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Abstract. The fibroblast growth factor 21 (FGF21) synthesized in the liver, acting as a hormone, increases insulin
sensitivity and energy expenditure. FGF21 administration has potent beneficial effects on obesity and diabetes in
humans, cynomolgus monkey, and rodents. The therapeutic effects of FGF21 have been studied mainly in males.
They are not always manifested in females, and they are accompanied by sex-specific activation of gene expression
in tissues. We have suggested that one of the causes of sexual dimorphism in response to FGF21 is the effect of
estradiol (E2). Currently, it is not known how estradiol modifies the pharmacological effects of FGF21. The objec-
tive of this study was to study the influence of FGF21 on metabolic characteristics, food intake, and the expression
of carbohydrate and fat metabolism genes in the liver, adipose tissue, and hypothalamus in female mice with ali-
mentary obesity and low (ovariectomy) or high (ovariectomy + E2) blood estradiol level. In ovariectomized (OVX)
females, the development of obesity was induced by the consumption of a high sweet-fat diet (standard chow, lard,
and cookies) for 8 weeks. We investigated the effects of FGF21 on body weight, blood levels, food preferences and
gene expression in tissues when FGF21 was administered separately or in combination with E2 for 13 days. In OVX
obese females, FGF21, regardless of E2-treatment, did not affect body weight, and adipose tissue weight, or glucose
tolerance but increased the consumption of standard chow, reduced blood glucose levels, and suppressed its own
expression in the liver (Fgf21), as well as the expression of the G6pc and Acaca genes. This study is the first to show
the modification of FGF21 effects by estradiol: inhibition of FGF21-influence on the expression of Irs2 and Pkir in the
liver and potentiation of the FGF21-stimulated expression of Lepr and KIb in the hypothalamus. In addition, when
administered together with estradiol, FGF21 exerted an inhibitory effect on the expression of Cpt1a in subcutane-
ous white adipose tissue (scWAT), whereas no stimulating FGF21 effects on the expression of Insr and Acacf in
scWAT or inhibitory FGF21 effect on the plasma insulin level were observed. The results suggest that the absence of
FGF21 effects on body and adipose tissue weights in OVX obese females and its beneficial effect on food intake and
blood glucose levels are not associated with the action of estradiol. However, estradiol affects the transcriptional ef-
fects of FGF21 in the liver, white adipose tissue, and hypothalamus, which may underlie sex differences in the FGF21
effect on the expression of metabolic genes and, possibly, in pharmacological FGF21 effects.
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AHHoTauusa. CuHTe3npyeMblii B neyeHn paktop pocta pnbpobdnactos 21 (FGF21), aeicTByA Kak FOPMOH, NOBbILLAET
YyBCTBUTENBHOCTb K UHCYNMHY U pacxop sHepruun. BeepeHne FGF21 oka3biBaeT MoLiHOe 61aroTBopHoe BO3feil-
CTBUE Y NIIoAeN, 06e3bsH 1 FPbI3yHOB C OXMPEHMEM 1 AnabeToM BTOpOro Tuna. TepanesTtuueckune adppektol FGF21
nccnefoBaHbl rMaBHbIM 06Pa3oM Ha CaMLax, OHU He BCerga NposBAAIOTCA Y CAMOK 1 COMPOBOXAAIOTCA MONo-Cre-
unduryecKo akTMBaLMen SKCNPeccr reHoB B TKaHAX. Mbl MPeAmnonoXunm, 4to OgHON 13 NPUYKH NOSI0BOIO ANMOP-
¢du3ma B oTBeTe Ha FGF21 aBnAaetcs gencreme actpaanona (E2). B HacToswee Bpemsi HEM3BECTHO, Kak 3CTPaaunon
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Estradiol-dependent and independent effects
of FGF21 in obese female mice

