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Abstract. The consumption of food rich in sugar and fat provokes obesity. Prenatal conditions have an impact
on taste preferences and metabolism in the adult offspring, and this impact may manifest differently in different
sexes. An increase in blood leptin level in pregnant females reduces the risk of obesity and insulin resistance in
the offspring, although the mechanisms mediating this effect are unknown. Neither is it known whether maternal
leptin affects taste preferences. In this study, we investigated the effect of leptin administration to pregnant mice
on the development of diet-induced obesity, food choice, and gene expression in the liver and muscles of the
offspring with regard to sex. Leptin was administered to female mice on days 11, 12, and 13 of pregnancy. In male
and female offspring, growth rate and intake of standard chow after weaning, obesity development, gene expres-
sion in the liver and muscles, and food choice when kept on a high-calorie diet (standard chow, lard, sweet cookies)
were recorded. Leptin administration to pregnant females reduced body weight in the female offspring fed on the
standard diet. When the offspring were given a high-calorie diet, leptin administration inhibited obesity develop-
ment and reduced the consumption of cookies only in males. It also increased the consumption of standard chow
and the mRNA levels of genes for the insulin receptor and glucose transporter type 4 in the muscles of both male
and female offspring. The results demonstrate that an increase in blood leptin levels in pregnant females has a
sex-specific effect on the metabolism of the offspring increasing resistance to obesity only in male offspring. The
mechanism underlying this effect includes a shift in food preference in favor of a balanced diet and maintenance
of insulin sensitivity in muscle tissues.
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BinssHue BBemeHNs JIeIITHA GepeMeHHbIM caMKaM MbIIIIen
Ha pa3BUTHNE OXXKMNPEHNSA, BKYCOBbIE ITPpEeAIIOUYTEeHUSA
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AHHoTayus. MNoTpebneHne cnagKkol 1 XUPHOW MUK CNOCOBCTBYET Pa3BUTUIO OXKUPEHWA. YCNOBUA NpeHaTanb-
HOrO PasBUTUA BAMAIOT Ha BKYCOBblE MPeANOUTEHNA U MeTaboNIM3M B 3pENOCTH, Y 3TO MOXET No-pasHOMY Npo-
ABNATbLCA B 3aBUCMMOCTY OT nona. MoKa3aHo, YTO MOBbILLEHNE YPOBHSA NIENTVHA B KPOBU 6epeMeHHbIX CaMOK CHU-
aeT PUCK Pa3BUTUA OXKNPEHUA N UHCYNTMHOPE3UCTEHTHOCTM Y MOTOMCTBA, OAHAaKO MeXaHU3Mbl €ro ,U,EI?ICTBVIﬂ Ha
YYBCTBUTENIbHOCTb K UHCYJIMHY Y NOTOMCTBA HE YCTaHOBJIEHDI. HeunseecTHO TaKXXe, BNnAeT nn MaTepI/IHCKVIVI nentunH
Ha BKYyCOBble npeanovYTeHnA. 3a,qaqe|7| HacToALlero nccnenoBaHmA 6bIn0 n3yyeHue BNNAHUA BBeLEHNA NEeNTUHa
6epemMeHHbIM CaMKaMm MblLLei Ha Pa3BUTME OXUPEHUS, UHAYLIMPOBAHHOMO ANETON, BKYCOBbIE MPEAMNOUTEHUSA N SKC-
npeccuto reHoB B NeYeHn N mbllillaX 'y mMoOTOMCTBa B 3aBUCMMOCTU OT NMona. OL[EHI/IBaJ'IVI BNAHWe BBeAeHNA NenTnHa
camkam Mbiwwen Ha 11, 12 1 13- feHb 6epeMeHHOCTM Ha POCT U NOoTpebneHne NUWKM B CTaHAAPTHBIX YCIOBUAX,
pPa3BUTME OXMPEHUSA, BbIGOP KOMMOHEHTOB MULLN 1 SKCNPECCHIO FTeHOB B MEYEHN U MbllLaxX Npu cofepKaHnm
Ha BbICOKOKaNOPUIHOM AuneTe (CTaHAAPTHbIN KOPM, CBUHOE Cano, Clagkoe neyeHbe) y NOTOMCTBa PasHoOro nona.
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Sex-specific influence of maternal leptin
on the obesity development and food choice in offspring

