency to develop metabolic disorders. It is believed 
that these sex differences are due to a protective effect of estradiol in females, but not in males. Estradiol is a steroid 
hormone, and its effect is due to the modulation of target gene expression, but the effect of estradiol on the expres-
sion of genes encoding insulin signal transduction and glucose transport has not been sufficiently studied. The aim 
of the study was to compare the molecular mechanisms of the estradiol influence on insulin sensitivity in mice of 
both sexes. The effect of gonadectomy and estradiol (1 μg/animal, three days) on the expression of insulin signaling 
cascade genes in muscle, adipose tissue, and liver, as well as on the expression of Fgf21, estradiol receptors (Esr1/2), 
and transcription factor Stat3 in the liver in female and male mice was investigated. Estradiol levels were lower and 
glucose blood levels and insulin resistance were higher in Sham operated (Sham) males compared to Sham females. 
Irs2, Pik3cd, and Esr1/2 mRNA levels were lower in the liver of Sham males than in Sham females. In females, gonad-
ectomy reduced the level of estradiol in the blood, increased insulin resistance and blood glucose levels compared 
to Sham females. Administration of estradiol to gonadectomized females decreased blood insulin levels and insulin 
resistance. In males, gonadectomy, on the contrary, increased the blood estradiol level, decreased blood insulin level 
and insulin resistance. Estradiol did not affect the parameters studied in males. The development of insulin resistance 
in gonadectomized females was associated with a decreased expression of the Irs2 gene in the liver. Increased insulin 
sensitivity in gonadectomized males was associated with increased levels of Irs2 and Pik3cd mRNA in the liver. It can be 
assumed that increasing the level of estradiol in the blood activates the expression of the Irs2 gene in the liver regard-
less of animal sex. Also, estradiol seems to regulate the transport of glucose in adipose tissue regardless of animal sex: 
in females and males, an increase in the blood estradiol level was associated with a decrease in the expression of the 
Slc2a4 gene in adipose tissue. Thus, the effects of estradiol on the expression of insulin cascade genes do not seem to 
depend on animal sex, but have tissue specificity. Since the molecular mechanism of estradiol influence on the expres-
sion of insulin cascade genes in females and males is the same, the cause of sexual differences in insulin sensitivity and 
the rate of development of metabolic disorders may be a decrease in the level of estradiol in the blood, as well as a 
decrease in the expression of estradiol receptors in the liver in males compared to females.
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Аннотация. В настоящее время показано положительное влияние эстрадиола на чувствительность к инсулину 
на уровне целого организма у самок и самцов мышей. При этом чувствительность к инсулину в целом у са-
мок выше, чем у самцов, и самцы демонстрируют большую склонность к развитию метаболических нарушений. 
Предполагают, что данные половые различия объясняются протективным действием эстрадиола у самок, но 
не у самцов. Эстрадиол является стероидным гормоном, и его действие обусловлено модуляцией экспрессии 
генов-мишеней, однако влияние эстрадиола на экспрессию генов, кодирующих трансдукцию сигнала инсулина 
и транспорт глюкозы в клетку, изучено недостаточно. Целью работы было сравнительное исследование моле-
кулярных механизмов влияния эстрадиола на чувствительность к инсулину у мышей обоих полов. Исследовано 
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влияние гонадэктомии и эстрадиола (1 мкг/животное, три дня) на экспрессию генов сигнального каскада инсу-
лина в мышцах, жировой ткани и печени, а также на экспрессию Fgf21, рецепторов эстрадиола (Esr1/2) и транс-
крипционного фактора Stat3 в печени у самок и самцов мышей. Ложно оперированные (ЛО) самцы отличались 
от ЛО самок сниженным уровнем эстрадиола, повышенным уровнем глюкозы и большей резистентностью к 
инсулину. В печени у ЛО самцов уровни мРНК Irs2, Pik3cd и Esr1/2 были ниже, чем у ЛО самок. У самок гонадэк-
томия снижала уровень эстрадиола в крови, повышала резистентность к инсулину и уровень глюкозы в крови 
по сравнению с ЛО самками. Введение эстрадиола гонадэктомированным самкам снижало уровень инсулина в 
крови и резистентность к инсулину. У самцов гонадэктомия, наоборот, повышала уровень эстрадиола в крови, 
снижала резистентность к инсулину и уровень инсулина в крови. Введение эстрадиола гонадэктомированным 
самцам не оказывало влияния на исследованные показатели. Развитие инсулинорезистентности у гонадэкто-
мированных самок было ассоциировано со снижением экспрессии гена Irs2 в печени, а повышение чувстви-
тельности к инсулину у гонадэктомированных самцов – с увеличением уровней мРНК Irs2 и Pik3cd в печени. 
Можно предположить, что повышение уровня эстрадиола в крови активирует экспрессию гена Irs2 в печени не-
зависимо от пола животного. Также независимо от пола животного эстрадиол, по-видимому, регулирует транс-
порт глюкозы в жировой ткани: у самок и самцов повышение уровня эстрадиола в крови было ассоциировано 
со снижением экспрессии гена Slc2a4 в жировой ткани. Таким образом, эффекты эстрадиола на экспрессию ге-
нов инсулинового каскада, по-видимому, не зависят от пола животного, но имеют тканевую специфичность. 
Поскольку молекулярный механизм влияния эстрадиола на экспрессию генов инсулинового каскада у самок 
и самцов не различается, причиной половых различий в чувствительности к инсулину и скорости развития 
метаболических нарушений может быть сниженный, по сравнению с самками, уровень эстрадиола в крови и 
сниженная экспрессия рецепторов эстрадиола в печени.
Ключевые слова: гонадэктомия; эстрадиол; тестостерон; чувствительность к инсулину; экспрессия генов; мыши 
линии C57BL/6J.

