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Abstract

Aims/hypothesis. Poly(ADP-ribose) polymerase acti-
vation depletes NAD* and high-energy phosphates,
activates protein kinase C, and affects gene expression
in various tissues. This study was designed to charac-
terise the effects of the potent, orally active
poly(ADP-ribose) polymerase inhibitor PJ34 in the
Wistar rat model of early diabetic neuropathy.
Methods. Control and streptozotocin-diabetic rats
were maintained with or without PJ34 treatment
(30 mg-kg-!-day~!) for two weeks, after two weeks
without treatment. Endoneurial blood flow was as-
sessed by hydrogen clearance; metabolites and high-
energy phosphates were assayed by enzymatic spec-
trofluorometric methods; and poly(ADP-ribose) was
detected by immunohistochemistry.

Results. Blood glucose concentrations were increased
to a similar extent in untreated and PJ34-treated dia-
betic rats compared with controls. Intense poly(ADP-
ribose) immunostaining was observed in the sciatic
nerve of diabetic rats, but not in other groups. Final
sciatic motor nerve conduction velocity and digital
sensory nerve conduction velocity were reduced by
24% and 22% respectively in diabetic rats compared
with controls (p<0.01 for both), and both were 98%
corrected by PJ34 (p<0.01 vs diabetic group for both).

In contrast, with PJ34 treatment, nerve blood flow
showed a modest (17%) increase, and vascular con-
ductance showed a tendency to increase. Free mito-
chondrial and cytosolic NAD+:NADH ratios, assessed
from the glutamate and lactate dehydrogenase sys-
tems, phosphocreatine concentrations, and phospho-
creatine:creatine ratios were decreased in diabetic rats
and essentially normalised by PJ34. In both untreated
and PJ34-treated diabetic rats, nerve glucose, sorbitol
and fructose were increased to a similar extent. PJ34
did not affect any variables in control rats.
Conclusions/interpretation. Short-term poly(ADP-ri-
bose) polymerase inhibitor treatment reverses func-
tional and metabolic abnormalities of early diabetic
neuropathy. Complete normalisation of nerve blood
flow is not required for correction of motor or sensory
nerve conduction velocities, provided that a therapeu-
tic agent can restore nerve energy state via direct ac-
tion on Schwann cells.
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Introduction

Activation of poly(ADP-ribose) polymerase (PARP)
(EC 2.4.2.30), a downstream effector of free radical
and oxidant-induced DNA single-strand breakage,
plays an important role in a number of pathological
conditions associated with oxidative stress, i.e. cardio-
vascular and neurodegenerative diseases, cancer and
inflammation [1]. Growing evidence indicates that
PARP activation is an early pivotal mechanism in the
pathogenesis of autoimmune diabetes mellitus [2] and
chronic diabetic complications [3, 4, 5]. Activation
has been documented in beta cells and tissue sites for
diabetic complications in streptozotocin (STZ)-diabet-
ic rats and mice [2, 3, 4, 5], as well as in skin vessels
of patients with diabetes mellitus [6], and it may lead
to diabetic complications via several mechanisms. On
the one hand, activation of PARP, which cleaves NAD
to form nicotinamide and ADP-ribose residues, de-
pletes NAD and ATP (or other high-energy phos-
phates), which are utilised for NAD regeneration from
nicotinamide [1, 3, 5]. NAD depletion results in the
inhibition of the glyceraldehyde 3-phosphate dehydro-
genase reaction of glycolysis, and in the diversion of
the glycolytic flux towards the formation of diacylgly-
cerol, an activator of protein kinase C (PKC), and the
formation of methylglyoxal, a precursor of advanced
glycation end products [7]. On the other hand, PARP
controls activation of a number of transcription fac-
tors, i.e. nuclear factor-kappa B, activator protein-1,
signal transducer and activator of transcription-1, oc-
tamer-1 and p53 protein via direct binding, poly(ADP-
ribosyl)ation or both [8, 9]. This, in turn, up-regulates
numerous genes [9, 10], including those implicated in
the pathogenesis of peripheral diabetic neuropathy
(PDN), such as endothelin-1 [11], cyclooxygenase-2
[12, 13] and inflammatory genes [14]. Thus, PARP
activation can be a trigger of multiple mechanisms
implicated in diabetes-associated neuropathic changes.

