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Abstract. Hypothalamic melanocortin 4 receptors (MC4R) regulate energy balance. Mutations in the MC4R gene are
the most common cause of monogenic obesity in humans. Fibroblast growth factor 21 (FGF21) is a promising anti-
obesity agent, but its effects on melanocortin obesity are unknown. Sex is an important biological variable that must
be considered when conducting preclinical studies; however, in laboratory animal models, the pharmacological effects
of FGF21 are well documented only for male mice. We aimed at investigating whether FGF21 affects metabolism in
male and female mice with the lethal yellow (AY) mutation, which results in MC4R blockage and obesity development.
Obese C57BI-A” male and female mice were administered subcutaneously for 10 days with vehicle or FGF21 (1 mg per
1 kg). Food intake (Fl), body weight (BW), blood parameters, and gene expression in the liver, muscles, brown adipose
tissue, subcutaneous and visceral white adipose tissues, and hypothalamus were measured. FGF21 action strongly
depended on the sex of the animals. In the males, FGF21 decreased BW and insulin blood levels without affecting FI. In
the females, FGF21 increased Fl and liver weight, but did not affect BW. In control A”-mice, expression of genes involved
in lipid and glucose metabolism (Ppargc1a, Cpt1, Pck1, G6p, Slc2a2) in the liver and genes involved in lipogenesis (Pparg,
Lpl, Slc2a4) in visceral adipose tissue was higher in females than in males, and FGF21 administration inhibited the ex-
pression of these genes in females. FGF21 administration decreased hypothalamic POMC mRNA only in males. Thus,
the pharmacological effect of FGF21 were significantly different in male and female A”-mice; unlike males, females were
resistant to catabolic effects of FGF21.
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AHHoOTauumA. [unoTanammyeckre MenaHoKopTUHOBbIE peLienTopbl 4-ro Tuna (MK4P) npuHiMaltoT yyacTtue B nogaepxa-
HUY 6anaHca sHepruun. MyTauuu B reHe, kogupytowem MK4P, - Hanbonee pacnpocTpaHeHHas NpUYMHa MOHOJTIOKYCHOTO
oxupeHus y niopei. Daktop pocTa prbpobnactos 21 (FGF21) paccmaTprBatoT B KaUeCTBE NepCreKTYBHOro KaHamaaTa
ONA MeMKaMeHTO3HOrO NleYeHUA OXMPEHUA, OJHAKO HEVN3BECTHO, BIUAET NI OH Ha MENaHOKOPTNHOBOE OXMPEHHMe.
Mon ocobeit HeOOXOAUMO YUUTbIBaTL NPV NPOBEAEHUN AOKINHNYECKUX NCCNef0BaHNUIA, HO Y TabopaTOPHbIX XKUBOTHbIX
dapmakonornueckne spdektbl FGF21 n3yyanu Tonbko Ha camuax. B HacToswen paboTte nccnegosaHo BavaHne FGF21
Ha MeTab0nM3M y CaMLOB 1 CaMOK Mbllueii ¢ myTaumeit lethal yellow B nokyce arytn (AY), koTopaa NnpruBoanT K 6rokage
MK4P B runotanamyce 1 pa3sutuio oxrpeHus. Camuam 1 camkam mbiein A nuHum C57BI ¢ pa3BUTbIM OXKMPEHEM BBO-
LWNN NMOAKOXKHO B TeueHune 10 gHel dpusnonorudeckuii pacteop unm FGF21 (1 mr/kr). Mamepanu notpebnexrie nuwm
(M), maccy Tena (MT), noKa3aTenu KPoOBM 1 SKCMPECCUIO FEHOB B MeYeHu, MblLULax, 6ypor XKMPOBOWN TKaHW, MOLKOXHOM
1 BUCLepanbHON 6enoli X1poBo TKaHu 1 runoTtanamyce. dddektol FGF21 3aBucenu ot nona XMBOTHbIX. Y camLOB
FGF21 cHmxan MT n ypoBeHb MHCynHa B KpoBu 1 He BnvAn Ha M. Y camok FGF21 ysennunsan M1 n maccy neyeHn, Ho
He BAnAN Ha MT. Y KOHTPONbHbIX caMoK AY SKCnpeccus reHoB YrneBOLHO-KNPoBoro obmeHa (Ppargcia, Cpt1, Pck1, G6p,
Slc2a2) B neyeHmn 1 reHos nunoreHesa (Pparg, Lpl, Slc2a4) B BucLepanbHO XKMPOBOI TKaHM Obina Bbllle, YeM Y CaMLIOB,
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Y mblwen ¢ myTtaumen lethal yellow (A)
dapmakonornueckme adpdekTol FGF21 3aBucaT ot nona