introduction
Current data suggest that there is a close relationship between 
estrogens and insulin sensitivity: estradiol increases the uptake 
of glucose in muscle, suppresses hepatic glucose production, 
lowers blood glucose levels and increases glucose tolerance 
in ovariectomized females of mice and rats, in intact female 
mice with severe genetic or diet-induced obesity, in male mice 
and in men (Faustini-Fustini et al., 1999; Bryzgalova et al., 
2008; Saengsirisuwan et al., 2009; Zhu et al., 2014). 

Molecular mechanisms of the estradiol effect on insulin 
sensitivity are being actively studied. It has already been 
shown that they are due to its effect on the phosphorylation 
of insulin receptor substrates (IRS1 and 2), as well as its ef-
fect on the glucose transporter 4 (GLUT4) level and GLUT4 
translocation into the cell membrane (González et al., 2001; 
Saengsirisuwan et al., 2009; Gorres et al., 2011; Muthusamy 
et al., 2011; Narasimhan et al., 2013). 

The effects of estradiol as a steroid hormone are related to 
its effect on gene expression. Currently, the effect of estradiol 
on the expression of the glucose transporter 4 gene (Slc2a4 ) 
in females and males and on the expression of the insulin 
receptor gene (Insr) in males has been studied. Ovariectomy 
has been shown to increase Slc2a4 expression in adipose tis-
sue in female mice and estradiol administration to reduce it 
(Iakovleva et al., 2014). Gonadectomy reduces the expression 
of Insr in the liver, muscle and adipose tissue, and reduces 
the expression of Slc2a4 in muscle and adipose tissue, but 
exogenous estradiol does not affect the expressions in male 
rats (Muthusamy et al., 2009, 2011). The results of in vitro 
experiments performed on cell cultures (CHO, HepG2) sug-
gest that estradiol does not participate in the regulation of Insr 
expression and activates the gene expression of the insulin 
receptor substrate 1 and 2 (Irs1/2) in the liver (Xie et al., 2003; 
Panno et al., 2006; Parthasarathy et al., 2009).

The estradiol effect on the expression of insulin cascade 
genes may be mediated by other factors. For example, the 

effect of estradiol on insulin sensitivity in mice with genetic 
obesity (ob/ob mice ) is due to activation of liver expression 
of the transcription factor STAT3 (Gao et al., 2006). Fibroblast 
growth factor 21 (FGF21) increases liver insulin sensitivity 
(Gong et al., 2016) and may also mediate the effect of estradiol 
on metabolism, because activation of the estradiol receptor 
alpha increases the liver expression of Fg f 21 in female mice 
(Allard et al., 2019).

Estrogens are known to be synthesized in the ovaries, 
testicles and adrenal glands, as well as in peripheral tissues 
from androgen precursors under the influence of an aroma-
tase enzyme complex, so the blood estradiol level of male 
mice is comparable to that of females. However, males show 
a greater tendency to develop metabolic disorders and reduced 
insulin sensitivity when consuming high-fat food. In mice, 
high-fat diet reduces hepatic insulin sensitivity and induces 
fasting hyperglycemia in males, unlike females (Akoum et al., 
2011). It is assumed that gender-related differences in insulin 
sensitivity and in the development rate of metabolic disorders 
are due to the fact that in females, unlike males, estradiol has 
a protective effect and increases insulin sensitivity. However, 
the molecular mechanisms of the estradiol effect on insulin 
sensitivity in males remain poorly understood.

The aim of the work was to perform a comparative study of 
the molecular mechanisms of the estradiol influence on insulin 
sensitivity in mice of both sexes. The effects of gonadectomy 
and exogenous estradiol on the expression of insulin signaling 
cascade genes in muscle, adipose tissue, and liver, as well as 
on the liver expression of Fg f 21, estradiol receptors of type 
alpha and beta (Esr1/2), and transcription factor Stat3 in 
female and male mice were studied. 

Materials and methods
Animals. C57BL/6J mice were kept in the vivarium of the 
Institute of Cytology and Genetics. The mice were housed 
under a 12:12-h light-dark regime at an ambient tempera-



Влияние эстрадиола  
на инсулиновый сигналинг

Т.В. Яковлева, Н.Е. Костина 
Е.Н. Макарова, Н.М. Бажан

2020
24 • 4

429ФиЗиОлОГичеСкАя ГенетикА / PhySioloGiCal GEnEtiCS

Table 1. Taqman gene expression assays (Applied Biosystems ) for mice used in the work

Name Symbol Catalogue No.

