
Review Article

Xanthine oxidoreductase in digestive diseases: A context-dependent redox 
switch linking inflammation, metabolism and carcinogenesis

Maria Giulia Battelli 1 , Massimo Bortolotti 1 , Andrea Bolognesi *,2 , Letizia Polito **,2

Department of Medical and Surgical Sciences-DIMEC, Alma Mater Studiorum, University of Bologna, Via San Giacomo 14, Bologna, 40126, Italy

A R T I C L E  I N F O

Keywords:
Xanthine oxidoreductase
Oxidative stress
Inflammation
Gut microbiota
Ischemia-reperfusion
Inflammatory bowel disease
Carcinogenesis
Liver diseases

A B S T R A C T

Xanthine oxidoreductase (XOR) is a molybdenum-containing enzyme that catalyzes the final steps of purine 
catabolism, generating uric acid and, under specific conditions, reactive oxygen species (ROS) and reactive ni
trogen species. Due to its high expression in the liver and gastrointestinal tract, XOR has emerged as an important 
regulator of redox homeostasis, innate immunity and metabolic adaptation in digestive diseases. This review 
examines the role of XOR in hepatic disorders, intestinal ischemia–reperfusion (I/R) injury and inflammatory 
bowel disease (IBD), focusing on oxidative stress, tissue injury, host–microbiome interactions and carcinogenesis. 
Evidence indicates increased XOR activity in inflammatory and fibrotic liver diseases, where ROS generation 
contributes to hepatocellular damage, fibrosis and disease progression. In intestinal I/R injury, XOR links ATP 
depletion and hypoxanthine accumulation to reperfusion-associated oxidative stress, barrier dysfunction, bac
terial translocation and systemic inflammation. In IBD, XOR participates in cytokine amplification, redox 
imbalance, thiopurine metabolism and inflammation-associated colorectal carcinogenesis. Emerging evidence 
also supports bidirectional interactions between XOR/urate metabolism and the gut microbiota, suggesting a 
broader role for XOR in regulating intestinal immune homeostasis. However, the biological significance of XOR is 
strongly context dependent. Whereas increased XOR activity promotes inflammatory tissue injury, advanced 
gastrointestinal malignancies are frequently characterized by reduced XOR expression, loss of cellular differ
entiation and enhanced de novo purine synthesis. Overall, XOR emerges as a central, but highly plastic, regulator 
at the interface between metabolism, inflammation and host-microbiome interactions in digestive diseases. Its 
clinical exploitation will depend on the ability to understand, rather than oversimplifying, this complexity.

1. Introduction

The oxidation of hypoxanthine to xanthine and of xanthine to uric 
acid (UA) represents the terminal part of purine catabolism in all living 
beings and, in multicellular organisms, is catalyzed by xanthine dehy
drogenase (XDH) [1], which in mammals becomes xanthine oxidore
ductase (XOR). In fact, the enzyme produced by mammalian cells is an 
NAD+-dependent dehydrogenase, but it can be converted into an oxi
dase (XO), which uses oxygen and produces the reactive oxygen species 
(ROS) hydrogen peroxide (H2O2) and superoxide anion (O2•-). This 
conversion can be reversible, when driven by the oxidation of two 
specific sulfhydryl residues, or irreversible, when caused by limited 

proteolysis of the protein area in which they are included [2].
In humans, XOR expression is relatively low in most cell types and 

predominantly localized in the liver, gut and lactating mammary cells 
[3]. Human endothelial cells also express endogenous XDH, although 
generally at relatively low basal levels. Endothelial XOR expression and 
activity can be increased by inflammatory cytokines, hypoxia and other 
vascular stressors. In addition, circulating XO, mainly released from the 
liver, binds with high affinity to sulfated glycosaminoglycans on the 
endothelial surface and may subsequently be internalized, thereby 
further increasing endothelial XOR content and activity [4–6].

XOR belongs to the molybdenum–iron–sulfur flavin enzyme family 
and forms a homodimer of approximately 300 kDa, which contains two 
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flavin molecules, eight iron atoms, eight sulfur atoms and two molyb
denum atoms, which are essential for the catabolism of purines [7]. In 
higher primates, including humans, the end-products of the purine 
degradation pathway are xanthine and UA, which are irreversibly 
formed; so, XOR activity prevents the salvage pathway of purine nu
cleotides [8]. In these beings, the UA serum level is higher than in 
ureotelic mammals and UA has different roles: i) it acts as an important 
antioxidant by scavenging ROS and contributing to redox homeostasis in 
body fluids [9], ii) it contributes to blood pressure and vascular tone 
regulation by increasing cyclooxygenase-2 expression and activating the 
renin-angiotensin system [10], iii) it enhances the innate immune 
response by activating macrophages through the production of damage 
associated molecular patterns (DAMPs) and by inducing NLRP3 
inflammasome activation, thus promoting cytokine-mediated inflam
matory signaling pathways [11], iv) it influences metabolism by pro
moting fat accumulation and hepatic gluconeogenesis, thereby 
increasing blood glucose levels [12], v) it stimulates brain activity, 
similarly to other purines [13] (Fig. 1A).

