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Xanthine Oxidase in Biology and Medicine
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1. INTRODUCTION

Xanthine oxidoreductase (xanthine: oxidoreductase, EC 1.1.1.204) is an enzyme
first discovered in milk and extensively characterized over a period of several decades
(see Kooij, 1994, for historical overview). Because of the availability and relative stability
of the enzyme, it was one of the first flavoproteins to be purified (Ball, 1939) and
crystallized (Avis et al., 1955). It was also the first mammalian enzyme found to
contain molybdenum (De Renzo et al., 1953) and iron (Fridovich and Handler, 1958).
Xanthine oxidoreductase had been relegated to the role of a model protein for the study
of oxidation–reduction reactions until relatively recently when Granger et al. (1981)
proposed that xanthine oxidase (XO) was a significant biological source of reactive
oxygen species and could play an integral role in the tissue injury associated with
ischemia–reperfusion. Over the next decade, there was a literal explosion in the literature,
with over 3000 publications characterizing the production of reactive oxygen species by
XO (Kooij, 1994; Weinbroum et al., 1995; Nielsen et al., 1995; White et al., 1996) and
the roles of these XO-derived oxidants (Parks and Granger, 1986b; Yokoyama et al., 1990;
Kurose and Granger, 1994), which include an integral function in chemotaxis, regulation
of nitric oxide (Baggiolini et al., 1993; Miyamoto et al., 1996), and in the etiology of a
variety of pathological processes (Parks and Granger, 1986b). This review will summarize
publications that have led to controversies as well as some of the seminal observations
that have prompted interest in xanthine oxidase and related enzymes.
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2. STRUCTURAL INFORMATION

The molybdenum-containing hydroxylases (xanthine oxidoreductase, aldehyde oxi-
dase, and sulfite oxidase) comprise a group of closely related metalloflavoproteins. This
review wil l focus on XO, the most well characterized of the molybdenum (Mo) enzymes,
but wi l l refer to aldehyde oxidase (AO) and sulfite oxidase because of the similarity of
the enzymes. All members of the family are proteins of of and are comprised
of two identical and catalytically independent subunits. Each subunit contains one
molybdenum, as the pterin molybdenum cofactor, a flavin adenine nucleotide (FAD), and
two iron–sulfur centers, FeSI and FeSII (Bray et al., 1996; Hille and Nishino, 1995). The
oxidative hydroxylation of reducing substrates (e.g., purines and aldehydes) occurs at the
molybdenum center, reducing the molybdenum from Mo(VI) to Mo(IV). The reducing
equivalents are transferred intramolecularly via the iron–sulfur centers to FAD, where
reaction with physiological oxidizing substrates occurs. Molybdenum hydroxylases share
a broad specificity for reducing substrates and the capability of producing reactive oxygen
species, such as superoxide and hydrogen peroxide from oxygen (Barber
et al., 1982; Hall and Krenitsky, 1986; Krenitsky et al., 1974). XO produces
predominantly from metabolism of purine substrates although various aldehyde sub-
strates are also suitable (Hall and Krenitsky, 1986; Krenitsky et al., 1974). AO shares
extensive sequence similarity (84.3%) and cofactor requirements with XO (Ichida et al.,
1993; Wright et al., 1995). Like XO, AO may util ize a wide variety of substrates but has
a higher aff in i ty for aldehydes than purines. Both AO and XO produce in a very similar
manner, as both oxidases possess nearly identical internal electron transport systems
(Barber et al., 1982).

3. XDH-TO-XO CONVERSION

Xanthine oxidoreductase is the enzyme responsible for converting hypoxanthine to
xanthine and xanthine to uric acid, an essential plasma antioxidant (Parks and Granger,
1986b; White et al., 1996; Freeman and Crapo, 1982). Xanthine oxidoreductase exists in
normal tissues predominantly as xanthine dehydrogenase (XDH) and is converted to the
XO form during ischemia or hypoxia (Yokoyama et al., 1990). Conversion of XDH to
XO can occur reversibly by oxidation of essential sulfhydryl groups or through limited
proteolytic cleavage of the amino terminus (Amaya et al., 1990). The XDH form utilizes

as an electron acceptor, whereas the XO form utilizes molecular oxygen as the
electron acceptor, therebyproducing

It had been suggested that XO was not responsible for ischemic liver injury because
the duration of a typical ischemic insult is 2 hr whereas the rate of XDH-to-XO conversion
in ex vivo perfused liver and hepatocytes is relatively slow, requiring 4–6 hr of ischemia
for significant proteolytic conversion (Engerson et al., 1987; Yokoyama et al., 1990).
However, can be released from ischemic liver or hypoxic hepatocytes and
appear in the perfusate or media prior to detectable conversion (S. Tan et al., 1993a, 1998;
Kooij et al., 1994). is also released into the systemic circulation following
systemic shock or surgical intervention in vivo (S. Tan et al., 1993a, 1995), where
XDH-to-XO conversion, via sulfhydryl oxidation, may be extremely fast, requiring

(Yokoyama et al., 1990). Kupffer cells contain considerable activity and
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the rate of conversion of XDH to XO in these cells is much more rapid than in other cell
types (Wiezorek et al., 1994). Furthermore, of    the existsin the XO
form under normal conditions allowing significant production without the necessity
of additional conversion (Parks and Granger, 1986b; Engerson et al., 1987). Therefore,
recent observations have reemphasized the importance of XO as a key source of oxidants
following hepatic ischemia–reperfusion. It is possible that AO may exhibit similar
toxicity comparable to XO because of similarities in the internal electron transport system
(Barber et al., 1982).

