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Abstract

Hypertension (HTN) is often accompanied by folic acid (FA) deficiency and hyperhomocysteinemia
(HHcy). Reduced glutathione (GSH) and dependent enzymes determine the state of cellular antioxidant
and redox systems in cardiovascular pathology. The aim of our work is to assess the relationship between
the status of FA and the presence of HHcy with enzymes of glutathione metabolism and the redox state of
erythrocyte glutathione in HTN. Design and methods. In blood plasma samples from 43 HTN patients
admitted to the clinic of Pavlov University, the concentration of FA and total homocysteine (oHcy) was
determined. We also evaluated the level of GSH, the activity of glutathione peroxidase and glutathione
reductase (GR) in erythrocytes. Results. In the whole group, GR activity positively correlated with the
concentration of FA (R =0,415; p = 0,001). A significant decrease in GR activity (U/g Hb) was found in
the subgroup with the low level of FA [0,8 (0,5-1,1)] compared with the subgroup without a FA deficiency
[1,2 (0,9-2,0)]. The GSH level (uM/g Hb) was also lower (p < 0,018) in the subgroup with FA deficiency
[1,3 (0,9-2,1)] compared with the subgroup with normal FA levels [1,8 (1,5-4,6)]. A significant decrease in
the level of GSH and GR activity in the subgroup with HHcy was found compared with the corresponding
parameters in the subgroup without HHcy. However, even in the absence of HHcy patients with FA deficiency
demonstrated a significant decrease in GR activity compared to patients without FA deficiency. In this case,
GR positively correlated with FA (R = 0,564; p = 0,03). Conclusions. The deficiency of FA can increase the
deficiency of GR activity, regardless of the level of oHcy. The indicator of GR activity in erythrocytes can
be considered as a possible marker of functional deficiency of FA in the absence of HHcy.
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Pesrome

AKTyaJIbHOCTB. ApTepuasibHas runeprensus (Al) Hepeako conmpoBoxaaeTcs aehuuToM HoIueBoit
kucinotel (OK) u runepromouncrennemueii (I'TLH). [myrarnon Boccranosnennsiii (IB) u 3aBucumMbie
OT Hero (hepMEHTHI OIPEEIIAIOT COCTOSHIE KJICTOUHOW aHTHOKCHIAHTHOM M OKUCIUTEIbHO-BOCCTAHOBH-
TEJIBHOM CUCTEM MPHU cepAeUHO-cocyaucToi narosoruu. Lless padoThl — OLEHUTH B3aUMOCBSI3b CTaTyca
OK u naymuus ['TT] ¢ pepmerTamu MeTaboam3mMa IITyTaTHOHA U OKUCITUTEIHHO-BOCCTAHOBUTEIBHBIM CO-
CTOSTHUEM [IyTaTHoHa sputpouuToB ripu Al. MaTepuaJibl u MeToabl. B oOpa3iax kposu oT 43 G0JIbHBIX
AT, HaxogMBIIMXCS HA cTalMoOHapHOM JsiedeHuH B kimHuKax [ICTIGI'MY um. WM. I1. [TaBnoBa, onpenensi-
mu konuenTpauuto OK, obmero romorucrenna (ol'm) B miasme, a Takxe coaepkanue [B, aktuBHOCTD
[Ty TaTHOHIIEPOKCH a3kl U TiTyTatnoHpeaykrassl (I'P) B spurponmrax. Pe3yabrarbl. B 0cHOBHOI rpytime
akTuBHOCTH ['P monoxkurenbHo koppenuposaia ¢ konuentpanueit ®K (R = 0,415; p = 0,001). Bersiineno
CTAaTHCTUYECKH 3HaYMMoe cHIKeHue akTuBHOCTH ['P (B En/r Hb) B moarpymme ¢ moHWKEHHBIM YPOBHEM
®K [0,8 (0,5-1,1)] mo cpaBuenuto ¢ noarpynmoi 6e3 nepunura OK [1,2 (0,9-2,0)]. Yposens [1B (B MkM/r
Hb) 6611 Taroke Hmwke (p < 0,018) B moarpymme ¢ Hegocrarounocteio K [1,3 (0,9-2,1)] mo cpaBHEHHIO
¢ moArpynmnoi ¢ HopmayibHbIM ypoBHeM DK [1,8 (1,5-4,6)]. YcTaHOBIEHO CTATUCTUYECKH 3HAUNMOE CHU-
skeHne ypoBHs [ 1B m aktuBHOCTH ['P B moarpynme ¢ I'T1] mo cpaBHEHUIO ¢ COOTBETCTBYIOIIMMH Mapame-
Tpamu B noarpytiie 6e3 ['TTl. Oqnako gaxe B orcyrctBue ['T'1l y 6onbubIX ¢ AehunuTom K oOHapyx)eHO
CTaTUCTHYECKHU 3HAYMMOE TTOHMKEeHUE akTuBHOCTHU [ P 1o cpaBHEeHUIO ¢ 6obHbIMU O3 Aedunnta K. [Tpu
stoMm ['P monoxurensno koppenuposaina ¢ @K (R = 0,564; p = 0,03). 3axiarouenne. [Jepunut OK moxer
YCHJIMBATh HETOCTATOYHOCTh akTUBHOCTH ['P He3aBucumo ot ypoBHs ol 1iu. [lokazarens aktuBHOCTH ['P
B OPUTPOLIUTAX MOKET pacCMaTPUBAThCS KaK BOZMOXKHBINA Mapkep QpyHKunoHanbHOro Aeduimura PK B o1-
cyrcteud [T,
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Introduction