B/IMSIET Ha NposBneHne papmakonormueckmx apdektoB FGF21. 3agaueln faHHOrO NccnefoBaHUA GbIIO N3yyeHNne
BAnAHMA FGF21 Ha meTabonuyeckre XapakTepUCTUKY, NOTPeGNeHNe MUK 1 SKCNPECCUIO FEHOB YINIEBOAHOIO 1
KMPOBOro 06MeHa B MeyeHU, XNPOBOI TKaHW 1 MMMoTalaMmyce Y CaMOK MbILLEN C aNUMEHTAaPHbIM OXKUPEHMEM Ha
doHe HM3KOro (0OBapMIKTOMMA) 1 BbICOKOTO (0BapuaKTOMUA + E2) ypoBHA 3CTpagmona B KPoBu. Y 0BapnaKTOMUPO-
BaHHbIX CAMOK Pa3BUTME OXUPEHVA MHAYLMPOBaNU noTpebneHmem cnagko-XMpHOW AMeTbl (CTaHJapTHbIA KopMm,
cano, neyeHbe) B TeyeHve 8 Hepenb. Mbl oueHunmn 3¢pdekTbl FGF21 Ha Maccy Tena, mokasaTtenu Kposu, BbIGOP KOM-
NMOHEHTOB AMeTbl, SKCNPECCUIO FeHOB B TKaHAX NPU pa3fesibHOM 1 COBMeCTHOM BBeaeHun ¢ E2 B TeyeHne 13 gHen.
Y 0Bapu3KTOMMPOBaAHHbIX CaMOK C oxunpeHnem FGF21, He3aBncmo ot BBeaeHuA E2, He BavAn Ha maccy Tena un
XKMPOBOW TKaHW, TONEPAHTHOCTb K IMIOKO3€, MOBbILWan NoTpebrieHne CTaHLAaPTHOrO KOPMa, CHIXKas YPOBEHb io-
KO3bl B KPOBW, MOAABNAN B NEYEHN COOCTBEHHYIO SKcnpeccuto (Fgf21), a Takxe aKkcnpeccuio reHoB G6pc n Acaco.
BrnepBble NokazaHo BAUAHME 3CTpagmnona Ha 3ddekTol FGF21: nHrubuposaHune FGF21-BnvaHma Ha akcnpeccuio Irs2
1 Pkir B neyeHn n noteHumpoBaHue FGF21-cTumynmnpoBaHHom skcnpeccum Lepr v KIb B runotanamyce. Kpome Toro,
Ha GOHe BBefleHMA 3CTPajMona He NPOABNANOCH NHIMbupytoulee BnuaHne FGF21 Ha ypoBeHb UHCYNIMHA B KPOBU,
a B NMOAKOXHOW 6eoi XXMPOBOW TKaHM NPOABAANOCh UHIMbMpytolwee BavaHue FGF21 Ha akcnpeccuto Cptla n He
NPOoABNANOCh akTUBUpYoLlee BnusaHne FGF21 Ha skcnpeccuio reHos Insr n Acacfi. MonyyeHHble JaHHble NO3BONA-
10T 3aK/0UYNTb, YTO Y OBAPUIKTOMUPOBAHHbIX CAMOK C OXMpPeHneMm oTcyTcTBme 3ddekToB FGF21 Ha maccy Tena u
MKMPOBOW TKaHW 1 ero 6naroTBOpHoOE BMAHME Ha NoTpebneHne NuLLM 1 YPOBeHb F0KO3bl B KPOBM He CBA3aHbI C
nencTBmem acTpaamnona. OfHako 3CTpagnon BAMAET Ha TPAHCKPUNLMOHHble 3ddekTbl FGF21 B neueHn, 6enom xupe
1 runoTasiaMmyce, UTo MOXKET JiexkaTb B OCHOBE MOJIOBbIX Pa3NyMii B €ro AeCTBMM Ha SKCNPeccuio MeTabonnyeckmx
reHOB 1, BO3MOXXHO, NOJIOBbIX pa3nnuunii ero dapmakonormyecknx sGpdexTos.

Kntouesble cnosa: FGF21; acTpagnon; neyeHb; XKNUPOBas TKaHb; NULLEBOE NPeAnoUYTEHNE; SKCNPECCUA FeHOB; No-

JI0Bble pa3nnyunAa.

Introduction

Fibroblast growth factor 21 (FGF21) is synthesized in the liver,
secreted into blood and acts as a hormone (Kharitonenkov et
al., 2005). Its level increases significantly at metabolic stress;
specifically, in the cold, fasting, and obesity (Fisher et al.,
2011). FGF21 is involved in the regulation of carbohydrate-
lipid metabolism. Its pharmacological doses improve meta-
bolic parameters in animals and people with obesity: they
increase energy expenditure and insulin sensitivity and reduce
blood glucose levels (Kharitonenkov et al., 2005; Coskun et
al., 2008). In addition, FGF21 affects taste preferences: it re-
duces the consumption of sweets and alcohol and increases
protein consumption (Talukdar et al., 2016; Allard et al., 2019;
Larson et al., 2019).

