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Abstract. The etiology of essential hypertension is intricate, since it employs simultaneously various body systems re-
lated to the regulation of blood pressure in one way or another: the sympathetic nervous system, renin-angiotensin-
aldosterone and hypothalamic-pituitary-adrenal systems, renal and endothelial mechanisms. The pathogenesis of hy-
pertension is influenced by a variety of both genetic and environmental factors, which determines the heterogeneity of
the disease in human population. Hence, there is a need to perform research on experimental models - inbred animal
strains, one of them being ISIAH rat strain, which is designed to simulate inherited stress-induced arterial hypertension
as close as possible to primary (or essential) hypertension in humans. To determine specific markers of diseases, various
omics technologies are applied, including metabolomics, which makes it possible to evaluate the content of low-mole-
cular compounds - amino acids, lipids, carbohydrates, nucleic acids fragments — in biological samples available for clini-
cal analysis (blood and urine). We analyzed the metabolic profile of the blood serum of male ISIAH rats with a genetic
stress-dependent form of arterial hypertension in comparison with the normotensive WAG rats. Using the method of
nuclear magnetic resonance spectroscopy (NMR spectroscopy), 56 metabolites in blood serum samples were identified,
18 of which were shown to have significant interstrain differences in serum concentrations. Statistical analysis of the
data obtained showed that the hypertensive status of ISIAH rats is characterized by increased concentrations of leucine,
isoleucine, valine, myo-inositol, isobutyrate, glutamate, glutamine, ornithine and creatine phosphate, and reduced con-
centrations of 2-hydroxyisobutyrate, betaine, tyrosine and tryptophan. Such a ratio of the metabolite concentrations is
associated with changes in the regulation of glucose metabolism (metabolic markers - leucine, isoleucine, valine, myo-
inositol), of nitric oxide synthesis (ornithine) and catecholamine pathway (tyrosine), and with inflammatory processes
(metabolic markers - betaine, tryptophan), all of these changes being typical for hypertensive status. Thus, metabolic
profiling of the stress-dependent form of arterial hypertension seems to be an important result for a personalized ap-
proach to the prevention and treatment of hypertensive disease.
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AHHOTaLUA. DTUONOTNA TMNEPTOHNYECKON 6OMe3HN HEOUEBMAHA, NMOCKObKY OAHOBPEMEHHO OKa3blBalTCA 3aaei-
CTBOBaHbl Pa3fiMyHble CUCTEMbl OPraHn3ma, TeM UK MHbIM 06pa3om CBA3aHHble C perynauneil aptTepranbHOro Aae-
NEHVA: CMMNaTUYeCcKas HepPBHasA, PEHUH-aHTMOTEH3MH-aNlbAOCTEPOHOBAs 1 MMMNoTalaMo-rMnodrizapHO-HaANOYEeYHNKO-
BaA CUCTEMbI, MOYEYHbIE 1 SHAOTENNANbHbIe MeXaHU3Mbl. Ha matoreHes runepToHNYecKon 60ne3Hy BIMAET MHOXECTBO
KaK reHeTUuYecKnx, Tak U cpefoBbiX paKTOPOB, YTO OOYCNOBNMBAET MNOMNYMALMOHHYIO FETePOreHHOCTb 3aboneBaHns y
nogen. B ¢BA3mM € 3TM BO3HMKAeT HEO6X0AMMOCTb B MPOBeAeHNM NCCNEe[0BAHUN HA SKCNEPUMEHTAIbHbIX MOAENAX —
MHOPeAHbIX NMMHUAX XMBOTHbIX. TakoBow aBnAeTca nuHua Kpbic HUCAT (ISIAH), Bocnpour3Boasiuas HacnefCTBEHHYO
VNHAYLMPOBaHHYIO CTPECCOM apTepranbHYI0 rMNepTeH3MI0, MaKCUManbHO MPUOVIXKEHHYIO K apTepuasibHOW runepTo-
HUW y nlopen. ina onpegeneHuns cneunduUecknx Mapkepos 3abosieBaHnin NCNOSb3YIOTCA KOMUKCHbIE» TEXHOMOTK, B
TOM Yncne MeTabonoMHble, KOTOpble AAl0T NPeAcTaBiaeHne o Npoduie KOHLEHTPALMI HA3KOMONEKYNAPHbIX coefnHe-
HUI — aMUHOKWUCAOT, TUMNWAOB, YINEBOAOB, GparMeHTOB HYKJIEMHOBbIX KUCTOT — B 61MONnornyeckmx obpasuax, 4OCTYMHbIX
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MeTab0on0oMHbI NPodUNb CbIBOPOTKM KPOBHU
Npun 3KCNepUMeHTaNbHOM apTePUanbHOM rMNepTeH3nn

