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  Uric acid is the final oxidation product of purine metabolism in humans. Xanthine oxidoreductase (XOR) cat-
alyzes oxidative hydroxylation of hypoxanthine to xanthine to uric acid, accompanying the production of re-
active oxygen species (ROS). Uric acid usually forms ions and salts known as urates and acid urates in serum. 
Clinically, overproduction or under-excretion of uric acid results in the elevated level of serum uric acid (SUA), 
termed hyperuricemia, which has long been established as the major etiologic factor in gout. Accordingly, 
urate-lowering drugs such as allopurinol, an XOR-inhibitor, are extensively used for the treatment of gout. In 
recent years, the prevalence of hyperuricemia has significantly increased and more clinical investigations have 
confirmed that hyperuricemia is an independent risk factor for cardiovascular disease, hypertension, diabetes, 
and many other diseases. Urate-lowering therapy may also play a critical role in the management of these dis-
eases. However, current XOR-inhibitor drugs such as allopurinol and febuxostat may have significant adverse 
effects. Therefore, there has been great effort to develop new XOR-inhibitor drugs with less or no toxicity for 
the long-term treatment or prevention of these hyperuricemia-related diseases. In this review, we discuss the 
mechanism of uric acid homeostasis and alterations, updated prevalence, therapeutic outcomes, and molecu-
lar pathophysiology of hyperuricemia-related diseases. We also summarize current discoveries in the develop-
ment of new XOR inhibitors.
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Background

Serum uric acid (SUA) concentration is a significant parame-
ter for human health. Alteration of SUA homeostasis has been 
linked to a number of diseases. For example, an abnormally 
high SUA level, termed hyperuricemia, is the underlying cause 
of gout and has been correlated with cardiovascular disease, 
hypertension, and renal disease. More recent studies have dem-
onstrated that hyperuricemia may directly contribute to the 
development or progression of these diseases [1–3]. Besides 
gout, therapies that directly inhibit the production of uric acid 
may be effective to prevent and/or treat hyperuricemia-related 
cardiovascular disease and other diseases [4]. Xanthine oxido-
reductase (XOR) is a critical enzyme for uric acid production. 
Since clinical XOR-inhibitor drugs such as allopurinol and fe-
buxostat may have serious adverse effects such as hypersen-
sitivity drug reactions, there is great interest in the develop-
ment of novel XOR inhibitors for long-term use with less or no 
adverse effects [5]. This review aims to summarize the critical 
aspects of uric acid biochemistry, recent advances in molecu-
lar pathogenesis, clinical significance of hyperuricemia in car-
diovascular disease and other diseases, and new discoveries in 
XOR inhibitors. This article provides fundamental and updat-
ed information about hyperuricemia-related diseases and XOR 
inhibitors to physicians and scientists who work in this field.

Uric Acid Production and Removal

Uric acid (2,6,8-trioxypurine) is a heterocyclic purine derivative 
with a molecular weight of 158 Da. Uric acid was first found in 
bladder stones in 1776 by the Swedish pharmacist Scheele [6]. 
It is a weak acid and forms a singly-charged hydrogen or acid 
urate ion at the biological pH of 7.4. The water solubility of 
uric acid is relatively low and is sensitive to temperature. The 
saturation point of uric acid is 392 µmol/L (6.6 mg/dL) at 37°C 
and pH 7.4 [7]. In humans and higher primates, uric acid is the 
final oxidation (breakdown) product of purine (adenine and 
guanine) metabolism (Figure 1). About 70% of uric acid is re-
moved from the urine and 30% is removed from the gastro-
intestinal route [8]. In the kidney, at least 90% of the filtered 
uric acid is reabsorbed by specific anion transporters, includ-
ing URAT1 and GLUT9 [8]. URAT1 reabsorbs urate and secretes 
anionic organic compounds such as lactate, ketone bodies, and 
xenobiotics through a counter-transport process. However, in 
other lower animals such as rats and mice, the enzyme uricase 
(urate oxidase) further oxidizes uric acid to allantoin, which 
is 100 times more water-soluble than uric acid and has more 
efficient excretion from the urine [9]. Humans and higher pri-
mates lack a functional uricase gene.

Purines are important biomolecules, including ATP, GTP, cy-
clic AMP, NADH, and coenzyme A. Purines are building blocks 

of DNA and RNA. In general, purines are found in a high con-
centration in meat and meat products, including sweetbreads, 
anchovies, sardines, liver, beef kidneys, brains, herring, mack-
erel, and scallops [10]. Beer (from the yeast) and gravy also 
contain a high amount of purines.