BBeneHue nentnHa 6epeMeHHbIM CaMKaM CHMKaJ10 BeC TeJla Y XKEHCKOro noTtomcTBa Ha CTaHﬂapTHOVI puete. I'IpV|
cofgepxaHnmm NnOToMCTBa Ha BblCOKOKaJ’IOpI/IVIHOVI aneTe eBeAeHne NenTnHa TOPMO3KU10 Pa3BUTUE OXKNPEHUA N CHU-
xKano n0Tpe6neHV|e neyeHbA TOJIbKO Yy CaMLLOB, a Take NMoBblWano I'IOTpe6J1€HVIe CTaHOapPTHOIo KOpPMa 1 YpOBEHb
MPHK reHoB VMHCYJINHOBOIO peuenTopa 1 nepeHOoCHKa MNKO3bl YETBEPTOrO TUMa B MbilLlaX y MOTOMCTBa o6oero
nona. Pe3yanaTb| OEMOHCTPUPYIOT, YTO NOBbIWEeHE NeNnTUHa B KPOBU 6epeMeHHbIX CaMOK OKa3blBa€eT 3aBucaLlee
OT nona BAnsAHME Ha MeTabonr3m NMOTOMCTBaQ, yBeIMYNBaET ycTOVNVIBOCTb K Pa3BUTUIO OXKNPEHUA TOJIbKO Yy MOTOM-
CTBa MY>KCKOro noJjia h MéXaHU3M 3TOro BJINAHUA BKJIKOYaeT B cebsn cMelleHne BKyCOBbIX I'Ipe,[l,l'lo‘-lTeHVIl;l B Nonb3y
C6aJ'IaHCVIpOBaHHOI'O KOpMa 1 nogaepxKaHne 4yBCTBUTENIbHOCTU MbIWL, K UHCYNTUHY.

KntoueBble crioBa: nenTuH; BKYyCOBbI€ NPeANnOYTEHNA; OXKNPEHKE; NPOrPaMMNPOBaHNE PAa3BUTUA.

Introduction

Nowadays, one of the main causes of the widespread occur-
rence of obesity and conditions associated therewith is the
consumption of high-calorie food (Astrup et al., 2008). The
choice of food considerably depends on taste preferences
(Dufty et al., 2009), and the preference to palatable fatty and
sweet (obesogenic) food contributes to the epidemic preva-
lence of obesity (May, Dus, 2021; Spinelli et al., 2021).

Taste preferences and tendency to metabolic impairments in
an individual are determined by the genotype (Chmurzynska,
Mlodzik, 2017; Didszegi et al., 2019) and early development
conditions (Mezei et al., 2020). The undernourishment, over-
nutrition, obesity, and diet of pregnant and nursing dams may
exert deferred effects on the taste preferences and metabolic
phenotype of the offspring in adulthood and thereby increase
or decrease the risk of obesity (Barker, Osmond, 1986; Ong
et al., 2012; Gabory et al., 2013; Bale, 2015). It is important
to investigate the maternal environment factors that modulate
offspring development and the molecular and physiological
mechanisms targeted by these factors. Understanding them
may add to the elaboration of methods that would correct
development in order to reduce the risk of metabolic impair-
ments.

Leptin, a hormone produced in the adipose tissue, is con-
sidered to be a programming factor of the maternal environ-
ment. Model experiments indicate that high maternal leptin
levels in the pregnancy reduce body weight, increase insulin
sensitivity, and improve metabolic characteristics in the adult
offspring fed on balanced or high-calorie diets, and this effect
may manifest differently in different sexes (Pennington et
al., 2012; Makarova et al., 2013; Pollok et al., 2015; Talton
et al., 2016; Denisova et al., 2020). Nevertheless, molecular
mechanisms mediating the programming action of maternal
leptin remain obscure.

