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Abstract—Xanthine Oxidase (XO) also known as xanthine
oxidoreductase (XOR) is a member of molybdoenzyme family and has
a catalytic role in purine degradation, metabolizing hypoxanthine to
xanthine and xanthine to uric acid (UA). It is a source of reactive
oxygen species (ROS) and has several pathophysiological
implications. XO is widely distributed in various organs especially
liver and small intestine. It is also present in mammalian milk. There
is detailed evidence about the enzyme’s much broader biological
role. ROS has implication in tissue, structural damage as well as cell
signaling interference. XO plays an important role in the
pathophysiology of disorders such as gout arthritis, diabetic
complications, neurodegenerative and cardiovascular diseases. It
will be interesting to study the substances interacting with this
enzyme. Inhibition of this enzyme will inhibit ROS mediated
disorders. XO, being a metabolizing enzyme, studies on the enzyme
will indicate drug like properties of a substance as well as potential
of a therapeutic candidate to produce drug interaction during
polypharmacy. Deficiency of XO results in plasma accumulation and
excess urinary excretion of xanthine, which may lead to arthropathy,
myopathy, crystal nephropathy, urolithiasis, or renal failure. UA at
physiological concentration possess antioxidant activity, however,
higher levels demonstrate pro-oxidant effect, resulting in oxidative
stress generation. Thus, homeostatic modulation of this enzyme will
help healthy maintenance of physiological functions of the human
body.

1. INTRODUCTION

Xanthine Oxidase (XO) is a form of enzyme present in wide
range of organisms from unicellular organisms (bacteria) to
multicellular organisms. A century ago it was first identified
in milk. In mammals, high levels of XO are found in liver and
small intestine [2]. It is also present in rat liver, bovine heart,
bovine capillary endothelial cells, human endothelial cells etc
[3]. Previously, it has been stated that the enzyme XO is only
present in cytosolic region [4] but recently it has also been
reported to be present in the peroxisomes of hepatocytes and
in various organelles of Kupffer and sinusoidal cells, including
rough endoplasmic reticulum, lysosomes, and endocytic
vesicles [5].

XO is a complex homodimer with catalytically
independent subunits [6]. Each subunit has three domains
associated with specific cofactors. The N-terminal domain is
composed of two sub-domains, each with one iron sulphur
(Fe,-S;) centre coordinated to four cysteine residues. The
intermediate domain has a binding pocket for flavine adenine
dinucleotide (FAD) that keeps the flavin ring in proximity to
an (Fe;-S;) centre. The C-terminal domain is the largest
domain and is associated with Mo—Co molybdopterin (Mo-
Co) cofactor which is the active site of the enzyme [7].

XO is the metabolizing enzyme which is involved in
terminal two reactions of purine catabolism pathway [2]. It
catalyzes the oxidative conversion of hypoxanthine to
xanthine and xanthine to uric acid (UA), the end product of
purine catabolism in humans. The enzyme exists in two
interconvertible forms Xanthine Dehydrogenase (XDH) and
XO [8]. They differ primilarily in the oxidizing substrate
specificity. During the conversion to UA, XO only reduces
oxygen, whereas XDH can reduces either oxygen or NAD* but
has greater affinity for NAD* [9]. In lower mammals UA
further gets metabolized into allantoin by the enzyme urate
oxidase but this enzyme is inactivated in humans [10]. Along
with UA, the enzyme generates reactive oxygen species (ROS)
such as superoxide radicals (-O;) and hydrogen peroxide
(H20,). Excess UA and ROS production is responsible for
release of lysosomal enzymes, which are the mediators of
inflammation [11]. Inflammation is considered to be the major
cause for various disorders such as diabetic complications,
neurodegenerative disorders, gouty arthritis etc. Thus, certain
measures are to be taken for treatment of these disorders by
XO inhibitors. XO inhibitors are divided into two classes
purine analogues and other is non- purine analogues.
Examples of purine analogues are Allopurinol; Oxypurinol
etc. which are the standard inhibitors of XO and non-purine
analogues include Topiroxostat, Febuxostat etc. Also natural
products based drugs have gained importance in reducing the
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XO induced oxidative stress and inflammatory activity [11]. A
good example of such drug is Quercetin [12].