1 BBegeHue FGF21 cHM»Kano sKcnpeccmio 3Tx reHoB TOMbKO y caMok. BBepgeHmne FGF21 ymeHblano yposeHb MPHK
MOMK B runotanamyce TosnbKo y camLoB. [TonyyeHHble pe3ynbTaTbl AeMOHCTPUPYIOT, UTo GpapMakonornyeckuin 3bpext
FGF21 3HaunTenbHO pa3nuyaeTca y CaMLUOB 1 CaMOK Mbillel ¢ MyTaumen A': B OTAMYMe OT CaMLOB, CaMKM NPOABAAIOT

YCTONUMBOCTb K KaTabonnyeckomy geinctauio FGF21.

Kntouesble cnoBa: FGF21; mbiwn AY; MenaHOKOPTUHOBOE OXMPEHWE; MNOSTOBbIe Pa3finyKA; NeyeHb; rmnoTanamyc.

Introduction

Obesity is a serious problem in modern society, this being the
reason why various methods of combating obesity (medicinal,
non-medicinal, preventive, etc.) are under intensive investi-
gation. Hypothalamus plays a critical role in coordination of
energy homeostasis, and mutations in various hypothalamic
genes responsible for controlling appetite and metabolism lead
to obesity (Singh et al., 2017). Melanocortin (MC) obesity,
caused by mutations in the melanocortin system of the brain, is
the most common genetic form of obesity in humans (Farooqi
et al., 2003; Girardet, Butler, 2014). Melanocortin system
regulates energy intake and expenditure. Activation of type 4
melanocortin receptors (MC4R) in the hypothalamic neurons
reduces food consumption and increases energy expenditure,
while their blockade or loss (knockout) is associated with
hyperphagia, gradual development of obesity, and insulin
resistance (Tao, 2010). In humans, the loss of MC4R func-
tions causes severe obesity (Farooqi et al., 2003), but intensive
search for therapeutic options of MC obesity correction has
yet not identified an efficient drug (Fani et al., 2014).

Fibroblast Growth Factor 21 (FGF21) is assumed to be
one of the most promising candidates for obesity treatment,
because administration of FGF21 or its analogs was shown
to reduce body weight in laboratory rodents, monkeys, and
humans (Jackson et al., 2015). In rodents, it is efficient against
both diet-induced and genetic forms of obesity (leptin 0b/ob
or its receptor db/db deficiency) (Kharitonenkov et al., 2005;
Coskun et al., 2008). FGF21 is an atypical member of the
fibroblast growth factor family; it possesses a hormone-like
activity and is involved in maintaining energy homeostasis,
regulation of carbohydrate and lipid metabolism, and adapta-
tion to various stresses, including metabolic, such as nutri-
tional deficiencies and calorie overload (Xie, Leung, 2017).
FGF21 induces weight loss through its effects on the central
nervous system (Lan et al., 2017). It is not known whether
melanocortin system is involved in signal transmission from
FGF21 to the CNS. If melanocortin signaling pathways are
involved in the central action of FGF21, loss of function of the
melanocortin system could reduce or eliminate the beneficial
effect of FGF21 on metabolism and body weight. However,
the pharmacological effects of FGF21 have not been studied
in melanocortin obesity models.

Most animal studies of physiological and pharmacological
effects of FGF21 have been made on males (Kharitonenkov et
al., 2005; Coskun et al., 2008; Xu et al., 2009; Camporez et al.,
2013; Markan et al., 2014). However, sex steroids have such
a significant effect on the regulation of metabolic processes
that National Institutes of Health (NIH) recognized sex as an
important biological variable that must be considered when
conducting preclinical studies (Mauvais-Jarvis et al., 2017;
Clayton, 2018). In a few studies performed on rats and mice of
both sexes, sex differences in the expression of FGF21 in liver
(Lee etal., 2016; Chukijrungroat et al., 2017) and other tissues
(Gasparin et al., 2018) were observed, exhibiting differential

manifestation in obesity and starvation (Bazhan et al., 2019).
These data suggest that the physiological and pharmacological
effects of FGF21 may vary in individuals of different sexes.

