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Arteridlni hypertenze (HT) je kliovy rizikovy faktor a velmi rozsitené chronické onemocnéni, které partici-
puje na rozvoji fady kardidlnich a nekardialnich chorob. Proto je HT jednou z dudlezitych pficin morbidity,
invalidity a mortality. Etiologie HT je multifaktoridlni. Oxidacni stres se zda byt v etiologii HT a ostatnich
kardiovaskularnich onemocnéni (KVO) hlavni hnaci silou. Nové je v otazce oxidacniho stresu a v genezi KVO
diskutovana role poskozeni DNA s vyhledem na nové terapeutické cile. Ve svétle soucasnych doporucenych
postupl s definovanou mezerou v dikazech je cilem tohoto sdéleni predlozit ucelenou formu studii, které
se zabyvaji vyznamnym poskozenim DNA u HT - od bunécnych kultur k redlnym pacientiim.
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ABSTRACT

Arterial hypertension (HT) is a key risk factor and a widespread chronic disease that contributes to the de-
velopment of a number of cardiac and non-cardiac diseases. Therefore, HT is one of the important causes of
morbidity, disability, and mortality. The aetiology of HT is multifactorial. Oxidative stress appears to be the
main driver in the aetiology of HT and other cardiovascular diseases (CVD). The role of DNA damage is newly
discussed in the context of oxidative stress and in the genesis of CVD with a view to new therapeutic targets.
Regarding current guidelines with defined gaps in the evidence, the aim of this paper was to present a com-
prehensive form of studies on significant types of DNA damage in HT - from cell cultures to real patients.
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Introduction

Systemic hypertension (HT) is the most important modifi-
able cardiovascular (CV) risk factor."? Simultaneously, HT
represents a widespread chronic disease affecting 30% of
adults."? About 90% of HT patients have essential/primary
HT, where the exact cause remains unknown.' HT media-
tes through metabolic, functional and structural changes
cardiac and non-cardiac organ damages and further dis-
eases based on atherosclerotic or non-atherosclerotic le-
sions.? Therefore, HT is one of the main causes of morbi-
dity, disability and mortality."? Early detection, targeted
lifestyle modifications, and adherence to antihyperten-
sive pharmacotherapy can prevent organ complications
and repair damaged organs by reverse remodelling prin-
ciples.'?

The aetiology of HT is multifactorial with complex
interactions."? Exogenous (smoking) and endogenous
factors (dyslipidaemia, hyperglycaemia, genetic poly-
morphisms, epigenetic and posttranslational modifica-
tions of antioxidant substances) cause a deviation of
the physiological homeostasis of redox reactions in
the body with an increase in oxidants (reactive oxygen
species [ROS],....)."2 This imbalance between oxidants
and antioxidants is known as oxidative stress.> Oxida-
tive stress with its complex consequences (profibrotic,
pro-inflammatory, proliferative) seems to be the basic
driving force in the aetiology of vasculopathy, hyper-
tension, and other cardiovascular diseases (CVD). This
vasculopathy is characterised with endothelial dysfunc-
tion, remodelling of the vascular wall (stiffness, hyper-
trophy, fibrosis, inflammation, greater intima media
thickness, atherosclerosis) and geometric rearrange-
ment of vascular networks."* Thanks to research advan-
tages on subcellular levels, the role of DNA damage is
newly discussed in the context of oxidative stress and
in the genesis of CVD.*¢* DNA damage repair (DDR) sub-
stances (e.g. poly-ADP ribose polymerase [PARP]) repre-
sent a promising therapeutic target in the innovation
of causal pharmacotherapy of HT and other CVD.*®

In the light of the current guidelines, the aim of this
paper was to try at least partially to reduce defined gaps
in the evidence regarding the HT drivers." Thus this paper
provides a systematic schedule of existing results on sig-
nificant forms of DNA damage in various models of HT
(from cell lines to real human patients). The main atten-
tion was focused on strictly experimental laboratory con-
ditions to eliminate potential confounders. The purpose
was to confirm or refute relatively consistent results from
human studies (the elevation of DNA damage in HT), where
the interpretation may be altered by complexity of the real
human organism with many potential confounders.”

