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Effect of gonadectomy and estradiol on the expression
of insulin signaling cascade genes in female and male mice
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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 pg/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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AHHOTauuA. B HacTosALlee BPeMsA MOKa3aHO NONOXUTENbHOE BAUAHKE 3CTPAAMONIA Ha YyBCTBUTENBHOCTb K MHCYNHY
Ha YpOBHe L|efIoro opraHvi3ma y CamoK 1 CamLioB MblLleid. [y 3TOM YyBCTBUTENBHOCTb K MHCY/VIHY B LIESIOM Yy Ca-
MOK BblLL€, YeM Y CAMLIOB, 1 CaMLibl LEMOHCTPUPYIOT BOMbLUYI0 CKTOHHOCTb K Pa3BUTVI0 METabONMYECKNX HapyLLIEHWIA.
MpepnonaraloT, YTO AaHHbIE MOMOBbIE PA3INYMA OOBACHAIOTCA NPOTEKTUBHBIM [JeCTBUEM SCTPAANONa y CaMoK, HO
He y caMLIOB. ICTPaZMON ABNAETCA CTEPOVAHBIM FOPMOHOM, 11 ero AeiCTBME 0OYCNIOBNEHO MoAynALMEN IKCNpeccum
reHOB-MULLEHeN, OfHaKO BNMAHMWE SCTPaAMOSIa Ha SKCMPECCUIO FeHOB, KOAMPYIOLWMX TPAHCAYKLMIO CUrHana MHCYNHa
1 TPAHCMOPT IOKO3bl B KNETKY, 13yUYEHO HeoCTaTouHO. Lienbto paboTbl 6bI10 CpaBHUTENbHOE UCCefOBaHNE Mosie-
KyNAPHbIX MEXaHW3MOB BNVAHWA 3CTPAANONA Ha YyBCTBUTENBHOCTb K MHCYSIMHY Y Mbllei 06omx nonos. MiccnefosaHo
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Effect of estradiol
on insulin signaling

BAVAHME FOHAaAIKTOMMM 1 3cTpaanona (1 MKr/>KMBOTHOE, TPW [IHA) Ha SKCMPECCUIO FreHOB CUITHaNIbHOrO Kackada UHCY-
NNHA B MbILULLAX, XMPOBOW TKaHM 1 NMeYeHH, a TakKe Ha aKcnpeccuto Fgf21, peuentopos acTpaguona (Esr1/2) n TpaHc-
KpUNUMoHHOro dpakTopa Stat3 B neyeHn y caMoK 1 caMLOB Mbilelt. JIoxkHO onepupoBaHHble (JTO) camubl OTAnYanuchb
oT JIO CaMOK CHVXEHHbIM YPOBHEM 3CTPaAMONa, NOBbIWEHHbIM YPOBHEM [IIOKO3bl 1 GOSbLUEN PE3UCTEHTHOCTBIO K
nHcynuHy. B neyenn y J1O camuoBs yposHu MPHK Irs2, Pik3cd v Esr1/2 6binn Huxe, yem y JIO caMoK. Y caMOK roHaasK-
TOMUA CHMXKana ypoBeHb 3CTPaAMOsa B KPOBU, NOBbILANA PE3NCTEHTHOCTb K MHCYNINHY U YPOBEHb MI0KO3bl B KPOBU
no cpaBHeHwuto ¢ JIO camkamu. BBeaeHve acTpaamnona roHagIKkToMVPOBaHHbIM CaMKaM CHUKao YPOBEHb UHCYSIMHA B
KPOBU U PE3NCTEHTHOCTb K MHCYNIMHY. Y CamLi0B roHaf3KTOMMA, HA060POT, MOBbILWANa ypoBeHb 3CTPAAMOIa B KPOBK,
CHU>Kana pe3ncTeHTHOCTb K MHCYNIVHY Y YPOBEHb UHCYNNHA B KPOBU. BBeeHre 3cTpagmona roHag3kToOMUPOBaHHbIM
camuaM He OKasblBasio BAMAHUA Ha NCCNefoBaHHble nokasatenu. Pa3BuTre NHCYNMHOPE3NCTEHTHOCTM Y FTOHAAIKTO-
MMPOBAHHbIX CAMOK OblI0 aCCOLMMPOBAHO CO CHUPKEHVEM SKCMPECCUM reHa Irs2 B neyeHu, a NoBbllUeHVe YyBCTBU-
TENIbHOCTU K MHCYNVHY Y TOHaIKTOMMPOBAHHbIX CaMLoB — € yBenndeHnem yposHelt MPHK Irs2 n Pik3cd B neyeHw.
Mo>HO NpeAnoNoXNTb, YTO MOBbILLEHVE YPOBHA 3CTPaAMONa B KPOBY aKTUBMPYET SKCMPECCUIO reHa Irs2 B neyeHun He-
3aBMCMMO OT M0J1a XMBOTHOTO. Tak»Ke He3aB1CMMO OT MoJla XMBOTHOIO 3CTPaAMNOI, NO-BUAUMOMY, PeryanpyeT TpaHc-
NOPT IIOKO3bl B XKMPOBOW TKaHW: y CAMOK 1 CaMLIOB MOBbILIEHME YPOBHSA 3CTPaAvona B KPOBU 6bis10 acCoLMMPOBAHO
CO CHVPKEHMEM 3Kcnpeccun reHa Slc2a4 B xmpoBol TKaHuW. Takum o6pa3om, 3dpdeKTbl ScTpagmona Ha SKCNpeccuto re-
HOB WHCY/IMHOBOIO Kackaja, NMo-BYAUMOMY, He 3aBUCAT OT MoJa »KMBOTHOMO, HO MMEIOT TKaHEBYIO CneundruYHOCTb.
MocKonbKy MONeKyNAPHbIA MeXaHW3M BNAHWA 3CTPAAMOSIA Ha SKCNPECCUIO reHOB MHCYTMHOBOMO Kackaja y caMoK
1 CaMLIOB He pasfnyaeTcs, MPUYNHON NOMOBbIX Pa3Nynii B YyBCTBUTENIBHOCTU K MHCYIVHY U CKOPOCTW Pa3BUTUA
MeTaboNMYecKnX HapyLWEeHNI MOXKET ObITb CHUMXEHHDIN, MO CPaBHEHMIO C CaMKaMU, YPOBEHb 3CTPaAMnona B KPOBU 1
CHUXKEHHaA KCMpeccrs peLenTopoB 3CTPaAMNosa B NeyeHn.

