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ABSTRACT Recent evidence ir vivo indicates that spon-
taneously hypertensive rats (SHR) exhibit an increase in
oxyradical production in and around microvascular endothe-
lium. This study is aimed to examine whether xanthine oxidase
plays a role in overproduction of oxidants and thereby may
contribute to hypertensive states as a consequence of the
increasing microvascular tone. The xanthine oxidase activity
in SHR was inhibited by dietary supplement of tungsten (0.7
g/kg) that depletes molybdenum as a cofactor for the enzyme
activity as well as by administration of (—)BOF4272 [(—)-8-
(3-methoxy-4-phenylsulfinylphenyl) pyrazolo(1,5-@)-1,3,5-
triazine-4-monohydrate], a synthetic inhibitor of the enzyme.
The characteristic elevation of mean arterial pressure in SHR
was normalized by the tungsten diet, whereas Wistar Koto
(WKY) rats displayed no significant alteration in the pres-
sure. Multifunctional intravital videomicroscopy in mesentery
microvessels with hydroethidine, an oxidant-sensitive fluoro-
probe, showed that SHR endothelium exhibited overproduc-
tion of oxyradicals that coincided with the elevated arteriolar
tone as compared with WKY rats. The tungsten diet signifi-
cantly repressed these changes toward the levels observed in
WKY rats. The activity of oxyradical-producing form of
xanthine oxidase in the mesenteric tissue of SHR was ~3-fold
greater than that of WKY rats, and pretreatment with the
tungsten diet eliminated detectable levels of the enzyme
activity. The inhibitory effects of the tungsten diet on the
increasing blood pressure and arteriolar tone in SHR were
also reproducible by administration of (—)BOF4272. These
results suggest that xanthine oxidase accounts for a putative
source of oxyradical generation that is associated with an
increasing arteriolar tone in this form of hypertension.

The progressive elevation of arterial blood pressure in the
spontaneously hypertensive rat (SHR) is associated with an
upward displacement in vascular resistance, which is especially
striking in the small arterial or arteriolar segments of the
microcirculation. Previous investigations focused on the mi-
crocirculation of hypertensives have reported morphological
changes in the wall of arterioles (1) as well as changes in the
overall makeup of the arteriolar network (2-4), which could
account for the elevation in peripheral resistance. An above-
normal level of arteriolar tone can be demonstrated in the
microcirculation of SHR down to the smallest precapillary
ramifications of the terminal arterioles in different tissues
(5-8).
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Several hypothesis have been advanced to account for the
high blood pressure in SHR. Among the factors that have been
proposed to account for the increase in arteriolar resistance
are smooth muscle medial hypertrophy (9), vessel rarefaction
(2), an elevation of tone in resistance arteries (10), an in-
creased sympathetic activity (11), differences in catecholamine
transmitter disposition and sensitivity of smooth muscle cells
(12, 13), and differences in central vascular regulation (14). We
previously reported that the level of microvascular oxidative
stress in SHR was significantly above that displayed in its
Wistar Kyoto (WKY) normotensive control strain. The en-
hanced level in SHR showed a linear correlation with the
increase in arteriolar tone (15). Superfusion of a synthetic
xanthine oxidase (XO) inhibitor [(—)BOF4272, (—)-8-(3-
methoxy-4-phenylsulfinylphenyl)pyrazolo(1,5-«)-1,3,5-tri-
azine-4-monohydrate] led to a normalization of the enhanced
oxidative conditions in SHR (15). Furthermore, although the
increase in mesenteric arteriolar blood flow following topical
histamine application was significantly attenuated in SHR as
compared with WKY rats, the response to this agent could be
normalized by topical application of a synthetic XO inhibitor
(16). The use of animals deprived of molybdenum and fed a
tungsten supplement has been used as an effective method for
XO inhibition in which molybdenum is replaced by tungsten in
the active site of this enzyme (17).

Accordingly, the present study was designed to explore the
effect that a blockade of XO has on the elevated arterial blood
pressure, as well as on the enhanced level of oxidative stress
observed along the arteriolar walls in SHR.

