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Abstract. The diversity of pathogenetic mechanisms underlying arterial hypertension leads to the necessity to devise a
personalized approach to the diagnosis and treatment of the disease. Metabolomics is one of the promising methods
for personalized medicine, as it provides a comprehensive understanding of the physiological processes occurring in
the body. The metabolome is a set of low-molecular substances available for detection in a sample and representing
intermediate and final products of cell metabolism. Changes in the content and ratio of metabolites in the sample mark
the corresponding pathogenetic mechanisms by highlighting them, which is especially important for such a multifac-
torial disease as arterial hypertension. To identify metabolomic markers for hypertensive conditions of different origins,
three forms of arterial hypertension (AH) were studied: rats with hereditary AH (ISIAH rat strain); rats with AH induced
by L-NAME administration (a model of endothelial dysfunction with impaired NO production); rats with AH caused
by the administration of deoxycorticosterone in combination with salt loading (hormone-dependent form - DOCA-
salt AH). WAG rats were used as normotensive controls. 24-hour urine samples were collected from all animals and ana-
lyzed by quantitative NMR spectroscopy for metabolic profiling. Then, potential metabolomic markers for the studied
forms of hypertensive conditions were identified using multivariate statistics. Analysis of the data obtained showed
that hereditary stress-induced arterial hypertension in ISIAH rats was characterized by a decrease in the following urine
metabolites: nicotinamide and 1-methylnicotinamide (markers of inflammatory processes), N-acetylglutamate (nitric
oxide cycle), isobutyrate and methyl acetoacetate (gut microbiota). Pharmacologically induced forms of hypertension
(the L-NAME and DOCA+NaCl groups) do not share metabolomic markers with hereditary AH. They are differentiated
by N,N-dimethylglycine (both groups), choline (the L-NAME group) and 1-methylnicotinamide (the group of rats with
DOCA-salt hypertension).
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AHHoTauuA. MHOroobpasue naToreHeTUYECKX MEXaHU3MOB, NIeXaLUVX B OCHOBE apTepUanbHON rMnepToHMK, MPUBO-
LT K HEOOXOAMMOCTY pa3paboTKM NEPCOHANM3NPOBAHHOIO NOAXOAA K AUArHOCTUKE 1 Tepanum 3abonesaHuns. OgHUM
13 NepCrneKTUBHbIX METOAOB AJIA NePCOHAN3NPOBAaHHOW MeNLHbI SIBNSETCA MeTabooMIKa, KOTopas NO3BOSIAET Mo-
Ny4nTb KOMMJIEKCHOE NpeacTaBrieHme o Gr13nMonormyecknx npoLeccax, NpPocxoaaALmx B opraHusme. Metabonom — 31o
COBOKYMHOCTb HU3KOMOMNEKYSAPHbIX BELLECTB, ornpeeniaemblx B o6pasLie 1 ABAALWNXCA MPOMEXYTOUHBIMU 1 KOHeY-
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HbIMU MPOAYKTaMU MeTabonm3ma KNeTok. ViameHeHnsA B cofep>KaHuM 1 COOTHOLLEHNU MeTabonnToB B UCCIIeAyeMOM
06pasLie MapKMpPYIOT COOTBETCTBYIOLLME NAaTOFEHETUYECKME MEXaHN3MbI, BbIAENSAS KX, YTO OCOOEHHO BaXKHO AJ1A TaKoro
MynbTUdAKTOPHOro 3aboneBaHus, Kak apTepuanbHas runepToHus. Ana ngeHtndmkaumm MeTabonoMHbIX MapKepos M-
NepTeH3UBHbIX COCTOAHUI Pa3HOro reHesa Obiny nccnefoBaHbl TPU pasHble GOpMbl apTepuranbHON runeptToHun (Al):
Kpbicbl ¢ HacneacTseHHoM Al (nnHuA Kpbic HUCAT/ISIAH); kpbicbl ¢ AT, nHgyumposaHHo BeeaeHnem L-NAME (mopenb
sHpJoTenvanbHom ancoyHKUMM ¢ HapylweHnem npoaykummn NO); Kpbicbl ¢ Al, BbI3BaHHOI BBEAEHNEM [e30KCUKOPTMKO-
CTepoHa B COYETaHUN C CONEBOW Harpyskowm (ropmoH-3aBncrmasn ¢opma — DOCA-coneBas Arl). B kauecTBe HOpMOTEH-
3MIBHOIO KOHTPONA ObINM MCMOMb30BaHbl Kpbichl MHUM WAG. Y Bcex )KMBOTHbBIX CO6panv 06pasLibl CyTOUHON Mouu, MeTa-
6010MHBI NPOdUIIb KOTOPOI MPOAHANN3MPOBANIN METOLOM KONMYeCTBeHHOMN AIMP-CcneKTpocKonmu. 3atem € NOMOLLbIO
METOLOB MHOFOMEPHOW CTaTUCTVKM BbIABUAW NOTEHUMasNbHbIe METAaBONOMHbIE MapKepbl ncceayembix Gopm runep-
TEH3UBHbIX COCTOAHMIN. AHaNN3 NOJSTyYEHHbIX AaHHbIX MOKa3an, YTo ANA HacNe[CTBEHHON CTPeCcC-MHAYLMPOBaHHON ap-
TepuanbHol runepToHnn y Kpblc nuHnM HUCAT XapakTepHO CHUXeHWe CopepKaHna cnefyowmx metabonmTos B Moye:
HUKOTMHaMMAA 1 1-MeTUTHMKOTMHaMmAA (MapKepbl BOCManuTenbHbIxX npoueccos), N-auetunrnytamarta (LMK okcraa
a3oTa), n30byTMpaTa U MeTunaueToaleTata (MUKpobroTa KuweyHrKa). DapmMakonornyeckm MHGyLnpoBaHHble $op-
mbl AT (rpynnbl L-NAME 1 DOCA+NaCl) He umetoT o6Lwmx ¢ HacnefcTseHHo Al MeTaboTIOMHbIX MapKepoB. Vx otnnyatot
oaviH obwwint mapkep, N,N-gumeTunrinuuH, n aea cneyndryeckmx — xonuH (ana rpynnsl L-NAME) 1 1-MeTUNHUKOTWH-
amug (ana rpynnbl Kpbic ¢ DOCA-coneBor apTepuanbHON runepToHnen).

