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Levels of endothelial substances in patients with newly identified hypertension 
compared with healthy controls

Vladislav Biela, Jan Novaka,b, Veronika Rimalovac, Marie Tomandlovad, Josef Tomandld, Jiri Spaca, Miroslav Souceka

Introduction. Endothelial dysfunction occurs at the very beginning of hypertension. The primary goal of our study 
was to determine plasmatic levels of multiple endothelial substances in otherwise healthy patients with primary hy-
pertension and compare them to healthy individuals. Secondary goals were to determine the change in NOx levels 
after initiation of treatment and to compare the NOx levels in patients with established resistant hypertension.
Materials and Methods. 87 consecutive patients were enrolled. In the exploratory cohort of 22 healthy and 28 hy-
pertensive individuals, plasmatic levels of big endotelin-1, asymmetric dimethylarginin, osteopontin, oxidized LDL, 
3-nitro-L-tyrosine, growth/differentiation factor 15, intercellular adhesion molecule, vascular cell adhesion molecule, 
tumor necrosis factor-α, vascular endothelial growth factor, interleukins -1β, -6 and nitric oxide levels (NO, expressed 
as NOx) were determined. The remaining 27 individuals were used as a validation cohort. Ten patients with established 
resistant hypertension were enrolled from our Hypertension Clinic. 
Results. There was a statistically significant difference in NOx levels between healthy controls and hypertensive pa-
tients/resistant hypertensive patients: 45.164 µmol/L ± 48.627 vs 17.763 µmol/L ± 10.333 (P=0.00004)/14.36 µmol/L 
± 7.194 (P=0.00007). 
Conclusion. We identified a decrease in total NOx plasmatic levels in otherwise healthy patients with primary hyperten-
sion that was more profound in patients with resistant hypertension. Plasmatic levels of other determined endothelial 
substances did not differ among the groups. However, due to the significant variability of plasmatic NOx levels even 
in healthy controls and many factors that affect it, we cannot recommend it to be used to assess endothelial function 
routinely.
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INTRODUCTION

Arterial hypertension is defined as a repeatedly mea-
sured office systolic ≥140 mmHg and/or diastolic blood 
pressure ≥ 90 mmHg (ref.1). Arterial hypertension is con-
sidered a major preventable cause of other cardiovascular 
diseases and blood pressure (BP) lowering has repeatedly 
been shown in multiple randomized controlled trials to 
decrease cardiovascular risk1,2. According to the World 
Health Organization data, there were more than one bil-
lion people worldwide (about 22% of the world's popula-
tion) suffering from high BP in 2014 and alarming is that 
arterial hypertension occurrence is increasingly found 
in younger age groups3,4. Despite the significant prog-
ress made in our understanding of arterial hypertension 
pathophysiology, aside from secondary causes of arterial 
hypertension, in more than 90% of all cases of arterial 
hypertension, the primary insult leading to increase in BP 
is still not easily identifiable and even in a single patient, 

arterial hypertension pathophysiology is highly complex 
and multifactorial1,5.

One of the factors contributing to the maintenance 
of BP is the proper function of the endothelium and ac-
cordingly, endothelial dysfunction (ED) is one of the 
factors contributing to BP increase5. ED, as a term, is 
generally used to describe the imbalance among the relax-
ing and constricting factors produced by the endothelium. 
However, the endothelium also has other functions as it 
modulates the function of thrombocytes and leukocytes 
by producing a range of cytokines and interleukins (thus 
affecting inflammation and blood clotting), and it affects 
angiogenesis, reactive oxygen species and LDL oxidation. 
Moreover, other extrinsic factors that are also hyperten-
sion-related risk factors, such as obesity, smoking and 
diabetes mellitus, are known to lead to ED, which makes 
it further challenging to distinguish ED caused either by 
hypertension itself or its risk factors5. 

ED can be determined by several methods. In practice, 



Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 2021 Dec; 165(4):395-401.

396

flow mediated dilation (FMD) is most often used. This is 
based on the change in artery diameter after an episode 
of ischemia. The method has a number of limitations, 
especially complex preparation of subjects with strict 
regimens, relatively low accuracy (small ratio of changes 
in arterial diameter and vascular probe resolution) and 
lack of observational studies with established FMD refer-
ence values for different subpopulations, e.g. age, BMI, 
gender, smoking, etc. (ref.6). Another possible method is 
to determine the plasma levels of endothelial substances. 
Knowing the right biochemical marker would facilitate 
therapeutic intervention at the start of hypertension (i.e. 
still in the phase with normal BP). The main goal of this 
study was to identify an endothelial substance with such 
a biomarker potential. 

