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A B S T R A C T   

The present review explores the role of xanthine oxidoreductase (XOR) in the development and progression of 
chronic kidney disease (CKD). Human XOR is a multi-level regulated enzyme, which has many physiological 
functions, but that is also implicated in several pathological processes. The main XOR activities are the purine 
catabolism, which generates uric acid, and the regulation of cell redox state and cell signaling, through the 
production of reactive oxygen species. XOR dysregulation may lead to hyperuricemia and oxidative stress, which 
could have a pathogenic role in the initial phases of CKD, by promoting cell injury, hypertension, chronic 
inflammation and metabolic derangements. Hypertension is common in CKD patients and many mechanisms 
inducing it (upregulation of renin-angiotensin-aldosterone system, endothelial dysfunction and atherosclerosis) 
may be influenced by XOR products. High XOR activity and hyperuricemia are also risk factors for obesity, 
insulin resistance, type 2 diabetes and metabolic syndrome that are frequent CKD causes. Moreover, CKD is 
common in patients with gout, which is characterized by hyperuricemia, and in patients with cardiovascular 
diseases, which are associated with hypertension, endothelial dysfunction and atherosclerosis. Although hy
peruricemia is undoubtedly related to CKD, controversial findings have been hitherto reported in patients treated 
with urate-lowering therapies.   

1. Introduction 

Chronic kidney disease (CKD) is characterized by a high urinary al
bumin/creatinine ratio and a low estimated glomerular filtration rate 
(eGFR) based on measurement of serum creatinine. These parameters 
allow to graduate the seriousness of the disease, distinguishing five 
stages. However, most patients are unaware of their condition until the 
disease reaches its higher stages. CKD has a higher diffusion in low- and 

middle-income than in high-income countries. Also, genetic factors may 
contribute to CKD risk [1]. 

Although a higher prevalence of CKD in the lower stages was found 
in females, males show higher mortality, suggesting that renal disease 
progress in males more rapidly to end-stage, when only dialysis and 
kidney transplantation can guarantee survival. About 10% of the pop
ulation worldwide is affected by CKD that resulted the 12th leading 
cause of death in the last Global Burden of Disease Study report. The 
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main risk factors for CKD are high blood pressure and high fasting 
plasma glucose, together accounting for more than three quarters of all 
cases. In addition, the risk of CKD from cardiovascular disease (CVD) 
and gout must be considered. On the other hand, almost 7% of the total 
CVD burden can be attributed to impaired kidney function [2]. 

The activity of the xanthine oxidoreductase (XOR) produces uric acid 
and can generate reactive oxygen (ROS) and nitrogen (RNS) species. 
Hyperuricemia and oxidative stress are implicated in the development of 
hypertension, insulin resistance, dyslipidemia and endothelial dysfunc
tion, which are risk factors for cardiometabolic and renal disorders. 

The present review explores the role of XOR activity and products in 
the development and progression of CKD. 

2. Xanthine oxidoreductase: activities, products and functions 

Human XOR is a multi-level regulated enzyme, which has acquired 
many physiological functions following a complicated evolutionary 
process. The main activity of XOR is to catalyze the transition from 
hypoxanthine to xanthine and then to uric acid, thus assuming a rate- 
limiting function in purine metabolism, being the last two irreversible 
products in higher mammals. This role is carried out both by the 
xanthine dehydrogenase (XDH, EC 1.17.1.4) and xanthine oxidase (XO, 

EC 1.17.3.2) activities, which produce reduced nicotinamide adenine 
dinucleotide (NADH) and ROS, respectively. XOR gene codes for the 
dehydrogenase form, which is prevalent inside the cell, in particular in 
liver, gut and lactating mammary gland. XO derives from the oxidation 
of specific cysteine residues or from their loss, due to partial proteolysis 
of XDH; XO can be found in plasma and in milk. During the reversible 
transition from XDH to XO an intermediate form is generated, which is 
able to react with both NAD+ and O2 [3,4]. The conversion from XDH to 
XO occurs when the enzyme is released in blood from hepatocytes or in 
the intestinal lumen from enterocytes, during the physiological turnover 
of these cells, as well as in milk from the mammary cells, during 
lactation. 

