FEHETUKA U CENEKUMA XXUBOTHbIX BaBMNoBCKUI XKypHan reHeTUkn n cenekummn. 2023;27(4):333-341

OpurunHanbHoe nccnegosaHue / Original article DOI 10.18699/VJGB-23-40

Studying sex differences in responses to fibroblast growth factor 21
administration in obese mice consuming a sweet-fat diet

N.M. Bazhan’ 3@, T.V. Jakovleval, A.Yu. Kazantseval, N.E. Kostinal, PE. Orlov3, N.Yu. Balybinal, K.O. Baranov?, E.N. Makaroval

Tnstitute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia

2 nstitute of Molecular and Cellular Biology of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
3 Novosibirsk State University, Novosibirsk, Russia

® bazhan-nm@yandex.ru

Abstract. In animals, obesity caused by consumption of a sweet-fat diet (SFD) is the most adequate mouse model of
human diet-induced obesity. Fibroblast growth factor 21 (FGF21) reduces body weight, beneficially affects taste pre-
ferences, and corrects glucose metabolism in obese mice. Sex is known to influence FGF21 effects in different models
of diet-induced and hereditary obesity. In mice with SFD-induced obesity, the effects of FGF21 have been studied only
in males. The aim of this study was to compare the effects of FGF21 on body weight, food preferences and glucose and
lipid metabolism in C57BI/6J male and female mice with SFD-induced obesity. Mice were fed with a diet consisting of
standard chow, lard and cookies for 10 weeks, then they were injected with FGF21 (1 mg per 1 kg) or vehicle for 7 days.
Body weight, weights of different types of food, blood parameters, glucose tolerance, gene and protein expression in
the liver, gene expression in the white, brown adipose tissues, and the hypothalamus were assessed. FGF21 admini-
stration reduced body weight, did not alter total energy consumption, and activated orexigenic pathways of hypotha-
lamus in mice of both sexes. However, sex dimorphism was found in the realization of the orexigenic FGF21 action at
the transcriptional level in the hypothalamus. Metabolic effects of FGF21 were also sex-specific. Only in males, FGF21
exerted beneficial antidiabetic action: it reduced fatty acid and leptin plasma levels, improved glucose-tolerance, and
upregulated hepatic expression of Ppargc1, Fasn, Acco, involved in lipid turnover, gene Insr and protein glucokinase,
involved in insulin action. Only in obese females, FGF21 induced preference of standard diet to sweet food. Thus, in
mouse model of obesity induced by consumption of a sweet-fat diet, the catabolic effect of FGF21 was not sex-specific
and hormonal, transcriptional and behavioral effects of FGF21 were sex-specific. These data suggest elaboration of dif-
ferent approaches to use FGF21 analogs for correction of metabolic consequences of obesity in different sexes.
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AHHOTaLUA. Y XXMBOTHbIX OXXMPEHWe, Bbl3BaHHOE NOTpebneHnem CafKo-KUPHON ANeTbl, CIyXWUT Hanbonee afekBart-
HOW MOZENbI0 Pa3BUTUA aIMMEHTAPHOTO OXUPEHWA Y YenioBeKa. Y Mbillell C oxumpeHnem daktop pocta ¢prbpobna-
ctoB 21 (FGF21) cHukaeT maccy Tena, 6naronpuaTHO BAMAET Ha BKYCOBble MPEeAMNoYTeHUs, yayyliaeT MeTabonnsm
rNOKO3bl U NNMUAOB. B pa3nunuHbiXx MoAeNnax OXUPeHNa NokasaHo, YTo non BavsaeT Ha 3¢pdekTbl FGF21. Y mblwei ¢
OXUPEHMEM, BbI3BaHHbIM ClafKo-KNpHoW anetol, 3¢pdekTbl FGF21 n3yuyeHbl Tonbko y camuos. Lienb paboTbl 3aknio-
Yyanacb B cpaBHeHUW BnMAHUA FGF21 Ha maccy Tena, BbI6GOp MW, YINEBOAHO-KUPOBON OOMEH Y CaMLIOB 1 CaMOK
Mbiwei C57BI/6J c oxmpeHmnem, BbI3BaHHbIM NOTpebieHnem cnagKo-KUPHO aneTbl. B TeueHne 10 Hefenb MblLuei Kop-
MWW ANETON, COCTOALLEN U3 CTaHAAPTHOIO IabOPaTOPHOro KOPMa, CBUHOMO Cana 1 CNafKoro neyeHbs, 3aTeM 7 fHei
OHW nonyYanu Hbekuun FGF21 (1 mr Ha 1 Kr) nnmn pactBoputens. MI3mepeHbl Macca Tenla, Macca noTpebsieHHbIX Npo-
LYKTOB, NMOKa3aTeNn KPOBW, TONEPAHTHOCTb K MI0KO3€, SKCMPECCHA B MEUYEHN reHOB 1 6eNKOB, a B XKNPOBOW TKaHW 1
runoTanamyce — TONIbKO reHoB. Y mbiwel o6oux nonos BeeaeHne FGF21 cHM3uno maccy Tena, He U3MeHuno obuyee
KONMYECTBO NOTPEONEHHOM SHEPIUM 1 aKTVBMPOBASIO OPEKCUIeHHble NyTW B runoTanamyce. OfHaKko Ha TpaHCKpwWn-