METHODS

Subjects
This was a bicentric study. The total of 77 consecu-

tive individuals were sent by their general practitioners 
and were enrolled at the Hypertension Clinic of the 2nd 
Department of Internal Medicine, St. Anne´s University 
Hospital in Brno, Brno, Czech Republic and at the 
Department of Internal Medicine, Boskovice Hospital, 
Boskovice, Czech Republic. The study was approved by 
the Ethics committee of St. Anne´s University hospital 
and the Ethics committee of Boskovice hospital in ac-
cordance with the latest Declaration of Helsinki. Before 
the enrollment, all participants provided written informed 
consent and they completed a questionnaire about their 
lifestyle, especially dietary habits, including alcohol use. 
Inclusion criteria were office BP < 140/90 mmHg for 
the control group and office BP ≥ 140/90mmHg for the 
hypertensive group. The result was confirmed by 24 h 
ambulatory blood pressure monitoring (24-ABPM, device 
IEM Mobil-o-graph, software Socrates I3) to exclude the 
white coat syndrome. Exclusion criteria were: age below 
18 and over 60 years, body mass index above 35 kg/m2, 
positive smoking history, daily intake of fruits and veg-
etables under 200 g each, daily acohol consumption above 
2 drinks (1 drink defined as 8 g of pure alcohol), anam-
nesis or the presence of any treated or untreated internal 
disease (such as ischemic heart disease, myocardial in-
farction, type 2 diabetes mellitus, chronic kidney disease, 
hyperuricemia, dyslipidemia, bronchial asthma, chronic 
obstructive pulmonary disease, hypo- or hyperthyreosis, 
rheumatic arthritis, Crohn´s disease, ulcerative colitis 
etc.) and any previous or currently ongoing malignancies. 
The participants were drug naive. We did not exclude sec-
ondary hypertension for economic reasons, however, all 
the subjects in the hypertension subgroup had to lack 
the general features of secondary hypertension listed in 
the 2018 ESC / ESH Guidelines for the Management of 
Arterial Hypertension (e.g. hypokalemia etc) (ref.7). 

Another 10 patients with estabilished resistant hyper-
tension were enrolled at the Hypertension Clinic of the 2nd 
Department of Internal Medicine, St. Anne´s University 
in Brno, Czech Republic. Resistant hypertension was 

defined as a condition in which, despite treatment with 
triple combinations of antihypertensives including diuret-
ics, BP values below 140/90 mm Hg were not achieved.

Generally, the enrollment was focused on otherwise 
healthy individuals in whom only normal or increased BP 
was identified. All enrolled individuals underwent office 
BP measurement according to the ESC/ESH Guidelines 
for the management of arterial hypertension from 2018 
– briefly: after 10 min at rest, the upper non-dominant 
limb, cuff placed at the level of the heart, the resultant 
value was an average of the second and the third measure-
ment. Based on the obtained BP values, participants were 
divided into healthy controls (22 individuals, including 10 
females), hypertensive subjects (55 individuals, including 
9 females). The third group was enrolled separately and 
consisted of individuals with known resistant hyperten-
sion (n = 10). For the screening purposes (i.e. for the iden-
tification of potential endothelial substances altered in the 
initial phases of hypertension), a group of 22 controls and 
28 hypertensive patients were selected as the exploratory 
cohort. For validation purposes, the rest of the cohort 
were hypertensive patients who served as a validation co-
hort only for those substances that were identified in the 
exploratory cohort.

Blood sampling
In standard routine blood sampling, basic labora-

tory tests were performed in an accredited laboratory. 
The tests included plasma levels of sodium, potassium, 
chloride, ALT, AST, GGT, ALP, urea, creatinine, uric 
acid, thyroid stimulating hormone, total cholesterol, low-
density lipoproteins (LDL), high-density lipoproteins 
(HDL) and triglycerides (sampling was not timed accord-
ing to the phase of the menstrual cycle in the women). 
For the purposes of the study, two more blood collection 
tubes (containing potassium EDTA) were obtained. The 
samples were immediately centrifuged (2000 rpm for 5 
minutes at 4°C). The separated plasma was aliquoted and 
stored subsequently at -70 °C until analysis.

