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Abstract. Hypertension is among the major risk factors of many cardiovascular diseases. Chronic psychoemotional stress
is one of its key causes. Studies of molecular mechanisms of human hypertension development are conducted in animals,
including artificial rat strains that model various forms of the disease. The RatDEGdb database, used in our work, includes
144 hypothalamic genes that represent the common response to single short-term restraint stress in hypertensive ISIAH
and normotensive WAG rats. These rat genes were annotated with changes in the expression of the human orthologs using
data on 17,458 differentially expressed genes (DEGs) from patients with hypertension compared to normotensive subjects.
We applied principal component analysis to orthologous pairs of DEGs identified in hypertensive patients and rat hypo-
thalamic DEGs upon single short-term restraint stress. Two principal components, corresponding to a linear combination
of log2 expression changes associated with the similarity (PC1) and difference (PC2) in the response to psychoemotional
stress in two rat strains, on the one hand, and different forms of human hypertension, on the other, explained 64 % and
33 % of the variance in differential gene expression, respectively. The significant correlation revealed between PC1 and PC2
values for the group of DEGs with stress-induced downregulation indicates that psychoemotional stress and hypertension
share a common molecular mechanism. Functional annotation suggests that stress-induced downregulation of genes in-
volved in the plasma membrane function and, simultaneously, interactions with the extracellular matrix is the most likely
contribution of psychoemotional stress to the development of the hypertensive status in patients, and the SMARCA4 tran-
scription factor is the most likely mediator in the epigenetic modification affecting gene expression under chronic stress.
Peripheral blood markers for the diagnosis of psychoemotional stress are proposed.
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AHHoTauuA. [MNepToHUA cunTaeTca BeaywM GakTopoM pUCKa Pa3BUTUSA MHOMUX CEPAEUYHO-COCYANCTLIX 3aboneBaHui.
OpHUM 13 KNoyeBbiX GaKTOPOB, CNOCOGCTBYIOWMUX PA3BUTMIO TMMEPTOHUN, ABMAETCA XPOHNUYECKNN NCUXOIMOLMOHASBbHDIN
cTpecc. MayueHre MoneKynspHO-reHeTUYeCKUX MeXaHU3MOB Pa3BUTKA TMMEPTOHUM YeNIOBEKa NPOBOAAT Ha XMBOTHbIX, B
TOM UKCIIe Ha CMeumanbHO CO34aHHbIX MHOPeHbIX IMHUAX KPbIC, MOAENVPYIOWMX pa3fnyHble GOpMbl TMNEPTOHNUN Yeno-
BeKa. B HacTosLeli paboTe ncnonb3oBaHbl AaHHbIEe 113 6a3bl AaHHbIX RatDEGdb o 144 reHax runoTtanamyca, KoTopble npeg-
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Genes representing the stress-dependent component
in arterial hypertension development

CTaBNSIOT OOLMI OTBET Ha PECTPUKLMNOHHBIN CTPECC Y rnnepTeH3nBHbIX Kpblic HUCAT 1 HopmoTeH31BHbIX Kpbic WAG. 3Tu
reHbl KpblC 6bIIM aHHOTUPOBAHbI 3MEHEHUAMY SKCMPECCUN OPTOSTOMMUYHBIX UM FreHOB YeNTIoBEKa C MCMONb30BaHEM JaHHbIX
0 17458 puddepeHumanbHO sKcnpeccupyowmxca reHax (I36) naumMeHToB C apTepranbHON FrMnepTeH3nen Mo CPaBHEHMIO C
HOPMOTEH3UBHbIMW NaLeHTamuy. [InA BbIABNEHHbIX Nap opTonoros mexay 13 rmnoTtanamyca KpbliCbl NOCne pecTPUKLMOH-
HOro cTpecca 1 NauMeHTOB C apTepuasibHON rmnepTeH3ret NPYUMEHWUIN aHann3 raBHbIX KOMMOHEHT. [1Be rnaBHble KOMMo-
HeHTbI, COOTBETCTBYIOLME IMHENHON KOMOVHaLUMKW 3HaYeHn [0g2 n3meHeHni SKcnpeccnm, CBA3aHHble co cxofcTeom (PCT)
n pasnuumem (PC2) oTBeTa Ha NCUXOIMOLMOHANbHDBIM CTPECC ABYX JIMHWI KPbIC, C OfHOW CTOPOHbI, N pa3HbIMK popmMamu
rMNEePTOHNM YENOBeKa, C APYroi, OOBACHANN COOTBETCTBEHHO 64 U 33 % Ancnepcun auddepeHUManbHON SKCnpeccnn
reHoB. BbifAiBNeHHas 3Haunman Koppenauma mexay 3HaueHmammn PC1 n PC2 gna rpynnbl 151 co cTpecc-MHAYLUMPOBaHHbIM
CHVKEHMEM 3KCNPeccuMm yKasblBaeT Ha CyLeCcTBOBaHMe O6LEero MoNeKynspHOro MexaHn3ma mexay ncuxo3mMoLUUoHasb-
HbIM CTPECCOM U1 runepToHuen. x pyHKLMoHanbHaa aHHOTaLMA NO3BONMAA NPEANONOXKNUTD, YUTO CTPECC-MHAYLMPOBaHHOE
CHVXKEHMe SKCNPeCCcMm reHOB, yYacTBYOLWMX B QYHKLMOHMPOBaHMM Mia3mMaTnyeckon membpaHbl 1 OGHOBPEMEHHO BO B3au-
MOAENCTBUM C MEXKKJIETOUHbIM NPOCTPAHCTBOM, ABNAETCA Hanbosiee BePOATHbIM BKNAOM MCUXO3MOLIMOHAIbHOTO CTpecca
B GOpPMMPOBaHME MMNepPTEH3UBHOIO CTaTyca NaLMEHTOB, a TPAHCKPUNUMOHHbIN dakTop SMARCA4 — Hanbonee BEPOATHbIM
YUYaCTHUKOM 3MUreHeTMYecKon MogudrKaLmm SKCNPeccum reHoB B pesynbTaTe XPOHNYECKOro cTpecca. TakKe NpefnoXeHsbl
MapKepbl neprdepryeckoin KpoBU AnA ANAarHOCTUKIM NCUXOIMOLMOHANbHOIO CTpecca.