XOR is a critical, rate-limiting enzyme in purine metabolism. It 
catalyzes the last 2 steps of purine catabolism, the oxidation 
of hypoxanthine to xanthine and the oxidation of xanthine 
to uric acid, by utilizing either NAD+ or O2 [11]. As a result of 
these reactions, 2 reactive oxygen species (ROS), superoxide 
anion (O2

–) and hydrogen peroxide (H2O2), are produced. XOR 
is therefore a critical source of uric acid and ROS. XOR has 2 
forms: xanthine dehydrogenase (XDH) and xanthine oxidase 
(XO). XDH prefers NAD+ as the substrate and XO prefers O2 [11]. 
Most XOR in the liver exists in its XDH form, but it can be con-
verted to XO form by reversible sulfhydryl oxidation or by ir-
reversible proteolytic modification [11,12]. XOR is also present 
in the intestines, mammary gland, cardiac and skeletal mus-
cle, corneal epithelium, and endothelial cells of vascular ves-
sels [13–15]. XOR is a large homodimer enzyme with a molec-
ular mass of 290 kDa [16]. Each subunit (145 kDa) contains 
1 molybdenum (Mo) cofactor, 2 ferredoxin iron-sulfur clusters 
(2Fe-2S), and 1 adenine dinucleotide (FAD) cofactor (Figure 2). 
During the oxidative hydroxylation of substrates, the Mo center 
receives 2-electron reduction from Mo (VI) to Mo (IV), and pass-
es electrons via [2Fe–2S] clusters to the FAD cofactor [11,17].

Hyperuricemia

In humans, normal SUA levels are 2.6–5.7 mg/dL (155–339 
µmol/L) for premenopausal women and 3.5–7.0 mg/dL (208–416 
µmol/L) for men and postmenopausal women [9,10,18]. In most 
other mammals, such as rats and mice, normal blood levels of 
uric acid are 1–2 mg/dL because uric acid is further oxidized 
to allantoin by uricase [9]. The loss of uricase in humans and 
higher primates occurred about 15 million years ago [19], re-
sulting in a relatively higher SUA level than that in lower ani-
mals. This evolutionary event may provide survival advantages 
for humans, such as increasing antioxidant capacity [20] and 
regulating sodium retention and blood pressure [21]. High SUA 
may be also related to alertness, intelligence, and longevity 
[22], as well as innate immune functions [23]. However, in the 
modern era such advantages of high SUA may turn into risk 
factors for many human diseases. Modern humans have dra-
matically increased the consumption of purine-rich foods, alco-
hol, and soft drinks sweetened with fructose, which can cause 
overproduction of uric acid and increase levels of SUA, termed 
hyperuricemia. On the other hand, hyperuricemia could also 
result from the under-excretion of uric acid from the kidney 
due to renal dysfunction and/or influence by certain metabo-
lites and medications [24] (Figure 3). Currently, the estimated 
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prevalence of hyperuricemia in the US general population is 
21% [18], and it ranges from 13% to 25% in China [25]. A large 
number of studies have reported that hyperuricemia plays a 
pathophysiological role in many human diseases, including 
gout, cardiovascular disease, diabetes, and kidney disease.

The homeostasis of SUA is mainly governed by hepatic pro-
duction and renal removal. Acquired deficiency of XOR due 
to allopurinol therapy or liver disease can decrease uric acid 
production [26]. Several rare inherited disorders of XOR de-
ficiency cause an abnormally low level of SUA and a high se-
rum level of xanthine, termed hypouricemia and xanthinuria, 
respectively [27]. Hereditary genetic mutations of the urate 
transporter URAT1 (RHUC1) and glucose transporter 9 (GLUT9; 
RHUC2) have been reported to cause hypouricemia due to de-
ficiency of reabsorption of kidney-filtered uric acid [28,29]. It 

may also be caused by uric acid oxidation due to treatment 
with uricase, or decreased renal tubular reabsorption due to 
acquired disorders [30] (Figure 4). The present review focus-
es on hyperuricemia and its related diseases.