However, UA, particularly when accumulated intracellularly, can 
also contribute to oxidative stress by activating NADPH oxidase or by 
reacting with free radicals and producing urate free radicals that can 
propagate a free radical chain reaction [9].

Beyond purine catabolism, XOR is able to catalyze other endogenous 
and exogenous substrates, including some drugs [14]. Additionally, XOR 
has other activities, being also able to act as nicotinamide adenine 
dinucleotide (NADH) oxidase, which produces ROS [15], as well as ni
trate reductase, which produces nitric oxide (NO), particularly under 
conditions of hypoxia and low pH [16]. Reduced transition metals (like 
Fe2+) catalyze the breakdown of H2O2 giving rise to hydroxyl radical 
(•OH) through the Fenton and the Fenton-like reactions [17]. In addi
tion, peroxynitrite (ONOO− ) is formed in biological systems through the 
reaction between NO and O2•-. The ability of XOR to produce both ROS 
and NO, which can generate both •OH and ONOO− , justifies the 
defensive function of XOR during the cytocidal activity of leukocytes in 
innate immunity [18]. Furthermore, these cytotoxic radicals may 

contribute to exerting protective activity against opportunistic in
fections on the mucosal surface, while preserving the commensal 
microbiota [19] (Fig. 1B).

The improved health outcomes associated with breastfeeding 
compared to formula feeding may be due, at least in part, to the presence 
of hypoxanthine and xanthine in infant saliva, but not in adult saliva. 
During suckling, these substrates enable XO from breast milk to produce 
ROS in amounts sufficient to: i) inhibit the growth of some opportunistic 
pathogens, ii) act as substrate for lactoperoxidase present in human 
milk, which exerts bactericidal activity [20]. However, the ability of 
XOR to produce ROS and reactive nitrogen species (RNS), and conse
quently cytotoxic radicals, also highlights its pathological potential due 
to the proinflammatory and oxidative stress-promoting action of such 
products and derivatives [19].

Given the prevalent localization of XOR in the liver and intestine 
together with its ability to produce both oxidant and antioxidant sub
stances and their proinflammatory action, in this review we investigate 
XOR role in the course of digestive tract diseases. In particular, we 
considered liver diseases, intestinal ischemia-reperfusion (I/R) injury 
and inflammatory bowel disease (IBD), since a noteworthy amount of 
literature suggests that XOR activity and its products play a crucial role 
in the pathogenesis and development of such diseases.

2. Hepatic diseases

The catabolism of purines introduced with the diet occurs mainly in 
the liver, which represents the primary source of UA circulating in the 
plasma. About two-thirds of UA is eliminated by kidney [21], while the 
remainder by intestine.

During viral hepatitis, an increase in XOR activity has been reported 
both in liver tissue [22] and in serum [23–26] of patients. Cytokines 
produced during viral infections, such as interferon (IFN)-γ, may ac
count for the increased hepatic expression of XOR [27,28]. The rise in 
serum XOR levels may result from the release of XOR from dead hepa
tocytes during the acute phase of hepatitis together with the level 

Fig. 1. Physiological roles of xanthine oxidoreductase (XOR) products. (A) Main physiological activities associated with uric acid (UA). UA is the final product 
of purine metabolism in higher primates and it exerts multiple biological activities in different organs and tissues. In circulation, UA scavenges free radicals, acting as 
a non-enzymatic antioxidant in body fluids. In the kidney, UA participates in the regulation of blood pressure through renal-associated mechanisms involved in 
sodium handling and endothelial function. Within the immune system, UA contributes to innate immune activation by stimulating macrophages and promoting 
cytokine-mediated inflammatory signaling pathways. In the liver, UA influences metabolic homeostasis through modulation of pathways related to glucose, lipid and 
amino acid metabolism. In the central nervous system, UA has been associated with neuronal activity, neurostimulation and potential neuroprotective effects linked 
to its antioxidant activity. (B) Role of reactive oxygen species (ROS) and reactive nitrogen species (RNS) produced by XOR in innate immunity. XOR-derived cytotoxic 
radicals are essential in innate immunity both during the cytocidal phase of phagocytosis and in controlling the mucosal microbiome.
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increase of other liver enzymes in the serum [25,29]. Similarly, intoxi
cation with hepatotoxic substances and cholestatic conditions may lead 
to increased serum XOR levels [26,30]. Consistently, regardless of the 
etiology, serum XOR activity increases in close correlation with liver 
transaminase levels in the active phase of liver disease [31].

