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Abstract. Reconstruction and analysis of gene networks regulating biological processes are among the modern methodo-
logical approaches for studying complex biological systems that ensure the vital activity of organisms. Thermoregulation
is an important evolutionary acquisition of warm-blooded animals. Multiple physiological systems (nervous, cardiovas-
cular, endocrine, respiratory, muscular, etc.) are involved in this process, maintaining stable body temperature despite
changes in ambient temperature. This study aims to perform a computer reconstruction of the human thermoregulation
gene network and present the results in the Termo_Reg_Human 1.0 knowledge base. The gene network was reconstructed
using the ANDSystem software and information system, designed for the automated extraction of knowledge and facts
from scientific publications and biomedical databases based on machine learning and artificial intelligence methods. The
Termo_Reg_Human 1.0 knowledge base (https://www.sysbio.ru/ThermoReg_Human/) contains information about the hu-
man thermoregulation gene network, including a description of 469 genes, 473 proteins, and 265 microRNAs important for
its functioning, interactions between these objects, and the evolutionary characteristics of the genes. Using the ANDVisio
software tool (a module of ANDSystem), each gene, protein, and microRNA involved in the thermoregulation of the hu-
man body was prioritized according to its functional significance, i.e., the number of interactions with other objects in the
reconstructed gene network. It was found that the key objects with the largest number of functional interactions in the
human thermoregulation gene network included the UCP1, VEGFA, PPARG and DDIT3 genes; STAT3, JUN, VEGFA, TLR4 and
TNFA proteins; and the microRNAs hsa-mir-335 and hsa-mir-26b. We revealed that the set of 469 human genes from the
network was enriched with genes whose ancestral forms originated at an early evolutionary stage (Unicellular organisms,
the root of the phylostratigraphic tree) and at the stage of Vertebrata divergence.
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AHHOTaLMA. PEKOHCTPYKLMA 1 aHaNN3 reHHbIX CeTel, perynmpyoLmnx bruonornyeckme npoLecchl, — OanH 13 3GPeKTUBHbIX
NMOAXOAOB K UCCNefOBaHMIO CITIOXKHbIX CUCTeM obecrneyeHUs Kr3HeAeATeNbHOCTY OPraHM3MOoB. TepMOoperynauma — Bax-
HOe 3BOJIIOLOHHOE NPUOBPETEHNE YeNTOBEKA U APYTUX TEMNOKPOBHbIX XUBOTHbIX. TepMOPErynaLms oCyLecTBAAETCA Npu
yyacTUy MHOTUX GU3NONOrMUECKUX CUCTEM OpraHu3ma (HEpPBHOW, CepAeUYHO-COCYANCTON, SHAOKPVHHON, AblXaTeNbHON,
MbILIEYHOM U T.A.), UTO CNOCOBCTBYET NOAAEPMHAHMIO OTHOCUTENIBHO MOCTOAHHONM TeMMepaTypbl Tena B yCIoBMAX Koneba-
HMA TemnepaTypbl OKpyatoLel cpefbl. Llenb paboTbl — KOMMblOTEPHAA PEKOHCTPYKLMA FEHHOW CeTU TepMOoperynaymm ye-
noBeKa V1 nNpefCcTaBeHe NoslyYeHHbIX Pe3y/bTaToB B COOTBETCTBYOLL el 6a3e 3HaHun Termo_Reg_Human 1.0. leHHas ceTb
PEKOHCTPYMpPOBaHa C MCMOMb30BaHNEM MPOrpPaMMHO-MHPopMaLMoHHol cuctembl ANDSystem, npefgHasHayeHHoW ana
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The gene network and knowledge base
on human thermoregulation

aBTOMATU3MPOBAHHOTO N3BJIEUEHNA 3HAHMI 1 GpaKTOB 13 TEKCTOB HayYHbIX Nybnnkaumn n 6a3s gaHHbIX 6MOMeANLIMHCKON
HanpaBfeHHOCTW, OCHOBaHHOM Ha METOAAX MALIVMHHOIO OOYyUYeHWs N UCKYCCTBEHHOTO MHTenneKTa. basa 3HaHuin Termo_
Reg_Human 1.0 (https://www.sysbio.ru/ThermoReg_Human/) cogepXnT nHbopmMaLmio 0 reHHON CeT! TepMoperynaummn
yenoseka, BK/Yasa onvcaHve 469 reHoB, 473 6enkoB 1 265 MUKPOPHK, 3HaumMmbIx Ans ee pyHKLMOHNPOBaHNA; B3aUMO-
LEeNCTBMAX MeXAY STUMU 06 bEeKTaMK, @ TaKXKe SBOMIOLMOHHbBIE XapaKTepuUCTUKN reHoB. C MCMosib30BaHMEM NPOrPamMMHOro
nHctpymeHTa ANDVisio (Mogyns cnctembl ANDSystem) npoBefeHa NpropuTM3auma Kaxaoro reHa, 6enka n mmkpoPHK,
y4YacTBYIOLUX B TEPMOPErynALnyi opraHmsmMa YyenoBeka no nx GyHKLMOHANIbHOW HarpyKeHHOCTY — KONMYeCTBY CBA3el C
LpYruMmn o6bEKTaMM PEKOHCTPYMPOBAHHOW FreHHO CeTU. YCTAHOBIEHO, UTO K UMCITY KITIOUYEBbIX OOBbEKTOB, MEIOLLMX Hau-
6onbluee KONMYecTBO GYHKLMOHAMNbHBIX CBA3EN B FEHHOW CETV TePMOPErynALmMmN Yenoseka, oTHocATcA reHbl UCPT, VEGFA,
PPARG, DDIT3, 6enku STAT3, JUN, VEGFA, TLR4, TNFA n MmukpoPHK hsa-mir-335 1 hsa-mir-26b. O6Hapy»eHo oboralyeHue
reHHOWN CceTV TEPMOpPErynALMM reHamm, NpefKoBble BapmaHTbl KOTOPbIX CGOPMUPOBANNCL Ha SBOMIOLMOHHbBIX 3Tanax ro-
ABMIEHNA OJHOKNETOYHbIX OPraHN3MOB Y AVIBEPreHLNN MO3BOHOUHbIX.

