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A B S T R A C T   

Human xanthine oxidoreductase (XOR) is a multiple-level regulated enzyme, resulting from a complicated 
evolutionary process that assigned it many physiological roles. The main XOR activities are: (i) xanthine de
hydrogenase (XDH) activity that performs the last two steps of purine catabolism, from hypoxanthine to uric 
acid; (ii) xanthine oxidase (XO) activity that, besides purine catabolism, produces reactive oxygen species (ROS); 
(iii) nitrite reductase activity that generates nitric oxide, contributing to vasodilation and regulation of blood 
pressure; (iv) NADH oxidase activity that produces ROS. All these XOR activities contribute also to metabolize 
various endogenous and exogenous compounds, including some drugs. About XOR products, it should be 
considered that (i) uric acid is not only a proinflammatory agent, but also a fundamental antioxidant molecule in 
serum and (ii) XOR-derived ROS are essential to the inflammatory defensive response. Although XOR has been 
the object of a large number of studies, most of them were focused on the pathological consequences of its 
activity and there is not a clear and schematic picture of XOR physiological roles. In this review, we try to fill this 
gap, reporting and graphically schematizing the main roles of XOR and its products.   

1. Introduction 

Xanthine oxidoreductase (XOR) is a member of a highly conserved 
family of molybdo-flavoenzymes that are widely distributed from pro
karyotic to eukaryotic organisms and are hypothesized to derive from a 
common ancestral progenitor [1]. In most living beings, the catabolism 
of hypoxanthine and xanthine to uric acid is ensured by the xanthine 
dehydrogenase activity (XDH, EC 1.17.1.4), but only mammals possess 
the xanthine oxidase (XO, EC 1.17.3.2), whose activity in milk was 
already described at the end of the 19th century [2,3]. 

Mammalian XOR protein is a homodimer of approximately 300 kDa 
[4] in which each subunit has three domains whose characteristics and 
functions are detailed in Fig. 1. The largest domain contains the sub
strate pocket for XDH, XO and nitrite reductase activity of XOR, while 
the NADH oxidase activity takes place in the FAD domain. XOR shows 
low substrate specificity and highly versatile activity, which allow it to 
oxidize and reduce a number of endogenous and exogenous products, 
thus acting as a detoxifying and drug-metabolizing enzyme [5]. At the 
post-translational level, XOR may be produced in a form that is deficient 
of the molybdenum or sulfur, thus resulting in enzymatic inactivity at 

the Moco site [6]. 
Moreover, mammalian XOR is constitutively an NAD+ dependent 

dehydrogenase, which can be transformed in oxidase in a reversible way 
through the oxidation of two cysteine residues or irreversibly through a 
partial proteolysis of the fragment containing such cysteine groups. The 
transition from XDH to XO includes an intermediate XOR form with both 
dehydrogenase and oxidase activities, depending on the oxidation of 
only one of the two crucial sulfhydryl groups [7]. Therefore, XO has 
been referred as an isoform of XDH [8], although it is the result of 
post-translational modifications and not of genetic differences [9]. The 
conversion from XDH to XO physiologically occurs through oxidation of 
the sulfhydryl groups when the enzyme is released from the cell into 
gastrointestinal lumen and urinary tract, as well as in biological fluids, 
such as milk and serum [6]. XDH/XO conversion was observed to occur 
through oxidation (reversible) in a variety of hypoxic/ischemic and 
other pathological conditions; but a proteolytic conversion (irreversible) 
has been also described in some prolonged ischemic conditions [6,10, 
11]. Low oxygen tension induced by sickle cell disease (SCD) can result 
in significant release of XDH from the liver to circulation, thus greatly 
increasing the amount of serum XO, as reported in SCD patients as well 
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as in knockout transgenic SCD mice [12]. 
The XO form can catalyze the monovalent and divalent electron 