4. REGULATION AND GENE EXPRESSION

Although the molybdenum-containing hydroxylases have so far proven refractory to
attempts at X-ray crystallography, insights have been gained through the cloning of
cDNAs and genes for XDH and AO. The complete predicted amino acid sequence
information is currently available for the human (Wright et al., 1993; Rump et al., 1993),
rat (Amaya et al., 1990), mouse (Terao et al., 1992), Drosophila (Keith et al., 1987),
Calliphora (Houde et al., 1989), and chicken (Sato et al., 1995) xanthine oxidoreductase
enzymes. The predicted amino acid sequence of AO is available for human (Wright et al.,
1993), bovine (Calzi et al., \995), and rabbit (Turner et al., 1995). The mouse XDH gene
has been cloned and analyzed (Cazzaniga et al., 1994). The gene is composed of 36 exons
and extends for

recognizing the TGGCA motif were revealed sequence upstream of exon 1 . Type

and inverted repeats are evident although the functional significance of these sequences
remains unclear.

Xanthine oxidoreductase is regulated through mechanisms acting at the level both of
the gene (Falciani et al., 1992; Dupont et al., 1992) and of the protein (Phan et al., 1989).
Under normal conditions, xanthine oxidoreductase is constitutively expressed at high
levels in the liver and intestine and at considerably lower levels in mammary gland
epithelium and endothelium (Jarasch et al., 1981, 1986; Ghezzi et al., 1984; Parks and
Granger, 1986b). Expression of xanthine oxidoreductase has been demonstrated to be
dramatically upregulated by a variety of viruses, bacterial lipopolysaccharide, and
the interferon inducer, tilorone (Deloria et al., 1985; Moochhala and Renton, 1991;
Ghezzi et al., 1984, 1985; Terao et al., 1992). Endothelial cell XO activity may also be
regulated at the transcriptional level by oxygen tension, with hypoxia causing an increase
in XO (Hassoun et al., 1995), and by which induces XO activity and mRNA
expression in rat lung endothelial cells (Dupont et al., 1992).

XO-derived oxidants can also affect transcription of proinflammatory cytokines,
increasing mRNA levels for tumor necrosis and
transforming growth factor by a mechanism that may include activation of
cyclic AMP response element binding protein (CREB), a nuclear transcription regulatory
factor (Shenkar and Abraham, 1996; Schwartz et al., 1995). XO-derived oxidants also
stimulate the induction of nitric oxide synthase (NOS) activity and inducible NOS mRNA
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in isolated rat hepatocytes. This process appears to be regulated by the cellular level of
reduced glutathione (Duval et al., 1995).

5. INTERACTION WITH NITRIC OXIDE

There are at least three ways that nitric oxide has been postulated to interact
with XO or XO-derived oxidants (Figures 1 and 2). First, has been proposed to
posttranscriptionally regulate production by interacting with the XO or AO iron–sul-
fur moiety, sulfhydryl groups, or by reversible alteration of the flavin prosthetic site,
thereby inhibiting activity (Fukahori et al., 1994; Hassoun et al., 1995). Second, as
mentioned above, XO- and AO-derived oxidants have been demonstrated to stimulate the
induction ofNOS activity and mRNA, which could increase production. Finally, XO
has been proposed as a regulator of based on the observation that XO inhibitors
decrease generation and potentiate vasorelaxation (Miyamoto et al.,
1996). This regulation has been attributed to the almost diffusion-limited

(Huie and Padmaja, 1993) interaction of with to form peroxynitrite

XO may modulate the pathological effects of peroxynitrite, which is a potent
oxidizing agent that damages lipids, proteins, carbohydrates, deoxyribonucleic acid, and
sulfhydryl groups (Beckman et al., 1994; Rubbo et al., 1994; Pryor and Squadrito, 1995;
Freeman et al., 1995). XO may also modulate the inactivation of
mitochondrial Mn superoxide dismutase (Ischiropoulos et al., 1992), alterations in lipid
aggregatory properties of surfactant protein A (Haddad et al., 1994), inactivation of
sodium transport (Hu et al., 1994), inactivation of (the major inhibitor
of serine proteases in human body fluids; Moreno and Pryor, 1992), nitration of tyrosine
(Beckman, 1996), and nitration of actin which may subsequently alter myocardial
function (Beckman et al., 1996).

6. TISSUE DISTRIBUTION AND CELLULAR LOCALIZATION

A definitive characterization of the localization of XO and AO in tissues and cells
can enhance our understanding of the physiological and pathological role of these
cytosolic oxidases. Tissue distribution and localization of XO has been accomplished
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utilizing both histochemical techniques and, more recently, immunolocalization tech-
niques with XO antibodies.

6.1. Histochemical Localization

Many of the earlier attempts to localize XO histochemically were hampered by a lack
of understanding of many of the properties of the enzyme, and have been extensively
reviewed (Kooij, 1994). The failure to recognize that xanthine oxidoreductase exists
predominately as XDH and not as XO is a major reason for the conflicting histochemical
localization of XO and estimates of enzyme activity. A second reason for conflicting
histochemical data was that tissues were often fixed, which inactivates enzyme activity
(Sackler, 1966). A third reason for suboptimal localization is that soluble enzymes like

“leak ” from tissues (Sackler, 1966). Finally, nonspecific precipitation of the
formazan reaction product often precluded a precise localization of (Kooij,
1994). Accounting for these potential complications, Kooij observed that was
present in sinusoidal endothelial cells as well as hepatocytes, and that activity was higher
in pericentral than periportal hepatocytes (Kooij, 1994).