KnioueBble cnoBa: TENO; XONog; reHHas ceTb; 6a3a AaHHbIX; MUKPOPHK; aBontoums; unoctpaturpadus; Bo3pacT reHa

Introduction

Humans and most other mammals are homoiothermic, capable
of maintaining a relatively constant body temperature when
the ambient temperature varies (Osvath et al., 2024). Human
thermoregulation is carried out with the participation of:
1) thermoreceptors located on the body’s surface and in the
internal organs; 2) afferent neural signal transmission path-
ways; 3) thermoregulatory centers in the hypothalamus and
other parts of the brain; 4) efferent neural pathways that control
adaptive reactions (Nakamura, 2024). Such adaptive reactions
include: a) shivering and nonshivering thermogenesis (chemi-
cal mechanisms of thermoregulation) (Ikeda, Yamada, 2020;
Dumont et al., 2025); b) physical thermoregulation, including
the regulation of heat transfer through evaporation and convec-
tion, as well as thermal insulation (Nakamura, 2011; Tattersall
etal., 2012); c) behavioral reactions: avoidance of open areas
of the Earth’s surface characterized by extreme temperatures;
crowding of individuals, etc. (Tattersall et al., 2012; Tansey,
Johnson, 2015; McCafferty et al., 2017).

Chemical thermoregulation is carried out through heat
production during skeletal muscle contractions (Blondin et
al., 2019; Dumont et al., 2025), and nonshivering thermoge-
nesis in brown adipose tissue (Tansey, Johnson, 2015; Ikeda,
Yamada, 2020) and muscles (Blondin et al., 2019). Physical
thermoregulation is carried out by changing the heat transfer
from the body: conduction, radiation, perspiration, evapora-
tion of water from the respiratory passages, thermal insulation
due to the subcutaneous fat layer, piloerection (Nakamura,
2011; Tattersall et al., 2012). Both chemical and physical
thermoregulatory processes are actively controlled by the
neuroendocrine system (Charkoudian et al., 2017; Nakamura,
2024; Mittag, Kolms, 2025).

In addition, the thermoregulatory reactions are associated
with changes in the cardiovascular system (Tansey, Johnson,
2015). Thus, thermoregulation is provided by a variety of
biological processes occurring in the nervous, endocrine,
cardiovascular, respiratory, muscular and other body systems.
The genetic regulatory mechanisms controlling the above
processes also play a significant role in thermoregulation
(Festuccia et al., 2009; Rehman et al., 2013; Li et al., 2015;
Horii et al., 2019; Xiao et al., 2019; Kudsi et al., 2022; Song
et al., 2022; Valdivia et al., 2023).

Reconstruction and analysis of gene networks regulating
biological processes are among the effective approaches to

study complex biological systems that ensure vital activity of
organisms (Ignatieva et al., 2017; Saik et al., 2018; Mustafin
et al., 2019, 2021; Mikhailova et al., 2024). A large amount
of experimental genetic data has been accumulated on the
problem of thermoregulation, presented in tens of thousands
of scientific publications and many specialized databases (e. g.
KEGG Pathway, WikiPathways, MetaCyc, REACTOME,
etc.). In this regard, in our work, we reconstructed the hu-
man thermoregulation gene network using the ANDSystem
software and information system, designed for the automated
extraction of knowledge and facts from the texts of scientific
publications and biomedical databases using machine learn-
ing and artificial intelligence methods (Ivanisenko V.A. et al.,
2019; Ivanisenko T.V. et al., 2024). The results obtained from
the analysis of 30 million publications are accumulated in the
specialized knowledge base of the ANDSystem in the form of
a global knowledge graph (lvanisenko T.V., 2024).

Information on the reconstructed human thermoregulato-
ry gene network is presented in the Termo_Reg_Human 1.0.
knowledge base (https://www.syshio.ru/ThermoReg
Human/), including descriptions of 469 genes, 473 proteins
and 265 microRNAs important for gene network functioning,
as well as interactions between them.