Clinical Studies of Hyperuricemia-Related 
Diseases

Hyperuricemia has long been established as the major etio-
logic factor in gout. When SUA levels go beyond its satura-
tion point, monosodium urate begins to crystallize and de-
posit into peripheral joints and surrounding tissues to cause 
gout or gouty arthritis. The worldwide prevalence of gout rang-
es from 0.1% to 10% [31]. Prevalence of gout in most coun-
tries in North America and Western Europe ranges from 1% to 

Figure 1.  Uric acid production and removal 
in humans and mice. Xanthine 
oxidoreductase (XOR) catalyzes the 
oxidation of hypoxanthine to xanthine 
to uric acid, accompanied with the 
generation of reactive oxygen species, 
superoxide anion (O2

–), and hydrogen 
peroxide (H2O2). Uric acid is the final 
oxidation product of purine (adenine 
and guanine) metabolism in humans 
and higher primates, and is removed 
from renal and gastrointestinal 
routes. In lower animals such as rats 
and mice, the enzyme uricase (urate 
oxidase) further oxidizes uric acid to 
allantoin for more efficient removal 
from the urine. Humans and higher 
primates lack a functional uricase 
gene.
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Figure 2.  Structure of xanthine oxidoreductase 
(XOR). XOR is a large homodimer 
enzyme; each subunit contains 
1 molybdenum (Mo) cofactor, 2 
ferredoxin iron-sulfur clusters (2Fe-
2S), and 1 adenine dinucleotide 
(FAD) cofactor. XOR controls the 
sequential oxidative hydroxylation of 
hypoxanthine to xanthine then to uric 
acid, and generates 2 reactive oxygen 
species (ROS), superoxide anion (O2

–

) and hydrogen peroxide (H2O2). XOR 
has 2 forms: xanthine dehydrogenase 
(XDH) and xanthine oxidase (XO). XDH 
prefers NAD+ as the substrate and XO 
prefers O2.
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Figure 3.  Major causes of hyperuricemia. (A) High dietary intake of high-fructose foods and drinks, which increase the production 
of inosine and purines. Fructose competes with uric acid for the secretion in the kidney. (B) High dietary intake of rich 
purine foods and drinks. More purines are metabolized to produce more uric acid. High intake of alcohol (ethanol) may 
increase lactic acid and ketones and cause dehydration, while decreasing uric acid removal in the kidney. (C) Change of body 
metabolisms. Starvation may enhance the body metabolism of its own (purine-rich) tissues for energy. Chemotherapy may 
cause tumor lysis, increasing purine degradation and uric acid production (tumor lysis syndrome). (D) Medications. Some 
drugs, such as anti-uricosurics and diuretics, may decrease the excretion of uric acid from the kidney. Drugs can also cause 
renal dysfunction, which decreases the excretion of uric acid from the kidney. (E) Elevated blood lead levels may cause renal 
dysfunction and decrease uric acid excretion. (F) Many different types of kidney diseases may affect uric acid secretion. 
(G) Genetic factors. The gene SLC2A9 encodes a protein that helps to transport uric acid in the kidney. Several single-
nucleotide polymorphisms of SLC2A9 affect the secretion of uric acid in the kidney
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4% [32]. The pooled prevalence of hyperuricemia and gout in 
mainland China from 2000 to 2014 was 13.3% and 1.1%, re-
spectively [25]. The prevalence of hyperuricemia and gout in 
Taiwanese aborigines is 41.4% and 11.7%, respectively [33]; 
the direct causal mechanisms of such high prevalence in this 
ethnic group are unknown.

The association of hyperuricemia with cardiovascular disease 
was described 2 centuries ago [1]. A large member of studies 
reported that SUA levels correlate with cardiovascular diseas-
es, including ischemic heart disease and heart failure, as well 
as hypertension and stroke. For a long time, however, the ob-
served association between SUA elevations and cardiovascu-
lar disease was considered to be “epiphenomenal” and not 
causal; it remains controversial whether SUA has a causal re-
lationship with these diseases [34]. In the last few years, sev-
eral large clinical studies have confirmed that hyperuricemia 
is a significant and independent risk factor for hypertension 
and ischemic heart disease and heart failure, after an exten-
sive adjustment for almost all of the possible confounding 
conditions [2,35,36]. The impact of uric acid on these diseas-
es seems in a dose-dependent manner. For example, the over-
all risk of cardiovascular disease mortality increased 15% for 
each increase of 1 mg/dl of uric acid [4]. Hyperuricemia is also 
a causal factor for renal disease, metabolic syndrome, insulin 
resistance, type 2 diabetes, and nonalcoholic fatty liver disease, 
with a linear dose-response relationship [37,38]. High levels of 
uric acid may directly impair the cardiovascular system and/or 
through XOR-induced oxidative stress [4]. Urate-lowering drugs 
such as allopurinol play an important role in the prevention 
and treatment of cardiovascular diseases. Indeed, this hypoth-
esis is strongly supported by recent clinical studies [4,39,40]. 

Thus, uric acid is a central player, not an innocent bystand-
er, in cardiovascular disease and many other diseases [41].