Numerous studies have shown that cardiovascu-
lar diseases (CVD), including arterial hypertension
(HTN), are accompanied by a deficiency of folic acid
(FA), which has great potential for preventing their
development [1-3]. The most active FA derivative
5-methyltetrahydrofolate (5-MTHF), which is a prod-
uct of an enzymatic reaction catalyzed by methylene-
tetrahydrofolate reductase (MTHFR), participates in
the transfer of one-carbon groups and plays a key role
in the homocysteine remethylation into methionine,
thereby providing biochemical methyl groups [4].
Almost all enzymes of methylation reactions depend
on the coenzyme S-adenosyl-methionine. The trans-
fer of the methyl group from S-adenosyl-methionine
to the deoxycytosine residue in DNA is involved in
the regulation of gene expression, transcription, and
repair, and, in general, in the mechanism of epige-
netic phenotype formation [3]. Due to the deficiency
of 5-MTHF, hyperhomocysteinemia (HHcy) occurs
and, as you know, the level of total homocysteine
(tHcy) in blood plasma is an independent risk factor
for CVD, including HTN [5-7]. A large number of
modern studies are devoted to the problem of opti-
mal consumption of FA associated with a decrease in
the risk of chronic diseases, including hypertension
[8—11]. The norms of consumption of FA are estimat-
ed in relation to the concentration of tHcy, which is
considered as an important indicator of functional
deficiency of FA [2, 6]. In turn, to reduce the level of
tHey in HHcy, large doses of FA are used to reduce the
risk of complications in CVD and during pregnancy.
It is believed that the beneficial effect of FA on vas-
cular functions is directly related to the mechanism
of decreasing the level of tHcy [8]. However, recent
studies have demonstrated the beneficial effects of
FA not associated with a decrease in tHcy [12], which
indicates the presence of alternative mechanisms. For
example, folates can interact with the endothelial
enzyme NO synthase and affect the bioavailability
of the cofactor NO and, therefore, reduce the forma-
tion of peroxynitrite, the most aggressive prooxidant
[13]. Numerous publications testify to the role of glu-
tathione in the development of hypertension [14-17].
Reduced glutathione (GSH) is the most important
intracellular regulatory peptide, the main antioxi-
dant and a homeostasis factor for the redox potential
of the cell. GSH-dependent enzymes are involved
in the prevention and limitation of oxidative stress
(0S) [18, 19]. Glutathione homeostasis in the cell is
supported by the coordinated action of glutathione
peroxidase (GPO) and glutathione reductase (GR).
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At the same time, GPO uses GSH as a cosubstrate
to restore the excess of hydroperoxides and lipid
peroxides. The main regulatory function of GR is to
convert oxidized glutathione into its reduced form
in order to maintain the redox potential of the cell
and use it in enzymatic reactions. For the diagnosis
of FA deficiency, the World Health Organization has
identified biomarkers — the concentration of folate
in erythrocytes, the concentration of folate and ho-
mocysteine in serum / plasma, which can be used for
therapeutic drug monitoring when prescribing folic
acid. Excessive consumption of FA and an increase
in its concentration in the blood increases the risks
of the epigenetic effects of this vitamin. The study
of the causes of folate deficiency, the development
of biomarkers of folate status is important for thera-
peutic monitoring when using FA for the prevention
of CVD. In connection with the known pathogenetic
role of Hcy, deficiency of FA and OS, the goal was
to assess the relationship between the status of FA
and the presence of HHcy with the enzymes of glu-
tathione metabolism and the redox state of glutathione
in erythrocytes in hypertension.

