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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
Background: Hypertension is a multifactorial condition 

characterized by vascular dysfunction, oxidative stress, and 
immune activation. Pro-inflammatory cytokines, particularly 
IL-6, IL-17, and TNF-α, contribute to inflammatory processes 
in hypertension; therefore, they should be considered together 
with nitric oxide (NO) deficiency and oxidative imbalance when 
interpreting arterial pressure changes.

Objective: To evaluate the association between pro-
inflammatory interleukins, nitric oxide metabolites, oxidative 
status, and arterial pressure in an experimental model of 
hypertension, and to compare the effects of β-blockers.

Methods: Hypertension was induced in 70 male Wistar rats 
by chronic administration of Nω-nitro-L-arginine methyl ester 
(L-NAME, 40 mg/kg/day, intraperitoneally) for 8 weeks. 
Animals were randomized into seven groups (n = 10/group): 
intact control, L-NAME for 4 weeks, L-NAME for 8 weeks, and 
four L-NAME + β-blocker treatment groups receiving nebivolol 
(0.5 mg/kg/day), propranolol (0.1 mg/kg/day), metoprolol (3 
mg/kg/day), or carvedilol (2 mg/kg/day) by oral gavage during 
weeks 5–8. Arterial pressure was measured using a noninvasive 
tail-cuff method. Serum IL-6, IL-17, and TNF-α were quantified 
by ELISA. Nitric oxide metabolites and total antioxidant activity 
(TAA) were assessed using the Griess reaction and DPPH assay.

Results: L-NAME administration resulted in a time-
dependent increase in arterial pressure, accompanied by 
reduced NO metabolites and TAA and increased interleukin 
levels. β-blockers attenuated these changes to varying degrees. 
Nebivolol and carvedilol produced greater improvements in 
arterial pressure, NO metabolites, TAA, and interleukin levels 
compared with propranolol and metoprolol.

Conclusion: Chronic NOS inhibition was associated with 
hypertension and concurrent alterations in inflammatory and 
oxidative parameters. β-blockers differ in their modulatory 
effects, with nebivolol and carvedilol demonstrating greater 
overall efficacy. These findings reflect associations rather 
than causal mechanisms and support further investigation into 
integrated therapeutic strategies.

Key words. Hypertension, interleukins, IL-6, IL-17, TNF-α, 
nitric oxide, oxidative stress, β-blockers.
Introduction.

Hypertension is a complex cardiovascular condition and a 
leading cause of global morbidity and mortality [1,2]. The 
pathophysiology of hypertension involves a dynamic interplay 
among genetic susceptibility, neurohumoral dysregulation, 
endothelial dysfunction, renal sodium handling, and vascular 
inflammation [3-6]. 

This complexity is reflected in the variability of responses to 
antihypertensive therapies, as well as in the distinct molecular 
and cellular characteristics observed across experimental 
models of hypertension [3,7]. The interaction between the 
renin–angiotensin system (RAS), the sympathetic nervous 
system, oxidative stress pathways, and immune mechanisms 
significantly contribute to the development and progression of 
hypertension, often leading to early target-organ damage [8-10].

Beyond its classical characterisation as a hemodynamic 
disorder, growing evidence highlights the critical role of 
immune dysregulation and chronic low-grade inflammation in 
the pathogenesis of hypertension [10,11]. Among inflammatory 
mediators, pro-inflammatory cytokines—particularly IL-6, 
TNF-α, and IL-17 - play a central role in regulating immune 
responses and contributing to vascular dysfunction, remodelling, 
and sustained elevation of blood pressure.

Elevated levels of IL-6, TNF-α, and IL-17 have been 
consistently reported in patients with hypertension and in 
experimental models, including spontaneously hypertensive 
rats and angiotensin II–induced hypertension [11-13]. 
These interleukins contribute to oxidative stress, endothelial 
dysfunction, vascular smooth muscle proliferation, and 
sympathetic nervous system activation, thereby maintaining 
hypertensive states [10,12]. IL-6 has been shown to enhance 
angiotensin II receptor expression, amplifying vasoconstriction, 
while IL-17 promotes vascular inflammation and immune cell 
infiltration into the vascular wall [13,14].