Insulin receptor Insr Mm01211875_m1

Insulin receptor substrate type 1 Irs1 Mm01278327_m1

Insulin receptor substrate type 2 Irs2 Mm03038438_m1

Catalytic subunit delta of phosphatidylinositol-3-kinase Pik3cd Mm00435674_m1

Glucose transporter 4 Slc2a4 Mm01245502_m1

Beta-actin Actb Mm006007938_s1

Estradiol receptor alpha Esr1 Mm00433149_m1

Estradiol receptor beta Esr2 Mm00599821_m1

Signal of transduction and activation of transcription 3 Stat3 Mm01219775_m1

Fibroblast growth factor 21 Fgf21 Mm00840165_g1

ture of 22 °C. The mice were provided ad libitum access 
to commercial mouse chow (Assortiment Agro, Turakovo 
Village, Moscow oblast, Russia) and water. All experiments 
were performed according to the European Convention for 
the Protection of Vertebrate Animals used for Experimental 
and other Scientific Purposes (Council of Europe No. 123, 
Strasbourg 1985) and Russian national instructions for the 
care and use of laboratory animals. The protocols were ap-
proved by the Independent Ethics Committee of the Institute 
of Cytology and Genetics, Siberian Branch of the Russian 
Academy of Sciences.

Experiment. At the age of 10 weeks, females and males 
were gonadectomized and housed individually. Three weeks 
after the operation, three experimental groups were formed 
for each sex: sham surgery animals that received oral ad-
ministration of oil (SHAM) and served as controls, gonad-
ectomized animals that received an oil administration (GE) 
or 17β-estradiol administration (Е2). Animals received an 
oral administration of β-estradiol (Sigma-Aldrich) at a dose 
of 1 µg/animal or a solvent (vegetable oil, 100 µl) for three 
days at 09:00. A day after the last administration, the animals 
were decapitated after a night of fasting (18:00–09:00). Blood 
and tissue samples (liver, muscle, visceral fat) were collected. 
Blood was collected in tubes with 5 µl of EDTA and centri-
fuged (4000 g, 20 minutes), and blood plasma was stored at 
–70 °C. Tissue samples were stored in liquid nitrogen until 
RNA and protein were isolated. After determining the fast-
ing plasma levels of glucose and insulin, the physiological 
index of insulin resistance (HOMA-IR) was calculated using 
the formula [plasma glucose level (mmol/l) × plasma insulin 
level (ng/ml)]/22.5. 

The reaction of reverse transcription and real-time 
PCR. The total RNA was isolated using the ExtraRNA re-
agent (Eurogen Lab, Moscow, Russia) in accordance with the 
manufacturer’s instructions. First-strand cDNA was synthe-
sized with Moloney murine leukemia virus (MMLV) reverse 
transcriptase buffer (SibEnzyme, Novosibirsk, Russia) and 
oligo (dT) (Evrogen, Moscow, Russia) as a primer. Applied 

Biosystems TaqMan gene expression assays (Table 1) with 
β-actin as endogenous control and 2.5× reaction mixture for 
qPCR in the presence of Rox reference dye (Syntol, Moscow, 
Russia). Real-time PCR was performed using Applied Bio-
systems ViiA™ 7 Real-Time PCR System, using the standard 
protocol according to the manufacturer’s instructions (Ap-
plied Biosystems). Relative quantitation was performed by 
the comparative CT method, where CT is the threshold cycle.

Western blot analysis of protein levels. Samples of liver, 
muscle and adipose tissue were homogenized. Protein extrac-
tion was performed in a lysing buffer (Tris-Triton buffer). The 
protein concentration in the samples was evaluated using the 
Bradford method using NanoDrop2000 (ThermoScientific). 
Protein separation by molecular weight was performed using 
gel electrophoresis in 10 % polyacrylamide gel in Tris-glycine 
buffer (25 mm Tris, 250 mm Glycine, 0.1 % SDS). Electric 
transfer of proteins to a 0.45 micron nitrocellulose membrane 
was performed using the Trans-Blot system (Bio-Rad, USA). 
The membranes were blocked with 5 % milk (milk powder, 
PanReac AppliChem). Primary polyclonal rabbit antibodies 
were used (Santa Cruz Biotechnology, USA, breeding 1:2000): 
insulin Rα antibody (sc-710) and GLUT4 antibody (sc-7938). 
After washing with a phosphate-salt buffer (0.1 % Tween-20), 
the membranes were incubated for 1 hour at room temperature 
with secondary goat antibodies conjugated with horseradish 
peroxidase (1:5000 dilution) (sc-2004, At/goat anti-rabbit 
IgG-HRP, HRP-conjugated, Santa Cruz Biotechnology, 
USA). Detection of the structural protein beta-actin (1:5000 
dilution) (sc-130656, Santa Cruz Biotechnology, USA) was 
performed on the same membrane. At the end of immunoblot-
ting, the membrane was washed and incubated for 1 minute 
in a substrate mixture (10 ml 100 mm Tris-Hcl pH 8.5; 50 µl 
250 mM luminol; 22 µl 90 mM coumaric acid; 3 µl 33 % 
H2O2), after which chemiluminescence was visualized on 
the ChemiDocTM XRS device (Bio-Rad, USA). The results 
were analyzed using the Image Studio Lite Ver 5.2 program. 
The signal of the test protein in the sample was related to 
the beta actin signal in the same sample. The level of protein 
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Table 3. Plasma insulin levels, blood glucose levels, and HOMA-IR in C57BL females and males

Sex Experimental group  
(number of animals in the group)

