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Abstract

Background/Aims: Endothelial cell senescence is a key contributor to the development of
vascular pathologies, including arterial hypertension. Uric acid has been shown to promote
oxidative stressandinflammation, thereby accelerating endothelial dysfunction and senescence.
Although xanthine oxidase inhibition with allopurinol has demonstrated cardiovascular
benefits, its effect on endothelial senescence remains insufficiently characterised. This study
aimed to investigate the impact of sera from patients with arterial hypertension and elevated
uric acid levels on the senescence of human umbilical vein endothelial cells, and to determine
whether allopurinol treatment modulates this effect. Materials: In this study, human umbilical
vein endothelial cells were cultured and exposed to sera from hypertensive patients with
elevated uric acid levels (=5 mg/dL) before and after six weeks of allopurinol treatment (300
mg/day). A control group consisting of healthy individuals with normal uric acid levels was
established. Eighteen participants of both sexes were recruited to the study. Markers of
senescence (SA-B-Gal, y-H2A.X, 53BP1), oxidative stress (mitochondrial and cytosolic reactive
oxygen species, mitochondrial mass, membrane potential), cell proliferation and inflammatory
cytokine production were analysed. Results: Sera from hypertensive patients before treatment
induced endothelial senescence and oxidative stress significantly and altered secretory
profiles in endothelial cells compared to the controls; however, allopurinol treatment led
to a partial reversal of these changes. Specifically, it reduced mitochondrial reactive oxygen
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species, mitochondrial mass and y-H2A.X levels, and increased cell proliferation. However,
not all markers returned to baseline values, and some (e.g. inflammatory mediators) remained
elevated or even increased further after treatment. Conclusion: The findings demonstrate that
allopurinol partially reverses uric acid- and hypertension-related endothelial senescence and
oxidative damage. However, the incomplete normalisation suggests that multiple overlapping

pathways contribute to vascular cell senescence in this context. © 2025 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Recent findings have highlighted that the senescence of vascular cells, particularly
endothelial cells, is a critical factor contributing to the development of several vascular
pathologies, including atherosclerosis, arterial hypertension (AH), and broader
cardiovascular diseases (CVDs) [1, 2].

Uric acid (UA), especially in its increased concentrations, induces endothelial
dysfunction and is a cardiovascular (CV) risk factor, including for AH [3]. Endothelial injury
can be triggered by reactive oxygen species (ROS), generated during UA synthesis under
the hypoxic conditions associated with CVDs, due to the elevated activity of the enzyme
xanthine oxidase (XO)[4, 5]. Hence, despite being an antioxidant, UA cannot neutralise all
the ROS generated during its production with the participation of XO [6]. Additionally, high
concentrations of UA itself contribute to endothelial damage [3]. Increased cellular stress
and the damage it causes lead to cellular senescence [7].

In the AH patient group, elevated UA values are more prevalent than in the general
population [8, 9]. The results of the RISK study indicate that in Poland, the incidence of
hyperuricemia in the cohort of untreated AH patients is approximately 15% [10]. In the
older population, this number rises to 23% in individuals over 65, and to as much as 30%
in individuals over 90 [11]. Worldwide data show that more than 75, 5 million people suffer
from hyperuricemia [12]. Thus, the observed relationship holds significant meaning from an
epidemiological perspective. Consequently, there is a necessity for a thorough investigation
into this subject and the role of UA in the pathophysiology of AH, as well as the search for
those drugs capable of inhibiting or reversing the harmful effects of UA.

Allopurinol is an XO inhibitor that lowers UA synthesis. To date, numerous studies have
shown a correlation between allopurinol usage and cardiovascular (CV) risk, and overall
mortality risk reduction [13-15]. Reduction of UA concentration by allopurinol in patients
with high CV risk was found to be beneficial [16].

