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ABSTRACT

Background. When developing methods for personalized diet therapy of obesity,
an urgenttask is to study the molecular genetics features of the obesity pathogenesis
using in vivo experimental models in laboratory animals.

Theaim. To determine metabolism effector links in obesity based on a comparative
analysis of full-transcriptome profiles of the liver tissue of mice and rats of various
strains.

Materials and methods. We carried out a comparative analysis of the changes
in liver transcriptome in rats and mice fed with diets of excessive energy value and ex-
erting lipogenic effect. Data of full-transcriptome profiling using DNA microarray
technology have been presented previously in 8 publications.

Results. In three strains of mice treated with a high-carbohydrate high-fat
diet (HCHFD), a significant differential expression (DE) of 1849 genes was re-
vealed, of which 74 genes responded jointly in at least two groups of animals.
In Wistar and Zucker'@ rats, 2109 genes responded to the consumption of HCHFD,
of which 242 genes responded jointly in two groups of animals. For rodents differ-
entin genetic predisposition to the development of diet-induced obesity, the groups
of genes that responded with the opposite sign of DE (depending on the genotype)
in reaction to the consumption of HCHFD were identified. Bioinformatical analysis
allowed establishing the presence of 43 metabolic pathways, which are targeted
for the applied experimental diets exposure, in rats and 77 pathways — in mice. Four
of these pathways - the pathway of retinoid metabolism, PPAR signaling pathway
associated with it the previous one, xenobiotics metabolism and drugs metabolism
mediated by cytochrome P450 system — responded in all groups of animals (except
for female mice). The importance of the expression of Tat gene encoding tyrosine
aminotransferase in the modulation of biogenic amines synthesis in diet-induced
obesity was shown, which may represent a new neurometabolic regulatory function
of the liver in response to the consumption of high-calorie diets.

Conclusion. The analysis of the results of full-transcriptome studies showed
that within each studied species (Rattus rattus and Mus domesticus) and animal sex,
a number of genetic variants with a greater or lesser predisposition to the develop-
ment of diet-induced obesity phenotype can be identified; and at the same time,
within these variants, there is a largely similar pattern in the response of metabo-
lism effector links to hypercaloric dietary intake. This pattern creates new prospects
for translating the results of transcriptomic and metabolomic studies of laboratory
animals into clinical practice in order to substantiate new approaches to personal-
ized diet therapy of alimentary dependent diseases in patients with different genetic
predisposition to obesity.

Key words: obesity, in vivo models, rats, mice, liver, transcriptome, metabolic path-
ways, neurometabolic function
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PE3IOME

O6ocHoeaHue. [Ipupazpabomke Memooo8 nepcoHaNU3uUpo8aHHoU duemomepanuu
oXupeHus akmyasneHol 3adayell A8/19emcsa u3y4eHue MOJIeKy/IApHO-2eHemuYecKux
ocobeHHOoCMel e20 namozeHe3d € UCh0J1b308dHUEM SKCNepUMeHMAsbHbIX Mooesel
y 1a60pamopHbIX XUBOMHbIX.

Llenb uccnedoearus. OnpedeneHue 3¢hheKmopHbix 36eHbe8 Memabosu3Ma NPU OXu-
peHUU Ha 0CHOBe CPasBHUMEIbHO20 aHAU3A NOJTHOMPAHCKPUNMOMHbIX npogusiel
MKAaHU neyeHuU mMbiwel U KpbIC pa3/IuYHbIX IUHUU.

Memoodel. [lposedéH cpasHUMesbHbIU aHAMU3 U3MeHeHUU MPaHCKpunmoma neyeHu
KpbIC U Mblwel, NOfy4aswux payuoHsl ¢ U36bIMmoYHOU Kas1oputiHOCMbHO U JTUNO2EHHbIM
Oelicmesuem. JJaHHble NOJTHOMPAHCKPUNMOMHO20 NPOpUIUPOBAHUS € UCNOTb308aHUEM
mexHonoauu JHK-mukpoyunos 6bisiu npedcmassieHsl paHee 8 8 ny6uKayusx.
Pe3synemamel. Y moiwel mpéxauHuti, NOTy4asuiuX 8bICOKOY2/1€800HbIL 8bICOKOXUPOBOL
payuoH (BYBXP), sbisgneHa docmosepHas dughghepeHyuaibHas skcnpeccus (3) 18492erHos,
U3 KOmopbix 74 coeMecmHo omaemusiu KaK MUHUMYM 8 08YX 2pynnax XUBOMHbIX. Y KpbIC
nuHut Wistar u Zucker'® na nompe6nerue BYBXXP omeemunu 2109 2eHos, u3 Hux 242 —
808yX2pyNNaxXusoMmHbIX COBMECMHO. []/1 2pbi3yHO8, pasiuyaou4UXCs N0 2eHemu4eckou
nNpedpacnonoxeHHOCMU K pazsumuto ouem-uHOyyupOBaHHO20 OXUpeHUs, bbliu onpe-
OesleHbl 2pynnbl 28HO8, OMBEMUBLUUX NPOMUBONOJIOXHOU no 3HAKy /13 (8 3asucumocmu
om 2eHomuna) 8 omeem Ha nompeb6neHue BYB)KP. buouHghopmamuueckuti aHanus
No380/1UJT yCMAaHo8UMb Hanu4ue y Kpbic 43, a y moiweli — 77 memabonudeckux nymed,
ABAUUXCA MUWIEHAMU 8030elicmaus NPpUMeEHAEMbIX SKCNepUMEHMAbHbIX PAUUOHO8.
VI3 HUX 4 —nymb 06MeHa pemuHoUO08, CONPAXXEHHBIU ¢ HUM PPAR-cueHabHbIlt nyme, Mema-
60/1U3M KCeHOBUOMUKOB U Memabosu3m JieKapcmeeHHbIX npenapamos noo deticmauem
cucmembl yumoxpoma P450—omeemusu y 8cex 2pynn XU8OMHbIX (3a UCK/TIOYeHUeM CamoK
Mblwel). [oKazaHa 8axHas posib 3Kcnpeccuu 2eHa Tat, Kooupyrowe2o mupo3UHAMUHO-
mpaHcgepasy, 8 MoOyIAYUU CUHMe3a B6UO2eHHbIX AMUHO8 Npu duem-UHOYYUPOBAHHOM
OXKUPEeHUU, YMo, B03MOXHO, A8/1iemca HosoU Helipomemabosudeckol pe2yiamopHoU
¢hyHKyUel heyeHU 8 omeem Ha hompebrieHuUe 8bICOKOKA/TOPULIHbIX PAUUOHOB.
3aknioyenue. AHAU3 pesysibMamos NOSIHOMPAHCKPUNMOMHbIX UCC/1e008aHUL NOKA-
3a71, Ymo 8 npedenax Kaxooezo ulyyeHHo2o suda (Rattus rattus u Mus domesticus) u nona
JKUBOMHbIX MOXHO 8bI8UMb PAO 2eHeMuYecKuXx 8apuaHmos ¢ 6osnsLueli usiu MeHouel
CKJIOHHOCMbIO K pazeumuto heHomuna ouem-uHoyyupo8aHHO20 OXXUPeHUS; NpU SMoMm
8 npedesiax Kax0020 U3 3Mux 8apUAHMO8 OMMe4aemcs 80 MHO20M CXOOHbIU Xapakmep
omeema 3¢heKmopHbIx 38eHbe8 Memabdos1u3Ma Ha nompebrieHue 2unepKaIopuliHo20
payuoHa. 3ma 3aKkOHOMepHOCMb C030aém HoB8ble NepcnekmMuBbl 019 MPAHCAAYUU
pe3y1bmamos mpaHCKPUNMOMHbIX U Memabo/IOMHbIX UCC/1e008aHUL Ha1A60paMOpHbIX
JKUBOMHBIX 8 KIIUHUYECKYIO NPAKMUKY 0151 000CHOBAHUSA HOBbIX NOOX0008 K NEPCOHAIU-
3uposaHHoli duemomepanuu anuMeHMapHo-3asUCUMbIX 3a601e8aHuUll y NayueHmos,
pAa3/IuYarUUXCs N0 2eHemMu4eckoU NpedpacnoIoXeHHOCMU K OXKUPEHUIO.