MATERIALS AND METHODS

Animals. All animal procedures were reviewed previously
and approved by the University of California, San Diego,
Animal Subject Committee. SHR (n = 60) and WKY rats (n =
57) (14-16 weeks of age, Charles River Breeding Laboratories)
were used for the study. A group of SHR (n = 17) and WKY
rats (n 14) were fed with a tungsten-enriched (sodium
tungstate, 0.7 g/kg), molybdenum-depleted diet (ICN Nutri-
tional Biochemicals, Cleveland) and water ad libitum and were
maintained in a light-controlled holding facility for 2 weeks.

Abbreviations: SHR, spontaneously hypertensive rat; WKY, Wistar
Kyoto rat; XO, xanthine oxidase; XD, xanthine dehydrogenase; HE,
hydroethidine; EB, ethidium bromide; (—)BOF4272, (—)-8-(3-
methoxy-4-phenylsulfinylphenyl)pyrazolo(1,5-«)-1,3,5-triazine-4-
monohydrate; (+)BOF4272, (+)-8-(3-methoxy-4-phenylsulfinyl-
E[)henyl)pyrazolo(1,5—a)—1,3,5—triazine—4—01ate monohydrate.
Deceased, October 23, 1997.
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Bioengineering and Institute for Biomedical Engineering, University
of California at San Diego, 9500 Gilman Drive, La Jolla, CA
92093-0412. e-mail: gwss@bioeng.ucsd.edu.
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The remainder of the animals, were fed with normal chow and
water ad libitum. All animals appeared alert and in good
health.

Blood Pressure Measurement. About 1 h before general
anesthesia and vital microscopy of the mesentery, a femoral
arterial catheter (PE 50 tubing, Clay Adams) was inserted
under local anesthesia (4% lidocaine s.c.; Abbott). Mean and
pulsatile components of the arterial pressure were measured
for about 30 min in animals that were allowed to roam freely
in the cage (18).

Intravital Fluorescence Microscopy. Under general pento-
barbital sodium anesthesia (40 mg/kg), the mesenteric micro-
circulation was visualized through an intravital microscope
(X55 water immersion objective lens; Leitz, Wetzlar, Ger-
many) by using a digital color charge-coupled device (CCD)
camera (DEI-470, Optronics Engineering, Goleta, CA). The
tissue was continuously superfused at 36.5°C and pH 7.4 with
a Krebs-Henseleit bicarbonated-buffered solution saturated
with a 95% N, and 5% CO, gas mixture to minimize the
production of oxygen free radicals by exposure of the tissue
(15). Single unbranched arterioles with a diameter between 15
and 30 um and about 150 wm in length and venules with a
diameter between 30 and 40 um and 150 wm in length were
selected for study. Arterioles could be readily identified by
their position on the in-flow side of the microvascular network,
the presence of vascular smooth muscle, and divergent bifur-
cations, whereas venules are classified on the basis of their
position on the outflow side of the network with at least two
to three convergent capillary channels. The CCD camera
sensitivity and shutter speed were set at constant values
(contrast = 0, brightness = 0, manual integration = 1) so that
the camera served as a light intensity indicator. To elicit
fluorescent images, the preparation was illuminated with a
200-W mercury lamp. The light was passed through a fluo-
rescence microscope attachment (Pleompak; Leitz) with
quartz collector, heat filter (model KG-2, Zeiss), excitation
filter (490 nm, Leitz) for epi-illumination, and a band-pass
filter (590 nm).

After an initial 20-min stabilization period, the mesenteric
preparation was superfused with a standard perfusate, and a
background autofluorescence image in the selected tissue area
was recorded and stored in the memory of a laboratory
computer (512 X 512 pixels, 8-bit deep, Macintosh Computer
II Ci; Apple Computer; IMAGE 1.53 software, National Insti-
tutes of Health public domain software). The preparation was
then superfused with a buffer solution containing hydroethi-
dine (HE; 5.0 pmol/liter, Polysciences) for 120 min. The
number of ethidium bromide (EB) stained nuclei were
counted per unit length of microvessel. The selection of
microvessels was limited to arterioles and venules.

