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has recently been demonstrated in rat tissues (Moriwaki 
et al., 1996), suggesting it has physiological roles other 
than the metabolism of aldehydes. 

Sulfite oxidase 

Sulfite oxidase (EC 1.8.2.1), a molybdo-hemo- 
protein, functions as the terminal enzyme in the 
oxidative degradation of the sulfur arnino acids, cysteine 
and methionine, and also plays a role in preventing the 
toxic effects of sulfur dioxide. The substrate specificity 
of sulfite oxidase is strictly confined to sulfite, in marked 
contrast to the broad substrate specificities of both 
xanthine and aldehyde oxidase. Sulfite oxidase was first 
isolated from bovine liver (Cohen and Fridovich, 
1971a). It was thereafter purified and characterized from 
bacteria (Toghrol et al., 1983) as weli as from the liver of 
various species: the fish (Onoue, 1980), rat (Johnson and 
Rajagopalan, 1977), chicken (Kipke et al., 1989) as well 
as that of humans (Johnson and Rajopalan, 1976). Its 
molecular weight is estimated to be about 115,000- 
120,000 (Cohen and Fridovich, 197 1 a; Southerland et 
al., 1978; Onoue, 1980). It is composed of two identical 
subunits that contain a larger molybdenum and a smaller 
heme domain (Cohen and Fridovich, 1971b; Kessler and 
Rajagopalan, 1972; Kessler et al., 1974; Southerland et 
al., 1978; Onoue, 1980). However, sulfite oxidase from 
Thiobacillus novellus has a smaller monomeric 
molecular weight of approximately 400,000 (Toghrol et 
al., 1983). Human sulfite oxidase exhibits a more 
negative charge and a slightly larger subunit molecular 
weight than the others, suggesting an evolutionary 
alteration in its structure with no change in catalytic 
activity (Johnson and Rajagopalan, 1976). The optimal 
pH of this enzyme is 8.6 (Cohen and Fridovich, 1971a), 
8.7 (Onoue, 1980). 

Xanthine oxidase 

Xanthine oxidase (EC 1.2.1.37), the final enzyme in 
the degradation of pwines has been widely investigated. 
This enzyme converts hypoxanthine to xanthine and 
xanthine to uric acid. However, its substrate is not 
confined to purines; it oxidizes aldehydes, pyrimidines, 
pteridines, other heterocyclic nitrogenous compounds 
and purines, as well as hypoxanthine and xanthine. 
Unlike sulfite and aldehyde oxidases, xanthine oxidase 
can be converted to xanthine dehydrogenase, and vice 
verw. Evidence shows that it is involved in the 
pathogenesis of reperfusion tissue injury by the 
production of superoxide radicals; superoxide, hydrogen 
peroxide, or both. Xanthine oxidase has been purified 
and characterized from the liver of various species: 
mouse (Carpani et al., 1990), rat (Suleiman et al., 1987) 
and human (Krenitsky et al., 1986; Moriwaki et al., 
1993a), as well as from cow's milk (Hunt and Massey, 
1992) and human milk (Abadeh et al., 1992). The 
molecular weight of xanthine oxidase is estimated to be 
300,000 (Sulehan and Stevens, 1987), and consists of 

two identical subunits of 150,000 (Krenitsky et al., 1986; 
Carpani et al., 1990). The optimal pH of human xanthine 
oxidase is estimated to be 9.0 (Yamamoto et al., 1996). 