Glucose, blood,
mmol/l

Insulin, plasma,
ng/ml

HOMA-IR

Females SHAM (9) 6.1 ± 0.3 0.70 ± 0.14 0.18 ± 0.03

GE (12) 7.9 ± 0.4** 1.12 ± 0.24 0.41 ± 0.10*

E2 (10) 6.9 ± 0.5 0.43 ± 0.07# 0.13 ± 0.02#

MANOVA p < 0.05 p < 0.05 p < 0.05

Males SHAM (8) 7.7 ± 0.4$$ 1.28 ± 0.31 0.47 ± 0.13$

GE (10) 6.8 ± 0.4 0.51 ± 0.11 0.14 ± 0.02

E2 (11) 7.0 ± 0.4 1.25 ± 0.41 0.40 ± 0.14

$ p < 0.05, $$ p < 0.01 compared to SHAM females, t-test; * p < 0.05, ** p < 0.01 compared to SHAM animals of the same sex; # p < 0.05 compared to GE animals 
of the same sex, post hoc Newman–Keuls test.

Table 2. Body weight and plasma levels of sex hormones in female and male C57BL mice

Sex Experimental group  
(number of animals in the group)

Body weight, g Estradiol, plasma,
pg/ml

Testosterone, plasma,
ng/ml

Females SHAM (9) 20.3 ± 0.5 151 ± 15 0.24 ± 0.03

GE (12) 23.3 ± 1.2 122 ± 6 0.11 ± 0.06

E2 (10) 21.8 ± 0.5 127 ± 4 0.15 ± 0.04

MANOVA p < 0.05

Males SHAM (8) 25.4 ± 0.4$$$ 94 ± 12$$ 2.80 ± 0.9$$

GE (10) 24.6 ± 0.4 133 ± 10 0.16 ± 0.05*

E2 (11) 25.1 ± 0.5 128 ± 12 0.12 ± 0.03*

MANOVA p < 0.05 p < 0.01

$$ p < 0.01, $$$ p < 0.001 compared to SHAM females, t-test; * p < 0.05 compared to SHAM animals of the same sex, post hoc Newman–Keuls test.

expression in a sample is the ratio of the normalized signal in 
this sample to the normalized signal in the reference sample. 

Determination of blood biochemical parameters. Blood 
glucose concentration was determined using the OneTouch 
Select glucometer (Lifescan, Johnson and Johnson, USA). 
Concentrations of estradiol, testosterone, and insulin in blood 
plasma were determined by the ELISA method using com-
mercial kits (Mouse Estradiol (E2) ELISA Kit (MyBioSource, 
USA), Testosterone rat/mouse ELISA (Demeditec Diagnostics 
GmbH, Germany) and Rat/Mouse Insulin ELISA Kit (Mil-
lipore, USA)) according to manufacturers’ instructions.

Statistical analysis. The results are presented as means ± SE 
from the indicated number of mice. The effect of gonadectomy 
and exogenous estradiol on the studied parameters in females 
and males was determined using a single-factor MANOVA 
variance analysis (gradations of the factor “experimental 
group”: SHAM, GE, E2) with multiple comparisons using 
the post hoc Newman–Keuls test. MANOVA with gradations 
of the factor “experimental group” SHAM and GE was used 
to analyze the effect of gonadectomy on the plasma estradiol 
level, since blood samples were taken a day after the last injec-

tion of the hormone, and the level of estradiol in the blood of 
animals E2 could not reflect the actual level of the hormone in 
the blood after injection. To compare the parameters of SHAM 
females and SHAM males, a t-test was used. Significance was 
determined as p < 0.05. 

results

Blood levels of sex hormones, glucose, and insulin
Sex effects (SHAM mice). In females, the estradiol level was 
significantly higher, and the testosterone level was signifi-
cantly lower than in males (Table 2). Females had a higher 
sensitivity to insulin than males: the insulin level of females 
and males did not differ significantly, while the glucose level 
and the index of insulin resistance (HOMA-IR) in females 
was significantly lower than in males (Table 3).

Effect of gonadectomy and exogenous estradiol. In 
females, gonadectomy reduced the plasma estradiol level 
(MANOVA, p < 0.05). A significant influence of the “experi-
mental group” on the insulin sensitivity in females was shown: 
the index of insulin resistance, glucose and insulin levels in GE 
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Fig. 1. Effect of gonadectomy and exogenous estradiol (1 μg/animal, 3 days) on mRNA levels of Insr, Irs1, Irs2, Pik3cd and the level of INSR protein in the 
liver in SHAM, GE and GE + E2 female and male mice.

Here and in the Fig. 2–4:  $ p < 0.05 compared to females; * p < 0.05 compared to SHAM animals of the same sex; # compared to GE animals of the same sex. 
MANOVA, p < 0.05 or p < 0.01 – the influence of the “experimental group” factor is statistically significant.
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Fig. 2. Effect of gonadectomy and exogenous estradiol (1 μg/animal, 3 days) on the mRNA levels of estradiol receptors (Esr1 and Esr2), Fgf21 and Stat3 
in the liver in SHAM, GE and GE + E2 female and male mice.

females were higher than in SHAM females, and exogenous 
estradiol normalized these indicators.

In males, gonadectomy reduced the plasma testosterone le-
vel (MANOVA, p < 0.01). On the contrary, the plasma estra-
diol level in GE males was higher than that of SHAM males 
(MANOVA, p < 0.05). Gonadectomy and estradiol did not 
affect blood glucose and insulin levels and the index of insulin 
resistance in males. 

