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ABSTRACT. Reactive osygen metabolites have an impor- 
tant role in ischemia-reperfusion injury. One of the sources 
of reactive osygen metabolites is santhine osidase, which 
is present in several tissues but is also released into the 
circulation after ischemia. We studied the effect of several 
potentially protective compounds on adenine nucleotide 
depletion induced by extracellular santhine osidase and 
hypoxanthine, in concentrations relevant to human patho- 
physiology. In umbilical vein endothelial cells prelabeled 
with '"C-adenine, cellular adenine nucleotides retained 64 
f 9% of the initial radioactivity over a 4-11 incubation with 
culture medium (controls), whereas in the presence of 
xanthine osidase (80 mU/mL) and hyposanthine (100 
phl), only 3 2 4% of radioactivity remained in cellular 
nucleotides, the rest appearing in catabolic products in the 
medium. Glutathione and 3-aminobenzamide, an inhibitor 
of poly-ADP-ribose polymerase, partly prevented the nu- 
cleotide depletion (adenine nucleotide radioactivity 15 f 
6% to 3 3  f 13% of total), but scavengers of the Ilydrosyl 
radical, dimethylthiourea and DhISO, a s  rvell a s  vitamins 
E and C, were without effect. Superoside dismutase pre- 
vented the leakage of nucleotides into the culture medium 
but not intracellular nucleotide catabolism, whereas the 
latter process was decreased by catalase, consistent with 
predominant effects of superoside and hydrogen peroxide 
at  the cell membrane and interior, respectively. (Pediatr 
Res 34: 572-576, 1993) 

Abbreviations 

3-ABA, 3-aminobenzamide 
CAT, catalase 
DhlTU, dimethylthiourea 
GSII, glutathione 
HOhl, reactive oxygen metabolites 
SOD, superoside dismutase 
SO, santhine osidase 
LDII, lactate dehydrogenase 

ROM have been ascribed a significant role in ischemia-reper- 
fusion injury (1). Free radicals can cause enzyme inactivation 
and DNA strand breaks, as well as protein and lipid damage 
leading to alterations in membrane structures (2). An important 
source of these radicals is the enzyme X O  (EC 1.1.3.22). which 
is generated in ischemic tissue from its physiologically occumng 
form, xanthine dehydrogenase. At the same time, the substrate 
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of XO, hypoxanthine, accumulates and upon reperfusion is 
converted into xanthine and uric acid. with reactive oxygen 
species as by-products (3-5). In the neonatal period, and espe- 
cially in preterni infants, a number of important clinical prob- 
lems have been ascribcd to ROM (6. 7). 

In man, XO activity has been found mainly in the liver, 
kidney. and intestine (8). X O  may be released from perfused rat 
liver during and after ischemia (9). and significant X O  activity 
was found in plasma aftcr rclcase of tourniquet-induced ischemia 
in patients undergoing surgery of the upper extremity (10). 
Another extracellular source of free radicals is granulocytcs (1 I ) ,  
which accumulate in postischemic tissue. Although many cell 
types, P.X. epithelial cells, fibroblasts, and hepatocytes, may be 
damaged by ROM (I?) ,  the endothelial cell is a prime target as 
shown by microscopic studies in several models of ischcmia- 
reperfusion injury (13, 14). Also. granulocytcs attach primarily 
to  endothelial cells in tissucs aftcr ischemia. 

We have previously characterized the cffccts of extracellular 
X O  and hypoxanthine on human umbilical vein endothelial 
cells, using depletion of radioactive adenine nucleotides from 
prclabeled cells as a sensitive index of ccll damage. In this study, 
we tested several compounds previously shown to prevent o r  
modify ROM-induced cell damage with respect to their ability 
to prevent nucleotide depletion induced by XO and hypoxan- 
thine. The concentrations of the effectors were in the range 
encountered in clinical situations, and those of the protective 
compounds were in the range achievable it1 13il.o. 