KnioueBble C10Ba: FOHaA3KTOMKSA; SCTPAAMON; TECTOCTEPOH; YYBCTBUTENBHOCTb K MHCYSIMHY; SKCMPECCUA reHOB; MbILLN

nnHum 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 (Gonzalez 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 (/nsr) 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
(Takovleva 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
(Gongetal., 2016) and may also mediate the effect of estradiol
on metabolism, because activation of the estradiol receptor
alpha increases the liver expression of Fgf2/ 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 Fgf21, estradiol receptors of type
alpha and beta (Esr/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-

428 BaBunoBcKuii XXypHan reHeTukn n cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 4



T.B. AAkoBnesa, H.E. KoctuHa
E.H. Makaposa, H.M. baxxan

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 17B-estradiol administration (E2). Animals received an
oral administration of -estradiol (Sigma-Aldrich) at a dose
of 1 pg/animal or a solvent (vegetable oil, 100 pl) 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 pl 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) X 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
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Biosystems TagMan gene expression assays (Table 1) with
B-actin as endogenous control and 2.5% reaction mixture for
gPCR 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 Ra 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 ul
250 mM luminol; 22 pl 90 mM coumaric acid; 3 pl 33 %
H,0,), 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

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

Symbol Catalogue No.
.................. , nerm01211875_m1
.................. , rs,Mm01278327_m1
.................. , rsZMm03038438_m1
.................. P Ik3Cde00435674_m1
5,C204 ........................................... M m01245502_m1 ....................
Actb .............................................. M m006007938_s1 ....................
.................. E 5,7Mm00433149_m1
.................. E S,ZMm005998217m1
SMB ............................................. M m01219775_m1 ....................
.................. F gf27Mm00840165_91
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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-

Effect of estradiol
on insulin signaling

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 ¢-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

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

Sex Experimental group Body weight, g
(number of animals in the group)

Fema|es ..................... S HAM(9)203105 .......
GE(12)233112 .......
E2(1o)218i05 .......

MANOVA ......................................................................................................

Ma|es ......................... 5 HAM(8)254J£04$$$
GE(10)246i04 .......
E2(11)251i05 .......

MANOVA ......................................................................................................

Estradiol, plasma, Testosterone, plasma,

pg/ml ng/mi
........................ 151i150241003
........................ 122160”1006
........................ 1271,40151,004
p<005 ....................................................................................
........................ 9 4i12$$280i09$$
........................ 133i10016i005*
........................ 128i120121003*
p<005 .................................... p<001 ...................................