Currently, FGF21 and its synthetic analogues are used in
designing drugs for the treatment of metabolic syndrome in
obesity. However, the vast majority of preclinical studies of
its pharmacological action were performed on males. Our
studies of the effect of FGF21 in mice showed that its phar-
macological effects in females and males might differ. In
female C57BI mice with obesity induced by the consumption
of high sweet-fat diet, FGF21 reduced body weight, but, un-
like males, did not affect glucose tolerance or the expression
of metabolic genes in the liver or in brown adipose tissue
(Bazhan et al., 2019). In obese C57B1 mice fed a mixture of
high-fat and standard diets, administration of FGF21 improved
some metabolic indices in mice of both sexes but induced
female-specific activation of gene expression in abdominal
adipose tissue (Makarova et al., 2021). In female 4 mice with
genetically induced obesity, unlike males, FGF21 did not affect
body weight, blood insulin levels, or POMC expression in the
hypothalamus, but increased food intake and liver weight and
modified the expression of metabolic genes in the liver and in
white adipose tissue (Makarova et al., 2020).
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The causes of the sex differences in the pharmacological
effects of FGF21 are still unknown. We assumed that sex
differences in responses to FGF21 were associated with the
influence of estrogens. Estradiol and FGF21 esert similar ef-
fects on metabolic parameters. Estradiol, like FGF21, reduces
food intake, body weight, blood glucose and insulin levels
and increases glucose tolerance in ovariectomized and intact
obese females (Gao et al., 2006; Thammacharoen et al., 2009).
According to the available data, estradiol and FGF21 have
different receptors and the same signaling pathways (Fisher
et al., 2011; Vrtacnik et al., 2014). In addition, estradiol can
affect the level of FGF21 in blood. The expression of Fgf21
in the liver determines the blood hormone level and depends
on the stage of the estrous cycle, positively correlating with
the blood level of estradiol (Hua et al., 2018). Exogenous
estradiol can also stimulate the expression of Fgf2/ in the
liver and increase the blood FGF21 level (Allard et al., 2019).

We suggested that FGF21 and estradiol interact in the
regulation of carbohydrate-lipid metabolism, and the phar-
macological effects of FGF21 depend on the blood estradiol
level. Therefore, the aim of this study was to compare the
effects of FGF21 on metabolic parameters, food choice, and
the expression of genes involved in carbohydrate and fat
metabolism in the liver, adipose tissue, and hypothalamus in
female mice with alimentary obesity and different levels of
estrogenic activity.

Materials and methods
Animals. All experiments were performed according to the
Guide for the Care and Use of Laboratory Animals (1996)
and the Russian National Guidelines for the Care and Use of
Laboratory Animals.

Female mice of C57BL/6J strain were kept at the vivarium
for conventional animals of the Institute of Cytology and Ge-
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Fig. 1. Scheme of the experiment.

Calorie intake

OVX - ovariectomy; GTT - glucose tolerance test; Chow — ad libitum access to commercial mouse chow; HSFD - high sweet fat diet (standard laboratory chow,
sweet cookies, lard); Treatment - ovariectomized females with diet-induced obesity received fibroblast growth factor 21 (FGF21) at a dose of 1 mg per 1 kg of
body weight subcutaneously and estradiol (E2) at a dose of 20 mg/animal orally separately or together for 13 days. Control females received subcutaneously

phosphate buffered saline (PBS) and oil orally.

netics, Novosibirsk. The mice were housed at the 12-h/12-h
light/dark regime (light from 07:30 to 19:30) at the ambient
temperature 22-24 °C and free access to water and food. At
the age of 10 weeks, all females were ovariectomized. To
induce obesity, mice were fed with mixed diet, which con-
sisted of standard laboratory chow, sweet cookies and lard,
for two weeks after surgery. The animals consumed this diet
for 8 weeks before and during the entire period (2 weeks) of
drug administration (Fig. 1).

Mouse recombinant FGF21 (1 mg per 1 kg) dissolved in
Phosphate Buffered Saline (PBS) or PBS itself were injected
subcutaneously (V' = 200 pL) at the end of the light period
(17:00-19:00) for 13 days. The expression and purification of
mouse FGF21 were performed by Dr. Baranov, as described
carlier (Makarova et al., 2021). Estradiol (E2 Sigma, USA,
20 pg/animal) dissolved in oil or oil itself were administered
orally (V=100 uL) at the same time as FGF21.

Obese ovariectomized female mice were randomly di-
vided into four experimental groups (6—8 animals per group):
(1) control females, which received vehicles (oil and PBS);
(2) FGF21-females, which received FGF21 and oil; (3) E2-
females, which received E2 and PBS; and (4) FGF21+E2-
females, which received both FGF21 and E2.

The glucose tolerance test (GTT) was performed on day 13
of the experiment, after which each group received the last
due treatment with drugs or solvents. One day after the last
treatment, the females were weighed and decapitated (14:00—
16:00). E2 increased the uterus weight (43.5+6.5 mg without
estradiol (n=15) vs 114.0+£8.6 mg (n = 12) after E2-treatment,
p < 0.001 Student test), indicating the effectiveness of the
selected dose of the hormone. After decapitation, liver, sub-
cutaneous (scWAT) white adipose tissue, abdominal (abWAT)
white adipose tissue, and brown adipose tissue (BAT) were
excised and immediately weighed. Blood and tissue samples
were taken. Tissue samples for gene expression assays were
immediately frozen in liquid nitrogen and stored until RNA
isolation.