The decrease in CVD risk resulted from the ability of allopurinol to improve endothelial
function, particularly its action mechanism related to the inhibition of XO [5, 6,13-15, 17]. A
study by Maclsaac et al. demonstrated that allopurinol therapy, particularly at higher doses
(2300 mg daily), was associated with a reduced incidence of stroke and cardiovascular
events in older individuals with AH (high CV risk)[16].

The Pressioni Arteriose Monitorate e Loro Associazioni (PAMELA) study was one of the
first to consider UA as a CV risk factor. In a group of 2045 patients observed for 16 years,
an increase in UA by 1 mg/dL significantly increased the risk of developing AH. A 1 mg/dL
increase in serum UA concentration was associated with a 22% increase in the risk of CV
death and a 12% increase in the risk of death from all causes. The serum UA concentration
best predicting death from CV causes was 5.4 mg/dL (sensitivity 61%, specificity 67%), and
4.9 mg/dL for death from all causes (sensitivity 68%, specificity 55%)[18].

In vitro studies on the role of allopurinol in endothelial cell senescence are somewhat
scarce. Added to human umbilical vein endothelial cells (HUVECs) subjected to hypoxia, this
compound inhibited its angiogenic potential [19]. However, Polytarchou et al. did not observe
a significant effect of allopurinol on HUVECs’ proliferation, migration, or nitric oxide (NO)
synthase activity [20]. Furthermore, there is a paucity of studies explaining allopurinol’s
impact on vascular endothelial cell senescence [21-23].

125



Cellular Physiology Cell Physiol Biochem 2025;59(52):124-137

. . DOI: 10.33594/000000819 © 2025 The Author(s). Published by
and BIOChemIStry Published online: 14 October 2025 |Cell Physiol Biochem Press GmbH&Co. KG

Lewandowska et al.: Allopurinol Attenuates Senescence and Oxidative Stress in
Endothelial Cells

In our study, we aimed to evaluate how the sera of patients with AH and elevated UA
levels affect the senescence process of HUVECs. Furthermore, to gain a deeper understanding
of the role of allopurinol treatment in our patients, we aimed to assess how allopurinol
treatment (via certain sera) influences HUVECs’ senescence.

Materials and Methods

Materials
Unless otherwise stated, all reagents were purchased from Sigma-Aldrich Corp. (St. Louis, MO).

Patients

Recruitment of participants, clinical assessment and allopurinol treatment

Examination of the patients and the laboratory test needed to classify patients to control or intervention
group were performed during hospitalisation in the Department of Hypertensiology, Angiology and Internal
Disease at Poznan University of Medical Sciences.

Patients were informed about the benefits and risks of intervening with allopurinol. The study was not
blinded. The criterion for the drug’s inclusion was the UA concentration level in the serum, and a placebo
was not planned.

Before starting the study, each patient was familiarised with the written information about the study
(including information about the study, procedures, risks, data use and the right to withdraw from the
study). Only people who gave informed written consent were included in the study.

The bioethics commission approved the study with Poznan University of Medical Sciences, resolution
No.954/19, 3 October, 2019.

Eighteen participants of both sexes were recruited to the study. The study group consisted of thirteen
patients with a serum UA concentration 2 5 mg/dL and well-controlled AH, who received allopurinol at a
dose of 300 mg per day. Blood sera were taken from all participants before (V1) each treatment and after
(V2) six weeks of pharmacotherapy. The dose and the time were determined based on previous research
[13, 24-26] The UA concentration was selected according to expert recommendations based on the results
of the PAMELA study [18]. A serum concentration of UA above 5 mg/dL determined the decision to perform
allopurinol intervention. The control groups consisted of five healthy volunteers without AH and with a
serum UA concentration below 5mg/dL.

HUVECs were cultured for in vitro tests. The cells were exposed to sera of study group V1, study group
V2 and the control group.

Blood samples (36 ml) were taken from a forearm vein in a standard ambulatory procedure.