Kniouesole cnosa: oxupeHue, in vivo MoOesiu, KpbiCbl, MblUWU, NeYeHb, MPAaHcKpun-
mom, Memabosnuydeckue nymu, Helipomemaboau4eckas QyHKYuA
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Hble 3BeHbA MeTabonv3Ma Npu ANET-MHAYLIMPOBAHHOM U FreHETUYECKM AeTEPMUHPOBAaHHOM
OXKMPEHUN: NOMHOTPAHCKPUMTOMHOE NCCNefoBaHMeE TKaHU NeYEHUN Ha SKCNepUMEHTaNIbHbIX
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INTRODUCTION

Alimentary dependent diseases, the leading de-
velopment cause of which is an excess in energy val-
ue consumed and (or) unbalanced diet, represent one
of the main challenges for modern medicine. In recent
years, a large amount of experimental data has been ac-
cumulated that the pathogenesis of alimentary depend-
ent diseases is based on the influence of excessive or un-
balanced intake of macronutrients - fats and carbohy-
drates — on the expression of a large number of genes
functionally related to the processes of lipogenesis, car-
bohydrate energy and protein metabolism, thermoregula-
tion, systemic inflammation, circadian rhythms, and con-
trol of the amount of food consumed. The amplitude
and trend of gene expression changes due to dietary fac-
tors are determined both by the genotype of the organ-
ism (the presence of polymorphisms in the genes of key
enzymes, regulatory and transport proteins) and epige-
netic factors (DNA methylation, histone acetylation, etc.),
at the last in turn are also influenced by the composition
of the diet [1]. The totality of issues of interaction be-
tween the genotype of an organism and such an impor-
tant environmental factor as the composition of dietary
nutrients in the formation of phenotype at the molecu-
lar, cellular, tissue, organ and organismic levels is the sub-
ject of study of a new section of nutrition science known
as nutrigenomics [2].

The data obtained in the course of nutrigenomics re-
search play animportant role in the development of meth-
ods of personalized diet therapy of alimentary depend-
ent diseases, taking into account such factors as the pa-
tient’s genotype, nutritional status, stage and severi-
ty of the pathological process. Since nutrigenomics re-
search in the clinic faces certain difficulties associated
with the choice of a suitable biosubstrate, preclinical stud-
ies using in vivo experimental models of relevant diseas-
es in laboratory animals characterized by different genet-
ically-based propensity to disorders of lipid and carbohy-
drate-energy metabolism are in demand. A series of such
models was developed based on the use of both genetical-
ly modified (mutant or knockout) and conventional strains
of animals receiving excessive fat, simple sugars, ora com-
bination of both (the so-called “Western diet” or the “caf-
eteria diet”) [3]. Using up-to-date methods of molecular
genetics and transcriptomics, a significant amount of data
was obtained that in such animals during the development
of obesity there are persistent changes in the expression
of key gene groups responsible for metabolic processes
in the liver and adipose tissue. For example, mice treated
with a high-carbohydrate high-fat diet (HCHFD) for 1 year
show differential expression (DE) of genes responsible
for metabolic pathways of 3-oxidation of fatty acids, ster-
oid hormone biosynthesis and degradation, PPAR sign-
aling, antigen processing and presentation, and protea-
somal protein degradation [4]. Transcriptomics methods
have been used to identify effector genes that are targets
of dietary factors in dogs treated with a hypercaloric diet
[5], in mice with diet-induced obesity (DIO) and non-alco-
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holic fatty liver disease [6]. Epigenetic factors contribut-
ing to the transmission of obesity phenotype from preg-
nant female rodents to their offspring have been charac-
terized [7]. If suitable biomaterial (e. g., white adipose tis-
sue specimens obtained during bariatric surgery) is avail-
able according to the requirements of medical ethics,
it is possible to translate transcriptomic diagnostic crite-
ria into clinical practice [8].

At the same time, the nature of nutrigenomic mech-
anisms determining a greater or lesser predisposition
of the organism to the development of diet-induced obe-
sity, which can be determined by comparative analysis
of the results of transcriptomic studies performed using
animals of different species and strains, is currently insuf-
ficiently covered in the literature. In a series of studies car-
ried out in the Federal Research Center of Nutrition, Bio-
technology and Food Safety during 2017-2022, the meth-
od of full-transcriptome analysis of liver tissue on a DNA
microarray was used to identify effector links of metabo-
lism - targets of the effect of minor bioactive substanc-
es of the diet (BAS), such as polyphenolic compounds,
L-carnitine, amino acids, on models of DIO and spontane-
ous (genetically determined) obesity in rats and mice [9-
13]. A number of rat strains (Wistar and Zucker™) and mice
(C57BI/6J, DBA/2) male strains, terahybrid mice) used
in this study differed in the severity of obesity pheno-
type when consuming diets with excessive caloric intake,
but the question of what differences in transcriptome pa-
rameters are the most significant in animals more or less
prone to the development of DIO has not been sufficient-
ly covered in these publications.

The aim of this work is to analyze data from transcrip-
tomic studies on the nature of the liver transcriptome re-
sponse to hypercaloric diets from a comparative perspec-
tive in rats and mice of different strains varying in suscep-
tibility to the development of diet-induced or spontane-
ous obesity.

MATERIALS AND METHODS

The materials of full-transcriptome studies per-
formed in mice and rats of different sexes and strains fed
for 8-9 weeks a balanced control diet according to AIN-93M
or modified semi-synthetic diets with a relative excess of fat
(high-fat diet (HFD)), simple carbohydrate fructose (HFrD)),
their combination (HCHFD) or cholesterol (high-cholester-
ol diet (HCD)) were used in this paper. Table 1 summariz-
es the experiments with references to publications reveal-
ing their design. All studies were conducted in compliance
with the rules of biomedical ethics and were approved
by the decision of the Ethics Committee of the Federal Re-
search Center of Nutrition, Biotechnology and Food Safe-
ty (FSBIS) (record No. 4 of 20.04.2017).

