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INHIBITION OF POLY(ADENOSINE DIPHOSPHATE-RIBOSE)
POLYMERASE DECREASES LONG-TERM HISTOLOGIC

DAMAGE IN TESTICULAR ISCHEMIA-REPERFUSION INJURY

MURAT BOZLU, BANU COŞKUN, SELAHİTTİN ÇAYAN, DENİZ ACAR, SAVAŞ AKTAŞ,
ERCÜMENT ULUSOY, AND ERDEM AKBAY

ABSTRACT
bjectives. To evaluate the effect of 3-aminobenzamide, an inhibitor of poly(adenosine diphosphate-

ibose) polymerase (PARP), on the long-term histologic damage in testicular ischemia-reperfusion injury.
ARP inhibitors have been used successfully to decrease ischemia-reperfusion injury in several organ
ystems.
ethods. Adult male Wistar rats were divided into four groups of 7 rats each. One group underwent 2 hours

f testicular torsion; one received pretreatment with vehicle (dimethyl sulfoxide) before detorsion; one
eceived pretreatment with 3-aminobenzamide, an inhibitor of PARP, before detorsion; and one group
nderwent a sham operation. All rats underwent bilateral orchiectomy 60 days after the experiment. The
ean seminiferous tubular diameter, germinal epithelial cell thickness, and mean testicular biopsy score
ere determined by histologic examination of each testis.
esults. Testicular torsion-detorsion caused a significant decrease in the mean seminiferous tubular
iameter, germinal epithelial cell thickness, and mean testicular biopsy score in the ipsilateral testes (P
0.001), but not in the contralateral testes. The animals treated with 3-aminobenzamide had a statistically

ignificant increase in these histologic parameters compared with the torsion-detorsion group (P �0.01).
onclusions. The results of this study show that PARP may have a role in the testicular damage caused by

schemia-reperfusion. Administering PARP inhibitors before reperfusion may have the potential to decrease
he long-term histologic damage that occurs after testicular torsion. UROLOGY 63: 791–795, 2004. ©
004 Elsevier Inc.
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esticular torsion is a surgical emergency. Late
presentation or failure to diagnose and cor-

ectly manage this condition leads to testicular in-
ury and subfertility.1 Testicular injury due to tor-
ion and detorsion is an ischemia-reperfusion
njury attributed to neutrophil infiltration and gen-
ration of reactive oxygen species.2–5 Reactive ox-
gen species, including superoxide anions, hydro-
en peroxide or hydroxyl radicals, and nitric oxide
r peroxynitrite, cause DNA damage. DNA damage
y reactive oxygen species can lead to loss of cell
iability by several mechanisms. It has been shown
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hat reactive oxygen species produce strand breaks
n DNA that trigger energy-consuming DNA repair

echanisms and activate the nuclear enzyme
oly(adenosine diphosphate [ADP]-ribose) poly-
erase (PARP), also called poly(ADP-ribose) syn-

hetase.6
Ischemia-reperfusion injury resulting in sub-

tantial DNA degradation requires that cells con-
ume large amounts of adenosine 5�-triphosphate
o support poly(ADP-ribosylation).6 Massive ADP-
ibosylation of nuclear proteins by PARP results in
ellular energy depletion and injury. Although
ARP is essential for DNA repair, its excessive ac-
ivation during reperfusion of ischemic tissue may
ead to cell death, and the activation of PARP is
urrently described as a final common effector in
arious types of tissue injury, including oxidative
tress.2,6–8 It has been demonstrated that activation

f PARP is a consequence of ischemia-reperfusion
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njury in several tissues and that administration of
ARP inhibitors leads to a decrease in ischemia-
eperfusion injury to those organs.9–12

More recently, we demonstrated that administra-
ion of PARP inhibitors before detorsion had a pro-
ective role in the testicular biochemical changes
ssociated with ischemia-reperfusion injury.13

owever, to our knowledge, the role of PARP in-
ibition on the histologic damage in testicular

schemia-reperfusion injury is undefined. In the
resent study, we examined whether 3-aminoben-
amide (3-AB, Alexis, Lausen, Switzerland), an in-
ibitor of PARP, has a protective effect on histo-

ogic damage after testicular torsion followed by 60
ays of recovery.

MATERIAL AND METHODS

Twenty-eight adult male Wistar rats weighing between 240
nd 280 g were obtained and maintained on a 12-hour light/
ark cycle. The ethical committee on animal research at our

nstitution approved the protocol for all animal experiments.
e provided appropriate care and use of the laboratory ani-
als as recommended by the Board of Registry publication

uidelines.