The XOR competitive inhibitor allopurinol prevented in rat the sec
ondary biliary cirrhosis induced by common bile duct ligation and the 
experimental cirrhosis induced by carbon tetrachloride chronic treat
ment. These findings suggest a role for XOR in the pathogenesis of 
cirrhosis through the induction of oxidative stress, transforming growth 
factor (TGF)-β production and translocation of nuclear factor kappa B 
(NF-κB) [32,33]. Consistently, in Wistar rats, the treatment with the 
XOR non-competitive inhibitor febuxostat significantly improved liver 
function and lipid profiles in metabolic dysfunction-associated steatosis 
(MASH) induced by a high-sucrose and high-fat diet. XOR inhibition 
reduced hepatic steatosis, intralobular inflammation and hepatocellular 
ballooning. It also decreased serum levels of inflammatory, fibrotic and 
cell death markers and reduced cell death [34]. Additionally, increased 
XOR activity has been reported in liver during the progression from 
steatohepatitis associated with metabolic dysfunction to cirrhosis. 
Moreover, XOR activity inhibition may attenuate inflammation associ
ated with liver damage [35]. These results, obtained from animal ex
periments, suggest that the increased activity of XOR, observed in these 
liver diseases, contributes to the progression towards cirrhosis, probably 
through the pro-inflammatory action of its products.

However, the further evolution to cancer is associated with a strong 

decrease of XOR activity in liver tissue [22,36–38]. Indeed, it should be 
considered that human XOR gene (hXOR) transcription is normally 
downregulated in most tissues [39], except in the liver, the gastroin
testinal tract and the lactating mammary gland [40,41]. In these organs, 
cell differentiation is associated with a high level of XOR, while a low 
concentration of XOR corresponds to a lack of differentiation, as 
observed in malignant neoplasms. In fact, XOR activates the Peroxisome 
Proliferator-Activated Receptor (PPAR)-γ, thus promoting differentia
tion, growth inhibition and apoptosis of tumor cells [42] (Fig. 2). 
Moreover, low levels of XOR and its reduced activity are associated with 
increased de novo purine biosynthesis, providing an additional advan
tage to tumor growth.

Recent in vitro evidence has provided additional mechanistic insight 
into the biological consequences of XOR downregulation in cancer. In 
breast cancer cells, intracellular XOR-derived UA was shown to chelate 
redox-active iron, thereby limiting the size of the labile iron pool and 
restraining cell proliferation and metastatic potential. Consequently, 
reduced XOR expression decreases intracellular UA availability, in
creases iron bioavailability and favors tumor progression. Consistently, 
the urate exporter ABCG2 is highly expressed in breast cancer cells, 
whereas its pharmacological inhibition increases intracellular UA levels 
and attenuates cancer cell proliferation. Although this mechanism has 
been characterized primarily in breast cancer models, it provides a 
possible additional explanation for the selective loss of XOR in other 
malignancies that arise from normally XOR-rich tissues, including he
patocellular and gastrointestinal cancers, suggesting that the XOR-UA- 

Fig. 2. Role of xanthine oxidoreductase (XOR) activity in chronic liver disease progression and hepatocellular carcinoma (HCC). In chronic viral hepatitis, 
increased XOR activity is associated with enhanced interferon-γ (IFN-γ)-related immune responses and increased hepatocyte cell death, accompanied by persistent 
inflammatory activation. Viral infection promotes recruitment and activation of inflammatory immune cells, including macrophages and neutrophils, contributing to 
chronic liver injury and progression toward cirrhosis. In metabolic dysfunction-associated steatohepatitis (MASH), increased XOR activity contributes to activation of 
pro-inflammatory and pro-fibrotic pathways, including transforming growth factor-β (TGF-β) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF- 
κB) signaling. These pathways sustain chronic inflammation, activation of fibroblasts and extracellular matrix remodeling, thereby promoting progressive liver 
fibrosis and cirrhosis development. At the cirrhotic stage, persistent XOR activation enhances oxidative stress through increased production of reactive oxygen species 
(ROS), including superoxide anion (O2•-) and hydroxyl radical (•OH), resulting in additional hepatocyte injury and cell death. Simultaneously, chronic tissue damage 
induces cycles of fibrosis and compensatory liver regeneration characterized by fibroblast activation, collagen deposition and formation of regenerative hepatocyte 
nodules. After progression to HCC, XOR activity decreases in association with decreased peroxisome proliferator-activated receptor gamma (PPAR-γ) signaling and 
the acquisition of dedifferentiated tumor phenotypes.