Maternal leptin may exert a deferred effect on metabolic
processes in the liver and muscles of the offspring. Develop-
mental programming is thought to be associated with changes
in gene expression in the offspring via epigenetic modifica-
tions induced by maternal environmental factors (Laker et al.,
2014). It is unknown whether leptin affects the expression of
genes encoding regulatory factors and enzymes responsible
for carbohydrate and lipid metabolism in the liver and muscles
of the offspring. Maternal leptin may also contribute to a
lower predisposition to diet-induced obesity in the offspring
via food choice (Pollock et al., 2015), but this issue has been
poorly studied. The diet components (fats, proteins, or sugars)
the consumption of which may be affected by maternal leptin
are unknown. Neither is it known whether the programming
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action of maternal leptin on the offspring depends on sex or
what mechanisms mediate the programming effect of maternal
leptin on food choice in the offspring.

The goal of this study was to investigate the effect of leptin
administration to pregnant female mice on metabolic indices,
taste preferences, and the expression of genes in the liver and
muscles of the offspring with regard to sex.

Materials and methods

Experimental animals. The European Parliament Directive
2004/10/EC on the principles of good laboratory practice
and the Russian regulations for accommodation and care of
animals, GOST 33215-2014, were followed.

Experiments were conducted with C57BL/6J mice housed
at the vivarium of the Institute of Cytology and Genetics,
Novosibirsk, Russia. The animals were kept at 12-h daylight
with free access to water and standard chow for the conven-
tional maintenance and breeding of rodents (BioPro Company,
Novosibirsk, Russia). Mature females were mated to males of
the same strain. The mating was judged from the presence of
a copulation plug. The appearance of the plug signified day 0
of pregnancy. The females were administered 0.2 mg/kg of
recombinant murine leptin (Peprotech, United Kingdom) or
the same volume of normal saline on days 11, 12, and 13 of
pregnancy. The injections were done subcutaneously in the
shoulder area. The female weight and amount of consumed
food were recorded daily. The delivery dates and litter sizes
were recorded. Large litters (> 7) were reduced to 7 on day 1
after delivery by discarding pups of the lowest weights. The
dam and pups were weighted on days 0, 7, 14, 21, and 28 after
delivery. The offspring were separated from their mothers on
day 28 after birth.

To assess the effect of maternal leptin on the metabolic
indices of the offspring in the postnatal life, one male and one
female from each litter were kept individually. The female
offspring of dams having received normal saline included
6 animals, and the male, 5. The female offspring of dams
having received leptin was 8 animals, and so was the male
offspring. The animals were weighted on a weekly basis, and
the amount of food eaten weekly was assessed. At the age of
10 weeks, the mouse diet was supplemented with obesogenic
food: sweet cookies and pork lard. Mice were being fed on
this diet for 10 weeks and were weighted weekly. The stan-
dard chow was replaced once a week, and cookies and lard
were replaced three times a week. The following parameters
were recorded: the amounts of daily eaten standard chow,
cookies, and lard; the amounts of energy consumed with
these kinds of food (lard, 8§ kcal/g; standard chow, 2.5 kcal/g;
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cookies, 4.58 kcal/g); the overall amount of consumed energy
normalized to body weight; and the energy consumed with
each kind of food as a percentage of the entire energy con-
sumed.

At the end of the experiment, mice were euthanized by
decapitation. Muscle and liver tissue samples were frozen and
stored in liquid nitrogen to measure the rate of gene expression.

Diet. Standard chow was purchased from BioPro, Novo-
sibirsk, Russia. Composition: two-component grain mixture,
milk components, high-protein components (vegetable and
animal proteins), vegetable oil, amino acids, organic acids,
vitamin-mineral premix, and fiber. Crude protein: 22 %.
Energy value 2500 kcal.

Pork lard and cookies were bought in a food store. Cookie
composition (g/100 g): proteins — 6.9, fats — 18.4, carbohy-
drates — 71.8. Energy value 458 kcal/100 g. Lard (subcuta-
neous fat): proteins — 1.8, fats — 94.2, carbohydrates — 0.
Energy value 800 kcal/100 g.

Assay of mRNAs. Levels of mRNAs were assessed by re-
verse transcription followed by relative quantitation real-time
PCR. Total RNA was isolated from tissues with an ExtractRNA
kit (Evrogen, Moscow, Russia) according to manufacturer’s
recommendations. Reverse transcription was conducted with
MMLYV reverse transcriptase (Evrogen) and oligo-dT primer
according to manufacturer’s recommendations.