transfer to O2, which generate superoxide ion (O2
•− ) and hydrogen 

peroxide (H2O2), respectively, with a variable proportion between these 
two reactive oxygen species (ROS). Acidic pH, low oxygen tension and 
purine concentration slow down the electron flux rate, thus favoring the 
divalent transfer that generates H2O2 [13]. Depending on the same pa
rameters, XDH can also produce these ROS at the FAD site by acting as a 
NADH oxidase. This activity is retained when the molybdenum or sulfur 
atoms are missing in the molybdopterin cofactor, as well as when XOR is 
inhibited by competing or non-competing drugs, which block the func
tionality of the Moco site [6]. In addition, XOR can act as a nitrate 
reductase at the Moco site by reducing nitrates to nitrites and as a nitrite 
reductase reducing nitrites to nitric oxide (NO) [13]. NO can further 
react with O2

•− generating peroxynitrite (ONOO− ). In the presence of 
transition metals, O2

•− and H2O2 give rise to the hydroxyl radical (OH•) 
which, together with ONOO− , contributes to the cytocidal activity of the 
inflammatory reaction and to the defense mechanism against bacteria in 
innate immunity [6]. The XOR activities are schematized in Fig. 1. 

In humans and other higher primates, XOR catalyzes the last two 
steps of purine catabolism, because of the lack of uricase that has been 
lost during evolution; for this reason, uricemia is higher in these pri
mates than in ureotelic mammals [14]. XOR has the rate-limiting 
function of generating irreversible products, xanthine and uric acid, 
that preclude the salvage pathway of purine nucleotides [15]. The pu
rine catabolism and the physiological roles of uric acid are reported in 
Fig. 2. 

The normal subcellular localization of XOR is the cytosol, but it was 
also found in peroxisomes [16]. In addition, XOR can be found in 
extracellular compartments, such as blood and milk. Serum XOR mainly 
derives from the physiological hepatic cell turnover, which induces the 
release of liver enzymes from dead cells into circulation. The level of 
serum XOR strongly increases as a consequence of several liver 

pathologies that cause tissue damage [6]. The abundant presence of XOR 
in milk results from the apocrine secretion of lipid globules from breast 
cells during lactation. Butyrophilin1A1-bound XOR is clustered in the 
apical membrane, which is secreted with the cytoplasmic lipid droplet 
[17]. 

The production of human XOR protein is strictly regulated at both 
transcriptional and post-translational levels. The basal activity of the 
human XOR promoter is minimal when compared with other mammals; 
this is probably due to repressor elements identified in non-coding re
gions of XOR [18]. The expression of human XOR gene (hXOR) is usually 
subjected to down-regulation in almost every tissue with the exception 
of the epithelial cells of lactating breast, gastrointestinal tract, kidney 
and liver [19]. Genetic mutations causing the loss of XOR activity are 
responsible of xanthinuria I and II that may be asymptomatic in pri
mates, although they can promote urolithiasis [20]. A mice model of 
XOR gene knockout, XOR(− /− ), showed crystals and triglyceride 
accumulation in the renal tubules and increased interstitial fibrosis, 
ultimately resulting in renal failure with early death within several 
months [21,22]. Higher hXOR expression and enzyme activity can be 
induced by several factors, as low oxygen tension, cytokines, growth 
factors and various hormones, through both the upregulation of XOR 
transcription and post-translational activation [6,23,24]. This explains 
the increased XOR activity during hypoxic/ischemic conditions and 
inflammation, as well as the high presence of XOR in mammary cells and 
consequently in milk. The specific functions carried out by XOR in high 
expressing-tissues are depicted in Fig. 3. 