© Bazhan N.M,, Jakovleva T.V., Kazantseva A.Yu., Kostina N.E., Orlov PE., Balybina N.Yu., Baranov K.O., Makarova E.N., 2023
This work is licensed under a Creative Commons Attribution 4.0 License



N.M. Bazhan, T.V. Jakovleva, A.Yu. Kazantseva ...
N.Yu. Balybina, K.O. Baranov, E.N. Makarova

Sex differences in responses to fibroblast growth factor 21
administration in obese mice

LIOHHOM YPOBHe BblfiBJIeHbl MOJI0BbIe Pa3NnyuA B peanusaunm opekcureHHoro aencteua FGF21 B runotanamyce. Me-
Tabonunueckoe penctane FGF21 Takke 3aBuceno ot nona. Tonbko y camuos FGF21 Bbi3biBan 6naronpuaTHoe aHTUna-
6eTnyeckoe BO3AENCTBUE: CHXKAM YPOBHU XUPHbIX KACIOT U NENTUHA B KPOBWU, yyuLllan TONepPaHTHOCTb K ITIOKO3e,
NOBbILLA SKCMPECCUIO B NeUeHn reHoB Ppargcl, Fasn, Acca, BOBNIEUEHHbIX B XKMPOBOI 06MeH, U reHa Insr, a Takxe 6esika
TIIOKOKUHA3bl, KOTOPble ONOCPeaytoT AeNCcTBME UHCYNNHA. TONbKO Yy camok FGF21 yBenuumusan notpebneHvie sHeprum
CO CTaHZAPTHbIM KOPMOM 1 CHUXan — C neyeHbeM. Takum 06pa3om, Y MbllLei B MOLENN OXKMPEHUA, BbI3BaHHOTO Craj-
Ko-XupHoii greTton, FGF21 ymeHbLian Maccy Tena ocobeit 060ero nosa, okasbliBas aHTUAMabeTUYeCKnin 3GPeKT ToNIbKO
y CaMLOB 1 MEHAS BKYCOBbIE NPeANOYTEHNA TOMbKO Y CaMOK. DT pe3ynbTaThl YKa3blBaloT Ha HEOOXOAMMOCTb paspa-
60TKM CreLunanbHbIX NOAX0A0B B UCMonb3oBaHumn FGF21 1 ero aHanoros gns neyeHrs MeTaboimuyeckux noceacTeuil

OXNpeHuAay I'IpeD,CTaBI/ITel'IeIz Pa3HbIX MOJIOB.

Kniouesble cnoBa: FGF21; OXHMpeHne; NONOBbIE PasNnMyunA; NevYeHb; KNPOoBad TKaHb; rmnoTanamyc; n0Tpe6neHV|e nmwn;

SKCnpeccna reHos.