MATERIALS A N D  METHODS 

Cclll clrltlrrr utld luhcling. Endothelial cells were cultured from 
human umbilical veins as described previously ( 1  5) and used 
before the 6th passage. Briefly, the cells were detached with 0.2% 
collagenase (Worthington Biochemical Corporation, Freehold, 
NJ) and grown to confluency in 25-cm' culture flasks (Nunc, 
Roskilde, Denmark) coated with 0.2% gelatin (Merck, Darm- 
stadt, Germany) in F-10 medium (Gibco Europe, Paisley, UK)  
containing 20% pooled sterilized human serum (Finnish Rcd 
Cross. Helsinki, Finland) at  37°C (5% C02-95% air). For the 
experiments, cells were transferred to  gelatin-coated wells with a 
diameter of 1.5 cm (Multidish. Nunc) and culturcd in F-10 
medium containing 20% human serum until confluent. The cells 
were then prelabeled with '"-adenine (sp act 5 1-55 mCi/mmol; 
Amersham International, Amersham, UK), final concentration 
0.1 mM. After 16-18 h, the labeled mcdium was removed and 
the cells were washed three times with purine-free RPMI 1640 
medium (Gibco Europe). 

Itlclrhariot~ ~t.ith tc).st c.ot,ll~orrt~rl.s. For actual experiments. 
serum-free RPMI 1640 medium was added to each multidish 
well, followed by either 5, 10, or 15 mM GSH (Merck); 300 or  
600 1U/mL (220 pg/mL) SOD (Cu.Zn-SOD. EC 1.15.1.1, Sigma 
Chemical Company, St. Louis, MO); 300 or 600 IU/mL (60 pg/ 
mL) CAT (Sigma, EC 1.1 1.1.6): SOD and CAT: 5. 10, or 15 
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mM DMTU (Aldrich-Chcmie, Steinlicim, Germany): 5 o r  10 from prclabeled cells was measured. XO and hyposanthine to- 
mM DMSO (Merck); 50 or 100 pM n-tocopherol (Sigma): 100 gether increascd the "Cr release up to 71 & 14% (spontaneous 
pM or 10 mM ascorbic acid (Mcrck); or 5. 10. or 15 mM 3-ABA release in the control cells. 19 + 6%). and incubation with both 
(Sigma). Then, after 15 min of preincubation. 100 pM unlabeled X O  and hypoxanthine together with 5 mM GSH dccreased the 
hypoxanthinc (Sigma) and 80 niU/mL X O  (Bocliringcr Mann- release to tlie level of 50 + 1 1  $A (Fig. 2). Thus. cxposurc to the 
heim GmbH. Penzberg. Germany) were added. These concen- superoxide-generating system and the cytoprotectivc effect of  
trations were previously found to result in significant depletion GSH are reflected similarly in our nuclcotidc depletion assay 
of cellular adenine nucleotides (15). which was considered a and chromium release. 
suitable basis for assessing the effects of scavengers. The com- ,~In~io.\-iclritir c1t1zj3t,ic.s. SOD alone had no effect on cellular 
mercial X O  preparation has protease contamination, but we adenine nucleotidcs. but it prcvented the lcakagc of nuclcotides 
have previously shown that the cellular nucleotide depletion is into the mcdium induced by XO and hypoxanthine. lntracellular 
not due to the protease activity (15). In some experiments, we nucleotides dccrcased to I I & 1 % of the total radioactivity takcn 
also used a protease-free commercial XO preparation (Biozyme up by the cells compared with 10 + I % in the abscnce of SOD 
Laboratories Ltd., Blaenavon. UK). After incubation at 37°C (Fig. 3). but nucleotidcs in the medium decreased to 7 + 1% 
(5% COz, 95% air) for 4 h. the medium was removed and frozen. compared with I 1 + 2% in the abscnce of SOD. CAT alone had 
and the cells were cooled on ice, extracted twice with 100 pL of a marked protective effect on tlie depletion of cellular nuclco- 
ice-cold 0.4 M perchloric acid, and frozen at -20°C until analysis. tidcs, which remaincd at the level of 38 + 3% of total radioactiv- 

.~l~lulj*.sis cfpuritic cottlpoutlds. Nuclcotides in the ccll extracts ity, and a matching decrease in catabolic products was observed 
and medium and their catabolic products (hypoxanthinc, xan- (Fig. 3). However, CAT had no significant effect on the leakagc 
thine, uric acid) in the medium were separated and their radioac- of nuclcotides into the medium (Fig. 3). When both SOD and 
tivities measured by thin-layer chromatography as previously CAT were present in the medium together with both XO and 
described ( 15). hypoxanthine, no additive protective effect was seen (Fig. 3). 