The Nω-nitro-L-arginine methyl ester (L-NAME)-induced 
hypertension model, based on chronic administration of 
L-NAME, a nitric oxide synthase inhibitor, is widely used 
to study endothelial dysfunction, vascular remodelling, and 
immune activation. Reduced nitric oxide bioavailability in 
this model leads to increased oxidative stress and elevated 
blood pressure, closely resembling key features of human 
essential hypertension [4,15]. Importantly, L-NAME-induced 
hypertension is associated with increased levels of pro-
inflammatory interleukins, including IL-6 and IL-1β, along with 
immune cell infiltration into vascular tissues [16].

In this context, β-adrenergic blockers (β-blockers) are not 
only effective antihypertensive agents but also modulators 
of inflammatory pathways. Increasing evidence suggests 
that β-blockers can influence the production of specific pro-
inflammatory interleukins rather than acting broadly on all 
cytokines. Experimental and clinical studies have demonstrated 
that propranolol, metoprolol, carvedilol, and nebivolol can 
reduce circulating levels of IL-6, TNF-α, and IL-17, alongside 
improvements in blood pressure regulation [17-20].

For instance, metoprolol and propranolol have been shown to 
decrease IL-6 expression in cardiovascular disease models [18], 
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while nebivolol exhibits anti-inflammatory effects associated 
with reduced IL-6 levels and improved endothelial function 
[20]. Carvedilol has also been reported to inhibit inflammatory 
signalling pathways, including NLRP3 (NOD-like receptor 
family pyrin domain-containing 3) inflammasome activation, 
thereby modulating IL-6 production [21]. Furthermore, 
recent findings by Kajaia et al. (2025) [22] demonstrated that 
β-blockers differentially modulate interleukin release through 
interactions with adrenergic and immune signalling pathways, 
further supporting their immunomodulatory role.

The anti-inflammatory effects of β-blockers vary depending on 
receptor selectivity, lipophilicity, and additional pharmacological 
properties. Selective β1-blockers (e.g., metoprolol), non-
selective agents (e.g., propranolol), and vasodilatory β-blockers 
(e.g., nebivolol, carvedilol) exhibit distinct capacities to 
regulate pro-inflammatory interleukin signalling, highlighting 
the importance of drug-specific mechanisms in therapeutic 
outcomes.

Therefore, this study specifically focuses on pro-inflammatory 
cytokines (IL-6, TNF-α, and IL-17) and aims to:

(i)	 clarify their role in the development of experimental 
hypertension;

(ii)	 evaluate the effects of different β-blockers on 
interleukin imbalance and blood pressure regulation.
Materials and Methods.

Animals and Experimental Design: The study was conducted 
on 70 adult male Wistar rats (200-250 g), obtained from the 
Animal Facility of Tbilisi State Medical University (Tbilisi, 
Georgia). Male animals were used to minimize potential sex-
related variability in blood pressure regulation, inflammatory 
responses, oxidative stress parameters, and hemorheological 
characteristics.

Animals were acclimatised to laboratory conditions for 7 
days before the start of the experiment and housed in standard 
polypropylene cages (4-5 rats per cage) under controlled 
environmental conditions (temperature 22±2°C, relative 
humidity 50-60%, 12 h light/12 h dark cycle). Standard 
laboratory chow and tap water were provided ad libitum 
throughout the study.

The sample size was determined based on preliminary data and 
a power analysis to ensure adequate statistical power (≥80%) to 
detect significant intergroup differences at α = 0.05. Animals 
were allocated to experimental groups after acclimatization 
using random assignment, with 10 animals included in each 
group. The same housing, feeding, handling, and measurement 
conditions were maintained across all groups to reduce 
procedural bias.

All procedures were performed in accordance with the 
Guide for the Care and Use of Laboratory Animals and 
complied with the principles of the 3Rs (Replacement, 
Reduction, and Refinement). The study protocol, including 
L-NAME administration, β-blocker treatment, blood pressure 
measurements, blood collection, anaesthesia, and euthanasia 
procedures, was approved by the Ethics Committee of Tbilisi 
State Medical University (approval date: July 26, 2022).
Induction of Experimental Hypertension:

Experimental arterial hypertension was induced by chronic 

inhibition of nitric oxide synthase using Nω-nitro-L-arginine 
methyl ester (L-NAME; Sigma-Aldrich, USA). L-NAME 
was administered intraperitoneally at a dose of 40 mg/kg/day, 
freshly dissolved in physiological saline, for either 4 weeks 
(intermediate hypertensive group) or 8 weeks (established 
hypertensive and treatment groups).