The objective of this study was to investigate the phar-
macological effects of FGF21 in male and female mice with
melanocortin obesity. As a model of melanocortin obesity, we
used mice with the lethal yellow mutation at the agouti locus
(4”). In mice, 4” mutation causes ectopic overexpression of the
agouti gene (Bultman et al., 1992). 4¥-mice have yellow coat
color and develop obesity and non-insulin-dependent diabetes
with age (Wolff et al., 1999), due to ectopic expression of
agouti gene in the hypothalamus, which evokes chronic block-
age of MC4Rs by the agouti protein (Michaud et al., 1997).

We found that therapeutic effects of FGF21 in 4”-mice
strongly depended on the sex. In male 4”-mice, the blockage
of MC4Rs did not prevent anti-obesity effect of FGF21, and
its administration resulted in weight loss and decreased blood
insulin levels. In females, FGF21 administration increased
food intake without reducing body weight and glucose and
insulin concentrations in blood, but inhibited the expression
of genes related to glucose and lipid turnover in liver and
increased liver weight. Thus, female 4¥-mice were resistant
to anti-obesity effects of FGF21.

Materials and methods

Ethical approval. All experiments were performed accord-
ing to the Guide for the Care and Use of Laboratory Animals
(1996) and the Russian National Instructions for the Care and
Use of Laboratory Animals. The protocols were approved by
the Independent Ethics Committee of the Institute of Cyto-
logy and Genetics (Siberian Branch of the Russian Academy
of Sciences).

Animals. C57BI and C57BI1-4” mice were bred in the vi-
varium of the Institute of Cytology and Genetics in reciprocal
crosses. The mice were separated from their mothers at the
age of 4 weeks and housed in groups of 56 per cage. At the
age of 30 weeks, each mouse was placed into a separate cage
and housed individually until the beginning of the experiment.
The mice were housed under a 12/12-h light-dark regime (light
from 07:30 to 19:30) at an ambient temperature of 22-24 °C.
The mice were provided ad libitum access to commercial
mouse chow (Assortiment Agro, Turakovo Village, Moscow
region, Russia) and water.

FGF21 (1 mg per 1 kg) or PBS were administered sub-
cutaneously at the end of the light period (17:00-17:30) for
10 days. We have chosen this dose based on literature data.
T. Coskun et al. (2008) showed that daily FGF21administra-
tion at this dose reduced body weight and blood glucose
concentrations in male mice. To reveal the effect of FGF21
on glycaemia, fasted blood glucose was measured before and
during the experiment. The mice were fasted overnight for
two days before the first injection and at the seventh day of
the experiment (after seven injections of FGF21 or PBS), and
blood glucose was measured at the end of fasting. Glucose
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concentrations were measured using a Lifescan One Touch
Basic Plus glucometer. Body weight and food intake were
measured daily for 6 days prior to fasting and within 24 h of
refeeding after fasting.

On the last day, the animals were sacrificed by decapitation
(an hour after the injection), and samples of trunk blood were
collected; liver, brown adipose tissue (BAT), and subcutaneous
and abdominal white adipose tissues (WAT) were weighed,
and the tissues were collected and snap-frozen in liquid nitro-
gen to evaluate gene expression. Seven male and six female
mice received PBS (control); six male and five female mice
received FGF21.

Plasma assays. Concentrations of insulin, leptin, and adi-
ponectin were measured, respectively, using Rat/Mouse In-
sulin ELISA Kit, Mouse Leptin ELISA Kit (EMD Millipore,
St. Charles, Missouri, USA), and Mouse Adiponectin ELISA
Kit (EMD Millipore, Billerica, MA, USA). Concentrations
of glucose, triglycerides and cholesterol were measured co-
lorimetrically using, respectively, Fluitest GLU, Fluitest TG,
and Fluitest CHOL (Analyticon® Biotechnologies AG Am
Miihlenberg 10, 35104 Lichtenfels, Germany). Concentrations
of free fatty acids were measured using NEFA FS DiaSys kits
(Diagnostic Systems GmbH, Holzheim, Germany).

Expression and purification of mouse FGF21. Mouse
FGF21 coding sequence (aa 29 to 210) was optimized for
Escherichia coli expression and synthesized by Genewiz
(South Plainfield, NJ, USA). This DNA sequence was sub-
cloned into the expression vector pE-SUMOpro (LifeSensors
Inc., USA). This construct was used for induction of fusion
6xHis-SUMO-fgf21 protein in E. coli BL21 (DE3) cells.
The purified 6xHis-SUMO-fgf21 was cleaved using SUMO
protease 1 and loaded onto a column with Ni-NTA resin.
The FGF21 protein (aa 29 to 210) was in the flow-through
fractions. Size exclusion chromatography on a Superdex 200
10/300 GL column was used as a final purification step. The
absence of bacterial endotoxins in FGF21 protein sample was
confirmed by LAL-test (< 0.2 U/ug protein).