Patient recruitment

Patients willing to participate and fulfilling the inclusion and exclusion criteria were enrolled in
the study. Inclusion criteria: age: 18-65 years, with well-controlled hypertension according to the 2018
European Society of Cardiology/European Society of Hypertension (ESC/ESH) guidelines (office blood
pressure lower than 140/90 mmHg) [8].

Exclusion criteria: diagnosis of secondary hypertension; chronic diseases including diabetes, other
CVDs (e.g. coronary heart disease, heart failure, atherosclerosis); autoimmune diseases; acute inflammation
process; renal impairment (glomerular filtration rate lower than 60 ml/min/1, 72m2); thyroid disease
(e.g. hyperthyroidism, hypothyroidism, thyroiditis cancer; storage disease, cancer history; gout; Body Mass
Index (BMI) over 30 kg/m2; taking medications that affect UA concentration (including allopurinol and
diuretics, except other hypotensive drugs); women taking oestrogen preparations, pregnant or lactating.

Cell culture and exposure to patients’ sera

HUVECs were obtained from Lonza (Walkersville, MD, USA). They were cultured using EBM™-2 Basal
Medium supplemented with EGM™-2 SingleQuots™ (Lonza). The cell cultures were maintained at 37°C in a
humidified environment containing 95% air and 5% CO,.

During the experiments, HUVECs were seeded in culture dishes at a high density (80-90% confluency)
and simultaneously exposed to 80% of patients’ sera, collected both before and after treatment. Exposure
to patients’ sera lasted for 168 hours.
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The exposure protocol was based on exposing HUVECs to various concentrations of patient serum.
Subsequently, a preliminary MTT assay was performed, from which a serum concentration of 80% was
selected for further experiments.

Conditioned medium (CM) generation

To obtain a CM, young HUVECs were plated in 25 cm? flasks. Once they reached around 80% confluency,
they were exposed to patients’ sera for 168 hours. Following this exposure, the cells were washed with PBS
and then incubated in a serum-free medium for 72 hours. After this period, the media were collected, and
the cells responsible for producing them were counted. All collected CM were filtered using a 0.2 pm pore
size filter and stored at -80°C until further use.

Detection of senescence-associated [f-Galactosidase (SA-$-Gal)

The expression of SA-B-Gal in cell cultures was visualised using the method described earlier [27]. The
activity of SA--Gal in cell extracts was determined by assessing the conversion rate of 4-methylumbelliferyl-
[3-D-galactopyranose to 4-methylumbelliferone, following the procedure outlined by Gary and Kindell [28].
The quantification of activity was performed using a Synergy™ 2 spectrofluorometer (BioTek Instruments,
Winooski, VT, USA).

Detection of histone y-H2A.X and 53BP1

Immunofluorescence of y-H2A.X and 53BP1 foci was assessed using the methods outlined in [29]
with anti-y-H2A.X (Ser139) and anti-53BP1 antibodies (Novus Biologicals, Abingdon, UK). Images of the
immunoreactions were captured using the Axio Vert.A1 microscope (Carl-Zeiss, Jena, Germany), and the
fluorescence intensity of y-H2A.X and 53BP1 foci was quantified using the Synergy™ H1 spectrofluorometer.

Cell proliferation measurements
Cell proliferation was assessed by counting cells using a Biirker chamber. Cells were plated at a
predetermined low density and cultured for 168 hours, and then harvested and counted.

Cell secretome and the levels of selected parameters directly in patients’ sera

The concentrations of IL-6, IL-8, Vascular Endothelial Growth Factor (VEGF), angiopoietin, Platelet-
Derived Growth Factor-DD (PDGF-DD), and Transforming Growth Factor Beta 1 (TGF-f1) in CM from
HUVECSs and the concentrations of IL-6, CXCL8/IL-8, VEGF and TGF-f31 in patients’ sera were measured using
the appropriate DuoSet® Immunoassay Development kits (R&D Systems), following the manufacturer’s
protocol.

