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Lack of conversion of xanthine dehydrogenase to xanthine oxidase
during warm renal ischemia
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Irreversible transformation of xanthine dehydrogenase (XDH) to xanthine oxidase (XO) during ischemia was determined measuring XDH and

total enzyme activity in kidneys before and after 60 min of clamp of the renal pedicle. Tissue levels of adenine nucleotides, xanthine and hypoxan-

thine were used as indicators of ischemia. After 60 min of clamping, ATP levels decreased by 72% with respect to controls whereas xanthine and

hypoxanthine progressively reached tissue concentrations of 732+49 and 979+ 15 nmol-g tissue ™!, respectively. Both total and XDH activities

in ischemic kidneys (304 15 and 19 £+ 1 nmol-min~!-g tissue™!) were significantly lower than in controls when expressed on a tissue weight basis.

The fraction of enzyme in the XDH form was however unchanged indicating that the reduction of the nucleotide pool is not accompanied by
induction of the type-O activity of xanthine oxidase.

Xanthine oxidase; Xanthine dehydrogenase; Renal ischemia; Adenine nucleotide; Rat kidney; HPLC

1. INTRODUCTION

The existence of xanthine oxidase, enzyme of purine
catabolism in mammalian organs, in two structurally
distinct forms, either a NAD™* dependent dehydro-
genase (XDH) or an oxidase (XO) that utilizes oxygen
as electron acceptor has been well documented [1,2].
However the physiological role of XO is still under
discussion. The conversion process from XDH to XO
appears to occur first with the reversible transformation
of the enzyme by a sulphydryl oxidase. The modified
enzyme is readily reconverted into the dehydrogenase
by thiols. A subsequent irreversible modification occurs
instead via proteolysis of the enzyme protein. The role
of XO in ischemic damage was first proposed by
Granger et al. [3] and confirmed by Roy et al. [4,5] who
postulated that cellular injury occurring during reperfu-
sion subsequent to tissue ischemia may be correlated to
the transformation of XDH into irreversible XO; the
process should be caused by the decrease in energy
supply, followed by the enhancement of calcium con-
centration which activates the calcium-dependent pro-
tease(s) responsible for the degradation of the enzyme
protein.

Ischemic process induced in vitro in liver and kidney
showed that conversion of XDH to irreversible XO oc-
curs only after a long incubation time [6,7] which might
cause cell modifications and even death. Moreover
results obtained in in vivo ischemia are conflicting
about the central role of XO in causing ischemic
damage [8-10].
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In order to clarify this point we determined the ef-
fects of ischemia on xanthine oxidase. Activity of the
enzyme was determined by an HPLC method allowing
the simultaneous measurement of uric acid and NADH
from which total and XDH activities are calculated,
respectively [11}. The fraction of the enzyme in the
XDH form was unmodified in kidneys where ATP
levels were significantly reduced by one-hour clamping
of the renal pedicle with respect to the contralateral
control kidneys collected immediately after anesthesia.

2. EXPERIMENTAL

2.1. Chemicals

Xanthine, hypoxanthine, dithiothreitol (DTT), NAD*, NADH,
ATP, ADP, AMP were obtained from Boehringer (Mannheim,
FRG). Tetrabutylammonium phosphate (Pic A) was from Millipore
(MA, USA). Acetonitrile was of HPLC grade Merck (Darmstadt,
FRG).

2.2. Animals

For in vivo ischemia, male Sprague-Dawley rats (150-170 g b.wt)
were anesthetized (sodium pentobarbital 50 mg/kg i.p.). Kidneys
were exposed through a midline incision and ischemia was induced by
clamping the renal pedicle of the right kidney to completely occlude
renal vein and artery. The contralateral kidney was clamped similarly
and immediately removed. Abdomen of the rats was then closed and
animals were kept under constant body temperature for 60 min. The
removed kidneys, both controls and ischemic, were quickly frozen in
liquid nitrogen and stored at —80°C until processing either for
nucleotide analysis or for xanthine oxidase isolation and determina-
tion of the enzyme activity. Basal values of both total and type-D ac-
tivity of xanthine oxidase were determined in kidneys of unanesthetiz-
ed rats. For this purpose animals were sacrificed by decapitation and
the kidneys were immediately collected and frozen as above.