KnioueBble cnoBa: apTepuanbHasa runeptoHus; Kpbicbl HACAT (ISIAH); L-NAME; DOCA-coneBas runepToHus; meTabo-

JIOMHbI€ MapKepbl MOYN.

Introduction

Arterial hypertension (AH) is a complex multifactorial disease,
simultaneously affecting various systems of the body. Pathoge-
netic diversity of AH and interaction between different under-
lying mechanisms determine the necessity to consider a lot of
factors when developing methods of prevention and treatment.
At the moment, multi-stage protocols for the treatment of
hypertension have been devised and applied, taking into ac-
count lifestyle, stage of the disease, concomitant pathologies,
etc. (Carey et al., 2022). However, the tasks of personalized
medicine are still relevant, including use of integrated ap-
proaches in diagnostics for identifying the distinctive “set” of
mechanisms involved in the development of hypertension for
a particular patient, and, accordingly, prescribing individual
treatment. The so-called “omics” technologies are well suited
for this purpose, as they provide a kind of “snapshot” of the
organism and its systems for further analysis (at the level of
genome, transcriptome, proteome, metabolome, etc.).

To study the metabolic pathways involved in the pathoge-
nesis of various hypertensive conditions, we used three ex-
perimental models of hypertension. The first model was the
ISIAH rat strain (Inherited Stress-Induced Arterial Hyper-
tension), obtained from an outbred population of Wistar rats
through long-term selection for increased blood pressure (BP)
under psycho-emotional stress (Markel, 1992). This model
reproduces primary (essential) human hypertension quite ac-
curately. The second model — AH caused by dysfunction of
the vascular endothelium — was induced pharmacologically by
the administration of L-NAME (an inhibitor of NO synthesis)
(Biancardi et al., 2007). Endothelial dysfunction associated
with impaired nitric oxide synthesis is also one of the common
mechanisms of BP rising. The third model of AH was also
induced pharmacologically by the administration of a synthe-
tic mineralocorticoid — DOCA (deoxycorticosterone acetate)
along with additional salt loading (Basting, Lazartigues,
2017). The combination of elevated mineralocorticoid levels
and salt loading is another possible cause of hypertension in
humans (Gupta, 2011).