Photobleaching of the fluorescent images was kept to a
minimum by limiting the light exposure to less than 1 sec by use
of a shutter between the light source and a filter cube.
Transillumination images were also recorded immediately
after the fluorescence images. During the intervening periods,
the shutter for the excitation light was kept closed. The images
were recorded with a videocassette recorder (model AG-
1270P; Panasonic, Tokyo) for playback analysis. Fluorescence
images of the microvessels were transferred into an image
digitizer and stored on a retractable hard disk for subsequent
analysis at a fixed camera control setting on the digital CCD
camera controller. The number of EB-positive nuclei along
arterioles or venules (Ngg) was determined at 60 min after the
onset of HE superfusion. At the end of the experiments, the
tissue was superfused with absolute ethanol for 10 min fol-
lowed by EB superfusion to establish the total number of
nuclei along the vessel wall (N1). The EB-positive number was
computed as EB-positive nuclei = (Ngg/Nt) X 100 (%) (15).

Vessel diameters were measured off-line with a video image-
shearing monitor (model 907, Instrumentation in Physiology
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and Medicine, La Mesa, CA). The diameters reported in the
study refer to inner lumen measurements; no corrections were
made for noncircular cross-sections (19). In addition to steady-
state values, each microvessel was studied after local applica-
tion of a vasodilator (papaverine, 1.0 mg/ml, in normal saline),
a dose sufficient to override active tone in the arterioles,
because only vessel dilation, not narrowing at constant pres-
sure, was observed when papaverine was present. Measure-
ments before and after application of papaverine thus pro-
vided steady-state lumen diameters (ds) and maximal diam-
eters (dmax), respectively. All diameter measurements were
carried out at constant central blood pressures native to each
animal. The level of tone (T) was computed as T = (dmax —
dss)/dmax X 100 (%) and is a nondimensional parameter which
serves to specify the degree of active smooth muscle constric-
tion, such that T = 0% in dilated vessels and T = 100% in fully
constricted vessels with an occluded lumen (5). Microvascular
flow rates in randomly selected mesenteric arterioles were
measured with the dual slit photometric technique (18).
Measurement of Tissue XO Activity. Observations were
made on 15 sectors of the ileocecal mesentery from each
group. These samples were processed as described (20).
Briefly, samples were homogenized in 50 mM potassium
phosphate buffer containing 100 uM EDTA, 20 uM leupeptin,
and 0.5 mg/ml Pefabloc SC. Homogenate was centrifuged at
21,000 X g, 4°C, for 30 min. Supernatant was subjected to size
exclusion chromatography to remove endogenous purines and
low molecular weight inhibitors. Oxonic acid (0.01 mM) was
added to all samples to inhibit uricase, an enzyme that oxidizes
urate to allantoin, so as to avoid an underestimation of enzyme
activity. Total XO plus xanthine dehydrogenase (XD) activity
was determined on the basis of the rate of uric acid production
in the presence of xanthine (75 uM) with nicotinamide ade-
nine dinucleotide (NAD™, 0.5 mM). The activity of XO in turn
was measured by the rate of uric acid production in the
presence of xanthine (75 uM) without NAD*. After 60 min of
incubation at 25°C, the reaction was terminated by deprotein-
ization with cold acetonitrile. The uric acid content of depro-
teinized samples was determined by using an HPLC-based
electrochemical technique as described (21, 22). One unit of
activity (U) is defined as 1 uM/min urate formed at 25°C and
pH 7.4. Allopurinol (100 M), an inhibitor of XO and XD, was
used in parallel samples to confirm that urate formation was
specific. Tissue homogenates were subjected to gel filtration
(Sephadex, G-25) to remove low molecular weight interfering
compounds. Total protein concentration was determined prior
to and following gel filtration with a modification of the
bicinchoninic acid method of Smith et al. (23). The XD + XO
activity was corrected for the dilution associated with gel
filtration and expressed as XO activity per mg total protein.
XO and XD measurements were carried out blindly without
knowledge by the operator of the animal treatment groups.
XO Inhibition by a Synthetic Antagonist, (—)BOF4272. To
examine the influence of XO inhibition on arterial blood
pressure, we pretreated SHR and WKY rats with (—)BOF4272
or (+)-8-(3-methoxy-4-phenylsulfinylphenyl)pyrazolo(1,5-a)-
1,3,5-triazine-4-olate monohydrate [(+)BOF4272; Otsuka
Pharmaceutical, Naruto, Japan] at the dosage of 10 mg/kg or
30 mg/kg through the femoral venous catheter. Mean arterial
pressures were measured for about 30 min in each animal.
To examine independently the influence of XO-mediated
superoxide formation on arteriolar tone, we superfused the
mesentery of SHR and WKY rats with (—)BOF4272 or
(+)BOF4272. A dose of 10 nM (—)BOF4272 attenuated more
than 60% of superoxide production in an in vitro cell-free
reaction mixture containing hypoxanthine and XO but does
not attenuate phorbol ester-induced superoxide release by
isolated neutrophils, suggesting that this reagent does not have
a direct scavenging effect on superoxide anions (24). Arterio-
lar tone was determined as described above from the steady-
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Table 1. Body weight with chow or tungsten diet