6.2. Immunolocalization

We recently generated antibodies specific for cytosolic molybdenum-containing
hydroxylases (Skinner et al., unpublished observations) through expression of the car-
boxy-terminal 358 amino acids of human XO, subsequently identified as AO (Turner et
al., 1995; Wright et al., 1993). Human XO and AO share 55% identity and 85% similarity
over the selected 358 carboxy-terminal amino acids. The high degree of amino acid
conservation resulted in generation of antibodies that recognized both XO and AO. The
use of a recombinant antigen alleviated the previously observed cross-reactivity prob-
lems. By means of these monoclonal and polyclonal antibodies, XO/AO staining in
normal tissues was found in (1) epithelial cells of liver, lung, intestine, and kidney, (2)
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smooth muscle cells of large vessels and myocardium, and, to a lesser extent, (3)
endothelial cells and (4) Kupffer cells.

The hepatocytic localization of XO/AO (Skinner et al., unpublished observations) is
consistent with biochemical assessments of XO in isolated hepatocytes (Tan et al., 1998;
DeGroote and Littauer, 1988), while the zonal pattern of distribution is consistent with
observations of Kooij (Kooij, 1994). Our immunolocalization studies were consistent
with previous studies of Hellsten-Westing in which monoclonal antibodies against
purified human or bovine milk localized XO predominately in the smooth muscle of large
vessels although there was also significant XO in macrophages and mast cells, suggesting
a role of the enzyme in inflammatory processes (Hellsten-Westing, 1993). Considerably
less XO was found in capillary endothelium and small venules. Moriwaki and colleagues
using polyclonal antibody against XO purified from human liver demonstrated the
presence of the enzyme only in hepatic and intestinal epithelial cells and endothelial lining
cells of liver, intestine, heart, kidney, aorta, lung, and brain (Moriwaki et al., 1993). These
observations are in marked contrast to the immunolocalization studies of by
Jarasch et al. (1986) in which XO was localized exclusively in the capillary endothelial
cells and epithelial cells of the mammary gland. Interestingly, XO was not detected in
liver, intestine, kidney, or lung epithelial cells, Kupffer cells, or muscle cells, which is in
marked contrast to histochemical localization studies, enzymatic activity assays, and
other immunolocalization studies (Tan et al., 1998; DeGroote and Littauer, 1988; Kooij,
1994; Moriwaki et al., 1993; Hellsten-Westing, 1993). This apparent discrepancy may be
attributed to the observation that IgG and lactoferrin may copurify with and
that antibodies against purified XO may also detect IgG and lactoferrin (Sarnesto et al.,
1996; Clare and Lecce, 1991).

7. CIRCULATING XO

Hepatocellular damage has been demonstrated to increase in the
circulation of humans (Giler et al., 1975; Ramboer et al., 1972). Circulating
is also increased following thoracic aorta cross-clamping (S. Tan et al., 1995), in adult
respiratory disease (Grum et al., 1991), and kidney disease (Giler et al., 1975) with
concomitant liver disease. Endothelial cells may also be a source of circulating

as interruption of the blood supply to an upper limb of human patients undergoing
orthopedic procedure increased plasma levels of (Friedl et al., 1990). Results
in animal models confirm and extend these clinical observations. In animal models, there
is evidence that a variety of conditions, including ischemia–reperfusion, sepsis, burns,
acute viral infection, and hemorrhagic shock, release XO from liver and gut into the
plasma of rat (Terada et al., 1992; Oda et al., 1989; Grum et al., 1991; Akaike et al., 1990;
Anderson et al., 1991; Repine et al., 1987; Tan et al., 1993; Weinbroum et al., 1995;
Yokoyama et al., 1990) and rabbit (Nielsen et al., 1994, 1995). In vitro studies indicate
that it is likely that both hepatocytes and vascular endothelium are significant sources of
circulating activity, as exposure of freshly isolated hepatocytes (Tan et al.,
1998; DeGroote and Littauer, 1988) or cultured endothelial cells to hypoxia results in
release of into the media (Partridge et al., 1992).
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XO has also been detected in the plasma of patients undergoing surgical interventions
that compromise hepatic and/or intestinal blood flow (Friedl et al., 1990; S. Tan et al.,
1995). We have recently observed that XO activity was significantly increased in the
plasma of patients undergoing liver transplantation and correlated well with aspartate
transaminase (AST) levels, a clinically relevant enzymatic marker of tissue injury
(unpublished observations). Plasma XO activity was also correlated with the uric acid
oxidation product allantoin, an indicator of oxidant stress. These data indicate that
preserved human liver releases XO into systemic circulation on reperfusion and that XO
is associated with increased tissue damage. This finding also suggested that XO plasma
half-life may be hours, not minutes as previously reported (Fridovich, 1986). We have
also observed a twofold increase in circulating XO in patients undergoing thoracic aorta
aneurysm repair, a procedure that renders liver, intestine, and all distal tissues ischemic
(S. Tan et al., 1995). Subsequent reperfusion of tissues below the right renal artery did
not increase circulating XO, suggesting that the liver and gut were significant sources of
the XO. This protracted elevation in plasma XO is also consistent with the enzyme’s
plasma half-life of hours. The appearance of an oxidant-generating enzyme in the
circulation may have far-reaching clinical implications in damage to tissue remote from
the ischemic organ (see Section 10.4 and Figure 2).