Each gene, protein, and microRNA involved in human body
thermoregulation was prioritized according to their functional
load, i. e., the number of interactions with other objects of the
reconstructed gene network, using the ANDVisio software tool
(amodule of the ANDSystem). The key objects with the largest
number of functional interactions in the human thermoregula-
tion gene network were found: the UCP1, VEGFA, PPARG
and DDIT3 genes, the STAT3, JUN, VEGFA, TLR4 and TNFA
proteins, and microRNASs hsa-mir-335 and hsa-mir-26b.

The Termo_Reg_Human 1.0 knowledge base also presents
the results of an evolutionary analysis of genes functioning
in the thermoregulation gene network: this gene network was
enriched with genes, the ancestral forms of which emerged
at two important evolutionary stages corresponding to a) the
appearance of unicellular organisms and b) the divergence
of vertebrates.

Materials and methods

Lists of genes used for building a gene network. The list
of human genes involved in thermoregulation was compiled
based on the Gene Ontology, EntrezGene, and ANDSystem
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databases (Ivanisenko V.A. et al., 2019) using the keywords
shown in Supplementary Material S11.

Building of the gene network. The gene network of
thermoregulation was built using the ANDSystem software
and information system (lvanisenko V.A. et al., 2019; Ivani-
senko T.V. et al., 2024). ANDSystem, based on machine
learning and artificial intelligence methods, is designed for
the automated extraction of knowledge and facts about the
structural and functional organization of gene networks from
scientific publications and biomedical factographical data-
bases. The information obtained in this way is accumulated
in the specialized knowledge base of ANDSystem in the form
of a global knowledge graph (lvanisenko T.V. et al., 2024).
Based on this information, a reconstruction of the graphs of
target gene networks is carried out, the nodes of which cor-
respond to molecular genetic objects (genes, RNA, proteins
and metabolites), functioning as part of gene networks, and the
edges connecting these nodes indicate the functional interac-
tions between objects. Supplementary Material S2 provides a
detailed description of the reconstruction process of the human
thermoregulatory gene network.

Prioritization of genes, proteins, and microRNAs ac-
cording to their functional significance in the human
thermoregulation gene network. Prioritization of gene
network nodes (genes, microRNAs and proteins) was per-
formed using the ANDVisio software tool (a module of
the ANDSystem). The number of interactions with other
objects was calculated for a specific object in the human
thermoregulation gene network graph. Next, the probability
of obtaining the observed number of interactions for random
reasons was estimated for each gene network object. Next,
the probability of observing this number of interactions in-
volving this specific object of the gene network by chance
was estimated. The probability was calculated using a hyper-

geometric test:
)]

L

n

where: k — the number of interactions of this specific object
(node) in the gene network; n —the number of objects (hodes)
involved in the gene network under consideration; K — the
number of interactions of this specific object (node) in the
ANDSystem knowledge base global network graph; N — the
total number of objects (nodes) in the ANDSystem knowledge
base global graph (Ivanisenko V.A. et al., 2019).

When calculating the p-value, only objects of the same
type (genes, proteins, microRNA) as the considered object
of the human thermoregulation gene network were taken
into account. Next, correction for multiple hypothesis test-
ing was applied (Benjamini, Yekutieli, 2001), resulting in a
P-adjusted value.

Analysis of the evolutionary characteristics of the
genes. The analysis of the evolutionary characteristics of
genes involved in the reconstructed gene network was carried
out using the Orthoweb system (lvanov et al., 2024), which
calculates the phylostratigraphic index (PAI) of each gene,

k
p-value = 2.;_,

T Supplementary Materials S1-S7 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Ignatieva_Engl_29_7.pdf
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characterizing the evolutionary age of the gene. Details of
the calculation procedure for the PAI index are described in
Supplementary Material S2.

Functional annotation of genes. The identification of
Gene Ontology terms associated with genes of a certain phy-
lostratigraphic age was carried out using the DAVID web
server and its GOTERM_BP_DIRECT dictionary (Sherman
etal., 2022).

Implementation of the knowledge base on human ther-
moregulation. Data for the knowledge base information tables
were extracted from text outputs of the ANDVisio program
(a module of the ANDSystem) using original Python scripts.
The online implementation of the knowledge base was per-
formed using MySQL 5.1.73 and PHP 5.3.3. Apache HTTP
Server 2.2.15 and Nginx 1.4.1 were used.

Results and discussion

Genes associated with thermoregulatory processes

The search through the Gene Ontology, EntrezGene, and
ANDCEell (the information component of ANDSystem) da-
tabases identified 467 protein-coding genes associated with
thermoregulation, as well as two genes encoding microRNAS.

The gene network of human thermoregulation

Based on the list of human genes involved in thermoregu-
lation mentioned above, the gene network of human ther-
moregulation was reconstructed using ANDSystem. The
view of the entire reconstructed gene network is shown in
Figure 1. The gene network includes 469 genes, 473 proteins,
265 microRNAs and 7,018 interactions between them. The
number of proteins exceeds the number of genes because the
gene network contains six genes that encode more than one
protein due to alternative splicing or proteolytic cleavage of
the precursor protein.