KnioueBble cnoBa: Kpbica; yenosek; anddepeHumanbHO sKcnpeccupyowminea reH (O30); apTepranbHas rnepToHus;

cTpecS 6VIOM€AI/IL[I/IHCK3FI MoAesib; MeToA NMaBHbIX KOMMNOHEHT

Introduction

Arterial hypertension is a multifactorial disease. Its develop-
ment is caused by both hereditary and environmental factors.
It is contributed by chronic psychoemotional stress, which
can be induced by occupational factors, social isolation, low
socioeconomic status, anxiety, distress, and other lifestyle
factors (Liu M.Y. et al., 2017).

Chronic stress factors hyperactivate the sympathetic
system. This process is accompanied by neuroinflammation
and mitochondrial dysfunction. In the brain, it may result in
the accumulation of reactive oxygen species (ROS), which
exceed the neuronal antioxidant capacity (Lambert A.J.,
Brand, 2009; Hovatta et al., 2010; Picard, McEwen, 2018).
Oxidative stress triggers the cell membrane damage cascade,
enhances lipid peroxidation, and impairs neural conduction
(Cheetal., 2015; Montezano et al., 2015). Neuron damage af-
fects the activity of neuronal circuits; in particular, it reduces
the GABAergic inhibitory activity and results in the predomi-
nance of glutamatergic exciting signals in sympathetic nuclei.
This enhances impulse transmission in the cardiovascular
system and causes persisting blood pressure (BP) increase
(Lambert E.A., Lambert G.W., 2011; Hering et al., 2015).
The emerging closed cycle of neurogenic and oxidative
stresses promotes the formation of a pathological vegetative
pattern, in which even minor stressful events cause pro-
nounced BP increase (Fontes et al., 2023).

Thus, not only hereditary predisposition can cause hy-
pertension. Some patients develop hypertension due to a
combination of other causes. Their multitude hampers the
understanding of underlying molecular processes and de-
termination of causes that are associated with hereditary
predisposition. Hereditary causes may include high stress
sensitivity; other processes may be triggered by, e.qg.,
elevated salt sensitivity or related to endothelial or endo-
crine dysfunction. Knowledge of these processes may be
helpful in seeking approaches to the pathogenetic therapy
of hypertensive disease. Our study is focused on this issue,

in particular, the identification of the stress-associated com-
ponent of hypertension development.

Strains of hypertensive rats characterized by a broad range
of pathophysiological changes in the cardiovascular system
are often used in studies of the molecular mechanisms of
hypertension. Each of such strains models a certain form of
arterial hypertension. One of them is ISIAH (Inherited Stress-
Induced Arterial Hypertension), prone to stress-induced
arterial hypertension. It models spontaneously developing
hypertension, marked by severe response (BP increase) to
psychoemotional stress (Markel, 1992; Markel et al., 1999,
2007).

Stress adaptation in cells involves a significant remode-
ling of gene expression programs (de Nadal et al., 2011).
However, the molecular mechanisms underlying stress adap-
tation are still poorly understood. Formerly, we showed that
the transcription levels of many genes in the hypothalamus
of hypertensive ISIAH and normotensive WAG/GSto-lcgn
(Wistar Albino Glaxo, hereinafter WAG) rats changed when
the animals were exposed to short-term (2 h) restraint stress
in tight wire-mesh cages. These changes may affect a great
number of biologic processes and metabolic pathways
(Oshchepkov et al., 2024). The focus on hypothalamic
genes is due to the fact that this brain region is among
the key ones regulating the neuroendocrine response to
stress. It integrates the central and peripheral components
involved in blood pressure regulation and arterial hyperten-
sion development by controlling glucocorticoid secretion
(Carmichael, Wainford, 2015; Burford et al., 2017; Kins-
man et al., 2017; Fontes et al., 2023). Actually, it is a key
link between stress and hypertension development. The
studied stress model induced a significant BP increase in
ISIAH but not in WAG rats, although blood corticosterone
levels significantly increased in both rat strains; thus, both
hypertensive and normotensive animals responded to stress
(Oshchepkov et al., 2024). Therefore, we presume that the
differentially expressed genes (DEGs) associated with the
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common (hypertension genotype-independent) response
of the rat hypothalamus on restraint stress (considered
psychoemaotional) are involved in the stress-dependent com-
ponent.

In human daily routine, stress can be induced by many
factors to activate the sympathetic nervous system and cause
hypertension, as well as other cardiovascular diseases. As
we mentioned, the hypothalamus takes a significant part
in these processes. The study of molecular mechanisms of
hypothalamic response to stress in humans is difficult, and
there is no relevant information on gene expression in brain
regions in hypertensive patients. Nevertheless, PubMed
presents commonly available independent sets of experi-
mental data on gene expression in other organs and tissues,
including peripheral blood, in hypertensive patients and in
biomedical cellular models of hypertension (Oshchepkov et
al., 2022; Shikhevich et al., 2023). Here we employ these data
to reveal human genes orthologous to rat genes associated
with the response to restraint (psychoemotional) stress and
to identify genes forming the stress-dependent component
in hypertension development in the human.

Materials and methods

Experimental animals. Experiments were conducted with
3-month old male rats of the hypertensive ISIAH and nor-
motensive WAG strains in the conventional vivarium of the
Center for Experimental Animal Genetic Resources, Institute
of Cytology and Genetics, Novosibirsk, Russia. The animals
were kept under standard conditions at the light schedule
12:12. Water and standard diet were given ad libitum.