When developing methods to identify biochemical markers
for different forms of hypertension, attention should be paid

to the availability and non-invasiveness of the proposed tech-
nologies. One of the most accessible methods is the analysis
of urine samples. Metabolomic studies of urine are currently
of interest to researchers, and methods for analyzing and
interpreting such data are actively discussed (Zhang et al.,
2012; Bouatra et al., 2013).

The purpose of our study is to evaluate the metabolomic
profile of 24-hour urine in rats representing three different
forms of hypertensive conditions, in comparison with normo-
tensive controls.

Materials and methods

Experimental animals. We studied 3—4-month-old male rats
of the ISIAH strain with a hereditary form of hypertension,
together with two groups of rats with pharmacologically
induced forms of AH: a group of rats treated with a NO syn-
thesis blocker — L-NAME, and a group of rats with hormone-
dependent DOCA+NaCl hypertension. WAG rats were used
as a normotensive control.

To model NO-deficient hypertension with endothelial dys-
function, WAG rats were orally administered with a solution
of endothelial NO synthase inhibitor (L-NAME, N, -nitro-
l-arginine methyl ester; Sigma Aldrich, USA) at a dose of
30 mg/kg of body weight for two weeks (Fiirstenau et al.,
2008). To obtain hormone-dependent DOCA-salt hyperten-
sion, WAG rats were subcutaneously injected with DOCA
(deoxycorticosterone acetate; Sigma Aldrich, USA) at a dose
of 25 mg/kg of body weight once every 4 days with a constant
salt loading — 1 % NacCl solution in drinking water — for three
weeks (Chan et al., 2006). As a result, four experimental
groups of animals were formed, three with hypertension and
one normotensive, 10 males in each.

All animals were kept under standard conditions at the vi-
varium of the Institute of Cytology and Genetics SB RAS (air
temperature 22-24 °C, light:dark cycle 12:12 hours), receiving
standard chow (Chara, Russia) and free access to drinking
water. All procedures with experimental animals complied
with the ethical standards approved by the legal acts of the
Russian Federation, the principles of the Basel Declaration and
the recommendations of the Inter-Institutional Commission
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on Biological Ethics at the Institute of Cytology and Genetics
SB RAS (protocol No. 127 of 09/08/2022).

Blood pressure (BP) monitoring was performed twice a
week throughout the experiment on a device for non-invasive
BP measurement (BIOPAC, USA) using the tail-cuff method
with preliminary adaptation of the animals to this procedure
for 3—4 days. Also, simultaneously with BP measurements,
the rats were weighed regularly.

Collection of 24-hour urine samples. Animals were placed
in individual rodent metabolic cages (Techniplast, Italy),
where they adapted to new conditions for 3 days. Over the
next 3 days, each day at the same time, urine samples were
collected and the volume of water drunk was recorded. The
collected urine was stored at —70 °C. Further analysis of the
samples obtained was carried out at the Center for Shared
Use “Mass Spectrometric Research” of the International To-
mography Center SB RAS, in the Laboratory of Proteomics
and Metabolomics.

Extraction of metabolites from urine samples. To obtain
a non-protein extract of rat urine metabolites, the following
sample preparation protocol was used: the optimal ratio of
urine volumes to extracting solution was urine/methanol
ratio = 1/4. 400 pl of cold methanol (20 °C) was added to
100 pl of urine. The samples were mixed in a vortex centri-
fuge and placed on a shaker for 15 minutes at 1,300 rpm, then
centrifuged at 12,000 rpm at 4 °C for 30 minutes, followed by
the collection of supernatant. The supernatant was dried on a
vacuum evaporator and stored at —70 °C. Lyophilized extracts
were diluted in 600 pl of deuterated phosphate buffer (50 mM,
pH 7.4) supplemented with internal standard DSS (sodium
3-(trimethylsilyl)propane-1-sulfonate, 20 uM).

NMR spectra were recorded on an AVANCE III HD
700 MHz NMR spectrometer (Bruker BioSpin, Germany),
equipped with an Ascend cryomagnet with a field of 16.44 Tes-
la and a TXI 1H-13C/15N/D ZGR 5 mm probe. Detection
parameters corresponded to those described previously (Ze-
lentsova et al., 2020). MestReNova v 12.0 program was used to
process the spectra and integrate the signals. Metabolites were
identified using the Human Metabolome Database (https://
hmdb.ca/) and our own data on the metabolic profiling of hu-
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man and animal biological fluids (Tsentalovich et al., 2020;
Fomenko et al., 2022).