Initiation of antihypertensive treatment
After completion of the initial examination (including 

blood sampling), antihypertensive therapy was initiated 
with a combination of a perindopril and amlodipine. In 
case of adverse reactions to ACE inhibitors (especially dry 
cough), perindopril was replaced by telmisartan.

Echocardiography 
Echocardiography was performed on GE Medical 

Vivid S6. Basic morphological and functional parameters 
were obtained as follows: diameter of the left ventricle in 
systole (LVs) and diastole (LVd), interventricular septum 
thickness (IVS), posterior wall thickness (PW), left atrial 
diameter (LA) and ejection fraction of the left ventricle 
(LV EF). 

ELISA measurement of endothelial substances
Levels of endothelial substances were determined in 

the Department of Biochemistry, Faculty of Medicine, 
Masaryk University, Brno, Czech Republic. Levels of big-
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endothelin-1 (bigET-1, Biomedica, Austria), asymmetric 
dimethyl arginine (ADMA, Cloud-Clone Corp., USA), 
osteopontin (OPN, R&D Systems, USA), oxidized LDL 
(oxLDL, Cusabio, USA), were measured using enzyme-
linked immuno sorbent assays according to manufac-
turer's instructions. Plasma concentrations of growth 
differentiation factor-15 (GDF15) and endothelial adhe-
sion molecules (ICAM, VCAM) were measured using the 
Human Cardiovascular Disease Panel 2 Magnetic Bead 
Kit (EMD Millipore, USA). Plasma concentrations of 
tumor necrosis factor alpha (TNFα), vascular endothelial 
growth factor (VEGF) and two interleukins (specifically 
IL-1β and IL-6) were measured using the Human High 
Sensitivity Cytokine Base Kit A (R&D Systems, USA). 
Plasmatic concentrations of nitric oxide (NO) were de-
termined using colorimetric assay kit based on the Griess 
reaction (R&D Systems, USA) and are expressed it as 

NOx (i.e. sum of NO2
- and NO3

- plasmatic concentra-
tions).

Statistical analysis
The differences between groups were assessed by one-

way ANOVA or by Kruskal-Wallis test, if the normality 
condition was not met. Shapiro-Wilk test was used to test 
normality. Post hoc comparisons were performed using 
Dunn’s test. A value of α equal to or below 0.05 was 
considered statistically significant. Multiplicity correction 
was performed using the Benjamini-Hochberg method. 
To examine correlations among variables, the Pearson 
correlation coefficient was used. Data are expressed as 
means ± standard deviations if the normality condition 
was met, otherwise as the median and interquartile range 
(IQR). Statistical analysis was performed using software 
R (version 3.6.0) and RStudio (version 1.2.1335). 

Table 1. Basic demographic data for the study groups.

  Parameter Control group Hypertension group

Basics No. of individuals 22 55
Age [years]  32.45 ± 7.64  36.61 ± 11.53
BMI [kg/m2]  29.64 ± 5.92  29.02 ± 4.12

Blood pressure BP syst in office  125.00 ± 3.46  155.53 ± 16.37
BP diast in office  79.33 ± 2.52  100.37 ± 14.45
24h ABPM total syst  117.00 ± 7.81  140.81 ± 9.00
24h ABPM total diast  69.33 ± 11.02  86.58 ± 7.90
24h ABPM day syst  120.00 ± 7.81  146.21 ± 11.02
24h ABPM day diast  71.67 ± 11.59  91.04 ± 8.72
24h ABPM night syst  108.67 ± 8.51  128.83 ± 10.49
24h ABPM night diast  66.33 ± 13.58  75.42 ± 10.46