Introduction

In the human population, there is a significant increase in the
number of people suffering from obesity and associated meta-
bolic diseases such as type 2 diabetes, cardiovascular diseases
and non-alcoholic fatty liver. Intensive research is underway
to create drugs for normalization of carbohydrate-lipid me-
tabolism at obesity. Fibroblast growth factor 21 (FGF21) is
purported to be one of the most promising candidates for such
aims (Talukdar, Kharitonenkov, 2021). FGF21 is synthesized
and secreted into the circulation mainly by the liver (Fisher
et al., 2011) in response to metabolic stresses such as food
deprivation (Zhang Y. et al., 2012; Bazhan et al., 2019a), cold
exposure (Dutchak et al., 2012), and obesity (Chukijrungroat
etal.,2017; Bazhan et al., 2019b). FGF21 functions to restore
homeostasis by coordinating metabolic responses from brown
and white adipose tissues, muscles, liver and hypothalamus
(Martinez-Garza et al., 2019; Makarova et al., 2021a, b). The
effect of FGF21 on metabolic phenotype is partially mediated
by its effect on gene expression in these tissues (Hale et al.,
2012; Keinicke et al., 2020). FGF21 administration has potent
beneficial effects on obesity and diabetes in humans, monkeys,
and rodents (Kharitonenkov, Adams, 2013), it reduces body
weight, increases insulin sensitivity, normalizes blood glucose
levels (Kharitonenkov et al., 2005; Coskun et al., 2008; Xu
et al., 2009).

High energy density diets: high fat diet (HFD) and sweet
fat diet (SFD) are most commonly used to induce obesity in
mice. It has recently been shown that the anti-diabetic effect
of FGF21 in genetically obese mice (ob/ob and Ay mice) ap-
pears only in males (Berglund et al., 2009; Makarova et al.,
2020; Makarova et al., 2021b), whereas in mice with obesity
caused by HFD it is manifested both in females and males.
In mice with SFD-induced obesity (SFDIO), the effects of
FGF21 have been shown in males (Coskun et al., 2008), while
in females, they have not been studied. Elucidation of the role
of FGF21 in the regulation of metabolic processes in females
fed SFD is relevant, since SFD mimics the human Western
diet and is the most adequate model of human diet-induced
obesity (Sampey et al., 2011).

In addition, FGF21 may influence food choices. In mice
with normal body weight, FGF21 administration has been
shown to increase protein intake (Hill et al., 2020) and reduce
sugar intake (Talukdar etal., 2016b). In ovariectomized obese
female mice fed mixed diet (standard chows, lard and sweet
cookies), FGF21 administration increases the intake of calo-
ries with standard chows, which contain more proteins than
other types of food (Jakovleva et al., 2022). It is not known
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whether FGF21 influences the intake of various types of food
and the expression of hypothalamic genes involved in the re-
gulation of food intake in SFDIO mice with normal gonadal
function.

Thus, the aim of this work was to study in male and female
mice with obesity caused by the consumption of a sweet-fat
diet the effect of FGF21 on weight of body, liver, adipose tis-
sues, tolerance to glucose, blood levels of hormones and me-
tabolites, the amount of energy consumed with various types
of food, and expression of genes involved in the regulation of
metabolic processes in the liver, white, brown adipose tissue
and in the regulation of eating behavior in the hypothalamus.

Materials and methods

The experiment was 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
approved by the Independent Ethics Committee of the Institute
of Cytology and Genetics of the Siberian Branch of the Rus-
sian Academy of Sciences on November 8, 2021.

Animals. Male and female C57BL mice bread in the viva-
rium of the Institute of Cytology and Genetics were used. At
the age of four weeks, mice were separated from mothers and
placed in groups of three per cage under a 12/12-h light-dark
regime (light from 07:30 to 19:30) at an ambient tempera-
ture of 22-24 °C. The animals were provided ad libitum ac
cess to commercial mouse chow (Assortiment Agro, Tura-
kovo Village, Moscow region, Russia) and water. At the age
of 10 weeks, lard and sweet butter cookies were added to the
standard chow in order to induce the development of obesity.
The animals fed SFD for 13 weeks until they reached marked
obesity (the body weight was 41.6+ 1.0 g, mean+ SE, n=20).
To measure the food intake of each mouse, they were placed
in separate cages and kept individually until the start of the
experiment. Solitary maintenance is emotional stress, reduc-
ing body weight. Three days after the cage change, the body
weight decreased to 38.9+0.9 g. Two weeks after the cage
change, the weight of the mice recovered to 41.8+0.8 g. This
body weight was considered as the initial.

Mice of both sexes were randomized into the control group
injected with vehicle — phosphate-bicarbonate solution — and
the FGF21 group injected with mouse recombinant FGF21
(1 mgper 1 kg). Each group consisted of 57 mice. Substances
were administered subcutaneously at the end of the light period
(17:00-17:30) for seven days. The protocol of the expression
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and purification of mouse FGF21 was described previously
(Makarova etal., 2021a). Mice were weighed daily. In the part
of the animals, various food components were also weighed
daily and the amount of energy intake was calculated based
on the fact that the calorie content of lard is 8 kcal/g, the
standard chow is 2.5 kcal/g, and the biscuit is 4.58 kcal/g. The
percentage of consumed energy in relation to total consumed
energy was calculated for each type of food.