Body weight, g

WKY SHR
Chow diet 328.0 =269 342.7 = 38.8
(n = 13) (n = 13)
Tungsten-enriched diet 3445 =225 327.1 £ 26.0
(n =14) (n =17)

Data are the mean value + SD. The number of animals is specified
by n.

state lumen diameter (ds) for each vessel at 30 min after
topical mesenteric application of 10 nM (—)BOF4272 and the
dilated diameter (dmax) during papaverine superfusion (with-
out BOF4272).

Statistical Analysis. Statistical differences between the two
animal strains and treatment modalities were determined by
one-way layout ANOVA and Bonferroni-type multiple com-
parison test. All values are expressed as means = SD. Statis-
tical significance was set at P < 0.05.

RESULTS

After tungsten treatment, WKY rats exhibited a mild tendency
to gain weight after tungsten supplementation but without
statistically significant differences when compared with the
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control WKY rats (P = 0.091) or the SHR strain on tungsten
supplement (P = 0.217) (Table 1).

The mean arterial blood pressure in SHR under local
anesthesia was significantly above normal as compared with
that of WKY rats (Fig. 1a). This elevation in blood pressure
was significantly lowered by the tungsten diet (Fig. 1a). In
WKY rats, mean arterial blood pressure was in no case
decreased but tended to show a marginal and insignificant
increase after the tungsten diet (Fig. 1a).

The systolic and diastolic blood pressures followed the same
trend as the mean blood pressure (Table 2). There were no
significant differences in heart rate among the four groups
(Table 2). There were no significant differences in average
arteriolar flow rates of the mesentery after the tungsten diet
in either rat strain (measured in about five animals per group
with five to six arterioles per rat; results not shown).

The level of HE oxidation, as demonstrated by the number
of EB-positive nuclei (%) along mesenteric arteriolar walls,
increased in SHR compared with WKY rats (Fig. 1b, Left). The
tungsten diet served to significantly decrease the number of
EB-positive nuclei along arterioles of SHR (Fig. 1b, Left),
whereas in WKY rats, the tungsten diet had no effect on the
number of EB-positive nuclei.