AN KIMHUYEeCKOro aHanm3a (KpoBb 1 Moyva). B HacTosLein paboTe npoBefieH aHanmn3 MeTabonoMHOro npoduns CbiBo-
POTKM KpoBM camuoB Kpbic nuHuy HUCAT ¢ reHeTudeckoi cTpecc-3aBrucrmor Gopmoi apTepuranbHON rmnepTeHsnm
Mo CpaBHEHUIO C HOPMOTeH3MBHON NHKel Kpbic WAG. C npuMeHeHemM MeTofa CNeKTPOCKONUY AfepHO-MarHUTHOTO
pe3oHaHca (AMP-cnekTpockonusa) B 06pa3Lax CbIBOPOTKM KPOBU ObINo MAeHTUOULMPOBaHO 56 MeTaboNnToB, NpY 3TOM
AN 18 MeTabonMTOB BbIsIBIEHbI JOCTOBEPHbIE PA3NINUMA MO KOHLEHTPALMM B CbIBOPOTKE KPOBW MEXAY MMHUAMU KPbIC.
CTaTUCTMYECKINI aHaNU3 NOJTyYEHHbIX JaHHbIX MOKa3as, YTo rmnepTeH3nBHbIi cTaTyc Kpbic HUCAT xapakTepusyeTcs co-
YeTaHHbIM MOBbILLEHVEM KOHLEeHTPaLWi NeLunHa, N3oneiLumHa, BanvmHa, MMO-MHO31TONa, W300yTupata, ryTamara, riy-
TaMUHA, OPHUTMHA 1 KpeaTuHbocdaTa 1 NOHVKEHMEM KOHLEHTpaLUWi 2-rMapoKcMmn3obyTrpata, 6eTanHa, TPO3uHa U
TpyntodaHa. Takme n3MeHeHNA KOHLEHTPaLMiA METaboIMTOB acCOLMUPOBaHbI C XapaKTePHbIMU ANA MMMNepTeH3BHOTO
CTaTyca M3MEeHeHUAMMN B perynaumm mMetabonmama riokosbl (MeTabosiomMHble MapKepbl — NeNLUMH, N30MeNLUrH, BanuH
1 MUO-MHO3MTON), CUHTE3a OKCcMAa a3oTa (OPHUTUH) U KaTeXONaMMHOB (TMPO3WH) 1 C BOCMANMTENIbHBIMU NpoLeccamm
(MeTabonoMHble MapKepbl — 6eTaunH, TpunTodpaH). Takum obpazom, naeHTUPrKaLmna MeTabonoMHOro Npopunsa cTpecc-
3aBUCMON GOPMbI apTepranbHON FMNePTOHUN NPEACTABAAETCA BaXKHbIM Pe3ynbTaToM, Mosie3HbIM A pa3paboTKy
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NepCcoHann3MpoBaHHOrO NOAX0Aa K NPOGUIAKTMKE U IeUYEHUNIO TMNEePTOHNYECKON 60Ne3HN.
KntoueBble cnoBa: aptepuanbHas runepteH3us; Kpbicbl HUCAT (ISIAH); meTabonomHble mapKepbl.