After removal of animals from the experiment, liver tis-
sue samples were obtained from them, from which total
RNA was isolated using reagents of Agilent Total RNA Isola-
tion Mini Kit (Agilent Technologies, Inc., USA) and full-tran-
scriptome analysis was performed on Gene Expression Hy-



bridization Kit DNA microarrays (Agilent Technologies, Inc.,
USA) according to the Agilent One-Color Microarray-Based
Gene Expression Analysis Low Input Quick Amp Labeling,
version 6.8, protocol (Agilent Technologies, Inc., USA), us-
ing authorized certified equipment of the manufacturer
(Agilent Technologies, Inc., USA).

The used DNA microarrays of different series con-
tained between 30,000 and 32,000 annotated individual
complementary sequences of the rat or mouse genome,
including untranslated DNA sequences and splice vari-
ants. In all microarray experiments, 4 independent matrix
RNA (mRNA) samples from each group of animals were an-
alyzed. Microarrays were scanned on a SureScan Microar-
ray Scanner (Agilent Technologies, Inc., USA). The DE val-
ue of genes determined by microarray analysis was ex-
pressed as the binary logarithm of the change in fluores-

cence (IongC) compared to control groups of animals
treated with a balanced diet or to internal microarray
controls (Spike-In). DE data were loaded into the «R» en-
vironment and bioinformatic analysis was performed
with quantile normalization and further analysis in the lim-
ma package. The AnnotationDbi, org.Rn.eg.db, pathview,
gage, and gageData packages were used to identify met-
abolic pathways using the Kyoto Encyclopedia of Genes
and Genomes (KEGGs) international resource and visual-
ize them. Statistical significance of expression changes
was assessed using the the Benjamini - Hochberg multi-
ple-correction T-test. Additionally, linear regression analy-
sis was performed with calculation of Pearson correlation
coefficients (PCC) between DE values (R) and their statis-
tical significance (a). Annotation of genes that respond-
ed with statistically significant DE values during the deve-

TABLE 1
GROUPS OF ANIMALS USED IN EXPERIMENTS TO STUDY THE EFFECT OF OBESITY AND DYSLIPIDEMIA ON THE LIVER
TRANSCRIPTOME
Species, References
sex of Strain In vivo model Experimental diet composition? ..
i to publications
animals
Metabolic syndrome Semi-synthetic according to AIN-93M
Female rats ~ Wistar' Y with replacement of drinking water with 30 % fructose [10]
(MetS) .
solution (HFrD)
Female mice C57BI/6J' MetS HFrD [9]
Semi-synthetic according to AIN-93M
Female rats ~ Wistar' Dyslipidemia (Dis) with replacement of 0.5 % fat by weight of diet [10]
with cholesterol (HCD)
Female mice C57BI/6J! Dis HCD [9]
Semi-synthetic according to AIN-93M
Female rats ~ Wistar' DIO with replacement of 20 % of starch by weight of diet [10]
with fat (HFD)
Female mice C57BI/6J' DIO HFD [9]
Semi-synthetic according to AIN-93M
. with replacement of 20 % starch by weight of diet
el Wistar DIO with fat, drinking water — with 20 % fructose solution [11,12]
(HCHFD)
Male rats Zuckerf 3 DIO HCHFD [13]
Female mice C57BI/6J' DIO HCHFD [9]
Male mice  C57Bl/6)' DIO HCHFD [13]
Male mice  DBA/2J)! DIO HCHFD [12,13]
Male mice ~ DBCB*tetrahybrids DIO HCHFD [13]

Note. '-obtained from the farm of Stolbovaya branch of the Scientific Center for Biomedical Technologies of FMBA of Russia; 2 animals of control groups of each species, strain and sex received a balanced macronutrient
and basic micronutrient semi-synthetic diet AIN-93M; * — obtained from Charles River farm (Italy);  — DBCB mice, hybrid of the 2nd generation (F2), were independently bred by the author of the study (S.A.A.) in the vivarium
of the Federal Research Center of Nutrition, Biotechnology and Food Safety by sequential hybridization of mice of parental strains DBA/2J, (BA/lac (females) and BALB/c, (57Black/6J (males), as described in [13].
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lopment of DIO in animals was performed using the in-
ternational online resource Genemania (https://genema-
nia.org) integrated with the PubMed (https://pubmed.
ncbi.nlm.nih.gov) scientometric database. Set-theoretic
analysis, construction of Venn diagrams and heat maps
were performed using Venny 2.1 network application
(https://bioinfogp.cnb.csic.es/tools/venny/) and MS Excel
2007 spreadsheets (Microsoft Corp., USA).

RESULTS AND DISCUSSION

Response of the liver transcriptome
to the development of DIO in mice

As a result of full-transcriptome analysis of the liv-
ers of mice of four groups belonging to three strains (fe-
males and males of the C57BI/6J strain, males of the DBA2)J
strain, males of the DBCB tetrahybrid strain), when com-
paring animals treated with HCHFD, with mice of con-
trol groups revealed DE at the level of more than 0.5 units
modulo Iogz(FC) (i. e. 1.41-fold or more up or down)
for 1,849 genes, of which 74 genes responded in at least
two groups of animals together. Full data on the experi-
ments performed have been presented previously [9, 13].
The analysis of the DE heat map of these genes (Fig. 1a)
showed that the greatest similarity in the DE profile in re-
sponse to the consumption of HCHFD is characterized by lin-
ear male C57BI/6J and DBA2J mice, which, according to ear-
lier studies, have a relatively high phenotypic resistance
to the development of DIO [13], to which female C57BI/6)
mice adjoin, and DBCB tetrahybrid mice are characterized
by the lowest degree of similarity with the other groups. No-
tably, it was the terahybrid mice that were the most phe-
notypically prone to the development of DIO according
to the data of body weight gain and morphological signs
of fatty liver disease (steatosis) [13]. Regression analysis
showed that there was a statistically significant positive lin-
ear regression (R=+0.562; a=0.005) between the DE values
of genes that responded jointly in C57BI/6J and DBA2J males
(Fig. 1b), whereas for DBA2J males and DBCB tetrahybrids
(Fig. 1c), in contrast, the corresponding regression was neg-
ative (R = -0.689; a < 0.001), and for DE comparisons be-
tween DBCB mice and C57BI/6J males and between males
and females of the latter strain (Fig. 1d, e), there was no sta-
tistically significant regression (a > 0.1).

Thus, the genetic expression profile in different strains
of mice phenotypically similar in resistance to develop-
ing of DIO is largely consistent, whereas in mice that differ
markedly in their propensity to develop DIO (such as DBA2J
and DBCB), the DE trend appears to be largely opposite.