Diet. Standard chow was purchased from BioPro (Novosi-
birsk, Russia). The energy value of chow diet was 250 kcal/
100 g. Pork lard and cookies were bought in a food store. The

energy value of cookies was 458 kcal/100 g. The energy value
of lard (subcutaneous fat) was 800 kcal/100 g. The number
of calories consumed with each component of the diet was
calculated as the weight of the component in grams multiplied
by the energy value of the component. The percentage of
calories consumed with each component of the diet (share of
total) was calculated as the number of calories consumed by
the female with the component divided by the total number
of calories consumed and multiplied by 100.

Ovariectomy. The animals were anesthetized by an intra-
peritoneal injection of 2.5 % avertin (a mixture of 2,2,2-tri-
bromethanol (Sigma-Aldrich Inc., USA) and 2-methyl-2-bu-
tanol (Sigma-Aldrich Inc.) in the volume 400 pL. Bilateral
ovariectomy was performed through a skin incision in the
lumbar region.

Glucose tolerance test (GTT). Before the test, food was re-
moved from the animals at 08:00, and the test started at 15:00.
Animals were injected with glucose (AO REACHEM, Mos-
cow, Russia) intraperitoneally at the dose 1 g/kg body weight.
Blood glucose concentrations were measured using a Lifescan
One Touch Basic Plus glucometer (LifeScan Inc., Switzer-
land) before glucose administration (fasting glucose) and 15,
30, 60, and 120 minutes after glucose administration. The
Area Under the Curve (AUC) was presented as mmol/Lxhour.

Plasma assays. Concentrations of insulin, leptin, adiponec-
tin, and corticosterone were measured using Rat/Mouse Insulin
ELISA, Mouse Leptin ELISA (EMD Millipore, USA), Mouse
Adiponectin/Acrp30 Quantikine ELISA (R&DSystems, USA),
and CORTICOSTERONE rat/mouse ELISA (Xema Co. Ltd.
in Moscow, Russia) kits, respectively. Concentrations of
glucose, triglycerides, cholesterol, and free fatty acids were
measured colorimetrically using Fluitest GLU, Fluitest TG,
Fluitest CHOL (Analyticon Biotechnologies GmbH, Ger-
many), and NEFA FS DiaSys (DiaSys Diagnostic Systems
GmbH, Germany) kits, respectively. Fasting significantly
increases endogenous FGF21 production and its level in the
blood. As, the aim of this study was to compare the effect of
prolonged FGF21 administration on metabolic parameters
rather than the acute effects of FGF21, biochemical (and other)
parameters were measured in fed animals.
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Hepatic triglyceride content. Liver samples were homog-
enized in PBS (50 mg in 400 pL) and centrifuged at 1000 rpm.
The supernatant was stored at—20 °C. Triglyceride levels were
assayed using the Fluitest TG commercial kit (Analyticon Bio-
technologies GmbH, Germany) according to manufacturer’s
recommendations.

Relative quantitative real-time PCR. Total RNA was
isolated from tissue samples using ExtractRNA kit (Evrogen,
Moscow, Russia) according to the manufacturer’s recommen-
dations. First-strand cDNA was synthesized using Moloney
murine leukemia virus (MMLV) reverse transcriptase (Evro-
gen) and oligo(dT) as a primer. TagMan gene expression
assays (Applied Biosystems, USA) were used for relative
quantitation real-time PCR. The genes tested involved fibro-
blast growth factor 21 (Fgf21, Mm00840165 gl), peroxisome
proliferator-activated receptor gamma coactivator (Ppargcla,
MmO01208835 ml), carnitine palmitoyltransferase 1A/1B
(Cptlo/B, MmO01231183 m1/MmO00487191 gl), acetyl-
CoA carboxylase alpha/beta (Acaco/B, Mm01304257 m1/
MmO01204671 ml), insulin receptor (Insr, MmO01211875 ml),
insulin receptor substrate 1/2 (Irsi/2, Mm01278327 ml/
MmO03038438 ml), protein-tyrosine phosphatase 1B (Ptpnl,
Mm00448427 ml), pyruvate kinase (Pklr, Mm00443090 ml),
glucokinase (Gck, Mm00439129 ml), glucose-6-phosphatase
(G6pc, Mm00839363 ml), phosphoenolpyruvate carboxy-
kinase (Pck, Mm01247058 m1), solute carrier family 2 mem-
ber 2 (Slc2a2, Mm00446229 ml), solute carrier family 2
member 4 (Slc2a4, Mm00436615 m1), estrogen receptor 1
(Esrl, Mm00433149 m1), signal transducer and activator
of transcription 3 (Stat3, MmO01219775 ml), peroxisome
proliferator-activated receptor alpha/gamma (Pparo/y,
Mm00440939 m1/Mm00440940 m1), hormone-sensitive
lipase (Lipe, Mm00495359 ml), adipose triglyceride
lipase (Atgl, Mm00503040 ml), fatty acid synthase
(Fasn, Mm00662319 ml), uncoupling protein 1 (Ucpl,
MmO01244861 ml), deiodonase-2 (Dio2, Mm00515664 ml),
corticotropin releasing hormone (Crh, Mm01293920 sl),
agouti related neuropeptide (4grp, Mm00475829 ¢1), neu-
ropeptide Y (Npy, Mm01410146_m1), proopiomelano-
cortin (Pomc, Mm00435874 ml), leptin receptor (Lepr,
MmO00440181 ml), klotho beta (K/b, Mm00473122 m1l),
cyclophilin A (Ppia, Mm02342430 gl), and beta-actin (Actb,
MmO00607939 s1). Cyclophilin A and beta-actin were used
as endogenous controls. The PCR and fluorescence detection
were performed on an Applied Biosystems VIIA 7 Real-Time
PCR System. Relative quantification was performed by the
comparative threshold cycle (CT) method.