It should be noted that ANDSystem identifies two types
of relationships between gene networks objects, based on
the analysis of scientific literature and biomedical databases:
direct molecular genetic interactions between gene network
objects and indirect actions, i.e. relationships in which the
effect of one gene network object on another is shown, but the
molecular genetic mechanism of such effect remains unknown
and/or may involve intermediate objects.

Figure 2 shows two fragments of the thermoregulatory gene
network. Figure 2a illustrates molecular genetic interactions
of the gene encoding the thermoreceptor TRPV1, which
is activated when temperature increases. According to the
ANDSystem knowledge base, TRPV1 expression is regulated
by interleukin 13 (IL13) and toll-like receptor 4 (TLR4). These
regulatory relations are described in the articles (Rehman et
al., 2015; Lietal., 2015) and can be categorized as “indirect”,
since we are talking about the action of the cytokine IL13
(an extracellular signaling molecule) and the TLR4 receptor
located on the cell membrane, which affect TRPV1 expression
through signal transduction pathways. In addition, TRPV1 is
coexpressed with other genes from the thermoregulation gene
network, including thermoreceptor-encoding genes (TRPMS,
TRPAL, TRPV3, TRPV4), as well as NTRK1 encoding neu-
rotrophic receptor tyrosine kinase 1. The experiments that
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Fig. 1. The view of the entire gene network of human thermoregulation reconstructed using the

ANDSystem tool.

The gene network includes 469 genes, 473 proteins, 265 microRNAs, and 7,018 interactions between
these objects. Genes, proteins, and microRNAs with the highest number of interactions in the network
are shown separately. Numbers in parentheses indicate the number of interactions in the network.
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Fig. 2. The fragments of the thermoregulation gene network shown in Figure 1.

a - regulatory interactions involving the gene encoding the TRPV1 heat sensing
transcription factor PPARG.

revealed the coexpression of these genes are described in the
research papers (Zhu, Oxford, 2007; Cao et al., 2009; Cheng
et al., 2011; Gouin et al., 2012; Nguyen et al., 2017).

Figure 2b shows the regulatory relationships involving the
PPARG gene and its encoded protein. PPARG expression is
regulated by transcription factors ZN423, EGR1, CEBPB,
which affect the level of transcription by interacting with
DNA in the PPARG regulatory regions. PPARG expression is
also regulated by transcription cofactors MECP2 and PRGC1/
PGC-1-alpha and the WN10B protein, which activates the
Whnt signaling cascade. In addition, cytokines TNF, IL4, IL1B,
and LEP are involved in the regulation of PPARG expression.

receptor; b - regulatory interactions involving the PPARG gene and the encoded

The transcription factor PPARG, encoded by the gene under
consideration, controls the transcription of a) genes regulat-
ing metabolic processes in adipocytes: LCN2, UCP1, FABP4,
PNPLA2, SLC27A1, LIPE, and DDIT3; b) genes encoding
transcription factors STAT3 and ARNTL; and c) the SIRT6
gene encoding the NAD-dependent protein deacetylase. The
references to scientific publications supporting these interac-
tions are provided in Supplementary Material S3.

The Termo_Reg_Human knowledge base
At the next stage of the study, the Termo_Reg_Human 1.0.
knowledge base (https://www.sysbio.ru/ThermoReg_Human/)
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was developed. This knowledge base contains data on 469 ge-
nes, 473 proteins, and 265 microRNAs involved in human
thermoregulation.

Termo_Reg_Human 1.0. contains four main tables: Genes_
evol, Proteins, MicroRNA u Genes_all (the knowledge base
scheme is shown in Figure 3).

The Genes_evol table contains a description of each of the
469 genes functioning as part of the human thermoregulation
gene network, including: the EntrezGene GenelD, the number
of interactions of the gene with other genes and proteins of
the gene network, and the evidence type supporting the as-
sociation of the gene with thermoregulation (Gene Ontology,
ANDSystem, Entrez Gene). This table also presents such
evolutionary characteristics for each protein-coding gene as
the phylostratigraphic age index (PAI) and the divergence
index (DI), calculated using the OrthoWeb software package
(lvanov et al., 2024).

The Proteins table contains data on proteins encoded by
genes from the Genes_evol table. The description of each pro-
tein includes the UniProtKb Entry Name, the NCBI GenelD
of the gene encoding the protein, the number of interactions
the protein has in the gene network, and the names of the
microRNAs that regulate protein expression.

The MicroRNA table contains information about mi-
croRNAs that regulate the expression of proteins involved
in the network. These are two microRNAs encoded by genes
from the list of 469 genes mentioned above, as well as addi-
tional microRNAs found using the ANDVisio program during
the reconstruction of the network. The MicroRNA table shows
for each microRNA: 1) microRNA name within the network;
2) official symbol of the gene encoding this microRNA; 3) the
number of interactions involving this microRNA; 4) the names
of proteins for which this microRNA acts as an expression
regulator.

The fourth table, Genes_all, contains additional data on
all 469 genes characterized in the Genes_evol table, as well
as data on the genes encoding microRNAs included in the
network using the ANDVisio program.