Table 1 
XOR activity in experimental and clinical liver pathology.

Disease XOR 
activity

Site of 
observation

Proposed mechanism Human 
evidence

Animal evidence XOR inhibition 
effect

Hepatitisa ↑ Serum, liver IFN-induced XOR upregulation and XO-derived ROS promote 
hepatocellular injury and inflammation

Yes [22–26,
31,46]

Yes [24,27,28,
30,34,35,47]

Protection [34,
35,47]

Cirrhosis ↑ Serum, liver XOR-derived ROS promote oxidative stress and fibrogenic signaling (NF- 
κB/TGF-β), leading to hepatocellular injury and collagen deposition

Yes [22] Yes [32,33,35] Protection [32,
33]

HCC ↓ Tumor tissue Reduction of XOR activity is associated with hepatocellular 
dedifferentiation and altered purine metabolism

Yes [22,36,
37]

Yes [48,49] Not established

a Viral hepatitis, steatohepatitis, cholestasis, intoxication with hepatotoxic substances.
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iron axis may represent an additional mechanism linking loss of XOR 
expression to tumor aggressiveness [43]. All together, these findings 
may explain why a low XOR level has been associated with a high grade 
of malignancy and a worse prognosis in cancer patients [44]. Consis
tently, a study enrolling 400 people from India (58.5% male with a mean 
age of 62.1 ± 12.61 years) reported deficiency in molybdenum (an 
important XOR cofactor) in patients with esophageal cancer compared 
to healthy subjects [45].

Increased XOR activity has been found in several liver diseases, while 
reduced XOR activity has been observed in hepatocellular carcinoma in 
both experimental and clinical pathology (Table 1).

Overall, available evidence consistently indicates that XOR appears 
to have a role in amplifying acute inflammatory responses and pro
moting oxidative stress during the chronicization of pathological pro
cesses, through the action of its products and their derivatives. Instead, 

the collapse of XOR activity in tissues that normally express it intensely 
represents a sign of tissue dedifferentiation, characteristic of neoplastic 
transformation.

However, whether increased XOR activity acts as a primary driver of 
disease progression or reflects ongoing hepatocellular injury remains 
incompletely resolved.

3. Intestinal ischemia-reperfusion injury

An abundant presence of XOR in the intestinal lumen is ensured by 
frequent enterocyte turnover. This large amount of XOR contributes to 
strengthening innate immune defenses in intestinal tissue, which is 
particularly exposed to pathogenic agents. XOR-derived ROS and RNS 
are effective against opportunistic infections [18] while sparing the 
commensal microbiota [19,20]. However, when produced in excessive 

Fig. 3. Mechanisms linking intestinal ischemia/reperfusion (I/R), xanthine oxidoreductase (XOR) activation, oxidative stress and systemic inflammation. 
Intestinal ischemia may result from mesenteric vessel thrombosis, aortic cross-clamping during surgical procedures or volvulus, all of which can cause a temporary 
interruption of intestinal blood flow. Reduced oxygen availability inhibits mitochondrial oxidative phosphorylation (OxPhos), leading to depletion of intracellular 
ATP and accumulation of hypoxanthine through ATP catabolism. Ischemia and hypoxia also promote conversion of xanthine dehydrogenase (XDH) to xanthine 
oxidase (XO), while simultaneously activating hypoxia-inducible factor 1 alpha (HIF-1α)-dependent hypoxic signaling pathways. During reperfusion, restoration of 
oxygen supply enhances the generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS), including superoxide anion (O2•-), hydroxyl radical 
(•OH) and peroxynitrite (ONOO− ), partly through XO-mediated hypoxanthine metabolism. ROS/RNS production contributes to epithelial injury, intestinal 
inflammation and cell death, resulting in disruption of the intestinal mucosal barrier. Damaged enterocytes release damage-associated molecular patterns (DAMPs), 
further amplifying inflammatory responses. Loss of epithelial barrier integrity promotes bacterial translocation from the intestinal lumen into the bloodstream, 
thereby inducing systemic inflammation characterized by activation and recruitment of inflammatory immune cells. Sustained systemic inflammation contributes to 
lesions in distal organs, including the heart, lung, liver, kidney and brain, potentially leading to multiple organ dysfunction.
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amounts, these reactive species can also contribute to inflammation and 
oxidative stress, which in turn lead to pathological conditions.