2. PATHOPHYSIOLOGICAL IMPLICATIONS OF XO

2.1 Gout Arthritis

Gout Arthritis is a well known disease which is characterized
by extreme pain in joints and kidneys due to the action of XO
in generation of UA. Gout arthritis is associated with increase
in the concentration of serum UA level leading to a condition
known as hyperuricemia. Super saturation of body tissues with
UA leads to deposition of monosodium urate crystals (MSU)
in the joints of patients hence arising an inflammatory
response [13]. The initial process of the gouty arthritis
inflammatory response starts when macrophages that are
present within the joint space phagocytose the MSU crystals.
Phagocytosis of MSU crystals then triggers the formation of a
protein scaffold known as an inflammasome within the cytosol
of the macrophage. The inflammasome is a high-molecular
weight protein complex that serves as a platform for the
enzymatic processing of inactive pro-IL-1B into biologically
active IL-1B, which is then secreted from the cell [14].
Interleukin (IL)-1p is crucial pro-inflammatory cytokine that
regulates cell proliferation, differentiation, and apoptosis in
gouty arthritis. The activated pro inflammatory cytokine IL-
1B, binds to synovial endothelium and causes the release of
IL-8 and tumor necrosis factor alpha (TNF-a).The release of
pro-inflammatory cytokines is directly responsible for
neutrophil influx to the synovium which is considered to be a
hallmark of gouty arthritis. Recruitment of neutrophils causes
further release of IL-1p and other pro-inflammatory cytokines
that perpetuates gout arthritis and inflammation. MSU crystals
alone may not be sufficient to trigger the activation or release
of IL-1pB from the macrophages, it requires co-stimulation with
free fatty acids or lipopolysaccharide to release IL-1B [15]. It
is reported that consumption of alcohol or a large meal can
lead to increases in free fatty acid concentrations and hence
can be a reason for involvement of free fatty acids in
triggering release of IL-1B, an important factor in the
development of gouty arthritis [15].

2.2 Diabetic Complications

Oxidative stress is considered to be an important factor in the
progression of diabetic complications [16]. XO plays an
important role in generation of free radicals in diabetic
animals. XO is released by liver of diabetic animals [17].
Increased in superoxide radicals production in the vessel walls
of aortic rings of diabetic rabbits explains the arterial
complications of diabetes emphasizing the importance of XO
in diabetes and its complications.

Oxidation of glutathione and lipoperoxidation is caused
by oxidative stress in human type 1 diabetes. Inhibition of this
enzyme prevents oxidative stress [17]. Allopurinol is found to
be effective in prevention of this phenomenon. It was
suggested that in type 1 diabetes, XO is released by the liver

into plasma and then the enzyme binds with the
glucosaminoglycans in the blood vessels and induce oxidative
stress and tissue damage [18]. Heparin plays an important role
in the regulation of lipid levels during diabetes. It was also
found to decrease the peroxide levels in aortic rings from
diabetic rabbits because it releases XO from the vessel wall.
Hence heparin showed a new potential use in diabetes.
Inhibition of xanthine oxidase has proved to be effective in
improving endothelial vasodilator function in
hypercholesterolemic, but not hypertensive patients [19]. Also
it was reported that allopurinol protects against endothelial
dysfunction in diabetic patients with mild hypertension [20].

Diabetic complications such as neuropathy, retinopathy,
nephropathy etc. have significant correlation with increased
level of uric acid [21]. The probable etiology factors of
neuropathy involve Oxidative stress and inflammation. It is
therefore speculated that UA generation by XDH/XO plays a
role in diabetic neuropathy [21]. Focal UA production in the
vitreous is thought to be involved in the pathogenesis and
progression of Diabetic retinopathy [22]. A study states that
elevated UA levels are a significant and independent risk
factor for diabetic foot ulcer in female Chinese patients with
type 2 diabetes mellitus [23].

2.3 Neurodegenerative Diseases

Oxidative stress plays a central role in a common
pathophysiology of neurodegenerative diseases such as
Alzheimer's disease (AD) and Parkinson's disease (PD) [24].
AD is found to be affected approximately 16 million people
worldwide. It is characterized by progressive loss of neurons
associated with aggregation of protein as extracellular amyloid
(BA) plaques, and intracellular tau tangles. The excessive
accumulation of ROS in patients with AD may induce
mitochondrial dysfunction. PD is the second most common
neurodegenerative disease and is characterized by progressive
loss of dopaminergic neurons in the substantia nigra, and
aggregation of the protein a-synuclein. In PD brain, there is
increased levels of 8-hydroxydeoxyguanosine [25], it has been
reported that there is an increase in the common deletions in
mitochondrial DNA in the surviving dopaminergic neurons in
PD substantia nigra. Such deletions are believed to be the
result of oxidative stress [26].