Clinical chemistry Natrium [mmol/L]  140.50 ± 1.00  137.78 ± 16.31
Kalium [mmol/L]  4.20 ± 0.41  4.30 ± 0.34
Chloride [mmol/L]  104.50 ± 2.38  102.97 ± 2.67
Urea [mmol/L]  4.58 ± 1.02  5.03 ± 0.76
Creatinine [μmol/L]  79.25 ± 13.07  86.26 ± 9.53
TSH [mIU/L]  1.60 ± 1.15  1.85 ± 0.79
fT4 [pmol/L]  12.54 ± 2.27  13.15 ± 1.97
Bilirubin [μmol/L]  8.55 ± 3.65  15.84 ± 16.25
ALT [μkat/L]  0.56 ± 0.10  0.63 ± 0.29
AST [μkat/L]  0.47 ± 0.03  0.39 ± 0.09
GGT [μkat/L]  0.50 ± 0.20  0.74 ± 0.38
ALP [μkat/L]  1.24 ± 0.18  1.26 ± 0.48
Uric acid [μmol/L]  338.00 ± 77.90  299.71 ± 111.51
Total cholesterol [mmol/L]  4.60 ± 0.42  4.64 ± 0.61
Triacylglycerols [mmol/L]  2.91 ± 1.12  1.45 ± 0.50
LDL [mmol/L]  2.27 ± 0.22  2.72 ± 0.86
HDL [mmol/L]  1.30 ± 0.64  1.47 ± 0.38
Glycemia [mmol/L]  5.22 ± 0.40  5.25 ± 0.37

Echocardiography IVSd [mm]  9.50 ± 0.58  11.24 ± 2.13
LVd [mm]  48.50 ± 10.28  47.90 ± 3.64
LVs [mm]  30.75 ± 5.38  30.21 ± 4.99
PWd [mm]  8.50 ± 1.92  10.11 ± 1.67
LA [mm]  37.25 ± 6.75  37.17 ± 4.18

BP blood pressure, 24h ABPM 24h ambulatory blood pressure monitoring, diast diastolic, syst systolic, IVSd interventricular septum diastolic 
size, LA left atrium systolic size, LVd left ventricle diastolic size, LVs left ventricle systolic size, PWd left ventricle posterior wall diastolic size, 
LV EF, left ventricle ejection fraction. 
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RESULTS

Study groups characteristics
The descriptive statistics for each subgroup is provided 

in Table 1 including age, BP, BMI, results for the basic 
laboratory examination and echocardiography. Between 
group differences were examined using the Mann-Whitney 
test. Study groups did not differ significantly in these pa-
rameters, except for the values of BP and the number of 
females.

Plasmatic concentrations of endothelial substances
There were no statistically significant differences be-

tween patients with newly identified hypertension and 
controls in plasmatic concentrations of bigET-1, ADMA, 
OPN, oxLDL, 3NT, GDF15, ICAM, VCAM, TNF-α, 
VEGF, IL-1β and IL-6 (plasmatic concentration of big-
ET-1, oxLDL, GDF-15, VCAM-1 and IL-1β were only 
insignificantly higher in patients with newly identified 
hypertension, summarized in Table 2). 

Plasmatic concentrations of nitric oxide expressed as 
NOx were significantly different between healthy controls, 
newly identified hypertensive patients in the exploratory 
cohort and resistant hypertensive patients: 29.81 (24.633 
– 40.523), 16.77 (10.233 – 22.402) and 13.09 (9.193 – 
18.927) μmol/L, respectively, P=0.00005, Kruskal-Wallis 
test statistic was 24.978. A post hoc comparison showed 
significant differences between healthy controls and all 
hypertensive patients, i.e. exploratory and validation co-
hort together (P=0.00004) and between groups of controls 

and resistant hypertensive patients (P=0.00007). A signifi-
cant difference between groups was also found between 
healthy controls, all hypertensive patients and patients 
with resistant hypertension: 29.81 (24.633 – 40.523), 21.9 
(15.555 – 29) and 13.09 (9.193 – 18.927) μmol/L, re-
spectively, P=0.00014, Kruskal-Wallis test statistic 21.427. 
A post hoc comparison showed significant difference 
between healthy controls and all hypertensive patients, 
i (P=0.00081), between controls and patients with resis-
tant hypertension (P=0.00004) and between groups of all 
hypertensive patients and patients with resistant hyperten-
sion (P=0.02259).

Correlation analysis of plasmatic concentrations of nitric 
oxide with blood pressure values 

No statistically significant correlations of NOx plas-
matic concentrations with BP values (both office BP and 
24h ABPM values) were found (Table 3).