In particular conditions, such as hypoxia and low pH, XOR has NADH 
oxidase activity, which produces ROS, as well as nitrite reductase ac
tivity, which generates nitric oxide (NO) [5–7]. Physiological amount of 
endothelial XOR-derived NO can modulate vasodilation concurring to 
blood pressure regulation or can generate cytotoxic RNS by reacting 
with ROS, thus contributing to inflammatory reaction of leukocytes. In 
pathological conditions, such as hypoxia and re-oxygenation or ische
mia/reperfusion, the aforementioned cytotoxic reactions can contribute 
to the tissue damage. In fact, XOR-generated ROS contribute to the 
physiological cell redox signaling, but may cause oxidative stress and 

Fig. 1. Xanthine oxidoreductase (XOR) structure 
and pathophysiologic effects induced by products 
of its enzymatic activities. XOR is a 300 kDa 
enzyme formed by two identical subunits, each 
composed of three domains, characterized by 
different cofactors: two non-identical iron-sulfur 
clusters (2Fe/S) for the 20-kDa N-terminal 
domain (green), a flavin adenine dinucleotide 
(FAD) cofactor for the 40-kDa intermediate 
domain (orange) and a molybdopterin cofactor 
containing a molybdenum atom (Moco) for the 
85-kDa C-terminal domain (violet). The C-termi
nal domain is responsible for (i) xanthine dehy
drogenase activity, which produces uric acid (UA) 
and reduced nicotinamide adenine dinucleotide 
(NADH); (ii) xanthine oxidase activity, which 
produces UA, superoxide ion and hydrogen 
peroxide (reactive oxygen species, ROS); and (iii) 
nitrate/nitrite reductase activities that generate 
nitric oxide (NO). The intermediate domain pos
sesses NADH oxidase activity, which produces 
ROS. XOR products have physiological roles (re
ported in the green portion of the box) at low 
levels, but they exert pathological effects (re
ported in the red portion of the box) at high levels 
[15,16]. NO promote local arterial vasodilation 
and contribute to innate immunity by generating 
reactive nitrogen species (RNS) and by activating 
endothelium. High levels of NO can induce 
phlogosis and tissue damage by producing cyto
toxic RNS. UA stimulates innate immunity, sup
ports blood pressure by activating the 
renin-angiotensin-aldosterone system, has a 
fundamental antioxidant activity in biological 
fluids and contributes to fat accumulation. How
ever, hyperuricemia promotes hypertension, 
chronic inflammation and lipidic and glycidic 
metabolism derangements. In addition, intracel
lular UA accumulation, as well as UA oxidant 
products contribute to oxidative stress. ROS have 
a redox signaling function that is essential for 
innate immunity, because it is implicated in cell 
activation, proliferation and migration. On the 
other hand, exceeding amounts of ROS can 

induce oxidative stress or endothelial dysfunction, as well as mutagenesis or cytotoxicity [8,10–12,14,17–21].   
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induce cell injury, when produced in excessive quantities [8]. Moreover, 
even if knock-in mice, expressing high XO activity showed growth and 
survival levels similar to wild type mice, the knock-in mice had 
increased tumor incidence, as a consequence of the higher ROS pro
duction and the deriving immune response by macrophages [9]. Uric 
acid plays different physiological roles: it has a fundamental antioxidant 
function in plasma and other body fluids, supports blood pressure by 
acting on kidney, is a proinflammatory agent and influences hepatic 
metabolism by favoring gluconeogenesis and fat accumulation. On the 
other hand, hyperuricemia promotes hypertension, dangerous chronic 
inflammation, metabolic derangements and has a pro-oxidant intracel
lular activity (Fig. 1) [10–14]. 

3. Gout and chronic kidney disease 

Hyperuricemia is defined as an increased serum urate concentration 
> 6.0 mg/dL (>360 mol/L) for females and > 7.0 mg/dL (>420 mol/L) 
for males. It may have genetic causes, can be determined by increased 
hepatic biosynthesis, or by reduced renal or intestinal excretion of urate, 
may have dietetic origins, deriving from an excessive intake of food rich 
in purine or fructose, as well as from alcohol abuse, or may depend on 
high cell turnover, as during tumor lysis syndrome [22,23]. Although, 
not all patients with hyperuricemia necessarily develop gout, the limited 
solubility of urate may lead to its deposition as crystals, mostly in the 
joints, inducing both inflammatory symptoms and structural damage, 
and giving rise to chronic gouty arthritis and sometimes to neph
rolithiasis [24]. The chronic deposition of urate precipitates in the distal 

tubules and in the medullary interstitium causes a form of CKD called 
gout nephropathy [25]. Hyperuricemia and gout are on the rise in 
developed countries; their association with cardiovascular outcomes has 
been reported and could be justified by the correlation between hyper
uricemia and major risk factors for CVD, such as hypertension, type 2 
diabetes, metabolic syndrome and kidney disease [26]. 

In a rat model of hyperuricemia, the Nod-like receptor protein 3 
(NLRP3) inflammasome-mediated inflammation and autophagy 
contributed to the development of renal damage including tubular 
injury and kidney fibrosis [27]. The NLRP3 inflammasome signaling 
pathway is activated in gouty nephropathy patients and can induce the 
inflammatory response, which contributes to the renal damage (Fig. 2) 
[28]. 

Hyperuricemia was associated with an increased risk of acute kidney 
injury in a meta-analysis based on eleven observational studies 
including 70,264 hospitalized patients. In fact, 70% of uric acid is 
excreted by the kidneys after glomerular filtration and absorption by 
proximal tubules, allowing a crystal-induced direct tubular toxicity 
[29]. 