Although oral administration of L-NAME is more commonly 
used in experimental models, intraperitoneal administration 
was selected to ensure precise, reproducible dosing and to 
avoid variability associated with voluntary intake via drinking 
water. This approach has been previously validated as an 
effective method for inducing nitric oxide deficiency and stable 
hypertension in experimental animals [7,15].
β-Blocker Treatment:

Animals were randomly assigned to seven experimental groups 
(n = 10 per group) after the acclimatisation period. In treatment 
groups, L-NAME administration was continued throughout 
the entire 8-week experimental period, while β-blockers were 
administered concomitantly during weeks 5-8. All β-blockers 
were administered once daily by oral gavage at the same time 
each day, and treatment lasted 4 weeks (Table 1). Before the 
experiment, animals were habituated to handling and gavage 
procedures to minimise stress-related variability.

The selected doses were based on previously published 
experimental studies demonstrating antihypertensive, anti-
inflammatory, and antioxidant efficacy, with no evidence of 
toxicity [17-21]. Because β-blockers differ substantially in 
receptor selectivity, pharmacokinetics, pharmacodynamics, 
and pleiotropic properties, different doses were used for each 
agent. Therefore, the results should be interpreted within a 
pharmacological context rather than as a direct dose-equivalent 
comparison of efficacy.
Blood Pressure Measurements:

Systolic arterial pressure (SAP) and diastolic arterial 
pressure (DAP) were measured using a non-invasive tail-cuff 
plethysmography system (PhysioSuite, Kent Scientific, USA).

Before data collection, animals were acclimatized to the 
restraint and measurement procedures for five consecutive days 
to minimise stress-induced variability. During measurements, 
rats were maintained at 30-32°C to ensure adequate tail blood 
flow. Each blood pressure value represented the mean of three 
consecutive stable measurements obtained during the same 
session.
Blood Collection and Sample Processing:

At the end of the experimental period (weeks 4 and 8), animals 
were fasted overnight and anaesthetized with ketamine (80 mg/
kg, i.p.) and xylazine (10 mg/kg, i.p.).

Following induction of deep anaesthesia, blood samples 
were collected by abdominal aorta puncture. Euthanasia was 
subsequently performed by exsanguination under anaesthesia, 
followed by cervical dislocation to ensure death.

Approximately 3-5 mL of blood was collected from each 
animal. Samples designated for serum analyses were transferred 
into sterile tubes without anticoagulant, allowed to clot at room 
temperature for 20-30 min, and centrifuged at 3000 rpm for 10 
min at 4°C. The obtained serum was aliquoted and stored at −80 
°C until biochemical analysis.
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Serum cytokine levels (IL-6, IL-17, and TNF-α):
Serum concentrations of IL-6, IL-17, and TNF-α were 

determined using commercially available rat ELISA kits 
(FineTest, China) according to the manufacturer's instructions. 
All samples and standards were analysed under the same assay 
conditions; concentrations were calculated from standard 
calibration curves and expressed in pg/mL. Optical density 
was measured using a microplate reader, and assay results 
were interpreted only when standard-curve performance was 
acceptable according to the kit instructions.
Determination of Nitric Oxide Metabolites (NOx) Levels in 
Blood:

The levels of nitrogen oxides (NOx) in blood samples were 
determined using a modified Griess method [23].

This method indirectly quantifies total nitric oxide by 
measuring its stable metabolites - nitrite (NO2-) and nitrate 
(NO3-) - after reducing nitrate to nitrite.

The first step involved deproteinization of serum samples. To 
achieve this, 100 µL of blood serum was mixed with an equal 
volume of 0.3 M sodium hydroxide (NaOH) and incubated at 
room temperature for 5 minutes to ensure thorough mixing. 
Following this, 100 µL of a 5% zinc sulfate (ZnSO4) solution 
was added to the mixture. After additional vigorous mixing, 
the solution was incubated at room temperature for another 5 
minutes.