Plasmatic concentration of NOx after initiation of  
hypertension treatment

Eleven patients with newly diagnosed hypertension 
underwent a clinical follow-up 6-12 months after initia-
tion of treatment, which was verified by ABPM and plas-
matic NOx levels were then determined. Paired Wilcoxon 
signed-rank test showed no significant difference in plas-
ma NOx levels after initiation of antihypertensive therapy 
compared to pre-treatment values (23.62 ± 17.25 µmol vs 
21.54 ± 8.18 µmol, P=0.4648). Additionally, correlation 
between NOx levels and BP values for 7 pre-treatment and 

Table 2. Plasmatic levels of determined substances.

Substance Control group Hypertension group Resistant hyperten-
sion group

Group compari-
son

Post-hoc comparison - adj. P

No. of patients  n Summary  n Summary  n Summary Test 
statistic

Adjusted 
P

 C-H  C-R  H-R

NOx (μmol/L) in 
exploratory cohort*

22 29.81  
(24.633 – 40.523)

28 16.77  
(10.233 – 22.402)

10 13.09  
(9.193 – 18.927)

 24.978 0.00005 0.00004 0.00007 0.39262

NOx (μmol/L) in all 
individuals*

22 29.81  
(24.633 – 40.523)

55 21.9  
(15.555 – 29)

10 13.09  
(9.193 – 18.927)

 21.427  0.00014 0.00081 0.00004 0.02259

bigET-1 (pmol/L)* 18 0.182  
(0.141 – 0.309)

27 0.21  
(0.13 – 0.416)

10 0.23  
(0.19 – 0.302)

 0.66  0.78803  -  -  -

ADMA (ng/mL) 4 14.808 ± 1.84 18 14.261 ± 2.823 10 15.184 ± 3.455  0.324  0.78803  -  -  -
OPN (ng/mL) 18 60.851 ± 21.808 28 60.222 ± 16.828 10 51.079 ± 11.39  1.142  0.78803  -  -  -

oxLDL (U/mL)* 18 11.125  
(10.232 – 15.155)

28 12.95  
(11.053 – 14.835)

10 10.570  
(9.915 – 11.175)

 5.529  0.27305  -  -  -

GDF-15 (pg/mL)* 14 288.1  
(299.207 – 320.043)

10 258.06  
(225.188 – 341.397)

 -  -  0.278  0.78803  -  -  -

ICAM-1 (ng/mL) 14 71.353 ± 16.513 11 65.314 ± 27.773  -  -  0.459  0.78803  -  -  -
VCAM-1 (ng/mL) 14 473.351 ± 119.856 10 488.177 ± 117.939  -  -  0.09  0.78803  -  -  -
TNF-α (pg/mL) 14 3.681 ± 1.625 10 3.205 ± 1.559  -  -  0.517  0.78803  -  -  -

VEGF (pg/mL)* 14 4.04  
(0.28 – 8.295)

10 2.64  
(0.28 – 6.898)

 -  -  0.293  0.78803  -  -  -

IL-1β (pg/mL) 14 0.241 ± 0.096 10 0.254 ± 0.13  -  -  0.074  0.78803  -  -  -
IL-6 (pg/mL)* 14 0.73  

(0.655 – 0.898)
10 0.74  

(0.58 – 0.908)
 -  -  0.086  0.78803  -  -  -

bigET-1 big endothelin-1, ADMA asymmetric dimethyl arginine, OPN osteopontin, oxLDL oxidized LDL, GDF15 growth differentiation factor-15, 
ICAM intercellular adhesion molecule, VCAM vascular cell adhesion molecule, TNFα tumor necrosis factor alpha, VEGF vascular endothelial 
growth factor, IL-1β, IL-6 interleukins, C control group, H hypertension group, R resistant hypertension group, * groups compared by the Kruskal-
Wallis test (as the normality condition was not met), otherwise by ANOVA, multiplicity correction by Benjamini-Hochberg method, significance 
level α=0.05. Data are expressed as mean ± standard deviation when the normality condition is met, otherwise expressed as median (IQR).
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Table 3. Correlations of NOx with blood pressure in hyper-
tensive individuals.

