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The double faced role of xanthine oxidoreductase in cancer
Man-man Chen1,2 and Ling-hua Meng1,2

Xanthine oxidoreductase (XOR) is a critical, rate-limiting enzyme that controls the last two steps of purine catabolism by converting
hypoxanthine to xanthine and xanthine to uric acid. It also produces reactive oxygen species (ROS) during the catalytic process. The
enzyme is generally recognized as a drug target for the therapy of gout and hyperuricemia. The catalytic products uric acid and ROS
act as antioxidants or oxidants, respectively, and are involved in pro/anti-inflammatory actions, which are associated with various
disease manifestations, including metabolic syndrome, ischemia reperfusion injury, cardiovascular disorders, and cancer. Recently,
extensive efforts have been devoted to understanding the paradoxical roles of XOR in tumor promotion. Here, we summarize the
expression of XOR in different types of cancer and decipher the dual roles of XOR in cancer by its enzymatic or nonenzymatic
activity to provide an updated understanding of the mechanistic function of XOR in cancer. We also discuss the potential to
modulate XOR in cancer therapy.
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INTRODUCTION
Xanthine oxidoreductase (XOR) is a pivotal enzyme that acts as a
catalyst for the oxidation of hypoxanthine to xanthine or xanthine
to uric acid in the last two steps of purine catabolism in the
highest uricotelic primates (Fig. 1). XOR belongs to the family of
metal flavin enzymes, which is a homodimer with a molecular
mass of approximately 150 kDa for each subunit. Each subunit
comprised four redox-active centers: two iron–sulfur redox
clusters (Fe2–S2, 20 kDa), one flavin adenine dinucleotide (FAD,
40 kDa), and one molybdopterin (Mo–Co, 85 kDa) [1]. During
catalysis, the oxidation of xanthine takes place at the molybde-
num center, and the electrons are rapidly transferred to FAD via
the Fe/S center [2] (Fig. 2). XOR exists in two interconvertible forms
as xanthine dehydrogenase (XDH, EC 1.17.1.4) and xanthine
oxidase (XO, EC 1.17.3.2) in mammals. XO reduces oxygen to
produce superoxide and H2O2, whereas XDH is able to reduce
either oxygen or NAD+ with a greater affinity for the latter. XDH is
the predominant form of XOR found in normal cells and tissues,
yet XO appears to have an important role during stress or upon
immune activation [3, 4]. For example, XDH is converted to XO via
proteolytic modification or reversible sulfhydryl oxidation under
conditions of ischemia/hypoxia or other forms of stimuli [5]. XOR is
also able to oxidase nicotinamide adenine dinucleotide (NADH) or
convert nitrites into nitric oxide, especially in environments with
low pH or hypoxia, thus generating ROS or reactive nitrogen
species (RNS), respectively [6]. Activity as XDH, XO, or nitrite
reductase often takes place in the Mo-co domain of XOR, while the
FAD domain contains the substrate pocket for the oxidation of
NADH [1] (Fig. 2).
XOR is implicated in functions beyond purine metabolism

(Fig. 2). XOR constitutes a major component of the milk-fat
globule membrane and colocalizes with the lipid-binding protein

adipophilin on the milk-fat globule, exerting an essential role in
milk fat droplet secretion from the lactating mammary gland [7].
XOR produces uric acid, as well as ROS and RNS, which are
involved in antioxidant or antibacterial defenses, making it a
versatile protective housekeeping enzyme and an important
component of the innate immune system [8]. Additionally, XOR
is involved in the metabolism of a number of endogenous and
exogenous substances, including numerous toxic compounds,
anticancer and antimetabolic drugs, which is attributed to its low
specificity for substrates [9]. Thus, XOR also acts as a detoxifying
and drug-metabolizing enzyme.
The activity of XOR is regulated by a variety of factors,

including hormones, growth factors, lipopolysaccharide [4, 10],
and various inflammatory cytokines, such as interferon-γ (IFN-γ),
IFN-α, tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1) and IL-
3 [2, 11]. Hypoxia is the most studied factor that regulates the
expression and activity of XOR. In general, XOR enzymatic
activity tends to be repressed under hyperoxic conditions, while
hypoxia was shown to induce a gradual increase in XOR
expression in endothelial cells at both pre- and posttranslational
levels [12, 13]. p38 MAPK may play a critical role in the activation
of XOR, as it has been reported to activate XOR under stress or
hypoxia [14].
Under pathological conditions, the excessive activity of XOR