Introduction

Hypertension is a complex multifactorial disease determined
by both genetic and environmental factors, as well as the ef-
fects of genotype-environment interactions. Currently, a wide
selection of antihypertensive drugs and their combinations
is available for clinical medicine (Laurent, 2017). However,
only a few of them are actually used (vasodilators, diuretics,
blockers of certain receptors and ion channels): they affect
the final links in the pathogenesis of arterial hypertension and
usually do not address the initial etiological mechanisms of
the disease. This can partly explain the fact that only 30 % of
hypertensive patients successfully achieve and control blood
pressure (BP) targets (Thoenes et al., 2010).

To improve the effectiveness of assigned therapy, objective
criteria that enable positive identification of the individual
etiological and pathogenetic characteristics of the disease
are needed. First of all, of interest are genetic markers. Genes
associated with arterial hypertension have been identified in
numerous studies, including genome-wide analysis of a huge
number of polymorphisms. However, these polymorphic loci
account for only a small percentage (2—3 %) of BP variability
in the tested populations (Hoffmann et al., 2017). Obviously,
the contribution of environmental factors, as well as the effects
of genotype-environment interaction, dominates. Non-additive
intergenic interactions and epigenetic influences may also
be of great importance (Toland et al., 2008; Niu et al., 2009;
Friso et al., 2015).

In recent decades, along with the analysis of the genome
and transcriptome, metabolomic and proteomic studies have
been developed. Metabolic profiles of biological tissues rep-
resent the influence on the metabolism of both genes and the
environment, which makes it possible to obtain an integral
assessment of multifactorial influences. Therefore, the search
for metabolic markers, along with genetic ones, provides a
more comprehensive picture of pathogenetic processes occur-
ring in a particular person, and also allows clustering patients
according to various forms of hypertensive conditions. Aware-
ness of the metabolic pathways underlying a particular type
of arterial hypertension would make the treatment protocols
more efficient (Byrd, 2016).

Comprehensive metabolomic studies of arterial hyperten-
sion pathogenesis are still few in number. However, hyper-

tensive patients were found to have specific changes in the
lipid profile of blood serum (Brindle et al., 2003), changes
in carbohydrate metabolism — an increase in glucose and
galactose levels and a decrease in fructose concentration (Liu
etal., 2011), an increase in the concentration of alpha-1-acid
glycoprotein, a marker of inflammatory processes (De Meyer
et al., 2008). Some data were also obtained on the metabolic
profile in the strain of rats with spontaneous hypertension —
SHR: an age-related decrease in the concentrations of certain
amino acids (serine, methionine, ornithine, phenylalanine)
and an increase in the content of free fatty acids in blood
plasma (Aa et al., 2010), reduced in comparison with nor-
motensive control rats urinary citrate and alpha-ketoglutarate
levels at 8 weeks of age (Akira et al., 2008), increased uri-
nary taurine and creatine at 12 and 26 weeks of age (Akira
et al., 2005).

In the present study, for the first time, we analyzed the
metabolic profile of blood serum in experimental animals with
hereditary stress-sensitive arterial hypertension — ISIAH rats.

Materials and methods

Experimental animals. Male ISIAH rats with inherited
stress-induced arterial hypertension (n = 10), control nor-
motensive male WAG rats (Wistar Albino Glaxo) (n = 10),
all aged 3—4 months. The experimental animals were kept
under standard conditions in the conventional vivarium of
the Institute of Cytology and Genetics (Siberian Branch of
the Russian Academy of Sciences — SB RAS), receiving
standard chow (Chara, Russia) and drinking water ad libitum.
All procedures involving animals complied with the ethical
standards approved by the legal acts of the Russian Federation,
the principles of the Basel Declaration and the recommenda-
tions of the Inter-Institute Committee on Biological Ethics at
the Institute of Cytology and Genetics (SB RAS) (protocol
No. 127, September 8, 2022).

Blood pressure monitoring. Performed on a device for
non-invasive blood pressure measurement (BIOPAC, USA)
using the tail-cuff method, after preliminary adaptation of
animals to this procedure for 3—4 days.

Blood serum sampling. Carried out during the euthanasia
of experimental animals by decapitation. Collected peripheral
blood was kept for an hour to form a primary clot, then cen-
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trifuged (+4 °C, 3000 rpm, 20 min), the obtained blood serum
was stored at —70 °C.