Support for the important role of PARP in PDN
was generated by our recent study using PARP-defi-
cient mice and two structurally diverse PARP in-
hibitors, 3-aminobenzamide and 1,5-isoquinolinediol,
in the rat model [5]. However, neither of these are
orally active compounds, which makes them unsuit-
able for chronic experiments. Among other PARP
inhibitors, the potent orally active PARP inhibitor
PJ34 (the hydrochloride salt of N-(-oxo-5,6-dihydro-
phenanthridin-2-yl)-N,N-dimethylacetamide [3, 15])
has been that most extensively studied with regard to
diabetic complications [3, 4, 7, 15, 16]. Long-term
evaluation of the effect of PJ34 on diabetic reti-
nopathy is in progress (T.S. Kern, personal communi-
cation). In contrast to other PARP inhibitors, i.e. nico-
tinamide and 3-aminobenzamide, PJ34 is highly po-
tent and specific [3, 15], and does not have direct anti-
oxidant properties in concentrations up to 10 mmol/l
[3]. This study aimed to evaluate the effects of PJ34

on established functional and metabolic abnormalities
of early PDN.

Materials and methods

Reagents

Unless otherwise stated, all chemicals were of reagent grade
quality and were purchased from Sigma (St. Louis, Mo., USA).
Methanol (HPLC grade), perchloric acid, hydrochloric acid and
sodium hydroxide were obtained from Fisher Scientific (Pitts-
burgh, Pa., USA). Ethyl alcohol (200 proof dehydrated alcohol,
USP punctilious) was purchased from McCormick Distilling
(Weston, Mo., USA). We purchased B-p-glucose, sorbitol (NF)
and D-fructose (USP) from Pfanstiehl Laboratories (Waukegan,
Il., USA). Reagents for immunohistochemistry were purchased
from Vector Laboratories (Burlingdale, Calif., USA).

Animals

Model. Male Wistar rats (Charles River, Wilmington, Mass.,
USA), with body weights of 250 to 300 g, were fed a standard
rat chow (PMI Nutrition, Brentwood, Mo., USA) and had free
access to drinking water. STZ-diabetes was induced as de-
scribed previously [5, 17, 18]. Blood samples for measure-
ments of glucose were taken from the tail vein approximately
48 h after the STZ injection, and the day before the animals
were killed. The rats with blood glucose concentrations of
13.8 mmol/l or more were considered diabetic. The experimen-
tal groups comprised control and diabetic rats with or without
PJ34 treatment (30 mg-kg body weight-1-day~! in the drinking
water). The treatment began after the initial two weeks without
treatment. The duration of treatment was also two weeks. The
experiments were performed in accordance with regulations
specified by the National Institutes of Health “Principles of
Laboratory Animal Care, 1985 Revised Version” and the Uni-
versity of Michigan Protocol for Animal Studies.

Anaesthesia. We have previously reported [19, 20] that a num-
ber of anaesthetics distort the profile of peripheral nerve
metabolites, whereas sedation by a short exposure to CO, (ap-
proximately 15-20 s) with immediate cervical dislocation pre-
serves high-energy phosphate levels in the range of those ob-
tained after decapitation without any narcosis. For this reason,
two different sets of animals were used for functional and met-
abolic studies. The functional studies measured nerve blood
flow (NBF), motor nerve conduction velocity (MNCV) and
sensory nerve conduction velocity (SNCV). Measurements of
MNCYV and SNCV were taken at the onset (prior to induction
of diabetes) and at the 2-week time point (beginning of inter-
ventions) in rats anaesthetised with a mixture of ketamine and
xylazine (45 mg/kg body weight and 15 mg/kg body weight
respectively, both i.p.). For final NBF, MNCV and SNCV mea-
surements, rats were anaesthetised with inactin (65-85 mg/kg
body weight, i.p.). Sciatic MNCV and digital SNCV measure-
ments were taken before the assessment of NBF on the contra-
lateral nerve. In all measurements, body temperature was mon-
itored by a rectal probe and maintained at 37 °C with a warm-
ing pad. Hind limb skin temperature was also monitored by a
thermistor and maintained between 36 and 38 °C by radiant
heat. For metabolic studies, the animals were sedated by CO,
in a specially designed chamber [19] and immediately killed
by cervical dislocation. The left nerves were rapidly dissected,
carefully blotted with fine filter paper to remove any accompa-
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nying blood, and frozen in liquid nitrogen for subsequent mea-
surements of glycolytic and tricarboxylic acid cycle inter-
mediates and variables of energy state. The right nerves were
divided into two parts. Segments of approximately 50 mg were
frozen in liquid nitrogen for subsequent measurements of the
sorbitol pathway intermediates. The remaining parts were fixed
in 10% formalin and later used for immunohistochemistry.