Statistical data processing was performed using Statis-
tica 12 software package (StatSoft, Inc., 2014) and Metabo
Analyst 5.0 web platform (https://www.metaboanalyst.ca/);
multivariate analysis (principal component method) and non-
parametric methods (Mann—Whitney U test with Bonferroni
correction for multiple comparisons) were applied.

Results

A comparative analysis of physiological parameters of the
studied animals showed that experimental groups of rats
did not have significant differences in body weight: WAG —
326.1+12.87 g (BP — 135.9+1.21 mmHg), ISIAH -
325.9+6.44 g (BP — 205.9+2.12 mmHg), L-NAME -
326.9+4.71 g (BP — 192.0£2.96 mmHg), DOCA —
328.2+6.18 g (BP — 184.2+1.19 mmHg). However, daily
water intake, daily diuresis and glomerular filtration rate were
significantly increased in rats of the DOCA group compared
to the control (Fig. 1). Increased diuresis and water intake
were also observed in ISTAH rats. Based on these intergroup
differences, for metabolomic analysis of daily urine, the con-
centrations of metabolites obtained by NMR spectroscopy
(nmol/ml) were recalculated into daily urine excretion of
metabolites (nmol/day), considering the diuresis level in each
rat on the day of sample collection.

Multivariate analysis of metabolomic data using the princi-
pal component method revealed three main axes (PC1, PC2,
PC3), respectively responsible for 45.2, 16.5 and 10.0 % of
the total variation in the content of the studied metabolites
in 24-hour urine samples. The distribution of experimental
groups in the coordinates of the principal components is shown
in Fig. 2. A distinct separation of the experimental groups
along the axis of the first principal component (responsible
for 45.2 % of the variation in the studied parameters) is ob-
served: normotensive WAG rats and ISIAH rats with heredi-
tary hypertension are virtually combined into one group. Rats
with pharmacological forms of hypertension — L-NAME and
DOCA — form another separate group together. From this we
may conclude that “natural” genetic hypertension is in sharp
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Fig. 1. Intergroup differences in daily water intake, daily diuresis and glomerular filtration rate (GFR) in ISIAH, L-NAME, DOCA rats relative to control

WAG rats.
Mann-Whitney test, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Fig. 2. Distribution of groups of normotensive (WAG) and hypertensive (ISIAH, L-NAME, DOCA) rats in the coordinates of the

principal component axes (PC1, PC2, PC3).

contrast to the two pharmacologically induced forms of AH,
so urine metabolomic markers correspond not so much to
elevated BP levels as to the pathogenesis of different forms
of AH.

A relatively small percentage of variability (16.5 %) in
metabolomic parameters is described by the second principal
component. The projection of the experimental groups onto
the second component does not make it possible to separate
the compared groups in accordance to any set of metabolo-
mic markers. At the same time, the residual variability of
parameters (10 %) for the third principal component, when
considered, showed the possibility of a distinct separation
of normotensive rats (WAG) and rats with hereditary arte-
rial hypertension (ISIAH). Thus, metabolomic markers that
correlate with the third principal component can serve as
diagnostic indicators of hereditary stress-dependent forms
of hypertension.

Fig. 3 shows the loadings of metabolites along the axes of
the first and third principal components. For the first principal
component, most of the parameters correlate with the com-
bined group — normotensive WAG rats + hypertensive ISTAH
rats, — while choline, N,N-dimethylglycine, N6-acetyllysine,
I-methylnicotinamide and formate correlate with pharmaco-
logically induced forms of AH. Thus, the metabolic profile
of hereditary AH (at least in the early stages of its develop-
ment) is closer to normal than to those of pharmacologically
induced models of AH. Markers that distinguish ISIAH rats
from normotensive controls (WAG rats) may be divided
into those that correlate positively and those that correlate
negatively with the hereditary form of hypertension, based on
their loadings along the axis of the third principal component.
Positively correlated compounds include acetate, cytosine,
glycine, lactate; negatively correlated are cytidine, isobutyrate,
I-methylnicotinamide, 2'-deoxyuridine, uracil, nicotinamide,
citrate, methyl acetoacetate, N-acetylglutamate.