Intestinal perfusion blockage can result from thrombosis of the 
afferent or efferent mesenteric vessels. It also occurs following volvulus 
and transplant procedures that require temporary arrest of blood flow in 
the aorta [50]. The consequences of I/R begin when oxygen and nutrient 
deprivation cause the dropping of ATP levels by blocking mitochondrial 
oxidative phosphorylation. The depletion of cell energy stores drives 
ATP catabolism, resulting in accumulation of hypoxanthine [51]. 
Ischemia and hypoxia also induce the conversion of XDH to XO and 
trigger the hypoxic response through the activation of hypoxia-inducible 
factor 1 (HIF-1). HIF-1 promotes inflammatory and apoptotic processes 
that damage the intestinal mucosal barrier and facilitate bacterial 
translocation, leading to systemic inflammation [52]. These effects 
worsen during the reperfusion phase by inducing microvascular 
dysfunction with protein leakage and edema formation due to ROS 
formation, at least in part caused by the conversion of XDH to XO [53,
54]. However, this conversion is not essential because XDH can also 
produce O2•- in the presence of a low NAD+/NADH ratio, which occurs 
during and after tissue ischemia [55].

In addition, intestinal I/R induces the release of DAMPs, which in 
turn stimulate the production of inflammatory mediators that cause 
systemic inflammatory response syndrome. Furthermore, multiple 
organ dysfunction syndrome can develop with a high mortality rate. In 
particular, lesions to distal organs often involve the lung, thus reducing 
survival [56,57] (Fig. 3).

In a rat model of intestinal I/R, a significant increase in XO activity 
was observed [58]. Furthermore, adult male Wistar rats subjected to I/R 
showed marked histopathological changes in the intestine and signifi
cantly increased plasma and intestinal lactate concentrations and lactate 
dehydrogenase activity. Also, intestinal XO and UA levels, as well as 
TNF-α, interleukin-1beta (IL-1β) and NF-κB were significantly increased 
in I/R-treated rats compared to sham-operated animals [59].

Circulating XO activity, plasma leukotactic activity for neutrophils 
and pulmonary neutrophil retention were acutely increased in rats 
subjected to intestinal I/R compared to controls or animals fed a diet 
enriched with allopurinol or tungsten, the latter inhibiting XO by 
competing with molybdenum during the enzyme synthesis [60]. In these 
experiments, intestinal I/R was induced in normal and XO-inactivated 
rats by 5 min of superior mesenteric artery occlusion followed by 6 h 
of reperfusion. The procedure increased leukocyte level not only in the 
gut but also in the lung and provoked distant lung leak in normal but not 
in XO-inactivated rats, suggesting a role for XO in the pathogenesis of 
this remote organ injury [61,62].

XOR activity level doubled in patient plasma 7 min after reperfusion 
following an aortic cross-clamp procedure in the superior mesenteric, 
celiac and right renal artery beds [63].

Experimental intestinal I/R resulted in an alteration of the gut 
microbiota, which in turn influenced outcomes. Pretreatment of animals 
with beneficial bacteria reduced the release of inflammatory cytokines, 
enterocytes apoptosis and tight junction disruption, thus preventing 
bacterial translocation and systemic consequences [64]. Specifically, 
mice with a relative abundance of Lactobacillus murinus were more 
resistant to intestinal ischemia/reperfusion injury than mice with a 
different microbiome and treatment with this bacterium significantly 
prevented I/R-induced intestinal damage and improved mouse survival. 
In vitro experiments suggest that these results are dependent on M2 
macrophage activation through TLR2 and the subsequent release of 
IL-10 [65].

Several Lactobacillus species have been shown to reduce serum uric 
acid levels, as discussed in the next chapter. This raises the possibility 
that the intestinal microbiota may influence the progression of intestinal 
I/R injury through mechanisms involving XOR activity and uric acid 
metabolism. If so, it would strengthen the hypothesis that XOR-derived 
products play a significant role in both the local and systemic manifes
tations of intestinal I/R.

Flap transplantation is commonly used to repair skin or deeper tissue 
damaged by trauma, burns or surgery. In most cases, damage to 
microcirculation occurs as a consequence of I/R, which can compromise 
the graft survival. Pretreatment with allopurinol for one week signifi
cantly improved skin flap survival in dogs. XOR inhibition resulted in 
reduced inflammation in grafts and a more preserved tissue architecture 
on histopathology one week after surgery compared to untreated spec
imens [66].