Measurement of oxidative stress-related parameters

To evaluate mitochondrial superoxide and cellular peroxide generation, mitochondrial ROS (MitoSOX
Red - Mitochondria-targeted Hydroethidine-based Superoxide Indicator) and dihydrorhodamine 123
(DHR) were utilised. Mitochondrial mass was assessedbystaining with 10-n-nonyl-acridine orange (NAO).
Furthermore, the mitochondrial membrane potential (AYm) was measured in cells stained with 1 uM 5,
5,6, 6'-tetrachloro-1, 1',3, 3'-tetraethylbenzimidazolylcarbocyanine iodide (JC-1). Detailed methodologies
for these analyses were described in [30].

Statistical Analysis

The statistical analysis was conducted using GraphPad Prism 10.00 software (GraphPad Software, San
Diego, USA). A Student’s t-test was used to compare two groups. Where necessary, Welch’s t-test or the
Mann-Whitney test was applied. For paired data, a paired Student’s t-test or the Wilcoxon signed-rank test
was used when appropriate. Results are presented as mean * standard deviation (SD), and differences with
a P-value of less than 0.05 were considered statistically significant.
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Results

Two experimental groups were
compared: HUVECs exposed to
serum from hypertensive patients
with UA (sUA) levels equal to or
greater than 5 mg/dL (study group-
V1), and HUVECs exposed to serum
from the same patients after 6
weeks of treatment with allopurinol
(study group-V2). The control
group consisted of HUVECs exposed
to serum from healthy patients
with sUA levels below 5 mg/dL.
The characteristics of all groups of
patients are presented in Table 1.

Serum from study group V1,
compared to the control group,
worsened all the tested markers in
HUVECs significantly. An increase
of SA-B-Gal, y-H2A.X and 53BP1,
and a decrease in proliferation were
observed. Serum from patients
before allopurinol treatment
worsened all oxidative stress-related
parameters in HUVECs significantly.
A notable increase in cytosolic and
mitochondrial  reactive  oxygen
species (ROS) and changes associated
with mitochondrial damage were
observed. The results are presented
in Figures 1 and 2.

Serum from patients’ study
group - V2 treatment increased
HUVECs proliferation significantly.
Among the senescence markers, it
reduced y-H2ZAX significantly while
SA-B-Gal and 53BP1 levels remained
unchanged. A significant decrease in
MitoSOX red and mitochondrial mass
(NAO) was also observed, but cellular
peroxides (DHR) and mitochondrial
membrane potential values (JC-1)
were as before treatment. The results
are presented in Figures 3 and 4.

Four parameters representing
SASP were selected arbitrarily, and
their levels were measured in the
patient’s serum. Compared to the
control group, a significant increase
was observed in all parameters: IL-6,
IL-8, TGF-B, and VEGF in the ‘study

Table 1. The characteristics of patients

Study group
Parameter Control group Vi V2
N 5 13 13
Sex (Male/Female) 1/4 12/1 12/1
Age (years) 45.4+12.2 46.2+6.6  46.2+6.6
Uric acid concentration 4.3+0.3 6.3x0.9 4.4+0.7
Body mass index (kg/m?) 23.3+1.8 26.8+3.6  26.7+3.3
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Fig. 1. Effect of patient serum from study group V1 versus
that from the control group on (a) proliferation, senescence
markers induction and oxidative stress-related parameters
in HUVECs. Quantification (b) of SA-B-Gal activity, (c)
expression of y-H2A.X, (d) expression of 53BP1 of HUVECs,
(e) mitochondrial superoxides, (f) cellular peroxides, (g)
mitochondrial mass, and (h) mitochondrial membrane
potential in HUVECs. Results are presented as mean * SD.
Statistical significance: p<0.05 (*), p<0.01 (**), p<0.001
(***), p<0.0001 (****),
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Fig. 2. Effect of patient serum from study group V1 compared
to the control group: representative fluorescence images
showing (a) SA-B-Gal activity, (b) y-H2A.X expression, and
(c) 53BP1 expression. The uploaded image includes a scale
bar and appropriate magnification: scale bar = 500 um,
magnification = 40x.