A day after the last injection of FGF21, some of the mice
were sacrificed by decapitation, and the others were tested
for glucose tolerance and were sacrificed the day after test-
ing. Trunk blood was collected in test tubes with EDTA after
decapitation, centrifuged and plasma was stored at —20 °C
until the assay of hormones and metabolites. Liver, subcuta-
neous and abdominal white adipose tissue (WAT), and brown
adipose tissue (BAT) from the interscapular region were
weighed. Samples of the liver, BAT, perigonadal WAT and hy-
pothalamus were collected and snap-frozen in liquid nitrogen
to measure gene expression. In the liver, protein expression
was also measured by Western Blot Analysis.

Glucose tolerance test. Before the test, food was removed
from the animals at 08:00, and the test started at 15:00. Ani-
mals were injected with glucose (AO “REACHEM”, Moscow,
Russia) intraperitoneally at the dose of 1 g/kg body weight.
Blood glucose concentrations were measured using a Lifescan
One Touch Basic Plus glucometer (LifeScan Inc., Switzerland)
before glucose administration (fasting glucose) and 15, 30,
60, and 120 minutes after glucose administration.

Assay of plasma biochemical parameters. Concentra-
tions of insulin, leptin, and adiponectin were measured using
a Rat/Mouse insulin ELISA Kit, a Mouse leptin ELISA Kit
(EMD Millipore, St. Charles, MO, USA), and a Mouse adi-
ponectin ELISA Kit (EMD Millipore, Billerica, MA, USA),
respectively. Concentrations of glucose, triglycerides, and cho-
lesterol were measured colorimetrically using Fluitest GLU,
Fluitest TG, and Fluitest CHOL (Analyticon® Biotechnologies
AGAm Miihlenberg 10, 35104 Lichtenfels, Germany), respec-
tively. Concentrations of free fatty acids were measured using
NEFA FS DiaSys kits (DiaSys Diagnostic Systems GmbH,
Holzheim, Germany).

Relative quantitation real-time PCR. RNA was isolated
from tissue samples using an ExtractRNA kit (Evrogen, Mos-
cow, Russia) according to the manufacturer’s recommenda-
tions. First-strand cDNA was synthesized using Moloney mu-
rine leukemia virus (MMLV) reverse transcriptase (Evrogen)
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 acetyl-CoA carboxy-
lase alpha/beta (Acaco/B, Mm01304257 m1/MmO01204671
ml), adipose triglyceride lipase (4zg/, Mm00503040 m1),
agouti related neuropeptide (4grp, Mm00475829 gl), beta-
actin (4ctb, Mm00607939 s1), carnitine palmitoyltransferase
1A/1B (Cptlo/B, Mm01231183 m1/Mm00487191 gl), cor-
ticotrophin releasing hormone (Cri, Mm01293920 s1), fatty
acid synthase (Fasn, Mm00662319 ml), fibroblast growth
factor 21 (Fg 21, Mm00840165 gl), glucose-6-phosphatase
(G6pc,Mm00839363 ml), Glucokinase (Gck, Mm00439129
ml), Insulin receptor (/nsr, Mm01211875 ml), hormone-
sensitive lipase (Lipe, Mm00495359 ml), klotho beta (Kb,
MmO00473122 ml), neuropeptide Y (Npy, Mm01410146
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m1), peroxisome proliferator-activated receptor alpha/gamma
(Ppara/y, Mm00440939 m1/Mm00440940 ml), peroxisome
proliferator-activated receptor gamma coactivator (Ppargcla,
MmO01208835 ml), phosphoenolpyruvate carboxykinase
(Pck,Mm01247058 ml), Pyruvate kinase liver and red blood
cell (Pkir, Mm00443090 m1), proopiomelanocortin (Pomc,
MmO00435874 _m1l), solute carrier family 2 member 1/2/4
(Slc2al/Sic2a2 Sic2a4, Mm00441480 m1/Mm00446229
m1/Mm00436615 m1), uncoupling protein 1/3 (Ucp1/Ucp3,
MmO01244861 m1/Mm01163394 m1). Beta-actin was 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 (i. e. 222t method).