Collectively, experimental studies support a mechanistic role for 
XOR in the pathogenesis of intestinal I/R injury. Importantly, XOR oc
cupies a unique position among redox enzymes because it directly 
couples purine catabolism to reperfusion-associated oxidative stress, 
thereby acting as one of the earliest amplifiers of tissue injury.

4. Inflammatory bowel disease (IBD)

IBD are a group of autoimmune diseases, whose main forms are ul
cerative colitis and Crohn's disease. Ulcerative colitis predominantly 
affects the colon and rectum whereas Crohn's disease primarily affects 
the terminal ileum, but can occur anywhere along the gastrointestinal 
tract, from the mouth to the anus [67]. The thiopurines azathioprine and 
6-mercaptopurine are widely used in the treatment of IBD and are 
effective in two-thirds of patients [68]. Improved outcomes have been 
reported by combining thiopurine therapy with allopurinol [69]. In fact, 
XOR is able to catabolize thiopurines, thus reducing its efficacy in 
antitumor and immunosuppressive treatments [38]. However, XOR in
hibition by febuxostat was able to attenuate experimental ulcerative 
colitis in mice through decreased NF-κB expression and reduced level of 
the proinflammatory cytokines TNF-α, IL-1β, IL-6 and IFN-γ. 
Febuxostat-treated animals also showed increased levels of reduced 
glutathione and superoxide dismutase activity together with decreased 
levels of malondialdehyde, carbonyl protein, NO, myeloperoxidase and 
XO in colon tissue in comparison with untreated mice [70]. These 
findings suggest that XOR plays a role in autoimmune diseases of the gut 
because its products promote inflammation and oxidative stress.

Over the past decades, an increasing number of publications have 
suggested that IBD can be improved through the modulation of the gut 
microbiome, which can exert antioxidant and anti-inflammatory effects 
and regulate XOR activity and UA metabolism. For example, adminis
tration of Limosilactobacillus fermentum M5e to hyperuricemic mice 
inhibited XO activity and promoted fecal urate excretion by upregulat
ing the transport proteins ABCG2 and SLC2A9, thereby reducing sys
temic inflammation [71]. Furthermore, Chinese patients with end-stage 
renal disease (10 men and 6 women) undergoing continuous ambulatory 
peritoneal dialysis were included in a 12-week placebo-controlled 
crossover study with inulin-type prebiotics. Serum UA concentration 
decreased by approximately 10% in the treated group compared to the 
control group. Greater fecal degradation of UA was observed in the 
treated group, likely due to an enrichment of purine-degrading species 
in the gut microbiota [72]. On the other hand, hyperuricemia is often 
associated with increased levels of pro-inflammatory markers and al
terations in the intestinal microbiome. In fact, the intestinal microbiota 
plays a significant role in the catabolism of UA [73]. Various bioactive 
substances derived from plant foods have demonstrated their potential 
in alleviating chronic diseases and reducing hyperuricemia by modu
lating the intestinal microbiota [74–76]. Furthermore, obesity-related 
gut microbiota-induced hyperuricemia has been shown to contribute 
to alveolar bone destruction in experimental periodontitis, while allo
purinol administration reversed the worsening of UA-associated bone 
destruction [77]. Recent experimental evidence demonstrates that 
modulation of gut microbiota can directly reduce hyperuricemia by 
restoring short-chain fatty acid production, strengthening intestinal 
barrier integrity, and regulating urate transporters such as ABCG2, 
GLUT9 and URAT1 [78].

Compared to wild-type mice, hyperuricemic ones, obtained using a 
urate oxidase knockout model, showed: i) abundance of inflammation- 
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associated microbiota that is indicative of gut dysbiosis, ii) intestinal 
lymphocyte infiltration, increased expression of Toll-like receptor 2, 4 
and 5 and elevated levels of the pro-inflammatory cytokines IL-1β and 
TNF-α, indicating intestinal immune dysregulation, iii) high levels of 
circulating lipopolysaccharide (LPS) suggesting that a compromised 
intestinal barrier allows microbial influx into the circulatory system 
[79].

Autoimmune diseases are associated with gut dysbiosis because the 
gut microbiota influences regulatory T-cell homeostasis, promoting 
tolerance to symbiotic microorganisms. In addition, both microbial 
derived-short chain fatty acids, generated by the fermentation of dietary 
fibers, and bio-transformed bile acids can modify the host immune 
system [80]. In fact, short-chain fatty acids derived from the normal 
intestinal microbiota have anti-inflammatory and antioxidant effects, 
also promoting the improvement of the intestinal barrier and 

constituting an energy source for colonocytes. Furthermore, the intes
tinal microbiota provides metabolic benefits such as vitamin synthesis 
and fermentation of complex carbohydrates. Healthy microbiota is 
favored by a Mediterranean-type diet rich in vegetables [81]. Enter
ohepatic circulation promotes the biotransformation of bile acids by the 
intestinal microbiota, which is essential for controlling the proliferation 
of harmful bacteria and is depleted in IBD-related dysbiosis, thus rep
resenting a predictive marker of early remission. In addition, bio
transformed bile acids can regulate the balance between 
proinflammatory TH17 lymphocytes and anti-inflammatory Treg lym
phocytes [82].