Another mechanism of kidney damage mediated by uric acid is 
related to the chronic activation of the renin-angiotensin-aldosterone 
(RAA) system with the consequent arteriolopathy and glomerulo
sclerosis (see the following chapter and Fig. 2) [30]. 

An observational retrospective study including gouty patients with 
CKD at stage 3, which were treated with XOR inhibitors for one year, 
showed that the reduction of uricemia at an optimal level could help to 
conserve and improve renal function [31]. 

Fig. 2. Mechanisms of kidney damage medi
ated by hyperuricemia. Hyperuricemia may 
affect both the medulla and the cortex of kid
ney. In the medulla, high uric acid concentra
tion causes the deposition of urate precipitates 
and activates the Nod-like receptor protein 3 
(NLRP3) inflammasome, thus inducing chronic 
interstitial inflammation and tubular damage, 
which lead to kidney fibrosis [28]. In the cor
tex, hyperuricemia increases the activity of 
renin-angiotensin-aldosterone (RAA) system 
that stimulates persistent vasoconstriction of 
the afferent arterioles with consequent 
glomerular damage leading to glomerulo
sclerosis [30].   
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Hyperuricemia and gout are often associated to CKD and their 
prevalence is directly proportional to the severity of kidney pathology in 
the Uric Acid Right for heArt Health (URRAH) Project study, a multi
center, retrospective, observational cohort study, which involved 
26,971 individuals. Among the subgroup of patients treated with the 
XOR inhibitor allopurinol, those who received treatment in the early 
stages of the disease, but not those who received treatment in more 
advanced phases, experienced effective protection. A possible reason for 
this discrepancy could be that XOR inhibition also decreases the pro
duction of ROS that contributes to the development of renal damage. 
Hyperuricemia seems to have a pathogenic role in the initial phases of 
CKD, but in the advanced stages of CKD, when renal excretion declines, 
hyperuricemia represents also a consequence of the disease [32]. 

4. Hyperuricemia and hypertension 

The vast majority of CKD patients is suffering from hypertension that 
is both a cause and an effect of CKD. Some of the mechanisms inducing 
an increased blood pressure include upregulation of the RAA system, 
endothelial dysfunction or atherosclerosis, which may be influenced by 
XOR activity and products [33,34]. 

Uric acid can induce hypertension through various mechanisms. 
Hyperuricemia is associated to the activation of both plasma renin and 
intra-kidney angiotensin activities, which produce renal vasoconstric
tion and may generate ischemia, and oxidative stress in the kidney. The 
consequent activation of the immune system triggers persistent kidney 
vasoconstriction and salt-sensitive hypertension. In addition, uric acid 
oxidative products decrease endothelial NO availability, thus impairing 
vasodilation. Independently from uricemia level, increased intracellular 
uric acid, either produced by XOR activation or by uptake via specific 
urate transporters, causes activation of both mitogen-activated protein 
kinases and reduced nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase, with the consequent induction of oxidative stress and 
inflammation (Fig. 3) [35,36]. 

After a 5-year follow-up, a cohort study comprising 3584 pre- 
hypertensive Japanese patients evaluated the cumulative incidence of 
hypertension. After adjustments for confounding risk factors, the blood 
pressure resulted significantly higher in subjects with hyperuricemia 
compared to those without hyperuricemia, suggesting a causal role of 
hyperuricemia in the initial phase of hypertension development [37]. 

Hyperuricemia is associated with vascular stiffness, because of the 
increase in oxidative stress on the vascular endothelium and of the 
production of vasoconstrictors and activation of vascular smooth muscle 
cells, which changes the structural properties of artery wall by 
increasing the recruitment of collagen fibers and inducing a progressive 
elastic fiber degeneration. In the kidney, the consequent alterations of 
the flow can damage microcirculation and cause vascular injury, which, 
together with the relative chronic inflammation and to the activation of 
the RAA system, can lead to hypertension and CKD [38,39]. Uricemia 
levels and arterial stiffness were significantly higher in hypertensive 
than normotensive patients [40]. A study population enrolling 1114 
newly diagnosed, never-treated hypertensive patients reported the as
sociation between the level of arterial stiffness and uricemia and insulin 
resistance, evaluated by the homeostatic model assessment index [41]. 

A meta-analysis was conducted by selecting 15 studies reporting only 
randomized controlled studies to determine the correlation between the 
level of uricemia and blood pressure. The treatment with allopurinol 
resulted in a significant decrease of systolic blood pressure in hyper
uricemic patients even without the use of antihypertensive drugs [42]. 