Molecular Mechanisms of Hyperuricemia-
Related Diseases

Gout is a kind of arthritis caused by a buildup of uric acid crys-
tals in the joints as a result of hyperuricemia. Furthermore, 
it has been hypothesized that hyperuricemia contributes to 
the progression of cardiovascular disease through oxidative 
stress, systemic inflammation, and endothelial dysfunction [4]. 
As mentioned above, XOR produces O2

– and H2O2 when it cat-
alyzes the oxidation of hypoxanthine to xanthine to uric acid 
(Figure 5). O2

– readily reacts with NO, reducing NO bioavail-
ability, which is a main cause of endothelial dysfunction. In 
fact, the reaction between O2

– and NO is 3 times faster than 
the O2

– dismutation by superoxide dismutase (SOD) [41]. O2
– 

and H2O2 not only directly cause oxidative damage to cells, 
but also can be converted to peroxynitrate (ONOO–), hydrox-
yl anion (OH–), and hypochorous acid (HOCl), which are more 
toxic to the cells, by damaging proteins, lipids, carbohydrates, 
DNA, RNA, subcellular organelles, and cell systems [42,43]. For 
example, ONOO– has a cytotoxic potential about 1000 times 
higher than that of H2O2 [44]. Increased XOR activity and ox-
idative stress have been observed in cardiovascular disease 
in humans [45] and experimental animals [46]. Interestingly, 
high levels of XOR activity has been identified in human endo-
thelial cells from the microvasculature of several tissues, and 
XOR is detected in the cytoplasm of endothelial cells and on 
the outer surface of the plasma membrane [47]. Interestingly, 
circulating XOR can bind to the surface of endothelial cells by 

Figure 4.  Human serum uric acid (SUA) 
homeostasis and abnormal changes. 
Normal SUA levels in humans 
are higher than in mice because 
humans lack a functional uricase 
gene. This evolutionary event may 
provide survival advantages for 
humans. However, in the modern 
era such advantages of high SUA 
may become risk factors for many 
human diseases. Several factors 
could cause overproduction of uric 
acid or under-excretion of uric 
acid from the kidney, leading to 
an abnormally high level of SUA, 
termed hyperuricemia. Hyperuricemia 
plays a pathophysiological role in 
many human diseases. On the other 
hand, several factors could cause an 
abnormally low level of SUA, termed 
hypouricemia, which may also be 
associated with many diseases.
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glycosaminoglycans (GAGs) and induce oxidative stress and 
endothelial dysfunction [48]. Indeed, hyperuricemia-related 
endothelial dysfunction has been observed in both rats [49] 
and humans, and inhibition of XOR has been shown to im-
prove endothelial functions [50].

The Oxidant-Antioxidant Paradox 
Mechanisms of Uric Acid

Uric acid exerts opposite effects on free radicals extracellularly 
or intracellularly. Circulating uric acid is believed to be a major 
aqueous antioxidant in humans, and it scavenges carbon cen-
tered radicals and peroxyl radicals such as peroxynitrite (ONOO–) 
in the hydrophilic environment and contributes to about 70% 
of all free radical scavenging activities in the plasma [51]. For 
example, uric acid protects erythrocyte membrane against lip-
id peroxidation and lysis induced by t-butyl hydroperoxide [52]. 
Uric acid can react with ONOO– to form uric acid nitration/ni-
trosation derivatives that can release NO and induce vasorelax-
ation [53]. Uric acid can also act as a chelator of iron in extracel-
lular fluids [54]. However, uric acid loses its radical scavenging 
activity and becomes a strong pro-oxidant under hydrophobic 
conditions [55]. For example, uric acid can accelerate the cop-
per-induced peroxidation of human LDL in the presence of pre-
formed lipid hydroperoxides [56]. In addition, when uric acid en-
ters endothelial cells, vascular smooth muscle cells, monocytes, 
and other types of cells via specific organic anion transporters 
such as URAT1 [57], it induces intracellular and mitochondrial 
oxidative stress through multiple mechanisms such as the stim-
ulation of NADPH oxidase [58], and the production of pro-in-
flammatory cytokines such as monocyte chemoattractant pro-
tein-1 (MCP-1), high-sensitivity C reactive protein, interleukin-1, 

interleukin-6, interleukin-10, interleukin-18, endothelin-1, and 
tumor necrosis factor-alpha [59]. Furthermore, uric acid blocks 
insulin- and vascular endothelial growth factor (VEGF)-mediated 
endothelial nitric oxide synthase (eNOS) activation and nitric 
oxide (NO) release [49,60]; induces cellular ER stress and eNOS 
dysfunction [61]; directly reacts with NO to form 6-aminoura-
cil [62]; blocks the uptake of the substrate L-arginine [63]; and 
stimulates the degradation of L-arginine [64], thereby reduc-
ing NO bioavailability (Figure 6). In liver cells, uric acid blocks 
AMP-activated protein kinase and stimulates gluconeogenesis 
[65]. In adipocytes, uric acid induces oxidative stress and de-
creases adiponectin synthesis [66]. Uric acid induces oxidative 
stress and inhibits growth of pancreatic b-cells [67]. Uric acid 
stimulates vascular smooth muscle cell proliferation and induc-
es inflammatory changes in the kidney [68]. In renal proximal 
tubule cells, uric acid inhibits proliferation through the PKC sig-
naling pathway [69]. Overall, hyperuricemia contributes to the 
progression of cardiovascular disease and many other diseas-
es through the oxidant property of uric acid.