Methods

The methods, including the electronic scientific databa-
ses, the study period, keywords, inclusion and exclusion
criteria, study selection diagram, were described earlier.”
The novelty and the aim of this work is to summarise stu-
dies performed under strictly experimental laboratory

conditions (cell and animal models). The results are inten-
ded to support the data obtained by analogous research
of human studies that were presented earlier.” With the
effort to present a comprehensive summary of studies
from cell cultures to real human patients, we also present
a very reduced list of relevant human studies with refe-
rences to the previous source.”

The work is intended for clinicians. For this reason,
and due to the absence of relevant data, correlation and
meta-analysis have now been omitted from the methods.
Only relevant, controlled, prospective studies conducted
in accordance with ethical principles were included in the
study. The study is based on the significant damage of nu-
clear (not mitochondrial) DNA. In the order from milder
forms to the most severe forms of DNA damages, these
are 1) oxidized DNA base (8-hydroxy-2 -deoxyguanosine
[BOHdG]), 2) single-strand breaks (SSBs), detectable
by comet assay in alkaline conditions, 3) double strand
breaks (DSBs), represented by phosphorylated histone
gammaH2AX (yH2AX).”

A number of studies and other parameters are marked
using “N”. Data are expressed as mean =+ standard deviation
(SD) or median (minimum; maximum). Statistically signifi-
cant differences are defined by the p-value (p < 0.05).

Results

Studies

The total number of studies were found (N = 79526), the
followings matched the inclusion and the exclusion cri-
teria (N = 33): cell cultures (N = 3 studies) (Table 1),3'°
animal models (N = 15 studies) (Table 2),"-%2 human stu-
dies (N = 15) (Table 3).” Human studies have been analy-
sed and presented in details previously, so they are listed
here only in basic outlines with the appropriate referen-
ces (Table 3).”

Probands

In the context of cell cultures, the number of cells re-
presents the irrelevant information (Table 1). In the ani-
mal models, there were enrolled (N = 140), respectively
(N = 86), HT individuals after subtracting possible du-
plicates (N = 54).13-1517.19.2223 The approximate mean and
median age of animal HT individuals was 18.5 + 15.2;
16 (6-72), respectively 22.3 = 19.0; 16.5 (8-72) weeks
after subtracting of possible duplicates. The number of
animal normotensive controls was (N = 126), respecti-
vely (N = 74), after subtracting possible duplicates (N =
52)13-1517.19.22.23 (Table 2). In human studies, there were (N
= 843) HT adult patients, when subjects with “white coat
hypertension” were subtracted (Table 3).” The average
age was of 57.8 £ 6.9 years. In human studies, there were
(N=587) normotensive adult controls (Table 3).”

Elevated DNA damages in HT

In all of the enrolled studies, with the exception of 2 stu-
dies (Toljic M, 2017 and Kotani K, 2014)’ (Table 3), the
higher level of DNA damage was demonstrated in HT
subjects, when comparing with the normotensive contro-
Is (o < 0.05) (Tables 1-3).7-2
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508 Hypertension and DNA damage — from cells to patients
Authors, year®et Hypertonic cells (HT) Healthy cell DNA damage type/method Comparison using DNA
controls (C) source, units damage level, p < 0.05

80HdG/IF

Schmid U, 20088 Yes Yes Cells, DNA in tail (%) C<HT
SSBs/COMET ASSAY

Schmid U, 20088 Yes Yes Cells, DNA in tail (%) C<HT

Queisser N, 2011° Yes Yes Cells, DNA in tail (%) C<HT
DSBsy/H2AX/flow cytometry

Schmid U, 2008? Yes Yes Cells, fold C<HT

Balhorn R, 2020 Yes Yes Cells, normalized ratio C<HT

80HdG - 8-hydroxyl-2"-deoxyguanosine; yH2AX — gammaH2AX, phosphorylated histone H2AX; DNA - deoxyribonucleic acid; DSBs — double
strand breaks; HT - arterial hypertension; IF — immunofluorescence; Ref. - reference; SSBs - single strand breaks.
Statistically significant when p-value < 0.05.