In the venules, the level of HE oxidation was significantly
higher in SHR than in WKY rats (Fig. 1b, Right). The trend
toward an elevated number of EB-positive nuclei along SHR
venules was significantly attenuated after tungsten intake (Fig.
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F1G. 1. (a) Mean arterial blood pressure under local anesthesia. All values are reported as mean = SD. In SHR, a significant elevation of mean
arterial blood pressure was observed relative to that in WKY rats (*, P < 0.05). After intake of the tungsten-enriched diet, the elevated mean arterial
blood pressure characteristic of SHR was significantly blunted (f, P < 0.05). The number at the bottom of each column indicates the number of
animals. (b) The number of EB-positive nuclei (%) along arteriolar and venular wall. All values are reported as mean *+ SD. *, P < 0.05 as compared
with those of WKY rats arterioles; f, P < 0.05 as compared with those of control SHR arterioles; #*, P < 0.05 as compared with those of WKY
rats venules; T, P < 0.05 as compared with those of control SHR venules. The number at the bottom of each column indicates the number of
microvessels observed in the study. (c) The steady-state arteriolar tone after 60 min mesenteric superfusion. All values are reported as mean *
SD. #, P < 0.05 as compared with those of WKY rats; §, P < 0.05 as compared with those of SHR. The number at the bottom of each column
indicates the number of arterioles observed in the study. (d) The level of total xanthine oxidoreductase (XD and XO) activity and XO activity in
the mesentery. All values are reported as mean = SD. *, P < 0.05 as compared with those of control WKY rats. #*, P < (.05 as compared with

control SHR. Six rats were used in each group.



Physiology: Suzuki et al.

Proc. Natl. Acad. Sci. USA 95 (1998) 4757

Table 2. Systolic blood pressures (SBP), diastolic blood pressures (DBP), and heart rate (HR) with

and without dietary tungsten supplement

WKY SHR
Chow Tungsten Chow Tungsten
(n = 13) (n = 14) (n = 13) (n =17)
SBP, mmHg 170.3 = 26.6 185.1 = 26.2 24277 £ 45.3* 191.0 + 20.0F
DBP, mmHg 1122 = 11.6 121.9 = 17.7 163.0 = 10.4* 120.8 = 14.0%
HR, bpm 409.3 = 67.7 380.0 = 46.3 396.6 = 50.8 3953 £65.3

Data are the mean value = SD. n = number of animals; bpm = beats per min.

“P < 0.05 as compared with WKY rats (chow).
TP < 0.05 as compared with SHR (chow).

1b, Right). In WKY rats, the tungsten diet had no significant
effect on the number of EB-positive nuclei along the venules.

The level of tone displayed by the SHR arterioles was
significantly higher than that of WKY arterioles (Fig. 1c). In
SHR, tungsten intake serves to significantly lower the level of
arteriolar tone (Fig. 1c), whereas in WKY rats, the arteriolar
tone showed a slight and statistically insignificant increase
(Fig. 1c¢).

XO and XD activity in the mesentery of SHR (1.94 = 0.77
mU/mg) was 2.8 times higher than that of WKY rats (0.70 =
0.15 mU/mg) (Fig. 1d, Upper). The treatment with tungsten
enriched diet lowered this activity to undetectable levels in
both strains (Fig. 1d, Upper). XO activity in the mesentery of
WKY rats (0.65 = 0.16 mU/mg) encompasses 93% of the total
(XO and XD) activity (1.75 * 0.64 mU/mg); similarly, almost
90% of the total (XO and XD) activity in SHR is caused by XO
(Fig. 1d, Lower). The level of XO activity in the mesentery of
SHR was 2.7 times higher than that of WKY rats (Fig. 1d,
Lower). Treatment with a tungsten-enriched diet reduced this
activity in both strains to undetectable levels.

The mean arterial blood pressure in SHR (188.4 = 8.4
mmHg), was significantly reduced (to 140.7 = 12.2 mmHg)
after 10 mg/kg (—)BOF4272 administration (Fig. 2a). In
contrast, 10 mg/kg (+)BOF4272 administration did not sig-
nificantly shift the arterial blood pressure in SHR. In WKY
rats, the mean arterial blood pressure was not affected, neither
did (+)BOF4272 administration reduce the arterial blood
pressure in these rats. With 30 mg/kg of (—)BOF4272, the
mean arterial blood pressure was not only further reduced in
SHR, but a significant reduction was observed also in WKY
rats (Fig. 2a).