Aldehyde oxidase 

Aldehyde oxidase (EC 1.2.3.1) catalyzes a variety of 
aldehydes and N-heterocyclics, with a substrate 
specificity similar to that of xanthine oxidase. 
Purification of aldehyde oxidase has been reported from 
the liver of the rabbit (Stell et al., 1989), guinea pig 
(Yoshihara and Tatsumi, 1985), rat (Ohkubo et al., 
1983), hog (Felsted et al., 1973) and human (Johns, 
1967). Aldehyde oxidase is a dimeric protein of 
molecular weight of 270,000-300,000 that consists of 
two identical subunits (Ohkubo et al., 1983). However, 
that isolated from potato tubers has a molecular weight 
of 368,000 with subunits of 37,000 (Rothe, 1975). The 
optimal pH of aldehyde oxidase is 9.0 for the rabbit 
enzyme and 10.5 for the bovine enzyme (Felsted et al., 
1973). 

lnvestigations of molybdenum-containing enzymes 

Amino acid sequences 

The amino acid sequences of sulfite oxidase has 
been evaluated by Garrett and Rajagopalan (1994); that 
of xanthine oxidase by severa1 investigators: Keith et al., 
1987; Amaya et al., 1990; Ichida et al., 1993; Wright et 
al., 1993; Xu et al., 1994; Glatigny et al., 1995. That of 
aldehyde oxidase was reported by Li Calzi et al. (1995). 
The amino acid sequence of human xanthine dehydro- 
genase has been described by investigators from three 
different institutions (Ichida et al., 1993; Wright et al., 
1993; Xu et al., 1994). The sequence demonstrated by 
Wright et al. (1993) closely (86% conservation) 
resembled that of bovine aldehyde oxidase (Li Calzi et 
al., 1995), and showed less similarity to those of the 
mouse and rat (49%). It seems likely that the translation 
product of this cDNA reported by Wright et al. (1993) is 
not a human xanthine dehydrogenase, but rather is a 
human homologue of aldehyde oxidase. 

Distribution 

Biochemical evaluation of distribution of enzyme activity 

Severa1 biochemical methods have been used to 
evaluate the distribution of the activity of the 
molybdenum-containing enzymes in various animals and 
higher plants. 

Sulfite oxidase 

Sulfite oxidase activity in the tissues varies 
according to species (Johnson and Rajagopalan, 1977). 
This enzyme is also species-specific (Gunnison et al., 
1977; Tejnorová, 1978). Its activity is high in fish liver 
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and kidney, as compared with that in the heart, spleen, 
muscle, gil1 and eye (Onoue, 1980). The distribution of 
sulfite oxidase activity has been examined in tissue 
extracts from six mammalian species by spectro- 
photometry. The liver, kidney and heart showed high 
sulfite oxidase activity, while that of the brain, lung, 
spleen and testis was low. Electron paramagnetic 
resonance spectroscopy demonstrated an absence of 
sulfite oxidase in the brain, muscle, blood, adipose tissue 
and thymus of rat (Kessler et al., 1974). The high levels 
of sulfite oxidase activity in the liver, kidney and heart 
may be related to the degree of amino acid catabolism in 
these tissues. Its high activity in the liver may be due to 
the oxidation of sulfite generated from the catabolism of 
sulfur amino acids. Its high activity in the kidney may 
also be involved in the oxidation of sulfite generated by 
the catabolism of amino acids in this organ, or be 
circulated in the blood from organs that degrade atnino 
acids. The high activity in the heart may be related to the 
active metabolism of amino acids in this organ. No 
differences in the activity of this enzyme were 
demonstrated among six mammalian species (pig, sheep, 
cow, horse, rat and rabbit) (Cabré et al., 1990). 

Xanthine oxidase 

Xanthine oxidase is found in vertebrates such as the 
mouse, rat, chicken and human. This enzyme exists only 
as a dehydrogenase form in the chicken. Xanthine 
oxidase activity has been found in most tissues of the rat. 
In man, high xanthine oxidase activity has been found 
only in the liver and small intestine and is undetectable 
in the heart (Eddy et al., 1987). However, other 
investigators have claimed the localization of xanthine 
oxidase activity in the brain and heart (Wajner and 
Harkness, 1989). In the baboon, xanthine oxidase 
activity was highest in the duodenum, with some activity 
being found in the liver and pancreas, while none was 
found in the lung, stomach, esophagus, tongue, heart or 
brain (Holrnes and Vandeberg, 1986). 