Materials and methods

We used blood samples from 43 patients with
HTN (Table 1) who were hospitalized in the clinics
of Pavlov University. The study did not include pa-
tients with megaloblastic anemia, decreased vitamin
B 12 levels and laboratory signs of iron deficiency.
The comparison group consisted of blood samples
from 32 donors of similar age without hypertension,
signs of inflammation and chronic diseases in histo-
ry. In all cases, there was informed consent of the
subjects to anonymous use of the data obtained, and
the study protocol was approved by the ethics com-
mittee of Pavlov University. The study material was
blood taken from the cubital vein with heparin as an
anticoagulant.

The blood was centrifuged for 15 min at 580 g.
Erythrocytes were washed twice with cold saline,
frozen, and stored in a freezer at —82 °C until analy-
sis. In 10 % hemolysates, the activity of the enzymes
GPO, GR and the concentration of GSH were deter-
mined [20] and calculated per gram of hemoglobin.
The hemoglobin concentration in 10 % hemolysate
was measured by the hemoglobin cyanide method
using reagent kits from Sintacon (Russia). The redox
potential of erythrocytes was assessed by the level of
GSH and GR activity. To determine the concentration
of tHey in plasma, we used the method of liquid chro-
matography, which we described earlier [7, 21]. The
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Table 1
CLINICAL CHARACTERISTICS OF THE SUBJECTS INCLUDED IN THE STUDY
Parameters® Hypertensive patients Comparison group,
reference range

Number of subjects 43 32
men / women 11/32 12/20
Age, year 61 (45-70) 55 (42-58)
SBP, mmHg 130 (125-150) 100-130
DBP, mmHg 80 (80-90) <80
Antihypertensive therapy yes no
Total cholesterol, mmol/L 4.9 (4.1-5.78) 3.5-5.5
Obesity | degree 11% HET
Obesity 2 degree 4.6% HET
Plasma glucose, mmol/L 5.2 (4.7-6.0) 3.9-6.1
DM/IGT 6/3 HeT
Creatinine, umol/L, men 0.104 (0.076—-0.135) 0.053-0.106
Creatinine, umol/L, women 0.073 (0.058-0.109) 0.044-0.097
Glomerular filtration rate, ml/min 89 (25-98) >90
Plasma Urea, mM 6.35 (4.4-11.8) 2.9-7.5
Total protein, g/L 69 (65-73) 65-85
ALAT, U/L 16 (11-20) Jo 40
ASAT, U/L 18 (15-21) Ho 42
Fibrinogen, g/l 3.2(2.74.3) 1.8-3.5
Erythrocytes, x1012 /1 4.2 (3.6-4.7) (4.1-5.1)
Hemoglobin, g/l 124.5 (113.2-134.8) 132-164
Color index 0.89 (0.81-0.94) 0.85-1.05
Vitamin B12, pmol/L 285 (177-409) 133-679
tHcey, umol/L 12.6 (8.0-19.0) 8.1 (6.5-10.9)
FA, nmol/L 13.8 (10.6-18.3) >13.4

Note: * median IQR; SBP — systolic blood pressure; DBP — diastolic blood pressure; DM — diabetes mellitus; IGT — impaired
glucose tolerance; ALAT — alanine aminotransferase; AST — aspartate aminotransferase; tHcy — total homocysteine; FA— folic acid.