Statistical analysis. Each result is presented as the arith-
metic mean=SE. Two-way ANOVA with factors ‘FGF21’
(PBS or FGF21) and ‘E2’ (oil or E2) was used to analyze
FGF21 and E2 effects on metabolic parameters with multiple
comparisons by the post hoc Tukey test or Mann—Whitney
U test in case of inequality of variances. Repeated measures
ANOVA with factors ‘FGF21°, ‘E2’ and ‘Time’ (time after
glucose load) was used to analyze the results of the GTT. Dif-
ferences were considered significant at p <0.05. Calculations
were performed with the STATISTICA 10.0 software package
(StatSoft Russia, Moscow, Russia).
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Results

Food intake, body weight, weights of liver

and adipose tissues

At the end of the experiment, E2-treated ovariectomized
(OVX) obese females had lower weights of the body and of
abdominal and subcutaneous adipose tissues (abWAT and
scWAT, respectively) than oil-treated females (p < 0.05,
p <0.05, and p < 0.01, respectively) (Fig. 2, a). Fibroblast
growth factor 21 (FGF21) did not affect the parameters
whether administered alone or with estradiol. There were no
significant effects of the administration of E2, or FGF21, or
both on the weight of brown adipose tissue (BAT), hepatic
weight, or hepatic triglyceride content (Fig. 3, a, see Fig. 2, a).

Estradiol reduced the number of calories consumed with the
high-fat component of the diet (lard) and the total number of
calories consumed (p < 0.01 and p < 0.05, respectively), but
did not affect the contribution of various components of the
diet to the calorie content of the food consumed (Fig 4, a).
FGF21, regardless of E2, increased the number of calories
consumed with standard chow and contribution of standard
chow to the calorie content of the food consumed.

Thus, in obese OVX females, estradiol reduced body
weight, apparently due to the decrease in WAT weight. Both
drugs influenced the food preferences, and their effects were
independent.

Insulin sensitivity, plasma hormone

and metabolite levels

In obese OVX females, there were no significant effects of
separate or joint administration of drugs on the plasma levels
of corticosterone, free fatty acids (FFA), triglycerides (TG), or
cholesterol (Fig. 5). FGF21 had no effect on plasma levels of
leptin or adiponectin, but estradiol reduced both (p < 0.001).
Estradiol reduced the plasma insulin and blood fasting glucose
levels and increased glucose tolerance (p <0.001 in all cases)
(Fig. 6, a, b). When administered separately, FGF21 also re-
duced the plasma insulin level (p <0.05, post hoc Tukey test).
In females having received both drugs, insulin levels did not
differ from those in FGF21- or E2-females, but they were
significantly lower than in control females (p < 0.05, post hoc
Tukey test). Regardless of E2-treatment, glucose tolerance
in females treated with FGF21 did not differ from control
females and the fed plasma glucose level was lower than in
control females, although the differences were below the level
of significance (p = 0.07).

Thus, estradiol increased insulin sensitivity in obese
OVX females. FGF21, regardless of E2-treatment, did not
affect glucose tolerance or the fasting glucose level, but low-
ered the fed glucose level. FGF21 also had a beneficial effect
on the plasma insulin level, but this effect was recorded only
in E2-untreated females.

Metabolic gene expression

In scWAT, in obese OVX females, FGF21 and estradiol, when
administered separately, increased the expression of insulin
receptor gene (/nsr) and acetyl-coA carboxylase beta gene
(AcacP, suppression of fatty acid oxidation) (see Fig. 2, b).
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Fig. 2. a, Body weight, the weight of abdominal (abWAT) and subcutaneous (scWAT) white adipose tissues and the weight of brown adipose tissue
(BAT); b, ¢, the mRNA levels of genes regulating metabolism in sSCWAT and BAT, respectively.
The ANOVA factors whose influence on the parameter is significant are shown above brackets (E2, FGF21, or E2xFGF21). *vs Control, #vs FGF21, Svs E2, post