PCR was conducted with the qPCRmix-HS LowROX
reaction premix (Evrogen) and the TagMan Gene Expres-
sion Assay system for mouse genes (Applied Biosystems):
Insr, MmO01211875 ml; Fgf21, MmO00840165 gl; Gopc,
Mm00839363 ml; GCk, Mm00439129 ml; Ppargcla,
MmO01208835 m1l; Pklr, Mm00443090 ml; Acaca,
MmO01304257 ml; Pnpla2, Mm00503040 ml; Igf,
Mm00439560 _ml; Slc2a4, Mm00436615 ml; and Actb,
MmO00607939_s1.

The expression rates of the following genes were assayed
in the liver: /nsR for insulin receptor, Gk for glucokinase,
Pklr for pyruvate kinase, G6pc for glucose-6-phosphatase,
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Pnpla?2 for triacylglyceride lipase ATGL, Acaca for acetyl
Co-A carboxylase, Pgcl for peroxisome proliferator-activated
receptor y coactivator PPARGCI1A, Fgf21 for fibroblast
growth factor 21, and Igf7 for insulin-like growth factor 1.
In muscles: Slc2a4 for glucose transporter GLUT4 and InsR.
The Actb gene for B-actin was used for reference.

The results were statistically evaluated with Statistica 10.0.
Descriptive statistics was used in the calculation of group
means and standard errors of the mean. Body weight and food
consumption in pregnant females and their offspring were
analyzed by repeated measures ANOVA with the assessment
of the factors “experimental treatment” (administration of
leptin or normal saline) and “day of pregnancy” for pregnant
females; factors “sex” (males or females), “experiment”
(administration of leptin of normal saline to mothers), and
“age” (4 to 10 weeks) for the offspring fed on standard diet;
factors “sex”, “experiment”, and “age” (10 to 20 weeks) for
the offspring fed on the obesogenic diet. Intergroup differences
were assessed by the Newman—Keuls post-hoc test. The ef-
fects of sex and the prenatal factor on gene expression in the
liver and muscles were assessed by two-way ANOVA with
the “sex” and “experiment” factors. Intergroup differences
were assessed with Student’s # test. The results are shown in
plots as mean+ SEM.

Results

Influence of leptin administration on food consumption
and body weight in pregnant females

Leptin administration to female mice on pregnancy days 11,
12, and 13 had no significant impact on body weight
(Fig. 1, a), although it reduced food intake by 20 % (p <0.001,
repeated measures ANOVA, factors “experiment” x “day of
pregnancy” (see Fig. 1, b). The anorectic action of leptin lasted
for no more than 24 h, as the amounts of food consumption
by females having received leptin and normal saline aligned
on day 2 after the last injection.
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Fig. 1. Influence of leptin administered to female mice on pregnancy days 11, 12, and 13 on body weight (a) and food intake (b).

Data are presented as mean + SEM. *p < 0.05, Student’s t test.

OUN3NONOTMYECKAA FTEHETUKA / PHYSIOLOGICAL GENETICS 671



E.l. Denisova, M.M. Savinkova
E.N. Makarova

a b
0 Standard diet Sweet and fat diet
35+
>
[°]
©
30 + 9]
o
(2]
=
o 2] E
3 Py
[
20 f €
>
=
()
15 | S
10 |+

Age, weeks

Fig. 2. Influence of leptin administration to pregnant female mice on
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on the obesity development and food choice in offspring
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body weight (a) and the ratio of consumed energy and body weight (b)

in the male and female offspring receiving the standard and obesogenic diet.

Influence of leptin administered to female mice

on body weight and the consumption of standard chow

in the male and female offspring

When nursed, the male and female offspring did not differ
in weight. Leptin administration to pregnant dams had no
significant effect on offspring weight (data not shown).

The dynamic patterns of weight after weaning onto standard
chow were different in males and females. Within the first
week of feeding on standard chow, males overweighed females
and weighed more throughout the experiment (p < 0.0001,
F,,,=30.32, “sex”, “sex” x “age” p < 0.00001, F ,,, = 8.23,
repeated measures ANOVA). We performed repeated measu-
res ANOVA with the “experiment” and “age” (weeks 4—10)
factors in males and females separately.