Specific methods

Functional studies. Sciatic endoneurial nutritive NBF was as-
sessed by microelectrode polarography and hydrogen clear-
ance [21] as we have already described [5]. Nutritive NBF was
taken as the slow component of the curve. An average of two
measurements at different sites was used to determine nutritive
NBF. Sciatic MNCV and hind limb digital SNCV were mea-
sured as previously described [5].

Metabolic studies. The steady-state concentrations of gluta-
mate, o-ketoglutarate, ammonia, pyruvate, lactate, ATP, phos-
phocreatine (PCr), creatine (Cr), glucose, sorbitol and fructose
were assayed spectrofluorometrically by enzymatic procedures
as already described [17, 18, 19, 20]. Free mitochondrial and
cytosolic NAD*:NADH ratios were calculated from the steady-
state metabolite concentrations and equilibrium constants of
the glutamate dehydrogenase and lactate dehydrogenase sys-
tems [17, 19].

Assessment of poly(ADP-ribose) immunoreactivity. All immu-
nohistochemical samples were coded and examined by a single
investigator in a blinded fashion. Paraffin-embedded, 5-mi-
cron-thick longitudinal sections of sciatic nerve were deparaf-
finised in xylene and rehydrated in decreasing concentrations
of ethanol followed by a 5-min incubation period in PBS. Sec-
tions were treated with 0.3% hydrogen peroxide for 15 min to
block endogenous peroxidase activity and then rinsed briefly
in PBS. Non-specific binding was blocked by incubating the
slides for 1 h in 0.25% Triton/PBS containing 2% horse serum.
To detect poly(ADP-ribose), a routine histochemical procedure
was applied as previously described [5]. Mouse monoclonal
anti-poly(ADP-ribose) antibody and isotype-matched control
antibody were applied in a dilution of 1:400 for 1 h at room
temperature.

Statistical analysis

The results are expressed as means + SEM. Data were subject-
ed to equality of variance F test, and then to log transforma-
tion, if necessary, before one-way analysis of variance. Where
overall significance was attained, individual between-group
comparisons were made using the Student-Newman-Keuls
multiple range test. Results were considered significant at a
p value of 0.05 or less. When between-group variance differ-
ences could not be normalised by log transformation (datasets
for body weight, plasma glucose and some metabolic parame-
ters), the data were analysed by non-parametric Kruskal-Wallis
one-way analysis of variance, followed by the Bonferroni-
Dunn test for multiple comparisons.

Results

Final body weights were lower in diabetic rats than in
controls (p<0.01, Table 1). They were slightly, but sig-
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Fig. 1. Representative microphotographs of nuclear poly(ADP-
ribose) immunostaining in the sciatic nerves of control and
diabetic rats with and without PJ34 treatment. Magnification
%x400; C, control group; D, diabetic group

Table 1. Body weights and blood glucose concentrations in
control and diabetic rats with and without PJ34 treatment

Body weight (g) Blood
glucose
Initial2 Final (mmol/l)
Control 298+5 4667 4.30+0.14
Control + PJ34 284+6 4679 3.96+0.10
Diabetic 288+4 390+22b 20.2+1.4b
Diabetic + PJ34 292+5 343+6bc 21.9+0.6>

Data are means * SEM; n=14-23; 2before induction of
STZ-diabetes; b significantly different from controls (p<0.01);
¢ significantly different from untreated diabetic group (p<0.01)

nificantly, lower in the PJ34-treated diabetic rats than
in the corresponding untreated group (p<0.05). PJ34
did not affect weight gain in control rats. Blood glu-
cose concentrations were 4.7-fold higher in diabetic
rats than in controls (p<0.01). PJ34 did not affect
blood glucose concentrations in control or diabetic
rats.