results in a high level of uric acid in the plasma, which leads to
hyperuricemia and gout [8]. XOR and its byproducts are also
considered to be involved in other pathological processes,
including tumor lysis syndrome, ischemia reperfusion injury,
circulatory shock, vascular disorders in diabetes, adipogenesis,
cardiovascular disease, and cancer [15].
The involvement of XOR in the pathogenesis of cancer has

been established for ages. Upregulated XOR activity and its
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byproducts have been observed in cancer cachexia and play
important roles in cancer tissue wasting [16, 17]. Inhibition of
XOR-induced oxidative stress and subsequent inflammation
significantly improved survival in animal models of cancer
cachexia [18]. Moreover, the ROS/RNS and uric acid produced
by XOR are involved in the development of hyperuricemia,
hypertension, dyslipidemia, and insulin resistance, revealing the
important role of XOR in metabolic syndrome [19]. Additionally,
patients with metabolic syndrome have an increased risk of
cancer [20]. Recently, the understanding of XOR in cancer has
greatly advanced with progress in cancer genomics and
metabolomics [21, 22]. The level of XOR expression is often
found to be altered in cancer tissues compared with the
corresponding normal tissues [22]. Abnormal XOR expression
and activity are observed in various types of cancer and closely
associated with the clinical outcome. XOR is implicated both in
the initiation and promotion of cancer by the action of its
catalytic products or nonenzymatic activity [23, 24]. ROS and uric
acid may exert multiple activities, including mutagenesis, pro-
angiogenesis, cytotoxicity, pro/anti-apoptosis and pro/antioxida-
tive stress, depending on the circumstances, which also play a
vital role in regulating the immune response and cancer
metabolism. Furthermore, the influence of XOR on cancer
treatment has also been increasingly recognized.

In this review, we elaborate the double-faced role of XOR in
different types of cancer based on its enzymatic or nonenzymatic
activity, as well the potential opportunities in cancer prevention
and therapy by modulating XOR.

EXPRESSION AND ACTIVITY OF XOR IN HUMAN CANCER
XOR expression widely varies across different tissues according to
the data recruited from the Human Protein Atlas (https://www.
proteinatlas.org/) (Supplemental Fig. 1). Likewise, the alteration of
XOR expression is diversified in cancers originating from different
tissue types [25]. As shown in Fig. 3, the mRNA data of XOR in
tumor tissue and its paired normal tissue were recruited from TCGA
(The Cancer Genome Atlas, https://www.cancer.gov/about-nci/
organization/ccg/research/structural-genomics/tcga). The expres-
sion and activity of XOR are reduced in tumors derived from tissues
with high XOR expression because of the low differentiation of
malignant cells [22], such as liver, breast and colon cancers (Fig. 3).
In contrast, the expression of XOR significantly increases in tumors
derived from low XOR-expressing tissues (Fig. 3), which might be
due to elevated demand for purine metabolism and the activation
of the inflammatory response [22, 26]. The altered expression and
activity of XOR in cancer tissues are usually associated with the
prognosis of cancer [27–30].
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Fig. 1 Catabolism of purine nucleosides. Xanthine oxidoreductase (XOR) is the rate-limiting enzyme that controls the last two steps of purine
catabolism by converting hypoxanthine to xanthine and xanthine to uric acid. Inhibitors of XOR such as allopurinol, febuxostat, and
topiroxostat are able to inhibit the process. IMPDH inosine monophosphate dehydrogenase, ADSL adenylosuccinate lyase, ADSS
adenylosuccinate synthase, GMPS guanine monophosphate, cN-I cytosolic 5ʹ-nucleotidase I, cN-II cytosolic 5’-nucleotidase II, ADA adenosine
deaminase, GDA guanine deaminase, PNP purine nucleoside phosphorylase.