Transcriptome analysis in the hypothalamus by the RNA-
Seq method was done in four groups of seven animals each:
(1) ISIAH_control, (2) WAG_control, (3) ISIAH_stress, and
(4) WAG_stress. Basal systolic arterial BP was measured by
the tail-cuff method (Markel et al., 2007). Rats were semi-
narcotized with ether to avoid emotional stress during the
measurement. The experimental rats in ISIAH_stress and
WAG_stress groups were exposed to restraint (emotional)
stress seven days after BP measurement. In this procedure,
an animal was placed into a tight wire-mesh cage for 2 h;
for details, see (Oshchepkov et al., 2024).

All international guidelines for the care and use of labora-
tory animals were followed. Animal protocols were approved
by the ICG Bioethics Committee, Novosibirsk, Russia,
protocol No. 115 of December 20, 2021.

RNA-Seq. RNA was isolated at the Institute of Genomic
Analysis, Moscow, Russia. Hypothalamus sample prepara-
tion and transcriptome sequencing were conducted at BGI
Hongkong Tech Solution NGS Lab. following manufacturer’s
recommendations (MGI Tech Co., Ltd., China). Paired-end
sequencing of cDNA libraries was performed by DNBSEQ
Technology with read length 150 bp and sequencing depth
over 30,000,000 uniquely mapped reads. All samples were
analyzed as biological replicates.

The sequencing results were preprocessed with FastQC
software version 0.11.5 (Andrews, 2010) to check the qual-
ity. The overall number of nucleotide reads in the librar-
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ies after the preprocessing was 1,287,393,367; of them,
1,267,436,623 (98.45 %) were mapped on the reference rat
genome mRatBN7.2/rn7 (rn7 assembly, Wellcome Sanger
Institute Nov, 2020) with STAR 2.7.10a software (Dobin
etal., 2013).

The mapping data were statistically processed to calculate
differential expression of genes in the R environment for
statistical computing. We applied surrogate variable analy-
sis SVA (Leek et al., 2012) to take into account undesirable
variations in data caused by inadvertent systematic deviations
during sample preparation. Prior to SVA, the expression
data were normalized and transformed with the vst function
in DESeq2 v1.30.1 (Love et al., 2014) according to online
documentation. Relevant surrogate variables were then in-
cluded as factors in the differential expression analysis with
DESeq2. The differential expression analysis was conducted
separately for each pair of groups.

Differential expression was calculated for all genes exhi-
biting significant expression levels above the threshold:
sum of gene coverages in all libraries over 10 reads. The
significance level for DEG detection was chosen with the
consideration of the correction for multiple comparisons.
It corresponded to adjusted p-value < 5 % and Log?2 fold
change > |0.585| (1.5 fold). The information on the re-
vealed DEGs had been described in (Makovka et al., 2024;
Oshchepkov et al., 2024) and uploaded to the RatDEGdb
database (Chadaeva et al., 2023). The data are presented as
transcription upon stress normalized to transcription at rest.

Choice of human genes whose expression changes in hy-
pertension. We used generally accessible sets of experimental
data on patients with hypertensive disease and data on cellular
hypertension models available from PubMed (Lu, 2011).
The sample included only data reported as statistically
significant according to Fisher’s Z test with correction for
multiple comparisons (P,py < 0.05). We selected 16 publica-
tions with data on 17,458 genes differentially expressed in
tissues and cells of hypertensive and normotensive subjects.
This list of DEGs presents 16 tissues and 15 hypertension
forms (Table 1). The threshold for a significant change in
transcription level was set to be 1.5 times. The data are
presented as the transcription level in hypertensive patients
normalized to normotensive subjects.

Bioinformatical analysis of orthologous genes in the
rat and human. Orthologs were sought with the Gene
and Ortholog Location Finder (GOLF) module in the Rat
Genome database (https://rgd.mcw.edu/rgdweb/ortholog/
start.ntml) (Vedi et al., 2023). Pairwise combinations of
log2 changes in the expression of orthologous genes were
analyzed by the principal component method with the con-
ventional Past v.4.04 software (Hammer et al., 2001). Two
values corresponded to log2 expression changes for ISIAH
and WAG rats and one for the human orthologous gene.
The same software was applied to the calculation of factor
loadings and the statistical significance of the explained por-
tion of component variance from 1,000 bootstrap samples
(Efron et al., 1996). Pearson correlation analysis was con-
ducted with the two-tailed test of significance. Groups of
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Table 1. DEGs in hypertensive patients and biomedical cell models of hypertension found in PubMed

# Hypertension form Datum

1 Essential hypertension Norm

2

3

4 Pulmonary artery hypertension (PAH) Norm

5

6 Pulmonary fibrosis associated Norm
with hypertension

7 Lung transplantation for PAH Norm

8 Hypertensive nephrosclerosis Norm

9 Cerebrorenal hypertension Norm

10 Preeclampsia Norm

1

12

13

14 Hypertensive heart failure Norm

15 Hypertensive myocardial infarction Norm

16 Hypertensive coronary artery disease Norm

17 Hypertensive atrial fibrillation Norm

18 Hypertensive squamous cell carcinoma Norm
of the lung

19 Sedentary teenagers with obesity and Athletes

hypertension

20 mir-201 excess as a preeclampsia model Normal Swan71
cells

21 BMPR2 knockdown as a PAH model Normal
endothelial
cells

)3 15 hypertension forms 4 norms

Note. Npgg, number of differentially expressed genes (DEGs); 3, total.

gene pairs for which the first principal component PC1 was
above zero and groups for which it was below zero were
analyzed separately.

Functional annotation of DEGs. Functional enrichment
networks were constructed with the STRING database
(Szklarczyk et al., 2023). The functional annotation of
DEGs was done with Enrichr-KG (Evangelista et al., 2023).
Analysis of the enrichment of DEG promoter regions with
transcription factor binding sites was done with Enrichr (Xie
etal., 2021).