Next, the mixture was centrifuged at 3,000 rpm for 15 minutes 
at 4°C to separate the components, and 100 µL of the clear 
supernatant was carefully collected. This aliquot was then 
combined with 200 µL of freshly prepared Griess reagent.

The Griess reagent consisted of 0.25% vanadium chloride 
(VCl3), 0.1% sulfanilamide, and 0.05% N-(1-naphthyl)-
ethylenediamine (NED) (Sigma-Aldrich), all dissolved in 0.5 
M hydrochloric acid (HCl). A reagent blank was prepared 
similarly, using 100 µL of distilled water in place of the blood 
serum sample.

The resulting mixture was incubated at 37°C for 30 minutes, 
after which the absorbance was measured at 540 nm using a 
microplate reader (Multiskan GO, Thermo Fisher Scientific, 
Finland).

A standard calibration curve was generated using sodium 
nitrite (NaNO2) at concentrations ranging from 1 to 100 µM. 
NOx results were expressed as concentration units (mM) and 
were reported as mean ± SE with 95% confidence intervals for 
each experimental group.
Oxidative stress assessment:

The intensity of oxidative stress in blood samples was assessed 
according to the integrative indicator of total activity of the non-

enzymatic antioxidant system.
Total antioxidant activity (TAA) was used as an integrative 

indicator of systemic antioxidant capacity, reflecting the 
cumulative effect of non-enzymatic antioxidants present in 
serum. Although TAA does not provide information on specific 
antioxidant enzymes such as superoxide dismutase, catalase, or 
glutathione peroxidase, it is widely used in experimental studies 
as a global marker of redox status and oxidative balance [24].

TAA was determined in deproteinized blood serum using 
the 2,2-diphenyl-1-picrylhydrazyl (DPPH)-scavenging assay, 
adapted by Chrzczanowicz et al. [25]. Blood serum samples 
(1 mL) were deproteinized by adding 3 mL of acetonitrile and 
centrifuging them for 10 min (4°C, 9500 g). The supernatant 
was immediately collected and transferred (1 mL) into a tube. 
Subsequently, 3 mL of DPPH was added, and the resultant 
solution’s absorbance was determined at a wavelength of 515 
nm. A calibration curve was constructed using gallic acid; results 
were expressed as gallic acid equivalents (%) and reported as 
mean ± SE with 95% confidence intervals.
Statistical Analysis:

The Shapiro–Wilk test was used to assess the normality of 
the experimental data, and homogeneity of variances was 
evaluated before parametric comparisons. Mean, standard 
error (SE), and 95% confidence interval (CI) were calculated 
for each experimental group. One-way ANOVA followed by 
Tukey's post hoc test was used for multiple-group comparisons 
when assumptions for parametric analysis were satisfied. 
When distributional assumptions were not met, non-parametric 
analysis using the Kruskal–Wallis test with appropriate post hoc 
comparisons was considered. A two-sided p-value <0.05 was 
considered statistically significant.

Statistical analyses were performed using IBM SPSS Statistics 
version 27.0 (IBM Corp., Armonk, NY, USA).
Results.

To address reporting clarity, all result figures are labelled with 
measurement units and present mean ± SE with 95% CI, with p 
< 0.05 used as the threshold for statistical significance (Table 2).
Changes in arterial pressure:

Chronic administration of L-NAME resulted in a progressive 
and significant increase in both SAP and DAP in rats, indicating 
the development of hypertension associated with nitric oxide 
synthase inhibition.

After 4 weeks of L-NAME treatment, both SAP and DAP 
demonstrated significant increases compared to control animals, 
with further elevation observed at 8 weeks, highlighting a time-
dependent hypertensive effect.