Table 2

GLUTATHIONE METABOLISM PARAMETERS IN PATIENTS WITH ARTERIAL HYPERTENSION
WITH NORMAL (SUBGROUP 1) AND LOWERED (SUBGROUP 2) FOLIC ACID LEVELS

Comparison srou Subgroup of Subgroup of
Parameters p(N -3 2)g P Patients htn without hhcy patients htn with hhcy
N=19) (N=24)
1.3 (0.9-2.1)
GSH, uM/g Hb. 3.3(2.4-3.8) 11(21340%56) p*=10.001
pr = p** =0.018
0.8 (0.5-1.1)
GR, U/g Hb 1.57 (1.23-2.06) 12*(33520?) p*=0.001
pr = p = 0.002%*
. 6.2 (4.8-9.1) 7.3 (6.3-9.3)
GPO, U/g Hb 15.05 (10.9-18.33) p* = 0.001 p* = 0.001
tHcy, pumol/L 8.1 (6.5-10.9) 9.75 (7.03-13.95) 13.9 (9.55-22.85)
FA (nmol/L) >13.4 22.45 (16.95-34.75) 11.7 (9.75-13.55)
Vitamin B12 (pmol/L) 133-679 293 (186-410) 138 (198—416)

Note: GSH — reduced glutathione; GR — glutathione reductase; GPO — glutathione peroxidase; tHcy — total homocysteine;
FA — folic acid; P * — the level of statistical significance of differences when comparing the parameters of the subgroup with
the comparison group; P ** — the level of statistical significance of differences when comparing the parameters of subgroups
with each other.
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Figure 1. Effect of folate deficiency
in the activity of glutathione reductase
in patients with arterial hypertension
in the absence of hyperhomocysteinemia
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Note: FA-def — subgroup of hypertensive patients with
folic acid deficiency; FA-norm — subgroup of hypertensive
patients with normal level of plasma folic acid * — statistically
significant differences (P = 0.02) of glutathione reductase activity
when comparing hypertensive patients with and without folic
acid deficiency; ~ — statistically significant differences (P =
0.001) in the activity of glutathione reductase between patients
with arterial hypertension with a deficiency of folic acid and the
comparison group.

concentration of glucose, creatinine, transaminases
and C-reactive protein, vitamin B 12 was determined
using standard Roche kits for the Cobas Integra bio-
chemical analyzer. Determination of total cholesterol
concentration was performed using reagents from
Abbott Clinical Chemistry. The concentration of FA
in blood plasma was determined by the method of
competitive immunochemiluminescence analysis on
an Access 2 Immunoassay System (Beckman Coulter
Inc., USA) enzyme immunoassay analyzer, which
makes it possible to assess the total level of folates,
including folic acid of exogenous origin and its en-
dogenous active form 5- MTHF. In the presentation
of the data, the term FA refers to the total folate lev-
el. Statistical analysis of the data obtained was car-
ried out using the SPSS21.0 for Windows software.
The results were presented as the median and inter-
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quartile range Me (Q1-Q3). To test the hypothesis
about the difference between the samples, we used
nonparametric tests: in the case of two independent
samples, Mann-Whitney, and for three independent
samples, Kruskal-Wallace. At p <0.05, the differenc-
es between the samples were considered significant.
To assess correlations, Spearman’s rank correlation
coefficient was used.