Extraction of metabolites from blood serum samples.
Performed at the Research Equipment Sharing Center
“Mass-spectrometric Studies” of the International Tomogra-
phy Center (SB RAS), at the Laboratory of Proteomics and
Metabolomics. Metabolites were extracted using a mixture
of methanol-chloroform-water in the ratio of 1:1:1, according
to a previously developed protocol (Zelentsova et al., 2020;
Fomenko et al., 2022). The volume of serum for the study
was 300 pl. The lyophilized extracts were diluted in 600 pl
of deuterated phosphate buffer (50 mM, pH 7.2) with the ad-
dition of internal standard DSS (2 x 10> M 3-(trimethylsilyl)
propane-1-sulfonate sodium).

NMR spectra. Obtained on the AVANCE III HD 700 MHz
NMR spectrometer (Bruker BioSpin, Germany) equipped
with an Ascend cryomagnet with a field strength of 16.44
Tesla. The survey parameters are described in earlier articles
(Zelentsova et al., 2020; Fomenko et al., 2022). MestReNova
v12.0 software was used to process the spectra and integrate
the signals.

Identification of metabolites in the studied samples.
Carried out using the Human Metabolome Database (https://
hmdb.ca/) and our own data on the metabolic profiles of hu-
man and animal biological fluids (Tsentalovich et al., 2020;
Fomenko et al., 2022).

Statistical processing of metabolomic data. Performed
using the Statistica 8 software package (http://statsoft.ru/) and
the MetaboAnalyst 5.0 web platform (https://www.metabo-

Serum metabolite concentrations in ISIAH and WAG rats

Metabolic profile of blood serum
in experimental arterial hypertension

analyst.ca/) (Pang et al., 2021), applying multivariate statistics
(principal component analysis) and non-parametric method
for assessing intergroup differences (Mann—Whitney U-test).
Values at p < 0.05 were considered statistically significant.

Results

As aresult of the NMR spectra analysis, the concentrations of
56 metabolites were determined in the blood serum of ISTAH
(BP=205.6+7.3 mm Hg) and WAG (BP=136.6+3.1 mm Hg)
rats. Significant interstrain differences in serum concentrations
of 18 metabolites were observed (see theTable).

In ISIAH rats, the concentrations of leucine, isoleucine,
valine, isobutyrate, glutamate, glutamine, asparagine, creatine
phosphate, ornithine, myo-inositol, histidine, 1-methylhisti-
dine, methionine sulfoxide in blood serum were significantly
higher than in WAG rats, whereas the concentrations of 2-hy-
droxyisobutyrate, 2'-deoxyuridine, betaine, tryptophan, and
tyrosine in ISIAH rats were decreased compared to normo-
tensive controls.

In order to isolate metabolites that are associated with el-
evated blood pressure in ISIAH rats, a multivariate analysis
was performed. Principal component analysis revealed two
main factors (two axes) that together account for 47.2 % of
the total variation in serum concentrations of the studied
metabolites.

As can be seen from Fig. 1, the experimental animals were
clustered in the space of two principal components on the
basis of belonging to a hyper- or normotensive strain. The
projections of these clusters on the axis of the first compo-

Metabolites WAG ISIAH
(hmol/ml) Mean .......... Med|an ...... StheV 01 ............... Q3 ............... Mean .......... Med|an ....... StheV 01 ............... Q3 .............

Leucme ................................. 10629** 10472 .......... 965 ............ 9939 ........ 10894 ......... 13870 13555 .......... 2661 ......... 12940 15633 ......

|so|eucme ............................... 5866** ...... 5864 .......... 532 ............ 5298 .......... 5957 ........... 9 326 .......... 9546 .......... 2546 .......... 7559 11466 .....