XO is one of the producers of ROS responsible for
oxidative stress in mammalian brain. Under normal
conditions the enzyme exists in the form of XDH. Hypoxia
leads to metabolism of ATP and hence accumulation of
hypoxanthine. When hypoxia persists, it induces a rise in
intracellular calcium which activates the protease and converts
XDH to XO in vivo and subsequent conversions of substrate
into uric acid and ROS in brain [24]. Oxypurinol was found to
be effective in reducing the production of ROS and protect
neurons in the genetic presenilin 2 mouse model of AD [27]
whereas allopurinol reduces *OH generation in rat striatum of
toxic models of PD induced by paranonylphenol and MPP*
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[28], therefore indicating the role of XO in neurodegenerative
diseases.

2.4 Cardiovascular Diseases

Oxidative stress contributes to endothelial dysfunction in
cardiovascular diseases because superoxide radicals which are
formed by the XO can readily inactivate endothelial nitric
oxide (NO) thereby impairing vasorelaxation [29]. NO and
-0, react three fold greater than the rate at which superoxide
dismutase (SOD) can eliminate -O,~ resulting in endothelial
dysfunction [30]. XO inhibition weakens the endothelial
dysfunction. Allopurinol increases the NO stimulated blood
flow in smokers [31] and diabetes [32] thereby reversing
endothelial dysfunction. XO also contributes to endothelial
dysfunction in hypercholesterolemia. Oxypurinol improved
endothelial function in cholesterol fed rabbits [33, 34].

In coronary artery disease, XOR is co-localized in
atherosclerotic plaques and due to this there is five to six fold
elevated levels of UA in such plaques, indicating up regulation
of XO activity [35].

XO is also involved in pathogenesis of hypertension.
Tungsten rich diet, Oxypurinol and heparin binding SOD
lowered the blood pressure in hypertensive rats [36]. It is
reported that UA levels is correlated with blood pressure
independent of XO activity [37].

3. XO: AMETABOLIZING ENZYME

3.1 Drugs Metabolized By XO

3.1.1 Thiopurines: 6-Mercaptopurine (6-MP),
Azathioprine (AZT) and 6-Thioguanine (6-TG)

6-MP, AZT and 6-TG, are the analogues of purine nucleosides
that serve as the current childhood acute leukemia treatment.
6-MP, after administration, may enter into either anabolic or
catabolic metabolic pathways. The anabolic pathway is
responsible for conversion of 6-MP to its active form and the
catabolic pathway converts the drug into inactive metabolites.
This is achieved via two routes: One is thiol methylation,
which is catalyzed by the enzyme thiopurine S-
methyltransferase, to form the inactive metabolite methyl-6-
mercaptopurine. The second inactivation route is the initial
oxidation of 6- MP to 8-oxo0-6-MP followed by conversion to
6-thiouric acid. 6-MP is converted to 6-thiouric acid via 6-
thioxanthine which is catalyzed by XO in intestinal mucosa
and liver. So with 6-MP, allopurinol is given in combination
to inhibit XO catalyzed drug degradation [38, 39].

AZT is extensively converted to 6-MP which is then
metabolized as mentioned above or it is directly oxidized to 8-
oxo-azathioprine, catalyzed by Aldehyde oxidase (AO)-
enzyme related to XO and then 8-o0x0-6-mercaptopurine which
may then be oxidized to 6-thiouric acid by XO [40]. AO is
also involved in the metabolism of 6-TG [40].

3.1.2 Famciclovir

Famciclovir is a synthetic guanine derivative which is
metabolized by XO or AO to the potent antiviral compound
penciclovir. It is the active metabolite of famciclovir. It has its
action against herpes simplex virus (HSV) types 1 and 2,
varicella zoster virus (VZV), Epstein- Barr virus (EBV) and
hepatitis B. Here, XO is considered important factor in
converting the drug into its active metabolite and showing its
particular action [41].

3.1.3 Acyclovir

Acyclovir is a guanosine analogue. It is a antiviral agent with
high therapeutic index. It is effective in treatment of all types
of HSV and VZV. The drawback of acyclovir is that, it does
not have good water solubility. Therefore, it is given as a
prodrug form, 6-Deoxyciclovir which is 18 times more soluble
than acyclovir. The prodrug is extensively metabolized by XO
in vivo and is converted to acyclovir. Here, XO is required as
activating agent for the prodrug activation [42].