Sciatic nerve poly(ADP-ribose) immunoreactivity
was not detected in control rats with or without PJ34
treatment (Fig. 1). It was clearly manifest in diabetic
rats. Several nuclei stained for poly(ADP-ribose) were
present in sciatic nerves of PJ34-treated diabetic rats,
although the immunoreactivity was essentially sup-
pressed compared with the untreated diabetic group.

The onset MNCV and SNCV values (prior to in-
duction of STZ-diabetes) for all experimental groups,
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Fig. 2. Final motor (a) and sensory (b) nerve conduction ve-
locities, nerve blood flow (c¢), blood pressure (d) and vascular
conductance (e) in control and diabetic rats with and without
PJ34 treatment. Data are means = SEM; n=6-14; **p<0.01 vs
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control group; #p<0.01 vs untreated diabetic group; C, control
group; D, diabetic group; MNCYV, motor nerve conduction ve-
locity; SNCV, sensory nerve conduction velocity; NBF, nerve
blood flow; VC, vascular conductance

Table 2. Motor nerve and sensory nerve conduction velocities at the onset? and after two weeks in rat experimental groups

MNCYV (m/s) SNCV (m/s)

Onset After 2 weeks Onset After 2 weeks
Control 55.7+0.7 56.5+1.4 36.5+0.3 37.4+0.5
Control + PJ34 55.8+0.8 57.4+1.3 36.8+0.5 37.4+0.4
Diabetic 55.6+0.8 45.9+1.1b 37.3+0.5 31.4+0.4b
Diabetic + PJ34 56.2+1.4 44.6+0.9° 37.1+0.5 31.7+0.4b

Data are means = SEM; n=7-14; MNCYV, motor nerve conduction velocity; SNCV, sensory nerve conduction velocity; 2 before
induction of STZ-diabetes; P significantly different from the corresponding onset values (p<0.01)

as well as the MNCV and SNCYV values at the begin-
ning of interventions, i.e. the 2-week time point, are
given in Table 2. Final MNCV and SNCV (Fig. 2a
and b) were reduced by 24% and 22% in diabetic rats
compared with controls. Both MNCV and SNCV
deficits were 98% corrected by PJ34 treatment. PJ34
had no effect on MNCV or SNCV in non-diabetic
rats.

The diabetes-induced 50% reduction in sciatic en-
doneurial nutritive NBF was reversed by 67% through
PJ34 treatment (Fig. 2c). The diabetes-associated 80%
decrease in mean systemic blood pressure was cor-
rected by PJ34 to a level that was not significantly dif-
ferent from control or diabetic rats (Fig. 2d). The dia-
betes-induced 37% deficit in endoneurial vascular
conductance (Fig. 2e), i.e. NBF normalised for blood
pressure, tended to increase with PJ34 treatment, but
the difference from the untreated group was not statis-
tically significant.

Nerve glutamate concentrations were higher in dia-
betic rats than in the control group (p<0.01, Table 3).
PJ34 treatment normalised glutamate concentrations
in diabetic rats, but did not affect them in control rats.
Concentrations of o-ketoglutarate were reduced in
diabetic rats. This variable was not affected by PJ34
treatment in control rats but was increased by PJ34 in
diabetic rats. Ammonia concentrations were similar in
all groups. Lactate concentrations were higher, and
pyruvate concentrations lower in diabetic rats than in
controls. Lactate concentrations were reduced to be-
low the control level in PJ34-treated diabetic rats
(p<0.01 vs untreated diabetic group and p<0.05 vs
control group), whereas pyruvate concentrations re-
mained in the range found in the untreated diabetic
group. Treatment with PJ34 reduced lactate concentra-
tions in control rats (p<0.01 vs control group).