Va||ne .................................... 14248** 13902 ........ 1354 .......... 13473 ........ 14572 20797 ........ 21007 .......... 4406 ........ 17735 ......... 23336 .....

|Sobut|rate ................................ 659** ........ 634 102 .............. 567 ............ 713 ............. 855 ............ 839 ............ 161 ............. 775 976 .....
2hydroxyisobutirate  2887¢ 2861 318 2585 3146 1629 1628 330 1385 1763
Glutamate 15025% 15060 1276 15060 16695 20858 1977 2240 19468 22223
Glutamine 68706 69413 5404 66459 71175 89453 96868 14772 77379 100759
Asparagme ............................. 5578* ........ 5100 ........ 1207 ............ 4729 .......... 6757 ........... 72877602 .......... 1392 .......... 59057380 .....

Zdeoxyu”dme ..................... 7053*** ..... 7391 .......... 765 ............ 6559 .......... 7682 ........... 4 977 .......... 5029 ............ 399 .......... 4398 5492 ......

Creatmephosphate ................. 799** ........ 824 .......... 270 .............. 692 .......... 1030 ........... 21” ........... 2263 ............ 975 .......... 1672 2783 ......

Omlthme ................................ 4734*** ..... 4802 .......... 422 ............ 4413 .......... 4970 ........... 8 621 ........... 8947 .......... 1419 .......... 8054 9364 .....

Betame ................................. 13964** 13845 ........ 2352 .......... 12395 ........ 16052 ........... 9 852 .......... 8876 .......... 2918 .......... 8320 9721 ......

Myomos.to| ........................... 8979*** ..... 3896 .......... 878 ............ 8353 .......... 9859 ......... 13274 12783 .......... 2571 ......... ”409 14301 ......

Tryptophan ........................... 11088*** ”077 ........ 1131 ........... 101” ......... 11981 ........... 8 554 .......... 8693 ............ 627 .......... 8082 9154 .....

Tyrosme .................................. 9250** ...... 9287 .......... 339 ............ 8427 .......... 9839 ........... 78427715 .......... 1017 .......... 71008505 ......

H|5t|d|ne ................................. 6668** ...... 6643 .......... 590 ............ 6144 .......... 7133 ........... 76007721 ............ 672 .......... 70803052 ......

1mEththlstldme .................... 971**1067188 .............. 8” ........... ”04 ........... 19051559 .......... 1009 .......... 12002”9 .....
Methionine sulfoxide ~ 36.88%* 3756 363 3376 3972 4516 4556 218 4340 4645

*p <0.05; ** p < 0.01; ** p < 0.001.
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nent practically do not overlap, while their projections on
the axis of the second component coincide. Thus, the first
principal component can be defined as the axis of presence/
absence of hypertensive status. In order to establish a relation-
ship between the concentrations of the detected metabolites
and the hypertensive status, it is necessary to consider their
distribution against the first principal component. This is
determined by the “loadings” that metabolites make on the
first component.

Positive loadings on the axis of the first component were
made by 2-hydroxyisobutyrate, tryptophan, tyrosine, betaine,
2'-deoxyuridine; ornithine, valine, isoleucine, leucine, isobu-
tyrate, glutamate, glutamine, asparagine, creatine phosphate,
myo-inositol, histidine, 1-methylhistidine, methionine sulf-
oxide made negative loadings (Fig. 2). Thus, the listed me-
tabolites are largely responsible for the clustering of groups
of experimental animals according to the level of their blood
pressure.

Discussion

BCAA, branched-chain amino acids
Amino acids of the BCAA group — leucine, isoleucine and
valine — are essential, and participate in the protein synthesis
and degradation. They are also signal molecules in glucose
metabolism, activating the mTORC]1 complex, which phos-
phorylates the insulin receptor substrate IRS-1 (Yoshizawa,
2012; Yoon, 2016). Elevated plasma concentrations of BCAA
amino acids have been associated with obesity, insulin re-
sistance, decreased glucose tolerance, and type 2 diabetes,
according to a number of studies (Newgard et al., 2009;
Wang T.J. et al., 2011; Roberts et al., 2014). It has also been
found that leucine, isoleucine, and valine are involved in the
hypothalamic regulation of glucose metabolism in the liver
(Arrieta-Cruz et al., 2016).