Aldehyde oxidase 

Aldehyde oxidase activity has been demonstrated in, 
and purified from potato extract (De Pooter et al., 1989), 
rabbit, guinea pig, rat, and humans. Its activity shows 
species differences; eg, being high in the rabbit or 
baboon liver, and low in that of the rat and dog 
(Beedham et al., 1987). According to Wurzinger et al., 
aldehyde oxidase seems to be phylogenetically pnmitive 
to xanthine oxidase, with its activity being widely 
observed among molluscs, crustaceans, insects and 
vertebrates, except for birds (Wurzinger and Hartenstein, 
1974). In contrast, Krenitsky suggested that xanthine 
oxidase is primordial compared to aldehyde oxidase 
(Krenitsky, 1978). The latter suggestion seems more 
likely, since the most primitive species in which 
aldehyde oxidase has been found is the coelenterate, 
Sagartia luciae (Krenitsky et al., 1974), while xanthine 

dehydrogenase was recently found in the fungus, 
Aspergillus nidulans (Glatigny and Scazzochio, 1995). 
Aldehyde oxidase activity has been detected in such 
tissues as liver, kidney, duodenum and pancreas of the 
baboon (Holmes and Vandeberg, 1986), bovine eye 
ciliary body (Shimada et al., 1989), digestive gland of 
the terrestrial gastropod (Large and Connock, 1993) and 
the antenna of certain moths (Teal and Prestwich, 1986; 
Rybczynski et al., 1989, 1990; Tasayco et al., 1990); the 
lung, stomach, esophagus, tongue, heart, brain showed 
no activity (Holmes and Vandeberg, 1986). Aldehyde 
oxidase activity was examined in the antennae, heads, 
legs and hemlymph of the moth, Heliothis virescens 
by means of radiochromatographic and spectro- 
photometric assays. Aldehyde oxidase activity was 
exhibited ~nmar i lv  in the antennal extracts and. to a 
lesser degGe, in thé leg extracts (Tasayco and ~restwich, 
1990). 

~ubcellular fractionation studies of liver xanthine 
and aldehyde oxidase demonstrated these enzymes to be 
present mainly in the cytosol, whereas sulfite oxidase 
was present pnmarily in the intermembranous space of 
the mitochondrion as a soluble protein (Wattiaux-De 
Coninck and Wattiaux, 1971), and to a lesser degree in 
the cytosol and microsomes (Ito et al., 1977). However, 
a recent study demonstrated the presence of small 
amounts of aldehyde oxidase activity, and larger 
amounts of xanthine oxidase activitv, in the 
mitochondria of the guinea pig liver ( ~ r i t c h i e ~  et al., 
1992). 

Histochernical methods of localizing enzyrne activity 

As biochemical methods cannot provide information 
on the precise localization of enzyme activity 
in the differing cells within a tissue, techniques 
of histochemical localization such as enzyme- 
histochemical, immunohistochemical methods 
and in situ hybridization analysis are required to 
detect mRNA of the enzyme. Although immunohisto- 
chemical studies cannot differentiate the active and 
inactive forms of the enzyme, such techniques 
provide more sensitive and specific enzyme detection 
than do methods of enzyme-histochemistry. How- 
ever, the possibility of cross-reactions cannot 
be completely excluded by immunohistochemical 
analysis using polyclonal antibody: cross-reactions 
of rat and human sulfite oxidase polyclonal antibodies 
to albumin and vitamin D-binding protein, respectively 
have been reported (Bellissimo and Rajagopalan, 
199 1). Despite their high sensitivity, the result of 
immunohistochemical studies for detecting xanthine 
oxidase protein using polyclonal antibody may not 
necessarily be correct, since high concentrations of 
xanthine oxidase antibodies are present in the sera of 
humans and animals (Bruder et al., 1984). Because of 
their specificity for a single epitope, monoclonal 
antibodies offer an advantage over polyclonal anti- 
bodies. 
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Table 1. Enzyme-histochemical tissue distribution of molybdenum- 
wntaining enzymes. 