Western Blot Analysis of protein levels. Expression
of hepatic proteins was measured as described previously
(Iakovleva et al., 2020). Primary polyclonal rabbit antibodies
(Santa Cruz Biotechnology, USA, breeding 1:2000) were
used: Insulin receptor antibody (IRa, N-20) and Glucokinase
antibody (GK H-88). The results referred to the total amount
of protein.

Statistical analysis. Each result is presented as mean+SE
for a sample size (i. e., number of mice) indicated. A repeated
measures ANOVA with the factors “sex” (male, female),
“experiment” (phosphate-bicarbonate solution, FGF21), and
“day of experiment” was used to analyze FGF21 effects on
body weight loss and total daily energy intake. Other param-
eters were compared with Student’s ¢-fest. Significance was
determined as p <0.05. The STATISTICA 6 software package
(StatSoft Inc., USA) was used for analysis.

Results

Weight characteristics. Injections of vehicle and FGF21
induced weight loss in both male and female mice (p < 0.05,
factor “experiment”; Fig. 1). However, weight loss was more
pronounced in FGF21 than in the control group (p < 0.001,
interaction of “experiment” and “day of experiment” by re-
peated measures ANOVA) regardless of sex.

Sex and FGF21 administration did not affect indexes of the
liver and adipose tissues (Table 1).

Energy consumption. In both groups, males and females
did not differ in total energy consumption with different types
of food. FGF21 administration did not affect total energy in-
take or individual food choices in males, but increased ener-
gy intake with standard food and decreased it with cookies
(p <0.05 in both cases) in females (Fig. 2, a, b). At the same
time, in females treated with FGF21, the total energy intake
from all types of food did not differ from that in the control
group.

Blood biochemical parameters, glucose tolerance test.
In the control group, no sex differences were found for most
of the hormonal and metabolic blood parameters, only the
adiponectin blood level in the females was higher than that
of males (p <0.001).

FGF21 administration reduced blood free fatty acid and
leptin concentrations (p < 0.05 in both cases), tended to re-
duce insulin concentration (p <0.08) (Fig. 3, a) and increased
glucose tolerance only in males (see Fig. 3, b). In the glucose
tolerance test in males treated with FGF21, the blood glucose
curve was lower than in the control, and at the 15t and 30t
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Fig. 1. Body weight loss (% of initial BW) in mice with sweet fat diet-induced obesity received vehicle (control) or FGF21.

Group size 5-7 animals.

Table 1. Weight characteristics in male and female obese mice that received vehicle (control) or FGF21 for 7 days

Tissue Males

Control FGF21
Liver index x 10 0.35+0.03 0.38+0.03
sCWAT index x 10 3.12+0.04 2.74+£0.29
abdWAT index x 10 3.02+0.04 2.81£0.11
BAT index x 10 0.53+0.02 0.53+0.02

Females

Control FGF21
0.37+0.02 0.35+0.01
3.12+0.18 3.10£0.06
2.89+0.17 2.89+0.13
0.43+0.04 0.59+0.08

Note. scWAT, subcutaneous white adipose tissue; abdWAT, abdominal white adipose tissue; BAT, brown adipose tissue.

Males O Control

21+ © FGF21

Kcal/day

03r  Standard chow Lard

*
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Rate of total energy

Males Females Males Females

- Females

© Control

L @® FGF21

Days
Cookies Male
04l O Control
@ FGF21
* Female
02 E Control
W FGF21
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Fig. 2. Total daily energy intake with all types of food (a) and energy intake with each type of food for 7 days (b) in obese mice that

received vehicle (control) or FGF21 for 7 days.
5-7 mice/group. * p < 0.05 vs. control in the same sex by Student’s t-test.

minute of the test, the differences with the control were sig-
nificant (* p <0.05 vs. control in both cases).

Gene expression. In the control group, the expression
of many hepatic genes in females was higher than in males
(Fig. 4, 5). These include genes encoding peroxisome proli-
ferator-activated receptor gamma coactivator (Ppargcl), car-
nitine palmitoyltransferase 1A (Cptla), fatty acid synthase
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(Fasn), acetyl-CoA carboxylase beta (4cacf) and klotho beta
(KIb) (p<0.01 for Acacp, and p <0.05 for other genes). In ad-
dition, the expression of adipose triglyceride lipase (Pnpla2),
solute carrier family 2 member 2 (Slc2a?2), insulin receptor
(Insr) genes in control females was higher than in SFDIO
males at the trend level (p = 0.06 for Pnpla2, and p = 0.07
for Insr and Slc2a?) (see Fig. 4).
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Fig. 3. Biochemical blood parameters (a) and blood glucose levels in the glucose tolerance test (b) in obese mice that received

vehicle (control) or FGF21.