Relative quantitation real-time PCR. Total RNA was
isolated from tissue samples using ExtractRNA kit (Evrogen,
Moscow, Russia) according to the manufacturer’s instructions.
First-strand cDNA was synthesized using Moloney murine
leukemia virus (MMLV) reverse transcriptase (Evrogen)
and oligo(dT) as a primer. TagMan gene expression assays
(Applied Biosystems) listed in Table 1 were used for relative
quantitation real-time PCR with B-actin as an endogenous
control according to manufacturer’s manual. Sequence am-
plification and fluorescence detection were performed on an
Applied Biosystems ViiA 7 Real-Time PCR System. Relative
quantification was performed by the comparative threshold
cycle (AACT) method.

Statistical analysis. Each result is presented as an arithme-
tic mean+ SE for a sample size (i.e., number of mice) indi-
cated. Three-way ANOVA with factors “sex” (male, female),
“experimental group” (PBS, FGF21 administration), and “day
of experiment” (1-6) was used to analyze FGF21 effects on
food intake and body weight; with factors “sex”, “experimen-
tal group”, and “eating” (daily FI before and after fasting), to
analyze FGF21 effect on FI after fasting. Two-way ANOVA
with factors “sex” and “experimental group” was used to ana-
lyze FGF21 effects on blood parameters and gene expression
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with multiple comparisons using the post hoc Duncan test.
Significance was determined as p < 0.05. The STATISTICA 6
software package (StatSoft) was used for analysis.

Results

Biochemical characteristics of blood and plasma. No dif-
ferences between male and female 4”-mice were observed in
concentrations of blood glucose, either before or during the
experiment. Only the plasma level of adiponectin was higher
in females than in males. FGF21 administration significantly
decreased plasma insulin specifically in male mice. Both
male and female mice tended to respond to FGF21 admini-
stration by decreased plasma levels of free fatty acids (FFA)
(Table 2).

Body weight (BW), weights of fat and liver, and food
intake (FI). FGF21 administration exerted differential effects
on BW in male and female mice (p < 0.001, F, ;,+12.2,
“sex” x “experimental group”, three-way ANOVA, Fig. 1).
In males, FGF21 contributed to weight loss, and significant
differences in BW between male mice treated with PBS and
FGF21 were observed from day 5 of the experiment (see
Fig. 1). In females, FGF21 administration did not affect BW.

The weights of both subcutaneous and abdominal WAT
were higher in female mice, whereas no such differences
could be detected in the case of BAT, FGF21 administration
did not affect fat weights in either males or females (Fig. 2).
Liver weight was lower in females, and FGF21 administra-
tion increased this parameter in females, without affecting it
in males (see Fig. 2).

The effect of FGF21 on Flwas also sex-dependent (p<0.0001,
F, 15£20.7, “sex” x “experimental group”, three-way
ANOVA, Fig. 3, a). FGF21 administration did not affect FI in
males, but significantly increased it in females from the first
day of the experiment (see Fig. 3, a).

We also assessed the effect of FGF21 on FI during the
24-h period of refeeding after overnight fasting. Fasting
taken alone stimulated FI, and FGF21 administration further
increased it during refeeding in both males and females
(p<0.001, F, ;y£14.3, “experimental group”, three-way
ANOVA, see Fig. 3, b).

Gene expression. In mice that received PBS, liver expres-
sion of most of the genes studied was sex-dependent (Fig. 4).