XOR-derived NO, H2O2 and O2
•− increase the permeability of 

vascular lining and modulate local vasodilation, thus having a pro- 
inflammatory activity [25]. The contribution of XOR activity and 
products to inflammation is shown in Fig. 4A. XOR upregulates signal 
transduction molecules promoting cell proliferation, migration and tis
sue repair [19]. Furthermore, XOR is one of the endothelial enzymes 
responsible for the control of NO level that is crucial for the arteriolar 

Fig. 1. Mammalian xanthine oxidoreductase (XOR): 
structure and functions. 
XOR has two identical subunits, each composed of 
three domains connected by unstructured hinge re
gions (indicated by asterisks): the 20-kDa N-terminal 
domain (orange) has two non-identical iron-sulfur 
clusters (2Fe/S), the 40-kDa intermediate domain 
(yellow) has a flavin adenine dinucleotide (FAD) 
cofactor and the 85-kDa C-terminal domain (lilac) has 
a molybdopterin cofactor containing a molybdenum 
atom (Moco). The electron (e− ) flux moves from the 
Moco site, where oxidation occurs, through the two 
iron-sulfur redox centers towards the FAD site, where 
the electron acceptor is reduced. The products of XOR 
activities are: uric acid (UA) and reduced nicotin
amide adenine dinucleotide (NADH) from xanthine 
dehydrogenase (XDH), UA, superoxide ion and 
hydrogen peroxide (ROS) from xanthine oxidase 
(XO), nitric oxide (NO) from nitrate and nitrite 
reductase and ROS from NADH oxidase [30].   

M. Bortolotti et al.                                                                                                                                                                                                                              



Redox Biology 41 (2021) 101882

3

tone and, consequently, for blood pressure regulation. The interactions 
between these enzymes is shown in Fig. 4B. 

XOR-produced ROS and NO promote adipogenesis as well as the 
browning of the white fat tissue [26,27]. XOR can also provide physi
ologically relevant signaling that are involved in metabolic regulation 
[28] and in the modulation of cellular functions such as proliferation, 
differentiation, apoptosis, autophagy, adhesion and migration [29], thus 
contributing to successful aging [30]. 

2. Conclusions 

XOR is present in all cell types, acting mainly as dehydrogenase and 
in most cases with a low level of activity. During phylogenesis, 
mammalian XOR has acquired the important regulatory function of 
producing ROS and NO. ROS influence the redox equilibrium and 

mediate signal transduction as secondary messengers, while NO has 
complex interactions with endothelial NADPH oxidase and NO synthase 
activities. Thus, XOR is implicated in many biological processes, such as 
inflammation, repair and aging, in physiological pathways, such as cell 
growth, differentiation and mobility, and also in the regulation of both 
endothelial function and vascular tone. 

On the other side, XOR and its products are involved in many 
pathological conditions and the therapy with XOR inhibitors is recom
mended not only in gout, which is caused by an excess of serum uric 
acid, but also in renal and cardiovascular diseases, even if some 
controversial data are present in literature. However, it should be 
considered that XOR inhibition, and the consequent urate lowering, can 
cause many adverse effects, due to the reduction of XOR physiologic 
functions. 