group V1’ group. After six weeks of allopurinol therapy, a significant increase was noted for
IL-6, a significant decrease for VEGE, and a non-significant reduction for IL-8 and TGF-f3. The
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Fig. 4. Effect of patient serum from B

study group V1 versus study group V2: A MitoSOX Red c
representative fluorescence images y-H2A.X foci fluorescence NAQ fluorescence

showing (a) y-H2A.X expression, (b)
mitochondrial superoxide levels, and
(c) mitochondrial mass. The uploaded
image includes a scale bar and
appropriate magnification: scale bar =
500 pm, magnification = 40x.
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results are presented in Fig. 5.

After exposing HUVECs to the patients’ serum, a CM was collected, in which IL-6, IL-8,
TGF-B1, VEGF, angiopoietin and PDGF-DD were assessed. A significant parameter increase
was observed when comparing HUVECs exposed to the control serum with those in the

study group V1.

When comparing HUVECs exposed to the serum from patients V1 with those from V2,
a significant decrease in VEGF angiopoietin and PDGF-DD was noted, alongside a significant

increase in TGF-B1, IL-6 and non-significant in IL-8. The results are presented in Fig. 6.

129



Cellular Physiology Cell Physiol Biochem 2025;59(52):124-137

DOI: 10.33594/000000819 © 2025 The Author(s). Published by

and BiOChemiStry Published online: 14 October 2025 |Cell Physiol Biochem Press GmbH&Co. KG

Lewandowska et al.: Allopurinol Attenuates Senescence and Oxidative Stress in
Endothelial Cells

Fig. 6. The assessment of selected
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Discussion

Our objective was to examine the effect of allopurinol treatment in hypertensive
patients with a serum UA concentration =2 5 mg/dL (via specific serum exposure) on HUVEC
senescence. The analysis of the results obtained reveals clear trends. The serum from patients
before allopurinol treatment exhibited pro-senescence properties on HUVECs. The serum,
compared to the control group, had a significantly negative impact on all senescence-assessed
parameters (y-H2A.X, SA-B-gal, 53BP1) and proliferation in HUVECs. The tested serum
(V1) also significantly increased all oxidative stress parameters (MitoSOX red, DHR, NAO,
JC-1). The results obtained are consistent with previously published studies. Researchers
believe that both UA and AH can induce cellular senescence. They explain this phenomenon
by the increased production of ROS associated with both factors, which negatively impacts
endothelial cells and promotes cellular senescence [21-23, 31,32].

The serum from the V2 study group (after allopurinol therapy) partially reversed some
of the observed changes in HUVECs, but not all of them. It can be suggested that allopurinol,
to some extent, exerts an antioxidant and anti-senescence effect on HUVECs. It improved
proliferation significantly and reduced y-H2A.X, which is a marker of senescence-associated
DNA damage and the activation of the so-called DNA damage response [33]. A similar effect
of allopurinol was recently reported by Wang et al., who used a chemically induced rat model
of asthma, where XO inhibition by allopurinol attenuated oxidative stress and DNA damage
[34]. Likewise, Klein et al. showed that allopurinol influenced DNA synthesis and repair
processes, indicating its potential to support cellular recovery following damage [35].
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Allopurinol treatment in our study reduced mitochondrial ROS production significantly
and decreased mitochondrial mass in HUVECs. In the case of serum V1, we observed an
increase in mitochondrial mass, reflecting increased mitochondrial biogenesis. One may
speculate that it represents a compensatory cell response to mitochondrial damage or a
functional impairment and is often accompanied by elevated ROS production, as a higher
number of mitochondria means more active respiratory chains, which are the main source
of ROS [36, 37]. Therefore, allopurinol, by reducing mitochondrial biogenesis, decreases
mitochondrial-derived free radicals, undoubtedly exerting a beneficial and protective effect
on HUVECs. Similar observations have been reported by other researchers, demonstrating
that allopurinol exerts antioxidant effects by reducing ROS production in rat cardiomyocytes
and in the plasma of horses [38, 39]. Rus et al. showed in a rat model that XO activity can
occur in mitochondria and is inhibited by allopurinol. This implies that the generation of
mitochondrial ROS is not due exclusively to the damage of the respiratory chain but also
involves XO’s catalytic function [40]. Other authors have already highlighted the positive
impact of allopurinol on mitochondrial metabolism. Gladden et al. demonstrated that
cardiomyocytes subjected to 3 hours of cyclic stretching exhibited increased XO activity
and mitochondrial swelling, which was prevented by pre-treatment with allopurinol [41].
Similarly to our findings, both NAO and mitochondrial ROS levels decreased after allopurinol
treatment. Nakano et al. also showed that allopurinol, in dogs’ liver tissue exposed to warm
ischemia, helped prevent the decline in mitochondrial ATP metabolism and reduced the
production of lipid peroxides, which contributed to the quick recovery of mitochondrial
redox balance [42].