The web interface allows to view data on genes and pro-
teins associated with thermoregulation, as well as to search
for genes/proteins by identifiers or their names. In addition,
a search for objects (genes, proteins, microRNAS) by the
number of functional interactions in the network is available.
The interface displays objects with a number of interactions
exceeding the value specified by the user.

Using data from the Termo_Reg_Human 1.0 knowledge
base in bioinformatics research

Prioritization of genes by the number of interactions in
the gene network. Figure 4a shows the distribution of genes
by the number of interactions with other objects of the hu-
man thermoregulation gene network (genes, proteins, and
microRNAs). Most genes (373 out 0f 467) have a low number
of interactions with other objects in the network (five or less).
One fifth of all genes, that is, 90 genes, have from 6 to 25
interactions. Only four genes had more than 25 interactions:
UCP1 (41 interactions), VEGFA (36), PPARG (30), and DDIT3
(26). A statistical analysis using the hypergeometric distribu-
tion confirmed that these four genes have significantly more
interactions than would be expected by chance: the P-adjusted
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Fig. 3. Structure of the Termo_Reg_Human 1.0. knowledge base.

value varies from 2.44-10-%for the DDIT3 gene to 1.20-10-28
for the UCP1 gene. Functional characteristics of these genes
with the largest number of interactions are shown in Table 1.

The UCP1 gene encodes the uncoupling protein 1 (called
thermogenin), which is involved in one of the key processes
of heat generation — nonshivering thermogenesis in brown
adipose tissue (Wollenberg Valero et al., 2014). This protein,
localized in the mitochondrial inner membrane, increases
its permeability, dissipating the proton gradient generated
in oxidative phosphorylation. As a result, the processes of
oxidative phosphorylation and ATP synthesis are uncoupled,
and heat is released (lkeda, Yamada, 2020).

The VEGFA gene encodes vascular endothelial growth fac-
tor A (Naik et al., 2012). The resulting activation of the blood
supply to tissues is important for thermoregulatory processes:
heat exchange between the internal parts of the body and its
surface, heat dissipation through evaporation and convection,
etc. (Tansey, Johnson, 2015).

The PPARG gene encodes the transcription factor PPARG,
which belongs to the nuclear receptor superfamily. PPARG
controls the activity of genes governing the metabolism of
fatty acids and glucose (Festuccia et al., 2009), and also
activates the production of the UCP1 (uncoupling protein 1,
thermogenin) in brown and beige adipocytes (Valdivia et al.,
2023).

The DDIT3 gene encodes CHOP (C/EBP homologous pro-
tein), a transcription factor from the C/EBP family regulating
differentiation of adipocyte precursor cells into mature adipo-
cytes, which play a crucial role in nonshivering thermogenesis
(Okla et al., 2015).

Prioritization of proteins by the number of interactions
in the gene network of thermoregulation. Analysis of the
thermoregulation gene network revealed that proteins gene-
rally have more interactions than genes (Fig. 4b): the propor-
tion of proteins that had no more than five interactions was
less than half of their total number (144 out of 473). 55 % of
the proteins (261 proteins) had from 6 to 30 interactions, 13 %
of the proteins (63 proteins) had from 31 to 100 interactions.
Five proteins (STAT3, JUN, VEGFA, TLR4, TNFA) had more
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Fig. 4. Distribution of genes, proteins, and microRNAs involved in the
thermoregulatory gene network according to the number of interactions
in this network (based on information from the Termo_Reg_Human 1.0
knowledge base).

a - distribution of genes according to the number of interactions; b - distribu-
tion of proteins according to the number of interactions; ¢ — distribution of
microRNAs according to the number of interactions. The rectangular panels
show the names of the genes, proteins, and microRNAs with the highest num-
ber of interactions.

than 100 interactions with other network objects. A statisti-
cal analysis using the hypergeometric distribution confirmed
that these five proteins have a significantly greater number of
interactions with the rest of the network objects than would be
expected by chance: P-adjusted value ranged from 2.04-10-18
for the TLR4 protein to 3.79-10~43 for the STAT3 protein.
The characteristics of these five proteins are given in Table 2.

STAT3 (143 interactions in the network) is a transcription
factor acting at the final step of the JAK/STAT3 signal trans-
duction pathway. STAT3 regulates adipocyte differentiation
during the induction phase, and subsequent inactivation of
the JAK/STAT3 pathway in these cells provides UCP1 gene
expression activation and the conversion of preadipocytes
into mature brown fat cells (Song et al., 2022). In addition,

The gene network and knowledge base
on human thermoregulation

STAT3 is involved in the signaling pathway activated by the
heat sensing receptor TRPV1 in brain regions that control
body temperature (Yoshida et al., 2016).

The JUN protein (124 interactions in the network) is a
subunit of the transcription factor AP1 (the JUN/FOS hete-
rodimer). JUN is involved in the regulation of cytokine ex-
pression, thereby controlling the inflammatory processes that
are associated with elevated body temperature (Schonthaler
et al., 2011; Johnson Rowsey, 2013). It has been shown that
when the expression of the JUN gene in the liver is inactivated
in liver-specific ¢c-Jun knock-out mice, an increase in body
temperature occurs due to the activation of the sympathetic
nervous system and subsequent stimulation of UCP1 expres-
sion in brown fat (Xiao et al., 2019).