Fig. 2. Catabolism and salvage pathway of purine nucleotides and physiologic roles of uric acid. 
AMP, GMP, IMP and XMP are the monophosphate nucleotides of adenine, guanine, hypoxanthine and xanthine, respectively. The purine salvage pathways are 
indicated with red arrows. The reactions catalyzed by xanthine oxidoreductase (XOR) are indicated with yellow arrows and the boxes corresponding to irreversible 
products are colored in green [6]. The physiologic functions of uric acid are reported: 1. Uric acid supports blood pressure, even in the absence of an adequate dietary 
intake of salt, counteracting the nitric oxide-induced vasodilation, increasing cyclooxygenase-2 expression and activating the renin-angiotensin system [31]. 2. Uric 
acid is a free radical scavenger that takes part in the non-enzymatic defense system against oxidative stress in biological fluids. The antioxidant activity of uric acid 
plays an essential function in preventing cancer, cardiovascular diseases [32] and other pathological conditions [33]. Indeed, a correlation has been proposed in 
different species between levels of uricemia and their life expectancy [30]. 3. During tissue injury, intracellular uric acid is released from dead cells, stimulating 
macrophages and inducing the inflammatory response by acting as a damage-associated molecular pattern (DAMP) [34]. 4. Uric acid promotes fat accumulation, 
which can help to overcome periods of starvation, as well as hepatic gluconeogenesis, thus elevating blood sugar [26,35]. 
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Fig. 3. Human tissues expressing high level of xanthine oxidoreductase (XOR) and local function of XOR activities and products. 
In breast, milk-fat globule secretion during lactation is mediated by the clustering of the transmembrane protein, butyrophilin1A1 (Btn). XOR contributes to 
apocrine lipid secretion by inducing apical membrane reorganization, thus allowing the Btn clustering and the membrane docking of milk-fat droplets [17]. In milk, 
XOR produces hydrogen peroxide (H2O2) and nitric oxide (NO) that lactoperoxidase utilizes to form hypothiocyanite and nitrogen dioxide, which counteract the 
growth of opportunistic bacteria, thus protecting the breast from mastitis. Furthermore, this bactericidal action in milk leaves unharmed the commensal flora of 
neonatal oral cavity, stomach and intestine, thus regulating the intestinal microbiome. For all these reasons, XOR is essential for the regular growth of the newborn 
[36]. In gut, the frequent turnover of enterocytes ensures an abundant presence of XOR in the intestinal lumen where XOR-derived reactive oxygen species (ROS) and 
reactive nitrogen species (RNS) exert a protective activity against opportunistic infections, while sparing the commensal microbiome. In kidney, most purine 
catabolism occurs; in this district XOR is responsible for uricosuria, and consequently for uricemia levels, which in turn contributes to support blood pressure by 
up-regulating cyclooxygenase-2 (COX-2) expression and consequently the renin/angiotensin pathway. XOR oxidant products can also contribute to keep sterile the 
urinary tract. In liver, XOR carries out all its activities and, in addition to purines, metabolizes a lot of endogenous and exogenous substrates, including drugs. The 
uric acid produced by XOR influences the hepatic metabolism of glucose and lipids and increases gluconeogenesis and fat accumulation [37]. Furthermore, serum 
XOR mainly derives from the physiological hepatic cell turnover, which induces the release of liver enzymes from dead cells. Circulating XOR can bind endothelial 
cells, thus promoting endothelial activation during inflammation, modulating vascular tone and consequently contributing to blood pressure regulation [31]. 

M. Bortolotti et al.                                                                                                                                                                                                                              



Redox Biology 41 (2021) 101882

5

Acknowledgements 

This work was supported by funds for selected research topics from 
the Alma Mater Studiorum - University of Bologna and by the Pallotti 
Legacies for Cancer Research. 

References 

[1] M. Terao, M.J. Romão, S. Leimkühler, M. Bolis, M. Fratelli, C. Coelho, T. Santos- 
Silva, E. Garattini, Structure and function of mammalian aldehyde oxidases, Arch. 
Toxicol. 90 (2016) 753–780, https://doi.org/10.1007/s00204-016-1683-1. 

[2] V. Massey, C.M. Harris, Milk xanthine oxidoreductase: the first one hundred years, 
Biochem. Soc. Trans. 25 (1997) 750–755, https://doi.org/10.1042/ 
bst0250750PMID9388538. 

[3] W. Spitzer, Die Ueberführung von Nucleïnbase in Harnsaüre durch die 
sauerstoffübertragende Wirkung von Gewebsauszügen, Arch. Ges. Physiol. 76 
(1899) 192–203. 

[4] J.L. McManaman, D.L. Bain, Structural and conformational analysis of the oxidase 
to dehydrogenase conversion of xanthine oxidoreductase, J. Biol. Chem. 277 
(2002) 21261–21268, https://doi.org/10.1074/jbc.M200828200. 