Results and discussion

Studies have shown that in the general group of
hypertensive patients, shifts in the metabolism of GSH
in erythrocytes were expressed in a decrease in the
concentration of GSH and a decrease in the activity
of GPO and GR, both with normal and decreased
levels of FA in the blood (Table 2), which indicates
inhibition of the glutathione system specific to the
OS. Depletion of the GSH resource can be explained
by a decrease in the GR activity, which is confirmed
by the positive correlation between the GR activity
and the GSH concentration (R = 0.559; p = 0.001),
revealed in the erythrocytes of hypertensive patients.
The literature contains contradictory data on changes
in the activity of the enzyme system of glutathione
in hypertension. We observed both a decrease in the
activity of GR and GPO [22, 23] and an increase in
their activity during treatment with antihypertensive
drugs [18, 24]. The decrease in the activity of these
enzymes in hypertension was explained either by
impaired expression or inactivation under OS [22].
Using the reference values of the concentration of
FA in blood plasma indicated by the manufacturer of
the test system, we divided the general group of pa-
tients with hypertension into subgroup 1 with normal
(>13.4 nM) and subgroup 2 with reduced (<13.4 nM)
values. In the general group, GR activity positive-
ly correlated with the FA concentration (R = 0.415;
p=0.001). In subgroup 2 with a reduced level of FA,
the GR activity was lower than in subgroup 1 (Ta-
ble 2). The GSH level was also lower in subgroup
2 with FA deficiency, and these subgroups did not
differ in the activity of GPO. Based on the data ob-
tained, in 75 % of donors the level of tHcy did not
exceed 10.9 uM, so we took it as the upper limit of
the reference interval of the control group for deter-
mining the presence of HHcy. According to the data
(Table 3), the values of the GSH level and GR ac-
tivity in the subgroup of hypertensive patients with
the presence of HHcy were lower than the values
of these indicators in the subgroup without HHcy.
Under physiological conditions, Hcy through the
transsulfuration pathway through the intermediate
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cystathionine is converted into the direct precursor
of glutathione L-cysteine, which serves as an addi-
tional source for the synthesis of GSH. According to
various estimates, approximately half of the intra-
cellular pool of GSH in human liver cells originates
from the Hcy-dependent transsulfuration pathway,
which can be considered as an adaptive response to
OS, leading to an increase in the rate of GSH syn-
thesis in cells [27]. However, chronic OS can block
this path from working. Contrary to expectations, an
increase in tHcy concentration does not lead to an in-
crease in GSH level, but to an even greater decrease
due to oxidative modification of enzymes [27]. Glu-
tathione-dependent GPO is inhibited by micromolar
Hcy concentrations, both in vitro [28] and in vivo at
the level of protein-enzyme translation [29]. Figure
1 shows that, despite the absence of HHcy, the GR
activity was lower in hypertensive patients with FA
deficiency than in hypertensive patients without de-
ficiency. In the same group of hypertensive patients
without HHcy, a positive correlation was found be-
tween GR and FA of moderate strength (R = 0.564;
p =0.03). This fact testifies to the special role of GR
in the situation of FA deficiency in hypertension. The
interrelation of FA, Hcy and glutathione metabolism
was demonstrated when high doses of 5-MTHF (15
mg / day) were administered to patients with CVD
and HHcy [30]. A decrease in tHey levels was accom-
panied by an increase in AOA, by a decrease in the
proportion of the oxidized form of glutathione and
an increase in the concentration of GSH in the blood,