Group name Treatment protocol N
Control-intact (I) Without treatment 10
Hypertension rats (II) Daily L-NAME for 4 weeks (40 mg/kg) 10
Hypertension rats (III) Daily L-NAME (daily dose 40 mg/kg) for 8 weeks 10
Treatment of hypertension in rats (IV) Daily L-NAME (40 mg/kg/day) for 8 weeks + nebivolol (0.5 mg/kg/day) during weeks 5–8 10
Treatment of hypertension in rats (V) Daily L-NAME (40 mg/kg/day) for 8 weeks + propranolol (0.1 mg/kg/day) during weeks 5–8 10
Treatment of hypertension in rats (VI) Daily L-NAME (40 mg/kg/day) for 8 weeks + metoprolol (3 mg/kg/day) during weeks 5–8 10
Treatment of hypertension in rats (VII) Daily L-NAME (40 mg/kg/day) for 8 weeks + carvedilol (2 mg/kg/day) during weeks 5–8 10

Table 1. Experimental groups and treatment protocols.
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Figure 1. Changes in SAP and DAP in L-NAME-treated rats (4 and 8 weeks) and after β-blocker treatment (propranolol, carvedilol, metoprolol, 
nebivolol). SAP and DAP are expressed in mmHg. Data are presented as mean ± standard error (SE) with 95% confidence interval (CI), n=10 

per group. Differences between groups were assessed by one-way ANOVA followed by Tukey's post hoc test; p < 0.05 was considered statistically 
significant.

Figure 2. Changes in serum IL-6, IL-17, and TNF-α levels in L-NAME-treated rats (4 and 8 weeks) and after β-blocker treatment. Cytokine 
concentrations are expressed in pg/mL. Data are presented as mean ±SE with 95% CI, n=10 per group. Differences between groups were 

assessed by one-way ANOVA followed by Tukey's post hoc test; p < 0.05 was considered statistically significant.

Outcome measure Unit Method Presentation in Results
SAP and DAP mmHg Tail-cuff plethysmography Figure 1; mean ± SE with 95% CI
IL-6, IL-17, TNF-α pg/mL Rat ELISA kits Figure 2; mean ± SE with 95% CI
NOx metabolites mM Modified Griess method Figure 3; mean ± SE with 95% CI
TAA % gallic acid equivalents DPPH-scavenging assay Figure 4; mean ± SE with 95% CI

Table 2. Outcome measures, units, laboratory/measurement methods, and presentation format.
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Figure 3. Changes in blood NOx levels in L-NAME-treated rats (4 and 8 weeks) and after β-blocker treatment. NOx values are expressed in 
mM. Data are presented as mean ±SE with 95% CI, n=10 per group. Differences between groups were assessed by one-way ANOVA followed by 

Tukey's post hoc test; p < 0.05 was considered statistically significant.

Figure 4. Changes in total antioxidant activity (TAA) of the non-enzymatic antioxidant system in L-NAME-treated rats (4 and 8 weeks) and 
after β-blocker treatment. TAA values are expressed as gallic acid equivalents (%). Data are presented as mean ±SE with 95% CI, n=10 per 

group. Differences between groups were assessed by one-way ANOVA followed by Tukey's post hoc test; p < 0.05 was considered statistically 
significant.

Subsequent treatment with β-blockers yielded differential 
effects on these parameters. Propranolol resulted in a moderate 
reduction in arterial pressure, while carvedilol and metoprolol 
resulted in a more pronounced decrease in both SAP and DAP. 
Among all the β-blockers tested, nebivolol exhibited the greatest 
antihypertensive effect, effectively restoring pressure levels to 
values comparable to those observed in the control group.
Changes in Interleukin Levels:

Chronic inhibition of nitric oxide synthase using L-NAME 
resulted in a pronounced pro-inflammatory response in rats, 
characterised by significant elevations in serum interleukin 
levels (IL-6, IL-17, and TNF-α).

Following four weeks of L-NAME treatment, IL-6 levels 
increased significantly and remained elevated after eight weeks. 
TNF-α and IL-17 levels showed moderate increases, with IL-17 
reaching peak levels at eight weeks.

These findings indicate activation of inflammatory pathways 
associated with nitric oxide deficiency.