A microbiome study was conducted on pediatric patients from the 
PROTECT (Predicting Response to Standardized Colitis Therapy) cohort 
with 95 participants (43 women, 52 men) aged 4 to 17 years. Refractory 
ulcerative colitis, which often leads to colectomy, is predominantly 

Fig. 4. Role of xanthine oxidoreductase (XOR) during inflammation-associated colorectal carcinogenesis in inflammatory bowel disease (IBD). Chronic 
intestinal inflammation in IBD promotes sustained production of tumor necrosis factor alpha (TNF-α), which contributes to increased XOR expression and activity in 
the colonic mucosa. Elevated XOR activity enhances oxidative stress through generation of reactive oxygen species (ROS), including superoxide anion (O2•-) and 
hydroxyl radical (•OH), resulting in oxidative DNA damage and DNA double-strand breaks. These events contribute to genomic instability and carcinogenesis. In 
parallel, increased XOR activity amplifies inflammatory signaling by promoting recruitment and activation of immune cells, including neutrophils and macrophages, 
and by favoring macrophage M1 polarization. Activated inflammatory cells further increase TNF-α production, sustaining a positive inflammatory feedback loop that 
supports progression from chronic colonic inflammation to colorectal cancer (CRC). At later stages of CRC progression, XOR expression becomes reduced. Decreased 
XOR expression is associated with impaired cancer cell differentiation and increased de novo purine synthesis, thereby supporting tumor cell survival and main
tenance of a more aggressive tumor phenotype.
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associated with enrichment of typical oral bacteria and is also associated 
with depletion of some specific bacteriophages. Notably, the expansion 
of Veillonella parvula, an inflammation-associated oral bacterium 
expressing the xanthine dehydrogenase gene xdhA, was linked to the 
metabolism of both endogenous purines and thiopurine drugs, sug
gesting a potential interaction between gut dysbiosis, purine meta
bolism, and therapeutic response in ulcerative colitis [83].

The above reported studies suggest that the positive action devel
oped by microbiota on autoimmune diseases affecting gut may depend 
at least in part on the microbiota ability of modulating XOR activity and 
uricemia level.

IBD-associated oxidative stress and chronic inflammation have been 
implicated in multistep colorectal tumorigenesis and may lead to colo
rectal cancer (CRC), particularly in the case of ulcerative colitis [84]. It 
has been suggested that modulating the intestinal microbiota and cor
recting dysbiosis could represent an effective remedy in the prevention 
and treatment of CRC [73]. In fact, not only some bacteria can act as 
biomarkers, but others are able to modulate chemotherapy and immu
notherapy through their metabolites [85].

CRC progression has been associated with increased XOR expression, 
detected by immunohistochemical staining in a mouse model of colitis- 
associated colon carcinogenesis. TNF-α induced XOR expression in colon 
tissues and colon cancer epithelial cells in a time- and dose-dependent 
manner, whereas specific mitogen-activated protein kinase inhibitors 
completely blocked the XOR up-regulation. TNF-α also induced the in
crease in γH2AX, indicating oxidative DNA damage, that can be 
inhibited by knocking down XOR gene expression in colon tumor cells or 
by inhibiting it with allopurinol. These findings suggest that XOR con
tributes to DNA damage. LPS induced XOR expression in cultured 
macrophage cell lines and caused their M1 polarization, thereby 
inducing TNF-α transcription. TNF-α transcription was abolished by 
inhibiting XOR expression or with allopurinol, demonstrating that M1 
polarization was mediated by XOR [86].

XOR inhibition alleviated ulcerative colitis in a mouse model using 
dextran sulfate sodium. Furthermore, in colonic epithelial cells, hypoxic 
conditions increased expression of XOR, which accumulates in the nu
cleus and upregulates HIF-1α levels, causing oxidative DNA damage, 
which can be prevented with allopurinol. These findings suggest a sig
nificant role for XOR during the early stages of CRC [87] (Fig. 4).