Expression of insulin cascade components in the liver
Sex effects (SHAM mice). The expression of Irs2, Pik3cd, 
Esr1, and Esr2 in females differed from that in males: the 
mRNA level of these genes was significantly higher in females 
than in males. The expression of Insr, Irs1, Fg f 21, and Stat3 
and the level of the INSR protein were not significantly dif-
ferent in females and males (Fig. 1 and 2). 

Effect of gonadectomy and exogenous estradiol. In fe-
males, gonadectomy decreased, while exogenous estradiol 
increased, although not normalized, the Irs2 mRNA level in 
the liver (MANOVA, p < 0.01).

In males, exogenous estradiol did not affect the expression 
of the studied genes, while gonadectomy increased hepatic 
expression of Irs2 and Esr1 (MANOVA, p < 0.05 in both 
cases): the mRNA levels of these genes in GE and E2 males 
were higher than in SHAM males. The level of Pik3cd mRNA 
in the liver of GE and E2 males was also higher than in 
SHAM males, but the differences did not reach the level of 

significance (MANOVA, p = 0.07). The level of Esr1 mRNA 
in males was positively correlated (  p < 0.05) with the level 
of Irs2 mRNA (r = 0.74).

Gonadectomy and estradiol did not significantly affect the 
Esr1/Esr2 ratio in the liver in females and males. 

Expression of components of the insulin cascade  
in muscle and adipose tissues
Sex effects (SHAM mice). The expression of insulin cascade 
genes and proteins in muscle and adipose tissue did not differ 
in SHAM females and SHAM males (Fig. 3 and 4).

Effect of gonadectomy and exogenous estradiol. In fe-
males, gonadectomy and estradiol did not affect the expression 
of the studied parameters of the insulin cascade in muscle tis-
sue. In GE males, the Insr mRNA level in muscle was higher 
than in SHAM males, and the INSR protein level was lower 
in GE and E2 males, compared to SHAM males. In females, 
gonadectomy increased and exogenous estradiol normalized 
Slc2a4 expression in adipose tissue (MANOVA, p < 0.05). 
In GE and E2 males, Slc2a4 expression in adipose tissue was 
lower than in SHAM males.

Discussion
One approach to study the effect of estradiol on the expression 
of genes involved in insulin signal transduction is comparison 
of females and males. Insulin sensitivity at the whole body 
level (blood glucose level, insulin resistance index), as well 
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Fig. 3. Effect of gonadectomy and exogenous estradiol (1 μg/animal, 3 days) on the mRNA levels of Insr, Irs1, Pik3cd, Slc2a4 and the level of INSR and 
GLUT4 proteins in skeletal muscles in SHAM, GE and GE + E2 female and male mice.

Fig. 4. Effect of gonadectomy and exogenous estradiol (1 μg/animal, 3 days) on the mRNA levels of Insr, Irs1, Pik3cd, Slc2a4 and the level of INSR and 
GLUT4 proteins in visceral adipose tissue in SHAM, GE and GE + E2 female and male mice.
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as hepatic expression of insulin signal transduction genes 
(Irs2 and Pik3cd ) in SHAM females was higher than that in 
SHAM males, which coincides with data obtained on intact 
animals (Parks et al., 2015; Torre et al., 2017; Yakovleva et 
al., 2017). It was shown for the first time that SHAM females 
differed from SHAM males not only in increased blood es-
tradiol levels, but also in increased expression of both types 
of estradiol receptors in the liver, which can be one of the 
causes of sex differences in effects of estradiol on insulin 
sensitivity in the liver.

To study the effects of estradiol on the expression of in-
sulin cascade genes, in addition to comparing parameters in 
females and males, we used a model of gonadectomy with 
subsequent administration of estradiol. We assumed that 
gonadectomy would lead to a decrease in the blood estradiol 
level in females as a result of elimination of the main source 
of hormone production, and in males – as a result of a decrease 
in the level of testosterone, as a precursor of estradiol synthe-
sis. However, in males, the level of the hormone in the blood 
after gonadectomy increased. This result may be due to the 
activation of hormone production by the adrenal glands. As 
a result, gonadectomy eliminated differences in the level of 
sex steroids between females and males: the blood estradiol 
and testosterone levels did not differ in the gonadectomized fe-
males and males. However, in females, gonadectomy induced 
the development of insulin resistance, and exogenous estradiol 
normalized insulin sensitivity, while in males, gonadectomy 
and estradiol did not have a significant effect on the studied 
parameters of insulin sensitivity (blood glucose and insulin 
levels, HOMA-IR). The results of the effect of ovariectomy 
and exogenous estradiol on blood glucose and insulin levels 

and the index of insulin resistance in females correspond to 
existing data (Rogers et al., 2009; Oh et al., 2011). Effects 
of gonadectomy on HOMA- IR in males, as shown by Parks 
and co-authors (Parks et al., 2015), depends on the animal’s 
genotype, and in C57BL/6J males, it decreases 10 weeks after 
gonadectomy. In this study, the HOMA-IR index in GE males 
did not differ significantly, but was 3.4 times lower than in 
SHAM males. The absence of a significant effect of gonadec-
tomy on insulin sensitivity in males may be due to the shorter 
duration of the experiment.