hoc Tukey test.
Insr — insulin receptor; Ptpn1 — protein-tyrosine phosphatase 1B; Slc2a4 - solute carrier family 2 member 4; Ppary — peroxisome proliferator-activated nuclear
receptor gamma; Ppargcla — peroxisome proliferator-activated receptor gamma coactivator; Acaca — acetyl-coenzyme A carboxylase alpha; Acacf - acetyl-CoA
carboxylase beta; CptTa - carnitine palmitoyltransferase 1A; Lipe — hormone-sensitive lipase; Atgl - adipose triglyceride lipase; Fasn - fatty acid synthase; UcpT -
uncoupling protein 1; Dio2 - deiodonase-2; Cpt1f - carnitine palmitoyltransferase 1B; Ppara — peroxisome proliferator-activated receptor alpha coactivator.
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Fig. 3. Liver: a, weight, triglyceride content; b, mRNA levels of genes regulating glucose and lipid metabolism.
The ANOVA factors whose influence on the parameter is significant are shown above brackets (E2, FGF21, or E2x FGF21). # vs FGF21, $ vs E2, post hoc Tukey test;

& s control, Mann-Whitney U test.
Esr1 - estrogen receptor 1; Stat3 - signal transducer and activator of transcription 3; Insr — insulin receptor; Irs1/2 — insulin receptor substrate 1/2; Slc2a2 - solute

carrier family 2 member 2; Pklr - pyruvate kinase; Gck — glucokinase; G6pc — glucose-6-phosphatase; Pck — phosphoenolpyruvate carboxykinase; Acaca - acetyl-
coenzyme A carboxylase alpha; Fgf21 - fibroblast growth factor 21; Ppargc1a - peroxisome proliferator-activated receptor gamma coactivator; CptTa - carnitine

palmitoyltransferase 1A; AcacP - acetyl-CoA carboxylase beta.
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of FGF21 in obese female mice
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tage of each component (share of total); b, hypothalamic levels of mMRNAs of genes associated with the control of food intake.
ANOVA factors whose influence on the parameter is significant are shown above the brackets (E2, FGF21, or E2xFGF21).* vs Control;
$ vs E2, post hoc Tukey test.

Lepr - leptin receptor; Pomc - proopiomelanocortin; Agrp — agouti related peptide; Npy — neuropeptide Y; Crh — corticotropin releasing
hormone; KIb - klotho beta.
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Fig. 5. The level of hormones and metabolites in the blood plasma.
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ANOVA factors whose influence on the parameter is significant are shown above brackets (E2, FGF21 or E2xFGF21).% vs Control, # vs FGF21, post hoc Tukey test.
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In females who received both drugs, the expression of these
genes was lower than in females who received one of them,
and it did not differ from that in control females (influence of
factor interaction p < 0.05 in both cases). In addition, when
administered separately, FGF21 did not affect the expres-
sion of the Cpt/a gene for carnitine palmitoyltransferase 1a
gene (activation of fatty acid oxidation) but suppressed its
expression in E2-treated females (influence of factor interac-
tion p < 0.05). In females receiving both drugs, the mRNA
level of this gene was significantly lower than in E2-females
(p <0.05, post hoc Tukey test) and did not differ from control
females.

There was no significant effect of separate or joint adminis-
tration of drugs on gene expression in abWAT. In BAT, estra-
diol reduced the expression of the transcription factor peroxi-
some proliferator-activated nuclear receptor gamma (Ppary)
(p <0.05) (see Fig. 2, c). Regardless of the estradiol status,
there were no effects of FGF21 on the expression of genes
involved in thermogenesis and fatty acid beta-oxidation
in BAT.

Thus, in obese OVX females, the catabolic effect of estra-
diol was associated with its stimulating influence on the ex-
pression of Insr, Acac in scWAT and Ppary in BAT. Despite
the absence of the catabolic effect of FGF21, it exerted tran-
scriptional effects in scWAT (stimulated the expression of
Insrand AcacP), but only in oil-treated females; in E2-treated
females, the stimulating effect of FGF21 on gene expression
was not manifested.

In the hypothalamus, changes in food consumption caused
by the E2 action were associated with higher expression of the
genes for leptin receptor (Lepr) and corticotropin-releasing
hormone (Crh) (p < 0.05 and p < 0.01, respectively) (see
Fig. 4, b). The effect of FGF21 on food consumption was as-
sociated with an increase in Lepr expression (p <0.05), which
was more pronounced in females receiving E2. In addition,
FGF21 increased the expression of its own coreceptor, klotho
beta (KIb) (p <0.01), and this effect was also more pronounced
in females receiving E2.

Thus, the effect of drugs on the choice of food components
was associated with a change in the hypothalamic expres-
sion of genes associated with the regulation of food con-
sumption, and estradiol enhanced the transcriptional effects
of FGF21.