Treatment with β-blockers demonstrated varying effects on 
interleukin levels. Propranolol and carvedilol resulted in modest 
reductions in IL-6 and TNF-α levels, while metoprolol showed 
minimal effects. In contrast, nebivolol significantly reduced IL-
6, IL-17, and TNF-α levels compared to the L-NAME (8-week) 
group. However, direct comparative interpretation should be 
made with caution because equipotent antihypertensive dosing 
was not established.
Changes in NOx levels:

After four weeks of L-NAME treatment, nitric oxide 
metabolites (NOx) levels decreased from 2.31±0.3 mM in the 
control group to 1.62±0.3 mM, representing an approximate 
30% reduction. After eight weeks, NOx levels further decreased 
to 1.3±0.3 mM (approximately 44% reduction), indicating 
sustained inhibition of NO synthesis.
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Treatment with β-blockers showed differential effects. 
Propranolol and metoprolol resulted in modest increases in 
NOx levels (~10% compared to the L-NAME 8-week group). 
Carvedilol demonstrated a more pronounced increase (~40%), 
while nebivolol produced the greatest effect, restoring NO 
levels to 2.21±0.3 mM (~70% increase), approaching control 
values. However, direct comparative interpretation should be 
made with caution because equipotent antihypertensive dosing 
was not established.
Changes in TAA:

After four weeks of L-NAME treatment, TAA decreased 
significantly from 25.32±0.36% in the control group to 
18.5±0.32% (approximately 27% reduction). After eight weeks, 
TAA decreased further to 16.2±0.35%.

Treatment with β-blockers resulted in varying degrees of 
recovery. Propranolol and metoprolol produced modest increases 
(~10%), while carvedilol showed a greater improvement 
(~12%). The most pronounced effect was observed with 
nebivolol, which increased TAA to 22.6±0.33%, approaching 
control values.

These results indicate that β-blockers, particularly nebivolol, 
were associated with improved antioxidant status under 
conditions of nitric oxide deficiency. However, direct 
comparative interpretation should be made with caution because 
equipotent antihypertensive dosing was not established.
Discussion.

This study shows that chronic inhibition of nitric oxide synthase 
(NOS) using L-NAME induces hypertension accompanied by 
alterations in interleukin levels, nitric oxide (NO) metabolites, 
and TAA.

Consistent with previous studies, L-NAME administration 
resulted in a progressive increase in arterial pressure, confirming 
the establishment of an experimental hypertensive state [4,15]. 
Importantly, the elevation in blood pressure observed in this 
study is best interpreted as a hemodynamic consequence of NOS 
inhibition rather than direct evidence of impaired endothelial 
function, as endothelial function was not directly assessed. 
Similar observations have been reported in experimental models 
in which NO deficiency increases vascular tone and peripheral 
resistance [10,11,15].

The observed decrease in circulating NO metabolites supports 
effective inhibition of NOS and reduced NOx concentrations 
and decreased NO bioavailability. However, because the present 
study evaluates systemic NO metabolites, these findings do not 
allow direct conclusions regarding endothelial function at the 
vascular level.

Hypertension is increasingly recognised as a multifactorial 
condition involving immune activation, oxidative stress, and 
vascular dysfunction, in addition to hemodynamic alterations 
[25-27]. In this context, the observed increase in circulating 
interleukins (IL-6, IL-17, and TNF-α) is consistent with previous 
evidence demonstrating activation of inflammatory pathways in 
hypertension [8,13]. These cytokines are known to contribute to 
vascular dysfunction through mechanisms including oxidative 
stress, immune cell activation, and modulation of vascular 
signalling pathways [12-14,28-30].

The concomitant reduction in TAA further indicates the 
presence of oxidative imbalance. TAA reflects the overall 
capacity of circulating antioxidants but does not provide 
information on specific enzymatic defence systems. These 
findings are consistent with established evidence linking 
oxidative stress to reduced NO bioavailability and vascular 
dysfunction [25,31,32].

Importantly, although parallel changes in NO metabolites, 
interleukin levels, and antioxidant capacity were observed, the 
present study design does not allow causal relationships to be 
established. Previous studies suggest a bidirectional interaction, 
in which reduced NO availability may promote inflammatory 
activation, while inflammatory mediators may further impair 
NO signalling [10,11,25,31]. Thus, the present findings should 
be interpreted as reflecting interconnected but not causally 
defined processes.