The double faced role of xanthine oxidoreductase in cancer
MM Chen and LH Meng

1624

Acta Pharmacologica Sinica (2022) 43:1623 – 1632

https://www.proteinatlas.org/
https://www.proteinatlas.org/
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga


Downregulation of XOR in cancer
XOR expression and activity are much lower in gastrointestinal,
colorectal, breast or liver tumor tissues than in their normal
counterparts [22] (Fig. 3). Low XOR level has been linked to
aggressive phenotypes and unfavorable clinical outcomes in
multiple cancers.
In contrast to high level of XOR in normal liver tissue, decreased

expression and activity are observed in hepatocellular carcinoma
(HCC), and lower XOR confers selective advantages to hepatic
cancer cells [31, 32]. Downregulation of XOR is significantly
correlated with recurrence and poor prognosis in HCC [31–33].
Mechanistically, knocking down or inhibiting XDH promoted the
expression of epithelial–mesenchymal transition (EMT) markers as
well as cell migration and invasion dependent on the transforming
growth factor-β (TGFβ) signaling pathway. In addition, decreased
XDH expression is associated with increased gene expression
related to the signature of cancer stem cells (CSCs), such as CD44
or CD133, in HCC cells and leads to cancer development [33]. A
recent study revealed that loss of XOR potentiated the propaga-
tion of HCC stem cells by decreasing ubiquitin-specific peptidase
15 (USP15)-mediated nuclear factor erythroid 2-related factor 2
(NRF2)-Kelch-like ECH associated protein 1 (KEAP1) signaling and
ROS accumulation [32]. The results may help understand the role
of XOR in HCC, as well as other cancers with reduced XOR
expression or activity.
XOR exerts an important role in modulating the pathogenesis of

breast cancer. High levels of XOR expression and activity are
observed in normal breast epithelium, while XOR expression is
markedly reduced in neoplastic breast epithelium [34]. XOR has
been recognized as an important functional component of

differentiation, and diminished expression indicates poor differ-
entiation [35]. Indeed, decreased XOR expression is associated
with parameters of aggressive breast cancer, including poor
histologic grade of differentiation, ductal and lobular histologic
types, large tumor size, and a high number of positive axillary
lymph nodes [29]. Therefore, decreased XOR in mammary
epithelial cells was identified as a marker of aggressive breast
cancer and predictor of poor clinical outcome [29, 36].
Decreased expression of XOR was also found in colon cancer

according to TCGA data (Fig. 3). Similarly, analyses of XOR
expression in specimens from 478 patients with colorectal cancer
(CRC) showed that XOR was decreased in 62% and undetectable
in 22% of the tumors compared to normal tissues [28]. Low
expression of XOR was associated with increased CRC risk and
poor differentiation as well as the grade of disease in CRC patients
[28, 37]. XOR is identified as one of the metabolic markers related
to CRC risk and provides significant prognostic information
independent of established factors.

Enhanced expression and activity of XOR in cancer
In contrast to the aforementioned cancers, increased levels of XOR
are often observed in cancers originating from low XOR-
expressing tissues (Fig. 3). For example, XOR expression and
activity are significantly higher in prostate cancer [38], laryngeal
well-differentiated squamous cell carcinomas [39], and bladder
cancer [40] than in the corresponding adjacent normal tissues.
Among these cancers, XOR is more often studied in lung cancer
and brain tumors.
The expression and activity of XOR is low in normal lung tissue,

while an enhanced level of XOR is exhibited in cancerous tissue
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Fig. 2 The structure and physiological function of XOR. XOR is a homodimer and each subunit composes of two non-identical iron-sulfur
clusters (2Fe/S), a flavin adenine dinucleotide (FAD) cofactor, and a molybdopterin cofactor (Mo-co) domain. XOR acts as xanthine
dehydrogenase (XDH), xanthine oxidase (XO), nicotinamide adenine dinucleotide (NADH) oxidase, and nitrate reductase under different
circumstances, participating in purine metabolism, detoxification, and redox homeostasis.