ENNME SPECIES ORGAN (TISSUE) REFERENCE 

Sulfite oxidase 
Rat Hearl (mitochondrial Ogawa et al., 1968 

membrane, intracristal 
space) 

Xanthine oxidase 
Rat Skin, vagina, uterus, Kooij et al., 1992b; 

penis, liver, oral and Van den Munckhof 
nasal cavities, tongue, et al., 1995 
esophagus, forestomach, 
small intestine (epithelial 
cells), adrenal wrtex, 
endothelial cells 

Chicken Uver, Wdney, pancreas, Mclndoe et al., 
small intestine 1974 

Human Liver, jejunum Kooij et al., 1992a 

Aldehyde oxidase 
Rat Liver, tongue Moriwaki et al., 

(unpublished) 

Enzyme-histochemical methods of localizing 
enzyme activity (Table 1) 

Sulfite oxidase. The localization of sulfite oxidase 
activity in rat tissues has been studied by electron 
microscopy (Ogawa et al., 1968) as cytochrome c 
ferricyanide reductase using the copper ferrocyanide 
method. Sulfite oxidase activity in the rat heart was 
observed in the membranous component, and the intra- 
cristal and outer spaces of the mitochondria. The 
immunohistochemical localization of sulfite oxidase 
using polyclonal or monoclonal antibody has not yet 
been accomplished, although polyclonal antibody has 
been raised in a rabbit (Bellissimo and Rajagopalan, 
1991). 

Xanthine oxidase. The localization of xanthine oxidase 
activity in tissue was previously performed using fixed 
sections (Sackler, 1966) or in the absence of tissue 
protectant (Bourne, 1953; Sackler, 1966). However, 
these methods often caused an inactivation or loss in 
solution of this enzyme during fixation or incubation, 
leading to an inconrect interpretation of its localization. 
A histochemical method for the detection of xanthine 
oxidase activity was developed by McIndoe et al., who 
demonstrated xanthine dehydrogenase activity in the 
liver, kidney, pancreas and srnall intestine of domestic 
fowl (McIndoe et  al., 1974). The methods were 
improved by Kooij et al. using unfixed cryostat sections, 
an incubation medium that contained polyvinyl alcohol 
as tissue protectant, 1-methoxyphenazine as the 
intermediate electron carrier, tetranitro blue tetrazolium 
as the final electron acceptor, and hypoxanthine as the 
substrate (Kooij et al., 1991). The enzyme-histochemical 
localization of xanthine oxidase was subsequently 
investigated (Kooij et al., 1992a,b; Frederiks et al.. 

Table 2. immunohistochernical tissue distribution of molybdenum- 
wntaining enzymes. 

ENNME SPECIES ORGAN (TISSUE) REFERENCE 

Sulfite oxidase 
ND 

Xanthine oxidase 
Hog Liver, lactating Jarasch et al., 

rnarnmary gland 1981 
(epithelium) 

Chicken Liver (hepatocyte, Hattori, 1989 
Kupffer cell, endothelial 
cells lining sinusoids) 

Human Endothelial cells of Stevens et al., 
various tissues, cardiac, 1991 ; Hellsten- 
skeletal muscle, Westing, 1993; 
macrophage, rnast cell, Moriwaki et al., 
synovial endotheliurn, 1993a, 1996b 
epitheliurn of tongue, 
esophagus, trachea and 
stomach, glandular cells 
of srnall and large 
intestine, renal tubules 

Hear (interstitial cell, Sarnra et al., 1991 
endothelial cell) 

Rat 

Aldehyde oxidase 
Rat Renal tubuies, Moriwaki et al., 

esophageal, gastric, 1996a 
and srnall and large 
intestinal and bronchial 
epithelium 

ND: not done. 