Table 2 - Oxidative DNA damage - hypertonic animals

Authors, year®" Hypertonics (HT) Healthy controls (C) DNA damage type/method Comparison using DNA
N (age; weeks) N (matched) source, units damage level, p < 0.05

8OHdG/ELISA

Negishi H, 1999™ 15 (14-18) 9 Urine, ng.kg! per day C<HT

Negishi H, 2000 5(14) 5 Urine, ng.mg™.creatinine™ C<HT

Queisser N, 2013% 8(8) 5 Kidney, positive cells (%) C<HT
80HdG/MS

Schupp N, 2011 7 (8) 6 Kidney, LC-MS/MS, 106 dG C<HT

Brand S, 2013 6 (17) 7 Urine, ng.20h"! C<HT
SSBs/COMET ASSAY

Schupp N, 2011 7 (8) 6 Kidney, DNA in tail (%) C<HT

Queisser N, 20133 8 (13) 5 Kidney, mean tail DNA (%) C<HT

Dias AT, 2014'® 10 (14) 8 Kidney, DNA in tail (%), tail moment  C<HT
(A.U.)

Zimnol A, 2017" 6(19) 8 Kidney, DNA in tail (%) C<HT

Saheera S, 2017 3 (48-72) 3 Heart, tail moment C<HT

Zimnol A, 2020 6 (18-22) 5 Kidney, DNA in tail (%) C<HT

Bruic M, 20212 8 (24) 8 Blood, liver, heart, kidney, A.U. C<HT
DSBs/yH2AX/FLOW CYTOMETRY

Baban B, 2013%2! 5 (NA) 4 Heart, positive cells C<HT
DSBs/yH2AX/IF/IHCH

Schupp N, 2011 7(8) 6 Kidney, positive cells (%) C<HT

Brand S, 2013" 6(17) 8 Heart, kidney, positive cells C<HT

Queisser N, 2013" 8(13) 5 Kidney, positive cells (%) C<HT

Brand S, 2014% 6(17) 7 Heart, kidney, positive nuclei.mm C<HT

Queisser N, 2014% 8 (6-7) 8 Liver, positive nuclei (%) C<HT

Zimnol A, 2017 6 (19) 8 Kidney, positive cells C<HT

Zimnol A, 2020 5(18-22) 5 Kidney, positive cells C<HT

80HdG - 8-hydroxyl-2"-deoxyguanosine; yH2AX - gammaH2AX, phosphorylated histone H2AX; A.U. - arbitrary unit; DNA - deoxyribo-
nucleic acid; DSBs — double strand breaks; ELISA — enzyme-linked immuno sorbent assay; HT - arterial hypertension; IF - immunofluorescen-
ce; IHCH - imunohistochemically; LC-MS/MS - liquid chromatography-mass spectrometry-mass spectrometry; Ly — lymphocytes; mean tail
DNA - percentage of fluorescence intensity in the tail region; MS — mass spectrometry; PBC - peripheral blood cell; Ref. - reference; SSBs
—single strand breaks. Statistically significant when p-value < 0.05.
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Table 3 - Oxidative DNA damage - hypertonic humans’
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Authors, year Hypertonics (HT) Healthy controls (C) DNA damage type/method Comparison using DNA
N (age; years) N (matched) source, units damage level, p < 0.05
80HdG/ELISA
Lee J, 2005 38 (54.0 + 12.0) 22 Plasma, ng.ml" C<HT
Toljic M, 2017 21 (32.0; 23.0-38.0) 28 Plasma, nM C=HT
Zhao Y, 2020 63(72.1+7.9) 84 Serum, ng.ml"! C<HT
Negishi H, 2000 38(52.0 £ 0.5) 22 Urine, ng.mg' creatinine”  C<HT
Negishi H, 2001 8(52.0 £0.7) 22 Urine, ng.mg' creatinine’  C<HT
Subash P, 2010 105 (45.0 = 9.0) 75 Urine, ng.mg' creatinine’  C<HT
Kotani K, 2014 45 (62.0 + 9.0) 31 Urine, ng.mg” creatinine’  C=HT
Yavuzer S, 2016 30 (72.6 £8.7) 30 Urine, ng.mg' creatinine”  C<HT
Yavuzer S, 2016 30 (43.6 £3.9) 30 Urine, ng.mg' creatinine’  C<HT
Yildirim E, 2017 40 (44.4 +3.9) 40 Urine, ng.mg” creatinine’  C<HT
SSBs/COMET ASSAY
Gur M, 2007 84 (50.0 + 6.0) 24 PBCs/Ly/, A.U. C<HT
Yildiz A, 2008 21 (45.0 +7.0) 19 PBCs/Ly/, A.U. C<HT
Subash P, 2010 80 (50.0 £ 9.0) 50 PBCs/Ly/, A.U. C<HT
GUr M, 2013 64 (47.9+7.0) 20 PBCs/Ly/, A.U. C<HT
Saiedullah M, 2013 46 (41.0£5.0) 40 PBCs/Ly/, A.U. C<HT
Subash P, 2016 100 (45.0 = 12.0) 50 PBCs/Ly/, A.U. C<HT
DSBs/yH2AX
NA NA NA NA NA