The double faced role of xanthine oxidoreductase in cancer
MM Chen and LH Meng

1625

Acta Pharmacologica Sinica (2022) 43:1623 – 1632



[26, 41, 42]. Consistently, the levels of xanthine, uric acid and other
metabolites produced during purine catabolism are also elevated
in lung adenocarcinoma [43, 44], suggesting upregulation of
purine metabolism in lung cancer. Meanwhile, the 5-year overall
survival rate among patients with lung adenocarcinoma strongly
expressing XDH is significantly poorer than those expressing lower
levels of XDH in cancer tissue [30]. Non-small-cell lung cancer
(NSCLC) with low expression of programmed death ligand 1 (PD-
L1) and wild-type epidermal growth factor receptor (EGFR) is often
refractory to the available molecularly targeted therapies, and
therapeutic options are very limited. Combined analysis of the
methylome and transcriptome revealed that XDH was one of the
potential therapeutic targets for this subgroup of NSCLC [45].
Nevertheless, the role of XOR in lung cancer remains largely
unknown.

Similarly, significantly higher levels of XOR were observed in
meningioma and astrocytoma compared with normal brain tissue
[46]. Likewise, the rs207444 polymorphism of the XDH gene was
associated with the risk of meningioma [47]. Moreover, compared
with primary brain tumors or nonbrain metastatic papillary thyroid
carcinomas (PTCs), XOR expression was upregulated in brain
metastatic PTCs [48]. Metabolomic analysis of the brain of the
cachexia model showed that purine metabolism was activated
and XO activity was increased. Targeting XO in the brain may be a
promising strategy for the treatment of cancer cachexia [49].

BIPOLAR NATURE OF XOR IN CANCER
As XOR expression and activity are differentially altered in various
tumor types, it is not surprising that XOR plays complex and
paradoxical roles in modulating cancer. XOR is an important
cellular source of ROS. The dual roles of ROS in cancer prevention
and promotion have been extensively reviewed [50] (Fig. 4). On
the other hand, XOR is usually considered the rate-limiting step for
the production of uric acid. Uric acid is a major water-soluble
antioxidant in human plasma but may also possess intracellular
pro-oxidant activity (Fig. 4). Moreover, XOR may also regulate
cancer development independent of its enzymatic activity.

Tumor-promoting role of XOR
ROS. XOR is a physiological source of ROS, including superoxide
ions, hydrogen peroxide, and nitric oxide, which function as
second messengers in the activation of various pathways involved
in tumorigenesis [23]. XOR-derived ROS have also been shown to
promote tumorigenesis by inducing mutagenesis, cell prolifera-
tion, angiogenesis, and reshaping the tumor microenvironment
(Fig. 4).
ROS are thought to be oncogenic, causing damage to DNA,

proteins, and lipids, promoting genetic instability and activating
various signaling cascades related to tumorigenesis [50]. XOR is
involved in the metabolism of alcohol and has been linked to the
increased risk of breast cancer in alcoholics because ROS
generated from XOR can induce carcinogenic mutations and
DNA damage [51, 52]. ROS produced by XOR also cause lipid
peroxidation and protein oxidation, which results in damage to
the function and structure of the cell membrane and protein
dysfunction, thus triggering pro-carcinogenic processes in pros-
tate cancer [38].
XOR-derived ROS could act as second messengers promoting

vascular growth. ROS stimulate the activation of various transcrip-
tion factors, including hypoxia-inducible factor-1 (HIF-1) and
nuclear factor κB (NF-κB), followed by the upregulation of
angiogenic molecules, such as vascular endothelial growth factor
(VEGF), matrix metalloproteinase (MMP), and urokinase-type
plasminogen activator (uPA), that stimulate endothelial cell
proliferation and migration [53]. NF-κB induced by ROS could
also promote cancer-associated inflammatory signaling, including
the production of cytokines and the expression of a set of
antiapoptotic proteins [54, 55]. XO-derived ROS have been
identified as a novel and critical component in the regulation of
HIF-1α [56]. Upregulation of HIF-1α plays a central role in tumor
progression by activating various hallmarks of cancer, such as
glucose metabolism, angiogenesis, migration, and invasion [57].
Indeed, chemically induced hypoxia increased XOR activity and
the subsequent ROS in human glioma cells, which further induced
HIF-1α expression and contributed to both tumor development
and progression [58]. Moreover, overexpression of XOR was found
to upregulate the expression of HIF-1 and glycolysis in hepatoma
cells [59].
XO has also been shown to regulate tumor growth by

modulating the tumor microenvironment. The knock-in XO-locked
form of XOR in mice strongly increased transplanted tumor
growth, which was due to the increased regulatory T cells (Tregs)
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in the tumor tissue as a result of the high level of ROS produced
by macrophages [60]. Moreover, XO-derived ROS in macrophages
mediated the activation of the NLRP3 inflammasome and IL-1β
release [61], which may exacerbate the inflammatory response
and promote tumorigenesis.
These findings suggest that XOR-derived ROS contribute to

cancer-associated inflammatory signaling as well as to tumor
progression by activating angiogenesis, cell migration, and
invasion in tumor cells. Hence, scavenger of ROS and XOR
inhibitors may be considered effective strategies for cancer
treatment.