Annotation of genes that responded with DE
in mice of different strains showed several groups
of genes that responded with opposite sign values of DE
to HCHFD intake in DBCB tetrahybrid mice and DBA/2J,
C57Bl/6J linear animals, which are among the parental
strains of the indicated tetrahybrid. Of these, the most
representative were two groups of genes belonging
to metabolic pathways of lipid metabolism, the first
of which included Tff3, Scd1, Pltp (positive DE in DBCB
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and negative DE in DBA2J and/or C57BI/6J mice),
and the second group included Pparg, Usp18, Crot,
Ifi202b, Mvk, Sqle, Msmo1, Idi1 (the DE trend was opposite
to the first group of genes). Tff3 expression in rodent liv-
er is highly susceptible to changes in models of early di-
abetes and fatty liver disease. TFF3 protein reduced he-
patic steatosis induced by a high-fat diet by increasing
PPARa-mediated fatty acid oxidation [14]. The function
of Scd1 is to synthesize oleate from stearate and palmi-
tooleate from palmitate. Suppression of Scd7 expression
protects mice from developing hepatic steatosis and obe-
sity [13]. The Pltp gene is responsible for the synthesis
of phospholipids, which are part of lacrimal fluid, pulmo-
nary surfactant, and others. Cholesterol, phospholipid,
apolipoprotein A1 and apolipoprotein B, and high-den-
sity lipoprotein concentrations in plasma were decreased
in mice with knockout of this gene. Besides, PLTP protect-
ed mice from the development of atherosclerosis with-
out causing lipid accumulation in the liver [15].

Pparg encodes a nuclear transcription factor that af-
fects genome elements called peroxisome prolifera-
tors and which are responsible for regulating a com-
plex set of genes involved in metabolism and peroxi-
somal B-oxidation of fatty acids, adipocyte differentia-
tion, and glucose homeostasis. Its expression is associat-
ed with other Ppar family genes as well as Fabp4, Mapk]1,
etc. PPARy functions in an ensemble with retinoid X re-
ceptors (RXR). The role of Pparg in the activation of Ito fat-
storing cells in the liver has been proven [16]. The Crot
gene is responsible for the attachment of medium-chain
fatty acid residues to carnitine during their peroxisomal
B-oxidation [13]. Usp18 stimulates lipolysis, fatty acid
oxidation in transformed lung epithelial cells, and pro-
tects mice from hepatic steatosis and the development
of insulin resistance [17]. The expression of the gene
Ifi202b, which is involved in the differentiation of adi-
pose stem cells into mature adipocytes, is closely asso-
ciated with it. Increased expression of /fi202b stimulates
adipogenesis in mice and humans [18]. A similar expres-
sion profile in tetrahybrid mice compared to linear mice
was observed in a functionally closely related group
of genes Msmo1, Mvk, Idi1, and Sqlel involved in cho-
lesterol and steroid metabolism. Of these, Msmo1, as re-
ported in the literature, has the ability to suppress adi-
pogenesis and differentiation of immature adipocytes
[19]. On the other hand, Sgle has been identified as one
of the genes that contribute to obesity in mice [20].

A group of genes involved in mineral metabolism re-
sponded differently to DE values in linear and tetrahybrid
mice. Of these, Mt1 and Mt2 were characterized by neg-
ative DE in DBA/2J mice and positive DE in DBCB mice.
The proteins encoded by these genes are metallothioneins,
which play a vital role in the homeostasis of a number of es-
sential (copper, zinc, manganese) and toxic (cadmium, lead,
mercury) trace elements; the amount of synthesized met-
allothioneins is associated with the development of obe-
sity and hepatic steatosis [13]. In connection with the re-
vealed facts, it is appropriate to note that an earlier study on
DBA/2J and DBCB mice treated with HCHFD revealed a sig-
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Comparative analysis of the differential expression values of genes that jointly responded to the consumption of high-carbohydrate
high-fat diet in DBA/2J mice (males), C57BI/6J (males and females), and tetrahybrid DBCB (males): a - heat map of differential expres-
sion of genes in mice of 4 groups; b - DBA/2J - C57BI/6J (males) regression; ¢ — DBA/2J - DBCB regression; d — C57BI/6J (males) - DBCB
regression; e — C57BI/6J (males) — C57Bl/6J (females) regression. The degree of similarity (X) was calculated according to the formula:

X =N x (C-M), where N is the total number of jointly responding genes; C is the number of genes with the same sign of differential expres-

sion; M is the number of genes with the opposite sign of differential expression
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nificant effect of their genotype on the bioaccumulation in-
dices of anumber of divalent cations of trace elements (lead,
manganese, copper, cadmium, etc.) [13].

The opposite profile of DE (positive in linear mice
and negative in DBCB tetrahybrids) was characteristic
of Moxd1 and Hamp2. Moxd1 encodes a copper binding
protein that has dopamine B-monooxygenase activity
and is involved in the biosynthesis of the biogenic amines
octopamine and norepinephrine. The expression values
of Moxd1 and Dbh (dopamine beta hydroxylase) are close-
ly related to each other as analyzed by https://genema-
nia.org. The significance of these data will be further dis-
cussed below. The product of Hamp2 expression is the pep-
tide hormone hepcidin, which regulates iron metabolism.
Elevated plasma levels of this protein have been observed
in obese children, which correlates with reduced iron sta-
tus and the development of systemic inflammation as as-
sessed by interleukin (IL) 6 production [21].

A number of genes involved in antigen presentation,
cytokine signaling pathways, and inflammation develop-
ment also responded with the opposite sign of DE to HCHFD
consumption in DBCB tetrahybrid and linear mice. These in-
clude the Sucnri, Cdh1, Raetle, and F2r genes. The specif-
ic DE profiles of these genes may be correlated with differ-
ences in cytokine production in HCHFD-receiving DBCB tet-
rahybrids and linear DBA/2J mice in response to the con-
sumption of a number of BAS [13].

Response of the liver transcriptome
to the DIO development in rats

When analyzing the transcriptome of male Zucker®,
female Wistar, and male Wistar rats (two repeats of the ex-
periment) treated with HCHFD, the DE was detected
for 2,109 genes at the level modulo more than 0.5 IogZ(FC)
units compared to the group of animals of the same strains
receiving the control diet. Of these, 174 genes responded
jointly in males of the Zucker and Wistar strains; 11 in males
and females of the Wistar strain; 6 in males of the Zuck-
erfa and females of the Wistar strains; and 51 in males
of the Wistar strain in two repeated experiments. Details
of the liver transcriptome obtained in these experiments
have been reported previously [10, 11, 13].

A heat map of the distribution of genes according
to the value of their DE (Fig. 2a) shows that the greatest sim-
ilarity in the DE profile is observed for males of the Wistar
and Zuckerf strains, whose difference from Wistar females
is more significant. According to Figure 2b, there is a statis-
tically significant (R = +0.422; a < 0.001), although not very
powerful positive regression between DE values for Wistar
and Zuckerf males. The data in Figure 2c show that the re-
gression between the DE of the genes reproduced in two re-
peats of the experiment on male Wistar rats is positive, high-
ly statistically significant (R =+0.947; a < 0.001), and the re-
gression line runs near the origin. For males and females
of the Wistar strain (Fig. 2d), the regression relationship
of the DE of jointly responded genes is statistically signif-
icant and negative (R = —-0.651; a = 0.042), that is, the re-
sponse of the transcriptome to HCHFD consumption
is to a certain extent discordant between them.
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Annotation of genes that responded with opposite sign
of DE to HCHFD consumption in male Zucker® and Wistar
rats identified several groups of genes responding dur-
ing DIO development, including Abhd2, Cptia, Kiss1, Myc,
Myec, Prlr, Ppp1r3c, Tsc22d1, and Upp2. Cptia, encoding
carnitine palmitoyltransferase |, is characterized by nega-
tive expression in Zucker? males and positive expression
in Wistar males. Positive expression of this gene, responsi-
ble for the process of B-oxidation of fatty acids, is consid-
ered as a normal response of the organism to the consump-
tion of excess fat [13]; it can be assumed that this mecha-
nism is disturbed in Zucker® rats.