8. GLYCOSAMINOGLYCAN BINDING AND POTENTIAL
RELOCALIZATION OF XO

Numerous proteins are synthesized and secreted by liver parenchymal cells, traverse
the interstitial space, enter the intravascular compartment, and finally bind to glycosami-
noglycans (GAGs) on endothelial cell surfaces (Hook et al., 1984; Adachi and Marklund,
1989; Saxena et al., 1990). It is postulated (Figure 2) that XO behaves in a manner similar
to these GAG-binding proteins (Adachi et al., 1993; Fukushima et al., 1995). The binding
of XO to GAGs is saturable, high affinity, and reversible by heparin (Radi et al., 1997;
Adachi et al., 1993; Tan et al., 1993; White et al., 1996). The dissociation constant
is similar to the heparin reversible-binding of other GAG-binding proteins to vascular
endothelium and concordant with noncovalent electrostatic interaction (Adachi et al.,
1993; Radi et al., 1997). Interestingly, binding of XO to cell surfaces strongly influences
the catalytic properties oxidant-producing capacities (enhanced
univalent reduction of oxygen to • , and increases the stability of XO (Radi et al., 1997).
Concentration of XO at the vascular cell surface may have significant pathological
implications, as could then be produced at a site demonstrated to be inaccessible to
antioxidants such as SOD (Radi et al., 1997). Therefore, circulating XO and its sub-
sequent binding to GAGs may cause oxidant injury to tissues with low endogenous XO
activity, such as myocardium and lung. Consistent with this contention is the marked
increase in XO specific activity of the lung (Weinbroum et al., 1995) and myocardium
(Nielsen et al., 1997) following hepatoenteric ischemia–reperfusion and relocalization
of XO following liver transplantation (see Section 10). These observations have signifi-
cant implications for XO–GAG interactions, suggesting that XO can be (1) released from
metabolically stressed cells, (2) bound to surface GAGs to become an external source of
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oxidant production, and (3) internalized by endocytosis to become an intracellular locus
of oxidant production

9. PHYSIOLOGIC FUNCTIONS

9.1. Normal Physiologic Functions of XO and AO

Despite years of investigation and thousands of publications, the physiologic func-
tions of XO and AO have remained poorly characterized. The primary functions of XO
and AO can be categorized as (1) purine metabolism, (2) oxidant and, paradoxically,
antioxidant production, (3) signal transduction, and (4) drug metabolism.

9.1.1. Purine Metabolism

The primary physiologic function of xanthine oxidoreductase is as the rate-limiting
enzyme that catalyzes the terminal two steps in the degradation of purines, formation of
xanthine from hypoxanthine and uric acid from xanthine. The final step in purine
metabolism, formation of uric acid, determines whether purine nucleotides can be
synthesized from the purine base by a purine salvage pathway or whether the purine base
is irreversibly lost. In humans, uric acid is of special relevance because it is the terminal
product of purine metabolism, reflecting the evolutionary loss of urate oxidase, which
catabolizes uric acid to allantoin (Wu et al., 1989). Consequently, human plasma contains up
to uric acid (Ames et al., 1981), whereas most mammals excrete allantoin and urea
as the major nitrogen-containing purine product (Mishra and Delivoria-Papadopoulos,
1988; Parks and Granger, 1986b). In addition to purines, XO is capable of oxidizing a
wide variety of substrates, including pteridines, other heterocyclic compounds, and
aldehydes. AO shares an equally broad substrate specificity and plays a role in the
metabolism of purines, pyrimidines, and a variety of heterocyclic compounds (Hall and
Krenitsky, 1986). Acetaldehyde can serve as a substrate for both AO and XO and thereby
results in formation of (Shaw and Jayatilleke, 1990; Krenitsky et al., 1986; Hall and
Krenitsky, 1986).

9.1.2. Antioxidant Production by XO

Uric acid is a physiologically important plasma antioxidant (Jenkinson et al., 1991)
that is oxidized by various reactive species to relatively stable oxidation products (Mendez
et al., 1996). The levels of uric acid in plasma are considerably higher than other plasma
antioxidants (Mize et al., 1995). Uric acid is a critical water-soluble antioxidant (Ames
et al., 1981) that effectively protects biological target molecules against oxidation by
hydroxyl radicals hypochlorous acid (HOC1), and peroxynitrite (van der Vliet et
al., 1994; Becker et al., 1991; Hicks et al., 1993; Kaur and Halliwell, 1990). Concurrent
with the oxidation and depletion of uric acid in the plasma was the appearance of uric
acid oxidation products, allantoin and parabanic acid, which could serve as indicators of
the reaction of reactive species with endogenous uric acid in biological systems (van der
Vliet et al., 1994; Kaur and Halliwell, 1990). Uric acid and ascorbic acid are even more
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critical in early gestation, for the water-soluble antioxidants constitute the principal
antioxidant defenses. In addition to functioning as an antioxidant, physiologic concen-
trations of uric acid significantly inhibit XO activity and the formation of in human
blood (Tan et al., 1993a). In newborn plasma, a similar pattern and extent of XO inhibition
by uric acid was observed, except that formation was inhibited to an even greater
extent than in adult plasma (Tan et al,, 1993a).

9.1.3. XO in Signal Transaction

Studies utilizing the generation of oxidants by XO plus substrate have demonstrated
a role for XO in stimulation of macrophages (Mendez et al., 1996), enhancement of
adenylyl cyclase activation (probably via tyrosine kinase-mediated effects on the catalytic
subunit of adenylyl cyclase; C. M. Tan et al., 1995), induction of c-myc and c-fos
expression in JB6 cells (Singh and Aggarwal, 1995), and attenuation of internal stores of
calcium release and bradykinin-stimulated calcium influx in a time-dependent manner
(Wesson and Elliott, 1994), In addition, XO in the presence of lumazine results in the
closing of chloride channels in parietal cells similar to that observed with guanosine
5'-O-(3-thiotriphosphate) (Sakai and Takeguchi, 1994).