Uric acid. Uric acid is the final product of XOR. It is becoming
clear that a high level of uric acid may indicate higher cancer
incidence and tumor stage and is negatively associated with
survival in cancer patients [62, 63]. Evidence has shown that
preoperative serum uric acid (SUA) is an independent and
significant prognostic predictor in esophageal squamous cell
carcinoma patients who undergo R0 esophagectomy and patients
with pancreatic cancer [64, 65]. The SUA level was revealed to
gradually increase from stage I to stage IV in CRC, suggesting that
the SUA level reflected the progression of CRC [66]. The SUA level
also correlates with the incidence of urological cancer, including
bladder and renal cancer [67]. Therefore, management of uric acid
levels may be relevant for the improvement of treatment in
patients where hyperuricemia disorders are associated with
tumors.
Increasing evidence supports that high levels of uric acid can be

responsible for oxidant and proinflammatory activity with
consequent cell transformation by reacting with ROS, NO, and
RNS [19]. Although uric acid is generally regarded as a potent
antioxidant in the extracellular environment, an excessive

intracellular concentration of uric acid induces an oxidative burst
in many types of cells [68, 69]. Upregulated uric acid could
increase the production of ROS by reducing nitric oxide availability
or disrupting cellular redox homeostasis [70, 71]. In addition, an
excessive intracellular concentration of uric acid may result in
feedback on the downregulation of XOR expression, thus
increasing the purine salvage pathway and supporting cell
proliferation in transformed cells [24].
Uric acid also plays an important role in regulating fructose

metabolism, which has been recognized as a key driving force in
metabolic syndrome and cancers [72]. In the process of fructose
metabolism, generated AMP is further degraded by AMP
deaminase and XOR, resulting in the production of uric acid
[73]. Elevated uric acid was found to prevent fructose metabolites
from channeling mitochondrial oxidation in human HCC HepG2
cells by decreasing aconitase activity in the mitochondria,
resulting in the inhibition of the TCA cycle, mitochondrial
dysfunction and enhanced glycolysis [72]. Meanwhile, uric acid
is able to promote lipid synthesis by increasing the accumulation
of citrate and subsequent translocation from mitochondria to the
cytosol [74]. These effects may converge to promote cell
proliferation and cancer growth.
Moreover, a high level of uric acid is able to induce

inflammatory stress, which may also contribute to tumorigenesis.
When uric acid is saturated in body fluids, it nucleates into crystals
of monosodium urate (MSU) [75], which are ingested by
phagocytes and stimulate NLRP3 inflammasomes and produce
the proinflammatory form of IL-1β by activating caspase-1-
mediated cleavage of pro-IL-1β [76]. Soluble uric acid is also able
to promote IL-1β production dependent on NLRP33 and Myd88
[71]. IL-1β is a key proinflammatory cytokine and plays a key role
in carcinogenesis and tumor growth. IL-1β upregulation was
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shown to exert protumoral activity via the immunosuppressive
network of myeloid-derived suppressor cells (MDSCs), tumor-
associated macrophages (TAMs), and Tregs [77]. IL-1β promotes
tumor development by driving chronic nonresolved inflammation
and endothelial cell activation, influencing angiogenesis and
metastasis [78]. Increased levels of IL-1β are correlated with poor
prognosis and invasiveness in experimental tumor models and in
various types of cancers, including melanoma, colon, lung, breast,
or head and neck cancers.