A similar DE profile is characteristic of the Kiss1 gene en-
coding the precursor neuropeptide kisspeptin, which is pre-
sumed to have an anorectic action (reducing appetite
and food intake) [13]. According to numerous data in the lit-
erature, decreased Kiss1 expression is observed during
the development of diet-induced obesity [13]. The same
trend in rats of the two strains has the expression of Abdh2
(hormone-sensitive lipase subunit), Upp2 (cofactor of he-
patic X receptor, PPARa- and HNF-4a-signaling pathways),
Tsc22d1 (coregulator of PPARa), Prir (prolactin recep-
tor, which stimulates lipid oxidation and thermogenesis
in brown adipose tissue, one of the cofactors of dopamine
action [22]) and Ppp1r3c (a protein phosphatase respon-
sible for the regulation of glycogen storage in liver cells).

The opposite trend, i. e. positive in Zucker® rats and neg-
ative in Wistar males, of DE was observed for the Myc gene.
It encodes a multifunctional nuclear phosphoprotein
that plays arolein cell cycle, apoptosis and malignant trans-
formation. Its functions include triggering the development
of liver fibrosis and regulation of glucose-responsive genes
through the CHREBP signaling pathway [23].

The next group of genes that contrastingly respond-
ed to HCHFD consumption in rats of the two strains un-
der study includes genes responsible for implementing
the function of proto-oncogenes (i. e., intracellular protein
phosphorylation signaling cascade) and stimulation of ap-
optosis. In addition to the analyzed Myc, these include Jun,
Atf3, Dusp6,7, Epcam, and Casp4. In particular, Jun protein
kinase, positively expressed in Zucker and negatively ex-
pressed in Wistar, is a component of the JNK signaling chain
responsible for the developmental consequences of oxi-
dative stress, including apoptosis, and insulin resistance.
According to [24], Jun expression is upregulated in mice
with hepatic steatosis induced by HFD consumption. Jun
is also functionally related to Mixipl, which regulates glu-
cose metabolism, and Kiss1, discussed above.

Among the differentially expressed genes involved
in inflammation and cytokine signaling pathways, Cc/3 (Mip-
1a), CD274,276 and Cish genes are characterized by positive
DE in Zuckerf and negative DE in Wistar, while Ackr2, Bcl6
and Bmf genes have the opposite DE profile. Of these, Bcl6
is a functionally relevant gene whose expression product
suppresses IL-6-stimulated macrophage proliferation [25],
IL-18 synthesis, and Th2 cell differentiation, which together
may contribute to the control of systemic inflammation in-
duced by excessive adipogenesis. In Zucker® rats, this mo-
lecular mechanism appears to be disrupted.
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It is also necessary to point out the opposite trend
in Zuckerfe and Wistar rats of the HCHFD-induced DE
of a number of genes (Aox3, Bmp1, Gpx2, Hspb1, Lox4, Pir)
responsible for the processes of mineral metabolism (bind-
ing of iron, copper), the function of bioantioxidants (se-
lenium) and inhibition of oxidative stress. The same ap-
plies to genes of the steroid hormone metabolic path-
way such as Cyp8b1 and Nrgl, as well as amino acid me-
tabolism and transport (Gpt, SIc16a10). At the same time,
alanine aminotransferase (ALT), whose expression is de-
creased in Zuckerf@ rats and activated in Wistar rats upon
HCHFD consumption, is a gene suppressed by insulin and,
like Tat discussed below, stimulated by glucocorticoids
[26]. ALT plays an important role in protein catabolism
and gluconeogenesis [13].

Comparing features of the liver transcriptome

response to HCHFD between rats and mice

Genes in the PPARy signaling pathway, xenobiot-
ic metabolism by cytochromes P450, retinol metabolism,
transamination, and other pathways of aromatic amino
acid metabolism were common with respect to differential
gene expression for both rodent species’ metabolic regu-
latory processes.

Typically, genes related to transamination and apopto-
sis were activated in both rodent species.

The processes common to the two rodent species
indicate that transamination and apoptosis are among
the most relevant processes in the regulation of meta-
bolic reactions in rodents in response to the consump-
tion of a high-carbohydrate high-fat diet (HCHFD), deter-
mining the ratio of catabolic to anabolic reactions along
with other transaminases such as aspartate aminotrans-
ferase (AST) and ALT. The differences between the two
rodent species may be due to differences in ATP-depend-
ent processes, regulatory cascades (PPARy), mechanisms
of energy metabolism (coenzyme A), oxidative stress
(glutathione) and apoptosis between species and ani-
mal lines.

rats mice

FIG. 3.

Venn diagram of differential expressions of genes in rats and mice
of different strains that jointly responded to the consumption

of high-carbohydrate high-fat diet

Comparative analysis of the results of studies of dif-
ferent mouse and rat strains revealed 198 DE genes com-
mon to both rodent species (Fig. 3). The genes that jointly
responded by differential expression to HCHFD consump-
tion in at least one of the studied mouse strains and in
rats were Cish, Lpin1, Nat8, Pcp4l1, Tsku, Bmp7, Cd52, Cd74,
Depp1, Fgf21, Idil, Ihh, KIf10, Lss, Nr1d1, Pparg, Tff3, Usp18,
Vnn1, with the first five of this list responding in both Zuck-
er? rats and Wistar males. Some of the genes listed above
play a key role in the regulation of lipid oxidation, lipogen-
esis, and adipose tissue proliferation.

For example, Lpin1 encodes phospholipase C,
which generates diacylglycerol, a coregulator of a large
number of transcription factors. Overexpression of Lpin1
in mice suppresses the development of alcoholic hepati-
tis by inhibiting lipolysis and reducing the amount of fat-
ty acids entering the liver, and suppression of the activity
of this gene is observed in the development of metabol-
ic syndrome [13]. Tsku expression is associated with Ppara
andisincreased in non-alcohol related steatohepatitis [27].
Fgf21is an important hepatokine with pleiotropic function
known as a metabolic regulator of glucose and lipid home-
ostasis with anorexigenic effects [28]. Finally, Vnn1, consid-
ered as a biomarker of toxic kidney injury and under the con-
trol of PPARGq, plays a role in inflammation, oxidative stress
and cell proliferation [29].