Clinical XOR-Inhibitor Drugs

Since XOR is a critical enzyme to produce uric acid and ROS, 
it becomes an effective target of drugs for the treatment of 
gout and hyperuricemia-related diseases, including cardiovas-
cular disease, hypertension, kidney disease, and many other 
diseases. The first XOR-inhibitor drug was allopurinol [4-hy-
droxypyrazolo (3,4-d) pyrimidine], which was discovered by 
American scientists, Nobel laureates Gertrude Elion and George 
Hitchings, in 1940s [70]. It was approved by the US Food and 
Drug Administration (FDA) in 1966 for treating recurrent acute 
gouty arthritis, tophi, urate nephropathy, uric acid kidney stones, 

Figure 5.  Hyperuricemia and oxidative stress. 
Increased XOR activity enhances 
production of uric acid and reactive 
oxygen species, O2

– and H2O2, which 
could be converted to more toxic 
ROS, peroxynitrate (ONOO–), hydroxyl 
anion (OH-), and hypochorous acid 
(HOCl), and damage proteins, lipids, 
carbohydrates, DNA, RNA, subcellular 
organelles and cell systems. O2

– 
readily reacts with NO, reducing NO 
bioavailability, which is a main cause 
of endothelial dysfunction. Thus, 
hyperuricemia-induced oxidative 
stress, chronic inflammation, and 
endothelial dysfunction can contribute 
to the development and progression of 
many human diseases.
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and chemotherapy-induced hyperuricemia [10,70]. Allopurinol, 
a hypoxanthine analog, is hydrolyzed by XOR to produce oxypu-
rinol, which binds tightly to the reduced molybdenum ion, Mo 
(IV), in the enzyme, and thus inhibits uric acid synthesis [71]. 
Oxypurinol has long persistence in tissues and is responsible 
for much of the pharmacological activity of allopurinol. Besides 
gout, allopurinol treatment significantly reduces the risk of myo-
cardial infarction, reduces all-cause and cardiovascular mor-
tality in high-risk patients [39,72], and improves endothelial 
functions [49]. These encouraging clinical data have led to the 
increased use of allopurinol for these diseases [73]. However, 
due to its adverse effects, allopurinol is currently not indicat-
ed for broad use in asymptomatic hyperuricemia and its relat-
ed cardiovascular disease, or in diseases other than gout [73]. 
Asymptomatic hyperuricemia is a term traditionally applied to 
the condition in which the SUA level is elevated without symp-
toms or signs of uric acid crystal deposition disease, such as 
gout or uric acid renal disease. Asymptomatic hyperuricemia 
is a risk factor of cardiovascular disease and the other diseas-
es mentioned above.

It is estimated that allopurinol is used by more than 1.2 million 
patients in the USA and UK [73]. Allopurinol is generally well 
tolerated, but 2-5% of treated patients experience adverse ef-
fects [74,75]. Importantly, it is one of the most common drugs 
associated with life-threatening hypersensitivity reactions, 
including bone marrow depression, hepatotoxicity, Stevens-
Johnson syndrome (SJS), toxic epidermal necrolysis, and drug 
rash with eosinophilia and systemic manifestations [76–78]. 
These severe reactions with allopurinol occur in 0.1 to 0.4% 
patients, with a high mortality (27–32%) and a high morbid-
ity, including renal failure and eye sequelae [77,79]. The hy-
persensitivity reaction may occur even after months or years 
of medication. The recently increased clinical use of allopu-
rinol for cardiovascular and chronic kidney diseases showed 

a proportional increase in its induced-hypersensitivity reac-
tions [78]. Other adverse effects of allopurinol include periph-
eral neuritis, interstitial nephritis, renal toxicity due to impair-
ment of pyrimidine metabolism, and congenital malformations 
when used during pregnancy [76,79,80]. Although the mech-
anism of allopurinol toxicity is not fully understood, it is hy-
pothesized that the accumulation of its metabolite, oxypurinol, 
along with immunologic and genetic factors may modify the 
cellular proteins and trigger an autoimmune response against 
skin or liver cells [81].