5'Cr-relcase from endothclial cells. T o  obtain an independent inasniuch as the dccrcased nuclcotidc leakagc and decreased 
assessment of free radical damage. cells were incubated overnight intracellular catabolism were in the range obscrved with either 
with I pCi/mL "Cr (sodium chromate. Amersham Intcrna- enzyme alone. 
tional). washed three times. and incubated for 4 h with X O  and Snlaller amounts of these enzymes. that is 300 IU/mL. had 
hypoxanthine in the presence and absence of 5 mM GSH. no efTect on tlie nucleotide depletion due to the combination of 
Release of "Cr was calculated in terms of cpm released from the XO and hypoxanthinc (data not shown). 
test cells into the medium as percent of the maximum released I:rccl rri(Iic~1 .scri\*(vigclr.y. Neither 5 or 10 mM DMSO nor 5 to 
from cells treated with 0.4 M pcrchloric acid. 15 mM DMTU decreased the loss of adenine nucleotides caused 

E.~pressiotl (!frc~.slrli.s rrtlcl srrrri.srica1 t~~crllorls. "C-adenine la- by X O  and hypoxanthine or  altered the leakage of nucleotides 
beled mainly the adenine nucleotide pool: other purine nucleo- o r  catabolic products into the medium (data not shown). 
tides contained 3 + 1% and nucleic acids I I + 5% of the /lti/io.\-irlrrt~i w"rrt~iiti.s. Neither tu-tocopherol nor ascorbic acid 
radioactivity takcn up by the cells (t1 = 8). Because tlie latter modified the adenine nucleotide depletion induced by hypoxan- 
were unaltered in the course of the experiments, the results are thine and X O  (data not shown). T o  explore the long-term effects 
expressed as the percent distribution of radioactivity betwccn of a-tocopherol, cells were cultured in the presence of 50 or  100 
adenine nucleotidcs (cells and mcdium separately) and their pM of the vitamin for 3 d. No protective effcct was obtained. 
catabolic products (hypoxanthine, xanthinc. uric acid). The in- inasmuch as after the exposure to  hypoxanthine and XO unsup- 
tcrassay variation was 5% in thin-layer chromatography. Pre- plcmented cells contained 15 k 2% of total radioactivity in 
vious work with different types of cultured cells has shown that adenine nucleotidcs (t1 = 4) compared with 14 + 1% in cells 
there is no difference between the metabolism of "C-labeled and supplemented with 50 pM and 12 + 2% in cells supplemented 
unlabeled nucleotides ( 16). with 100 pM a-tocopherol. The distribution of radioactivity 

Experiments were performed in duplicate at  least twice. BMDP betwccn the catabolic products and nuclcotides in the mcdium 
statistical software was used for data analysis (17). Comparisons was also unaltered. 
between groups were done using the nonparametric Mann-Whit- 3-'-1 I1:l. When an inhibitor of poly-ADP-ribose polymerase. 3- 
ney U test and p < 0.05 was considered significant. Results are ABA, was present in the culture well with XO and hypoxanthine, 
expressed as means + SD. partial protection from nuclcotide depletion was seen (Fig. 4). 

The cffect was almost maximal at tlic lowest concentration 
studied. 