In the liver of obese OVX females, estradiol increased the
expression of the insulin receptor gene (/nsr) (p < 0.05) (see
Fig. 3, b). FGF21, regardless of E2-treatment, suppressed its
own expression (Fgf21) and the expression of genes asso-
ciated with fatty acid synthesis and oxidation (acetyl-coen-
zyme A carboxylase alpha, Acaco, and carnitine palmitoyl-
transferase la, Cptlo (tendency)), and with gluconeogenesis
(glucose-6-phosphatase, G6pc) (p < 0.05, p <0.05, p=0.08
and p < 0.01, respectively). When administered separately,
FGF21 increased the expression of insulin receptor substrate
type 2 gene (Irs2) and suppressed the expression of pyruvate
kinase (Pklr, a key enzyme in glycolysis) (p < 0.05, FGF21-
females vs control females, Mann—Whitney U test in both
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cases). In females treated with both FGF21 and estradiol, the
mRNA levels of /rs2 and Pkir did not differ from those in
E2-females or control females.

Thus, independent transcriptional effects of FGF21 and
estradiol in the liver were shown: FGF21-effects on Gé6pc,
Acaca, and Fgf21 expression and an E2-effect on Insr ex-
pression. However, the effects of FGF21 on Irs2 and Pkir
expression manifested themselves only when the drug was
administered without estradiol, and they were absent from
animals receiving both drugs, which suggests an inhibition
of the effects of FGF21 by E2.

Discussion

In this work, we investigated whether the blood estradiol
level modifies the pharmacological action of FGF21 in obese
females. It is known that chronic FGF21 treatment improves
many metabolic parameters in obese male mice; in particular,
weight loss and lipoprotein profiles. It increases insulin sensi-
tivity and energy expenditure, normalizes blood glucose and
triglyceride levels, improves the liver state, and suppresses
gluconeogenesis (Kharitonenkov et al., 2005; Coskun et al.,
2008; Xu et al., 2009; Chau et al., 2010; Véniant et al., 2012;
Fisher, Maratos-Flier, 2016; BonDurant, Potthoff, 2018).
Also, FGF21 changes taste preferences, increasing protein
consumption and reducing sugar consumption by male mice
(Talukdar et al., 2016; Hill et al., 2019; Larson et al., 2019).

According to our data, estradiol given to OVX obese fe-
males reduced body and adipose tissues weights, the total
number of calories consumed, fed insulin plasma level, and
fasting glucose blood level and increased glucose tolerance.
These observations agree with the generally accepted opinion
as to the effect of estradiol on these parameters in female
mice with obesity (Riant et al., 2009; Yan et al., 2019). We
were first to demonstrate that the anorexigenic effect of es-
tradiol in obese OVX females is due to the suppression of
the consumption of a high-fat component of diet (lard), and
this effect is associated with the activation of the expression
of the corticotropin-releasing hormone gene (Crh) in the
hypothalamus. However, some effects of FGF21 observed in
obese males were not detected in obese OVX females. For
example, FGF21, regardless of E2-treatment, did not affect
body or adipose tissues weights; levels of lipids, leptin, or adi-
ponectin in plasma; or the expression of genes associated with
the regulation of thermogenesis in BAT, hypothalamic food
consumption regulation, or with lipid metabolism in sScWAT or
in the liver. These results are consistent with data on the effect
of FGF21 in non-ovariectomized obese females (Bazhan et
al., 2019), and they suggest that there are sex-related factors
other than estradiol that suppress the pharmacological effects
of FGF21 in obese females.

We showed that the stimulating effect of FGF21 on the
consumption of standard food in obese OVX females did not
depend on E2-treatment, and it appeared to be similar to the
FGF21 effect on food consumption in males. FGF21 is known
to increase the consumption of protein (casein enriched with
cystine) by males (Larson et al., 2019). In our experiment,
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standard food had the maximum amount of protein, compared
with lard and cookies. Both hormones, FGF21 and estradiol,
affected the choice of food components, the influence of each
was aimed to reduce the caloric content of consumed food;
herewith, estradiol reduced the high-fat component of diet,
and FGF21 increased intake of standard food. Both hormones
increased the expression of leptin receptors (Lepr) in the
hypothalamus. Genes for the hypothalamic neuropeptides pro-
opiomelanocortin (Pomc), agouti related peptide (4grp) and
neuropeptide Y (Npy) are leptin targets (Cowley etal., 2001),
and they are involved in the regulation of food consumption.
We found no effect of FGF21 or estradiol on their expres-
sion, thus we assume that the activation of the hypothalamic
expression of Lepr and, accordingly, enhane hypothalamic
leptin sensitivity in response to the administration of FGF21
or estradiol do not mediate the effects of these hormones on
food consumption. In this regard, the mechanism of FGF21
effect on food consumption remains unclear and requires
further study, whereas the anorexigenic effect of estradiol is
apparently due to the increase in hypothalamic Crh expression
and activation of the CRF system. It should be noted that in
the hypothalamus, FGF21 stimulated not only Lepr expres-
sion but also the expression of its own co-receptor klotho
beta (KIb); the maximum expression of Lepr and KIb being
recorded when drugs were administered jointly. The results
indicate that the pharmacological use FGF21 can increase
the sensitivity of the hypothalamus to regulatory factors, and
estradiol can potentiate the central effects of FGF21.