Free mitochondrial and cytosolic NAD*:NADH
ratios were lower in diabetic rats than in the control



714

F. Lietal.:

Table 3. Nerve metabolite concentrations and free mitochondrial and cytosolic NAD+:NADH ratios in control and diabetic rats

with and without PJ34 treatment

Control Control + PJ34 Diabetic Diabetic + PJ34
Glutamate 1.92+0.08 1.89+0.06 2.79+0.072 1.69+0.13¢
o-ketoglutarate 0.141+0.018 0.1360.012 0.078+0.010b 0.122+0.009
Ammonia 1.30+0.04 1.21+0.06 1.27+0.07 1.15+0.08
Pyruvate 0.156+0.011 0.127+0.011 0.091+0.0032 0.099+0.005
Lactate 1.74+0.14 1.11x0.042 2.7+£0.072 1.38+0.07bc
NAD+ :NADHCyt 87383 828+50 306+134 802+23¢
NAD+:NADH, ;, 21.9+2.3 20.6+3.2 10.8+0.72 18.7+1.2¢

Data are means + SEM; n=6-9; metabolite concentrations
are expressed in umol/g wet weight; 2significantly different
from controls, p<0.01; ®significantly different from controls,

p<0.05; ¢significantly different from untreated diabetic group,
p<0.01; NAD+:NADHCyt, free cytosolic NAD+:NADH ratio;

NAD*:NADH .. free mitochondrial NAD+:NADH ratio

mit>

Table 4. Nerve energy state in control and diabetic rats with and without PJ34 treatment

Control Control + PJ34 Diabetic Diabetic + PJ34
ATP 0.71620.103 0.790+0.060 0.800+0.043 0.807+0.022
PCr 3.76+0.40 3.75+0.140 2.45+0.152 3.19+0.16
Cr 3.80+0.44 3.66x0.26 3.82+0.16 3.43+0.15
PCr:Cr 0.854+0.078 1.038+0.052 0.649+0.0432 0.930+0.026b

Data are means +SEM; n=6-9; ATP, PCr and Cr concentra-
tions are expressed in pumol/g wet weight; 2 significantly differ-
ent from controls (p<0.01); bsignificantly different from un-

treated diabetic group (p<0.01); ATP, adenosine 5’-triphos-
phate; Cr, creatine; PCr, phosphocreatine; PCr:Cr, PCr:Cr ratio

Table 5. Nerve sorbitol pathway intermediate concentrations in control and diabetic rats with and without PJ34 treatment

Control Control + PJ34 Diabetic Diabetic + PJ34
Glucose 1.81+0.076 1.87+0.114 8.3+0.82 7.7+0.52
Sorbitol 0.108+0.009 0.129+0.015 1.37+0.092 1.21+0.072
Fructose 0.909+0.040 1.04+0.05 4.63+0.212 5.04+0.244

Data are means = SEM; n=6-9; concentrations are expressed in umol/g wet weight; 2 significantly different from controls, p<0.01

group (p<0.01 for both). The decrease in both ratios
was essentially corrected by PJ34 (p<0.01 vs untreat-
ed diabetic group). PJ34 did not affect the redox state
of mitochondrial or cytosolic NAD couples in control
rats.

Nerve ATP concentrations were similar in all
groups (Table 4). PCr concentration and PCr:Cr ratio,
but not Cr concentration, were higher in diabetic rats
than in controls (p<0.01 and p<0.05 respectively).
PJ34 treatment did not affect PCr and Cr concentra-
tions and PCr:Cr ratio in control rats. In diabetic rats,
PJ34 increased PCr concentration (p<0.05 vs untreat-
ed diabetic group) and essentially normalised PCr:Cr
ratio (p<0.01 vs untreated diabetic group), but did not
affect Cr concentrations.

Nerve glucose, sorbitol and fructose concentrations
were 4.6-fold, 12.7-fold and 5.1-fold higher respec-
tively in diabetic rats than in the control group
(»<0.01 for all three comparisons, Table 5). These
concentrations were not affected by PJ34 treatment in
control or diabetic rats.