In GE females, decreased insulin sensitivity was associ-
ated with decreased hepatic expression of Irs2 and Esr2 and 
increased expression of Slc2a4 in adipose tissue. Exogenous 
estradiol, in contrast, reduced Slc2a4 expression in adipose 
tissue and increased Irs2 expression in the liver. The effect 
of gonadectomy on hepatic Irs2 expression is well consistent 
with the observed sexual differences: Irs2 expression in fe-
males was higher than in males. The effects of estradiol on the 
hepatic expression of Irs1 and Irs2 in female mice are known 
to mediate estradiol type alpha (ERα) receptors (Panno et 
al., 2006). Estradiol beta-type receptors (ERβ) are thought to 
inhibit the estradiol effects mediated by ERα (Lindberg et al., 
2003). According to the obtained data, ovariectomy did not 
affect ERα expression and reduced ERβ expression in the liver 
in females, which implies an increase in the estradiol effects 
mediated by ERα, and may have a compensatory-adaptive 
effects to maintain insulin sensitivity in conditions of reduced 
blood estradiol levels.

In males, gonadectomy did not affect blood insulin and 
glucose levels, but caused increased levels of Irs2, Pik3cd, 
and Esr1 mRNA in the liver. Since males have a tendency to 
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increase the level of estradiol in the blood after gonadectomy, 
and there is a correlation between the level of Irs2 expression 
and Esr1 expression in the liver, it can be assumed that the 
hepatic Irs2 expression in males, as in females, is regulated 
by estradiol. Accordingly, activation of the gene expression 
of the estradiol receptor alpha may be part of the molecular 
mechanism of the estradiol effect on insulin sensitivity in 
GE males. Thus, increasing the blood estradiol level in fe-
males and males can activate the Irs2 gene expression in the 
liver regardless of gender and contribute to improving insulin 
sensitivity in general.

Transcription factor STAT3 was shown to mediate the 
estradiol effects on the expression of hepatic lipogenic genes 
(Gao et al., 2006) and FGF21 may mediate the estradiol effect 
on the expression of gluconeogenic genes, since it increases 
the gene expression of Irs2 and the glucose-6-phosphatase 
(Fisher et al., 2011). However, the role of STAT3 and FGF21 
in mediating the estradiol effects on the expression of insulin 
signal transduction genes requires additional research, since 
in the study no differences were found in the Stat3 and Fg f 21 
mRNA levels in the liver in animals of different sexes and 
experimental groups. 

Activation of liver Pik3cd expression in GE males appears 
to be due to a decrease testosterone levels. In females, the 
Pik3cd mRNA level was higher than in males, but these dif-
ferences were not related to estradiol levels, since ovariectomy 
and subsequent estradiol administration did not affect the level 
of Pik3cd mRNA in females.

It is believed that the effect of estradiol on insulin sensitiv-
ity in adipose and muscle tissues is due to its stimulation of 
glucose uptake by cells as a result of increasing the level of 
GLUT4 and activating its translocation into the cell mem-
brane. In female mice, ovariectomy was shown to have no ef-
fect after 2 weeks, and caused a decrease in the level of Slc2a4 
mRNA in muscle and adipose tissue after 10 weeks (Kim et al., 
2010). In female rats, 12 weeks after ovariectomy, the level of 
GLUT4 protein in the muscles is reduced, while the estradiol 
injections prevents this decrease (Saengsirisuwan et al., 2009). 
In this study, 3 weeks after ovariectomy, the level of Slc2a4 
mRNA in adipose tissue in females increased and exogenous 
estradiol normalized it, while there was no significant effect 
on the level of Slc2a4 mRNA in muscle tissue and the level 
of GLUT4 protein in adipose tissue and muscle. We have 
previously shown that ovariectomy for 5 weeks also increases 
the level of Slc2a4 mRNA in adipose tissue, and estradiol for 
3 weeks reduces it, while in muscle tissue the level of Slc2a4 
mRNA decreases after ovariectomy, but exogenous estradiol 
does not affect it (Iakovleva et al., 2014). Apparently, the effect 
of ovariectomy and exogenous estradiol on Slc2a4 expression 
in adipose and muscle tissues depends significantly on the 
duration of the experiment.

The effect of gonadectomy and estradiol on the expression 
of insulin receptor and glucose transporter 4 in adipose and 
muscle tissues was studied in male rats. Gonadectomy has 
been shown to decrease levels of mRNA and protein of INSR 
and protein level of GLUT4 in adipose and muscle tissues, 
and exogenous estradiol normalizes levels of these proteins 
(Muthusamy et al., 2009, 2011). The results of our experiment, 

obtained on mice, are poorly consistent with these data. This 
may be due to interspecies differences in the influence of go-
nadectomy on the blood estradiol levels and sex steroid ratio 
in males. In our experiment, an increase in estradiol levels 
after gonadectomy in males was associated with an increase 
in Insr mRNA, but a decrease in INSR protein in muscle, and 
a decrease in Slc2a4 mRNA in adipose tissue. It should be 
noted that an increase in the blood estradiol levels (as a result 
hormone administration in females and after gonadectomy in 
males) was associated with a decrease in the Slc2a4 expression 
in adipose tissue regardless of sex.