As mentioned above, the VEGFA protein, which has
112 interactions in the network, controls vascular endothe-
lium growth (Naik et al., 2012), which is important for heat
exchange between tissues and the external environment
(Tansey, Johnson, 2015).

TLR4 (109 interactions in the network) is a transmembrane
protein, toll-like receptor 4. It can be activated by lipopoly-
saccharides (LPS) found in bacterial cell walls, leading to an
increase in body temperature in response to infection (Roth,
Blatteis, 2014). Additionally, activation of the TLR4 receptor
by lipopolysaccharides leads to oxidative stress, mitochondrial
dysfunction, and inhibition of the brown adipocyte differentia-
tion (Okla et al., 2018).

The TNFA protein, tumor necrosis factor, belongs to the
cytokine family (107 interactions in the network). It activates,
in particular, prostaglandin synthesis in endothelial cells.
These prostaglandins act on neurons in the preoptic area of
the hypothalamus, the brain’s thermoregulatory center, leading
to increased body temperature (Leon et al., 1998; Netea et al.,
2000; Gil et al., 2007; Nakamura, 2024). TNFA has also been
shown to have a direct effect on adipocytes in vitro, reducing
the expression of thermogenin (UCP-1) (Valladares et al.,
2001) and the enzyme triglyceride lipase ATGL/PNPLA2
(Kimetal., 2006). Thus, the cytokine TNFA plays an important
role in thermoregulation, but its effect on body temperature
depends on the type of cells affected by this cytokine.

Prioritization of microRNAs by the number of interac-
tions in the gene network of thermoregulation. MicroRNAs
regulate gene expression at the translational level. These
RNAs bind to the mRNA targets within miRISC complex,
inhibiting protein synthesis with or without transcript degra-
dation (O’Brien et al., 2018). According to the Termo Reg
Human 1.0 knowledge base, the thermoregulation gene net-
work includes 265 microRNAs that are involved in regulating
the expression of 297 genes. Data on these regulatory rela-
tionships was obtained from the miRTarBase, which contains
experimentally confirmed information about interactions
between microRNAs and their mRNA targets (Cui et al.,
2025). The proportion of microRNAs having not more than
five regulatory interactions in the network was 64 % (170 out
of 265) (Fig. 4c). 35 % of the total set of microRNAs (93 out
of 265) had from 6 to 30 interactions. Two microRNAs had
the highest number of interactions (more than 35). These are
hsa-mir-335 (64 interactions) and hsa-mir-26b (39 interac-
tions). An assessment of the statistical significance of the
number of interactions between these microRNAs and other
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Table 1. Functional characteristics of genes with the highest number of interactions in the thermoregulatory network

Gene Number of interactions Role in thermoregulation P-adjusted PAI

symbol in the network

Uce1 41 Encodes uncoupling protein 1, which is expressed in brown adipose tissue 1.2:10728 1
and enables heat generation through nonshivering thermogenesis
(Wollenberg Valero et al., 2014; Ikeda, Yamada, 2020)

VEGFA 36 Encodes vascular endothelial growth factor A, which regulates tissue 18:106 6
vascularization, facilitating heat exchange and heat transfer (Naik et al., 2012)

PPARG 30 Encodes a nuclear receptor that regulates adipocyte differentiation, 266-107 6
fatty acid metabolism, and glucose uptake in fat cells (Festuccia et al., 2009)

DDIT3 26 Encodes the transcription factor CHOP, which plays a key role in adipogenesis ~ 2.44-107% 7

(Okla et al., 2015)

Note. Genes are listed in descending order based on the number of interactions in the gene network.
Here and in Tables 2 and 3: P-adjusted indicates the probability of observing a given number of interactions in a network by chance, calculated using hypergeo-

metric distribution with correction for multiple comparisons.

Table 2. Functional characteristics of proteins with the highest number of interactions in the network of thermoregulation

Protein Number of interactions Role in thermoregulation P-adjusted
in the network

STAT3 143 The transcription factor STAT3 regulates gene expression in brain regions that control ~ 3.79-10743
thermoregulation (Yoshida et al., 2016), regulates the differentiation of adipocytes
into brown fat cells, as well as UCP1 gene expression (Song et al., 2022)

JUN 124 The transcription factor JUN regulates cytokine expression (Schonthaler et al.,, 2011; 3.78-10733
Johnson Rowsey, 2013) as well as UCPT gene expression in brown adipocytes
(Xiao et al., 2019)

VEGFA 112 VEGFA (vascular endothelial growth factor A) was previously characterized inTable 1 6.72-10728

TLR4 109 TLR4 is a cell surface receptor activated by lipopolysaccharides, which contributes 2.04-10718
to fever (Roth, Blatteis, 2014) and affects brown fat cell differentiation (Okla et al., 2018)

TNFA* 107 TNFA (tumor necrosis factor A) is a cytokine that can induce fever (Leon et al., 1998; 1.78-10730

Netea et al., 2000; Gil et al., 2007), and also affects gene expression in adipocytes
(Valladares et al., 2001; Kim et al., 2006)

Note. Proteins are listed in descending order of the number of interactions in the gene network.