Results
We studied genes that change their transcription levels by
more than 1.5 fold in the hypothalamus of hypertensive

Tissue Npeg References

Renal cortex (6‘,52) 46 Marques et al., 2011
Renal cortex (&) 6

Renal cortex (@) 10

Lung biopsy 5,685 Yao et al., 2021

Lung biopsy 49 Qiuetal, 2021

Lung biopsy 6,936 Yao et al., 2021

Lung 5 Mura et al,, 2019
Renal biopsy 16 Neusseretal., 2010
Renal medulla 13 Wuetal,, 2013
Venous blood 64 Textoris et al., 2013
Decidua 372 Yong et al., 2015
Amniotic fluid 10  Jungetal, 2019
Placenta 1,228 Saeietal., 2021
Peripheral blood 248 Maciejak et al., 2015
Peripheral blood 75 Maciejak et al., 2015
Peripheral blood 1,524 Zheng, He, 2021
Aortic biopsy 300 Zheng, He, 2021
Squamous cell carcinoma 119 Koperetal., 2017
cells

General blood analysis 250 Plaza-Florido et al., 2021
Swan71 human trophoblast 19 Ahnetal., 2017

cell line

Pulmonary artery 483  Awadetal, 2016
endothelial cells

16 tissues 17,458 16 publications

ISIAH and normotensive WAG rats upon short-term (2 h)
restraint stress. There were 257 and 229 such genes, respec-
tively. Of them, 144 DEGs produced common responses,
113 DEGs showed significant expression changes only in the
ISTAH hypothalamus, and 85 genes significantly change their
expression only in the WAG hypothalamus (Oshchepkov et
al., 2024). To reveal genes that might form the stress-sensitive
component in human hypertension development, we sought
orthologous human genes differently expressed in subjects
with hypertension and normal arterial blood pressure.

Analysis of the common response
The search for orthologs of the 144 rat DEGs in the GOLF
Rat Genome Database and their comparison with the list of
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Upregulated
Downregulated

r=0.1271; p=0.5032

r=0.2743; p =0.0258

-3

-2 -1 0 1 2 3 4
PC2 = 0.99*10g2(FCpyman) — [0.07%10g2(FCigiap) + 0.12 % l0g2(FCyyac)]

Fig. 1. Factor analysis of differentially expressed genes (DEGs) in hypertensive subjects (Table 1) and stressed rats.

A, choice of statistically significant (p < 0.05) principal components PC1 and PC2 in the factor analysis of DEGs in hypertensive subjects
and stressed rats. Designations: o, mean; whiskers, standard error of the mean; red line, lower boundary of the 95 % confidence range
of the statistical significance of the explained variance. B, principal component and regression analysis. Designations: PC1 and PC2, the
first (Y-axis) and second (X-axis) principal components as the corresponding linear combinations of original variables with regard to the
calculated factor loadings. Red marks (Upregulated): group of DEGs with stress-induced upregulation; blue marks (Downregulated): group
of DEGs with stress-induced downregulation according to the PC1 estimate. Dashed lines: boundaries of the 95 % confidence range
for the regression line (solid). Letters r and p: linear correlation coefficients and their statistical significance, respectively, assessed with

conventional Statistica (Statsoft™, USA).

human DEGs found in PubMed (see Materials and methods)
revealed 96 orthologous pairs. This set included data on six
tissues of nine hypertension forms from seven publications
(Supplementary Table S1, 96 common DEGs)™.

In succession to our earlier papers on the factor analysis
of DEGs (Chadaeva et al., 2021; Shikhevich et al., 2023),
we processed data on the changes in the expression of rat
genes upon stress regardless of the hypertensive genotype
and data on orthologous genes of hypertensive humans by
the principal component method. As seen in Figure 1A, the
96 pairs of human genes and their rat orthologs are charac-
terized by two principal components: PC1 and PC2. They
explain 64 and 33 % of the variance, and both are statistically
significant according to 1,000 bootstrap samples (Efron et al.,
1996).

The results of the principal component analysis are shown
in Figure 1B. We see that PC1, plotted along the Y-axis, is
proportional to a linear combination of the original variables
with regard to the calculated factor loadings. The combina-
tion summarizes the log2 values of changes measured in
independent experiments with hypertensive subjects and
log2 values of changes in rats of the two strains exposed to
asingle restraint stress. Thus, this component may characte-
rize the similarity between the responses of two rat strains on

1 Supplementary Table S1 is available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx54.xIsx

psychoemotional stress, on the one side, and different forms
of human hypertension, on the other side.

The second principal component PC2, plotted along the
X-axis, is proportional to a linear combination of the original
variables with regard to the calculated factor loadings. The
combination corresponds to the positive contribution of
values obtained in independent experiments on humans and
negative contribution of stress response values in the two rat
strains. It may characterize differences between the species
and features of particular impairments in hypertensive human
patients. Figure 1B clearly shows that all DEGs studied are
divided into two disjoint groups with respect to PC1 = 0. Red
and blue colors mark genes that respond to stress by expres-
sion increase (Upregulated) and decrease (Downregulated),
respectively. Regression analysis demonstrates a significant
(p < 0.05) correlation between PC1 and PC2 in a group of
66 pairs of 52 DEGs in the Downregulated cluster (Fig. 1B,
blue marks). This correlation may be indicative of acommon
molecular mechanism of gene suppression in the formation
of stress response in the rat and a similar process in the hu-
man, which leads to hypertension.