DE of the Tat gene encoding tyrosine aminotrans-
ferase was detected under HCHFD exposure in male Wistar
and Zucker® rats, male DBA/2J mice and female C57BI/6J
mice, and spontaneously obese db/db mice compared
with their parental C57BI/6J strain (described in detail
below). Other differentially expressed genes common
to both rodent species were Plekhf1 (pleckstrin homolo-
gy domain), Atp1b1 (Na*/K*-ATPase b1-subunit), and Chka
(choline kinase alpha). The Na*/K*-ATPase b1-subunit
is a plasma membrane pump with multiple physiological
functions. It maintains ion homeostasis, which is crucial
for cell survival, differentiation and apoptosis [30]. A sim-
ilar pattern of positive differential expression in liver tis-
sue to the Tat gene was obtained for the Plekhf1 (LAPF)
genein the Wistar rat strain and the DBA/2J inbred mouse
strain, but not C57Black/6J. The function of this gene
in the pathogenesis of obesity is currently unclear. Chka
is the second ATP-dependent protein to show directly
opposite hepatic expression patterns in mice and rats.
This may be due to differences in the rate of ATP-depend-
ent energy metabolism processes between the two rodent
species (it is higher in mice).

Therole of genes such as Idi1, Cish, Pparg, Tff3and Usp 18
in adipogenesis and development of DIO has been dis-
cussed above.

Metabolic pathways of rats and mice of different
strains responding to consumption of hypercaloric
and hyperlipidemic diets

Bioinformatic analysis of DE genes identified meta-
bolic pathways (KEGGs) statistically significantly altered
by experimental hypercaloric diets. Details of the find-
ings on KEGGs targets of different dietary exposures
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in experiment are presented in previous publications
[9-13].

In mice of the C57BI/6J strains (male and female),
DBA/2J males (in two repeats of the experiment) and DBCB
tetrahybrids, the effect of HCHFD on 77 metabolic path-
ways was detected at the p < 0.05 level of statistical sig-
nificance. Heat map analysis of these influences, plot-
ted against the statistical significance of the effect val-
ue (p, ) showed (Fig. 4a) that male C57BI/6J and DBA/2J
mice and, on the other hand, DBA/2J and DBCB tet-
rahybrids form two similar clusters, and their difference
from male C57BI/6J mice appears to be more signifi-
cant. Thus, mouse sex appears to be a stronger determi-
nant of the trend of changes in KEGGs during DIO com-
pared to genotype (strain). Venn diagram set-theoretic
analysis (Fig. 4b) indicates that there were no metabol-
ic pathways that responded simultaneously to HCHFD
in mice of all sexes and strains. However, in male C57Bl/6J
and DBA/2J mice, 9 metabolic pathways responded jointly
to HCHFD consumption, 9 metabolic pathways also re-
sponded in DBA/2) and DBCB tetrahybrids, 5 in male
C57BI/6J and DBCB mice, and 1 in female and male C57BI/6J
mice. Four metabolic pathways (mmu00982 Drug metabo-
lism — cytochrome P450; mmu00980 Metabolism of xeno-
biotics by cytochrome P450; mmu00830 Retinol metab-
olism; mmu00330 Arginine and proline metabolism) re-
sponded in all groups of mice except for C57BI/6J females.

Noteworthy differences in the nature of the effects
of HCHFD on the mmu00830 Retinol metabolism and asso-
ciated mmu03320 PPAR signaling pathways in male DBA/2)J
and DBCB mice contrastingly differ in the development
of the DIO phenotype in response to HCHFD consumption.
Figure 4c shows that DBCB tetrahybrids have a partially
bypassed metabolic block at the stage of conversion of vi-
tamin A to its active all-trans retinal form by retinol dehy-
drogenase (RDH), which may lead to reduced production
of 9-cis-retinoate. The latter, in turn, is a ligand for the RXR
receptor of the PPAR signaling pathway (Fig. 4d), differen-
tially expressed in mice of the two strains. Along with the
presence of differential expression of PPARBS receptors,
this leads to a series of multidirectional changes (partial
or complete metabolic blocks) in the processes of trans-
port and (3-oxidation of fatty acids, which is probably re-
flected in the differences in the phenotype of these ani-
mals discussed above.

In male Zuckerf and Wistar rats in two replications
of the study (the experimental data are presented in de-
tail in publications [11, 13]), the intake of HCHFD caused
a total of changes in 43 metabolic pathways, of which 7
were common to all conducted studies (Fig. 5a). When com-
paring two parallel tests on male Wistar rats[11, 13], 18 out
of 39 (46 % of the total) identified KEGGs were observed
to match, which is a fairly good indicator for the reproduci-
bility of transcriptomic studies according to the MAQC Con-
sortium (cited in [13]) in light of the fact that the studies
were performed on different cohorts of animals and using
DNA microarrays of different series.

All 7 metabolic pathways, including rno00830 Retinol
metabolism, rno00980 Metabolism of xenobiotics by cy-
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tochrome P450, rno00982 Drug metabolism - cytochrome
P450, rno03320 PPAR signaling pathway, rno00590 Ara-
chidonic acid metabolism, rno00140 Steroid hormone bi-
osynthesis, rno01040 Biosynthesis of unsaturated fatty ac-
ids, that responded to HCHFD consumption in all groups
of rats responded simultaneously to this exposure in at least
part of the mouse groups, with the first four of these KEG-
Gs responding simultaneously in three of the four mouse
groups studied (all males). This indicates a fairly high meas-
ure of confidence in the identification of these KEGGs as tar-
gets of the effects of hypercaloric diet in various mod-
els of DIO in rodents. In total, 31 metabolic pathways re-
sponded jointly in rats and mice in at least two experiments
to HCHFD consumption (Fig. 5b).

Using the heat map method (Fig. 5¢), the measure
of similarity in the response of different metabolic path-
ways to different hypercaloric (HFD, HFrD, HCHFD) and hy-
perlipidemic (HCD) diets in rats and mice was analyzed
to identify possible dietary, genotypic, and gender pat-
terns in this. The results of clustering by animal groups
are shown in Figure 5d in the form of a graph (“phylogenet-
ic tree”). They show a clear separation of female C57BI/6J
mice from all other animal groups (both rats and mice).
On the other hand, two other clusters are evident in the re-
sponse to the investigated diets, of which one is represent-
ed by male C57BI/6J and DBCB mice on HCHFD and female
Wistar rats on HFD and the other by male DBA/2J mice
on HCHFD and female Wistar rats on HFrD and HCD. Female
Wistar rats and male Zucker rats, the most prone to devel-
op DIO, do not fall into any of these clusters, demonstrating
high specificity of their metabolic response.

When comparing the features of metabolic pathways
in male Wistar and Zuckerf@ rats contrasting in the severity
of the obesity phenotype, it was noted that in the rno00830
Retinol metabolism pathway in Wistar rats treated
with HCHFD, there is a partially overcoming metabolic
block in the enzymatic pathways for the formation of all-
trans-retinoate and the thermodynamically irreversible
formation of 9-cis-retinoate from it, whereas in Zucker-
fa rats both of these metabolic blocks apparently cannot
be overcome. On the other hand, a metabolic block of glu-
curonidation of all-trans-retinoate occurs in Zuckerf rats,
which can lead to inhibition of its clearance. Taken togeth-
er, these effects could hypothetically affect the ratio of cis-
and trans-isomers of retinoic acid, which play different roles
in the regulation of intracellular processes through inter-
action with RXR receptors (see above for a mouse exam-
ple). However, proof of the possibility of such a mechanism
is impossible without kinetic modeling of the correspond-
ing enzymatic reactions, for which there is currently insuf-
ficient experimental data.