Febuxostat [2-(3-cyano-4-isobutoxy-phenyl)-4-methyl-1,3-thi-
azole-5 carboxylic acid] is a non-purine XOR-inhibitor drug ap-
proved by the European Medicines Agency in 2008 and US FDA 
in 2009 for use in patients intolerant to allopurinol [81]. It was 
discovered by scientists at the Japanese pharmaceutical com-
pany Teijin in 1998. Febuxostat is structurally distinct from al-
lopurinol and is able to inhibit both the oxidized Mo (VI) and 
reduced Mo (IV) forms of XOR, thus resulting in a more effec-
tive blockade of uric acid and ROS production [82]. Clinically, 
febuxostat provides greater hypouricemic activity and less tox-
icity than allopurinol [83,84]. However, initial clinical studies 
showed that febuxostat can also lead to cutaneous adverse 
effects in about 2% of patients [84–86]. Cases of severe fe-
buxostat hypersensitivity reactions such as SJS and anaphy-
lactic shock are reported [85,87]. These serious adverse effects 
with febuxostat are potentially associated with a history of 
skin reaction to allopurinol, particularly in patients with renal 

Figure 6.  The oxidant-antioxidant paradox 
mechanisms of uric acid. Circulating 
uric acid is a major aqueous 
antioxidant in humans. It scavenges 
carbon centered radicals and peroxyl 
radicals such as peroxynitrite (ONOO–) 
in the hydrophilic environment. Uric 
acid can also act as a chelator of iron 
in extracellular fluids. However, uric 
acid becomes a strong pro-oxidant 
under hydrophobic conditions. Uric 
acid can accelerate the copper-
induced peroxidation of human LDL, 
induces intracellular and mitochondrial 
oxidative stress, and stimulates 
expression of inflammation cytokines. 
Uric acid inhibits eNOS activation and 
NO release, induces cellular ER stress, 
and directly reacts with NO to form 
6-aminouracil. Uric acid can block the 
uptake of the substrate L-arginine 
and stimulate the degradation of 
L-arginine, thereby reducing NO 
bioavailability. Thus, hyperuricemia-
induced oxidative stress, eNOS 
dysfunction, and inflammation may 
contribute to cardiovascular diseases.
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failure [85,88,89]. Moreover, febuxostat was associated with 
a higher incidence of hepatotoxicity in clinical patients [90]. A 
case report also showed that febuxostat induced rhabdomy-
olysis [91]. Thus, febuxostat is currently not recommended for 
the treatment of asymptomatic hyperuricemia [10].

Topiroxostat [4-[5-(4-Pyridinyl)-1H-1,2,4-triazol-3-yl]-2-
pyridinecarbonitrile] is another XOR-inhibitor drug, approved 
in Japan in 2013 for the treatment of patients with hyperuri-
cemia, including gout [92]. Topiroxostat (formerly known as 
FYX-051) was discovered by Fujiyahujin Co. in Japan, and it is 
a non-purine, hybrid-type XOR-inhibitor, which not only forms 
a covalent linkage to molybdenum via oxygen in the hydrox-
ylation reaction intermediate, but also interacts with amino 
acid residues of the solvent channel [93]. Topiroxostat has 
high bioavailability and safety in animals. However, the infor-
mation on its adverse effects in humans is not available due 
to its short duration of clinical use in Japan.

Development of New XOR Inhibitors

Besides the 3 approved XOR-inhibitor drugs (allopurinol, fe-
buxostat, and topiroxostat), there is a continuous and inten-
sive effort to develop new XOR-inhibitor drugs because of the 

following reasons: current drugs (allopurinol and febuxostat) 
are associated with certain adverse effects and are not indi-
cated for broad use in patients with asymptomatic hyperuri-
cemia; hyperuricemia has been demonstrated to be an inde-
pendent risk factor for cardiovascular disease, renal diseases, 
and many other diseases; and long-term control of asymp-
tomatic hyperuricemia may be an effective strategy to pre-
vent/treat these hyperuricemia-related diseases. Thus, there 
is an urgent need to develop new XOR inhibitors with no or 
milder adverse effects. In recent years, several synthesized 
purine analogs were reported to have XOR inhibitory effects: 
9-benzoyl 9-deazaguanines [94], N-(1,3-diaryl-3-oxopropyl)
amides [95] and 5,6-dihydropyrazolo/pyrazolo[1,5-c]quinazo-
line derivatives [96] and naphthopyrans [97]; non-purine ana-
logs such as thiadiazolopyrimidin-5-ones [98], aryl-2H-pyrazole 
derivatives [99], 2-amino-5-alkylidene-thiazol-4-ones [100], 
and others [101,102]; and natural or natural derivatives such 
as riparsaponin [103], genistein [104], morin [105], curcum-
in analogs [106], and others [107–109] (Table 1). Recently, 
we have focused on the natural derivatives for the develop-
ment of novel XOR inhibitors [109], which could be possible 
alternatives for allopurinol and febuxostat, or at least in com-
bination therapy to minimize the adverse effects of current 
drugs, in particular in long-term applications for symptom-
atic and asymptomatic hyperuricemia-related diseases. We 