*TNFA is encoded by the TNF gene.

objects of the network using the ANDVisio program showed
that microRNAs hsa-mir-335 and hsa-mir-26b regulate the
expression of a significantly larger number of genes from the
thermoregulatory network than would be expected by chance
(P-adjusted < 0.01).

The two microRNAs mentioned above are important for
thermoregulatory processes (Table 3). So, hsa-mir-335 regu-
lates the expression of thermoreceptors TRPMS8 and TRPV4,
as well as the VEGFA protein, one of the key proteins for
thermoregulation, which is involved in 112 interactions in the
network. The hsa-mir-26b microRNA regulates the expres-
sion of JUN (Jun proto-oncogene, AP-1 transcription factor
subunit), which is involved in 124 interactions in the network.
As noted above, JUN affects the expression of thermogenin
(uncoupling protein 1, UCP1) in brown fat cells (Xiao et al.,
2019). This microRNA also regulates the expression of the
EDN2 (endothelin-2) protein, which controls vasoconstriction,
a process that mediates physical thermoregulation (Inoue et
al., 1989).

The list of genes associated with thermoregulation we have
created contains the MIR21 and MIRLET7c genes. The mi-
croRNAs encoded by these genes, hsa-mir-21 and hsa-let-7c,
regulate cellular processes in response to elevated temperature
(Jiang et al., 2016; Permenter et al., 2019). The effect of the
hsa-mir-21 and hsa-let-7c microRNAs on the expression of 15
and 5 proteins, respectively, was revealed in the reconstructed
gene network (Table 3).

Among the proteins, the expression of which is regulated
by hsa-mir-21, VEGFA (vascular endothelial growth factor A)
was found to have 112 interactions in the network (Table 3).
Multiple mentions of this protein in this report are an evidence
of its important role in thermoregulation. Among the proteins,
the expression of which is controlled by hsa-let-7c, the fol-
lowing were identified: a) COX2, a subunit of cytochrome ¢
oxidase, involved in mitochondrial electron transport, encoded
by the MT-CO2 gene (Aich et al., 2018); b) DICERI, ribo-
nuclease type Il1, involved in microRNA biogenesis (Wingo
etal., 2015); c) CNOT3/NOT, CCR4-NOT transcription com-
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Table 3. Characteristics of microRNAs with the highest functional significance within the network of human thermoregulation

TRPMS, TRPV4, VEGFA, ANO1, ANO3,

Examples of functionally significant
proteins encoded by mRNA targets
of microRNA

Thermoreceptors TRPM8 and TRPV4,

NPR3, AQP5, ARRDC3, ACVR2B, BAAT,
CASQ1, CD14, CD36, CDKN1TA, CRNN,

and growth factor VEGFA, involved
in 112 interactions in the network

DDIT3, DNAJC3, DBH, EIF2AK3, ELOVLS,
FABP4, FOS, FOXO1, ABAT, GRB10,
HDAC6, HMOX1, HSPA1A, HSPA1B,

ILTA, IL4, JAK2, KCNK4, KDM6B, LEPR,
MOCOS, AVP, NOS3, NPY, NR1D1, NR2F6,
NTSR1, PLA2G7, PTGS2, PPARGC1A,
PTGES, RB1, SLC27A1, SCARA5, SCNYA,
SQSTMT1, STAT6, TCIM, TFE3, PTH2, TAC4,
TMEM135, NGFR, TSHR, WNT10B

JUN, EDN2, ACADM, ADRA2A, AGTR1,
AKT1, BAG3, CASP8, CASQ1, CAV1,
CD36, STUBT, CHORDC1, CRYAA, CXCR4,
DNAJA2, DNAJA3, DNAJB4, EIF2AK3,

Transcription factor JUN, involved
in 124 interactions in the network,
EDN2 (endothelin-2), controlling
vasoconstriction

EIF2B1, GRIK2, HADH, HMOX1, HSF1,
IER5, NOX3, NRDC, NTSR1, PARK?7, PDCL3,
PTGS2, RBM3, RRAGC, SLC25A44, SMS,

microRNAs encoded by genes from the list of 469 genes associated with thermoregulation

VEGFA, PRKAB2, ALMS1, APC, CPEB3,
DAXX, DOCK?, EIF251, IL1B, PARP1, RB1,
RDH11, RRAGC, SMARCA4, STAT3

VEGFA (vascular endothelial growth
factor A), involved in 112 regulatory
interactions in the network

MicroRNA  Gene Number P-adjusted Regulated mRNAs*
encoding of interactions
microRNA in the network
MicroRNAs with the highest number of interactions in the network
hsa-mir-335 MIR3 64 < 0.001
HSPB3, IGF2BP2, IGF1R, NFKBIA,
hsa-mir-26b  MIR26b 39 <0.01
STAT6, VCP, TNFRSF11A, ZNF423
hsa-mir-21  MIR21 15 <0.05
hsa-let-7c  MIRLET7c 5 >0.05