55 p<0.01, 553 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.

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)

mmol/l

Glucose, blood,

Insulin, plasma, HOMA-IR

ng/ml

$ p < 0.05, 5% 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.
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Fig. 1. Effect of gonadectomy and exogenous estradiol (1 pg/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 pg/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 /rs2, Pik3cd,
Esrl, 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, Irsi1, Fgf21, 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 /rs2 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 /rs2 and Esrl (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 Esr/ 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
Esrl/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 /nsr 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 pg/animal, 3 days) on the mRNA levels of Insr, Irs1, Pik3cd, Slc2a4 and the level of INSR and
GLUTA4 proteins in skeletal muscles in SHAM, GE and GE + E2 female and male mice.
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Fig. 4. Effect of gonadectomy and exogenous estradiol (1 pg/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.

as hepatic expression of insulin signal transduction genes  and the index of insulin resistance in females correspond to
(Irs2 and Pik3cd) in SHAM females was higher than that in  existing data (Rogers et al., 2009; Oh et al., 2011). Effects
SHAM males, which coincides with data obtained on intact  of gonadectomy on HOMA-IR in males, as shown by Parks
animals (Parks et al., 2015; Torre et al., 2017; Yakovleva et  and co-authors (Parks et al., 2015), depends on the animal’s
al., 2017). It was shown for the first time that SHAM females  genotype, and in C57BL/6J males, it decreases 10 weeks after
differed from SHAM males not only in increased blood es-  gonadectomy. In this study, the HOMA-IR index in GE males
tradiol levels, but also in increased expression of both types  did not differ significantly, but was 3.4 times lower than in
of estradiol receptors in the liver, which can be one of the = SHAM males. The absence of a significant effect of gonadec-
causes of sex differences in effects of estradiol on insulin  tomy on insulin sensitivity in males may be due to the shorter
sensitivity in the liver. duration of the experiment.

To study the effects of estradiol on the expression of in- In GE females, decreased insulin sensitivity was associ-
sulin cascade genes, in addition to comparing parameters in  ated with decreased hepatic expression of /rs2 and Esr2 and
females and males, we used a model of gonadectomy with  increased expression of Slc2a4 in adipose tissue. Exogenous
subsequent administration of estradiol. We assumed that  estradiol, in contrast, reduced Slc2a4 expression in adipose
gonadectomy would lead to a decrease in the blood estradiol  tissue and increased Irs2 expression in the liver. The effect
level in females as a result of elimination of the main source  of gonadectomy on hepatic /rs2 expression is well consistent
of hormone production, and in males —as a result of a decrease ~ with the observed sexual differences: Irs2 expression in fe-
in the level of testosterone, as a precursor of estradiol synthe-  males was higher than in males. The effects of estradiol on the
sis. However, in males, the level of the hormone in the blood  hepatic expression of /rs/ and Irs2 in female mice are known
after gonadectomy increased. This result may be due to the  to mediate estradiol type alpha (ERa) receptors (Panno et
activation of hormone production by the adrenal glands. As  al., 2006). Estradiol beta-type receptors (ER) are thought to
a result, gonadectomy eliminated differences in the level of  inhibit the estradiol effects mediated by ERa (Lindberg et al.,
sex steroids between females and males: the blood estradiol =~ 2003). According to the obtained data, ovariectomy did not
and testosterone levels did not differ in the gonadectomized fe-  affect ERo expression and reduced ER expression in the liver
males and males. However, in females, gonadectomy induced  in females, which implies an increase in the estradiol effects
the development of insulin resistance, and exogenous estradiol ~ mediated by ERa, and may have a compensatory-adaptive
normalized insulin sensitivity, while in males, gonadectomy  effects to maintain insulin sensitivity in conditions of reduced
and estradiol did not have a significant effect on the studied  blood estradiol levels.
parameters of insulin sensitivity (blood glucose and insulin In males, gonadectomy did not affect blood insulin and
levels, HOMA-IR). The results of the effect of ovariectomy  glucose levels, but caused increased levels of Irs2, Pik3cd,
and exogenous estradiol on blood glucose and insulin levels  and Es»/ 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 /752 expression
and Esrl expression in the liver, it can be assumed that the
hepatic [rs2 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 [rs2 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 etal., 2006) and FGF21 may mediate the estradiol effect
on the expression of gluconeogenic genes, since it increases
the gene expression of /rs2 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 Figf21
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,
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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 /rs2
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.
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