1994). Kooij et al. evaluated the tissue localization of the 
dehydrogenase and oxidase forms of xanthine 
oxidoreductase activity in humans (Kooij et al., 1992a) 
and rats (Kooij et al., 1992b). Those authors 
demonstrated enzyme activity in the liver and jejunum of 
humans, supporting the results of previous biochemical 
studies. In hepatocytes, enzyme activity was mainly 
observed in the pericentral area and the sinusoidal cells. 
This finding supports the role of xanthine oxidase as a 
cause of oxidative stress in the development of mid- 
zonal liver darnage induced by ischemia (Lemasters et 
al., 1983; Gores et al., 1989). Activity was found in the 
enterocytes, goblet cells, and lamina propria of the 
jejunum. In contrast, in the rat, high activity was noted 
in epithelial cells from the skin, vagina, uterus, penis, 
liver, the oral and nasal cavities, tongue, esophagus, 
forestomach and small irítestine. Activity was also 
observed in sinusoidal cells of the liver and adrenal 
cortex, the endothelial cells in various organs, and the 
fibroblasts in connective tissue. Similar results have 
been reported with other enzyme-histochemical methods 
used in the tissue localization of xanthine oxidase 
activity, such as the cerium ion capture of H O2 
(Gossrau et al., 1990; Frederiks and Marx, 1933). 
Xanthine oxidase activity has been investigated by 
electron microscopy in the rat digestive tract by Van den 
Munckhof et al. who demonstrated such activity in the 



Molybdenum-containing enzymes 

cytoplasmic matrix of rat enterocytes and goblet cells 
and in the duodenal mucus (Van den Munckhof et al., 
1995). 

Immunohistochemical localization of enzyme 
activity (Table 2) 

Xanthine oxidase. Imrnunohistochernical localization of 
xanthine oxidase in tissues has been reported in the 
bovine liver, the endothelial cells from the lactating 
mammary gland (Jarasch et al., 1981), and the human 
synovial endothelium (Stevens et al., 1991). The role of 
xanthine oxidase in the marnmary gland remains to be 
clarified. Stevens et al. using anti-bovine rnilk xanthine 
oxidase, demonstrated human xanthine oxidase antigen 
in the synovial endothelium, consistent with their 
previous radioassay results (Allen et al., 1987). This 
suggests that the endothelial cells may play a major role 
in the exacerbation of synovitis by producing superoxide 
radicals. Hattori examined the localization of xanthine 
dehydrogenase in chicken liver, and reported this 

enzyme to be present in the hepatocytes, Kupffer celis 
and endothelial cells that line the hepatic sinusoids 
(Hattori, 1989). Hellsten-Westing, using monoclonal 
antibodies to xanthine oxidase, demonstrated its 
presence in vascular smooth muscle cells, endothelial 
cells of capiliaries and of smaller vessels in the cardiac 
and skeletal muscle of humans (Hellsten-Westing, 1993). 
This author also observed immunoreactivity in 
macrophage and mast cells. Despite a high activity, the 
irnmunohistochemical localization of xanthine oxidase 
was few in rat tissue other than the liver, until Moriwaki 
et al. recently demonstrated the ubiquitous presence of 
this enzyme in rat tissues (Moriwaki et al., 1996a) as 
shown by enzyme-histochemistry (Kooij et al., 1992b). 
Using polyclonal antibody to xanthine oxidase and 
electron microscopy, the enzyme was localized by 
Jarasch et al. and Ichikawa et al. in the cytoplasm of 
endothelial cells of capillaries of the bovine heart, small 
intestine, and hepatocytes (Jarasch et al., 1981), and in 
the cytoplasm of sinusoidal cells of ma liver (Ichikawa et 
al., 1992). Using monoclonal antibody to bovine miik 

, t 4 , t t '  -t* 1 . & # A '  
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xanthine oxidase, Samra et al. first demonstrated the 
presence of xanthine oxidase in the interstitial cells and 
endothelial celis of rat myocardial small vessels (Samra 
et al., 1991). However, immunohistochemical studies 
failed to detect the oxidase or the dehydrogenase forms 
of the enzyme, since neither monoclonal nor the 
polyclonal antibodies can differentiate these two forms, 
or the active from the inactive forms. In contrast, 
enzyme-histochemistry based on the cerium ion capture 
method detects only the active form of xanthine oxidase 
(Frederiks and Marx, 1993). 