The male offspring whose mothers had received leptin did
not differ in weight from the male offspring of control females
when kept singly and fed on standard chow in weeks 4—10.
The female offspring of leptin-receiving females did not dif-
fer from the female offspring of control females till sexual
maturity (8 weeks), but then they lagged behind females born
in the control group, and this trend remained throughout the
experiment (Fig. 2, ). Females consumed more energy per
body weight unit than males (p <0.0001, F, ,, = 34.1, factor
“sex”, repeated measures ANOVA). Leptin administration to
mothers during pregnancy did not influence this index (see
Fig. 2, b).

Body weight and food consumption
in the male and female offspring fed on obesogenic diet
Repeated measures ANOVA revealed no effect of the
“experiment” factor on the female offspring in the analysis
of body weights of males and females fed on obesogenic
diet within 10 weeks. However, it showed a significant inter-
action between the “age” and “experiment” factors (p < 0.01,
Fy oo =2.82) in the male offspring. The male offspring of dams
having received normal saline or leptin did not differ in body
weight, but then the males born in the control group began
to gain weight sharply and outperformed the males born to

leptin-receiving dams (see Fig. 2, a). In the females born to
control and leptin-receiving dams, the difference arising in
keeping on standard chow remained when they received the
obesogenic diet (see Fig. 2, a).

Energy consumption normalized to body weight increased
dramatically when lard and cookies were added to the diet
(see Fig. 2, b). It remained higher in females than in males
(p <0.01, F,,, = 9.06, factor “sex”, repeated measures
ANOVA).

To assess the influence of maternal leptin on taste prefe-
rences in the offspring, the contributions of each diet compo-
nent (standard chow, lard, and cookies) to the overall energy
consumption were analyzed. Pronounced sex differences in the
consumption of standard chow (males ate more than females,
p <0.001, F, ,, = 34, factor “sex”) and cookies (males ate
less than females, p < 0.01, F, ,, = 12.2, factor “sex”) were
recorded. No significant difference between males and females
in lard consumption was noted (Fig. 3).

Leptin administration to pregnant mice affected taste prefe-
rences in the offspring, and this effect was more pronounced
in males. Maternal leptin increased the share of standard chow
in the overall energy consumption in the offspring of both
sexes within the first five weeks of receiving the obesogenic
diet (p < 0.05, F, ,, = 4.03, factor “experiment”, repeated
measures ANOVA), but in males the effect was greater than
in females (see Fig. 3, @). Maternal leptin lowered the share
of cookies only in males throughout the time of being fed on
obesogenic diet (p < 0.05, F, ,, = 5.3, factor “experiment”,
repeated measures ANOVA, Fig. 3, b) and had no impact on
lard consumption regardless of sex (see Fig. 3, ¢).

Expression of genes involved in carbohydrate

and lipid metabolism in the liver and muscles

The expression rates of the following genes were assayed
in liver tissue: /nsR for insulin sensitivity, Gck and Pklr for
glycolysis enzymes, G6pc for gluconeogenesis, Pnpla2 for
lipolysis (adipose triglyceride lipase), Acaca for lipogenesis,
and genes encoding regulatory factors that affect metabolism
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Fig. 3. Influence of leptin administered to pregnant mice on the percen-
tages of energy consumed with standard chow, cookies, and lard in the
male and female offspring fed on the obesogenic diet.
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in the liver (Pgcl) or are involved in the regulation of carbo-
hydrate and lipid metabolism in the entire body (Fgf21 and
Igf1). Leptin administration to pregnant mice did not affect the
expression of these genes in the liver. A significant influence of
sex on the expression of the Fgf2/ gene for fibroblast growth
factor 21 was noted. Its mRNA level was lower in females
than in males (p <0.05,F, ;;=5.4,2-way ANOVA, Fig. 4, a).

In muscles of both sexes, leptin administration to mothers
caused higher expression rates of the genes /nsR for insulin
receptor and Slc2a4 for insulin-dependent glucose transporter
(p<0.05,2-way ANOVA in both cases, see Fig. 4, b), pointing
to elevated insulin sensitivity in muscles.