Parameter
Pearson 

correlation
P

BPs in office (mmHg)  0.129  0.496
BPd in office (mmHg)  0.273  0.144
HF in office (beats per min)  -0.017  0.931
24h ABPM total syst (mmHg)  -0.165  0.42
24h ABPM total diast (mmHg)  -0.193  0.345
24h ABPM total HF (beats per min)  -0.178  0.405
24h ABPM day syst (mmHg)  -0.178  0.406
24h ABPM day diast (mmHg)  -0.147  0.494
24h ABPM day HF (beats per min)  -0.207  0.343
24h ABPM night syst (mmHg)  -0.053  0.807
24h ABPM night diast (mmHg)  -0.132  0.537
24h ABPM night HF (beats per min)  -0.315  0.143

24h ABPM 24h ambulatory blood pressure measurement, BPd diastolic 
blood pressure, BPs systolic blood pressure, diast diastolic, HF heart 
frequency, syst systolic

5 post-treatment individuals was examined. No statisti-
cally significant correlations were found (Table 4).

DISCUSSION

The primary aim of our study was to determine the 
plasmatic levels of multiple endothelial and immunologi-
cal substances in otherwise healthy patients with primary 
hypertension and compare these levels to both healthy 
controls and patients with resistant hypertension. We de-
termined plasmatic levels of many substances (see above) 
that are known to be involved in maintaining endothelial 
function in the exploratory cohort of 50 patients. From 
all measured substances, only levels of NO (determined 
as NOx) were shown to be statistically significantly de-
creased in patients with newly identified hypertension. 
This decrease was further validated in the larger validation 
cohort of patients with primary hypertension and was also 
profound in patients with resistant hypertension.

Production of plasmatic NO is primary maintained 
by endothelial NO synthase (eNOS), which metabolizes 

L-arginine to NO, which is very potent endothelial vaso-
dilator5. NOS is an enzyme with highly complex activity 
regulation that is affected by the concentration of many 
substances (acetylcholine, histamine, thrombin, serotonin, 
ADP, bradykinin, VEGF, substance P, ATP, isoproterenol, 
insulin, apelin, omentin, visfatin, leptin among others) 
and both endogenous (e.g. the inhibitory hypofunctional 
mutation G894T predisposing to hypertension8) and exog-
enous factors (e.g. physical activity, overweight, smoking 
and dietary habits, especially fruit and vegetable intake as 
a source of arginin, which can directly increase plasmatic 
levels of NO) (ref.9-15).

The large number of factors affecting NOS acitivity 
leads to high variability in NO plasmatic levels. Even in 
the group of healthy controls with normal BP values, the 
plasmatic NOx levels varied widely between 16.3 and 245 
μmol/L. This may partially explain the lack of association 
of NO levels with other variables (except BP) observed in 
our study and also contributes to differences and hetero-
geneity of studies described further.

Importance of NO in the hypertension development 
has repeatedly been demonstrated in animal experiments 
in whose NOS inactivation (pharmacological or by gene 
silencing) lead to an increase in mean arterial pressure of 
30-50 mmHg (ref.16). Some studies focusing on NO me-
tabolism and hypertension have already been performed 
and their results are generally consistent with our find-
ings. Node et al. published a relatively large study in the 
Hypertension journal in 1997, showing that plasmatic NO 
levels are inversely proportional to BP levels17. Perticone 
et al. showed a direct correlation between BP and ADMA 
levels in patients with metabolic syndrome18. ADMA was 
also determined in our exploratory cohort, and there was 
no statistically significant difference between controls and 
hypertensive patients – the possible explanation is that we 
excluded individuals with metabolic syndrome and en-
rolled only otherwise healthy normal-weight individuals, 
which may suggest that ADMA levels changes are induced 
in hypertensive individuals rather by metabolic syndrome 
than hypertension itself. In another studies, Ceconi et 
al. showed an increase in NOx level and a decrease in 
endothelin-1 and TNF-α plasmatic concentrations after 
1 year of treatment with perindopril19, similarly, Ito et al. 
demonstrated that therapy with perindopril and losartan 

Table 4. Pre-treatment and post-treatment correlations of NOx with blood pressure.