80HdG - 8-hydroxyl-2’-deoxyguanosine; YH2AX - gammaH2AX, phosphorylated histone H2AX; A.U. - arbitrary unit; DNA - deoxyribo-
nucleic acid; DSBs — double strand breaks; ELISA — enzyme-linked immuno sorbent assay; HT - arterial hypertension; Ly - lymphocytes; NA
- not available; PBC - peripheral blood cell; ref. - reference; SSBs - single strand breaks; data are expressed as mean + standard deviation

(mean = SD). Statistically significant when p-value < 0.05.

DNA damage types

With the exception of human studies, which tested only
80HAG and SSBs (Table 3),” the other studies (cell and
animal models) evaluated all three types of DNA damage
(8OHdG, SSBs, DSBs) (Tables 1, 2).5-2

HT types

In cell cultures, the HT model was induced humorally
using angiotensin Il (Ang II)® or aldosterone (Ald)*'° (Ta-
ble 1). In animal studies, various types of HT models were
used. Genetically determined (spontaneously hyperten-
sive rats [SHRs]),'>'31%2" humorally induced (Ang Il,'>17:19:22
Ald,">% deoxycorticosterone acetate [DOCA]™), using vo-
lume overload-induction,?? surgically induced (2-kidney
1-clip [2K1C], or aortic banding)'® and using diet-induc-
tion (natrium chloride [NaCl])'?* (Table 2). In human stu-
dies, two types of HT were assessed — essential and gesta-
tional (Table 3).”

DNA damage - biological materials (source)

A) Cells. DNA damage was evaluated in cell cultures
(Table 1), but also in animal models (80OHdG, kid-
neys), (DNA breaks [SSBs and DSBs] in kidneys, heart,
and liver) (Table 2). Human studies have evaluated

only SSBs in peripheral blood cells (lymphocytes)
(Table 3).7

B) Body fluids. In animals, only Bruic 2021 (Table 2)
evaluated SSBs in blood, others evaluated 80OHdG in
urine (Table 2). Human studies evaluated 80OHdG in
plasma, serum and urine (Table 3).’

Discussion

Main findings

To the best of our knowledge, this review for the first
time summarized studies performed under strictly expe-
rimental laboratory conditions (cell and animal models).
Summarized experimental data free from confounders
consistently confirmed results known from previous re-
view on human studies that DNA damages are elevated in
HT when comparing controls.” With the aim to create the
complete schedule of existing results on significant forms
of DNA damages in HT from cell cultures to real patients
according to clear selection criteria,” relevant human stu-
dies are briefly reminded in this paper too. Authors be-
lieve based on this paper with experimental results that
questions in the interpretation are resolved.
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Practical view

From a practical point of view, the most important results
are those, which are easily feasible, accessible, reproduci-
ble and ethical. Such requirements are met by analysis of
DSBs in peripheral blood lymphocytes.

From our point of view, circulating nuclear cells taken
from peripheral venous blood (lymphocytes), which reflect
the current “steady state” of the whole organism, ap-
pear to be the optimal biological material for testing DNA
breaks in HT. For practical reasons, we also consider the
detection of the most severe forms of DNA damage (DSBs)
which is optimal against less serious forms (80OHdG, SSBs).