Higher levels of mRNA of genes involved in beta-oxidation
(Ppara, Pgcl, Cptl), glucose metabolism (Insr, Slc2a2), gly-
colysis (G6pc, Pklr), and gluconeogenesis (Gck, Pckl), as well
as lipolysis (Pnpla2) and lipogenesis (Lpl, Acaca, Acacb) were
observed in females, as compared to males. FGF21 administra-
tion inhibited liver expression of the genes, and this inhibition
was more pronounced in females than in males. Thus, FGF21
administration effectively eliminated sex differences in liver
expression of the genes, observed in the control (see Fig. 4).
Liver expression of Fgf21, exhibiting no differences between
males and females, was reduced in response to exogenous
FGF21. Sex differences in gene expression were also observed
in abdominal fat. In mice treated with PBS, mRNA levels of
genes encoding PPARg, LPL, and GLUT4 were higher in
females than in males (Fig. 5). FGF21 administration reduced
the expression of these genes in females to a greater extent than
in males, thereby eliminating the sex-dependent differences
observed in the control (see Fig. 5).
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Table 1. Gene expression assays used for relative quantitation real-time PCR
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Protein Gene Gene expression assay
AcetylcoenzymeAcarboxylasealphaAcaca ........................... M m01304285_m1 ................
Acety|coenzymeAcarboxy|asebetaAcacb ........................... M m01204683_m1 ................
Agoutlrelatedneuropept|deAgrp ............................. M m00475829_g1 .................
Cammne pa|m|toy|tran5ferase 1a ..................................................................................................... C p”a ........................... M mo 1231 1 837m1 ................
Cammne pa|m|toy|transferase 1b .................................................................................................... c p”b ........................... M mo 04871 91_91 .................
De|od mase |od othyrom n e type” ................................................................................................... D Ioz ............................. M mo 0515664_m1 ................
Fatty ac. d > Synthase ............................................................................................................................ F asn ............................. M mo 066231 9_m1 ................
F |brob| ast growth factor . 2 1 ............................................................................................................... F ngI ............................ M mo 08401 65_91 .................
Glucose5 pho Sphatase c a talyuc .................................................................................................... G 5pc ............................ M mo 0839363_m1 ................
Glumkmase ........................................................................................................................................ G Ck .............................. M m00439129_m1 ................
|nsu||nreceptor .................................................................................................................................. / nsr .............................. M m012”875_m1 ................
K|othobeta ......................................................................................................................................... K /b ............................... M m004731227m1 ................
Leptmreceptor ................................................................................................................................... L epr ............................. M moo44o131_m1 ................
Llpasehormonesensmve ................................................................................................................. L lpe .............................. M m00495359_m1 ................
Llpopmtemhpase .............................................................................................................................. L p/ ............................... M m00434764_m1 ................
Neuropept|deY .................................................................................................................................. N py .............................. M m01410146_m1 ................
*Patatin-like phospholipase domain containing 2 (adipocyte triglyceride lipase (ATGL) ~ Pnpla2 | Mm00503040 m1
Peroxisome proliferative activated receptor, gamma, coactivator 1alpha | Ppargcla | Mm01208835 m1
Peroxisome proliferator activated receptoralpha | Ppara | Mm0040939 m1
Peroxisome proliferator activated receptor gamma | Pparg | Mm00440940 m1
Phosphoenolpyruvate carboxykinase 1, cytosolic | Pkt MmO01247058 m1
P rooplom elanocomn ....................................................................................................................... P Omc ........................... M mo 0435374_m1 ................
PyruvatekmasehverandredeOOdce” .......................................................................................... P k[r .............................. M m004430907m1 ................
Solute carrier family 2 (facilitated glucose transporter), member 1 (GLUT1) ~ Skzal | Mm00441480_m1
Solute carrier family 2 (facilitated glucose transporter), member 2 (GLUT2) ~ Slc2a2 | Mm00446220 m1
Solute carrier family 2 (facilitated glucose transporter), member 4 (GLUT4) ~ Sk2a4 | MmO00436615 m1
"Uncoupling protein 1 (mitochondrial, proton carrier) upl Mm01244861 m1
Uncou pllng p rOtem 3 ........................................................................................................................ U Cp3 ............................ M mo 1163394_m1 ................
AN e A MO0S07030.51
Table 2. Effects of FGF21 administration on biochemical parameters of blood

Biochemical parameter Males Females p (ANOVA)

p Bs .............................. F G F21 ........................... p 35 .............................. FGF 21 ........................

n=7 n==6 n==6 n=5
Glucose fasted initial, MM 8174051  808+075 7904128 830£1.02 | NS
Glucosefasted day 7,mM 773%151  668+070 5734101 8304093 | NS
G|ucosemM ........................................ 9 6410718641030 ................... 9 27i050 ................. 10431049 ................. N 5 ..............................
FFAmM ............................................... 0 19i0090051004 ................... 0 271013 ................... 0 osioos ................. 0 07E ........................
Triglycerides,mM 104£010 099007 0994007 1 0794011 | NS
Cho|e5tero| mM .................................. 3 0 610 12 ................... 3 2 5 i041 ................... 2 70 iozz ................... 2 334;0 17 ................. N s ..............................
Cnsulin,ng/ml 1206+089 756£120% 8604148 7424145 <005E
Adiponectin, pg/ml 3904037  412+046 5444054 5674067 - <o01,s
Leptin,ng/ml 2175313 2284686 21154585 23084472 | NS

Male and female A”-mice were administered with FGF21 (1 mg per 1 kg) or PBS for 10 days, and blood samples to measure plasma parameters were collected 1 h
after the last injection. Fasted glucose was measured in blood before (initial) and on day 7 of the experiment using a glucometer. *p < 0.05, males, FGF21 vs. PBS,

post hoc Duncan test. NS — non-significant; S - “sex”; E - “experimental group”.
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Fig. 1. Effect of FGF21 administration on BW in male and female A’-mice.