The rno00590 Arachidonic acid metabolism pathway
may also play a significant role in the difference in response
to HCHFD consumption between Zucker® and Wistar rats.
Namely, Wistar rats receiving HCHFD have a metabolic
block (which cannot be overcome or partially overcome)
in the biosynthesis of PGF2q, 5-HETE and 15(S)-HETE, in con-
trast to Zucker® rats in which these reactions are, in con-
trast, activated. The consequence of these differences may
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Comparative analysis of metabolic pathways (KEGGS) significantly (p,,, < 0.05) responding to the consumption of high-carbohydrate
high-fat diet in C57BI/6J mice (males and females), DBA/2J (males, 2 experiments) and DBCB tetrahybrids: a — heat map of the p , values
of the metabolic pathways in 5 groups of mice; b — Venn diagram of the distribution of metabolic pathways that jointly responded in dif-
ferent groups of mice; ¢ — fragments of the metabolic pathway mmu00830 Retinol metabolism in DBCB and DBA/2J mice; d - fragments
of the metabolic pathway mmu03320 PPAR signaling pathway in DBCB and DBA/2J mice. C57BI/6J fe — C57BI/6J females; C57Bl/6) ma —
C57Bl/6J males; DBA/2J) ma — DBA/2J males; DBCB ma — DBCB males. The measure of similarity was calculated by the criterion of the num-
ber of significantly (p < 0.05) jointly responded KEGGS
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Comparative analysis of metabolic pathways (KEGGS) that jointly responded in rats and mice of different sexes and strains to the con-
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be the different nature of the response in rats of these two
strains of the oxylipin profile - derivatives of polyunsaturat-
ed fatty acids, which play an essential role in the expression
regulation of a large number of genes, including those in-
volved in the processes of lipogenesis, lipid (fat) metabo-
lism, immune response and inflammation [13].

Asignificant limitation of the approach used in this pa-
per is the incomplete coverage of diet-induced transcrip-
tomic changes in mice and rats of both sexes and different
strains, which is determined by the totality of data present-
ed in the original studies [9-13] under comparable condi-
tions. However, even on such a fragmentary sample of com-
binations of species, sex, and strains of animals, it became
possible to reveal a general pattern consisting in the fact
that under the influence of feeding hypercaloric diets
in both rats and mice, the same groups of genes that re-
spond oppositely with DE values to one and the same die-
tary factor, depending on the degree of genetic predispo-
sition to the DIO development, are allocated. With a cer-
tain degree of schematic characterization, they may include
1) genes involved in the lipogenesis regulation and lipid
metabolism; 2) genes of signaling pathways of proto-on-
cogenes and intracellular messengers, including those re-
sponsible for cell differentiation and apoptosis; 3) genes
of inflammation factors, regulatory molecules of immune
cells, cytokines and their receptors; 4) genes of proteins
involved in the binding, transport and biological function
of trace elements; 5) enzyme genes of amino acid metab-
olism, especially those capable of controlling the availabil-
ity of substrates for the synthesis of biogenic amines (in-
cluding trace amines and classical neurotransmitters) in-
volved in the regulation of metabolic rate, physical mobil-
ity, eating behavior and appetite, which will be further dis-
cussed below in relation to the Tat gene.

It is particularly important to note a pattern common
to both rodent species, consisting of the effect of an en-
ergy-abundant diet on the expression of genes involved
in the regulation of metabolism via the PPARYy signaling
pathway, xenobiotic metabolism by cytochromes P450,
retinol metabolism, amino acid metabolism (including TAT
transamination), and regulation of apoptosis. In contrast,
the remaining differentially expressed genes were charac-
terized not only by interspecies differences between mice
and rats, but also by interstrain differences within mice
of the two inbred strains and the tetrahybrid.

Role of Tat gene expression in metabolic effects
of DIO in rat and mouse models

The Tat gene encodes the tyrosine aminotransferase
enzyme (EC 2.6.1.5), which catalyzes the reversible re-
action of transferring the amino group from the amino
acid tyrosine to a-ketoglutarate to form p-hydroxyphe-
nylpyruvate and glutamate, respectively. The TAT en-
zyme, like other aminotransferases, is vitamin Be—depend-
entand plays an important role in the metabolic pathway
of tyrosine biotransformation. The enzyme can also uti-
lize phenylalanine as an amino group donor and phe-
nylpyruvate as its acceptor [31]. In fact, through a metabol-
ic link catalyzed by hepatic TAT, there is regulation of the
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amount of the conditionally essential amino acid tyrosine
available for the synthesis of the biogenic amine dopa-
mine and its derivatives, including adrenaline, epineph-
rine, and norepinephrine. A genetic defect in Tat in hu-
man's results in tyrosinemia type 2 accompanied by pro-
found neurological disorders.

As follows from the data of Table 2, a significant DE
of the Tat gene was detected under the influence of HCHFD
in male Wistar and Zuckerf rats, male DBA/2J mice and fe-
male C57BI/6J mice, as well as in spontaneously obese
db/db mice compared to their parental strain C57BI/6J
(the experimental data are presented in the monograph
[13]). In all cases, except for db/db mice and C57BI/6)J fe-
males, factors leading to the development of obesity in-
duced a positive DE of Tat. Interestingly, the differen-
tial expression rate of the Tat gene was more than two-
fold higher for Wistar rats (Iogz(FC) =1.212;p,,, = 0.002;
adj.pVal = 0.067) compared to the control diet,
while it was only 46 % higher for rats of the Zucker® strain
(Iogz(FC) =0.553;p,,,=0.041; adj.pVal >0.1). Moreover, Tat
expression was reduced almost twofold in db/db mice
(log,(FC) =-0.962; p, ., = 0.001; adj.p,,, = 0.006).

The role of transamination reactions and tyrosine me-
tabolism as effector links of metabolism in DIO and obesi-
ty caused by genetic factors is indicated by changes in AST
activity and De Ritis ratio (AST/ALT) values in blood plas-
ma of not only homozygous (in vivo model of hyperactiv-
ity accompanied by increased resistance to DIO develop-
ment) but also heterozygous DAT-KO rats [13]. These re-
sults indicate the effect of excessive amounts of extra-
cellular dopamine in the synaptic cleft of dopaminergic
neurons in the striatum on the regulation of metabolic pro-
cesses through activation of catabolic processes, includ-
ing lipid and carbohydrate metabolism. As a consequence,
the DAT-KO knockout rats receiving HCHFD showed a de-
crease in key parameters of the obesity phenotype (body
weight, relative liver weight, white retroperitoneal adi-
pose tissue, etc.) in comparison with «wild-type» animals,
which were the parental Wistar strain for DAT-KO rats.

As in the case of DAT gene knockout, diet-induced in-
creases in TAT expression and activity can reduce extracel-
lular dopamine levels in synapses of dopaminergic neu-
rons, acting in particular on the nigrostriatal and mesolim-
bic dopamine systems of the brain. The observed changes
in TAT expression, along with ALT and AST transaminases,
may affect the severity and trend of catabolic and/or ana-
bolic organism reactions, the features of eating behavior
and the ability to control the amount of food consumed.