RESULTS 

Nlrclc~orirk rlcpkltioti / ) j v  .YO (!ti(/ /~ j~)o .~r i t i / l i i t i~ .  In t he presence DISCUSSION 
of 100 pM hypoxanthine. 80 mU/mL X O  caused a profound 
nucleotide depletion: in 4 11, cellular adeninc nuclcotidcs dc- The main by-product of the hypoxanthine/XO rcaction is the 
creased to 3 & 4% (control 64 + 9%) and catabolic products in superoxide anion, but some hydrogen peroxide is also generated. 
the medium increased to 71 + 6%; over 95% of tlic catabolic The superoxide radical is converted into the hydrogen peroxide 
products were uric acid and xanthine (control 3 1  + 7%. over by a dismutation reaction. and if ferrous iron is present. into the 
90% was hypoxanthine) (Fig. 1). After control incubations, an hydroxyl radical in an iron-catalyzed Fenton rcaction (19). Evi- 
average of 5 + 4% (Fig. I) of the total radioactivity were in dence bearing on the role of these compounds in ccll injury has 
nucleotides in the medium. Treatment with hypoxanthine and usually been indirect, based on the cffect of antioxidant enzymes 
XO increased this to  23 + 10% (Fig. 1). However, because of o r  free radical scavengers in preventing damage. The results have 
significant ectonuclcotidase activity on endothelial cells (I 8). part been quite variable, depending on the experimental system and 
of the nucleotides released may appcar as catabolic products the method of assessing damage. 
under the present experimental conditions. In our model, adenine nucleotidc depletion may be due to 

GSII. GSH alone had no effcct on endothelial ccll adenine intracellular catabolism and/or membrane damage. not ncces- 
nucleotides (data not shown). In incubations with X O  and hy- sarily lethal, resulting in leakage of intact nucleotides out of the 
poxanthinc. there was a dose-dependent but only partial preven- cytoplasm. The exact contribution of these two mechanisms is 
tion of cellular nucleotide depletion (Fig. I). Concomitantly, difficult to estimate, because endothclial cells have active ccto- 
there was a decrease in the radioactivity in the catabolic products nuclcotidases (1 8). which would catabolizc extruded nucleotidcs 
but no significant change in nucleotides in the medium. and lead to underestimation of membrane leakage. Our previous 

T o  test the effects of GSH with another assay, release of "Cr findings, obtained by using an inhibitor of ecto-5'-nucleotidase. 
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cell nucleotldes 

catabolic products 

medium nucleotides 

Control XO + Hx XO + Hx XO + Hx XO + Hx 
+5 mM GSH +10 mM GSH +15 mM GSH 

Fig. I. I'revention of adenine nuclcotidc depletion by GSH. Endothelial cells were prclabelcd \vith I4C-adenine, incubated 4 11 with 80 mU/mL 
X O  and 100 pM hypoxanthine (11.') (cxccpt control), with or without 5 or  15 niM GSH. Results are expressed as 7; of total soluble radioactivity in 
cells and medium. OIWII c~olrrrr~rr.~, cellular adenine nucleotidcs: lrrirc~lr~~tl colrolrtr.\, sum of catabolic products (hypouanthinc. xanthine. and uric acid) 
in the medium: c~ro.s.\lrci~c~l~c~tl c~o/rrrt~tr.r, sum of nucleotides in the medium. *. 11 < 0.05: **, p < 0.01 compared \vith X O  + hypoxanthinc group. 
Mann-Whitncy U test. tr = 4. 

Control XO+Hx XO+Hx+GSH 

Fig. 7. -"Cr-release from endothelial cells and prevention by GSII. 
Cells prelabeled with -"Cr. incubated with 80 mU/mL X O  and 100 pM 
hypoxanthine (I/.\-) (exccpt control cells) with or  without GSII ( 5  niM). 
01'c'tr c~olrrrr~rr, control: Irti~~~lrc~cl colrrr~rtr. X O  and hypoxanthinc: c.t.o.r- 
.\lro~c~lrc~rl c,o/rrt~tr. XO. hypoxanthinc. and GSII. *. p < 0.05 (Mann- 
Whitncy U test. r r  = 4). 

indicate that a superoxide-generating system ( X O  + hypoxan- 
thinc), but not hydrogcn peroxide, causes membrane damage 
and leakage of nuclcotidcs (20). We have also shown that deple- 
tion of prelabeled nuclcotides corresponds very closely to  mcas- 
urcments of total nuclcotide levels by liquid chromatography 
(20). This rules out significant resynthesis of ATP during expo- 
sure to ROM. 