Metabolic indices

Females had lower liver weights than males (p = 0.051,
F, s = 4.35, 2-way ANOVA) and lower blood cholesterol
levels (p <0.001, F, ,,=49.82, 2-way ANOVA). They did not
differ from males in blood glucose or triglyceride levels (see
the Table). Leptin administration to pregnant mothers did not
affect the metabolic indices tested in either males or females.

Discussion

Previous works with mice and rats demonstrated that an in-
crease in maternal blood leptin level increased the resistance
to diet-induced obesity in the offspring, and the program-
ming action of maternal leptin might depend on the offspring
sex (Stocker et al., 2007; Makarova et al., 2013). Here, we
tested the hypothesis that the said effect of maternal leptin
was associated with its influence on taste preferences and on
gene expression in the liver and muscles. For this purpose,
we administered leptin to females at the minimum threshold
dose inducing physiological response (Enriori et al., 2007) on
days 11, 12, and 13 of pregnancy and assessed taste prefe-
rences, metabolic indices, and gene expression in the liver
and muscles in the offspring of both sexes. We chose this time
interval of pregnancy because sex differentiation in mouse fe-
tuses starts on days 11, 12 (Hacker et al., 1995). Juston day 12,
the proliferation of precursors of hypothalamic neurons that
will control energy consumption and expenditure reaches its
maximum (Ishii, Bouret, 2012).
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Fig. 4. Influence of leptin administered to pregnant mice on gene expression in the liver (a) and muscles (b) of the male and female offspring fed

on the obesogenic diet.
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Sex-specific influence of maternal leptin
on the obesity development and food choice in offspring

Influence of leptin administration to pregnant mice on liver weight and blood biochemistry

in male and female offspring fed on the obesogenic diet

Index Males Females
Contro| .................................. |_ eptmcontrm .................................. |_ eptm ..................................
. Ch0| este ro| mM ............................... 816 i 1 18 ............................. 807 i 0 69 ............................. 4 27 i O 43 ............................. 355 i 0 19 .........................
G|ucosemM ................................... 15471280 ........................... 1113i123 ........................... 1042i”0 ........................... 11994_,143 .........................
Triglycerides, mM 0.34+0.07 0.50+0.13 0.37+0.07 0.20+0.04
leerwe,ghtg .................................. 1391003 ............................. 1421002 ............................. 1351005 ............................. 126i005 .........................

Cholesterol, p < 0.001, males vs females, 2-way ANOVA.

Earlier we found that a single leptin administration to mice
on pregnancy day 12 exerts sex-specific programming action
on metabolism in the offspring (Denisova et al., 2020). Thus,
females are sensitive to leptin in this period, as evident from
lower food consumption in response to leptin. At later preg-
nancy stages, leptin sensitivity in females may decrease as a
result of the significant increase in endogenous blood leptin
in the third trimester of pregnancy (Makarova et al., 2010).

Leptin administration to females slowed down the deve-
lopment of diet-induced obesity in the male offspring, which
agrees with earlier studies, where leptin administration to
female rats from day 14 of pregnancy till the end of lactation
(Stocker et al., 2007) and to mice at the end of pregnancy (Ma-
karova et al., 2013) prevented diet-induced obesity in the male
offspring fed on obesogenic diet. A single injection of leptin on
day 12 of pregnancy prevented hyperglycemia in the offspring
with obesity and tended to decrease the rate of diet-induced
obesity development in the male offspring (Denisova et al.,
2020). However, in contrast to the data of this work, a single
leptin administration to female mice on day 12 of pregnancy
did not affect the growth rate of the female offspring fed on
standard chow. Probably, the leptin administration on day 12
only left intact the initial steps of sex differentiation, which
might be leptin-sensitive.

This study shows that maternal leptin may affect taste pre-
ferences in the offspring, and this effect may be one of the
factors causing resistance to diet-induced obesity in the male
pups with free choice of components of obesogenic diet. This
result is new. Females consumed more cookies and less stan-
dard chow than males. This observation is consistent with the
sex differences in consuming sweet food observed in various
species (Valenstein et al., 1967; Zucker et al., 1972; Buczek
et al., 2020). The causes of these differences are sought in
the influence of biological sex on central systems regulating
energy homeostasis and on reward systems (Sinclair et al.,
2017; Buczek et al., 2020).