Prospective cohort studies involving a large number of
patients (2243 (Hu et al., 2016) and 27,041 (Tobias et al.,
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Fig. 1. Location of hypertensive ISIAH rats and normotensive WAG rats in
principal component coordinates (PC 1 and PC 2) obtained by analyzing
the metabolic profile of blood serum using the MetaboAnalyst 5.0 web
platform.

2018)) show that elevated plasma concentrations of BCAA
amino acids positively correlate with the risk of develop-
ing cardiovascular diseases (stroke, myocardial infarction,
coronary disease). In ISTAH rats, a decrease in the level of
immunoreactive insulin in the blood and glucose tolerance
has been previously found, probably due to a genetically
determined increased activity of the sympathoadrenal and
thyroid systems (Shorin et al., 1990; Buzueva et al., 2006).
Activation of the pancreas sympathetic innervation reduces
insulin production by B-cells, acting through o,-adrenergic
receptors (van Duk et al., 1995), and thyroid hormones af-
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Fig. 2. Loadings on the first principal component made by those metabolites, the concentrations of which in the blood serum significantly differed in

ISIAH and WAG rats.
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fect insulin production through the regulation of insulin-like
growth factor 1 secretion (Cavaliere et al., 1987). These data
are consistent with the results of the present study: the con-
centrations of leucine, isoleucine, and valine in blood serum
are significantly increased in ISTAH rats compared to controls
(see the Table), which suggests that amino acids of the BCAA
group can be considered as metabolic markers of hereditary
stress-induced arterial hypertension.

Myo-inositol

Some inositol isomers (particularly myo-inositol) have insulin-
like properties and may reduce insulin resistance in patients
with metabolic syndrome (Giordano et al., 2011; Croze,
Soulage, 2013). It has been shown that myo-inositol plasma
level is associated with BP level in patients with hypertension
(Yang M. et al., 2016), and the use of myo-inositol as part of
a dietary supplement for six months reduced the concentra-
tion of cardiovascular diseases biomarkers in menopausal
women and in women with a history of metabolic syndrome
(D’Anna et al., 2014). It is assumed that inositol derivatives
affect the IP, receptor, which regulates the contractility of the
smooth muscle walls of blood vessels through L-type calcium
channels (Abou-Saleh et al., 2013). An increased level of
myo-inositol in the blood serum of ISTAH rats with hereditary
stress-induced hypertension may indicate its involvement in
the pathogenesis of the hypertensive status of rats of this strain.

SCFA, short-chain fatty acids

Short-chain fatty acids — formic, acetic, propionic, butyric,
isobutyric, valeric, isovaleric and others — are produced in the
large intestine during fiber fermentation, being an important
source of energy for colonocytes, and having anti-inflamma-
tory and antitumor properties (Andoh et al., 2003; Fernandez
et al., 2016). Short-chain fatty acids entering into acylation
reactions can modify histones, thus regulating the expression
of genes involved in the mechanisms of development of the
metabolic syndrome, type 2 diabetes, and ischemic tissue
damage (Sabari et al., 2017; Chen et al., 2020). Decreased
production of short-chain fatty acids produced by gut bacteria
leads to intestinal dysfunction, inflammation, kidney failure,
and, as a result, to increased blood pressure (Kim et al., 2018;
Felizardo et al., 2019). In SHR rats with spontaneous hyperten-
sion, elevated BP has been associated with a reduced content
of acetate and butyrate-producing bacteria in the intestinal
microbiota (Yang T. et al., 2015).

The relationship between BP levels and various acids of the
SCFA group in salt-sensitive Dahl rats has also been studied:
a high salt load resulted in an increase in the concentration
of acetate, propionate and isobutyrate in fecal samples (Bier
et al., 2018). Mechanisms of this relationship have not yet
been studied in detail, but there is evidence that short-chain
fatty acids can affect vessels and kidneys through endothelial
receptors associated with G-proteins, which leads to a change
in BP levels (Natarajan et al., 2016). In hypertensive ISIAH
rats, a change in the ratio of SCFAs and their derivatives
was also observed when compared with the normotensive
control: isobutyrate blood concentration was significantly
increased, while 2-hydroxyisobutyrate levels were decreased
(see the Table).
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Glutamate, glutamine