HEMICALS
We used the benzamide analogue 3-AB, an inhibitor of

ARP. 3-AB was dissolved in 10% dimethyl sulfoxide
DMSO). The administration mode and concentration of 3-AB
n this study corresponded to those used in previous experi-

ental studies.6

NIMAL PREPARATION AND SURGICAL PROCEDURE
The rats were divided into four groups of 7 rats each. One

roup underwent 2 hours of testicular torsion; the second
eceived pretreatment with vehicle (DMSO) before detorsion;
he third group received pretreatment with 3-AB before detor-
ion; and the fourth underwent a sham operation. Surgery was
one with the subject under ketamine anesthesia (single in-
raperitoneal 50-mg/kg dose). All surgical procedures were
erformed through standard ilioinguinal incisions.
In the torsion-detorsion (T-D) group, the gubernaculum

as divided, and the testis was freed from its longitudinal and
istal pole attachment to the epididymis. Torsion was created
y rotating the left testis 720° clockwise and maintained by
xing the testis to the scrotum with a 4-0 silk suture placed
hrough the tunica albuginea. After 2 hours of torsion, the
estis was counter-rotated back to the natural position and
einserted into the scrotum. The wound was closed using 3-0
atgut suture.

In the group receiving vehicle (DMSO) before detorsion
DMSO group), the same surgical procedure was done as in
he T-D group, but DMSO was injected intraperitoneally for
0 minutes before detorsion and closure.
In the group receiving 3-AB before detorsion (3-AB group),

he same surgical procedure was done as in the T-D group, but
-AB (30 mg/kg) was injected intraperitoneally for 30 minutes
efore detorsion and closure.
In the control group (sham group), a sham procedure was

erformed. This consisted of the same procedure as in the T-D
roup, except that after rotating the testis 720° clockwise, it
as immediately relieved and a 4-0 silk suture was placed
hrough the tunica albuginea. t

92
ISTOLOGIC PREPARATION
After 60 days, bilateral orchiectomy was performed, and the

ats were killed by pentobarbital overdose (200 mg/kg) and
ilateral thoracotomy. The testes were fixed in Bouin’s solu-
ion (7.5 mL saturated picric acid, 2.65 mL glacial acetic acid,
nd 2.5 mL 7% formaldehyde), postfixed in 70% alcohol, and
mbedded in paraffin blocks. Sections (5 �m) were obtained,
eparaffinized, and stained with hematoxylin-eosin.

ISTOLOGIC EVALUATION
The testicular tissue was evaluated in random order with

tandard light microscopy by an observer unaware of to which
roup the rat had belonged. Three slides, prepared from the
pper, lower, and mid portions of the testes, were evaluated
ompletely for each testis. The mean seminiferous tubular di-
meter (MSTD), germinal epithelial cell thickness (GECT),
nd mean testicular biopsy score (MTBS) were used to evalu-
te in 20 seminiferous tubules of each section. The MSTD was
alculated using a microscope-adaptable micrometer. The
STD of each testis was determined in microns. GECT was

etermined by counting the number of epithelial cells from
he basement membrane to the lumen at 90°, 180°, 270°, and
60°, and averaged. The MTBS was graded using Johnsen’s
core.14 A score of 0 to 10 was given to each tubule according
o epithelial maturation.

TATISTICAL ANALYSIS
All data are expressed as the mean � standard deviation.

nalysis of variance was used for statistical analysis of the data
mong the groups. Multiple comparisons were made using
ukey’s procedure, with P �0.05 considered statistically sig-
ificant.

RESULTS

The results of the histologic evaluation for each
roup are shown in Table I and Figure 1. Com-
ared with the sham group, the MSTD, GECT, and
TBS in the T-D group were significantly lower in

he ipsilateral testes (P �0.001). These three his-
ologic parameters in the ipsilateral testes of the
-AB group were significantly greater than the val-
es in the T-D group (P �0.01). The ipsilateral
esticular MSTD, GECT, and MTBS in the vehicle
MSO group were not significantly different statis-

ically than those in the T-D group (P �0.05). The
istologic parameters of the contralateral testes did
ot reveal any statistically significant differences
mong these groups (P �0.05).