The corresponding analysis of the group of DEGs with
stress-induced upregulation (Upregulated) shows no sig-
nificant correlation. Thus, the mechanisms activating this
group of genes may be different in different tissues and
disorder forms.
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Functional annotation of DEGs associated
with stress-induced expression downregulation
To understand the molecular mechanism downregulating
genes in stress response formation common to the human and
rat, we performed functional annotation of 52 DEGs associ-
ated with stress-induced downregulation (the Downregulated
cluster in Fig. 1B). Eight genes associated with hypertension
were found among the 52 genes of the Downregulated cluster:
ALOX12, ATP2B4, CX3CR1, GRK3, KDR, NOS1, RASGRP3,
and SMADQ. Five of them (ALOX12, GRK3, KDR, NOS1,
and RASGRP3) showed unidirectional changes in the rat and
human in all cases (Table S1, 96 common DEGs).
Analysis of DEG enrichment in the STRING database.
Analysis of the group of 52 DEGs in STRING revealed
the most enriched terms: Postsynapse, Cell periphery, and
Plasma membrane (Fig. 2). Thus, the process bringing these
DEGs together is associated with extracellular matrix and the
membrane, directly involved in its interaction with the cell.
Analysis with the Enrichr-KG resource. We analyzed
biologic processes and metabolic pathways with the Enrichr-
KG resource (Table 2). Signal Transduction was the most
enriched term. It included 17 DEGs. This group included
several hypertension-associated genes. The most enriched
metabolic pathways were Adrenergic signaling in cardio-
myocytes, Salivary secretion, Aldosterone synthesis and
secretion, Glucagon signaling pathway, Insulin resistance,
Differentiation of white and brown adipocyte, Constitutive
Androstane Receptor Pathway, and Neovascularisation
processes. They involve several DEGs under consideration
associated with hypertension (Table 2). Some DEGs associ-
ated with the biological processes and metabolic pathways
listed in Table 2 were found in peripheral blood.

DEGs in peripheral blood in the Downregulated cluster

We found 14 DEGs belonging to the Downregulated cluster
in the peripheral blood of patients (Table 3). These DEGs are
promising as candidate peripheral markers associated with
psychoemotional stress.

Analysis of transcription factors involved

in the regulation of DEGs of the Downregulated cluster
Analysis of DEGs of the Downregulated cluster with the
Enrichr resource revealed transcription factors that may be
involved in the regulation of these DEGs in the rat hypothala-
mus and in tissues of hypertensive patients (Table 4). The
most enriched terms in the ChEA 2022 library are associated
with transcription factors SMARCA4 (SWI/SNF related
BAF chromatin remodeling complex subunit ATPase 4) and
glucocorticoid receptor NR3CL1 (nuclear receptor subfamily 3
group C member 1). Receptor NR3C1 and six transcription
factors (PPARG, ESR1, AR, NFE2L2, BRD4, and STAT3)
presented in Table 4 are associated with hypertension.

Discussion

The hypothesis of an association between chronic psycho-
social stress and hypertension was put forward long ago
(Spruill, 2010). It has been confirmed in several studies

Genes representing the stress-dependent component
in arterial hypertension development

(LiuM.Y. etal., 2017; Bautista et al., 2019), but the molecular
mechanisms responsible for this association remain obscure.
Here we considered 144 genes for common stress response
in the hypothalamus of hypertensive and normotensive rats
and compared this response with changes in gene transcrip-
tion levels in different organs and tissues in patients with
different hypertension forms. It follows from our results
that the transcription changes observed may point to some
common features in the restructuring of the gene expression
pattern, which reflect the contribution of psychoemotional
stress to the manifestation of the hypertensive condition.

We found human DEGs orthologous to 144 genes that
change their transcription in response to single short-term
restraint stress in the hypothalamus of hypertensive ISIAH
and normotensive WAG rats. Analysis by the principal com-
ponent method revealed two DEG clusters and demonstrated
a significant correlation between PC1 and PC2 values for
the DEG cluster with stress-induced downregulation. This
correlation suggests the existence of a molecular mechanism
suppressing gene expression in the formation of stress response
shared by the human and rat. It is in good agreement with the
notion that adaptation to stress is accompanied by remodeling
of the functional transcriptome and arrest of translational
processes (Advani, Ivanov, 2019; Baymiller, Moon, 2023).
It should be mentioned that transcription up- or downregu-
lation under stress can be both compensatory and pathogenet-
ic, as can be elucidated by functional analysis of a particular
gene. Gene downregulation can stimulate many processes,
contributing to the activation of the sympathetic nervous
system and enhancing oxidative stress in tissues. It may also
participate in neuroprotection, as we discussed earlier in con-
nection with some DEGs (Makovka et al., 2024; Oshchepkov
etal., 2024).

The enrichment in the linked terms Plasma membrane
and Cell periphery found in the group with stress-induced
downregulation encompasses 30 and 33 genes of 52, re-
spectively. It is consistent with the idea that the change in
the composition of extracellular matrix associated with the
release of corticosterone and catecholamines resulting from
the activation of the hypothalamic—pituitary—adrenal (HPA)
axis and the sympathetic nervous system is the most com-
mon feature in the model of human chronic stress. This
change triggers various signaling pathways, including free
radical generation, apoptosis, elevated glutamate release
in synapses, and production/release of cytotoxic cytokines
(Bali et al., 2013). These intercellular signals, in turn, may
affect gene expression, leading to structural and functional
changes in plasma membranes (Bali et al., 2013), such as
changes in the lipid profile of platelet membranes (Bikulciene
et al., 2024) and to neuron excitability due to modifications
in membrane structure and composition (Rosenkranz et
al., 2010; Matovic et al., 2020), including the postsynap-
tic membrane, as indicated by the enrichment of the term
Postsynapse in our study. Analysis of biological processes
and metabolic pathways in the DEG cluster with stress-
induced downregulation also emphasizes the role of signal
transduction and postsynaptic signal transmission (Table 2).
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Functional enrichments in your network

Cellular Component (Gene Ontology)

GO-term description
G0:0098794 Postsynapse
G0:0071944 Cell periphery
G0:0005886 Plasma membrane
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count in network strenght signal false discovery rate
90of 621 0.74 0.42 0.0238
33 0f 6015 0.32 037 0.0021
300f 5544 0.31 033 0.0083

Fig. 2. Screenshot of the annotation of the Downregulated cluster in Fig. 1B with the STRING database (Szklarczyk et al., 2023).

Designations follow the STRING annotation.