Arteriolar tone at the initial level in SHR was significantly
higher than that in WKY rats (Fig. 2b). The tone values in SHR
were significantly reduced after (—)BOF4272 application,
whereas no such effect could be detected after (+)BOF4272
application. In WKY rats, the intervention with (—)BOF4272
or (+)BOF4272 did not bring about a significant change in the
arteriolar tone (Fig. 2b).

DISCUSSION

Previous studies reported that, in hypertensive animals such as
SHR, the increase in arteriolar tone occurs in a variety of
tissues (i.e., skeletal muscle, mesentery, and skin) and thus
serves as a major mechanism that determines elevation of
systemic blood pressure (5, 25). The detailed mechanisms for
the increasing tone, however, have been unknown. The present
study provides evidence that the increasing activity of XO, an
oxidant-producing enzyme, plays an important role in the
increasing arteriolar tone in SHR.

XO is an enzyme that is known to distribute widely in
mammalian tissues (26). Among the tissue components, en-
dothelial cells in microvascular systems constitute the most
abundant source of the enzyme as compared with those in
larger vessels (27). Because the enzyme reaction that transfers
electrons from hypoxanthine to uric acid is coupled with a
reduction of molecular oxygen into superoxide anions, XO has

been considered to play a crucial role in the pathogenesis of
oxidant-induced microvascular changes and tissue injury (26,
28-30). However, few reports have addressed the role of
oxidants in hypertension, except for previous observations by
Nakazono et al. (31), showing that a selective delivery of
superoxide dismutase to the vascular endothelial cells causes
a decrease in systemic blood pressure in SHR but not in WKY
rats.

The present observation that chronic tungsten diet as well as
administration of a selective inhibitor of XO lowers microvas-
cular tone (Fig. 1c) and systemic blood pressure (Figs. la and
2a) lead us to hypothesize that XO-mediated superoxide
generation contributes to the mechanisms for the increasing
arteriolar tone in SHR. The results indicate that there is a
greater oxyradical-producing form of XO in vessels of SHR
than in those from WKY rats. Taken together with the
observation that both the tungsten diet and (—)BOF4272
significantly attenuated the increasing levels of HE oxidation
in SHR (Fig. 1b) (15), these results suggest that the elevation
of XO activities accounts for overproduction of oxyradicals in
and around microvessels in this type of hypertension.

Overproduction of oxygen radicals in and around endothe-
lial cells may cause pathologic responses of microvascular tone
through a variety of mechanisms. Among such mechanisms,
cancellation of endothelial cell-derived nitric oxide (NO) by
superoxide anions is likely to be an event responsible for the
increasing arteriolar tone in SHR. Aisaka et al. (32) reported
that N6-monomethyl-L-arginine, an inhibitor of NO synthase,
increases mean arterial pressure not only in WKY rats but also
in SHR. Furthermore, our previous observation showed that
disappearance of the NO-dependent arteriolar relaxation in
SHR can be restored by topical application of (—)BOF4272
but not (+)BOF4272 (16). These findings suggest that, in SHR,
NO is well synthesized but is canceled out by unidentified
NO-scavenging systems around the microvasculature (e.g.,
superoxide overproduction). Although NADH/NADPH oxi-
dase induced by way of renin-angiotensin system (33) is a
candidate for the oxyradical-producing systems that can lower
the vasorelaxing action of NO, the current results firmly
support the concept that XO serves as such a putative oxidant-
generating system in the hypertensives.