5. Reactive oxygen species and endothelial dysfunction 

ROS and RNS are continuously generated in living beings and play a 
physiological role in signal transduction. However, an excessive pro
duction of oxidants can cause oxidative stress with consequent alter
ation of biological molecules, such as lipids, proteins, glycides and DNA, 
with pathological consequences for cells and tissues [17,43]. A high 
level of oxidative stress, as measured by the plasma cystine/glutathione 
ratio, was significantly associated with mortality in patients with coro
nary artery disease [44]. Due to its metabolic functions, the kidney is 
vulnerable to oxidative stress, which can accelerate the progression of 
CKD and its complications. The main sources of ROS include the mito
chondrial respiratory complex, NADPH oxidases, endothelial NO syn
thase (eNOS), myeloperoxidase and XOR [45]. 

A cohort of 1591 subjects from Norway aged between 50 and 62 
years, without diabetes mellitus or cardiovascular and renal disease, was 
followed for 6 years. After a multivariable statistical analysis, a high 
urinary excretion of the oxidatively damaged RNA marker 8-oxoGuo 
independently predicted an increased risk of low-grade albuminuria 
(Fig. 4) [46]. 

Oxidative stress promotes inflammation and both are CKD hall
marks, as well as endothelial dysfunction, which contributes to the 
process of arteriosclerosis. Oxidative stress is implicated in glomerular 
injury with albuminuria and subsequent glomerulosclerosis. Vascular 
alterations lead to arterial stiffness and hypertension and this process 
already begins in children and is present in patients with CKD initial 
phases [45,47,48]. 

ROS may cause endothelial dysfunction with impairment of eNOS 
and consequent local vasoconstriction ultimately leading to glomerular 
ischemia. In addition, the microvascular alterations promote the leu
kocytes recruitment that increases the production of ROS and RNS, 
which in turn contribute to apoptosis of podocytes and renal tubular 
epithelial cells (Fig. 4) [49,50]. 

ROS overproduction has been reported at the beginning of CKD 
progression together with the activation of the nuclear factor erythroid 
2-related factor 2 (Nrf2) transcription factor, which regulates the 
expression of several antioxidant proteins, thus blocking inflammatory 
pathways. Although, it is not definitely clear if Nrf2 activation can help 
prevent or slow CKD progression, solid evidence suggests that ROS- 
antioxidant altered systems play a crucial role in CKD [51,52]. 

In addition to the contribution of XOR activity in ROS production, 
oxidative stress can be induced by hyperuricemia, which also promotes 
inflammation and endothelial dysfunction [36]. In vitro experiments 
suggest a possible mechanism of endothelial dysfunction and conse
quent kidney disease due to the phenotypic transition of vascular 
endothelium induced by uric acid through oxidative stress and 

Fig. 3. Uric acid (UA) and hypertension. An exceeding amount of UA can lead 
to hypertension through different mechanisms. Hyperuricemia stimulates the 
renin-angiotensin-aldosterone (RAA) system that causes the reabsorption of 
sodium (Na+) and consequently water (H2O), thus inducing hypervolemia. Uric 
acid oxidative products can cause oxidative stress and induce vasoconstriction 
by lowering the availability of endothelial nitric oxide (NO) while increasing 
the activity of reduced nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase. Intracellular accumulation of UA induces the proliferation of smooth 
muscle cells that leads to arterial stiffness by increasing the activity of mitogen- 
activated protein kinases (MAPK), platelet-derived growth factor (PDGF) and 
cyclooxygenase 2 (COX-2) [36]. 
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glycocalyx shedding [53]. 

6. Chronic kidney disease in diabetes and metabolic syndrome 

Diabetes is the most frequent cause of CKD because hyperglycemia 
damages blood vessel and nephrons, thus triggering the development of 
hypertension. Over time, lipid metabolism alterations can be added, 
leading to metabolic syndrome and/or CVD. High XOR activity and 
hyperuricemia are risk factors not only for gout, CKD and CVD [16], but 
also for obesity, insulin resistance, type 2 diabetes and metabolic syn
drome [20,54,55] (Fig. 5). 

Hemodialysis patients with or without type 2 diabetes were analyzed 
for plasma XOR activity, uricemia and glycemia. Diabetic patients 

showed a higher XOR level, which has been significantly associated with 
glucose plasma level, while in non-diabetic patients XOR plasma activity 
has been significantly associated with the level of uricemia [56]. 
Pre-dialysis CKD patients with or without diabetes were tested for 
plasmatic XOR. XOR activity was significantly higher in diabetic CKD 
patients than in those without diabetes, after adjusting for several con
founders [57]. 

A retrospective 5-year cohort study was conducted including 9721 
Japanese healthy subjects to evaluate if obesity predicts the insurgence 
of metabolic syndrome. Overweight subjects had increased cumulative 
incidences of hypertension and diabetes, even in individuals with 
normal fasting blood glucose. Baseline hyperuricemia was a risk factor 
for hypertension in lean subject and for hypertension and diabetes in 
obese subjects [58]. 