Conclusion
All of the above suggests that the effect of estradiol on the 
expression of genes and proteins of the insulin cascade is 
tissue-specific and does not depend on the sex: estradiol can 
increase the expression of Irs2 in the liver, and can suppress 
the expression of Slc2a4 in adipose tissue. Activation of Irs2 
expression in the liver when the blood estradiol level increases 
causes an improvement in glucose metabolism, so the effects 
of estradiol in the liver cause an increase in insulin sensitivity 
at the whole body. The significance of the estradiol effect on 
Slc2a4 expression in adipose tissue in females and males is 
not clear and requires further research. Despite the universal 
mechanism of action, the protective effect of estradiol in males 
is less pronounced than in females, apparently as a result of 
reduced hormone levels in blood and reduced expression of 
estradiol receptors in the liver.

references
Akoum S.E., Lamontagne V., Cloutier I., Tanguay J.F. Nature of fatty 

acids in high fat diets differentially delineates obesity-linked meta-
bolic syndrome components in male and female C57BL/6J mice. 
Diabetol. Metab. Syndr. 2011;3:34. 

Allard C., Bonnet F., Xu B., Coons L., Albarado D., Hill C., Fagheraz-
zi G., Korach K.S., Levin E.R., Lefante J., Morrison C., Mauvais-
Jarvis F. Activation of hepatic estrogen receptor-α increases energy 
expenditure by stimulating the production of fibroblast growth fac-
tor 21 in female mice. Mol. Metab. 2019;22:62-70. DOI 10.1016/ 
j.molmet.2019.02.002.

Bryzgalova G., Lundholm L., Portwood N., Gustafsson J.A., Khan A., 
Efendic S., Dahlman-Wright K. Mechanisms of antidiabetogenic 
and body weight-lowering effects of estrogen in high-fat diet-fed 
mice. Am. J. Physiol. Endocrinol. Metab. 2008;295(4):E904-E912. 

Faustini-Fustini M., Rochira V., Carani C. Oestrogen deficiency in 
men: where are we today? Eur. J. Endocrinol. 1999;140(2):111-129. 

Fisher F.M., Estall J.L., Adams A.C., Antonellis P.J., Bina H.A., 
 Flier J.S., Kharitonenkov A., Spiegelman B.M., Maratos-Flier E. 
Integrated regulation of hepatic metabolism by fibroblast growth 
factor 21 (FGF21) in vivo. Endocrinology. 2011;152(8):2996-3004. 
DOI 10.1210/en.2011-0281.

Gao H., Bryzgalova G., Hedman E., Khan A., Efendic S., Gustafs-
son J.A., Dahlman-Wright K. Long-term administration of estradiol 
decreases expression of hepatic lipogenic genes and improves insu-
lin sensitivity in ob/ob mice: a possible mechanism is through direct 
regulation of signal transducer and activator of transcription 3. Mol. 
Endocrinol. 2006;20(6):1287-1299. 

Gong Q., Hu Z., Zhang F., Cui A., Chen X., Jiang H., Gao J., Chen X., 
Han Y., Liang Q., Ye D., Shi L., Chin Y.E., Wang Y., Xiao H., Guo F., 
Liu Y., Zang M., Xu A., Li Y. Fibroblast growth factor 21 improves 
hepatic insulin sensitivity by inhibiting mammalian target of ra-



T.V. Iakovleva, N.E. Kostina 
E.N. Makarova, N.M. Bazhan

434 Вавиловский журнал генетики и селекции / Vavilov Journal of Genetics and Breeding • 2020 • 24 • 4

Effect of estradiol  
on insulin signaling

ORCID ID
T.V. Iakovleva orcid.org/0000-0001-7628-5856
N.E. Kostina orcid.org/0000-0001-6137-0492
E.N. Makarova orcid.org/0000-0002-6417-9893
N.M. Bazhan orcid.org/0000-0002-7246-4758

Acknowledgements. The study was supported by the Russian Science Foundation, project 17-15-01036. Use of the equipment of the Center for 
Genetic Resources of Laboratory Animals at ICG SB RAS was supported by the Ministry of Education and Science of Russia (unique project identifier 
RFMEFI62117X0015).
Conflict of interest. The authors declare no conflict of interest.
Received November 27, 2019. Revised February 17, 2020. Accepted February 27, 2020.    

pamycin complex 1 in mice. Hepatology. 2016;64(2):425-438. DOI 
10.1002/hep.28523.

González C., Alonso A., Grueso N.A., Díaz F., Esteban M.M., Fernán-
dez S., Patterson A.M. Effect of treatment with different doses of 
17-β-estradiol on insulin receptor substrate-1. JOP. J. Pancreas. 
2001;2(4):140-149.

Gorres B.K., Bomhoff G.L., Morris J.K., Geiger P.C. In vivo stimu-
lation of oestrogen receptor α increases insulin-stimulated skeletal 
muscle glucose uptake. J. Physiol. 2011;589(8):2041-2054. DOI 
10.1113/jphysiol.2010.199018.

Iakovleva T.V., Makarova E.N., Bazhan N.M. Effect of ovariectomy 
on GLUT4 mRNA levels in adipose and muscle tissues in females 
of mice C57BL/6J – Agouti yellow. Rossiyskiy Fiziologicheskiy 
Zhurnal im. I.M. Sechenova = Russian Journal of Physiology. 2014; 
100(5):602-612. (in Russian)

Kim J.Y., Jo K.J., Kim O.S., Kim B.J., Kang D.W., Lee K.H., Baik H.W., 
Han M.S., Lee S.K. Parenteral 17beta-estradiol decreases fasting 
blood glucose levels in non-obese mice with short-term ovariec-
tomy. Life Sci. 2010;87(11-12):358-366. DOI 10.1016/j.lfs.2010. 
07.009. 