XOR expression was significantly reduced or even undetectable in 
tissue samples from 478 CRC patients, and the level of expression was 
associated with the degree of tumor differentiation. Thus, XOR proved to 
be a significant prognostic factor associated with the histological degree 
of differentiation, regardless of established parameters [88].

Current evidence supports a role for XOR in intestinal inflammation, 
oxidative stress, thiopurine metabolism and inflammation-associated 
colorectal carcinogenesis (Table 2). However, the specific contribution 
of XOR activity remains sometimes difficult to distinguish from down
stream effects mediated by urate and inflammatory signaling.

5. Conclusions

In liver disease, intestinal I/R, and IBD, XOR activity appears to 
follow a consistent pattern: under conditions of hypoxia, inflammation, 
and metabolic stress, activity shifts toward pro-oxidant and pro- 
inflammatory processes, amplifying tissue damage. Conversely, down
regulation of XOR in advanced malignancies reflects cellular dediffer
entiation and metabolic reprogramming rather than protection. This 
duality emphasizes XOR as a dynamic node rather than a unidirectional 
determinant of disease.

Interestingly, the literature reviewed demonstrates a convergence of 
biochemical, preclinical, and clinical data. In liver disease, increased 
serum XOR activity robustly correlates with hepatocellular damage, 
while pharmacological inhibition attenuates steatosis, fibrosis, and 
inflammation in experimental models, supporting a causal contribution. 
In intestinal I/R, the sequence linking ATP depletion, hypoxanthine 
accumulation, alteration of the redox state of XOR, and generation of 
ROS/RNS is mechanistically robust and experimentally validated. In 
IBD, XOR integrates oxidative stress, cytokine amplification, thiopurine 
metabolism and microbiota dysregulation, providing a unifying frame
work linking mucosal inflammation to systemic metabolic alterations 
and carcinogenesis. In particular, the bidirectional interaction between 
XOR/urate metabolism and the gut microbiota represents a major con
ceptual advance. In short, XOR seems to represent a context-dependent 
redox switch linking inflammation, metabolism and carcinogenesis, thus 
showing a dual face from oxidative injury to tumor differentiation in 
diseases of the digestive system. In particular, XOR appears as the 
interface between redox signaling and host–microbiome interactions, by 
regulating redox homeostasis and disease progression in the digestive 
tract. However, some critical limitations constrain these conclusions. 
Some evidence is based on animal models that only partially mimic 
human chronic disease. Pharmacological studies, predominantly using 
allopurinol, do not fully distinguish the specific effects of XOR from 
systemic alterations in urate metabolism. Future research should pri
oritize longitudinal studies in humans to validate circulating XOR as a 
biomarker and to clarify its temporal dynamics across different stages of 
disease. Importantly, therapeutic strategies should go beyond global 
inhibition, focusing on selective modulation that preserves antimicro
bial and metabolic functions while limiting oxidative damage.

In summary, XOR emerges as a central, but highly plastic, regulator 
at the interface between metabolism, inflammation and host- 
microbiome interactions in digestive diseases. Its clinical exploitation 
will depend on the ability to understand, rather than oversimplifying, 
this complexity.

Conceptual Perspective: The biological effects of XOR are deter
mined not only by its catalytic activity but also by several contextual 
factors. Tissue differentiation influences basal XOR expression, inflam
matory stimuli regulate transcriptional activation, oxygen availability 
determines the balance between dehydrogenase and oxidase activities, 
substrate availability controls ROS generation, while the gut microbiota 
modulates purine metabolism and urate homeostasis. Together, these 

Table 2 
XOR activity in experimental and clinical intestinal pathology.

Disease XOR activity Site of 
observation

Proposed mechanism Human 
evidence

Animal 
evidence

XOR inhibition effect

I/R ↑ Plasma, 
intestine

Hypoxanthine accumulation and XDH→XO conversion drive 
reperfusion-associated ROS generation, promoting epithelial injury, 
barrier dysfunction, bacterial translocation, systemic inflammation 
and remote organ damage

Yes [63] Yes [58–60] Protection [54,60]

IBD ↑ Colon tissue/ 
disease models

XOR-derived ROS promote oxidative stress, NF-κB activation, 
cytokine amplification, and mucosal inflammation

Limited 
[68,69]

Moderate 
[70,87]

Protection [70,87]

CRC ↑ early 
inflammatory 
phase

Colorectal tumor 
tissue

Reduced XOR expression is associated with tumor dedifferentiation 
and altered purine metabolism

Yes [88] Yes [86,87] Not established 
(indirect evidence 
[86,87])

↓ advanced tumor
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determinants explain why identical enzymatic activities may produce 
either protective or detrimental biological outcomes depending on the 
pathological context (Fig. 5).
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