9.1.4. Drug Metabolism

The cytosolic enzymes, XO and AO, complement the microsomal cytochrome P450
system in the mixed-function oxidase metabolism of drugs (Beedham, 1985; Beedham
et al., 1995). AO plays a role in the metabolism of a variety of N-substituted heterocyclic
xenobiotic compounds (Hall and Krenitsky, 1986) and ethanol (Shaw and Jayatilleke,
1990).

9.2. Deficiencies of XO: Xanthinuria and Molybdenum Deficiency

Hereditary xanthinuria is classified into three categories: classical xanthinuria types
I and II, and molybdenum cofactor deficiency. In classical type I xanthinuria, only XDH
activity is lacking, while in type II AO is also lacking (Simmonds et al., 1995). In
molybdenum cofactor deficiency, activity of all three molybdenum-containing enzymes
(sulfite oxidase, XO, and AO) is lacking (Ichida et al., 1997).

9.2.1. Classical Type I and II Xanthinuria

The classical type I and II xanthinurias are rare autosomal recessive disorders with a
combined incidence of only 1:69,000 (Harkness et al., 1986). Individuals suffering from
the xanthinuria may develop urinary tract calculi, acute renal failure, or myositis related
to the tissue depositions of xanthine although some subjects with homozygous mutations
are asymptomatic (Simmonds et al., 1995). It has recently been demonstrated (Ichida et
al., 1997) that point mutations in the XDH gene were the primary genetic defect
responsible for classical type I xanthinuria. These deletion and nonsense mutations
occurred in the flavin binding and molybdenum cofactor regions of XO and would result
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in synthesis of truncated peptides or peptides lacking flavin and/or molybdenum cofactor
binding sites.

9.2.2. Molybdenum Cofactor Deficiency

Although type I and II deficiencies are rather benign, molybdenum cofactor defi-
ciency is usually associated with severe neurological disorders, mental retardation, and
ocular lens dislocation (Ichida et al., 1997; Sardesai, 1993), and have been attributed to
toxicity of sulfite and/or inadequate amounts of inorganic sulfate needed for formation
of sulfated compounds in the brain. Molybdenum cofactor deficiency in the neonatal
period has been reported to result in intractable seizures, profound failure to thrive, spastic
quadriplegia, feeding difficulties, profound psychomotor retardation, and early death
(Roesel et al., 1986; Duran et al., 1978; Slot et al., 1993). In a single patient, a variant of
molybdenum cofactor deficiency was clinically expressed as Marfan-like habitus with
dislocated lenses, vertebral abnormality, learning disability, moderate hemiplegia, in-
creased medial lentiform MRI signal, and intermittent microscopic hematuria. Despite
biochemical parameters indicative of a severe deficiency state, the patient has survived
into the third decade (Mize et al., 1995). It is highly unlikely that molybdenum deficiency
will occur in normal patients, as only trace amounts of molybdenum are required in the
diet. However, molybdenum deficiency has been reported in a patient receiving protracted
total parenteral nutrition with clinical signs characterized by tachycardia, headache,
mental disturbances, coma, and very low levels of uric acid (low XO and AO activity)
and inorganic sulfate (low sulfite oxidase activity).

9.3. Changes in XO during Fetal Development

XO activity in human fetal tissues has been reported by us (Winkler et al., 1990) and
others (Vettenranta and Raivio, 1990) to achieve adult levels as early as 20 weeks of
gestation (i.e., midpoint of pregnancy). Enzymatic antioxidant systems are not fully
developed until shortly before birth, making the water-soluble antioxidants, such as uric
acid and ascorbic acid, even more critical in early gestation as they constitute the principal
antioxidant defenses. In fetal rat and rabbit lung, the development of antioxidant enzymes,
such as SOD, catalase, and glutathione peroxidase, parallels the development of surfac-
tant. The developmental changes were characterized by a 150–200% elevation in fetal
lung antioxidant enzyme levels during the final 10 to 15% of gestation (Frank and
Sosenko, 1987). In guinea pig brain, most of the antioxidant enzyme systems increase
and attain adult levels in the last 30% of the gestation period (Mishra and Delivoria-
Papadopoulos, 1988). The temporal difference in development of oxidant-producing
systems (i.e., XO) and antioxidant defense systems renders the premature infant ex-
tremely susceptible to oxidant-induced tissue injury. This is consistent with studies
demonstrating that administration of antioxidants to the mother during this vulnerable
period of development attenuates the myocardial damage associated with fetal hypoxia
(Tan et al., 1996).
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10. PATHOLOGY

XO has been implicated to play a significant role in numerous pathological states,
including ischemia–reperfusion, hypoxia–reoxygenation, multiple organ dysfunction,
preservation–transplantation, vascular disease, respiratory distress syndrome, and alco-
hol metabolism (Table I).