In addition to assessing the metabolite loadings along the
axes of the principal components, an analysis of intergroup

differences in the content of metabolites in the daily urine of
the studied animals was also performed (see the Table). Thus,
a list of 12 urine metabolites was formed, the levels of which
differed from the controls in animals with various forms of AH,
also contributing the most to the separation of experimental
groups in the coordinates of the principal component axes.

To identify possible associations between metabolites that
made the greatest contribution to the observed intergroup dif-
ferences, Pearson’s correlation analysis with partial clustering
was performed (Fig. 4). The highest correlation coefficients
(r>0.7) were observed between choline, N,N-dimethylglycine
and N6-acetyllysine (the correlation was positive); these three
metabolites also correlated negatively with methyl acetoace-
tate (r < —0.5). Citrate and 1-methylnicotinamide positively
correlated with each other, as well as with N,N-dimethyl-
glycine, N6-acetyllysine and cytidine (> 0.5). Nicotinamide,
2'-deoxyuridine, isobutyrate, N-acetylglutamate and uracil
were also positively correlated with each other (»>0.5). Also,
2'-deoxyuridine positively correlated with cytidine with a
correlation coefficient of » = 0.64.

Thus, certain associations between urine metabolites were
found, which may provide markers for three hypertensive
conditions that are different in their genesis.

Discussion

Choline and homocysteine metabolism

Choline participates in lipid metabolism, in the formation of
cell membranes, and in the synthesis of the neurotransmitter
acetylcholine (Zeisel, 2000). Choline oxidase and betaine
aldehyde dehydrogenase oxidize choline to betaine. Betaine,
in its turn, is a methyl group donor for betaine homocysteine
methyltransferase that is involved in the remethylation of
homocysteine to methionine resulting in the production of
N,N-dimethylglycine (an alternative pathway for homocys-
teine utilization in the folate cycle). Normally, homocysteine
should not accumulate in the body; its blood level elevation
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Fig. 3. PCA loadings of urine metabolite levels (PC1, PC3).

Significant differences in the content of individual metabolites
in the urine of hypertensive rats of three groups (ISIAH, L-NAME, DOCA) from the controls

Metabolites Hypertensive rat groups Metabolites Hypertensive rat groups
ISIAH L-NAME DOCA ISIAH L-NAME DOCA

Choline e 2'-Deoxyuridine **

N,N-dimethylglycine * * Uracil _

N6-acetyllysine Hx * Nicotinamide **

1-Methylnicotinamide Hx Citrate _

Cytidine Methyl acetoacetate **

Isobutyrate N-acetylglutamate **

Note. Color indicates an increase (orange) or a decrease (blue) in metabolite levels when compared to control WAG rats. Mann-Whitney test, * p < 0.05,
**p <0.01,**p <0.001.
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Urine metabolic profile in rats
with arterial hypertension of different genesis

Methylacetoacetate

Nicotinamide

2'-Deoxyuridine

Isobutyrate

N-acetylglutamate

Uracil

.0
I -0.5

Choline

N,N-dimethylglycine

N6-acetyllysine

Cytidine

1-Methylnicotinamide

Citrate

Nicotinamide
2'-Deoxyuridine
Isobutyrate
N-acetylglutamate
Uracil

Choline
N6-acetyllysine

Methylacetoacetate
N,N-dimethylglycine

Cytidine
Citrate

1-Methylnicotinamide

Fig. 4. Pearson’s correlation coefficients between the studied parameters (urinary metabolite levels).

increases the risk of neurodegenerative and cardiovascular
diseases (Wald et al., 2002). An increase in the homocysteine
blood concentration causes damage of endothelium, activa-
tion of platelet aggregation, and formation of atherosclerotic
plaques (Paré et al., 2009; Ganguly, Alam, 2015). Elevated
blood levels of N,N-dimethylglycine correlate with increased
homocysteine in patients with chronic renal failure (McGre-
gor et al., 2001). Since L-NAME administration inhibits
nitric oxide synthesis and leads to endothelial dysfunction,
observed simultaneous increase in the levels of choline and
N,N-dimethylglycine in the urine of rats in this group is of
interest for further research. In the literature, there is evidence
of opposite effects of exogenous homocysteine and L-NAME
administration — homocysteine increased the expression of
NO synthase, which was inhibited by L-NAME (Celotto et
al.,2010). At the same time, administration of L-NAME nor-
malized the levels of homocysteine and its metabolites in the
blood plasma of rats with cholestasis induced by bile duct
ligation (Ebrahimkhani et al., 2005).