Regarding pharmacological interventions, β-blockers 
exhibited differential effects on both hemodynamic and 
biochemical parameters. Nebivolol and carvedilol produced 
more pronounced improvements compared with propranolol 
and metoprolol. These differences are consistent with their 
additional pharmacological properties, including vasodilatory 
and antioxidant effects [20,21,33,34]. Nebivolol has been 
reported to enhance NO bioavailability via β3-adrenergic 
receptor–mediated mechanisms [33,34], whereas carvedilol 
exerts antioxidant and anti-inflammatory effects, including 
inhibition of NLRP3 inflammasome activation [21]. These 
properties may partially explain their greater efficacy; however, 
mechanistic confirmation was beyond the scope of this study. In 
addition, the β-blockers were administered at pharmacologically 
relevant but non-equivalent doses; therefore, differences 
between agents should be interpreted cautiously and cannot be 
considered evidence of superior efficacy.

From a translational perspective, these findings suggest that 
antihypertensive agents with additional anti-inflammatory 
and antioxidant properties may provide broader benefits 
beyond blood pressure reduction alone, particularly in 
conditions characterised by immune activation and oxidative 
stress. However, extrapolation to clinical settings should be 
made cautiously, as the present study was conducted in an 
experimental model and does not account for the complexity of 
human hypertension.

The L-NAME model is particularly useful for examining 
NO-deficiency–related hypertension, oxidative imbalance, 
and inflammatory activation; therefore, it is appropriate for 
the mechanistic aims of this study. Nevertheless, human 
essential hypertension is heterogeneous and involves renal, 
neurohumoral, metabolic, genetic, environmental, and age-
related factors that are not fully reproduced by pharmacological 
NOS inhibition. Consequently, the present findings should be 
viewed as hypothesis-generating and should not be interpreted 
as direct clinical proof of comparative β-blocker superiority.

Overall, the present results are consistent with the concept 
that hypertension involves interconnected hemodynamic, 
inflammatory, and oxidative mechanisms. However, the study 
identifies associations among these factors rather than direct 
mechanistic pathways; therefore, interpretation should remain 
conservative and hypothesis-generating.
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Limitations.
This study has several limitations. First, the experimental 

design allows identification of associations between nitric 
oxide metabolites, cytokine levels, and oxidative status but 
does not establish causal relationships. Second, measurements 
were limited to systemic biomarkers and did not include direct 
assessment of endothelial function, vascular reactivity, tissue 
cytokine expression, vascular histology, or specific antioxidant 
enzyme activities. Third, the L-NAME model reflects NO-
deficiency–driven hypertension and does not fully reproduce 
the multifactorial nature of human essential hypertension. 
Fourth, only male rats were used, which limits the assessment of 
sex-related differences. Fifth, tail-cuff plethysmography is non-
invasive and suitable for repeated measurements, but it may be 
influenced by restraint and thermal stress despite acclimatisation. 
Therefore, translation of these findings to clinical hypertension 
should be cautious.

An additional limitation of the present study relates to the 
comparison of β-blockers. The investigated agents were 
administered at different doses selected from previously 
published experimental studies and based on their distinct 
pharmacokinetic and pharmacodynamic characteristics. 
Consequently, the treatment regimens were not designed 
to achieve equipotent antihypertensive effects. Therefore, 
differences observed between β-blockers should be interpreted 
cautiously and should not be considered definitive evidence 
of superior efficacy of any individual agent. Future studies 
employing dose-equivalent protocols and pharmacodynamic 
normalisation are required to enable more rigorous comparative 
evaluation of β-blocker effects on inflammatory and oxidative 
pathways in hypertension.
Conclusion.

In conclusion, chronic inhibition of nitric oxide synthase using 
L-NAME induces hypertension in rats and is associated with 
reduced nitric oxide metabolites, increased pro-inflammatory 
interleukins, and decreased total antioxidant activity.

The present findings demonstrate associations between 
hemodynamic, inflammatory, and oxidative changes rather than 
direct mechanistic relationships.

β-blocker treatment attenuated hypertension and partially 
restored inflammatory and oxidative stress parameters, with 
nebivolol and carvedilol demonstrating the most pronounced 
effects under the conditions of this experimental model. These 
differences may reflect their additional pharmacological 
properties, including vasodilatory and antioxidant actions.

From a translational perspective, these results suggest that 
antihypertensive agents targeting not only blood pressure 
but also inflammatory and oxidative pathways may provide 
broader therapeutic benefits. Because the findings were 
obtained in an L-NAME-induced animal model and β-blockers 
were not compared using dose-normalised protocols, clinical 
extrapolation should be approached with caution. Further 
mechanistic and translational studies are required.
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