10.1. Ischemia–Reperfusion

XO-derived oxidants were first implicated as mediators of ischemia-induced injury
to the small intestine (Granger et al., 1981; Parks et al., 1982). It was demonstrated that
ischemia–reperfusion increased intestinal vascular and mucosal permeability (Grogaard
et al., 1982; Parks and Granger, 1983), and produced morphological alterations that were
attenuated by administration of the XO inhibitor allopurinol or the antioxidants SOD or
catalase (Parks and Granger, 1983, 1986a). Subsequent studies revealed that ischemia–
reperfusion induced the accumulation of neutrophils within the mucosa, as measured by
myeloperoxidase (MPO) activity (Kurose and Granger, 1994). The increase in MPO
activity was significantly attenuated by the administration of allopurinol or SOD, sug-
gesting that XO-derived oxidants were either directly or indirectly responsible for the
recruiting of neutrophils into the extravascular space. It has been subsequently demon-
strated that XO plays an integral role in the etiology of ischemia–reperfusion injury to
various tissues, including the liver, myocardium, lung, skeletal muscle, pancreas, stom-
ach, kidney, and brain, and has been extensively reviewed (Granger and Korthuis, 1995;
Marubayashi et al., 1994; Abello et al., 1994; Frederiks et al., 1995; Bienvenu and
Granger, 1993; Parks and Granger, 1986b).
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10.2. Neonatal Cerebral Hypoxia

Allopurinol administration in neonatal rats ameliorated the increase in cerebral water
content and neuropathological damage following brain hypoxia–ischemia (Palmer et al.,
1990). More interestingly, allopurinol administered after the cerebral hypoxic–ischemic
insult also reduced brain damage in immature rats (Palmer et al., 1993). However,
allopurinol given to preterm newborn humans did not alter the incidence of periventricular
leukomalacia (PVL). Four hundred infants of 24–32 weeks gestation were randomly
enterally administered allopurinol or an equivalent dose of placebo. At admission, plasma
hypoxanthine concentrations were significantly higher in infants who subsequently
developed PVL, bronchopulmonary dysplasia, or retinopathy of prematurity, but there
was no difference in the primary endpoint (PVL) between the treated and control groups
(Russell and Cooke, 1995). In this study, it is unclear whether the timing or the dose was
optimal for prevention of an endpoint, like PVL, that involves complex processes.

10.3. Premature Infants

In cord blood, an increase in plasma hypoxanthine levels has been observed in
asphyxiated babies that correlated with the amount of acidosis (Pietz et al., 1988). Plasma
hypoxanthine levels at birth were also found to be significantly higher in premature infants
with cavitating PVL than in unaffected infants (Russell et al., 1992). At birth, significant
XO activity has been detected in the plasma of cord blood of healthy, term infants by us
(Tan et al., 1993a) and others (Supnet et al., 1994). Under normal conditions, XO is
substrate limited (Parks and Granger, 1986b) but could react with the elevated hypoxan-
thine and xanthine to generate oxidants and produce cytotoxicity.

10.4. Multisystem Organ Dysfunction

XO has been demonstrated to be released from damaged liver and intestine (Terada
et al., 1992; Nielsen et al., 1994; Weinbroum et al., 1995; Nielsen et al., 1997) and bind
to GAGs on vascular cell surfaces (Radi et al., 1997; Adachi et al., 1993; Yokoyama et
al., 1990; Tan et al., 1993b). XO is released from ischemic liver (Nielsen et al., 1994;
Weinbroum et al., 1995) and subsequently increases pulmonary XO specific activity

and pulmonary permeability (Weinbroum et al., 1995). Although the precise
mechanisms of ischemia–reperfusion injury are complex, circulating XO plays a signifi-
cant role, as inhibit ion of XO attenuates both the pulmonary and myocardial injury
associated with liver and/or intestinal ischemia–reperfusion (Weinbroum et al., 1995;
Nielsen et al., 1996, 1997). These findings indicate that XO released during reperfusion
of ischemic liver binds to GAGs of pulmonary vascular endothelium or epithelium and
the subsequent generation of vascular cell-derived may result in extrahepatic tissue
damage, perhaps by reaction with to produce Recent data indicate that
circulating XO may actually exist as a glycosaminoglycan–XO complex, as treatment
with endoglycosidases enhances target cell binding of (unpublished obser-
vations). Consistent with this contention is the observation that heparin, a GAG that
interferes with protein–GAG binding and has no direct oxidant scavenging properties,
significantly decreases endothelial cell injury caused by XO (Hiebert and Liu, 1991).
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10.5. Preservation–Transplantation

Preservation–transplantation is a special case of ex vivo and subsequent in vivo
ischemia. During cold preservation, hepatocytes swell and develop surface protrusions,
called blebs, which result in the release of hepatocellular enzymes including XO (Rosser
and Gores, 1995; Lemasters et al., 1995). The circulating XO could be responsible for
pulmonary and vascular complications commonly observed following reperfusion of the
preserved graft (Parks and Freeman, 1987; Carithers et al., 1988; Wood et al., 1985;
Knights et al., 1987). The most common preservation solution, University of Wisconsin,
has been supplemented with allopurinol, a XO inhibitor, to minimize tissue injury
(Sumimoto et al., 1996; Toledo-Pereyra, 1991). Immunolocalization studies were per-
formed using our polyclonal anti-XO/AO antibody, in biopsies of liver and lung collected
24 and 48 hr posttransplant of 6-hr preserved livers. XO/AO staining was predominately
seen in hepatocytes, endothelial cells, and Kupffer cells of control tissues. Posttransplant
(24 hr), immunoreactive XO/AO staining was intense in pericentral hepatocytes, inter-
mediate in midzonal regions, and lowest adjacent to portal vein and to a lesser extent in
Kupffer cells. XO/AO staining was most intense in degenerating hepatocytes 48 hr
posttransplant. The regions of highest XO/AO staining correspond to regions where
ischemia and hypoxia would be most severe, because oxygen is extracted as blood flows
from the portal triads (Zone 1) to central vein branches (Zone 3). XO/AO and nitrotyrosine
staining, consistent with the involvement of in endothelial cells of thoracic aorta
were intense and coincident 24 hr posttransplant, consistent with XO/AO binding to
GAGs on vascular cell surfaces. To a lesser extent, XO/AO and nitrotyrosine staining
were evident in endothelial cells of small vessels of the heart and alveolar epithelial cells.
Following ex vivo hepatic ischemia, there was a dramatic increase of intracellular XO/AO
in regions immediately adjacent to central vein branches (Zone 3), especially in hepato-
cytes and to a lesser extent Kupffer cells. In contrast to the XO/AO staining, there was
little or no nitrotyrosine staining in the control livers. Following ischemia–reperfusion,
the pattern of nitrotyrosine staining was coincident with XO/AO staining. These studies
also indicate that XO/AO is released from hepatocytes and may bind to GAGs on the
vascular cell surface. Coincident localization of XO/AO and nitrotyrosine coupled with
our observation that iNOS was increased following transplantation supports the conten-
tion that produced by XO/AO could react with produced by NOS and nitrate
tyrosine.