Stress can also impair the expression of genes for autophagy
marker proteins and disturb the concentrations of lysosomal
proteins and enzymes (Ulecia-Moron et al., 2025). Generally
speaking, the considerable number of genes downregulated
in response to stress that are common in different organs and
tissues characterizes the scale of changes affecting the plasma
membrane in response to stress-induced release of active
signaling molecules into the extracellular matrix.

The DEG cluster with stress-induced downregulation was
found to include eight hypertension-associated genes. Their

expression changes may influence biological processes and
metabolic pathways involved in blood pressure regulation:
Adrenergic signaling in cardiomyocytes (Maltsev et al.,
2019), Aldosterone synthesis and secretion (Ferreira et al.,
2021), and Lipid oxidation (Leong, 2021).

Our study revealed genes encoding transcription factors
that may be involved in the regulation of genes of the DEG
cluster with stress-induced downregulation. We suppose that
SMARCAA4 (SWI/SNF-related BAF chromatin remodeling
complex subunit ATPase 4) and NR3C1 (nuclear receptor
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Table 2. Analysis of biological processes and metabolic pathways of the Downregulated cluster

Library Term g-value Genes
Reactome Signal Transduction R-HSA-162582 0.0206 GABRB3, CX3CR1*, NCOA2, P2RY13, NRP2, PTCH1*,
2022 RASGRF2*, PCDH7, SMAD9*, RASGRP3*, GRK3*,
P2RY4, DHRS9, SPATA13, KDR*, PIK3AP1*, PLCB2
P2Y Receptors R-HSA-417957 0.0295 P2RY'13, P2RY4
Transmission Across Chemical Synapses R-HSA-112315 0.0295 GABRB3, RASGRF2*, GRIK3, CACNA2D2, PLCB2
Neurotransmitter Receptors And Postsynaptic Signal 0.0428 GABRB3, RASGRF2*, GRIK3, PLCB2
Transmission R-HSA-112314
KEGG 2021 Adrenergic signaling in cardiomyocytes 0.0510 ATP2B4*, CACNA2D2, PLCB2, CREB5
Human Salivary secretion 0.0510 ATP2B4* NOS1*, PLCB2
Aldosterone synthesis and secretion 0.0510 ATP2B4*, PLCB2, CREB5
Glucagon signaling pathway 0.0510 PPARGCITA, PLCB2, CREB5
Insulin resistance 0.0510 MLXIPL*, PPARGCT1A, CREB5
WikiPathway  Differentiation of white and brown adipocyte WP2895 0.0877 SMADY*, PPARGC1A
2021 Human Constitutive Androstane Receptor Pathway WP2875 0.0877 NCOA2, PPARGCITA
Neovascularisation processes WP4331 0.0877 KDRY, SMAD9*
GO Biological  Positive regulation of transcription by RNA polymerase Il 0.1140 NCOA2, MLXIPL*, NFIX*, NFIB, PLAG1*, SMADY",
Process 2021  (GO:0045944) NOS1*, POU2F2*, PPARGCTA
Lipid oxidation (GO:0034440) 0.1140 ALOX12*, PPARGCI1A

Positive regulation of purine nucleotide biosynthetic 0.1140 NOS1*, PPARGCIA
process (GO:1900373)

Cellular response to growth factor stimulus 0.1140 KDRY, SMAD9*, CPNE3, NOS1#
(GO:0071363)

Positive regulation of fatty acid metabolic process 0.1140 MLXIPL*, PPARGCT1A
(GO:0045923)

* DEGs found in peripheral blood, # genes associated with hypertension.

Table 3. Peripheral blood markers in the Downregulated cluster

Hypertension Human Human Rat log2FC Gene name References
form gene log2FC ortholog  Stress/rest
HT/norm ISSAH  WAG
CAD DHRS9 1.35 Dhrs9 -1.60 -1.40 Dehydrogenase/reductase 9 Zheng, He, 2021
MLXIPL 1.39 Mixipl -0.46 -0.61 MLX interacting protein like
NFIX 1.20 Nfix -0.60 -0.25 Nuclear factor I X
NRP2 1.08 Nrp2 -0.59 -0.40 Neuropilin 2
PGAP1 -1.41 Pgap1 -0.62 -0.31 Post-GPI attachment to proteins 1
PIK3AP1 1.27 Pik3ap1  -0.63 -0.95 Phosphoinositide-3-kinase adaptor protein 1
PLAG1 -1.70 Plag1 -0.62 -0.49 PLAG1 zinc finger
POU2F2 -1.36 Pou2f2 -1.00 -0.56 POU class 2 homeobox 2
PTCH1 -1.70 Ptch1 -0.64 -0.82 Patched 1
RASGRF2  -1.33 Rasgrf2 -0.72 -0.28 Ras protein specific guanine nucleotide
releasing factor 2
SCML4 -1.20 Scml4 -0.36 -0.61 Sex comb on midleg-like 4 (Drosophila)
Ml GPR34 1.355 Gpr34 -0.56 -1.03 G protein-coupled receptor 34 Maciejak et al.,
HF FLVCR2 1.797 Flvcr2 -0.70 -0.59 Feline leukemia virus subgroup C cellular 2015
receptor family, member
GPR34 2.026 Gpr34 -0.56 -1.03 G protein-coupled receptor 34

Note. CAD, hypertension-induced coronary artery disease; M, hypertension-induced myocardial infarction; HF, hypertension-induced heart failure; HT/norm,
transcription level in hypertensive subjects normalized to the transcription level in subjects with normal arterial blood pressure.