Nonenzymatic activity. XOR can also confer a cancer-promoting
action through nonenzymatic activities (Fig. 4). It has been
reported that XOR can interact with butyrophilin1A1 (BTN1A1)
by binding to the PRY/SPRY/B30.2 domain [79]. BTN1A1 and XOR
are highly expressed in the lactating mammary gland and are
secreted into milk associated with the milk fat globule membrane.
BTN1A1 belongs to the B7-like T cell coregulatory molecule family,
which is of increasing interest in cancer immunotherapy, as it may
represent a novel subset of immune checkpoint regulators [80].
Consistently, BTN1A1 plays a vital role in the immune system,
which has been described to inhibit T cell proliferation in vitro and
reduce the expression of cytokines associated with T cell
activation, such as IL-2 and IFN-γ [81, 82]. Thus, XOR may
modulate the immune response by binding BTN1A1, which could
affect cancer development and treatment.

Tumor-suppressive role of XOR
ROS. XOR-derived ROS could be antitumorigenic and reduce the
growth of cancer [50, 83]. Excessive ROS production confers
cytotoxic effects and leads to apoptosis in cancer cells [84]. XOR-
derived ROS may trigger both apoptosis and necrosis in
proliferating human lymphocytes [85]. XOR activation was found
in prostate cancer cells after alternol treatment, which resulted in
ROS accumulation and apoptotic cell death [86]. It has also been
revealed that autophagy induced by cathepsin S induced XO-
generated ROS, leading to oxidative DNA damage and subse-
quently cancer cell death [87]. XOR-derived ROS decreased the
expression of COX-2 in breast cancer cells, which in turn
significantly reduced the expression of MMP-1 and MMP-3 as
well as cell migration [88].
ROS are an important component of the innate immune system.

ROS derived from XOR participate in the innate immune response
of phagocytotic cells, mediating the effect of phagocytotic killing
of tumor cells [8]. ROS produced by XOR have also been
implicated in the activation of the complement system, an
important feature of the systemic innate immune system [89].
Complement activation could eradicate tumor cells through
complement-dependent cytotoxicity [90].

Uric acid. Increasing studies have indicated that elevated serum
uric acid (normal SUA: 3-6.8 mg/dl) was associated with low cancer
risk and cancer mortality, such as prostate cancer, laryngeal
squamous cell cancer, and breast cancer [91–94]. Uric acid is
known to act as an important antioxidant. Uric acid donates a
single electron to ROS and is converted to the relatively stable
urate radical, which then decays to allantoin [95]. Uric acid also
exhibits a secondary antioxidant effect by chelating iron [96]. The
antioxidative activity of uric in the circulation may be involved in
the prevention of cancer [97]. SLC2A9 acts as a uric acid
transporter, which is a direct p53 targeted gene and a key
downstream effector in the reduction of ROS by transporting uric
acid as a source of antioxidants [98]. Consistently, overexpression
of SLC2A9 inhibited the proliferation of HCC cells by reducing
intracellular ROS levels [99]. Uric acid may also promote the
immune response against tumor cells. Dendritic cells are activated
by uric acid and enhance the T cell response to foreign antigens
[100, 101]. It has been reported that uric acid enhanced the
antitumor immunity of dendritic cell-based vaccines by increasing

the accumulation of activated CD8+ T cells and increasing the
production of IFN-γ [102].

Maintaining the balance of nucleotide metabolism. XOR plays a
vital role in maintaining the balance of nucleotide metabolism.
Decreased XOR activity in tumor cells leads to a shift in the purine
anabolic-catabolic balance, which may confer selective advan-
tages to malignant cells [25]. Inhibition of XOR has been found to
promote reutilization of hypoxanthine and ATP production
through the salvage pathway [103], which was necessary to
provide purine nucleotides and maintain energy for tumor cells
[104, 105].

TARGETING XOR FOR TUMOR THERAPY
Effective treatment for cancer is considered a great unmet medical
need. XOR has been shown to play oncogenic or suppressive roles
in cancer, and the potential of targeting XOR in tumor therapy has
been explored in recent years.