No6-acetyllysine is increased in urine of L-NAME and
DOCA rats. At this moment, the biological role of this
compound has not been determined; however, there is some
evidence of its association with the complications of type 1
and type 2 diabetes (Niewczas et al., 2017; Xu et al., 2023).
Nevertheless, the lack of description of any pathogenetic me-
chanisms do not allow us to consider N6-acetyllysine as a
potential biomarker of hypertension. High correlation coef-
ficients were observed between N6-acetyllysine, choline and
N,N-dimethylglycine. Association of choline and N,N-di-
methylglycine with homocysteine and regulation of NO syn-
thase was described above — perhaps the role of these com-
pounds in the development of hypertension caused by endo-
thelial dysfunction will be clarified in the future.

Nicotinamide metabolism

Nicotinamide is converted to 1-methylnicotinamide by the
liver enzyme nicotinamide-N-methyltransferase. Nicotin-
amide-N-methyltransferase also promotes remethylation of
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homocysteine to S-adenosylmethionine (another pathway
for homocysteine utilization) (Hong et al., 2018), positively
correlates with obesity and insulin resistance (Kannt et al.,
2015), and presumably regulates the expression of fructose-
1,6-bisphosphatase involved in the process of gluconeogene-
sis (Visinoni et al., 2008). Nicotinamide has been shown to
prevent cytochrome C release and caspase induction, thereby
maintaining mitochondrial membrane potential and exerting
a cytoprotective effect on the endothelium of small cerebral
vessels (Chong et al., 2002).

There is also evidence that nicotinamide may exhibit
anti-inflammatory activity by inhibiting the expression of
thromboplastin and CD11b antigen (Ungerstedt et al., 2003).
Intravenous administration of 1-methylnicotinamide had an
antithrombotic effect by activating the prostacyclin and cy-
clooxygenase pathways for the inflammation development
(Chlopicki et al., 2007). Urine levels of nicotinamide and
I-methylnicotinamide were reduced in ISIAH rats, while in
the DOCA-salt group, 1-methylnicotinamide was increased,
which may indicate the role of inflammation in both hereditary
AH and pharmacologically induced AH pathogenesis.

Pyrimidine metabolism

Serious disorders of pyrimidine metabolism, as a rule, are as-
sociated with dysfunction of enzymes, most often of dihydro-
pyrimidine dehydrogenase or dihydropyrimidinase; they occur
in early childhood, being systemic in nature and manifesting
themselves in mental retardation and seizures (Nyhan, 2005).
ISTIAH rats do not have such symptoms, although there is a
decrease in the levels of cytidine, 2'-deoxyuridine and uracil
in their urine compared to normotensive controls. Interpre-
tation of these data is difficult due to only a small number
of individual studies: for example, in patients with chronic
renal failure, reduced levels of 1-methyladenosine, 1-methyl-
guanosine, N2,N2-dimethylguanosine and N4-acetylcyti-
dine renal excretion were found (Niwa et al., 1998). There is
also evidence that cyticoline (cytidine-5'-diphosphocholine)
synthesized from cytidine and choline may have choline-like
effects on membrane metabolism and cholinergic signaling
(Yilmaz et al., 2008). However, these results are not sufficient
to propose the products of pyrimidine metabolism in urine as
markers of a hypertensive state.

Urea and nitric oxide cycle

N-acetylglutamate is an important participant in the urea
cycle; it is synthesized in mitochondria from acetyl CoA and
glutamate by the enzyme N-acetylglutamate synthase. A de-
ficiency of N-acetylglutamate synthase or N-acetylglutamate
itself causes disturbances in the urea cycle and accumulation
of free ammonium ions in the blood — hyperammonemia
(Tuchman et al., 2008). Increased serum ornithine concentra-
tions have previously been observed in ISIAH rats (Serya-
pina et al., 2023), which, combined with decreased urinary
N-acetylglutamate, suggests that disturbances in nitric oxide
synthesis play a significant role in the hypertensive status of
ISTAH rats.