However, in our study, even after allopurinol treatment, some markers of senescence
and oxidative stress were not fully reversed. The partial reversal of cellular senescence
and oxidative stress markers, particularly the reduction of y-H2A.X, mitochondrial ROS
(MitoSOX red), and NAO without a significant impact on 53BP1, SA-B-Gal, cytosolic ROS
(DHR) or mitochondrial membrane potential (JC-1) suggests that inhibition of XO alone is
insufficient to fully reverse the damaging effects induced by UA and/or AH. This may indicate
that other sources of oxidative stress and inflammatory pathways not directly related to XO
could contribute to our patients’ cellular damage. Both AH and elevated UA levels contribute
to increased intracellular ROS production. The underlying mechanisms are complex and
multifactorial, which is likely the primary reason for the incomplete improvement of the
evaluated parameters following allopurinol treatment.

The increase in ROS within cells is an element inseparable from AH. AH promotes the
development of inflammation and ROS production. Elevated vascular pressure exerted on
the walls of blood vessels induces mechanical stress, activating endothelial and smooth
muscle cells to produce increased levels of ROS [43]. Activation of the renin-angiotensin-
aldosterone system (RAAS) contributes significantly to organ damage and ROS generation in
AH[44]. Chronically elevated blood pressure contributes to vascular remodelling [45]. This is
likely driven by angiotensin II-induced activation of growth factors such as a platelet-derived
growth factor (PDGF), a vascular endothelial growth factor (VEGF), and a fibroblast growth
factor (FGF) [45]. The pathophysiology of AH is consistent with our findings. Evaluating
selected SASP-related parameters in patients’ serum and in the CM produced by HUVECs
after serum exposure aligns with the above. When comparing Con and V1, VEGF and PDGF
DD—measured both in patient serum and CM—would be expected to decrease alongside
reduced proliferation; however, our results reveal a paradoxical increase in thes parameters.
The observed increase is most likely due to strong RAAS activation induced by elevated UA
levels in AH. The decrease in VEGF levels in serum and VEGF and PDGF in a conditioned
medium in the ‘after allopurinol’ group supports the researchers’ theory that UA may activate
the RAAS. The reduction after XO inhibition probably results from allopurinol lowering UA,
which reduces UA-dependent RAAS activation [21, 45, 46].

RAAS activation promotes an increase in cellular ROS. Angiotensin II stimulates ROS
production via AT1-mediated NADPH oxidase activation and enhances inflammation through
AP-1 and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) pathways

131



Cellular Physiology Cell Physiol Biochem 2025;59(52):124-137

DOI: 10.33594/000000819 © 2025 The Author(s). Published by

and BiOChemiStry Published online: 14 October 2025 |Cell Physiol Biochem Press GmbH&Co. KG

Lewandowska et al.: Allopurinol Attenuates Senescence and Oxidative Stress in
Endothelial Cells

[47-51]. NADPH oxidase can also be activated directly by UA. Moreover, UA promotes
inflammation by suppressing AMPK and activating pathways such as Rho kinase, NF-kB, and
Janus Kinase 2/Signal Transducer and Activator of Transcription 3 (JAK2/STAT3) [52].