10.6. Vascular Disease

There are also data demonstrating that XO plays a role in systemic vascular diseases
such as atherosclerosis and hypertension.

10.6.1. Atherosclerosis

XO has been found to be higher in the plasma of patients with atherosclerotic disease
than in normal subjects (Mohacsi et al., 1996). In addition, XO and uric acid have been
identified in human atherosclerotic material (aneurysms and endarterectomies), suggest-
ing that XO may play a role in the development of atherosclerotic lesions (Patetsios et



410 Dale A. Parks et al.

al., 1996; Swain and Gutteridge, 1995). This is consistent with immunohistochemical
localization of XO/AO in human atherosclerotic lesions and the apparent association of
XO/AO with the vascular surface (unpublished observations). This is also concordant
with the observation that the 2.5-fold increase in plasma XO associated with hyper-
cholesterolemia feeding in rabbits severely impaired acetylcholine (ACh)-mediated re-
laxation of the thoracic aorta (White et al., 1996). Pretreatment of aortic vessels with
either heparin, which competes with XO for binding to sulfated GAGs or allopurinol
resulted in a partial restoration (36–40%) of ACh-dependent relaxation. Furthermore,

dependent lucigenin chemiluminescence measured in intact ring segments from
hypercholesterolemic rabbits was decreased by addition of heparin (White et al., 1996),
allopurinol (White et al., 1996), or oxypurinol (Ohara et al., 1993; Mugge et al., 1994).
Incubation of vascular rings from rabbits on a normal diet with purified XO (10 mU/ml)
also impaired relaxation but only in the presence of purine substrate
(Swain and Gutteridge, 1995). These data indicate that XO may play a significant role in
the pathogenesis of atherosclerosis.

10.6.2. Hypertension

It has been demonstrated that XO and uric acid levels are increased in hypertensive
patients and have a significant association with mean arterial blood pressure (Newaz et
al., 1996). Furthermore, XO activity is greater in mesenteric microvessels of spontane-
ously hypertensive rats (SHR) than normal rats (unpublished observations) and chronic
inhibition of XO activity normalizes the increased arteriolar tone and mean arterial blood
pressure. Myocardial XO activity was demonstrated to increase over 200% from 2 months
to 18 months in SHR, but was unaltered in normotensive animals (Janssen et al., 1993).
These observations support the contention that XO may play a significant role in the
pathogenesis of altered vascular function that results in hypertension.

10.7. Respiratory Distress Syndrome

The presence of multisystem organ dysfunction in many adult patients with respira-
tory distress syndrome (ARDS) implicates a role for a circulating cytotoxic mediator.
High levels of circulating XO have been reported in patients with ARDS with concurrent
hepatic dysfunction (Grum et al., 1991). No elevation in circulating XO was observed in
critically i l l patients without ARDS or hepatic dysfunction. This suggests that XO may
play a role in the development of ARDS following hepatic injury. In a randomized
prospective study, premature infants in danger of hyperoxia were administered allopuri-
nol, which resulted in a decreased mortality and improvement in renal function (Boda et
al., 1984). Treatment of hyperoxia-exposed premature baboons with allopurinol for the
first 6 days of life resulted in amelioration of hyperoxia-associated pathological changes
in the lung, improved ventilation, and induction of antioxidant defenses compared with
vehicle-treated baboons exposed to 100% oxygen for the same time period (Frank and
Sosenko, 1987). These findings suggest that XO may have a significant role in respiratory
distress syndrome.
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10.8. Alcohol Metabolism

Hepatic dysfunction is the primary manifestation of long-term chronic ethanol
consumption although there are also strong links to cardiovascular effects such as
cardiomyopathies, arrhythmias, coronary heart disease, stroke, hypertension, and respi-
ratory distress syndrome (Moss et al., 1996; Klatsky, 1995). There are three major
pathways for ethanol metabolism all of which result in formation of acetaldehyde (Weiner
et al., 1994; Lieber, 1994). Acetaldehyde can serve as a substrate for both AO and XO
and thereby result in the formation of (Shaw and Jayatilleke, 1990; Krenitsky et al.,
1986; Hall and Krenitsky, 1986). The of XO for acetaldehyde and the
availability of preferred substrates, such as xanthine and hypoxanthine, may limit the in
vivo significance (Fridovich, 1966). However, AO has a much lower for
acetaldehyde and other aldehydes (Rajagopalan et al., 1968; Barber et al., 1982) and is
a likely source of oxidants during ethanol metabolism (Mira et al., 1995; Shaw and
Jayatilleke, 1990). The metabolism of ethanol also results in formation of NADH, which
may in turn serve as a substrate for AO, which is a significant source of oxidant formation
during ethanol metabolism (Mira et al., 1995).