Consistent with these findings are the results of a tran-
scriptomic study indicating that both rats and mice more
prone to develop an obesity phenotype (Zuckerf rats, db/db
mice, female C57BI/6J mice) show less Tat expression com-
pared with animals phenotypically relatively more resist-
ant to developing obesity (male Wistar rats, DBA/2J mice).
This includes results showing the presence of DE in mice
of different strains of Moxd1 and Dbh genes responsible
for some steps in the metabolism of dopamine and its de-
rivatives. The expression of the Hamp2 (hepcidin) gene dis-
cussed above may apparently be associated with dopa-



mine metabolism through the role of this gene in the reg-
ulation of tissue iron status, which is an important cofactor
in a number of stages of metabolism of this biogenic amine.

Based on these findings, it can be concluded
that there is a TAT-dependent effect on the activation
of transamination processes in the liver by altering the rate
of catabolic reactions, as well as regulation of dopamine
levels via tyrosine utilization via the non-dopamine path-
way, possibly representing a novel neurometabolic reg-
ulatory function of the liver in response to the consump-
tion of high-calorie diets.

Analysis of intergenic interactions using the “genetic
networks” toolimplemented in Genemania resource shows
the relationship of Tat expression with other aminotrans-
ferases, including Gpt (ALT), Got (AST), as well as Vnn1, Fos,
Jun and some other genes involved in lipogenesis and re-
sponse to HCHFD. This indicates a legitimate role for Tat
as a metabolic link in the response of the body phenotype
to the consumption of a calorie-abundant diet. Tat expres-
sion increases in mice receiving hypercaloric diet in the set-
ting of metabolic correction by ingestion of Luffa cylindrica
dietary fiber, and, according to the authors, the mechanism
of this effect is mediated by a favorable effect of intestinal
microflora metabolites on gene expression in the host liver
[32]. In our study on Wistar rats, the content of TAT protein
was increased in the liver cells of rats treated with HCHFD
by immunohistochemical analysis [33].

Another putative mechanism of metabolic regulation
of Tat expression is attributed to the systemic effects of glu-
cocorticoids. Thus, Tat is known to be stimulated by corti-
costerone administration or by immobilization stress ac-
companied by massive glucocorticoid release [34]. In this re-
gard, it is relevant to analyze the relationship between Tat
expression and metabolic pathways (KEGGs) of steroid

TABLE 2

hormone biosynthesis and metabolism, which, accord-
ing to transcriptomic studies, are the targets of the effects
of HCHFD and other hypercaloric diets in different rodent
species and strains.

CONCLUSION

Thus, the use of the method of full-transcriptome profil-
ing made it possible to reveal on models of diet-induced obe-
sity, hyperlipidemia and metabolic syndrome in rats and mice
the nutrigenomic effects associated with the different char-
acter of the influence of excessive consumption of dietary fat
and (or) carbohydrates on the transcriptome of liver tissue
in animals more or less hereditarily predisposed to the de-
velopment of DIO or hereditarily determined obesity, stea-
tosis and dyslipidemia. A significant role of Tat gene expres-
sion, encoding tyrosine aminotransferase, in the regulation
of metabolic reactions in rodents in response to HCHFD con-
sumption and in the development of obesity was shown.

The results obtained in a large number of cases are
reproducible, coincide in animals of different species
and strains characterized by similar phenotype, and agree
with the data of analysis of integral, biochemical, traceel-
ement and morphological parameters. At the same time,
within each studied species (Rattus rattus and Mus domes-
ticus) and a certain sex of animals, it is possible to identify
a number of genetic variants with a greater or lesser pro-
pensity to develop the DIO phenotype; in addition, with-
in these variants, a largely similar trend of the transcrip-
tome response to dietary influence is noted.

This summarizing result allows one to remem-
ber the scientific position of the outstanding geneticist
Nikolai I. Vavilov, expressed in the 1st half of the XX cen-

DIFFERENTIAL EXPRESSION OF THE Tat GENE IN DIFFERENT GROUPS OF ANIMALS IN RESPONSE TO THE DEVELOPMENT
OF SPONTANEOUS OR DIET-INDUCED OBESITY AND DYSLIPIDEMIA

MetS (HFrD feeding) Female mice C578Bl/6) -0.554 < 0.001 0.08 [9]
DIO (HCHFD feeding) Female mice C57Bl/6J 0.775 <0.001 0.043 [9]
Dyslipidemia (HCD feeding) Female mice C57Bl/6J 0.403 0.002 - [9]
Spontaneous obesity (balanced diet) Male mice db/db’ -0.962 0.001 0.006 [13]
DIO (HCHFD feeding) Same DBA/2) 1.449 < 0.001 0.004 [12]
DIO (HCHFD feeding) Male rats Zucker 0.553 0.041 - [13]
DIO (HCHFD feeding) Male rats Same 1.212 0.002 0.067 [13]

Note. ' —mouse strain with leptin receptor gene knockout. Mice of the C57BI/6J strain, which is the “parental” strain for this knockout strain [13], receiving the same diet served as a control in this experiment.
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tury, that “Species and genera that are genetically close
are characterized by similar series of hereditary variabil-
ity with such accuracy that, knowing a number of forms
within one species, one can foresee the finding of parallel
forms in other species and genera”. This postulate, known
as the Law of homologous series in hereditary variabili-
ty, was empirically derived from studies on genetic vari-
ants of bread cereal plants. However, N.I. Vavilov himself
noted that the «law of homologous series» can also be ap-
plied to animals. If the assumption that the different re-
sponses of the transcriptome and its associated metabo-
lome to the consumption of energy-dense food are similar
across species (including humans), this improves the pros-
pects for translating results obtained from in vivo experi-
ments into clinical practice.

The general trend of the transcriptome response
and its derived metabolome may contribute to both the de-
velopment of DIO and the formation of resistance to it by in-
creasing energy expenditure and controlling the amount
of food consumed. Which of these variants is most likely
to be realized depends on the genotype of the organism,
i. e, the presence of allelic polymorphisms of key “obesity
genes”. The search for such genes is still a crucial task of nu-
trigenetics, but it is obvious from the available literature
data that not all problems in this field have been solved.
In particular, there are insufficient data on gene expression
products that could be targets of planned personalized
dietary interventions. Of the genes examined in this pa-
per, the most numerous clinical evidences of association
with the pathogenesis of obesity are known for polymor-
phisms of the Pparg gene. At the same time, there is reason
to believe that the scope of work on the search for «can-
didate obesity genes» can be significantly narrowed,
and these studies can be further structured and targeted
to take into account genes that are part of metabolic path-
ways that respond contrastingly depending on the obe-
sity phenotype. In accordance with the data present-
ed in this paper, it is reasonable to search for such genes
as part of the metabolic pathways of retinoid metabolism,
RRAR signaling, steroid hormone metabolism, oxylipins (in-
cluding eicosanoids), trace elements, aromatic amino ac-
ids, which are precursors of trace amines and neurotrans-
mitters with known neuroregulatory function.
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