Studies on vascular endothelial cells show that they have a
highly enriched XO/XD system (34). Our present results
indicate that both XO and XD + XO activities in the mesen-
tery of SHR were about 3-fold higher than those of WKY rats.
Nakazono et al. (31) have reported that in the aorta there were
no significant differences in XO activities between WKY rats
and SHR. However, because the mass of endothelial cells
within the aorta is less than that of other cells, such as smooth
muscle cells, and the nonendothelial cell content of the aorta
is higher in SHR than those in WKY rats because of medial
hypertrophy, XO activity within vascular endothelial cells may
in fact be even higher than that estimated by Nakazono et al.
(31). Because, in the vessels of the mesentery, the ratio of
endothelial to nonendothelial cells is higher than in the aorta,
the XO activity recorded in the mesentery may represent a
closer estimate of the actual value of endothelial XO activity.
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FIG. 2. (@) The mean arterial blood pressure before and after the
administration of (—)BOF4272 or (+)BOF4272 to WKY rats or to
SHR. #, P < 0.05 as compared with that of the control in each animal.
(b) Arteriolar tone before and after the administration of
(—)BOF4272 or (+)BOF4272 to WKY rats and SHR. *, P < 0.05 as
compared with that of control WKY rats; 1, P < 0.05 as compared with
that of control SHR. The number at the bottom of each column
indicates the number of animals.

The findings that blood pressure in SHR but not in WKY rats
was markedly decreased by oxypurinol, a XO inhibitor (31),
are also in line with the present results.

The requirement of molybdenum for the XO activity in rat
intestine (35, 36) and the presence of this metal in the XO were
recognized in 1953 (36). Higgins et al. (37) found that levels of
molybdenum in the diet as low as 0.02 mg/kg were sufficient
to maintain normal growth of rats and to sustain effective
levels of XO in all tissues except the intestines. Based on the
experiments of De Renzo (38), who first used tungsten as a
competitive antagonist of molybdenum in animals, it is re-
ported that high tungsten to molybdenum ratios in the diet
were required for the expected antagonism to be achieved in
rats (37). The concentration of dietary tungsten used in the
present study should be sufficient to decrease the molybdenum
content and XO activity (17).

There are two other enzymes identified as a molybdopro-
teins; sulfite oxidase (SO) (39-41) and aldehyde oxidase
(AO). SO was purified from bovine, chicken, and rat livers and
localized in the intermembrane space of mitochondria (41).
XO is present in the cytosol (42). The rate of decay of SO was
reported to be lower than that of XO (17). It is conceivable that
mitochondrial localization bestows a longer half-life on SO
activity. AO are predominantly present in liver and intestine

Proc. Natl. Acad. Sci. USA 95 (1998)

and has a higher affinity for aldehyde than purines, but
produces O, in a manner similar to XO because both oxidases
possess nearly identical internal electron transport systems
(43).

Corticosterone 6p-hydroxylation is markedly higher in SHR
than in WKY rats, and its reduction by the selective family 3A
cytochrome P450 inhibitor is associated with a large blood
pressure reduction (44). Recently we (7) demonstrated that the
trend for the systemic blood pressure and arteriolar tone to be
elevated during the SHR syndrome was blunted after bilateral
adrenalectomy, and that the reduction in blood pressure after
adrenalectomy could be circumvented by supplementation of
dexamethasone, suggesting a dependence of the syndrome on
glucocorticoids. The elevated levels of XO-mediated oxygen
radical production in SHR could be reduced by adrenalectomy
and again restored by dexamethasone supplementation (15).
Although the relationship between elevated levels of glucocor-
ticoid and XO activity in SHR remains to be clarified, a
number of connections are conceivable. XO activity in the
myocardium (45) as well as plasma uric acid (the major
metabolite of xanthine) levels (31) are higher in SHR than in
WKY rats. Gene expression of XO in epithelial cells is
enhanced by glucocorticoid application (46). Although the
level of XO activity is lower in man than in the rat, the potential
shift in XO activity and effect on microvascular tone in
essential hypertensive subjects remains to be examined.

In conclusion, the elevation of the arterial blood pressure in
SHR, as well as the enhanced production of microvascular
oxygen radicals, may be related and could be associated with
an elevated activity of XO. The resulting free radical produc-
tion may constitute a key mechanisms that leads to organ
injury and lesion formation in the hypertensives.
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