Here and in Fig. 4-7: 5-7 mice/group. * p < 0.05 vs. control in the same sex, # p < 0.05 vs. males in the same experimental group by Student'’s

t-test.
Fatty acid oxidation Lipolysis Lipogenesis
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@ FGF21
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) B FGF21
K]
<
z
[a=
) j ri ri ’_\i
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Fig. 4. Relative expression of hepatic genes involved in lipid metabolism in obese mice that received vehicle (control) or FGF21.

Only in males, administration of FGF21 increased ex-
pression of hepatic genes involved in fatty acid oxidation
(Ppargcl), lipogenesis (Fasn, acetyl-CoA carboxylase a,
Acaca) and insulin sensitivity (/nsr) (p < 0.05 for all genes)
(see Fig. 4, 5). In addition, in SFDIO males, FGF21 increased,
on a tendency level, the expression of genes related to glucose
oxidation (glucokinase, Gck, pyruvate kinase, Pklr) (p <0.06
for Pklr, and p <0.07 for Gck). After FGF21 administration,
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the expression of genes involved in fatty acid oxidation
(peroxisome proliferator-activated receptor alpha, Pparoa and
uncoupling protein 3, Ucp3) was higher in females than in
males (p < 0.05 for both genes).

As far as FGF21 administration upregulated the expression
of genes encoding insulin receptor (IR) and glucokinase (GK),
hepatic expression of these proteins was also measured (see
Fig. 5, b). In the control group, IR expression did not differ
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Fig. 5. Relative expression of hepatic genes (a) and proteins (b) involved in glucose metabolism and FGF21 signaling in male and female obese mice

that received vehicle (control) or FGF21.
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Fig. 7. Relative hypothalamic gene expression in male and female obese
mice that received vehicle (control) or FGF21.

between females and males and GK expression was higher
in females than in males (p < 0.05). FGF21 administration
increased expression of GK (p < 0.05) and IR (tendency
p <0.06) only in males.

In obese mice from the control group, expression of BAT
genes involved in fatty acid oxidation (peroxisome prolife-
rator-activated receptor gamma, Ppary), thermogenesis (un-
coupling protein 1, Ucp) and gene encoding FGF21 (Fgf21)
was higher in females than in males (p < 0.001 for Figf21,
p <0.01 for Ucpl, and p < 0.05 for Ppary) (Fig. 6). FGF21
administration did not affect BAT gene expression. After
FGF21 administration expression of Slc2al encoding Solute
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carrier family 2 member 1 was significantly higher in females
than in males (p < 0.05). In subcutaneous WAT, expression
of all measured genes (Ppary, Ppargcl, Cptlf, Pnpla2, Lipe,
Lpl, Fasn, Slc2al, Slc2a4, Ucpl, Insr) was independent of
sex and FGF21 administration (the data are not presented).

In the control group, males and females did not differ in
the expression of hypothalamic genes involved in the regula-
tion of food intake (Fig. 7). FGF21 administration increased
the expression of the gene encoding orexigenic neuropeptide
NPY in SFDIO females and decreased the expression of gene
encoding anorexigenic neuropeptide POMC in SFDIO males
(p < 0.05 for both genes). In the FGF21 group, the expres-
sion of the Pomc gene in females was higher than in males
(p <0.05).

Discussion

In this work, we evaluated the pharmacological effects of
FGF21 in male and female mice in a model of obesity induced
by consumption of SFD that mimics the human Western diet
and is the most adequate model of human diet-induced obesity
(Sampey et al., 2011). Results of this work demonstrated that
in C57B1 mice with SFDIO, FGF21 exerted catabolic effect
regardless of sex, and antidiabetic effect — differently in male
and female mice. FGF21 administration exerted anti-diabetic
therapeutic effects only in SFDIO males and increased con-
sumption of standard chow and decreased consumption of
sweet cakes only in SFDIO females.
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The ability of FGF21 to reduce body weight, regardless of
sex, was previously demonstrated in obese mice that consumed
HFD (Makarova et al., 2021a). However, in Ay mice with
genetic melanocortin obesity, the catabolic effect of FGF21
was manifested only in males (Makarova et al., 2020). Thus,
FGF21-treated obese male mice exert reduced BW regard-
less of the type of obesity (hereditary, HFD- or SFD-induced
obesity), and FGF21-treated obese female mice — only at
alimentary form of obesity.