We immunolocalized XO/AO in livers from patients diagnosed with fatty liver or
significant alcoholic liver disease (unpublished observations). In both fatty and alcoholic
liver, XO/AO was localized around the branches of the central vein, the region most
susceptible to ethanol-induced tissue injury, while connective tissue in the advanced
alcoholic liver did not stain positively. In advanced alcoholic liver disease, there was
remarkable bile duct proliferation and intense XO/AO staining within the epithelium.
Chronic alcohol consumption has a profound hypermetabolic effect on the liver that may
result in hypoxia, especially in the centrivenous region where XO/AO activity is concen-
trated, and could ultimately contribute to liver damage and explain many of the similarities
between ethanol-induced liver injury and ischemia-induced liver injury (Lieber, 1994;
Nordmann, 1994). Damage to liver and other tissues associated with chronic ethanol
consumption has been attributed to (1) altered metabolism and relative hypoxia at a
inicrovascular level, (2) formation of reactive oxygen and nitrogen species, (3) formation
of protein adducts and consequent alterations in function/structure, and (4) depletion in
antioxidant defenses.

Chronic ethanol consumption, like ischemia, results in increased oxidant production
as demonstrated indirectly by increased lipid peroxidation (Guerri et al., 1994; Chen et
al., 1996; Lieber, 1994; Nordmann, 1994) and directly by EPR (Reinke et al., 1987, 1991;
McCay et al., 1992). Chronic exposure to ethanol administration also depletes essential
tissue and plasma antioxidants, overwhelms antioxidant defenses, and impairs critical
biochemical processes rendering tissues more susceptible to oxidant injury (Nordmann,
1994; Grootveld and Halliwell, 1987). Chronic ethanol administration also increases

production (Mira et al., 1995; Shaw and Jayatilleke, 1990), production of (Wang
et al., 1995), and activates inflammatory cells, such as Kupffer cells (Rosser and Gores,
1995). The gene expression of oxidant-generating and antioxidant-producing enzymes is
modulated by chronic ethanol administration (Nanji et al., 1995) and may ultimately
determine whether tissue damage is manifested.
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10.9. XO Activity as a Predictor of Outcome

In global hypoxia, liver and intestinal injury releases XO into the circulation, causing
multisystem oxidant-mediated damage. Because fetal hypoxia is usually global in origin,
fetal brain damage following hypoxia–ischemia may result from circulating XO, or from
XO-mediated heart failure. Serial measurements in premature newborn infants revealed
that plasma XO was significantly increased in babies who had a poor outcome (defined
by catastrophic clinical events), compared with babies with good outcomes, who actually
experienced a drop in XO levels (Supnet et al., 1994). Levels of lipid peroxidation in
plasma in these infants showed an identical association. Bronchopulmonary dysplasia is
a late condition affecting infants with respiratory distress syndrome or infants subjected
to barotrauma. Infants with simple respiratory distress syndrome could be segregated
from those infants who developed bronchopulmonary dysplasia by the magnitude of the
epithelial l ining fluid markers, including XO, leukocytes, elastase, and antioxidants.
While infants developing bronchopulmonary dysplasia typically exhibited increased
concentrations of these markers during the first week of life, those infants with simple
respiratory distress syndrome displayed low, uniform, or decreasing values of these
markers over this interval (Contreras et al., 1996).

11. SUMMARY

Despite extensive study into the role of XO in biology (Yokoyama et al., 1990; Parks
and Granger, 1986b; Kurose and Granger, 1994), there remains considerable controversy
as to the importance of this enzyme in physiology and pathology (Figure 3). It has long
been recognized that XO can produce oxidants but the significance of XO-generated
oxidants appeared limited because of the time required for conversion from the normally
occurring dehydrogenase form to the oxidant-producing oxidase form (Engerson et al.,
1987; Yokoyama et al., 1990). It has been subsequently demonstrated that XDH could be
released from cells and tissues with high XO specific activity (Parks and Granger, 1986b)
into the plasma following ischemia–reperfusion, sepsis, burns, acute viral infection, and
hemorrhagic shock (Oda et al., 1989; Grum et al., 1991; Akaike et al., 1990; Tan et al.,
1993a). Once in the plasma the conversion to XO was rapid and complete
(Yokoyama et al., 1990; Kooij et al., 1994). This circulating XO could bind and
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concentrate on vascular endothelial cell surfaces (White et al., 1996; Tan et al., 1993a;
Adachi et al., 1993), and involve tissues with low endogenous XO (e.g., myocardium,
lung, and brain). It has also been demonstrated that the role of XO extends beyond the
original concept of oxidant-induced tissue injury, with XO-derived oxidants stimulating
transcription of proinflammatory cytokines , in part, through
activation of nuclear transcription regulatory factors (Shenkar and Abraham, 1996;
Schwartz et al., 1995). There also appears to be regulation of the vasoactive actions of

by XO-generated oxidants to decrease rates of generation, thus potentiating (or
preserving) vasorelaxation (Miyamoto et al., 1996). This regulation may
be related to the reaction of • with to form Nitric oxide may also regulate

production posttranscriptionally by binding to the iron–sulfur moiety,
sulfhydryl groups, or by reversible alteration of the flavin prosthetic site, thereby
inhibiting activity (Fukahori et al., 1994; Hassoun et al., 1995). In summary, the simple
concepts proposed over a decade ago for the role of XO in pathology are no longer
sufficient and will require a reevaluation as to the importance of these molybdenum
hydroxylases in biology.
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