Weight loss was calculated as the difference between the weight on the day of
injection and the initial weight, related to the initial weight (%).
*p < 0.05, post hoc Duncan test.
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For the majority of the genes studied, the inhibitory effects
of FGF21 administration on the expression were more pro-
nounced in females. This was confirmed for genes involved
in lipogenesis (Pparg, Lpl, Acacb), lipolysis (Pnpla?2), and
transcription coactivation (Ppargcla). In a single case of
Acaca gene, the pattern was reversed: FGF21 administration
decreased the level of mRNA in males while increasing it in
females. The expression of /nsr and Lipe was higher in fe-
males, and FGF21 administration did not affect their mRNA
levels (see Fig. 5).

In subcutaneous fat of the controls, there were no sex-
dependent expression differences for any of the genes studied.
FGF21 administration affected only Cptlb, decreasing its
expression both in males and females.

In brown fat of the controls, there were no sex-dependent
expression differences for any of the genes studied, and FGF21
administration did not affect the expression.

In muscle tissue of the controls, there were no sex-de-
pendent expression differences for any of the genes studied.

Liver

p<0.001, F; 5=26.9

1
14 121 6r
# # # # L
12
10 5 "
or L 8 4 :
z sl 1
R 6 3+
6 L
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4 L
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Fig. 2. FGF21 influence on weights of fat tissues and liver in male and female A’-mice. Organ weights were calculated
as percentages of BW. Sex dependence (two-way ANOVA) is indicated in the graph.

#p < 0.05 for males vs. females; *p < 0.05 for FGF21 vs. PBS in females, post hoc Duncan test.
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Fig. 3. FGF21 influence on Fl ad libitum (a) and after fasting (b) in male and female A’-mice.

a - FI/BW ratio; b — mice were fasted overnight after seven injections of FGF21 or PBS. Fl “before fasting” was calculated as an arithmetic
mean of six daily FIs measured for 6 days prior to fasting. Fl“after fasting” represents the amount of food consumed during 24 h of refeeding.

The effect of fasting on FI (three-way ANOVA) is indicated in the graph.
*p < 0.05 for FGF21 vs. PBS in females, post hoc Duncan test.
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Fig. 4. FGF21 influence on gene expression in the liver of male and female A’-mice.

Effects of factors“S” (sex) or“E” (experimental group), or interactions thereof (“S*E”) at the level of significance p < 0.05 (two-way ANOVA) are indicated in the graph;
#p < 0.05 for males vs. females; *p < 0.05 for FGF21 vs. PBS in females; post hoc Duncan test.
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Fig. 5. FGF21 influence on gene expression in the abdominal WAT of male and female A’-mice.

Effects of factors“S” (sex) or“E” (experimental group), or interactions thereof (“S*E”) at the level of significance p < 0.05 (two-way ANOVA) are indicated in the graph.
#p < 0.05 for males vs. females; *p < 0.05 for FGF21 vs. PBS in females, post hoc Duncan test.

FGF21 did not affect the expression significantly, although
the level of Cpt/b mRNA tended to increase after FGF21
administration (p+0.06, two-way ANOVA).

Mice treated with PBS exhibited no differences between
males and females in the hypothalamic mRNA levels of the
genes studied. After FGF21 administration, the expression of
KIb was decreased in mice of both sexes (p <0.05, F, ,,+6.2),
whereas that of Pomc was decreased in males only (p <0.05,
Student’s ¢-test, 1.0+0.3, n+6, control males vs. 0.29+0.10,
n+6, FGF21 treated males).

Discussion

In the present study, we assessed the pharmacological effects
of FGF21 in male and female mice with 4” mutation, which
evokes MC4R blockage. We found that these effects were
strongly dependent on the sex of the animals.

