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Oxidative-Nitrosative Stress and Poly(ADP-Ribose)
Polymerase (PARP) Activation in Experimental Diabetic
Neuropathy
The Relation Is Revisited
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Poly(ADP-ribose) polymerase (PARP) activation, an im-
portant factor in the pathogenesis of diabetes complica-
tions, is considered a downstream effector of oxidative-
nitrosative stress. However, some recent findings suggest
that it is not necessarily the case and that PARP activation
may precede and contribute to free radical and oxidant-
induced injury. This study evaluated the effect of PARP
inhibition on oxidative-nitrosative stress in diabetic pe-
ripheral nerve, vasa nervorum, aorta, and high glucose–
exposed human Schwann cells. In vivo experiments were
performed in control rats and streptozocin (STZ)-induced
diabetic rats treated with and without the PARP inhibitor
3-aminobenzamide (ABA) (30 mg � kg�1 � day�1 i.p. for 2
weeks after 2 weeks of untreated diabetes). Human
Schwann cells (HSC) (passages 7–10; ScienCell Research
Labs) were cultured in 5.5 or 30 mmol/l glucose with and
without 5 mmol/l ABA. Diabetes-induced increase in pe-
ripheral nerve nitrotyrosine immunoreactivity, epineurial
vessel superoxide and nitrotyrosine immunoreactivities,
and aortic superoxide production was reduced by ABA.
PARP-1 (Western blot analysis) was abundantly expressed
in HSC, and its expression was not affected by high glucose
or ABA treatment. High-glucose–induced superoxide pro-
duction and overexpression of nitrosylated and poly(ADP-
ribosyl)ated protein, chemically reduced amino acid-(4)-
hydroxynonenal adducts, and inducible nitric oxide
synthase were decreased by ABA. We concluded that PARP
activation contributes to superoxide anion radical and
peroxynitrite formation in peripheral nerve, vasa nervo-
rum, and aorta of STZ-induced diabetic rats and high-
glucose–exposed HSC. The relations between oxidative-
nitrosative stress and PARP activation in diabetes are bi-
rather than unidirectional, and PARP activation cannot

only result from but also lead to free radical and oxidant
generation. Diabetes 54:3435–3441, 2005

O
xidative-nitrosative stress produced by free
radicals and oxidants contributes to nerve con-
duction deficits (1–3), metabolic changes (3,4),
impaired neurotrophic support (5), neurovas-

cular dysfunction (1,2), abnormal sensation, and pain
(6,7), as well as morphological abnormalities (8) charac-
teristic for peripheral diabetic neuropathy (PDN). Enhanced
oxidative-nitrosative stress is manifest in peripheral nerve,
dorsal root and sympathetic ganglia, and vasculature of
the peripheral nervous system of animals with both type 1
and type 2 diabetes (1,3,9–13). One of the important,
currently considered as downstream, effectors of oxida-
tive-nitrosative injury and associated DNA single-strand
breakage is activation of the nuclear enzyme poly(ADP-
ribose) polymerase (PARP). Once activated, PARP cleaves
nicotinamide adenine dinucleotide (NAD�) with formation
of nicotinamide and ADP-ribose residues, which are at-
tached to nuclear proteins with formation of poly(ADP-
ribosyl)ated protein polymers. The process leads to 1)
NAD� depletion and energy failure (16,17), 2) changes of
transcriptional regulation and gene expression (18), and 3)
poly(ADP-ribosyl)ation and inhibition of glyceraldehyde
3-phosphate dehydrogenase resulting in diversion of the
glycolytic flux toward several pathways implicated in
diabetes complications (19). Growing evidence suggests
that PARP activation represents a fundamental step in the
pathogenesis of diabetes complications (16,17,20–23). Our
group has recently demonstrated the important role of
PARP in nerve conduction deficits, neurovascular dysfunc-
tion, and energy failure, as well as thermal and mechanical
hyperalgesia in early PDN (17,23).