A retrospective observational study included 155 Japanese hyper
uricemic patients with or without diabetes, which were treated for 6 
months with XOR inhibitor febuxostat. The resulting control of the 
uricemia was similar in the two groups, but only non-diabetic patients 
experienced a significant increase in eGFR values, while the renopro
tective effect was attenuated in diabetic patients [59]. 

In a pilot study, 65 diabetic patients with hyperuricemia and ne
phropathy were treated for 28 weeks with placebo or with the XOR 
inhibitor topiroxostat, which not only controlled the serum uric acid 
level but also prevented decline of eGFR [60]. 

In a cohort of 3808 Chinese women, the chances of having metabolic 
syndrome were statistically higher for hyperuricemic women than for 
their counterparts without hyperuricemia and the association was 
stronger in the premenopausal women than in postmenopausal ones 
[61]. 

Fig. 4. Kidney damage induced by excessive reactive oxygen species (ROS) production. Exceeding amounts of ROS induce oxidative stress and phlogosis that can 
cause albuminuria, as well as leukocytes recruitment that contribute to apoptosis of podocytes and renal tubular epithelial cells. ROS may also cause the impairment 
of nitric oxide (NO) synthase (eNOS) and consequent local vasoconstriction ultimately leading to glomerular ischemia [46,50]. 

Fig. 5. Xanthine oxidoreductase (XOR) activity and chronic kidney disease 
CKD). The increase in XOR activity not only promotes the development and 
progression of CKD through the production of uric acid and reactive oxygen 
species, it also promotes the main pathological conditions leading to CKD: 
hypertension, diabetes mellitus, obesity and cardiovascular diseases 
(CVD) [16]. 
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7. The association of chronic kidney disease with cardiovascular 
disease 

In a 5-year Japanese cohort study including 4915 subjects, asymp
tomatic hyperuricemia predicts a higher risk of developing car
diometabolic diseases, such as hypertension, obesity and CKD [62]. 

In a cross-sectional study were enrolled 26,768 Chinese participants, 
which were divided for sex and serum uric acid quartiles. Hyperuricemia 
was significantly associated with both risk factors for CVD and renal 
diseases, namely obesity, hypertension, diabetes mellitus, dyslipidemia, 
CKD and nephrolithiasis, especially in women [63]. 

A significant correlation was observed between the level of uricemia 
and inflammatory markers of coronary microvascular endothelial 
dysfunction in postmenopausal women, suggesting an early coronary 
atherosclerosis [64]. 

Hyperuricemia indicates advanced arterial stiffness and was an in
dependent predictor of all-cause mortality in heart failure patients with 
preserved [65] as well as reduced ejection fraction [66]. 

8. Urate-lowering therapy 

XOR inhibition suppressed the expressions of genes responsible for 
hypercholesterolemia-associated inflammation and fibrosis in ApoE 
knockout mice with CKD, possibly exerting renoprotective effects 
against hypercholesterolemia-associated kidney injury [67]. In experi
mental kidney diseases, treatment with allopurinol was able to prevent 
renal NLRP3 inflammasome activation, thus showing renoprotective 
effects [68,69]. 

Eighty Japanese hyperuricemic patients with diabetic nephropathy 
were treated for 24 weeks with the XOR inhibitor topiroxostat at 40, 
160 mg per day or placebo, to delay the deterioration of renal function. 
Treatment with the highest dose was significantly effective by reducing 
albuminuria [70]. However, in a randomized, controlled trial, including 
363 patients with stage 3 or 4 CKD, but without gout, no significant 
differences were observed in the eGFR values between those receiving 
treatment for 2 years with allopurinol and the placebo group [71]. 
Similarly, the urate-lowering therapy (ULT) with topiroxostat or 
febuxostat did not significantly decrease the urinary protein/creatinine 
ratio in CKD stage 3 and 4 patients with hyperuricemia after a 24-weeks 
treatment, despite the effectiveness in serum urate lowering [72]. 

The administration of allopurinol for 12 weeks effectively and safely 
normalized the asymptomatic hyperuricemia in patients with stage 3 
CKD, compared to placebo controls, without improving their endothelial 
function, as measured by brachial artery flow-mediated dilation [73]. 

Treatments with ULT conferred a significant renoprotection in trials 
reporting a progressive deterioration of kidney function, but were 
ineffective when such progression was not observed. Thus, ULT was 
recommended in CKD patients with hyperuricemia and evidence of 
deteriorating renal function [74]. In addition, ten randomized 
controlled trials with a total of 1480 CKD patients found that ULT with 
topiroxostat had a significant renoprotective effect compared to pla
cebo, by improving eGFR and reducing the urinary albumin/creatinine 
ratio [75]. 

Treatment with XOR inhibitors decreased all-cause mortality in 2429 
Japanese patients in dialysis due to end-stage renal disease, regardless of 
the level of serum uric acid [76]. 