COMMENT

Testicular torsion is a urologic emergency. The
alvage rate is directly proportional to the duration
f torsion, and early diagnosis followed by detor-
ion is the current management for the preserva-
ion of spermatogenesis and fertility.1 The results
f the current investigation indicate that testicular
orsion-detorsion induces progressive histologic
hanges as a result of ischemia-reperfusion injury.
revious studies using a rat model of testicular tor-
ion have demonstrated that a 1-hour, 720° rota-

ion of the testis followed by reperfusion results in

UROLOGY 63 (4), 2004
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he permanent loss of spermatogenesis.15–17 The
esions in the current study were characterized by a
ecrease in seminiferous tubule diameter, germi-
al epithelial cell thickness, and degree of sperma-
ozoal maturation. These observations are in agree-
ent with those of previous studies.
Although reperfusion is essential for the survival

TABLE I. Mean values of seminiferous tubula
testicular biopsy score in ips

roup

MSTD � SD (�m)

Ipsilateral Contralateral

orsion-detorsion* 182.29 � 21.29 263.29 � 23.28
MSO* 159.58 � 27.64 266.66 � 13.85
-AB† 233.28 � 23.83 265.46 � 17.74
ham 277.41 � 13.26 264.69 � 11.51

EY: MSTD � mean seminiferous tubular diameter; GECT � germinal epithelial ce
-aminobenzamide.
o statistically significant differences in contralateral testes among groups (P �0.0
Versus sham in the ipsilateral testes (P �0.001).
Versus torsion/detorsion in the ipsilateral testes (P �0.01).

IGURE 1. Histologic findings of ipsilateral testes in (A
amide, and (D) sham groups. Note, no recovery of sp
imethyl sulfoxide groups and preservation of spermato
genesis in sham group. Hematoxylin-eosin stain, redu
f ischemic tissue, the main pathophysiology of i

ROLOGY 63 (4), 2004
esticular torsion is ischemia-reperfusion injury of
he testis caused by the twisted spermatic cord and
ts release.3 Ischemia-reperfusion injury initiates a
athophysiologic cascade including an inflamma-
ory response with liberation of cytokines and re-
ctive oxygen species generation.2 Evidence has
hown that reactive oxygen species induce cellular

meter, germinal epithelial cell thickness, and
ral and contralateral testes

GECT
mean cell layers � SD) MTBS � SD

silateral Contralateral Ipsilateral Contralateral

1 � 0.38 8.12 � 0.32 4.42 � 1.91 9.89 � 0.28
2 � 1.10 7.80 � 0.50 4.05 � 2.01 9.90 � 0.15
0 � 1.45 7.85 � 0.37 7.10 � 1.37 9.95 � 0.18
7 � 0.52 8.02 � 0.57 9.97 � 1.22 9.97 � 0.34

ness; MTBS � mean testicular biopsy score; DMSO � dimethyl sulfoxide; 3-AB �

sion-detorsion, (B) dimethyl sulfoxide, (C) 3-aminoben-
togenesis observed in testes of torsion-detorsion and

esis in 3-aminobenzamide group and normal spermat-
from �400.
r dia
ilate

(

Ip

1.5
2.0
4.7
8.0

ll thick

5).
) tor
erma
gen
njury by inducing nicks in DNA. A recently dis-
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overed mechanism of cell injury, the PARP path-
ay is involved in the pathogenesis of various

orms of ischemia-reperfusion injury.2,6–8 This
athway involves reactive oxygen species produc-
ng strand breaks in DNA, and consequent activa-
ion of the nuclear enzyme PARP. However, exces-
ive DNA damage in the setting of ischemia-
eperfusion injury may lead to excessive PARP
ctivation that consumes large quantities of cellu-
ar nicotinamide adenine dinucleotide, resulting in
denosine 5�-triphosphate depletion. Moderate
ARP activity protects cellular genome integrity,
lthough excessive PARP activation leads to cell
eath secondary to massive adenosine 5�-triphos-
hate depletion. Overall, this process has been
ermed “the poly(ADP-ribose) polymerase suicide
ypothesis.”18

Use of PARP inhibitors after ischemia and reper-
usion has been shown to improve the status of
arious organs after ischemia.2,6–8 Administering
ARP inhibitors led to a reduction of the ischemia-
eperfusion injury to the heart and skeletal muscle
n rabbits,9 a reduction of brain infarct volume in a

odel of focal cerebral ischemia,10 amelioration of
he ischemia-reperfusion damage to the retina,11

nd protection against oxidative stress to the kid-
ey in rats.12 More recently, we showed that 2
ours of torsion with 720° of rotation of the testis

ollowed by 4 hours of detorsion caused a statisti-
ally significant increase in the biochemical param-
ters, including malondialdehyde, nitric oxide
ontent, and myeloperoxidase activity, an indica-
or of neutrophil accumulation, in testicular tissue
elated to ischemia-reperfusion injury.13 In that
tudy, we demonstrated that administration of four
ecognized PARP inhibitors (nicotinamide, 3-AB,
,5-dihydroxyisoquinoline, or 4-amino-1,8-naph-
halimide) before detorsion improved these bio-
hemical parameters, and this treatment may pro-
ect the testis against ischemia-reperfusion injury.
Our successful results in the early period of tes-