In SFDIO mice, the catabolic effect of FGF21 was not
associated with a decrease in total energy intake, suggesting
that it was due to an increase in energy expenditure. Indeed,
T. Coskun et al. demonstrated that FGF21-treated male mice
with obesity induced by consumption of a sweet-fat diet had
a significantly higher energy expenditure rate, oxygen con-
sumption as well as increased core body temperature, com-
pared with the vehicle-treated mice (Coskun et al., 2008). The
authors hypothesized that the FGF21-induced increase in
energy expenditure could be due to increased thermogenesis in
BAT, since the expression of genes involved in thermogenesis
and fatty acid oxidation was increased in FGF21-treated male
mice. In our experiment, FGF21 administration did not alter
expression of genes (Ucp! and Dio2) related to thermogenesis
in BAT and WAT in SFDIO mice. It can be assumed that in
SEFDIO mice, FGF21 increased energy expenditure through
other mechanisms, unrelated to BAT and WAT thermogenesis.

It is known that FGF21 enhances mitochondrial biogenesis
and fatty acid oxidation not only in adipose tissues, but also
in muscles (Sun et al., 2021). In addition, FGF21 can increase
energy expenditure by activating sympathetic nerves (Owen
et al., 2014), which is accompanied by an increase in body
temperature and physical activity (Owen et al., 2014). We
demonstrated earlier that FGF21 increases locomotor activi-
ty equally in male and female Ay mice with genetic obesity
(Makarova et al., 2021a). It can be assumed that the catabolic
effect of FGF21 in SFDIO mice was due to activation of ther-
mogenesis in muscles (Sun et al., 2021), and motor activity
(Makarova et al., 2021a). Weight loss in FGF2 1 -treated SFDIO
mice is indicative of yet other mechanisms whereby energy
expenditure may be increased, which remain to be explored.

The antiobesity effect of FGF21 was associated with activa-
tion of hypothalamic orexigenic mechanisms in mice of both
sexes. However, sex dimorphism was found in the realization
of the orexigenic FGF21 action at the transcriptional level:
FGF21 upregulated the expression of the orexigenic Npy in
SFDIO females, and downregulated the expression of the
anorexigenic Pomc in SFDIO males. These data suggest that
specific pathways for the orexigenic action of FGF21 may
differ between males and females. Obviously, transcriptional
changes found at the level of the hypothalamus do not con-
tribute to body weight loss in response to FGF21 administra-
tion. It can be assumed that they are part of a counter-regu-
latory mechanism necessary for limiting the catabolic effect
of FGF21.

Our data demonstrated that FGF21 had a beneficial antidia-
betic effect only in SFDIO males: it decreased plasma FFA,
leptin levels, tended to reduce plasma insulin level, and in-
creased glucose tolerance. Sex dimorphism in response to
FGF21 was reported earlier in obese Ay mice: FGF21 admi-
nistration decreases hyperinsulinemia and hepatic lipid ac-
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cumulation, increases muscle expression of genes involved
in fatty acid oxidation and insulin signaling only in obese
Ay males (Makarova et al., 2021b). It is possible that in SFDIO
males, the FGF21-induced improvement in glucose tolerance
was associated with a decrease in plasma concentration of
leptin and fatty acids which are key risk factors for insulin
resistance at obesity (Yang et al., 2018; Zhang Q. et al., 2019).
Zhao and coauthors, using genetic approaches and a leptin
neutralizing antibody, demonstrated that in obese mice, a
partial reduction of plasma leptin levels restores hypothalamic
leptin sensitivity and effectively enhances glucose tolerance
and insulin sensitivity (Zhao et al., 2019).

In SFDIO males, the antidiabetic effect of FGF21 is most
likely due to its action on the liver, which is a highly di-
morphic target organ for FGF21 and plays a key role in the
regulation of carbohydrate and lipid metabolism (Fisher et al.,
2011; Torre et al., 2017). In our study, FGF21-treated SFDIO
males exerted upregulated expression of hepatic genes (Pclr,
Gck — both tendency), and proteins (GK and IR — tendency)
involved in insulin signaling and genes related to fatty acid
oxidation (Ppargcl) and lipogenesis (Fasn, Acaca), suggest-
ing increased glucose and lipid turnover.