2.3. Preparation of the enzyme fraction and measurement of total
and XDH activities of xanthine oxidase
Frozen kidneys were weighed and homogenized (1:5, w:v)in 0.1 M
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Tris-HCI buffer (pH 8.1) [12], centrifuged at 800 x g for 20 min and
then at 100 000 X g for 60 min. The supernatant was dialyzed for at
least five hours against the same buffer [13] at 4°C. The enzyme
preparations (0.25 ml = 40 mg tissue) were preincubated for 30 min
at 37°C in the presence of 10 mM DTT [2]. The assay of both XDH
and total xanthine oxidase (XO + XDH) activity was carried out as
reported [11] with some modifications. Briefly, the DTT-activated en-
zyme preparations were incubated in Tris-HC] buffer (pH 8.1) at
25°C for 10 min after addition of 60 M xanthine and 0.67 mM
NAD™* [14], final volume 0.1 ml. In blank samples, which were in-
cubated under the same conditions, xanthine was omitted. The in-
cubations were stopped by the addition of 1 ml ethanol, the samples
were centrifuged at 1000 x g for 5 min and the supernatants dried
under nitrogen flow. The residues were stored at —40°C and were
resuspended in 0.6 ml of 0.1 M ammonium phosphate (pH 7). Under
these conditions samples were stable for two days. Irreversible XO ac-
tivity was calculated by subtracting XDH activity from total activity.

2.4. Evaluation of adenine nucleotides, xanthine and hypoxanthine
levels by HPLC analysis

Frozen kidneys were quickly weighed and homogenized for one min
in cold 3.6% perchloric acid (1:5, w:v) with the Ultraturrex shaft
previously cooled in liquid nitrogen. After again cooling the
homogenizer in liquid nitrogen, the tissue was homogenized for one
additional min. Vials containing the tissue were kept in ice during the
homogenization step. Lack of hydrolysis of ATP under the above
conditions was demonstrated analyzing extracts of homogenates
prepared in the presence of added ATP. The homogenate was cen-
trifuged at 10 000 X g for 5 min. The supernatant was brought to pH
6-7 with 2 M K>COs3 in 2 M KOH. The samples were centrifuged at
10 000 x g for 5 min and the supernatants stored at — 80°C. HPLC
analysis was carried out on Lichrosorb RP18 reversed phase column
(Merck, 25 cm, 7 ym, 0.5 cm 1.D.), with 0.1 M NH4H,PQ, adjusted
to pH 5.5 with 3 N NH4OH as the mobile phase to evaluate ATP and
ADP [15]. For AMP, xanthine and hypoxanthine the mobile phase
was 0.22 M KH,POq4, 5 mM Pic A (tetrabuthylammonium phosphate)
taken to pH 6.9 with phosphoric acid in 1% methanol.

2.5. Statistical analysis

All data are reported as means + SE. The significance of the dif-
ferences between groups was evaluated by either paired or unpaired
Student’s ¢-test.

3. RESULTS AND DISCUSSION

The present study was undertaken on the basis of the
following observations: (1) warm ischemia induced by
clamping the renal artery causes a dramatic decrease of
adenine nucleotides with consequent accumulation of
xanthine and hypoxanthine which are substrates for
xanthine oxidase [16]; (2) reactive O, species formed by
the type-O activity of xanthine oxidase during reox-
ygenation of ischemic tissue, produce severe cell
damages [5,17]; (3) allopurinol a potent inhibitor of XO

Table I

FEBS LETTERS

November 1990

Table 11

Effect of one hour ischemia on renal xanthine oxidase activity

Enzyme activity
1

(nmol - min ™' - g tissue ™)
Ischemia (min) Total XDH % XDH
0 (16)? 46 + 2 34 + 2 73 £ 2
0° 2 +2 29 + 1 68 + 1
60 (7) 30 £ 15* 19 + 1* 66 + 1

Enzyme activity was computed either from the amount of uric acid
(total activity) or the amount of NADH (XDH activity) formed in 10
min of incubation at 25°C of the enzyme fraction previously treated
for 30 min at 37°C with 10 mM dithiothreitol. Results are means +
SE of the number of kidneys indicated in brackets, which were analyz-
ed in triplicate. *non-ischemic control kidney obtained from rats kill-
ed by decapitation. "non-ischemic kidney (left) from anesthesized
rats. In the same animals the right kidney was clamped for 60 min to
induce ischemia. *P < 0.01 vs non-ischemic control (a) by the paired
Student’s #-test.

decreases reoxygenation injury and prevents in kidneys
the decrease of ATP levels after 30-60 min in vivo
ischemia [16].