Systematic reviews of randomized controlled trials were performed 
in CKD patients to verify the efficacy of XOR inhibitors in improving 
renal outcomes. The obtained findings suggest that the treatment can 
improve disease course in young subjects or in patients at early CKD 
stages [77]. Moreover, significant improvement in eGFR values after 
ULT were reported only in long-term studies [78–80]. 

9. Conclusions and future perspectives 

The data so far available seem to indicate that an increase in the XOR 

activity, and the relative production of uric acid and ROS, promotes the 
initial phases of the CKD, due to both the effect on microcirculation and 
the tissue damage, as well as on arterioles and promotion of hyperten
sion, which are consequent. However, since purine metabolism differs 
considerably from species to species, it must be considered that the re
sults derived from animal experiments need to be confirmed by those in 
human studies. Once the renal or vascular damages attributable to the 
uric acid are settled, they cannot regress; this can explain the lack of 
success with ULT at advanced stages of CKD. It must be underlined that 
it has not been ascertained which is the optimal level of uricemia; 
however, its containment within the parameters considered physiolog
ical, could reduce the risk of developing hypertension and CKD, in 
particular in the presence of overweight and hyperglycemia. 

By inhibiting XOR activity, XOR-derived NO cannot be produced and 
this can aggravate the hypoxic renal conditions that inhibit the eNOS 
activity. Moreover, XOR inhibition is not without risks, such as the rare 
but dangerous allopurinol hypersensitivity or the increased risk of car
diovascular death with febuxostat [81]. On the other hand, the use of 
XOR inhibitors results not only in the control of the uricemia but also in 
lowering the production of ROS and RNS with a globally antioxidant 
effect and a reduction in the expression of proinflammatory molecules, 
which can also provide protection against CKD. In addition, XOR inhi
bition, by abolishing its rate-limiting function in purine metabolism, 
increases the availability of adenosine, which may downregulate the 
release of proinflammatory mediators [82,83]. 

On the other hand, it cannot be excluded that the protection given by 
XOR inhibitors in renal damage could depend by mechanisms other than 
the lowering of ROS production. This at least considering non- 
competitive inhibitors; indeed, while the allopurinol inhibits not only 
XOR activity, but also the purine salvage pathway, the non-competitive 
XOR inhibitors can enhance the purine salvage pathway, favoring the 
final availability of ATP [84,85]. 

The activities of XOR and its products form a complex balance. For 
this reason, it is not surprising that the use of ULT gives rise to so 
different results, depending on many parameters, such as the age and the 
sex of the patient, the type of comorbidities, the stage of the pathology 
and so on. 

Retrospective studies are desirable to ascertain whether the uricemia 
control with XOR inhibitors at the first occurrence of the CKD, as well as 
in obese and/or diabetic patients, manages to slow down the advancing 
of the atherosclerosis, the appearance of cardiovascular pathologies and 
the progress of renal diseases. 
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I. Janta, M.C. Ortega de la O, A. Prada-Ojeda, L. Sala-Icardo, A. Urruticoechea- 
Arana, P. García de la Peña Lefebvre, E. Calvo-Aranda, A treat-to-target approach 
for gout confers renoprotective effect in patients with chronic kidney disease stage 
3, Rheumatol. Int. 40 (2020) 1081–1087, https://doi.org/10.1007/s00296-020- 
04517-4. 

[32] E. Russo, F. Viazzi, R. Pontremoli, C.M. Barbagallo, M. Bombelli, E. Casiglia, A.F. 
G. Cicero, M. Cirillo, P. Cirillo, G. Desideri, L. D’Elia, C. Ferri, F. Galletti, 
L. Gesualdo, C. Giannattasio, G. Iaccarino, G. Leoncini, F. Mallamaci, A. Maloberti, 
S. Masi, A. Mengozzi, A. Mazza, M.L. Muiesan, P. Nazzaro, P. Palatini, G. Parati, 
M. Rattazzi, G. Rivasi, M. Salvetti, V. Tikhonoff, G. Tocci, A. Ungar, P. Verdecchia, 
A. Virdis, M. Volpe, G. Grassi, C. Borghi, Working Group on UricAcid and 
Cardiovascular Risk of the Italian Society of Hypertension, Association of uric acid 
with kidney function and albuminuria: the Uric Acid Right for heArt Health 
(URRAH) project, J. Nephrol. 35 (2022) 211–221, https://doi.org/10.1007/ 
s40620-021-00985-4. 

[33] M.G. Battelli, L. Polito, A. Bolognesi, Xanthine oxidoreductase in atherosclerosis 
pathogenesis: not only oxidative stress, Atherosclerosis 237 (2014) 562–567, 
https://doi.org/10.1016/j.atherosclerosis.2014.10.006. 