3.1.4 Carbovir

Carbovir is a carbocyclic guanosine derivative with a potent
and selective inhibitory effect on HIV-1 replication. As its oral
bioavailability is low, its prodrug, 6-deoxycarbovir was
synthesized in attempt to increase its oral absorption [43].

6-deoxycarbovir is also reported as a XO activated
prodrug but is a better substrate for AO as compared to XO
[44].

3.1.5 Vidarabine

Vidarabine, a marine-derived drug has a antitumor activity.
However, it is more noticeable for its antiviral activity with a
high therapeutic index. Vidarabine possess significant activity
against infections caused by herpes viruses, pox viruses,
rhabdoviruses, hepadnaviruses, the vaccinia virus, VZV, and
some RNA tumor viruses. Vidarabine is extensively
deaminated in the body by adenosine deaminase (ADA) to 9-
[-D-arabinofuranosyl hypoxanthine (hypoxanthine
arabinoside) that has less antiviral activity than vidarabine,
which is a major limitation in its clinical use [45]. Inhibition
of ADA by co-administration of modified purine analogues
with vidarabine, such as deoxycoformacine, can improve the
therapeutic effect of vidarabine [46]. Vidarabine is rapidly
converted by ADA to hypoxanthine arabinoside which has
less antiviral activity than vidarabine. Hypoxanthine
arabinoside is the major metabolite of vidarabine is excreted
renally and biotransformed by XO to xanthine arabinoside.
Allopurinol as an inhibitor of XO can interfere with the
metabolism of vidarabine to produce toxicity and therefore,
co-administration of allopurinol with vidarabine should be
avoided or used with caution.
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3.1.6 Theophylline

Theophylline is a methylxanthine used as a bronchodilator
agent for the treatment of various asthmatic and pulmonary
conditions. Theophylline is metabolized in the human liver
through N-1 or N-3 demethylation followed by hydroxylation
at C-8 producing three main products including 3-
methylxanthine (3MX), 1-methyluric acid (1MU) and 1, 3-
dimethyluric acid (1,3DMU). This reaction is catalyzed by
that cytochrome P450 1A2 (CYP1A2) [47]. 1-Methyluric acid
is the secondary metabolic pathway of theophylline. It is
produced following a rapid oxidation from 1-methylxanthin by
X0.1-methylxanthin is a good substrate for XO than other
methylxanthines.Allopurinol as a potent inhibitor of XO
activity decreases the formation of 1-methyleuric acid from
the 1-methylxanthine in theophylline oxidation and produce
toxicity [47].

4. DEFICIENCY OF XANTHINE OXIDASE

As discussed earlier, XO is considered to be a therapeutic
target for the treatment of oxidative stress induced disorders.
In contrast, to its involvement in many disorders, its
deficiency in the body may lead to many disorders.
Xanthinuria is an uncommon autosomal recessive disorder
characterized by the excretion of urinary xanthine and
hypoxanthine as the chief end products of purine metabolism
and also the excess plasma accumulation resulting in low
serum and urinary uric acid levels [48]. Deficiency of XDH or
XOR may result into arthropathy, myopathy, crystal
nephropathy, urolithiasis, or renal failure. Classic xanthinuria
is one form of xanthinuria that is divided into 2 types based on
the enzyme deficiency. Both types are inherited. Classic
xanthinuria type | is caused by isolated deficiency of XDH
and classic xanthinuria type Il is caused by deficiency of XDH
and AO. The other inherited form of xanthinuria, termed
molybdenum cofactor deficiency. This defect is caused by
mutations in molybdenum cofactor genes (MOCS1 and
MOCS2) [48]. It occurs in the neonatal period with
microcephaly, hyperreflexia, and other CNS manifestations.
Other reported manifestations include severe metabolic
acidosis and intracranial hemorrhage.

5. UA AS APROTECTIVE AGENT???

Due to the anti oxidant mechanisms, our life span has
increased remarkably. One such antioxidant mechanism is
serum UA levels. UA is abundant antioxidant in plasma that
scavenges singlet oxygen, peroxy radicals, and hydroxyl
radicals. Uric acid can also bind with iron ion complexes,
signifying additional antioxidant capabilities. Human plasma
uric acid concentrations are typically high ¥ 2mg/dL) with a
mean of 7.0mg/dL in men and 6.0mg/dL in women. UA has a
concentration dependent effect in scavenging the radicals. It
showed a decrease in DNA fragmentation and lipid
peroxidation [49]. UA is as effective antioxidant as ascorbic
acid and protect against oxidative damage [50]. It is reported