Since according to Roy et al. [4] the decrease of ATP
level during ischemia might be responsible for cell in-
jury inducing transformation of XDH to irreversible
XO, we evaluated the decrease of adenine nucleotides
and the activities of total xanthine oxidase and XDH
after 60 min of ischemia in vivo. Levels of ATP, ADP
and AMP which were of the same order of magnitude
as those reported by other authors in control kidneys
[16] decreased by 72, 85 and 44% respectively after 60
min ischemia (Table I). Correspondingly xanthine and
hypoxanthine were elevated dramatically.

During the isolation of xanthine oxidase from the
kidney, addition of thiols such as 3-mercaptoethanol or
dithiothreitol were omitted in the homogenization buf-
fer but the enzyme preparations were preincubated in
the presence of 10 mM DTT at 37°C for 30 min [2] in
order to transform the reversible form of type-O xan-
thine oxidase into the D-type enzyme. To remove the
renal endogenous substrates from the enzyme prepara-
tions, dialysis [13] instead of Sephadex G-25 column
[6-8,10] was carried out because in our hands the latter
procedure gave higher basal levels. After 1 h of
ischemia, total and XDH activities significantly
decreased with respect to controls (Table II), never-
theless the fraction of the enzyme in the type-D form
was unchanged.

Effect of one hour ischemia on renal adenine nucleotides

Ischemia ATP ADP AMP Xanthine Hypoxanthine
(min) (nmol - g tissue ™ ')

0 706 + 40 1020+70 1260+ 70 n.d. n.d.
60 201 = 16* 147 £21*%  713+£49* 732+49 979+ 115

Results are means + SE of 21 and 9 kidneys for the 0 and 60 min of ischemia, respectively.
*P < 0.01 vs non-ischemic control by the Student’s f-test. n.d. = not detectable (lower

than 10 nmol - g tissue ™ ').
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As already reported by other authors [18] the ischem-
ic period caused a significant increase (P < 0.01) in the
wet weight of the kidney with respect to the weight of
the contralateral non-ischemic control (1.07 + 0.03 vs
0.77 += 0.02 g). Enzyme activity expressed as
nmol - min "' per kidney was therefore 32 + 3 and 33
+ 3 for total XO activity in the ischemic kidney and in
contralateral non-ischemic kidney respectively, with no
modification induced by ischemia. The same was for
the XDH activity which became 21 + 2 and 22 + 2
nmol - min ! per organ.

The unchanged activity of the irreversible type-O en-
zyme after 60 min in vivo ischemia, argues against xan-
thine oxidase giving origin to the oxygen radicals sug-
gested as the main cause of cellular injury. Results ob-
tained by Joannidis et al. [10] using a different ex-
perimental approach and published at the time when we
had already carried out our experiments, are in full
agreement with our conclusions regarding the lack of
modification by 45 min in vivo renal ischemia of both
total and type-O xanthine oxidase activity in the whole
organ. Increase of kidney weight during ischemia
reported by these authors was also in agreement with
that found by us. Other findings reported very recently
by Linas et al. [19] accord with our results as far as the
irreversible type-O enzyme is concerned, which remains
about 20% of the total even after 30 min of warm
ischemia. In addition to the irreversible form of the ox-
idase, both Joannidis et al. [10] and Linas et al. [19]
considered the modifications of the type-O reversible
form during ischemia. The obtained results are con-
trasting since the former authors found no modification
whereas the latter reported a dramatic increase of this
enzyme form during ischemia. Reversible and irreversi-
ble XO are evaluated from the difference of activity
determined in enzyme preparations in which dithioer-
ythritol is either absent or present. The different results
by the two groups [10,19] cannot be attributed to the
different concentrations of the thiol because Linas et al.
[19] used a lower concentration (5 mM) than that
reported by Joannidis et al. [10] (10 mM). In our ex-
periments we did not consider the reversible oxidase
formation because, as previously reported [12], we
found that XDH is very easily converted to the reversi-
ble type-O enzyme even during storage at low
temperature unless a protecting thiol is added to the en-
zyme fraction. In our opinion the physiological
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significance of the reversible type-O enzyme is therefore
hard to be evaluated as reported [10,19].