Our results are the first to demonstrate explicitly that the
liver hormone FGF21 may be involved in the sex-dependent
regulation of taste preferences. The expression of Fgf2/ in
the livers of females was significantly lower than in males,
which is in agreement with earlier data (Bazhan et al., 2019).
The blood FGF21 level correlates with the expression rate of
its gene in the liver. It is elevated in obese males (Bazhan et
al., 2019). It has been shown that FGF21 increases protein
consumption (Larson et al., 2019) and decreases sugar con-
sumption (Talukdar et al., 2016); thus, the higher FGF21
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level in males as compared to females may be the cause of
higher consumption of standard protein-rich chow and lower
consumption of sweet cookies in males than in females.

Leptin administration to pregnant females decreased cookie
consumption and increased standard chow consumption in
the offspring. Similar results were obtained in experiments
by K.E. Pollock et al. (2015) with mice. They found that hy-
perleptinemia in pregnant females shifted taste preferences in
the offspring towards higher consumption of standard chow
as compared to sweet food.

The mechanisms underlying this effect are unknown, and
our work indicates that they are not associated with Fgf21 ex-
pression in the liver, because leptin administration to pregnant
mice did not change the Fgf2/ mRNA level in the offspring.
It is conceivable that the programming action of maternal
leptin is associated with its influence on the motivation and
reward systems and systems regulating food behavior in the
offspring.

It has been shown that maternal environment factors during
pregnancy and nursing may affect the motivation and reward
systems in the offspring, which involve endogenous opioids,
dopamine, and serotonin (Grissom et al., 2014). The type of
leptin influence on the development of food consumption
regulation systems demands further studies, and our results
indicate that the embryo development period from day 11
to 13 is the window in which these systems are susceptible
to maternal environment factors.

0.0. Talton et al. (2016) showed that high blood leptin in
pregnant mice increased insulin sensitivity in the offspring
regardless of diet. We found no effect of maternal leptin on
the expression of liver genes involved in glucose metabolism
(InsR, Igf1), fatty acid oxidation (Fgf21), glycolysis (Gck), or
gluconeogenesis (Pklr, Gopc). Neither did it affect the expres-
sion of genes for lipolysis (4tg/) or lipogenesis (Acaca). Our
results demonstrate that the effect of maternal leptin increasing
insulin sensitivity may be mediated by the expression of genes
regulating glucose metabolism in muscles of the offspring. The
expression of genes for insulin receptor (/nsr) and insulin-
dependent glucose transporter (Slc2a4) in muscles was higher
in the offspring of leptin-receiving females as compared to
control ones. Apparently, maternal leptin supports insulin
sensitivity in the consumption of obesogenic food by the
offspring, which may also work against obesity development.

The molecular mechanisms underlying the programming
action of maternal leptin are obscure. It is unknown whether
maternal leptin penetrates to the fetus bloodstream through
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placenta. However, at high leptin levels in pregnant females it
may penetrate through placenta, as we found in our previous
studies that the blood plasma leptin levels increased manifold
in both the females and the fetuses within one hour after its
administration at the end of pregnancy (Denisova, Makarova,
2018). Also, it has been shown that leptin administration to
pregnant mice reduces the weights of fetuses and placentae
(Yamashita et al., 2001; Denisova et al., 2020). The placentae
of male and female fetuses respond to leptin administration
differently: in male fetuses, leptin reduces placenta weight
and in female ones, the expression of glucose transporters in
placentae (Denisova et al., 2020). The sex-specific program-
ming action of maternal leptin on metabolism in the offspring
may be mediated by its different effects on placenta functions
in fetuses of different sexes. More studies are demanded for
understanding the mechanisms by which maternal leptin af-
fects fetus development.

Conclusion

We show that triple leptin administration to females on
pregnancy days 11, 12, and 13 delayed diet-induced obesity
development in the male offspring. It also shifted taste prefer-
ences towards the consumption of balanced diet and increased
the expression rates of genes for insulin receptor and insulin-
dependent glucose transporter in muscles in the offspring of
both sexes. These results suggest that maternal leptin increases
the resistance to diet-induced obesity in the offspring via taste
preferences and higher muscle sensitivity to insulin.
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