While enzyme- and immunohistochemical methods 
generally tend to be qualitative, quantitative histo- 
chemical methods exist for studying xanthine oxidase 
activity (Frederiks et al., 1994, 1995). One can thus 
compare tissue xanthine oxidoreductase activity in situ 
in various physiologic and pathologic conditions. 

Aldehyde oxidase. The immunohistochemical 
localization of aldehyde oxidase in tissues has been little 
studied. One study in the rat (Moriwaki et al., 1996a) 
showed that aldehyde oxidase, like xanthine oxidase, is 
ubiquitous in the renal tubules and the epithelium of the 
esophagus, stomach, intestine and bronchi. It was also 
found in the cytoplasm of hepatocytes. Aldehyde 
oxidase was not found in the adrenal gland, spleen, 

mesentery or aorta. The tissue distribution of xanthine 
oxidase and aldehyde oxidase resembles that of 
superoxide dismutase, the superoxide eliminating 
enzyme. Therefore, it has been suggested that xanthine 
oxidase, aldehyde oxidase and superoxide dismutase 
may serve as a coupled enzyme system to play a 
physiological, and perhaps, a pathological role in 
generating and eliminating superoxide radicals. The 
enzyme-histochemical staining of aldehyde oxidase 
(unpublished observations) showed the presence of 
enzyme activity only in the liver and the epithelium of 
the tongue, with activity absent in stomach, small 
intestine and large intestine of rat. The discrepancy 
between these findings and those of immunohisto- 
chemistry may be related to the following: 1) the 
enzyme-histochemical method is less sensitive than 
immunohistochemistry; the Km value for aldehyde 
oxidase differs according to the tissue, so that some 
tissues require a higher concentration of substrate; 2) 
aldehyde oxidase may be present in the inactive form in 
certain tissues, as seen with the desulfo form of xanthine 
oxidase; 3) cross-reactions may exist with xanthine 
oxidase polyclonal antibody. The enzyme- and 
irnmunohistochemical localization of aldehyde oxidase 
in rat liver showed that it was mainly distributed in the 
pericentral area, as seen with xanthine oxidase (Fig. 1). 

Flg. 2 Enzyme- and 
irnrnunohistochernical 
localization of xanthine 
oxidase and aldehyde 
oxidase in the srnall 
intestine of the rat: 
Enzyrne- and 
irnrnunohistochemical 
staining show xanthine 
oxidase to be 
distributed in the villi of 
the epithelia (a, b). 
lmmunohistochernical 
localization of 
aldehyde oxidase 
dernonstrated that this 
enzyme is disiributed 
in the villi of the 
epithelia. but that l i le  
enzyme activity was 
present (c, d). x 25 
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Table 3. mRNA expression of molybdenum-containing enzymes. 

ENNME SPECIES ORGAN (TISSUE) REFERENCE 

Sulfite oxidase 
ND 

Xanthine oxidase 
Horse Skeletal muscle Rasanen et al., 

(capillary endothelium) 1993 
Mouse* Liver, intestine Terao et al., 1992 

Rata Lung, heart, kidney, Moriwaki et al. 
liver, skeletal muscle (unpublished) 

Human' Heart, brain, plaoenta, Xu et al., 1994 
lung, liver, skeletal 
muscle, kidney, pancreas, 
spleen, thymus, prostate, 
testis, ovary, intestines, 
leukocyte 

Aldehyde oxidase 

ND: not done; ': northern blot anaysis. 