Associations of glutamate and glutamine concentrations, as
well as hepatic aspartate aminotransferase activity, with insulin
resistance and the development of the metabolic syndrome
have been shown (Sookoian, Pirola, 2012). There is also evi-
dence that plasma glutamate is positively correlated with blood
pressure, body mass index, insulin and triglyceride levels.
The glutamine/glutamate ratio is inversely related to these
parameters (Liu X. etal., 2019). Considering that ISIAH rats
in this study have increased serum levels of both glutamate
and glutamine when compared to control WAG rats, but the
glutamine concentration (894.53 nmol/ml) is several times
higher than the glutamate content (208.58 nmol/ml), inter-
pretation of observed interstrain differences in glutamate and
glutamine concentrations requires more research.

Glutamate and glutamine also contribute to the metabolism
of arginine and ornithine, which are involved in the urea and
nitric oxide cycle (Wilson et al., 2001). Ornithine concentra-
tion in the serum of ISIAH rats is also increased compared
to the control. It is established that a-difluoromethylornithine
administration resulted in the restoration of endothelial func-
tion and prevented an increase in blood pressure in spontane-
ously hypertensive SHR rats (Demougeot et al., 2005). In an
earlier SHR study, a-difluoromethylornithine reduced the rate
of aortic and caudal artery contraction in response to electri-
cal stimulation and norepinephrine administration, while a
decrease in arterial wall thickness and a decrease in the content
of polyamines in vessels was also observed (Soltis et al., 1994).

Metabolites associated with inflammation

In a study involving healthy volunteers (323 people) and
ischemic stroke patients (323 people), choline, like its me-
tabolite betaine, was found to reduce the risk of cardiovascular
complications (Zhong et al., 2021). Long-term use of choline
and betaine as a dietary supplement was also shown to lower
blood pressure in hypertensive patients (Golzarand et al.,
2021). Intragastric administration of betaine to rats model-
ing pulmonary hypertension resulted in a decrease in right
ventricular and pulmonary artery blood pressure, in a decrease
in the degree of ventricular hypertrophy and in remodeling of
the arterial wall, presumably due to anti-inflammatory action —
betaine also reduced the levels of MCP-1, ET-1, NF-xB,
TNF-a, IL-1B (Yang J.M. et al., 2018).

Tryptophan is an essential aromatic amino acid. In mam-
mals, tryptophan is metabolized in three partially overlapping
pathways. The main pathway — kynurenine pathway — includes
oxidation and destruction of the indole ring, producing deriva-
tives: kynurenic and anthranilic acids. One of the 60 trypto-
phan molecules is converted into nicotinic acid (vitamin B3,
niacin). The second pathway is the serotonin pathway, where
tryptophan is converted to serotonin and melatonin. The
third pathway is the indole pathway, the formation of indole
derivatives, which are then excreted in the urine (Richard et
al., 2009). It has been shown that disorders in the links of the
kynurenine pathway facilitate development of cardiovascular
diseases, including an increase in blood pressure (Song et al.,
2017; Verheyen et al., 2017). It is possible that tryptophan
and kynurenine promote vasodilation through participation
in the adenylate cyclase and guanylate cyclase systems of
secondary intracellular messengers, triggering a cascade of
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reactions leading to the activation of nitric oxide receptors and
to a decrease in the concentration of Ca2* ions in the smooth
muscle walls of blood vessels (Lincoln et al., 1990; Stasch et
al., 2006; Wang Y. et al., 2010).

Betaine and tryptophan concentrations were significantly
reduced in the blood serum of hypertensive ISIAH rats compa-
red with normotensive control, which may indicate that inflam-
matory processes play a role in establishing and maintaining
the hypertensive status of ISIAH rats. Recently, there has
been even more evidence of the important role of vascular
wall inflammation in the pathogenesis of hypertensive condi-
tions, including those involving interleukins IL-1f and IL-18
(Patrick et al., 2021).