1332 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2025 - 29 - 8



[0.10. Owenkos, 0.B. MakoBka, .B. Yapaesa ...
M.M. NMoHomapeHko, AJ1. Mapkenb, O.E. PeanHa

2025
298

leHbl, NpefCcTaBNALME CTPECC-3aBUCHMYIO KOMIMOHEHTY
npwv pasBrTN apTepranbHON FMNepToOHNK

Table 4. Analysis of transcription factors involved in the regulation of DEGs of the Downregulated cluster

ChEA_2022 term

SMARCA4 23332759
ChIP-Seq OLIGODENDROCYTES
Mouse

NR3C1 27076634
ChIP-Seq BEAS2B Human
Lung Inflammation

OLIG2 23332759
ChIP-Seq OLIGODENDROCYTES
Mouse

SOX2 21211035
ChIP-Seq LN229 Gbm

MTF2 20144788
ChIP-Seq MESCs Mouse

PPARG 20176806
ChIP-Seq 3T3-L1 Mouse

TCF4 22108803
ChIP-Seq LS180 Human

YAP1 20516196
ChlIP-Seq MESCs Mouse

IRF8 27001747
Chip-Seq BMDM Mouse

BACH1 22875853
ChIP-PCR HELA AND SCP4
Human

TCF4 23295773
ChlP-Seq U87 Human

CEBPD 21427703
ChIP-Seq 3T3-L1 Mouse

MYCN 21190229
ChlIP-Seq SHEP-21N Human

ESR1 22446102
ChlIP-Seq UTERUS Mouse

RUNX2 22187159
ChIP-Seq PCA Human

AR 27270436
ChIP-Seq LNCaP Human
Prostate Carcinoma

FOXA2 19822575
ChIP-Seq HepG2 Human

ISL1 27105846
Chip-Seq CPCs Mouse

NFE2L2 20460467
ChIP-Seq MEFs Mouse

LEF1 29337183
ChIP-Seq mESC Mouse Stem

BRD4 27068464
Chip-Seq AML-cells Mouse

STAT1 17558387
ChIP-Seq HELA Human

TF

SMARCA4

NR3C1#

OLIG2

SOX2

MTF2

PPARG*

TCF4

YAP1

IRF8

BACH1

TCF4

CEBPD

MYCN

ESR1#

RUNX2

AR*

FOXA2

ISL1

NFE2L2*

LEF1

BRD4*

STAT1

Number Adjusted DEGs of the Downregulated cluster

of DEGs
20

21

15

19

18

13

14

15

13

1

19

1

10

16

15

10

14

11

10

p-value

0.000068

0.00165

0.00172

0.00205

0.00213

0.00213

0.00213

0.00242

0.00377

0.00488

0.00872

0.0177

0.0190

0.0220

0.0277

0.0317

0.0347

0.0347

0.0347

0.0396

0.0411

0.0411

CX3CR1,NCOA2, NRP2, PGAP1,PCDH7,CD180, PPP1R9A, TANC2,
SLC7A2, RASGRP3, NAV3, NFIB, SPATA13, FLVCR2, KIF 1B, TPPP, PIK3AP1,
FREM1, PPARGC1A, CREB5

NRP2, NFIX, PCDH7, CD180, FNDC3B, ATP2B4, CACNA2D2, PPPTR9A,
POU2F2, TANC2, SLC7A2, NAV3, DHRS9, NFIB, KDR, FLVCR2, KIF1B, TPPP,
PIK3AP1, PPARGC1A, CREB5

NCOA2, PGAP1,PCDH7, PTCH1,CD180, FNDC3B, PPPTR9A, TANC2,
RASGRP3, NAV3, SPATA13, KIF1B, PIK3AP1, FREM1, CREB5

CX3CR1,TUB, NCOA2, NRP2, PGAP1, RASGRF2, PCDH7, CD180, ABCC6,
GRIK3, FNDC3B, ATP2B4, PPP1R9A, SLC7A2, RASGRP3, NAV3, NFIB,
PPARGCTA, CREB5

TUB, SNED1, NRP2, NFIX, RASGRF2, PCDH7, PTCH1, GRIK3, FNDC38B,
CACNA2D2, SMAD9, TMC7, SLC7A2, MLXIPL, NFIB, KDR, TPPP, PIK3AP1

NRP2, PGAP1,CD180, ATP2B4, MPEGT, NAV3, NFIB, KIF1B, NOS1, TPPP,
PIK3AP1, PPARGCTA, CREB5

SNED1,NCOA2, P2RY13, NFIX, PTCH1, ATP2B4, ALOX12, TANC2, MLXIPL,
NAV3, NFIB, NOS1, TPPP, CREB5

NCOA2, NFIX, RASGRF2, PTCH1,CD180, ABCC6, GRIK3, PPP1R9A, TANC2,
SLC7A2, NAV3, NFIB, FLVCR2, NOS1, PPARGCITA

CX3CR1,P2RY13, NRP2, PGAP1, GPR34,CD180, MPEG1, SCML4, DHRS9,
PIK3AP1, EVI2B, PLCB2, CREB5

TUB, SNED1,NCOA2, PGAP1, PCDH7, ABCC6, KDR, ATP2B4, KIF 1B, PLCB2,
CREB5

NCOA2, NRP2, PGAP1, NFIX, RASGRF2, PCDH7, ABCC6, GRIK3, ATP2B4,
CACNA2D2,ALOX12, PPP1R9A, TANC2, RASGRP3, FLVCR2, KIF1B, FREM1,
PPARGCI1A, CREB5