Lindberg M.K., Movérare S., Skrtic S., Gao H., Dahlman-Wright K., 
Gustafsson J.A., Ohlsson C. Estrogen receptor (ER)-β reduces ERα-
regulated gene transcription, supporting a “Ying Yang” relationship 
between ERα and ERβ in mice. Mol. Endocrinol. 2003;17(2):203-
208. DOI 10.1210/me.2002-0206. 

Muthusamy T., Murugesan P., Balasubramanian K. Sex steroids defi-
ciency impairs glucose transporter 4 expression and its translocation 
through defective Akt phosphorylation in target tissues of adult male 
rat. Metabolism. 2009;58(11):1581-1592. 

Muthusamy T., Murugesan P., Balasubramanian K. Sex steroids influ-
ence glucose oxidation through modulation of insulin receptor ex-
pression and IRS-1 serine phosphorylation in target tissues of adult 
male rat. Mol. Cell. Biochem. 2011;352(1-2):35-45. 

Narasimhan A., Sampath S., Jayaraman S., Karundevi B. Estradiol fa-
vors glucose oxidation in gastrocnemius muscle through modula-
tion of insulin signaling molecules in adult female rats. Endocr. Res. 
2013;38(4):251-262. DOI 10.3409/07435800.2013.775148. 

Oh Y.S., Lee T.S., Cheon G.J., Jang I.S., Jun H.S., Park S.C. Modulation 
of insulin sensitivity and caveolin-1 expression by orchidectomy in 
a nonobese type 2 diabetes animal model. Mol. Med. 2011;17(1-2): 
4-11. DOI 10.2119/molmed.2009.00105. 

Panno M.L., Mauro L., Marsico S., Bellizzi D., Rizza P., Morelli C., 
Salerno M., Giordano F., Andò S. Evidence that the mouse insulin 
receptor substrate-1 belongs to the gene family on which the pro-
moter is activated by estrogen receptor α through its interaction with 
Sp1. J. Mol. Endocrinol. 2006;36(1):91-105. DOI 10.1677/jme.1. 
01848.

Parks B.W., Sallam T., Mehrabian M., Psychogios N., Hui S.T., 
Norheim F., Castellani L.W., Rau C.D., Pan C., Phun J., Zhou Z., 
Yang W.P., Neuhaus I., Gargalovic P.S., Kirchgessner T.G., Gra-
ham M., Lee R., Tontonoz P., Gerszten R.E., Hevener A.L., Lu-
sis A.J. Genetic architecture of insulin resistance in the mouse. Cell 
Metab. 2015;21(2):334-347. 

Parthasarathy C., Renuka V.N., Balasubramanian K. Sex steroids en-
hance insulin receptors and glucose oxidation in Chang liver cells. 
Clin. Chim. Acta. 2009;399(1-2):49-53. 

Rogers N.H., Perfield J.W. 2nd, Strissel K.J., Obin M.S., Greenberg A.S. 
Reduced energy expenditure and increased inflammation are early 
events in the development of ovariectomy-induced obesity. Endo-
crinology. 2009;150(5):2161-2168. DOI 10.1210/en.2008-1405. 

Saengsirisuwan V., Pongseeda S., Prasannarong M., Vichaiwong K., 
Toskulkao C. Modulation of insulin resistance in ovariectomized 
rats by endurance exercise training and estrogen replacement. Meta-
bolism. 2009;58(1):38-47. DOI 10.1016/j.metabol.2008.08.004. 

Torre S.D., Lolli F., Ciana P., Maggi A. Sexual dimorphism and estro-
gen action in mouse liver. In: Mauvais-Jarvis F. (Ed.). Sex and Gen-
der Factors Affecting Metabolic Homeostasis, Diabetes and Obe-
sity (Advances in Experimental Medicine and Biology. Vol. 1043). 
Springer Int. Publ., 2017;141-151. DOI 10.1007/978-3-319-70178-3_8.

Xie P., Liu M.L., Gu Y.P., Lu J., Xu X., Zeng W.M., Song H.P. Oestro-
gen improves glucose metabolism and insulin signal transduction in 
HepG2 cells. Clin. Exp. Pharmacol. Physiol. 2003;30(9):643-648. 
DOI 10.1046/j.1440-1681.2003.03899.x. 

Yakovleva T.V., Kazantseva A.Yu., Makarova E.N., Bazhan N.M. Sex 
differences of molecular mechanisms of insulin sensitivity in young 
and adult C57BL/6J mice. Vavilovskii Zhurnal Genetiki i Selek tsii = 
Vavilov Journal of Genetics and Breeding. 2017;21(7):833-840. 
DOI 10.18699/VJ17.303. (in Russian)

Zhu L., Martinez M.N., Emfinger C.H., Palmisano B.T., Stafford J.M. 
Estrogen signaling prevents diet-induced hepatic insulin resistance 
in male mice with obesity. Am. J. Physiol. Endocrinol. Metab. 2014; 
306(10):E1188-E1197. DOI 10.1152/ajpendo.00579.2013.