that serum UA levels rise after an ischemic insult and elevated
UA generates a protective response to oxidative stress [51]. In
cerebral ischemia in rat models, there is increase in the levels
of brain UA and in transient ischemia model, infusion of UA
may lead to reduction of infarct volume and also improve
behavioral outcome [52]. Further evidence suggested that
intravenous infusion of UA after ischemic stroke reduce the
markers of oxidative stress [53]. In addition, UA
concentrations have been found to be reduced in Huntington’s
disease (HD) as compared to controls in several regions of the
cerebral cortex. High UA levels slow the progression of PD in
early PD [54]. Hence UA is beneficial in brain.

6. XO INHIBITORS

XO inhibitors are the drugs which lower the elevated uric acid
levels in the body by inhibiting the XO. At an appropriate
dose of XO inhibitors, uric acid levels return to normal. XO
inhibitors are currently being investigated as potential
therapeutics for disorders such as gout, hyperuricemia, ulcers,
cancer and oxidative damage. XO inhibitors are of two
classes: purine analogues and non purine analogues. Purine
analogues include drugs such as Allopurinol, Oxypurinol,
tisopurine and the second one is non purine analogues which
include febuxostat, topiroxostat and inositols (phytic acid and
myo-inositol). Non purine analogues have comparatively
fewer side effects than purine analogue [55, 56].

Purine analogues
Allopurinol-Standard Inhibitor
Oxypurinol-Standard Inhibitor

Tisopurine

Non-purine analogues
Febuxostat
Topiroxostat
Inositols (Phytic acid
and myo inositol)

Other non purine analogue drugs which are naturally
occurring inhibitors are Quercetin (Capparis spinosa),
Apigenin (Matricaria recutita), Thymol (Thymus vulgaris),
Luteolin  (Lamiaceae species), Cinnamaldehyde (C.
osmophloeum), kaempferol (leaves of Carica papaya), ferulic
acid (Phaseolus vulgaris) etc. Terpenoids like bisabolol are
found to have a good XO inhibitory activity and has ICs
value of 34.70 pug/ml, as compared to allopurinol 8.48 pg/ml.
Dietary polyphenolic compounds, mainly flavonoids, possess
antioxidant properties and are potent inhibitors of xanthine
oxidase (XO) activity. The combination of XO inhibitor with a
compound which is capable of having a radical scavenger
activity can be used for treatment of inflammatory conditions.
This hypothesis is supported by the previously mentioned
study where luteolin (as a inhibitor of XO) and
epigallocatechin (as a superoxide scavenger) had been used as
a combination therapy [57].

7. DISCUSSION

XO is homodimer protein with domain specific cofactors. It is
found to have a broad substrate specificity. XO is widely
localized in many tissues such as liver, small intestine,
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mammary gland and abundantly identified in bovine milk. It
is involved in terminal steps of purine degradation pathway
converting hypoxanthine to xanthine and xanthine to UA .The
enzyme generates ROS including superoxide radicals which
along with UA is responsible for inflammation. XO is
implicated in diseases such as gout arthritis, Diabetic
complications, Neurodegenerative diseases and cardiovascular
diseases. XO is an important metabolizing enzyme responsible
for metabolism of various anticancer and antiviral drugs. XO
plays an important role in generating an active or inactive
metabolites of a particular drug or activation of a prodrug for
its activity. AO: a XO related enzyme also is involved in
metabolism of these drugs. XO inhibition is essential in
inhibiting inflammation and ROS mediated disorders. Even
though XO is implicated in above mentioned disorders, yet it
is essential in the body. Its deficiency leads to a condition
known as xanthinuria and related complications. Also UA is a
protective agent through its antioxidant property reducing the
oxidative stress in the body. Therefore a balanced level of XO
should be maintained in the body in order to avoid the stated
complications.

8. CONCLUSION

XO is a metabolizing enzyme involved in the last two steps of
purine degradation pathway and generates ROS and UA,
which in high concentration causes inflammation and this
leads to many complications such as gout arthritis, diabetic
complications, neurodegenerative disorders and cardiovascular
diseases. Also, it plays an important role in the metabolism of
many drugs. Therefore, XO inhibitors are essential to prevent
inflammation and related disorders and also to prevent early
metabolism of drugs. Considering the protective role of UA at
lower physiological concentration, it is important to maintain
homeostatic balance of XO in the body. XO can thus serve as
a major target that can be explored in detail for drug
discovery.
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