X O  activity in endothelial cells is unmeasurably low (15). 
Thus, our model reflects the effects of frce radicals generatcd 
cxtracellularly by X O  in the circulation (10) or by granulocytes 
(1 1). We have also shown that exposurc to the supcroxide- 
generating system decreases ecto-5'-nucleotidasc activity of 
endothelial cells (21). This influences the pattern of metabolites 
in the cxtracellular fluid but not nucleotide depletion itsclf. 

The concentration of X O  used in this study is similar to  levels 
reported locally irr vil-o (9. 10, 22). We have studied the dose 
rcsponse to X O  (without hypoxanthine) and found that 1 m u /  
m L  of X O  causes a significant decrcasc in nucleotidc levcls in 
endothelial cells (15). Endogenous production of hypoxanthine 

was suflicient for a nlodcst effect. but nucleotide dcplction was 
increased by addition of  exogenous hypoxanthinc at concentra- 
tions encountered in clinical situations (23, 24). 

GSH is known as an important component of the ccllular 
defenses against frec radical damage. Depletion of GSH aggra- 
vates XO-xanthine-induced epithelial cell death and membranc 
damage, as asscsscd by the rclcase of LDH from cells (25). and 
at concentrations from 2 to 5 mM cxtracellular GSH protccts 
cndothelial cclls from ATP dcplction caused by hydrogen pcr- 
oxide (26). We observed only partial but dose-dependent preven- 
tion of nucleotide dcplction by GSH and very little cffcct on the 
leakage of nuclcotides into the culture medium. GSH is poorly 
transported into cndothelial cclls (26, 27). and it may act as a 
scavenger of frce radicals (2. 15). Thus. it is possible that the 
effccts of glutathione in our cxpcriments were extraccllular. 
Protection of the ischcnlic kidney by i.v. GSFI may be anothcr 
exanlplc of extraccllular effects of this compound (28). 

In cultured fibroblasts and endothelial cells esposcd to X O  
and acetaldehyde or hypoxanthine, CAT at concentrations from 
350 to 1000 U/mL has been found more effective in preventing 
cell death, as assessed by release of "Cr. than SOD at conccntra- 
tions from 75 to 500 U/mL (12, 39). In our experiments, both 
cnzymes had only modest effect. which was entirely consistent 
with previous data. We have shown that XO plus hypoxanthine. 
but not hydrogen peroxide, causes a leakage of nucleotidcs from 
endothclial cclls, whcrcas the latter conlpound induces catabo- 
lism of intracellular nucleotides (30). Accordingly. SOD nlodilied 
nucleotide leakage, whereas CAT markedly decreased intraccl- 
lular catabolism (Fig. 3). Failure of SOD to prevent catabolisn~ 
may be caused by continued formation of hydrogen peroxidc by 
dismutation and partly by X O  itself. 

In studies with trypan blue uptake or  release of 5'Cr from 
prclabeled cells as the end point. CAT has been more protective. 
rclativcly speaking, than in our cxpcriments (5. 12). This may be 
bccause nuclcotide depletion is a more sensitive, but not neces- 
sarily irreversible, index of frec radical effects (30). In this study, 
conccntrations of the antioxidant cnzymes SOD and CAT lower 
than 300 mU/mL did not protect the ccll from injury due to 
ROM. Excessive concentrations, higher than 600 mU/mL. could 
prevent damage bccausc of  the protective elli-ct of any big protcin 
molecule. similarly to  albumin (31). 

DMSO and DMTU arc scavengers mainly of the hydroxyl 
radical (12. 32). They failed to  prevent nucleotide deplction in 



ANTIOXIDANTS AND NUCLEOTIDE DEPLETION 

cell  n u c l e o t l d e s  

7 
catabolic p r o d u c t s  

Cont ro l  XO + Hx S O D  + CAT + CAT+SOD 
XO + Hx XO + Hx XO + Hx 

Fig. 3. Prevention of adenine nucleotidc Icakagc to the nlediunl with SOD. or  prevention of nuclcotidc depletion by CAT and the combination 
of SOD and CAT. I'rcvention of nucleotide depletion or  leakage from endothclial cclls prelabcled ui th "C-adenine for 4 h ivith or without X O  mU/  
mL S O  and 100 pM hyposanthine (I/.\-) ~vith or  \vithout 600 IU/mL SOD or CAT as indicated. Expression of results and symbols are as in 
Figure I .  