A key source of ROS in patients with elevated UA and AH is ROS generated during UA
productionitself. Hypoxia and inflammation activate X0, leading to UA synthesis accompanied
by ROS generation in the final steps [53]. In hypoxia, mitochondrial lysis releases enzymes
that irreversibly convert dehydrogenase to XO [54]. Although UA can inhibit XO retroactively,
ROS production still accompanies these reactions [55]. As described above, XO is just the tip
of the iceberg—many other factors contribute to ROS generation and senescence, making
the mechanism more complex than it seems, but allopurinol cannot inhibit all sources of ROS
production.

Further analysis of our results suggests the involvement of additional mechanisms of
allopurinol action or lack thereof. Allopurinol has been shown to inhibit Hypoxia-Inducible
Factor 1- a (HIF1-a), as observed by other researchers, which is also evident in our study [56).
Typically, angiopoietin levels rise due to HIF1-a activation in response to hypoxia. Hypoxia
and inflammation accompanying AH and UA in group V1 promote increased angiopoietin
levels. Then, allopurinol inhibits HIF-1, reducing angiopoietin production, as observed in
patients’ serum (group V2) and CM from HUVECs treated with this serum.

Some researchers suggest that allopurinol may inhibit the NF-kB pathway, thereby
reducing IL-6 levels and inflammation [57]. In our results, IL-6 was elevated considerably in
the serum of patients in the study groups (before and after allopurinol treatment) and in the
CM of HUVECs exposed to these sera. Furthermore, in the serum of patients after treatment,
IL-6 levels increased significantly in both cases. An explanation for this may be provided
by the study of Pearlstein et al. They observed a significant rise in IL-6 after subjecting
HUVECs to hypoxia. The addition of a NAD(P)H oxidase inhibitor (apocynin), an X0 inhibitor
(allopurinol), or a nitric oxide synthase inhibitor (N-nitro-l-arginine) did not reduce IL-6
levels significantly [58]. Hypoxia accompanying AH is likely too strong a factor to reveal the
inhibitory effect of allopurinol on the NF-kB pathway/IL-6.

Allopurinol does not affect IL-8 or TGF-$1. The level of IL-8 increased significantly both
in the serum and in the CM. Similar associations have been observed by other researchers
in patients with AH and elevated UA levels [59, 60]. Allopurinol did not affect IL-8 levels
significantly. Multiple factors may contribute to its activation, not solely XO. Researchers
suggest that it plays a key role in driving senescence in patients with CVDs [61]. TGF-1
levels are elevated in patients with AH, as confirmed in our study: in group V1, TGF-$1
increased both in serum and CM[62]. Allopurinol treatment reduced its serum levels, but the
change was not statistically significant. It is possible that, in our patients, the TGF-31-driven
senescence pathway is too strong to be reversed by XO inhibition and the resulting ROS
reduction. Moreover, HUVECs exposed to patient sera secreted significantly more TGF-f31
into CM, even after treatment, suggesting that the serum retains its pro-senescent properties
despite allopurinol therapy.