which indicates the action of FA as a regulator of the
redox potential of a cell associated with glutathione
metabolism. The effect of FA may depend on both
a decrease in its consumption and a decrease in the
activity of the enzyme MTHFR, which is also asso-
ciated with the levels of cobalamin and tHcy. Since
5-MTHEF is sensitive to oxidation, oxidative degra-
dation can become significant under environmental
conditions. Thus, superoxide anion radicals cause the
breakdown of folates [31], and increased catabolism
of FA can lead to the development of a deficiency and
an increase in the need for folates, despite adequate
dietary intake. In general, the revealed decreased GR
activity and decreased GSH level confirm the con-
nection between impaired glutathione metabolism
and the pathogenesis of hypertension. Many studies
have shown the connection between hypertension
and impaired glutathione metabolism [15—18]. It has
been shown that in mononuclear cells of hyperten-
sive patients, the level of GSH and the activity of the
enzymes GR and GPO decrease [23]. A decrease in
the activity of antioxidant enzymes in hypertension
is explained by a decrease in the expression or in-
activation of enzymes under conditions of OS [32].
Antihypertensive treatment reduces OS [33] and leads
to an increase in GSH levels and a decrease in oxi-
dized glutathione, as well as to a significant increase
in the activity of enzymes involved in glutathione
metabolism [18, 34]. Glutathione metabolism, defi-
ciency of FA, HHcy, and DNA methylation are met-
abolically linked through one-carbon exchange and

Table 3
PARAMETERS OF GLUTATHIONE METABOLISM IN PATIENTS
WITH HYPERTENSION WITH FOLIC ACID DEFICIENCY DEPENDING
ON THE PRESENCE OF HYPERHOMOCYSTEINEMIA
Comparison group (?fu ;’agtzz:llfs Subgroup
Parameter (N=32) htn without hhey of patlent(; h:n9;v1th hhcy
(N=10)
1.5 (1.0-2.2)
GSH, uM/g Hb 3.3(2.4-3.8) 1.9 (1.4-5.4) p*=10.001
p**=0.039
0.9 (0.6-1.1)
GR, U/g Hb 1.57 (1.23-2.06) 1.3 (0.83-2.0) p*=10.001
p** =0.002
GPO, U/g Hb 15.1 (10.9-18.3) 6.5 (5.8-8.9) 7.4(5.5-9.2)
tHcy, umol/L 8.1 (6.5-10.9) 7.5 (6.4-8.6) 14.9 (13.1-24.9)
FA (nmol/L) >13.4 15.1 (12.4-21.8) 13.2 (9.9-16.9)

Note: P * is the level of statistical significance of differences when comparing subgroup indicators with control; P ** is the level
of statistical significance of differences when comparing subgroup indicators with each other
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Figure 2. Metabolic pathways linking folic acid, homocysteine and glutathione [35]
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transsulfuration (Fig. 2). Enzymes involved in DNA
methylation, including DNA methyltransferases, can
exhibit altered activity under conditions of insuffi-
cient glutathione cell defense system. In vitro studies
show that depletion of GSH in cells leads to global
DNA hypomethylation, possibly due to depletion of
S-adenosylmethionine [35]. The interrelation between
the GSH level and GR activity and FA deficiency
revealed in our study indicates the involvement of
glutathione in the development of functional folate
deficiency in hypertension. Therefore, in patients
with hypertension, it is recommended to monitor the
parameters of glutathione metabolism and use FA in
complex therapy in case of its functional deficiency.
The feasibility of using FA in hypertension has been
convincingly shown in a study among adults with
hypertension in China, who did not have a histo-
ry of stroke or myocardial infarction, and the com-
bined use of enalapril and folic acid compared with
enalapril alone significantly reduced the risk of first
stroke and myocardial infarction [36]. These results
are consistent with the benefits of folate use among
hypertensive patients and low baseline folate levels
[37] The question of whether FA supplementation
should be recommended for secondary prevention
of cardiovascular disease remains open. A search for
new markers of latent functional FA deficiency and
additional data from large-scale randomized trials
are required.
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Conclusion

The suppression of the glutathione-dependent
system of erythrocytes is associated with a decrease
in the level of GSH, the activity of GPO and GR in
hypertension. Deficiency of FA and HHcy promote a
shift in the redox potential of erythrocyte glutathione
due to a decrease in its reduced form and a decrease in
the activity of GR. Moreover, even a slight deficiency
of folate increases the lack of GR activity, regardless
of the level of tHey. The parameter of GR activity in
erythrocytes can be considered as a possible factor
of functional FA deficiency in the absence of HHcy.
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