No aldehyde oxidase activity was detected in the small 
intestine, whereas xanthine oxidase activity was detected 
in the epithelium of the villi of small intestine (Fig. 2). 

Northern blot analysis and in situ hybridization of 
molybdenum-containing enzyme (Table 3) 

The expression of mRNA by Northern blot analysis 
and by in situ hybridization techniques has been used to 
study the synthesis and expression of enzymes or protein 
molecules. Northern blot analyses of xanthine dehydro- 
genase mRNA have been performed in the mouse, rat 
and human. As indicated in Table 3, there are species 
differences in the expression of xanthine dehydrogenase 
mRNA in tissues. In contrast to enzyme-histochemistry 
(Kooij et al., 1992b), human xanthine dehydrogenase 
mRNA is abundant in the heart, brain, placenta, lung, 
liver, skeletal muscle, kidney, pancreas, spleen, thymus, 
prostate, testis, ovary, small intestine, colon, and 
peripheral blood leukocytes (Xu et al., 1994). Thus, 
xanthine dehydrogenase may exist in an inactive form in 
tissues other than the liver or small intestine. 
Unexpectedly, the signal of xanthine dehydrogenase 
mRNA is very low in mouse tissues except for the liver 
and intestine (Terao et al., 1992), a striking contrast to 
the abundante of xanthine dehydrogenase mRNA in rat 
tissues (Moriwaki et al., unpublished data). 

R h h e n  et al. detected xanthine oxidase mRNA in 
the capillary endothelium of equine skeletal muscle 
using in situ histochemistry (Rasanen et al., 1993), 
consistent with results of enzyme- and immunohisto- 
chemical studies. Therefore, xanthine oxidase is more 
likely to be translated and expressed in endothelial cells. 
The in situ histochemistry of sulfite and aldehyde 
oxidase has not previously been performed. If in situ 
histochemistry were added to the above approaches, 

important information could be obtained on the function 
of suifite oxidase and aldehyde oxidase. 

Functions and clinical significance 

Suifite oxidase 

Except its role in the detoxification of sulfite, the 
actions of sulfite oxidase are unknown. An inverse 
relationship between sulfite oxidase activity and bisuifite 
toxicity has been observed in severa1 animal species 
(Tejnorova, 1978). Patients with a deficiency of 
molybdenum cofactor exhibit a deficiency of both sulfite 
oxidase and xanthine oxidase. The deficiency is 
manifested as severe neurologic abnormalities, 
dislocation of the ocular lenses, mental retardation, and 
xanthinuria. One case of an isolated deficiency of sulfite 
oxidase has been reported (Irreverre et al., 1967). The 
clinical manifestations of an isolated sulfite oxidase 
deficiency are the same as those of a molybdenum 
cofactor deficiency, except for the absence of a 
deficiency in xanthine oxidase. Less severe cases exhibit 
an intolerance to foods that are rich in sulfite. Other 
aspects of sulfite oxidase deficiency are related to the 
metabolism of sulfite and sulfur dioxide. 