Inhibition of XOR
XOR inhibitors, including allopurinol, febuxostat, and topiroxostat,
were initially approved for the treatment of gout and conditions
associated with hyperuricemia [106] (Fig. 1). Allopurinol is the first
approved XOR inhibitor and has been used worldwide since 1966
[15]. Allopurinol and its active metabolite oxypurinol are structural
analogs of purines that inhibit the enzymatic activity of XOR by
competing with substrates [107]. Febuxostat is a selective XOR
inhibitor approved in 2009 for the treatment of hyperuricemia
with improved tolerability compared to allopurinol [108]. Febuxo-
stat noncompetitively blocks the activity of the two forms of XOR
by binding to their active site [109]. Topiroxostat (FYX-051) is a
hybrid-type XOR inhibitor exhibiting both structure- and
mechanism-based inhibition [110] and was first approved in
Japan in 2013 [111]. There is a continuous and intensive effort to
develop new XOR inhibitors to improve the efficacy and safety
profiles [112].

Pharmacological inhibition of XOR for the treatment of cancer
cachexia. Cancer cachexia is a multifactorial metabolic syndrome
characterized by weight loss, anorexia, muscle loss, and systemic
inflammation [113]. Cancer cachexia not only impairs the quality
of life of cancer patients but also reduces the efficacy and
increases the toxicity of chemotherapy, thereby highlighting the
need for more effective treatment [114]. Cancer cachexia is
associated with muscle wasting and atrophy, while ROS play a key
role in the development of muscle atrophy in response to
inflammation related to cancer cachexia [17, 115]. Atrophic factors
can activate XO and increase the generation of ROS. ROS trigger
multiple processes, including mitochondrial dysfunction, the
ubiquitin-proteasome system, and myonuclear apoptosis, which
further promote skeletal muscle atrophy and wasting in cancer
patients, finally leading to cancer cachexia [16]. In this regard, XO
is an attractive target for cancer cachexia therapy.
Upregulated uric acid levels and an approximately 52-fold

induction of XO-produced ROS were observed in the Yoshida
hepatoma cancer cachexia model [18]. XO inhibition by allopurinol
or oxypurinol improved survival and reduced wasting in this
model [18] (Table 1). Compared to allopurinol, febuxostat also
demonstrated significant efficacy in the same model with fewer
adverse reactions, indicating a promising candidate for cancer
cachexia treatment [116] (Table 1).

Pharmacological inhibition of XOR for the treatment of tumor lysis
syndrome. Tumor lysis syndrome (TLS) is one of the most
common complications related to cancer therapy and is a life-
threatening condition caused by an abrupt release of intracellular
metabolites after the lysis of tumor cells during chemotherapy

The double faced role of xanthine oxidoreductase in cancer
MM Chen and LH Meng

1628

Acta Pharmacologica Sinica (2022) 43:1623 – 1632



[117, 118]. During TLS, the rapid accumulation of uric acid derived
from the breakdown of nucleic acids may lead to kidney failure
[119]. Accordingly, management of the level of serum uric acid is
important to prevent TLS during chemotherapy. Since the
production of uric acid is dependent on XOR, it has been
validated as a therapeutic target for TLS. Allopurinol can be
preferentially used in patients with low or intermediate risk for TLS
[120]. Allopurinol has been applied to decrease uric acid levels in
patients with lymphoma and acute lymphoblastic leukemia during
chemotherapy, which could prevent TLS and reduce other toxic
effects [121, 122] (Table 1). Febuxostat represents an attractive
alternative to allopurinol in patients with renal insufficiency or
hypersensitivity to allopurinol. The efficacy and safety of febuxo-
stat have been proven in patients with hematological malig-
nancies and solid tumors who received chemotherapy in clinical
trials [123, 124] (Table 1).

Direct targeting cancer by inhibiting XOR. With the increasing
understanding of the role of XOR in cancer development,
inhibition of XOR has been explored to target cancer directly.
Preclinical studies of XOR inhibitors for cancer treatment are
summarized in Table 1. It has been shown that long-term
allopurinol use decreased the risk of prostate cancer in patients
with gout [125]. Consistently, allopurinol was found to drastically
induce apoptosis in human hormone-refractory prostate cancer
cells in combination with tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) [126]. Moreover, allopurinol alone was able
to trigger apoptosis in allopurinol-sensitive NSCLC cells, while
allopurinol combined with the JAK2 inhibitor CEP-33779 induced
cell death in resistant cells [127]. Several studies have indicated
that febuxostat possessed anticancer activity. Febuxostat showed
cytotoxic effects in NSCLC A549 cells by inducing apoptosis
mediated by caspase 3 [128]. Formulation of febuxostat by
emulsomes strongly enhanced its cytotoxic activity in human
colorectal carcinoma cells by improving its cellular penetration
[129]. Inhibition of XOR by febuxostat mitigated breast cancer cell
migration and pulmonary metastasis under hyperlipidemic con-
ditions, which were associated with decreased ROS generation
and MAPK phosphorylation [130]. These studies indicated the
potential of XOR inhibitors in directly targeting cancer. However,
the application of XOR inhibitors should be avoided in treating
cancers originating from tissues with high expression of XOR due
to the dual role of XOR in tumorigenesis. For example, it has been
reported that pharmacological inhibition of XOR increased breast
cancer tumor burden in a mouse ErbB2 breast cancer model [35].