Cell nucleotldes Catsbollc products 

Control 0 5 10 15 Control 0 5 10 15 

Fig. 4. Prc\cntion of nucleotide depletion wit11 3-ABA. Prclabcled 
cells (with "C-adenine) were incubated with 80 mU/mL X O  and 100 
phl hypoxanthine (11.1.) as indicated (except control) wit11 or without 
difkrcnt concentrations of 3-ABA as indicated. **. p < 0.01. ***. 1) < 
0.001 compared \vitli X O  + hyposanthine group (Mann-Whitncy U test. 
11 = 4). 

our model at levels previously found to protect endothelial cells 
from injury induced by X O  + hypoxanthine or hydrogen per- 
oxide as assessed by "Cr or LDH release (12. 32). DMSO and 
DMTU protected mice against oxygen toxicity but they did not 
inhibit trichloroacetic acid induced lipid peroxidation it1 vitro at  
levels similar to those we have uscd (33). This suggests either 
that nucleotidc depletion and endothelial cell death as assessed 
by 51Cr or LDH release d o  not have a simple causal relationship 
or that the hydroxyl radical does not play a significant role under 
our experimental conditions. The endothelial cells used in our 
experiments were beyond the second passage. Their iron content 
may be lower than in uncultured endothelial cells (34). This 
implies lower production of the hydroxyl radical, which may 
explain the lack of effect of DMSO and DMTU. In other studies. 
DMTU has prevented cell death due to  hydrogen peroxide (12. 
35). The discrepancy with our results may again depend on the 
different criterion for assessment. 

tu-Tocopherol exerts its antioxidant effect in biologic mem- 
branes (2, 34). Because it had no protective effect when present 
in the incubation medium together with X O  and hypoxanthine. 

we attenlptcd to  "load" cell membranes by prolonged incubation 
with tu-tocopherol. Ho\vcver, nucleotidc depletion was unall'cctcd 
by this treatment. The explanation may be that under ordinary 
culture conditions there is suflicient antioxidant present for 
maximal effect (36). which cannot be augmented by an excess. 
We have previously demonstrated the protective e f i c t  of serum 
on ROM-induced injury (15). which was mainly attributable to 
albumin. The remaining approximate 30% of the effect was not 
characterized. but could be due to vitamin C or E or uric acid 
(37). The cells in that study, as well as in the present expcrimcnts. 
were grown in F-10 medium containing 20% human serum 
before the actual exposures. They may thus have been provided 
with anlple antioxidant vitamins. We did not study the possible 
role of uric acid present in serum. 

The enzyme poly-ADP-ribose polymerase is activated by DNA 
damage. promoting DNA repair but also depletion of NAD and 
ATP (38). Its inhibitor. 3-ABA, at a concentration of 3.5 mM. 
has been found to prevent ATP depletion (39) but was less 
etTective in our experiments. Again. the problem may be the site 
of action. If membrane leakage contributes significantly to  ade- 
nine nucleotide dcplction, as indicated by our recent findings 
(20), an intracellularly acting compound. such as 3-ABA. could 
not have a major protective en'ect. 

Most of the agents studied in the present experiments have 
been found more ell'ective in preventing ROM-induced cell death 
when either unreasonably high concentrations or less sensitive 
indicators of irreversible damage have been uscd (5. 12, 25). It 
seems that endothelial cells tolerate severe nuclcotidc dcplction 
without necessarily losing their viability. A similar conclusion 
was reached in studies in which inhibition of energy metabolism 
was used to induce nucleotide depletion in endothelial cells (40). 
Functional disturbances preceding irreversible damage have pre- 
viously been shown upon exposure of endothelial cells to  hydro- 
gen peroxide (41). Such disturbances, like nucleotidc dcplction 
uscd in our studies, may be too sensitive to provide optimal 
parameters for assessing cytoprotcction. Nevertheless, a thorough 
it1 vitro evaluation is essential before the clinical use of potential 
antioxidant compounds is contemplated. 
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