The interactions between oxidative-nitrosative stress
and PARP are complex, and recent observations do not
support the premise that PARP activation is a mere
consequence of free radical and oxidant-induced damage.
On the one hand, PARP activation in bovine aortic endo-
thelial cells was documented within 2 h of exposure to
high glucose (19), i.e., at the time when neither enhanced
dichlorofluorescein fluorescence (an index of intracellular
oxidative stress) nor accumulation of nitrosylated proteins
in these particular cells and conditions are detectable
(I.G.O., M.J.S., V.R.D., unpublished observations). Further-
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more, PARP activation, but not DNA single-strand break-
age, was identified in dorsal root ganglia neurons of
streptozocin (STZ)-induced diabetic rats (10), whereas in
the retina, poly(ADP-ribosyl)ated proteins accumulated
both in the cells containing DNA breaks and in those with
preserved DNA integrity (T.S. Kern, personal communica-
tion). This suggests that some unidentified, potentially met-
abolic, mechanism(s) of PARP activation, different from
oxidative-nitrosative stress, may operate in diabetic and
hyperglycemic conditions. On the other hand, PARP acti-
vation affects glucose utilization, transcriptional regula-
tion, and gene expression and thus can potentially
contribute to oxidative-nitrosative stress via multiple mech-
anisms. Our animal and cell culture studies provide the first
evidence of the major contribution of PARP activation to
oxidative-nitrosative stress in peripheral nerve, vasa ner-
vorum, and aorta of STZ-induced diabetic rats, as well as
high-glucose–exposed human Schwann cells (HSC).

RESEARCH DESIGN AND METHODS

Unless otherwise stated, all chemicals were of reagent-grade quality and were
purchased from Sigma Chemical, St. Louis, MO. Reagents for immunohisto-
chemistry have been purchased from Vector Laboratories, Burlingdale, CA,
and Dako Laboratories, Santa Barbara, CA. HSC and HSC medium were
purchased from ScienCell Research Laboratories, San Diego, CA.

The experiments were performed in accordance with regulations specified
by the National Institutes of Health 1985 Principles of Laboratory Animal Care
and University of Michigan Protocol for Animal Studies. Male Wistar rats
(Charles River, Wilmington, MA), body weight 250–300 g, were fed a standard
rat diet (PMI Nutrition, Brentwood, MO) and had access to water ad libitum.
STZ-induced diabetes was induced as described (4,11,16,17). Blood samples
for glucose measurements were taken from the tail vein �48 h after the STZ
injection and the day before the animals were killed. The rats with blood
glucose �13.8 mmol/l were considered to have diabetes. The experimental
groups were comprised of control rats and diabetic rats treated with and
without the PARP inhibitor 3-aminobenzamide (ABA) (30 mg � kg�1 � day�1

i.p.). The treatments were started 2 weeks after the initial 2 weeks without
treatment. We have previously reported that STZ-induced diabetic rats with
short-term (4- to 6-week) duration of diabetes had clearly manifest oxidative-
nitrosative stress and PARP activation in the peripheral nerve (11,17,24) and,
therefore, are quite suitable for mechanistic studies of interactions between
the two phenomena. Furthermore, in an earlier study with an identical
experimental design we found that ABA, at the aforementioned dose, cor-
rected motor and sensory nerve conduction deficits (motor nerve conduction
velocity [m/s]: controls: 58.1 � 1.8, controls � ABA: 58.9 � 1.5, diabetes:
43.7 � 1.4 [P � 0.01 vs. controls], diabetes � ABA: 56.2 � 1.9 [P � 0.01 vs.
untreated diabetes] and sensory nerve conduction velocity [m/s]: controls:
39.4 � 1.6, controls � ABA: 38.7 � 1.0, diabetes: 30.2 � 0.5 [P � 0.01 vs
controls], diabetes �ABA: 36.1 � 0.6 [P � 0.01 vs. untreated diabetes]), as well
as neurovascular dysfunction and energy failure in STZ-induced diabetic rats
(17).
Anesthesia, euthanasia, and tissue sampling. The animals were sedated
by CO2 (24) and immediately killed by cervical dislocation. Both sciatic nerves
were rapidly dissected and fixed in formalin (17) for assessment of nitroty-
rosine and poly(ADP-ribose) by immunohistochemistry. Some sciatic nerves
were used for isolation of epineurial arterioles (1) and assessment of
arteriolar superoxide anion radical and nitrotyrosine. Aortas have also been
sampled and immediately used for superoxide measurements.
HSC culture. HSC were cultured in commercial media, according to manu-
facturer’s instructions. Passages 7–10 were used in all experiments.
Specific methods