Metabolites associated with energy processes

Creatine phosphate is a source of rapidly mobilized energy
in tissues where energy metabolism is most intense — skeletal
muscles, myocardium, brain. Due to the fact that direct transport
of ATP across the mitochondrial membrane is difficult, creatine
phosphate serves as a “shuttle”, participating in the transport of
chemical energy between mitochondria and energy-consuming
areas. ATP with mitochondrial creatine kinase phosphorylates
creatine to creatine phosphate, which goes, for example, to myo-
fibrils. Myofibrillic creatine kinase forces creatine phosphate
to phosphorylate ADP to ATP, producing creatine, which again
returns to the mitochondria, and the cycle repeats (Bessman,
Carpeneter, 1985).

Changes in the content and ratio of creatine and phos-
phocreatine in tissues can be a signal of various pathologies
(Strumia et al., 2012). It has been shown that a decrease in the
ratio of creatine phosphate/ATP correlates with the severity
of heart failure (Neubauer et al., 1992) and with the severity
of myocardial hypertrophy (Ye et al., 2001). It is also known
that exogenous creatine phosphate administration has a car-
dioprotective effect on the ischemic myocardium (Scattolin et
al., 1993; Azova et al., 2015; Zhang et al., 2015). In our study,
in ISIAH rats, serum creatine phosphate concentration was
increased nearly three-fold compared with the normotensive
control. To explain this difference in peripheral concentra-
tions of creatine phosphate, additional studies are required,
including an assessment of creatine phosphate concentration
and the ratio of creatine phosphate/ATP in the myocardium
of hypertensive ISIAH rats.

Metabolites associated with the synthesis

of catecholamines

Tyrosine is an aromatic amino acid from which, via enzyme
tyrosine hydroxylase, catecholamines are synthesized: do-
pamine, adrenaline, norepinephrine. Catecholamines are
the main effectors of the sympathoadrenal system, affecting
cardiac output and vascular resistance (Lee et al., 2016). The
main indicators of the sympathoadrenal system functions
are catecholamine concentrations and tyrosine hydroxylase
activity (Yamabe et al., 1973; Moura et al., 2005), but ty-
rosine concentration may also be considered as a marker of
catecholamine synthesis disorders: for example, in a metabo-
lomic study of urine samples from patients with hypertensive
nephrosclerosis, a decrease in tyrosine and dopamine levels
has been found (Ovrehus et al., 2019).
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It has previously been shown that the production of epi-
nephrine by the adrenal glands and norepinephrine in the brain
is increased in ISIAH rats compared with WAG (Markel et
al., 2007; Redina et al., 2021), which allows to suggest that
the reduced serum tyrosine level in ISTAH rats is a marker of
changes in catecholamine synthesis.

Conclusion
Thus, we conclude that the metabolic profile of blood serum,
which indicates the presence of a stress-dependent form
of arterial hypertension, can be described as follows: an
increase in the concentrations of leucine, isoleucine, valine,
myo-inositol, isobutyrate, glutamate, glutamine, ornithine,
creatine phosphate, and a decrease in the concentrations of
2-hydroxyisobutyrate, betaine, tryptophan, tyrosine. Elevated
concentrations of leucine, isoleucine, valine, and myo-inositol
are associated with glucose metabolism and insulin resistance
observed in ISIAH rats (Shorin et al., 1990; Pivovarova et al.,
2020). Ornithine plays an important role in the urea synthesis,
and is also associated with the metabolism of arginine and the
production of vasoactive factor — nitric oxide; therefore, its
consideration as a metabolic marker of hypertension patho-
genesis seems to be quite reasonable. Betaine is described
as having an anti-inflammatory effect in various pathologies
(Zhao et al., 2018), therefore, a decrease in its concentration in
the serum of ISIAH rats may indicate the involvement of the
inflammatory process in the pathogenesis of arterial hyperten-
sion. Serum tryptophan may play the same role as a negative
marker of the inflammatory process (Sorgdrager et al., 2019);
its decrease in ISTAH rats may have a pro-inflammatory effect.
The results obtained are the starting point for a more detailed
study on the association of these metabolic markers with the
development of hypertensive status at certain stages of the
stress-dependent arterial hypertension pathogenesis.
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