Compound Mechanisms References

9-Benzoyl 9-deazaguanines Purine analogs Rodrigues MV et al., 2016 [94]

N-(1,3-Diaryl-3-oxopropyl)amides Purine analogs Nepali K et al., 2011 [95]

5,6-Dihydropyrazolo/pyrazolo[1,5-c]quinazoline derivatives Purine analogs Kumar D et al., 2014 [96]

Naphthopyrans Non-purine analogs Sharma S et al., 2014 [97]

Thiadiazolopyrimidin-5-ones Non-purine analogs Sathisha KR et al., 2016 [98]

Aryl-2H-pyrazole derivatives Non-purine analogs Sun ZG et al., 2015 [99]

2-Amino-5-alkylidene-thiazol-4-ones Non-purine analogs Smelcerovic Z et al., 2015 [100]

2-(Indol-5-yl)thiazoles Non-purine analogs Song JU et al., 2015 [101]

1-Hydroxy/methoxy-4-methyl-2-phenyl-1H-imidazole-5-
carboxylic acid derivatives

Non-purine analogs Chen S et al., 2015 [102]

Riparsaponin Natural substance Xu F et al., 2014 [103]

Genistein (4’,5,7-Trihydroxyisoflavone) Natural substance  Lin S et al., 2015 [104]

Morin Natural substance Zhang J et al., 2016 [105]

Curcumin analogs Natural derivatives Shen L et al., 2009 [106]

Oxidation product of caffeic acid Natural derivatives Masuda T et al., 2014 [107]

Aloe-emodin derivatives Natural derivatives Shi DH et al., 2014 [108]

DHNB (3,4-Dihydroxy-5-nitrobenzaldehyde) Natural derivatives Lü JM et al., 2013 [109]

Table 1. Recent development of new XOR inhibitors reported in the literature.
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found that 3,4-dihydroxy-5-nitrobenzaldehyde (DHNB), a de-
rivative of natural protocatechuic aldehyde, is a strong XOR-
inhibitor in a cell-free system and in a mouse model. DHNB 
displays potent mixed-type inhibition of XOR and shows an 
additive effect with allopurinol at low concentrations. In addi-
tion, DHNB, but not allopurinol, directly scavenged ROS, includ-
ing ONOO– and HOCl. DHNB has a different chemical structure 
from the current clinical XOR-inhibitor drugs (Figure 7), and 
showed much less toxicity in the mouse model as compared 
with allopurinol. In a mouse model, a large dose (500 mg/kg) 
of allopurinol caused high mortality and fur loss of survivors 
and their offspring; while DHNB did not show any adverse ef-
fects at this dose [109]. In fact, natural protocatechuic alde-
hyde (3,4-Dihydroxybenzyl aldehyde, DHB-CHO) only showed 
a weak inhibitory effect on XOR activity [109]. DHB-CHO is a 
phenolic aldehyde, which is found in cork [110] and the mush-
room Phellinus linteus [111]. Phellinus linteus is a Chinese tra-
ditional medicine and has been widely used in China, Japan, 
and Korea for centuries to treat a broad range of diseases, in-
cluding gout. Phellinus linteus extract showed an XOR inhibito-
ry effect in vitro [112]. DHB-CHO can be used as a precursor in 
the vanillin synthesis [113]. As a derivative of DHC-CHO, DHNB 
showed a much stronger XOR inhibitory effect than DHC-CHO 
in vitro, and has much less toxicity than allopurinol in mice. 
Thus, DHNB is considered as a prime candidate for use as an 
XOR-inhibitor drug. Further preclinical and clinical studies of 
DHNB are warranted.