In SFDIO females, FGF21 administration did not increase
the expression of any hepatic gene, which could be due to a
ceiling effect. In vehicle-treated SFDIO mice, expression of
many hepatic genes involved in lipid metabolism (Ppargcla,
Cptl, Fasn, Accb) and expression of GK was higher in females
than in males. It can be assumed that the increased expression
of hepatic genes in vehicle-treated SFDIO females is at least
partially due to the influence of estradiol, the expression of
its receptors in the liver of female mice is significantly higher
than in male mice (Torre et al., 2017). Estradiol administration
to ovariectomized obese female mice increases expression of
the insulin receptor gene (/nsr) and uncoupling protein 2 gene
(Ucp2) in the liver (Jakovleva et al., 2022). The relatively high
initial level of gene expression could not be further enhanced
by FGF21 administration (ceiling effect).

In addition, FGF21 and estradiol can interact with each
other at the level of intracellular signal transduction pathways.
According to the available data, estradiol and FGF21 have
different receptors and the same signaling pathways (Fisher et
al., 2011; Vrtacnik et al., 2014). Recently we demonstrated that
in ovariectomized obese female mice, FGF21 reduced plasma
insulin level, expression of Pklr and upregulated expression
of Irs2 in the liver. FGF21 did not affect these parameters if
it was administered together with estradiol (Jakovleva et al.,
2022). Thus, lack of the effect of FGF21 on hepatic gene ex-
pression in SFDIO females may be associated with crosstalk
between estradiol and FGF21 in their actions.

In normal-weight male mice, FGF21 is known to increase
protein intake, decrease sugar and alcohol intake, and have
no effect on total energy intake (Talukdar et al., 2016a; Hill
et al., 2020). Until now, it was unknown to what extent the
effect of FGF21 on taste preferences is reproduced in mice
with SFD-induced obesity. We demonstrated that FGF21 did
not affect the total calorie intake in SFDIO males and females,
and affected taste preferences only in SFDIO females: it in-
creased the intake of calories with standard food, decreased
it with cookies and did not alter it with lard. The standard
chow contained the maximum amount of proteins, compared
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with lard and cookies, and cookies contained a large amount
of both carbohydrates and fats. Most likely, FGF21 reduced
carbohydrate intake rather than lipid intake in SFDIO females,
as it reduces sugar intake, but does not affect fat intake in ex-
periments with a choice between two diets (Hill et al., 2020).
Summing up, it can be assumed that FGF21 increased protein
intake and reduced sweets intake in SFDIO female mice.

The selective influence of FGF21 on the feeding behavior
of SFDIO females could be due to estrogen action. Recently
we demonstrated that in ovariectomized SFDIO female mice,
FGF21 upregulates the expression of hypothalamic genes en-
coding leptin receptor (Lepr) and its own co-receptor B-klotho
(KID) and estradiol increases its stimulating effect (Jakovleva
et al., 2022). These data suggest that estradiol may enhance
the stimulatory effect of FGF21 on hypothalamic sensitivi-
ty to leptin and FGF21. It was reported that hypothalamic
circuitry connects with CNS circuitry modulating feeding
behavior and leptin inhibits motivated behavior for palatable
food (Figlewicz et al., 2003).

Summing up the data of the present work and our previous
studies, one can say that different high-energy obesogenic diets
create different metabolic backgrounds, which may affect the
effectiveness of FGF21 treatment in obese female mice: the
antidiabetic FGF21 action was manifested if they were fed a
high fat diet (Makarova et al., 202 1b) and was not manifested if
they were fed a diet containing a sweet component along with
fat. The mechanisms of diet-dependent action of FGF21 in
females require special study, since they may affect the tactics
of using FGF21 in individuals of different sexes.

Conclusion

Our study demonstrated that in SFDIO mice, FGF21 reduced
body weight, did not alter total energy consumption, and acti-
vated orexigenic pathways of hypothalamus in mice of both
sexes. However, sex dimorphism was found in the realization
of the orexigenic FGF21 action at the transcriptional level in
the hypothalamus. Hormonal, transcriptional and behavioral
responses to FGF21 were also sex-specific. Only in SFDIO
males, therapeutic effects of FGF21 administration — a de-
crease in fatty acid and leptin plasma levels, improvement of
glucose tolerance, and upregulation of expression of genes
involved in insulin signaling and lipid turnover in the liver —
were observed. Only in SFDIO females, FGF21 induced pre-
ference of standard diet to sweet food.
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