Xanthine oxidase 

Although the main function of xanthine oxidase 
appears to be to oxidize hypoxanthine and xanthine to 
form uric acid, its function requires further study. 
Xanthine oxidase is involved in the pigmentation of 
insects by an effect on pteridine metabolism (Watt, 
1972). Interest in this enzyme as a source of superoxide 
radicals has increased since it was implicated in the 
pathogenesis of reperfusion tissue injury in the kidney, 
heart and intestine (Granger et al., 198 1). The review by 
Kooij (1994) describes other pathophysiological 
conditions in which this enzyme is involved. Although 
some claim that xanthine oxidase is not a source of free 
radicals in clinical ischemia (Eddy et al., 1987) or in that 
of the rabbit heart (Downey et al., 1987), it seems to be 
responsible for reperfusion injury in various tissues 
(McCord, 1985). However, xanthine oxidase may play a 
beneficial role by producing eithes superoxide radicals 
or uric acid. Tubaro et al. suggested it acted as an 
antimicrobial agent (Tubaro et al., 1980a,b,c). Van den 
Munckhof et al. demonstrated electron microscopically 
the presence of xanthine oxidase activity around bacteria 
in the epithelium of the esophagus, suggesting its role as 
a defense against microbial invasion (Van den Munckhof 
et al., 1995). Superoxide radicals derived from xanthine 
oxidase may also be involved in the differentiation 
andlor proliferation of the epithelial cells of small 
intestine (Kooij et al., 1992b). It has been suggested that 
uric acid serves as an antioxidant (Ames et al., 1981). 
Surfaces such as that of the airway are subjected to a 
variety of oxidant stresses. Nasal secretions contain uric 
acid (Peden et al., 1990). It is possible that xanthine 
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Table 4. Pathophysiological involvement of molybdenum-containing 
enzymes. 

FUNCTION REFERENCE 

Sulfite oxidase 
Detoxification of sulfite Cohen and Fridovich, 1971a,b 

Xanthine oxidase 
Gout Pallela and Fox, 1989 
Xanthinuria Yamamoto et al., 1991, 1992 
Pigmentation of insects Watt, 1972 
Repetíusion tissue injury McCord, 1985 
Antimicrobial activity Tubaro et al., 1980a,b,c; Van den 

Munckhof et al., 1995 
Protecüon against toxic plants (?) Krenitsky, 1972, 1974 
Metabolism of xenobiotics ~eedhah, 1985 
Proliferation andlor differentiation Kooij, 1992b 

Aldehyde oxidase 
Metabolism of xenobiotics 
Protection against toxic plants (?) 

Degradation of pheromone 
Alcoholic liver injury 

Visual processes 
Repetíusion tissue iiijury (?) 
Synthesis of retinoic acid 

Beedham, 1985 
Krenitsky, 1972, 1974; Large 
and Connock, 1993 
Rybcynski et al., 1989, 1990 
Shaw and Jayatilleke, 1990, 
Mira et al., 1995 
Huang and Ichikawa, 1994 
Jacksan et al., 1988 
Tomita et al., 1993 

The review article by Kooij (1994) covers the details of the patho- 
physiological role of xanthine oxidase (conditions associated with 
reactive oxygen species production). 

this area. The Heliothis virescens moth is the first insect 
in which aldehyde oxidase activity has been 
demonstrated in the sensory tissue (Tea1 et al., 1986). 
Tasayco et al. demonstrated aldehyde oxidase activity in 
the extracts of the antenna, and to a lesser extent in the 
legs, of Heliothis virescens (Tasayco and Prestwich, 
1990). Rybczynski et al. suggested that in these moths, 
sensillar aldehyde oxidase modulates the concentration 
of pheromone in the receptor space, to affect the 
pheromone-mediated mating behavior (Rybczynski et 
al., 1989, 1990). The finding of aldehyde oxidase in the 
digestive gland of plant-eating terrestrial gastropods 
suggests that this enzyme may be involved in the 
metabolism of a precursor of, or a breakdown product 
of, the lignin present in various plants (Large and 
Connock, 1993). 

The proposed pathophysiological functions of the 
molybdenum-containing enzymes are summarized in 
Table 4. 

Conclusions 

Considerable evidence suggests that xanthine 
oxidase, as well as aldehyde oxidase, have numerous 
roles. However, the enzyme- and immunohistochemical 
localization of sulfite oxidase and aldehyde oxidase have 
not been extensively studied. To elucidate the exact 
function(s) of these enzymes, it is imperative to establish 
their tissue or subcellular localization. Little is known 
about the tissue expression of mRNA of the molyb- 

denum-containing enzymes by in situ hybridization 
techniques. Therefore, the various pathophysiological 
functions of these enzymes remain to be darified. 
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