The lack of reduction, and in some cases even an increase, of IL-6, IL-8, or TGF-$1 in
serum and/or CM after allopurinol treatment underscores the complexity and multifactorial
nature of the underlying mechanisms. In patients with AH and hyperuricemia, levels of
IL-6, IL-8, and TGF-f1 are elevated, contributing to the chronic inflammation associated
with these conditions. These cytokines activate common signalling pathways, including
NF-kB, MAPK (Mitogen-Activated Protein Kinase), or JAK/STAT, and engage in cross-talk,
mutually enhancing their expression. TGF-B1 additionally promotes a profibrotic and pro-
inflammatory endothelial phenotype, while ROS generated within this cascade further
amplifies cytokine production, leading to increased oxidative stress and tissue fibrosis [63-
64]. Blocking a single pathway is often insufficient, as inflammatory signals are sustained
through multiple, interconnected mechanisms. Allopurinol inhibits XO, reducing UA and
ROS production; however, it cannot suppress cytokines activated through XO-independent
pathways.
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One could speculate whether UA or AH is the more significant factor influencing the
results obtained. On one hand, UA may contribute to the development of AH, while on the
other, it could be a consequence of it. To confirm this, large, well-designed studies are needed.
International experts on the diagnosis and treatment of patients with hyperuricaemia and
high CV risk recommended considering allopurinol for individuals with UA levels above
5 mg/dL who have at least two of the following risk factors: AH, diabetes, dyslipidaemia,
previous stroke, myocardial infarction, or chronic kidney disease. They also suggested
targeting a UA level below 5 mg/dL [12]. However, recently, results from the large ALL-
HEART study were published, showing that allopurinol did not provide benefits in secondary
prevention for patients with ischemic heart disease [65-66]. Our findings may offer a partial
explanation as to why the ALL-HEART study did not yield the outcomes anticipated by the
authors. It is possible that the patients in the ALL-HEART study were too ill to benefit from
allopurinol treatment. The more severely ill the patients, with extensive vascular damage,
the more factors that could contribute to the induction of cellular senescence. In our study;,
patients had lower CV risk than those in the ALL-HEART trial and did not present with
significant organ damage. The results of the ongoing multicentre, randomised, double-blind
ALL-VASCOR trial will be of particular importance. This study aims to assess the benefits
of allopurinol therapy in patients with high and very high CV risk. Patients with ischemic
heart disease have been excluded, and the study protocol excluded most of the limitations
previously raised regarding the ALL-HEART trial [67].

Conclusion

Our study highlights the role of oxidative stress and mitochondrial dysfunction in
endothelial senescence. The clinical implications of our study suggest that allopurinol may be
beneficial for patients with AH and elevated UA levels. However, appropriate antihypertensive
therapy must also be ensured. Additionally, our analysis indicates that treatments targeting
the inflammatory pathways described above could also benefit this patient group.

The present study represents a pilot translational investigation, and the findings may
provide guidance for other researchers and serve as a basis for generating hypotheses for
larger controlled trials.

Limitations

Undoubtedly, a key limitation of this study is the small sample size and sex imbalance.
However, finding such a refined group of patients with only AH and elevated UA levels,
without other comorbidities, is challenging. During the pre-screening phase in our
department, patients underwent a comprehensive diagnostic evaluation, which enabled the
precise selection of the study group. Another aspect is the UA levels in the patients. In the
‘before allopurinol’ group, the average serum UA level was 6.3 mg/dL. Our results might have
been more spectacular if the patients had started treatment with serum UA levels above
7-7.5 mg/dL. However, elevated UA levels are often associated with the onset of additional
conditions, and in our case, such patients generally had a BMI exceeding 30 kg/m?, which
is an excluded criterion. Additionally, the study used 80% serum, which may have further
diluted the UA levels to which the HUVECs were exposed.

Another consideration is the allopurinol dose—300 mg/day. A higher dose might have
yielded better results, but for our patient group (these are patients who have moderate CVD
risk), obtaining ethics committee approval and ensuring patient compliance could have been
more challenging. Moreover, the duration of allopurinol administration (6 weeks) may have
been too short to reverse all the adverse effects of the long-term impact of elevated UA and
AH on the body. Lastly, working with serum samples presents limitations, as the parameters
we assessed represent only a small fraction of the complex interactions within the serum.

As a single-center, short-term, non-randomized, and non-blinded study without a
placebo control, the potential for clinical extrapolation is limited.
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