FGF21 administered to animals with diabetes and obesity
decreases their BW and blood glucose/insulin levels, improves
blood lipid profile, and increases insulin sensitivity (Bon-
Durant, Potthoff, 2018). In our study, responses to FGF21
administration in male 4”-mice were largely consistent with
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its expected impact: their BWs and blood insulin decreased,
blood levels of FFA tended to decrease, and blood glucose
and adiponectin were not affected. Our observation that
FGF21 decreased blood insulin without affecting glucose,
which retained normal levels, suggests that insulin sensitiv-
ity in male 4”-mice was possibly improved. Metabolic effect
of FGF21 administration was not associated with changes in
blood adiponectin, since adiponectin is not required for the
chronic effects of FGF21 to reduce body weight or its effects
on glucose homeostasis (BonDurant et al., 2017).

Although we did not monitor energy expenditure, it was
most likely increased, since weight loss in male mice took
place in the absence of changes in FI. The ability of FGF21
to induce weight loss without affecting FI was reported pre-
viously for male mice with diet-induced and genetic obesity
(db/db, ob/ob) (Kharitonenkov et al., 2005; Xu et al., 2009;
Camporez et al., 2013). This effect was arguably due to
increased energy expenditure caused by intense locomotor
activity (Xu et al., 2009) and elevated metabolic rate (Coskun
et al., 2008; Xu et al., 2009). FGF21-induced growth of
metabolic rates is associated with augmentation of fatty acid
oxidation in liver and adipose tissue (BAT and WAT), caused
in turn by increased expression of genes encoding CPT-1 (in
liver only), PGC-1 (in liver and adipose tissue), and UCP-1
(in liver and adipose tissue) (Camporez et al., 2013). No such
changes in gene expression have been observed in this study;
on the contrary, FGF21 administration to males reduced the
expression of Ppargcla and Cptl in liver and Ppargcla in
abdominal WAT (p < 0.05, two-way ANOVA).

Our results are consistent with those reported by (Coskun
et al., 2008), demonstrating that weight loss and improved
glucose metabolism in FGF21-treated C57Bl males were
accompanied by a decrease in liver expression of Cpt/ (with
no changes of Ppargcla expression). However, T. Coskun et
al. (2008) found increased expression of genes related to (1)
thermogenesis (Ucp!) in WAT and BAT, (2) lipolysis (Lipe,
Pnpla2) in WAT, and (3) lipogenesis (Acaca, Acacb) in WAT,
suggesting that energy expenditure is achieved via thermo-
genesis and induction of a state of increased futile cycling.
We have not observed induction of Ucpl expression either
in BAT or WAT; likewise, there have been no increase in the
expression of lipolysis/lipogenesis genes in liver or adipose
tissue. Thus, our experimental data provide no indication of
futile cycling activation. FGF21-induced activation of energy
expenditure involves, in addition to central mechanisms, the
sympathetic nervous system (Owen et al., 2014; Lan et al.,
2017). Of note, the latter also mediates regulation of energy
expenditure by the melanocortin system (Rossi et al., 2011;
Berglund et al., 2014). Therefore, FGF21 may act, at least in
certain cases, via melanocortin signaling pathways. If so, the
blockade of MC4R in 4”-mice can interfere with the activating
effect of FGF21 on the expression of the genes we studied.
Weight loss in male 4”-mice is indicative of yet other mecha-
nisms whereby energy expenditure may be increased, which
remain to be explored.

In females with 4” mutation, the effect of FGF21 differed
dramatically from that observed in males. In females unlike
males, FGF21 administration did not induce weight loss, but
increased liver weight. 4”-mice are hyperphagic (Wolff et al.,
1999), and FGF21 exacerbated hyperphagia specifically in
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females. It is not known whether this difference is due to 4”
mutation or, rather, we are dealing with a general sex-linked
discrepancy in responses of female and male mice to FGF21
treatment (the pharmacological effects of FGF21 have thus
far not been studied in female mice).

Resistance of female 4”-mice to catabolic effects of FGF21
can be explained by increase of food intake. FGF21 influence
on FI in female rodent was not studied, but in males, FGF21
was shown previously to increase FI in rats (Recinella et al.,
2017), mice with diet-induced obesity (Coskun et al., 2008),
and to increase protein intake while reducing carbohydrate
intake in normal mice, and the later effect was mediated via
CNS (Larson et al., 2019). However, FGF21-dependent sig-
naling pathways that regulate eating behavior have not been
identified. The melanocortin system is involved in the regu-
lation of the response to protein deficiency, and FGF21 may
act as the sensor triggering that response. In our experiment,
male mice demonstrated no increase in FI, although FGF21
administration decreased hypothalamic expression of Pomc.
POMC is a precursor of the anorexigenic neuropeptide MSH,
and a decrease in Pomc expression (limiting MC4R activation
by MSH) is associated with increased FI. 4” mutation leads
to MC4R blockade, which disrupts MSH regulation of FI and
may be the reason why males did not respond to FGF21 by
increased FI.