  Parameter Value Correlation with corresponding NOx levels
Pearson correlation P

  Number of patients 11

N
O

x Average pre-treatment NOx levels (μmol) 21.54 ± 8.18 -0.172825 0.711
NOx levels after initiation of therapy (μmol) 23.62 ± 17.25 0.6296229 0.255
P-value 0.4648 -0.410874 0.3598

B
P

Average preatreatment 24h ABPM BPs (mmHg) 148.43 ± 11.15 -0.5189602 0.3702
Average posttreatment 24h ABPM BPs (mmHg) 125.60 ± 4.67
Average pretreatment 24h ABPM BPd (mmHg) 91.57 ± 9.88
Average posttreatment 24h ABPM BPd (mmHg) 79.40 ± 7.92

24h ABPM 24h ambulatory blood pressure measurement, BPd diastolic blood pressure, BPs systolic blood pressure
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but not with bisoprolol resulted in a decrease in serum 
ADMA levels20. Compared to bisoprolol, nebivolol was 
shown to increase NO levels21. He et al. found significantly 
higher NOS activity in amlodipine treated patients com-
pared to placebo22, however the results are inconsistent 
when compared with the results of Tzemos et al., who 
did show only improvement in endothelial function by 
treatment with valsartan, but did not show improvement 
in endothelial function after 16 weeks of treatment with 
amlodipine23. 

In all the mentioned studies, increase in eNOS activ-
ity and/or NO plasmatic levels is generally considered 
beneficial for hypertensive patients; however, it is still not 
fully elucidated which drugs shall be used to reach this 
aim. In the specific situation in humans, i.e. in VEGF-
inhibitors induced hypertension, inhibition of eNOS by 
VEGF-inhibitors results in resistant hypertension and sev-
eral case reports were described that NO supplementation 
using long acting nitric oxide donors resulted in BP nor-
malization in affected individuals24. However, we found no 
change in NOx levels after initiation of antihypertensive 
therapy compared to pre-treatment values. A possible ex-
planation is the small number of repeatedly measured 
hypertensive patients or the significant influence of genet-
ics (91% of these subjects had a positive family history of 
hypertension) or that the targets of action of used anti-
hypertensive drugs (e.g. angiotensin converting enzyme, 
calcium channel and others) do not affect the overall ED 
or the level of individual endothelial substances. 

We also determined the levels of NOx in 10 individu-
als with resistant hypertension and we also observed a 
trend for further decrease in plasmatic NOx levels. This 
probably reflects the persistance of ED also in the later 
phases of hypertension despite intensive anti-hypertensive 
treatment.

Study strengths and limitations
One of the biggest strengths of our study is the enroll-

ment of a unique cohort of otherwise healthy hypertensive 
individuals, who did not present with a history of meta-
bolic or cardiovascular disease, or taking drugs, non-smok-
ers and non-alcoholics with the same dietary habits, thus 
avoiding the confounding factors potentially affecting NO 
levels. However, despite very strict exclusion and inclusion 
criteria that were set up to ensure maximal homogeneity 
of the study cohort, it is not possible to ensure full con-
formity in minor intersubject variables, including e.g. the 
genetic background (e.g. polymorphisms and mutations 
in NOS gene were not addressed) and their lifestyles. One 
limitation of study is absence of timing of blood sampling 
according to phase of menstrual cycle in females despite 
the well known effect of the menstrual cycle on NO pro-
duction25. A second limitation of the study is the small 
sample sizes due to the high economic cost of complex 
laboratory tests. For the same reasons, we were not able 
to rule out secondary hypertension using specific endocri-
nological laboratory tests, however, secondary hyperten-
sion was not suspected in any of the subjects according 
to the general features of secondary hypertension listed 

in the 2018 ESC / ESH Guidelines for the Management 
of Arterial Hypertension (e.g. hypokalemia etc) (ref.7).

CONCLUSIONS

In our study, we demonstrated significantly lower 
plasmatic NOx levels in patients with newly diagnosed 
hypertension, which were more profound in patients with 
resistant hypertension. On the contrary, plasmatic levels 
of other endothelial substances were not significantly 
different. We can thus hypothesize that changes in the 
plasmatic levels of NOx are one of the first changes in the 
pathophysiology of hypertension and that these persist 
into the later stages. Our results are consistent with the 
highly complex physiology of vascular tone regulation and 
confirms that NO is indeed the main endothelial vasodila-
tor through which a large part of other endothelial agents 
act. These agents, although not significantly different in 
hypertensive patients themselves, act additively and prob-
ably reduce NOx levels together. Moreover, NOx levels are 
highly variable and are influenced by a large number of 
exogenous and endogenous factors even in normotensive 
individuals. Our results thus demonstrate, that ED can-
not be assessed only by determining the plasmatic level 
of only one or a few endothelial substances and that a 
complex approach is needed in each hypertensive patient 
individually. 
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