[34] D. Pugh, P.J. Gallacher, N. Dhaun, Management of hypertension in chronic kidney 
disease, Drugs 79 (2019) 365–379, https://doi.org/10.1007/s40265-019-1064-1. 
Erratum in: Drugs 80 (2020) 1381. 

[35] D.H. Kang, L. Han, X. Ouyang, A.M. Kahn, J. Kanellis, P. Li, L. Feng, T. Nakagawa, 
S. Watanabe, M. Hosoyamada, H. Endou, M. Lipkowitz, R. Abramson, W. Mu, R. 
J. Johnson, Uric acid causes vascular smooth muscle cell proliferation by entering 
cells via a functional urate transporter, Am. J. Nephrol. 25 (2005) 425–433, 
https://doi.org/10.1159/000087713. 

[36] L.G. Sanchez-Lozada, B. Rodriguez-Iturbe, E.E. Kelley, T. Nakagawa, M. Madero, D. 
I. Feig, C. Borghi, F. Piani, G. Cara-Fuentes, P. Bjornstad, M.A. Lanaspa, R. 
J. Johnson, Uric acid and hypertension: an update with recommendations, Am. J. 
Hypertens 33 (2020) 583–594, https://doi.org/10.1093/ajh/hpaa044. Erratum in: 
Am. J. Hypertens. 33 (2020) 1150. 

[37] M. Kuwabara, I. Hisatome, K. Niwa, S. Hara, C.A. Roncal-Jimenez, P. Bjornstad, 
T. Nakagawa, A. Andres-Hernando, Y. Sato, T. Jensen, G. Garcia, B. Rodriguez- 
Iturbe, M. Ohno, M.A. Lanaspa, R.J. Johnson, Uric acid is a strong risk marker for 
developing hypertension from prehypertension: a 5-Year Japanese cohort study, 
Hypertension 71 (2018) 78–86, https://doi.org/10.1161/ 
HYPERTENSIONAHA.117.10370. 

[38] T. Mehta, E. Nuccio, K. McFann, M. Madero, M.J. Sarnak, D. Jalal, Association of 
uric acid with vascular stiffness in the Framingham Heart Study, Am. J. Hypertens. 
28 (2015) 877–883, https://doi.org/10.1093/ajh/hpu253. 

[39] J.C. Ramirez-Sandoval, L.G. Sanchez-Lozada, M. Madero, Uric acid, vascular 
stiffness, and chronic kidney disease: is there a link, Blood Purif. 43 (2017) 
189–195, https://doi.org/10.1159/000452726. 

[40] A.F. Cicero, M. Rosticci, F. Fogacci, E. Grandi, S. D’Addato, C. Borghi, Brisighella 
Heart Study Group, High serum uric acid is associated to poorly controlled blood 
pressure and higher arterial stiffness in hypertensive subjects, Eur. J. Intern. Med. 
37 (2017) 38–42, https://doi.org/10.1016/j.ejim.2016.07.026. 

[41] V. Cassano, D. Crescibene, M.L. Hribal, C. Pelaia, G. Armentaro, M. Magurno, 
A. Toscani, S. Miceli, F. Andreozzi, R. Maio, M. Perticone, G. Sesti, F. Perticone, 
A. Sciacqua, Uric acid and vascular damage in essential hypertension: role of 
insulin resistance, Nutrients 12 (2020) 2509, https://doi.org/10.3390/ 
nu12092509. 

[42] L.H. Qu, H. Jiang, J.H. Chen, Effect of uric acid-lowering therapy on blood 
pressure: systematic review and meta-analysis, Ann. Med. 49 (2017) 142–156, 
https://doi.org/10.1080/07853890.2016.1243803. 

[43] M.G. Battelli, L. Polito, M. Bortolotti, A. Bolognesi, Xanthine oxidoreductase- 
derived reactive species: physiological and pathological effects, Oxid. Med. Cell. 
Longev. 2016 (2016), 3527579, https://doi.org/10.1155/2016/3527579. 