Upregulation of XOR
Consistent with the antitumor role of XOR, it has been
demonstrated that XOR overexpression increased the chemosen-
sitivity of HCC cells. Compared with single-drug treatment, the

combination of lentivirus-induced XOR and doxorubicin or
5-fluorouracil significantly inhibited tumor growth in nude mice
[32]. Moreover, XOR was required for the antitumor activity of
gemcitabine in a murine breast cancer model [131]. These findings
suggest that induction of XOR expression or possibly activation in
cancer may enhance the therapeutic efficacy of chemotherapy in
cancers with reduced expression of XDH.

CONCLUSIONS AND PERSPECTIVES
Purines are the most abundant metabolic substrates and provide
necessary components for DNA and RNA to support the rapid
proliferation of cancer cells. Enhanced purine biosynthesis,
including the complementary salvage pathway and de novo
biosynthetic pathway, is tightly associated with the progression of
cancer [132–134]. Recent studies proved that alterations in the
activity and expression of metabolic enzymes involved in purine
degradation, such as cytosolic 5’-nucleotidase II (cN-II), purine
nucleoside phosphorylase (PNP), and adenosine deaminase (ADA),
contributed to tumor progression [25, 135, 136]. As the rate-
limiting enzyme in purine catabolism, the association between
XOR and cancer has been increasingly recognized. Mounting
evidence suggests that alterations in XOR expression and activity
are often found in various types of cancers and are closely related
to the prognosis of the disease. Increased or decreased XOR may
be found in cancers dependent on the originated tissue types.
XOR expression and activity are usually attenuated in HCC, breast
cancer, and CRC but enhanced in lung cancer and brain tumors.
ROS and uric acid, the major products during XOR-mediated
catabolism, may exert protumoral or antitumor activity by various
double-faced effects on the oxidative response, apoptosis,
metabolism, and immune response, highlighting a dual role of
XOR in the initiation and progression of human cancer. While XOR
inhibitors are promising in the treatment of cancer cachexia and
TLS, direct targeting of cancer by modulating XOR is much less
studied. Nevertheless, the current findings shed light on the
potential for further development of XOR modulators for the
treatment of cancer.
To further exploit the role of XOR in cancer, a few challenges

need to be addressed. First, the mechanism of XOR in the
development of cancer remains elusive. Metabolomics will help to
further elucidate the function of XOR-mediated purine metabo-
lism and the enzymatic products in cancer. Second, the potential
distinct role of the two forms of XOR (XDH or XO) in tumor-related
pathways needs to be further clarified, which will help lay the
foundation to discover isoform-selective modulators for precise
therapy. Finally, although pharmacological inhibition of XOR has
shown antitumor activity, the efficacy and safety of XOR inhibitors
as a constituent of the therapeutic regimen warrants further
investigation.

Table 1. XOR inhibitors in cancer therapy.

Approved or clinical trials

Drug name Indications Cancer type Combination Phase References

Allopurinol Tumor Lysis Syndrome Lymphoma; Leukemia chemotherapy Approved /

Febuxostat Tumor Lysis Syndrome Leukemia chemotherapy 3 NCT01724528

Preclinical studies

Drug name Indications Cancer type Combination References

Allopurinol Cancer cachexia Yoshida hepatoma / [18]

Febuxostat Cancer cachexia Yoshida hepatoma / [116]

Allopurinol / Prostate cancer TRAIL [126]

Allopurinol / Non-small cell lung cancer CEP-33779 [127]

Febuxostat / Non-small cell lung cancer / [128]
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