We show that FGF21 administered to obese OVX females
increases the expression of /nsr and AcacP in scWAT and
Irs2 in the liver but suppresses the hepatic expression of
glucose-6-phosphatase (G6pc), Pklr, Acaca, Cptlo, and itself
(Fgf21). It is known that chronic administration of FGF21
to obese males increases the expression of Insr, Acacp and
suppresses the expression of Cptla in scWAT, and in the
liver stimulates the expression of /nsr and suppresses its own
expression (Fgf21) and the expression of Acacao and Cptla
(Coskun et al., 2008; Fisher et al., 2011). Consequently, the
transcriptional effects of FGF21 in obese OVX females not
treated with estradiol were similar to those in obese males and
beneficial. They were aimed at increasing insulin sensitivity in
the liver and adipose tissue, and they contributed to a decrease
in glucose and fatty acid plasma levels. In obese OVX females
having received both drugs, the beneficial transcriptional ef-
fects of FGF21 persisted only in the liver: FGF21 suppressed
the expression of G6pc, Acaca, Cptla, and itself.

When co-administered with estradiol, FGF21 suppressed
the expression of Cptlo in scWAT, but the effect of FGF21
on the expression of /nsr and Acacf} in scWAT, Irs2 and Pklr
in the liver was not pronounced. Consequently, the effect of
FGF21 on hepatic G6pc expression, is independent of estradiol
and is associated with a decrease in fed glucose plasma levels.
We assume that these FGF21 effects (suppression of G6pc
expression and lower plasma glucose level) were mediated by
activation of hypothalamic Lepr expression, since the ability
of leptin, affecting the activity of POMC neurons, to normal-
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ize blood glucose levels and increase insulin sensitivity in the
liver has been shown (Berglund et al., 2012).

Thus, the study of the transcriptional effects of FGF21
in the liver, adipose tissue, and hypothalamus shows that
there are different types of interaction between FGF21 and
estradiol in regulating the expression of metabolic genes in
obese OVX females: (1) FGF21 can act independently of E2,
(2) estradiol may inhibit or enhance the effects of FGF21, and
(3) the interplay of hormones can lead to mutual suppres-
sion of their effects, observed when they are administered
separately. The ability of exogenous FGF21 to suppress the
effects of estradiol in females suggests a possible adverse ef-
fect of pharmacological FGF21; in particular, on the female
reproductive function.

What mechanisms may mediate the estradiol influence on
the pharmacological effects of FGF21? FGF21 has been shown
to bind to a receptor complex consisting of fibroblast growth
factor receptor type 1 (FGFR1) and klotho beta co-receptor
(Kurosu et al., 2007). In the hypothalamus, adipose tissue,
and the pancreas, the receptor and co-receptor of FGF21 are
expressed, as well as all types of estradiol receptors (Kurosu
etal.,2007; Nadal et al., 2009; Fisher et al., 2011; Bian et al.,
2019; Pan et al., 2019). These tissues are the target of FGF21
and estradiol. Estrogen receptor alpha and G-protein-coupled
estrogen receptor are expressed in the liver (Palmisano et al.,
2017), so the liver is the target of estradiol. The level of FGFR1
in the liver is very low (Fisher et al., 2011); however, some
direct effects of FGF21 can be observed in the liver with its
pharmacological administration, as a result of a large dose of
the drug (Owen et al., 2015). The interaction of FGF21 and
estradiol in the regulation of metabolic parameters may depend
on the molecular mechanism regulating the expression of tar-
get genes, as well as on the type and level of receptors in the
tissue, thus being tissue-specific. The molecular mechanism
of this interaction requires additional study.

Conclusion

To sum up, we state that ovariectomized obese females are
resistant to the catabolic action of FGF21, and this resistance
is not associated with the action of estradiol. The ability of
FGF21 to increase the consumption of standard food and
reduce blood glucose levels does not depend on estradiol
either. However, FGF21 and estradiol appear to interact in the
regulation of gene expression and blood insulin levels: (i) es-
tradiol can suppress the transcriptional effects of FGF21 in
the liver and potentiate its effect in the hypothalamus; (ii) in
adipose tissue, the interaction of FGF21 and estradiol can
suppress the activating effect of each of the drugs observed
with separate administration or contribute to the manifesta-
tion of the inhibitory effect of FGF21; and (iii) in E2-treated
animals, FGF21 exerts no inhibitory effect on the blood in-
sulin level.

Estradiol-dependent effects of FGF21 can manifest them-
selves differently in male and female bodies, different in estro-
gen activity. Thereby, they determine the sexual dimorphism
of the pharmacological effects of FGF21 in obese animals.
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