L. Polito et al.                                                                                                                                                                                                                                   

https://doi.org/10.1001/jama.2019.14745
https://doi.org/10.1001/jama.2019.14745
https://doi.org/10.1016/S0140-6736(20)30045-3
https://doi.org/10.1016/S0140-6736(20)30045-3
https://doi.org/10.1016/j.bbadis.2014.05.022
https://doi.org/10.1111/febs.13277
https://doi.org/10.1111/j.1432-1033.1997.00541.x
https://doi.org/10.1016/s0014-5793(98)00430-x
https://doi.org/10.1016/s0014-5793(98)00430-x
https://doi.org/10.3390/antiox9090839
https://doi.org/10.3390/antiox9090839
https://doi.org/10.1016/S0014-5793(04)00218-2
https://doi.org/10.1016/S0014-5793(04)00218-2
https://doi.org/10.1038/s41467-019-12565-z
https://doi.org/10.1038/s41467-019-12565-z
https://doi.org/10.1161/01.hyp.0000028589.66335.aa
https://doi.org/10.1161/01.hyp.0000028589.66335.aa
https://doi.org/10.1155/2014/216964
https://doi.org/10.1038/srep39884
https://doi.org/10.1016/j.redox.2021.101882
https://doi.org/10.1016/j.redox.2021.101882
https://doi.org/10.1152/ajpendo.00518.2020
https://doi.org/10.1186/1479-7364-4-2-119
https://doi.org/10.1016/j.redox.2021.102195
https://doi.org/10.1016/0014-5793(91)81276-e
https://doi.org/10.1038/s41467-019-12565-z
https://doi.org/10.1002/jcb.21901
https://doi.org/10.1016/j.redox.2018.101070
https://doi.org/10.1016/j.redox.2018.101070
https://doi.org/10.1053/j.ajkd.2017.12.009
https://doi.org/10.1053/j.ajkd.2017.12.009
https://doi.org/10.1002/cncr.11612
https://doi.org/10.1038/s41598-020-77013-1
https://doi.org/10.1155/2021/5550626
https://doi.org/10.3390/ijms22136678
https://doi.org/10.3390/ijms22136678
https://doi.org/10.1007/s12325-014-0175-z
https://doi.org/10.1007/s12325-014-0175-z
https://doi.org/10.1242/dmm.048041
https://doi.org/10.1242/dmm.048041
https://doi.org/10.3892/etm.2020.8694
https://doi.org/10.1186/s12882-016-0433-1
https://doi.org/10.1016/j.kint.2020.10.015
https://doi.org/10.1016/j.kint.2020.10.015
https://doi.org/10.1007/s00296-020-04517-4
https://doi.org/10.1007/s00296-020-04517-4
https://doi.org/10.1007/s40620-021-00985-4
https://doi.org/10.1007/s40620-021-00985-4
https://doi.org/10.1016/j.atherosclerosis.2014.10.006
https://doi.org/10.1007/s40265-019-1064-1
https://doi.org/10.1159/000087713
https://doi.org/10.1093/ajh/hpaa044
https://doi.org/10.1161/HYPERTENSIONAHA.117.10370
https://doi.org/10.1161/HYPERTENSIONAHA.117.10370
https://doi.org/10.1093/ajh/hpu253
https://doi.org/10.1159/000452726
https://doi.org/10.1016/j.ejim.2016.07.026
https://doi.org/10.3390/nu12092509
https://doi.org/10.3390/nu12092509
https://doi.org/10.1080/07853890.2016.1243803
https://doi.org/10.1155/2016/3527579


Pharmacological Research 184 (2022) 106407

8

[44] R.S. Patel, N. Ghasemzadeh, D.J. Eapen, S. Sher, S. Arshad, Y.A. Ko, E. Veledar, 
H. Samady, A.M. Zafari, L. Sperling, V. Vaccarino, D.P. Jones, A.A. Quyyumi, Novel 
biomarker of oxidative stress is associated with risk of death in patients with 
coronary artery disease, Circulation 133 (2016) 361–369, https://doi.org/ 
10.1161/CIRCULATIONAHA.115.019790. 

[45] K. Daenen, A. Andries, D. Mekahli, A. Van Schepdael, F. Jouret, B. Bammens, 
Oxidative stress in chronic kidney disease, Pediatr Nephrol. 34 (2019) 975–991, 
https://doi.org/10.1007/s00467-018-4005-4. 

[46] J. Schei, O.M. Fuskevåg, V.T.N. Stefansson, M.D. Solbu, T.G. Jenssen, B.O. Eriksen, 
T. Melsom, Urinary markers of oxidative stress are associated with albuminuria but 
not GFR decline, Kidney Int. Rep. 3 (2017) 573–582, https://doi.org/10.1016/j. 
ekir.2017.11.020. 

[47] A.M. Kuusniemi, R. Lapatto, C. Holmberg, R. Karikoski, J. Rapola, H. Jalanko, 
Kidneys with heavy proteinuria show fibrosis, inflammation, and oxidative stress, 
but no tubular phenotypic change, Kidney Int. 68 (2005) 121–132, https://doi. 
org/10.1111/j.1523-1755.2005.00386.x. 

[48] A. Duni, V. Liakopoulos, S. Roumeliotis, D. Peschos, E. Dounousi, Oxidative stress 
in the pathogenesis and evolution of chronic kidney disease: untangling Ariadne’s 
thread, Int. J. Mol. Sci. 20 (2019) 3711, https://doi.org/10.3390/ijms20153711. 

[49] K. Susztak, A.C. Raff, M. Schiffer, E.P. Böttinger, Glucose-induced reactive oxygen 
species cause apoptosis of podocytes and podocyte depletion at the onset of 
diabetic nephropathy, Diabetes 55 (2006) 225–233, https://doi.org/10.2337/ 
diabetes.55.01.06.db05-0894. 
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