CX3CR1,SNED1, NRP2, PGAP1, NFIX, NFIB, PCDH7, CD180, FNDC3B,
TANC2, CREB5

PCDH7, PIK3AP1, MPEG1, SLC7A2, CREB5

SNED1,NCOA2, SCML4, NAV3,CD180, KDR, FNDC3B, ATP2B4, FLVCR2,
CACNA2D2

SNED1, PGAP1, PCDH7, PTCH1, GRIK3, FNDC3B, CACNA2D2, TMC7,
PPPTR9A, RASGRP3, NFIB, SPATA13, KDR, TPPP, PPARGC1A, CREB5

GABRB3, NFIB, FNDC3B, PIK3AP1

SNED1,NCOA2, NRP2, NFIX, PTCH1, ABCC6, FNDC3B, CACNA2D2, TMC7,
PPPTR9A, MLXIPL, SPATA13, KIF1B, PIK3AP1, PPARGC1A

NRP2, NAV3, NFIB, PCDH7, PTCH1, CD180, KDR, FNDC3B, FREM1,
RASGRP3

PGAP1,SCML4, PCDH7, KIF1B, TMC7, MPEGT, TANC2, RASGRP3

NCOA2, NRP2, PLAG1, PCDH7, PTCHT, GRIK3, CACNA2D2, ALOX12,
SLC7A2, SCML4, NFIB, SPATA13, FREM1, CREB5

NCOA2, P2RY13, NRP2, SCML4, DHRS9, PTCH1, PIK3AP1, EVI2B, MPEG],
TANC2, RASGRP3

CX3CR1,SCML4, GPR34, DHRS9, SPATA13, PPP1R9A, POU2F2, MPEGT,
SLC7A2, RASGRP3
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Table 4 (end)

Genes representing the stress-dependent component
in arterial hypertension development

ChEA_2022 term TF Number Adjusted
of DEGs p-value

STAT3 23295773 STAT3* 15 0.0411

ChIP-Seq U87 Human

KDM2B 26808549 KDM2B 10 0.0449

Chip-Seq REH Human

TCF4 18268006 TCF4 5 0.0449

ChIP-ChIP LS174T Human

EZH2 27294783 EZH2 11 0.0474

Chip-Seq ESCs Mouse

DEGs of the Downregulated cluster

GABRB3, SNED1, NRP2, CD180, GRIK3, FNDC3B, CACNA2D2, TMC7,
ALOX12, TANC2, RASGRP3, MLXIPL, KIF1B, FREM1, CREB5

TUB, PGAP1, NFIB, PCDH7,CD180, SPATA13, KIF1B, PPP1R9A, CREBS,
RASGRP3

NRP2, PGAP1, DHRS9, ATP2B4, RASGRP3

GABRB3, SNED1, NRP2, NFIX, SCML4, PTCH1, CACNA2D2, ALOX12, TPPP,
PPP1R9A, PPARGCTA

#Transcription factors encoded by genes associated with hypertension; TF, transcription factor.

subfamily 3 group C member 1, the glucocorticoid receptor)
are essential for the processes.

SMARCA4 belongs to the family of proteins with helicase
and ATPase activities. These proteins play the key role in the
arrangement of chromatin conformation, which is crucial for
gene regulation. The SWI/SNF (BRG1) complex has been
shown to participate in the epigenetic and transcription regu-
lation in vascular smooth muscle cells, thus being associated
with the development of cardiovascular disorders (Liu H. et
al., 2024). Genetic polymorphisms in the SMARCA4 gene are
associated with hypertension risk (Maet al., 2019). The SWI/
SNF complex can be directly recruited by glucocorticoid
receptor NR3CL1 for remodeling chromatin in glucocorticoid-
dependent gene activation to potentiate the glucocorticoid
receptor action afterwards (Fryer, Archer, 1998; Wallberg et
al., 2000). This consideration is in line with the inference by
Patel et al. (2025) that SMARCA4 may be the key regulator
in glucocorticoid-induced increase in intraocular tension
(regarded as ocular hypertension by the authors), which can
result in secondary glaucoma.

Glucocorticoid receptor NR3C1, upregulated by steroid
hormones, is associated with hypertension. It acts as a tran-
scription factor (Timmermans et al., 2019). Our previous
study demonstrated Nr3cl downregulation in the hypo-
thalamus of both rat strains under stress: log2FC = —0.133
in ISIAH and log2FC = —0.113 in WAG. The decrease in
glucocorticoid receptor activity after the increase in gluco-
corticoid level upon stress can be interpreted as regulation of
the homeostasis of glucocorticoid receptors (Burnstein et al.,
1991). The results of this work suggest the involvement of
NR3Cl in the regulation of 21 genes associated with the DEG
cluster with stress-induced downregulation. The fact that the
lists of target genes for NR3C1 and SMARCA4 intersect sig-
nificantly (14 common targets in Table 4, p-value = 0.0007)
agrees well with the aforementioned data that the regulation
networks of these TFs are interrelated and, correspondingly,
many genes we found can undergo SMARCA4-mediated
epigenetic modification under stress, whose key signal is
NR3C1 activation.

Our approach to data analysis revealed 14 DEGs in pe-
ripheral blood (Table 3). The genes listed in Table 3 have not

been found to be associated with hypertension thus far, but
our study suggests that they may be candidate peripheral mar-
kers associated with psychoemotional stress in hypertensive
patients. Our results are insufficient for a reliable choice of
peripheral blood markers suitable for clinical practice. This
issue demands a special study aimed at the corroboration of
the role of the markers in the blood of patients with chronic
hypertension. Such a study would also help in determining
their reference values in clinical use.

Conclusions

Our work revealed stress-induced downregulation of genes
involved in plasma membrane function and, simultaneously,
in interaction with the extracellular matrix. This downregula-
tion reflects the significant contribution of psychoemotional
stress to the formation of hypertension in humans and ap-
pears to be a fundamental process linking chronic stress and
hypertension, primarily in the hypothalamus, which is a key
component of this link and the focus of our study. Numer-
ous publications confirm the effect of stress on the plasma
membrane. This process is universal, even when comparing
stress responses in the rat and fruit fly (Podkolodnaya et al.,
2025). Furthermore, according to the membrane concept of
arterial hypertension pathogenesis (Orlov, 2019), changes in
membrane structure and permeability are among the chief
processes underlying the impairments that promote the
development of hypertensive disease. The identified target
genes of the SMARCA4 transcription factor, which is likely
to be involved in their epigenetic regulation, are the most
probable common factor mediating long-term alteration of
gene expression patterns caused by chronic stress. Its further
investigation looks promising. On the grounds of our data,
we propose candidate peripheral blood markers that may
be helpful in clinical practice to diagnose psychoemotional
stress.
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