Tricarboxylic acid cycle
Citrate is involved in the tricarboxylic acid (TCA) cycle,
and a decrease in its urine concentration correlated with the
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development of hypertension in a study involving volunteers
(Chachaj et al., 2020); however, in addition to citrate, the le-
vels of other metabolites participating in the Krebs cycle were
also changed: fumarate and trans-aconitate were decreased,
methyl malonate was increased. In this study, in ISTAH rats,
only citrate urinary level was reduced, so it seems incorrect to
claim a serious disturbance of the TCA cycle. Citrate is also
known to prevent the crystallization of calcium salts and the
formation of kidney stones, therefore, low urine citrate may
be linked to the disturbance in the renal mechanism of calcium
excretion; besides, there are studies showing association of
low citrate excretion with an increased insulin resistance
(Cupisti et al., 2007). However, it is difficult to determine
the mechanism of citrate decrease in this study, so it seems
inappropriate to propose it as a marker of hereditary stress-
related hypertension.

Short-chain fatty acids metabolism

Isobutyrate and methyl acetoacetate are derivatives of the
so-called short-chain fatty acids (SCFAs), which are mainly
produced by the gut microbiota. A decrease in their produc-
tion causes intestinal inflammation and dysfunction, and
kidney failure, which in turn contributes to increased blood
pressure (Kim et al., 2018; Felizardo et al., 2019). It has
been shown that short-chain fatty acids can bind to various
G protein-coupled receptors. These receptors are located in
many tissues and interact with their ligands in different ways
(Chen et al., 2020). The effects of SCFAs include modulation
of cytokine synthesis, regulation of differentiation and acti-
vation of macrophages, neutrophils and T-lymphocytes, and
reduction of TNF-a and IL-12 production (Corréa-Oliveira
et al., 2016). In the urine of ISIAH rats, reduced contents of
isobutyrate and methyl acetoacetate are observed. Apparently,
their hypertensive status is similar in the parameters of the
gut microbiota to SHR rats with spontaneous hypertension,
in which a reduced number of bacteria producing acetate and
butyrate was found (Yang et al., 2015).

Conclusion

Thus, in ISIAH rats with hereditary stress-dependent hyper-
tension, judging by the characteristics of urine metabolites,
disturbances in the nitric oxide cycle (decreased levels of
N-acetylglutamate), changes in the function of gut micro-
biota (decreased isobutyrate and methyl acetoacetate), and
the participation of inflammatory processes in formation of
hypertensive status (decrease in nicotinamide and 1-methyl-
nicotinamide levels) may be suggested. The data obtained
complement our previous study (Seryapina et al., 2023): when
comparing serum metabolic profiles of ISIAH and WAG rats,
alterations in the nitric oxide cycle were also found (increased
ornithine blood level in ISIAH rats), as well as changes in
content and ratio of SCFAs (increased isobutyrate and de-
creased 2-hydroxyisobutyrate), and decreased concentrations
of betaine and tryptophan, which have anti-inflammatory
properties. Therefore, a decrease in the urinary N-acetylglu-
tamate, isobutyrate, methyl acetoacetate, nicotinamide and
I-methylnicotinamide, in combination with the changes in
the serum metabolome listed above, may be considered as
a set of potential markers for hereditary stress-dependent
hypertension in ISIAH rats.
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Pharmacologically induced forms of AH (L-NAME and
DOCA+NaCl) are identified by different metabolomic markers
(increased urinary levels of choline, N,N-dimethylglycine,
I-methylnicotinamide). These two groups are positioned in
the coordinates of the first two principal components in such
a way that they actually do not overlap with the groups of
control rats and ISIAH rats with hereditary AH. This occurs
despite the fact that a common metabolic link is suggested
between ISIAH and L-NAME rats, associated with impair-
ment of endothelial function, and, possibly, NO synthesis. The
results obtained demonstrate substantial metabolic differences
between the “naturally” developing hereditary form of AH and
two others caused by external pharmacological influences,
which, in fact, made it possible to identify a set of specific
metabolomic markers of hereditary, or “primary”, hyperten-
sion, distinguishing it from symptomatic, or “secondary’ ones.
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