Self-Nanoemulsifying Drug Delivery Systems 
(SNEDDS)

In order to develop new and effective XOR-inhibitor drugs, the 
oral delivery system is a critical aspect of this effort. Many ap-
proved drugs and candidate drugs exhibit low solubility in water, 

which leads to limited oral bioavailability [114]. Various formu-
lations have been developed to improve the bioavailability and 
dissolution rate of poorly water-soluble drugs. Among them, 
self-nanoemulsifying drug delivery systems (SNEDDS) are the 
most promising technologies currently used for this purpose. 
SNEDDS are isotropic mixtures of drug, surfactant, and co-sur-
factant that can rapidly form fine oil-in-water emulsions, which 
form nano-sized droplets (50–200 nm) in an aqueous media 
with mild agitation [114,115]. The physicochemical properties, 
drug solubilization capacity, and physiological fate are depen-
dent on the selection of the SNEDDS components. SNEDDS may 
offer numerous advantages, including spontaneous nanopar-
ticle formation, ease of manufacture, thermodynamic stabili-
ty, and improved solubilization of candidate drugs. These lipo-
philic drug-containing nano-droplets with small size and larger 
surface area may result in a higher loading capability and im-
proved bioavailability of the drugs. Interestingly, SNEDDS may 
have unique biopharmaceutical mechanisms such as reduced 
intra-enterocyte metabolism of the drug by CYP P450 enzymes, 
reduced P-glycoprotein (P-gp) efflux activity, and hepatic first-
pass metabolism bypass via lymphatic absorption. Greater bio-
availability means that less drug need be used for the therapy; 
therefore, SNEDDS formulation may lower costs of drugs and re-
duce the stomach irritation and toxicity of oral drugs. Recently, 
SNEDDS have been used to deliver a natural substance called 
morin, a XOR-inhibitor [105]. Oral delivery of morin by SNEDDS 
significantly enhanced its urate-lowering effect in a hyperuri-
cemic rat model. Also, SNEDDS enhanced morin concentra-
tions in the liver and kidneys, and inhibited activity of hepat-
ic XOR. Thus, SNEDDS has great potential to contribute to the 
development of new XOR-inhibitor drugs. It could also be used 
for improving the therapeutic efficacy of clinical XOR-inhibitor 
drugs (allopurinol, febuxostat, and topiroxostat). Currently, we 
are studying the application of SNEDDS technology to DHNB 
to improve its efficacy in the hyperuricemia mouse models.

Figure 7.  Chemical structure of XOR-inhibitor 
drugs and DHNB. Allopurinol 
[4-hydroxypyrazolo(3,4-d) pyrimidine] 
is a synthetic hypoxanthine analog. 
It is hydrolyzed by XOR to produce 
oxypurinol, which binds tightly 
to the reduced molybdenum 
ion, Mo (IV), in the enzyme and 
thus inhibits uric acid synthesis. 
Febuxostat [2-(3-cyano-4-isobutoxy-
phenyl)-4-methyl-1,3-thiazole-5 
carboxylic acid] and topiroxostat 
[4-[5-(4-pyridinyl)-1H-1,2,4-triazol-
3-yl]-2-pyridinecarbonitrile] are 
synthetic non-purine analogs. DHNB 
[3,4-Dihydroxy-5-nitrobenzaldehyde] is 
a derivative of natural protocatechuic 
aldehyde (3,4-Dihydroxybenzyl 
aldehyde, DHB-CHO).
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Conclusions

Uric acid is the final oxidation product of purine metabolism in 
humans. Xanthine oxidoreductase (XOR) is a critical enzyme, 
catalyzing the oxidation of hypoxanthine to xanthine to uric 
acid with ROS production. Hyperuricemia is caused by over-
production or under-excretion of uric acid and is the underly-
ing cause of gout. In recent years, the prevalence of hyperuri-
cemia has increased worldwide and more clinical studies have 
confirmed that hyperuricemia is a significant and independent 
risk factor for cardiovascular disease, hypertension, diabetes, 
and many other diseases. Pathophysiological roles of hyper-
uricemia may be involved in oxidative stress, endothelial dys-
function, and systemic inflammation. Accordingly, urate-low-
ering therapy may play an important role in the management 

of hyperuricemia-related cardiovascular disease and other dis-
eases. Currently available XOR-inhibitor drugs, including allo-
purinol and febuxostat, may have significant adverse effects 
such as hypersensitivity drug reactions and they are current-
ly not indicated for broad use in many hyperuricemia-related 
diseases. Thus, there is an urgent need for the development 
of new XOR inhibitors with no or much milder adverse effects. 
New XOR inhibitors may have different chemical structures 
with current clinical XOR-inhibitor drugs, and could be used 
in the combination therapy at a small dose to reduce toxicity 
and potential drug resistance. New formulations for improving 
the bioavailability of drugs are also a critical aspect of the de-
velopment of new XOR inhibitors. Self-nanoemulsifying drug 
delivery systems (SNEDDS) are the most promising technolo-
gies currently used for this purpose.
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