From the results obtained in the present study it
might be concluded that no transformation from XDH
to XO occurs during 60 min of in vivo renal ischemia
which renders unlikely the proposed role of the enzyme
as being responsible for the production of oxygen
radicals during ischemia.

Acknowledgements: This work was supported by a grant of the
Ministry of Public Education (60%) to Prof. G. Cighetti. The skillful
technical assistance of Mr Andrea Lorenzi is acknowledged.

REFERENCES

{1] Bray, R.C. (1983) in: The Enzymes (Boyer, P.D., Lardy, H. and
Myrbak, K. eds) Vol. 7, edn. 2, Academic Press, New York, pp.
533-556.

[2] Battelli, M.G., Della Corte, E. and Stirpe, F. (1972) Biochem. J.
126, 747-749.

[3] Granger, D.N., Rutili, G. and McCord, J.M. (1981)
Gastroenterology 81, 22-29.

{4] Roy, R.S. and McCord, J.M. (1983) in: Oxy Radicals and their
Scavenger Systems (Greenwald, R.A. and Cohen, G. eds) Vol. 2,
Elsevier, New York, pp. 145-153.

[5] McCord, J.M. (1985) N. Engl. J. Med. 312, 159-163.

[6] McKelvey, T.G., Héllwarth, M.E., Granger, D.N., Engerson,
T.D., Landler, U. and Jones, H.P. (1988) Am. J. Physiol. 254
(Gastrointest. Liver Physiol. 17) G753-G760.

{7] Engerson, T.D., McKelvey, T.G., Rhyne, D.B., Boggio, E.B.,
Snyder, S.J. and Jones, H.P. (1987) J. Clin. Invest. 79,
1564-1570.

[8] Gamelin, L.M. and Zager, R.A. (1988) Am. J. Physiol. 255
(Renal Fluid Electrolyte Physiol. 24) F450-F460.

[9] De Groot, H. and Littauer, A. (1988) Biochem. Biophys. Res.
Commun. 155, 278-282.

[10] Joannidis, M., Gstraunthaler, G. and Pfaller, W. (1990) Am. J.
Physiol. 258 (Renal Fluid Electrolyte Physiol. 27) F232-F236.

[11] Cighetti, G., Del Puppo, M., Andreetta, F. and Galli Kienle, M.
(1989) Biochem. Int. 18, 1211-1220.

[12] Stirpe, F. and Della Corte, E. (1969) J. Biol. Chem. 244,
3855-3863.

[13] Rowe, P.B. and Wyngaarden, J.B. (1966) J. Biol. Chem. 241,
5571-5576.

[14] Della Corte, E. and Stirpe, F. (1972) Biochem. J. 126, 739-745.

[15] Hull-Rayd, E., Cummings, R.G. and Lowe, J.E. (1983) J.
Chromatogr. 275, 411-417.

{16] Cunningham, S.K., Keaveny, T.V. and Fitzgerald, P. (1974)
Brit. J. Surg. 61, 562-565.

[17) Linas, S.L., Whittenburg, D. and Repine, J.E. (1987) Am. J.
Physiol. 253 (Renal Fluid Electrolyte Physiol. 22) F685-F691.

[18] Finkelstein, S.D., Gilfor, D. and Farber, J.L. (1985) J. Lip. Res.
26, 726-734.

[19] Linas, S.L., Whittenburg, D. and Repine, J.E. (1990) Am. J.
Physiol. 258 (Renal Fluid Electrolyte Physiol. 27) F711-F716.