Unfortunately, this combination (DSBs in peripheral
lymphocytes) does not appear in the included HT studies
either in humans or in animals.

From the available results, we consider the most im-
portant finding available from human studies to be the
detection of elevation of SSBs in peripheral blood lym-
phocytes (N = 395 HT individuals; N = 203 normotensive
controls). A similar value represents Bruice 2021 study
with animals.?®

Suitability of biological materials and DNA damage
biomarkers

From selected types of DNA damages, the 80OHdG repre-
sents the least severe, less specific and more common
type. Therefore, from our point of view, 80OHdG is a less
suitable biomarker for the clinical practice. DNA damage
analysis in urine can be burdened by the unattractive
urine collection. The analysis of damaged DNA directly
from blood, serum, urine represents the extracellular spa-
ce analysis, which is of no value for therapeutic conse-
quences, because the cell has already died and irreversi-
bly disintegrated with DNA leakage into the extracellular
space. Analysis of damaged DNA from cell tissues (heart,
liver, kidneys) seems to be clinically less suitable in the
context of HT, because it requires a greater invasive in-
tervention. Therefore, the peripheral blood cell sampling
seems to be the best.

The exception from studies

In the presented studies, only two studies demonstrated
no significant DNA damage difference between HT in-
dividuals and controls. Both were human studies (Toljic,
2017 and Kotani, 2014).” There may be several reasons. In
both cases, there was treated HT, not untreated. The ex-
planation could lie in the achieving of the optimal blood
pressure control in HT individuals. Another explanation
could lie in the size of the cohort. In the case of Toljic, it
was a relatively small cohort (21 HT individuals), which
might not be sufficient to detect a statistically significant
80HdG difference.” On the other hand, in a similarly small
cohort (N = 21 HT individuals), Yildiz 2008 recorded a sig-
nificant increase in SSBs in HT patients.” However, Yildi-
z's cohort consisted of untreated HT subjects.’

Another explanation, at least in the case of Toljic,
may lie in a gender.” Toljic included only premenopausal
women and evaluated gestational HT.” From the avail-
able data, we know that women of childbearing age are
relatively protected against oxidative stress, which cre-
ates sexual dimorphism. Furthermore, clinical and pre-
clinical data have shown higher values of oxidative stress

506_511_Puvodni_sdeleni_Hazukova_arterialni.indd 510

biomarkers (O,, H,0,) in men/males than in women/fe-
males.?*?¢ [n animal studies, it has been shown that males
respond to antioxidants (tempol, apocynin) by lowering
blood pressure, females do not.?*2¢ This sexual dimor-
phism is probably due to increased activation of pro-ox-
idative Nox systems in males and increased antioxidant
capacity in females.?’2

It has been shown that estradiol reduces the expres-
sion and activity of Nox and increases the expression of
antioxidant enzymes (superoxide dismutase [SOD] and
glutathione peroxidase).?® In premenopausal females,
oxidative stress is blunted by increased activation of anti-
oxidant systems and down-regulation of prooxidant sys-
tems.?7-2°

The explanation related to Kotani 2014 study may lie
in the coincidence of diabetes mellitus (DM) in both the
tested subjects and the control group.”

The important finding is that increased level of DNA
damage was evidenced in all models of heterogeneously
induced HT — with the exception of both the gestational
HT and HT in diabetics when comparing normotensive
diabetic controls.”-2*

The presented findings bring a new perspective on the
issue of oxidative stress and the genesis of HT and CVD.
DNA damages represent a deeper subcellular level when
comparing the standard concept of oxidative stress on
cellular level with inflammatory, proliferative, and profi-
brotic cells and substances.

Conclusion

This paper on studies conducted under strictly laboratory
experimental conditions for the first time confirmed fin-
dings from the complex human organism.” HT is associa-
ted with increased levels of DNA damage.” The results are
completely consistent.” These findings may be the inno-
vation in the understanding of the HT genesis as well as
other CV disease genesis. This paper may partially reduce
the gaps in the evidence.' The findings may support the
innovation in the causal CV disease pharmacotherapy tar-
geted on DDR substances (e.g. PARP).*®
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