[5] M.G. Battelli, L. Polito, M. Bortolotti, A. Bolognesi, Xanthine oxidoreductase in 
drug metabolism: beyond a role as a detoxifying enzyme, Curr. Med. Chem. 23 
(2016) 4027–4036, https://doi.org/10.2174/0929867323666160725091915. 

[6] M.G. Battelli, A. Bolognesi, L. Polito, Pathophysiology of circulating xanthine 
oxidoreductase: new emerging roles for a multi-tasking enzyme, Biochim. Biophys. 
Acta 1842 (2014) 1502–1517, https://doi.org/10.1016/j.bbadis.2014.05.022. 

[7] T. Nishino, K. Okamoto, Y. Kawaguchi, T. Matsumura, B.T. Eger, E.F. Pai, 
T. Nishino, The C-terminal peptide plays a role in the formation of an intermediate 
form during the transition between xanthine dehydrogenase and xanthine oxidase, 
FEBS J. 282 (2015) 3075–3090, https://doi.org/10.1111/febs.13277. 

Fig. 4. Activities of endothelium-linked human 
xanthine oxidoreductase (XOR) and its products. 
When XOR is released from hepatocytes into the cir
culation, it is converted from the dehydrogenase to 
the oxidase form. XOR binds with high affinity to the 
glycosaminoglycans on the surface of the endothe
lium. The XOR bound to endothelial cells acts as a 
systemic modulator of redox balance, setting some 
important endothelial functions. (A): Roles in the in
flammatory reaction: Endothelium-linked XOR gen
erates reactive oxygen (ROS) and nitrogen (RNS) 
species, which activate endothelial cells and 
contribute to their permeabilization and the forma
tion of phlogistic exudate. XOR-derived oxidants also 
induce the expression of adhesion molecules on the 
inner surface of the microcirculation, thus promoting 
leukocyte activation, diapedesis and migration to
wards the phlogistic stimulus. Activated phagocytes 
release cytokines, increase XOR expression and pro
duce cytocidal oxidant products. (B): Regulation of 
vascular tone: Vascular tone is locally regulated by 
the level of nitric oxide (NO) produced by the inter
play of the endothelial enzymes reduced nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidase, 
XOR and NO synthase. NADPH oxidase and XOR 
activate each other through ROS and generate NO 
through the reduction of nitrite. XOR and NO syn
thase inhibit each other through their products: NO 
synthase is inhibited by ROS and XOR is inhibited by 
NO or by RNS derived from ROS and NO.   

M. Bortolotti et al.                                                                                                                                                                                                                              

https://doi.org/10.1007/s00204-016-1683-1
https://doi.org/10.1042/bst0250750PMID9388538
https://doi.org/10.1042/bst0250750PMID9388538
http://refhub.elsevier.com/S2213-2317(21)00030-6/sref3
http://refhub.elsevier.com/S2213-2317(21)00030-6/sref3
http://refhub.elsevier.com/S2213-2317(21)00030-6/sref3
https://doi.org/10.1074/jbc.M200828200
https://doi.org/10.2174/0929867323666160725091915
https://doi.org/10.1016/j.bbadis.2014.05.022
https://doi.org/10.1111/febs.13277


Redox Biology 41 (2021) 101882

6

[8] E. Cecerska-Heryć, A. Jesionowska, S. Klaudyna, S. Katarzyna, M. Dominika, 
P. Dominika, U. Marta, B. Dołęgowska, Xanthine oxidoreductase reference values 
in platelet-poor plasma and platelets in healthy volunteers, Oxid. Med. Cell. 
Longev. 2015 (2015) 341926, https://doi.org/10.1155/2015/341926. 

[9] M. Terao, E. Garattini, M.J. Romão, S. Leimkühler, Evolution, expression, and 
substrate specificities of aldehyde oxidase enzymes in eukaryotes, J. Biol. Chem. 
295 (2020) 5377–5389, https://doi.org/10.1074/jbc.REV119.007741. 
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