MT-CO2/COX2, DICER1, CNOT3,

COX2, involved in mitochondrial

IP6K1, QKI

electron transport (Aich et al., 2018),
DICERT1, involved in microRNA
biogenesis (Wingo et al., 2015),
CNOT3/NOQT, participating

in microRNA-mediated mRNA
degradation (Wakiyama et al.,, 2022)

* mRNAs the translation of which is regulated by this microRNA (mRNAs encoding proteins described in the right column are underlined).

plex subunit 3, participating in microRNA-mediated mMRNA
degradation (Wakiyama, Takimoto, 2022).
Phylostratigraphic age of genes involved in the gene
network of human thermoregulation (PAl-based analysis).
The analysis of the evolutionary age of genes was carried
out using the PAI (phylostratigraphic age index), the data on
which were obtained from the Genes_evol information table
from the Termo_Reg_Human 1.0 knowledge base. The phy-
lostratigraphic age index was calculated using the Orthoweb
system (Ivanov et al., 2024) as proposed in our previous
studies (Mustafin et al., 2017). We constructed a distribution
of PAI values for 467 protein-coding genes functioning in the
thermoregulation gene network described in the Termo_Reg_
Human 1.0 knowledge base (the Thermoregulation_467 gene
set, in Figure 5 this distribution is marked with orange bars).
It turned out that this distribution has two maxima. The first
of them is observed at PAI =1 (176 genes, 38 % of their total

list). The phylostratigraphic index PAI = 1 corresponds to the
evolutionary stage of the emergence of unicellular organisms.
The second peak is observed at PAI = 6 (100 genes associated
with thermoregulation, 22 % of their total list). The phylo-
stratigraphic index PAI = 6 corresponds to the evolutionary
stage of the Vertebrata divergence.

To evaluate the statistical significance of the two peaks, a
reference PAI index distribution was constructed for all hu-
man protein-coding genes (19,504 genes, the all_CDS_19504
gene set, marked in blue in Figure 5), as it was done in our
previous study (Mikhailova et al., 2024). This distribution
also has two, but less noticeable, peaks. Using the chi-square
method, the number of genes from the Thermoregulation_467
gene set falling into peaks 1 and 6 was compared with the
number of genes expected for random reasons in these peaks.
In both cases, a difference was found between the observed
and expected number with the level of significance p < 0.05
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Fig. 5. Distribution of PAI values for protein-coding genes associated with thermoregulation (Thermoregulation_467 set) and for

all human protein-coding genes (all_CDS_19504 set).

One asterisk (*) indicates a significant (p < 0.05) excess of the observed number of genes associated with thermoregulation corresponding
to PAl =1 (unicellular organisms, the root of the phylostratigraphic tree) over the expected number of genes with PAI = 1 calculated based
on the distribution of PAI values for the complete set of protein-coding genes (all_CDS_19504 set). Two asterisks (**) show a significant
(p < 0.01) excess of the observed number of genes associated with thermoregulation corresponding to PAIl = 6 (the stage of Vertebrata

divergence) over their expected number.

and p < 0.01 (Supplementary Materials S4 and S5). Thus, it
was shown that the gene network of thermoregulation was
enriched with genes, the ancestral forms of which originated
at the early evolutionary stage (emergence of unicellular
organisms, the root of the phylostratigraphic tree) and at the
stage of Vertebrata divergence.

Functional analysis of the genes from the Thermoregula-
tion_467 set performed using the DAVID tool showed that a
group of genes with PAI = 1 is enriched with associations with
the Gene Ontology terms related to transcription regulation
(Supplementary Material S6), the most important mechanism
for regulating gene expression in unicellular organisms. As
for the group of genes with an index value of PAI = 6, it is
enriched with genes involved in signal transduction (Supple-
mentary Material S7), a vital process that ensures intercellu-
lar communications in a multicellular organism. This result
is consistent with the idea that the interactions of a great
number of physiological systems of the body (respiratory,
circulatory, muscular, nervous, etc.) play a crucial role in the
thermoregulation of the human body (Tansey, Johnson, 2015;
Nakamura, 2024). In this case, the process of transcription
provides genetic control over cell differentiation and formation
of tissues involved in thermoregulation, and the coordination
of the activity of physiological systems that ensure thermo-
regulation is carried out at the cellular level through signal
transduction pathways.

Conclusion

In this study, a gene network comprising human genes,
microRNAs, and proteins associated with thermoregulation
was built. Additionally, the Termo_Reg_Human 1.0 knowl-
edge base was developed to systematize current data on the
molecular and genetic mechanisms underlying thermore-
gulatory processes. Based on data contained in the knowledge
base, the prioritization of genes, proteins and microRNAs by
the number of interactions in the network of thermoregulation

was carried out, and the evolutionary characteristics of the
genes were identified.

Enrichment of the thermoregulation gene network with
genes, the ancestors of which were formed at the evolutionary
stages of unicellular organisms and Vertebrata divergence,
was revealed. The patterns in the evolution of the genes we
discovered should be taken into account when developing new
concepts for the emergence of endothermy across different
animal taxa (Osvath et al., 2024).
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