Discussion

“The neuropathic changes are reversible until they
affect the phenotype of neurons and Schwann cells”
(D. R. Tomlinson, personal communication). The va-
lidity of this postulate is supported by numerous re-
versal studies with inhibitors of aldose reductase [17]
and PKC [22], with antioxidants [23] and with other
agents, all indicating that consequences of diabetic
hyperglycaemia such as increased sorbitol pathway
activity, oxidative stress and PKC activation do not
cause irreversible changes in the peripheral nervous
system, at least in the early stage of PDN. More
recently, it has been shown that intervention even
further downstream than hyperglycaemia, at the level
of oxidative-stress-initiated, mitogen-activated protein
kinase signalling cascade, successfully restores nor-
mal nerve function [24]. The reversal of functional
and metabolic abnormalities of early PDN has been
achieved in this study and in our previous study [5]
with several structurally diverse inhibitors of the en-
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zyme PARP, a downstream effector of DNA oxidative
damage [1].

Activation of PARP is a response to increased free
radical and oxidant (peroxynitrite) generation [1] pres-
ent in neural elements and vasa nervorum of the pe-
ripheral nervous system [5, 25]. A number of studies,
including those from our group, provide evidence of
increased lipid peroxidation [17, 18, 19, 26], impaired
oxidative defence [17, 18, 19, 20, 26], and superoxide
formation [27, 28] in the peripheral nerve. Further-
more, recent findings [27, 29] indicate increased for-
mation of peroxynitrite, a product of the reaction be-
tween superoxide anion radicals and nitric oxide, in
experimental models and human subjects with PDN.
Studies with the potent peroxynitrite decomposition
catalyst FP15 [30, 31] suggest that peroxynitrite is pri-
marily responsible for enhanced poly(ADP-ribo-
syDation in a number of pathological conditions asso-
ciated with oxidative stress. We have recently found
that FP15 administered at the very low dose of
5 mg/kg for one week after two months of untreated
STZ-diabetes completely reverses peripheral nerve
nitrotyrosine and poly(ADP-ribose) accumulation, as
well as MNCV and SNCV deficits of early PDN in
the mouse model (I. G. Obrosova and C. Szabd, un-
published).

Poly(ADP-ribose) accumulation, the product of
PARP activation, is found in all major tissue sites
for diabetic complications, including in the vascular
endothelium [3, 4], myocardium [4], retina [16, 32]
and kidney [10] in rat and mouse models of STZ-
diabetes. Recent findings, including those from our
group, revealed the presence of diabetes-associated
PARP activation in dorsal root ganglion neurons [25]
and endothelial and Schwann cells of the peripheral
nerve [5]. Growing evidence implicates PARP in the
pathogenesis of chronic diabetic complications includ-
ing endothelial and myocardial dysfunction [3, 4], pe-
ripheral [5] and autonomic [33] neuropathy, and early
retinopathy [16, 32, 34]. Direct evidence that PARP ac-
tivation plays a role in diabetic nephropathy is still
missing, although we have recently demonstrated that
PARP activation is responsible for the overexpression
of endothelin-1 and endothelin A and B receptors [10],
the important players in diabetic kidney disease [35].

In our study, the PARP inhibitor PJ34 essentially
normalised MNCV and SNCV deficits and important
metabolic abnormalities of early PDN such as free
mitochondrial and cytosolic NAD+*:NADH ratios, and
energy deficiency. All these effects were specific to di-
abetic animals. In contrast, the effect of PARP inhibitor
on nerve perfusion, manifested by a 17% increase in
NBF and the absence of a significant increase in vas-
cular conductance, was modest. While studies from
several groups [17, 22, 23, 27, 28, 36], including one
from our laboratory [17], suggest that vascular factor
plays an important role in MNCV and SNCV deficits
in PDN, growing evidence indicates that the aetiology