In females, FGF21 administration caused a considerable
increase in FI without affecting the expression of the mela-
nocortin system genes. In 4’-females, FGF21 influence on
FI may be mediated via estradiol-sensitive mechanism that
is not altered by impaired melanocortin signaling (Morton et
al., 2004). It is possible that the orexigenic effects of FGF21
in males and females involve distinct neuronal signaling
pathways.

According to the data obtained in the control groups, a
different metabolic response to exogenous FGF21 in males
and females was induced at the background of significant
sex differences in the mass of the liver and adipose tissue
and in the expression of the liver and fat genes. Sex differen-
ces in gene expression in adipose tissue differed depending
on localization; in our experiment, we found them only in
abdominal adipose tissue. These data are consistent with the
results obtained when assessing gene expression in adipose
tissue in mice: the number of differentially expressed genes in
males and females was significantly higher in abdominal than
in subcutaneous fat (Grove et al., 2010). Increased weight of
abdominal fat in control 4”-females, compared to males, was
associated with increased expression of genes upregulating
lipogenesis in adipose tissue: Ppar, Lpl, Insr and Slc2a4.
FGF21 administration eliminated differences in the expression
of these genes, however, it did not lead to significant changes
in the mass of adipose tissue. It is possible that more prolonged
FGF21 administration is required to detect changes at the level
of adipose tissue weight.

The most striking sex differences in gene expression in the
control groups were observed in liver. In controls, the expres-
sion of most genes studied (except for Figf2/ and Fasn) was
higher in females than in males. These results are consistent
with transcriptome analysis data demonstrating differential
expression rates for 72 % active liver genes in male and female
mice (Yang etal., 2006). Sex differences in expression of genes
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related to lipid metabolism were found in the liver of mice
and rats on high-calorie diet: compared to males, females had
enhanced mRNA levels of Acc/, Pparg, Cptl and other genes
in mice (Gasparin et al., 2018), and enhanced protein levels
of ACC, PPARs and FAS in rats (Chukijrungroat et al., 2017).
As shown by S. Della Torre et al. (2017), liver is the major
target for estrogens, and estrogen receptor alpha (ERa) has
a direct effect on the regulation of the hepatic genes relevant
for energy metabolism.

Increased expression of genes involved in fatty acid
B-oxidation (Ppara, Ppargcla, Cptl), glycolysis (G6p, Pkir),
gluconeogenesis (Pckl, Gck), glucose transport (Slc2a2), li-
pogenesis and lipolysis (Acaca, Acach, Lpl, Pnpla2) possibly
indicates that the rate of glucose and fat metabolism is higher
in the liver of 4¥-females than 4”-males. FGF21 administra-
tion reduced liver expression of all the genes mentioned,
thereby eliminating entirely any sex-dependent differences,
and this effect was associated with the increase of female
liver weight. Enlarged liver under the action of FGF21 in
female 4”-mice may indicate the development of steatosis.
Simultaneous decrease in catabolic (lipolysis, glycolysis) and
anabolic (lipogenesis, gluconeogenesis) processes can suggest
decreased metabolism in the liver of 4”-females. Decreased
liver metabolism in females could reduce liver energy expen-
diture and contribute, together with increased food intake, to
liver weight gain. Additional morphological and biochemical
studies are needed to find out whether FGF21 initiates (or
promotes) steatosis in 4”-female mice.

Taken together, our findings indicate that therapeutic effects
of FGF21 in mice with disrupted melanocortin signaling are
strongly sex-dependent. In male 4”-mice, the blockage of
MC4Rs does not prevent the anti-obesity effect of FGF21:
its administration results in weight loss and blood insulin
decrease. However, obese A”-females exerted resistance to
catabolic and antidiabetic effects of FGF21. In females, exo-
genous FGF21 stimulates FI without reducing BW and blood
glucose/insulin, inhibits liver expression of genes related to
glucose and lipid turnover, and increases liver weight. The
contribution of estrogens and the melanocortin system to those
effects remains to be elucidated.

Conclusion

The pharmacological effect of FGF21 may depend on the
animal sex and etiology of obesity. Although an immediate
translation to humans of findings obtained in experiments
with mice is not possible, our results suggest that detailed
preclinical studies of the pharmacological effects of FGF21
are required, taking into account the sex of individuals under
study and the genesis of obesity.
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