icular ischemia-reperfusion injury13 led us to eval-
ate the effect of pharmacologic PARP inhibition
n long-term histologic damage in the testicular
orsion model of the rat. We used 3-AB, which was
rst recognized as a PARP inhibitor more than 20
ears ago. It has been commonly used for this pur-
ose in both in vivo and in vitro studies investigat-

ng its effects in many pathophysiologic condi-
ions, including ischemia-reperfusion injury.6–8

o our knowledge, we have demonstrated here, for
he first time, that 3-AB has a beneficial effect on
ong-term histologic damage in testicular isch-
mia-reperfusion injury. When 3-AB was adminis-
ered before detorsion, the preservation of the his-
ologic parameters, including MSTD, GECT, and

TBS, were significantly maintained. The results

f the present study support the hypothesis of im- o

94
roved seminiferous tubule diameter, survival of
he germinal epithelium, and preservation of sper-
atogenesis with PARP inhibitor treatment before

etorsion of the testis. All these histologic param-
ters may give an accurate measurement of the de-
ree to which spermatozoal maturation is taking
lace within the seminiferous tubule and also the
evel of spermiogenesis that is related to fertility. In
ight of these findings, we propose that inhibition
f PARP may be a novel approach for the therapy of
schemia-reperfusion injury of the testis.

It has been demonstrated that treatment with re-
ctive oxygen species scavengers had a palliative
ffect on the histologic changes in testes that un-
erwent 1 hour experimental torsion but no statis-
ically significant rescue was seen after 2 hours of
esticular ischemia.19,20 In contrast, we found that
nhibition of PARP provided a statistically signifi-
ant decrease in the histologic damage after 2
ours of testicular torsion followed by detorsion.
hese observations could not be explained by a
imple antioxidant effect of the PARP inhibitor. As
reviously stated, treatment with PARP inhibitors
efore detorsion prevented additional increases in
ipid peroxidation of the testis and significantly re-
uced the concentration of testicular nitric oxide
nd myeloperoxidase activity, an indicator of neu-
rophil accumulation.13 Recent studies have dem-
nstrated that the loss of spermatogenesis after
schemia-reperfusion of the testis is due to germ
ell-specific apoptosis, and an influx of neutrophils
o the testis is essential for this pathologic find-
ng.4,5 Moreover, inhibition of PARP suppresses
he inflammatory response and attenuates neutro-
hil recruitment.13 One may anticipate that re-
uced leukocyte adhesion in testicular ischemia-
eperfusion represents an important additional
rotective effect provided by PARP inhibitors. Ad-
itional studies are required to clarify the relation-
hip between PARP and germ cell-specific apopto-
is in relation to the recruitment of neutrophils.
Poly(ADP-ribosylation) is involved in the regu-

ation of many cellular processes such as DNA re-
air, gene transcription, cell cycle progression, cell
eath, chromatin functions, and genomic stabili-
y.2,6–8 In the present study, inhibition of PARP
escued the histologic changes observed after isch-
mia-reperfusion injury of the testis; however, we
id not evaluate the DNA of the rescued germ cells.
ecause PARP is essential for DNA repair, it is pos-
ible that many of the rescued germ cells may have
ad defective DNA and thus were nonviable or per-
aps carried mutated DNA. Our results may en-
ourage other investigators to evaluate the DNA of
he rescued germ cells in future studies.
The effect of unilateral torsion on the contralat-

ral testis has been controversial. It has been dem-

nstrated that ipsilateral torsion does not result in

UROLOGY 63 (4), 2004
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ontralateral testicular damage in rats.21 Our pre-
ious study demonstrated no statistically signifi-
ant effect of 2 hours of torsion followed by 4 hours
f detorsion on the biochemical changes of the
ontralateral testis.13 The histologic parameters of
ontralateral testes did not reveal any statistically
ignificant differences, and the results of the
resent study support our earlier findings.

CONCLUSIONS

The results of the current study showed that in-
ibition of PARP before the reperfusion period of
esticular torsion may result in prolonged testicu-
ar salvage. Administering PARP inhibitors before
eperfusion may have the potential to decrease the
ong-term histologic damage that occurs after tes-
icular torsion, with a subsequent improvement in
ertility. We propose that PARP inhibition may be a
ovel approach for the therapy of ischemia-reper-

usion injury of the testis. However, relatively little
esearch has been done into the role of PARP
ithin testicular torsion,13 and additional studies

re required to elucidate the mechanism of isch-
mia-reperfusion injury of the testis that involves
ARP activation.
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