of diabetes-induced nerve dysfunction is far more
complex, and involves both vascular and non-vascular
mechanisms. In particular, in diabetic and galac-
tosaemic transgenic mice overexpressing aldose reduc-
tase (AR) specifically in the Schwann cells of the pe-
ripheral nerve under the control of the rat myelin pro-
tein zero promoter, there was a significantly greater re-
duction in MNCYV than in the corresponding groups of
non-transgenic mice with normal AR content [37].
Nerve function, but not NBF, has been preserved in the
normal range in diabetic rats treated with the neurotro-
phic factor, prosaposin [38], or with sonic hedgehog
protein [39]. All of these effects [37, 38, 39] have been
observed in rats and mice with relatively early PDN
and diabetes-like galactose-induced neuropathy lack-
ing the signs of nerve demyelination, and are probably
related to reversible modifications of the metabolic and
neurotrophic state of the neural elements of the periph-
eral nervous system, i.e. neurons and Schwann cells. In
our previous study [17], use of the vasodilator o;-adre-
noceptor antagonist prazosin to prevent diabetes-in-
duced nerve perfusion deficit as manifested by normal
vascular conductance failed to preserve normal mito-
chondrial oxidative capacity. The latter is quite under-
standable in light of recent findings suggesting the de-
pendence of inner mitochondrial membrane potential
on insulin-dependent neurotrophic support [40], which
is likely to be unrelated to the state of perfusion, but
which is affected by intracellular oxidative stress [26,
41]. Our present findings demonstrate that inhibition
of diabetes-induced PARP activation, which is known
to be responsible for NAD depletion [1, 3] and down-
regulation of glyceraldehyde 3-phosphate dehydroge-
nase (or insufficient up-regulation as in the peripheral
nerve) [7], as well as for decreased rates of glycolysis
and mitochondrial oxidation [1], restores normal nerve
energy state, the metabolic variable that correlates best
with nerve conduction [5, 17, 18, 20]. Unfortunately,
the specific mechanisms by which diabetes disrupts
electric impulse transmission in the peripheral nerve
are not understood, which impedes the investigation of
the role of any neuronal or Schwann cell factor, e.g.
oxidative stress or poly(ADP-ribosyl)ation in diabetes-
associated nerve conduction slowing. Future studies
with PARP-antisense oligodeoxynucleotides delivered
in viral vectors to specific elements of the peripheral
nervous system could further elucidate the role of vas-
cular and non-vascular, i.e. neuronal and Schwann cell,
PARP in the pathogenesis of PDN. PARP antisense
oligodeoxynucleotides have already been successfully
employed by several laboratories [42, 43].

The relation between PARP and the sorbitol path-
way of glucose metabolism is interesting in light of
some recent developments in the field of diabetic
complications. According to the “unifying concept”
of diabetic complications [44], oxidative stress, and
in particular mitochondrial superoxide production, is
responsible for increased AR activity, formation of
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advanced glycation end products and activation of
PKC. Recently, it has been reported that hypergly-
caemia-induced activation of at least two of these
mechanisms, i.e. glycation and PKC, is mediated via
PARP-activation-linked inhibition of glycolysis asso-
ciated with increased formation of methylglyoxal and
diacylglycerol [7]. The role of PARP in diabetes-in-
duced sorbitol pathway hyperactivity has never been
explored. At the same time, growing evidence gener-
ated in studies with aldose reductase inhibitors [18,
45, 46] and antioxidants [20], as well as AR-overex-
pressing [36, 47] and AR-knockout mice [48], indi-
cates that AR activation precedes and is largely re-
sponsible for enhanced oxidative stress in tissue sites
for diabetic complications. Furthermore, a recent
study of endothelial cells exposed to high glucose
concentrations [46], and the studies of our group on
the peripheral nerve, retina and kidneys of diabetic
rats (I. G. Obrosova and P. Pacher, unpublished) sug-
gest that AR is also a key player in peroxynitrite-in-
duced nitrosative stress, which is a major contributor
to PARP activation. The fact that PJ34 had no effect
on diabetes-associated accumulation of peripheral
nerve sorbitol pathway intermediates is consistent
with the localisation of PARP downstream from in-
creased AR activity and oxidative-nitrosative stress in
the pathogenesis of PDN and other diabetic complica-
tions.

In conclusion, this short-term study with the orally
active PARP inhibitor, PJ34, saw the reversal of estab-
lished functional and metabolic abnormalities of early
PDN in the STZ-diabetic rat model. Chronic experi-
ments are needed to establish whether PARP in-
hibitors are effective against demyelination, nerve
fibre loss and other indices of advanced PDN, and
whether or not long-term suppression of PARP, the en-
zyme involved in DNA repair [1], is associated with
adverse side effects. If not, it could be a novel ap-
proach for the prevention and treatment of diabetic
complications.
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