Immunohistochemical studies. All sections were processed and evaluated
blindly.
NT immunoreactivity. Nitrotyrosine immunoreactivity was assessed as
described (11). The intensity of staining was graded from 1 to 4 (1, no staining;
2, faint; 3, moderate; and 4, intense), and the immunohistochemistry score was
expressed as mean � SE for each experimental group. Similar staining
procedure has been used for epineurial vessel sections.
Poly(ADP-ribose) immunoreactivity. Poly(ADP-ribose) immunoreactivity
was assessed as described (17). The number of poly(ADP-ribose)-positive
nuclei were calculated for each microphotograph.
Superoxide in epineurial vessels and aorta. Superoxide anion radical
abundance in epineurial vessels was assessed by the hydroethidine method as

described (1). The intensity of superoxide fluorescence was graded from 1 to
4 (1, no fluorescence; 2, weak; 3, moderate; and 4, intense), and the
immunohistochemistry score was expressed as mean � SE for each experi-
mental group. Superoxide anion radical abundance in aorta was measured by
lucigenin-enhanced chemiluminescence (1).
Superoxide in HSC. HSC were cultured in 6-well plates in media containing
either 5.5 or 30 mmol/l glucose with and without ABA, 5 mmol/l, or the potent,
cell permeable superoxide dismutase mimetic Mn(III)TBAP, 50 �mol/l (Cay-
man Chemical, Ann Arbor, MI). Mn(III)TBAP was used as a positive control.
Culture media were then aspirated and the cells washed with PBS. Two
milliliters of serum-free medium containing 50 �l of 10 �mol/l hydroethidine
(Molecular Probes) was added per well at 37°C for 30 min. Then the cells were
washed with PBS and trypsinized, and the ethidium fluorescence (an index of
superoxide generation) was measured by spectrofluorometry (LS 55 Lumines-
cence Spectrometer [Perkin Elmer], � excitation 465 nm, � emission 630 nm).
After spectrofluorometry, the cells were counted, and fluorescence was
expressed per 104 cells.
Western blot analysis. HSC were cultured for 24 h in media containing
either 5.5 mmol/l or 30 mmol/l glucose with and without 5 mmol/l ABA.
Western blot analysis of cell lysates (100 �g) was performed as described
(23,25), with nitrotyrosine, poly(ADP-ribose), PARP-1 (Biomol, Plymouth
Meeting, PA), inducible nitric oxide synthase (iNOS) (Santa Cruz, Santa Cruz,
CA), or chemically reduced amino acid-(4)-hydroxynonenal adduct (hy-
droxynonenal [HNE] adduct; Calbiochem) antibodies. Total content of all
nitrosylated and poly(ADP-ribosyl)ated proteins and HNE adducts as well as
iNOS and PARP-1 was quantified by densitometry (Quantity One 4.5.0 soft-
ware; Bio-Rad Laboratories, Richmond, CA). Membranes were then stripped
in the 62.5 mmol/l Tris-HCl, pH 6.7, buffer containing 2% SDS and 100 mmol/l
�-mercaptoethanol and reprobed with �-actin antibody to confirm equal
protein loading.
Statistical analysis. The results are expressed as means � SE. Data were
subjected to equality of variance F test and then to log transformation, if
necessary, before one-way ANOVA. Where overall significance (P � 0.05) was
attained, individual between-group comparisons were made using the Stu-
dent-Newman-Keuls multiple range test. Significance was defined at P � 0.05.
When between-group variance differences could not be normalized by log
transformation (datasets for body weights and plasma glucose), the data were
analyzed by the nonparametric Kruskal-Wallis one-way ANOVA, followed by
the Bonferroni/Dunn test for multiple comparisons.

RESULTS

The final body weights were comparably lower in un-
treated and ABA-treated diabetic rats than in the control
group (Table 1). The final blood glucose concentrations
were similarly elevated in untreated and ABA-treated
diabetic rats compared with the control rats.

Nitrotyrosine immunoreactivities were increased 2.3-
fold in the sciatic nerves of diabetic rats compared with
control rats, and this increase was markedly reduced by
ABA treatment (Fig. 1A and B).

Poly(ADP-ribose) immunoreactivities were increased in
the sciatic nerves of diabetic rats compared with controls,
and this increase was reduced by ABA treatment (Fig. 1C).
The number of the sciatic nerve poly(ADP-ribose)-positive
nuclei was 2.7-fold greater in the diabetic group compared
with the control group (P � 0.01, Fig. 1D). No significant
differences in the numbers of sciatic nerve poly(ADP-

TABLE 1
Initial and final body weights and final blood glucose concen-
trations in control and diabetic rats with and without ABA
treatment

Body weight (g)
Blood

glucose
Initial* Final (mmol/l)

Control 279 � 6 483 � 9 4.98 � 0.22
Diabetes 288 � 5 375 � 16† 19.8 � 1.26†
Diabetes � ABA 282 � 6 359 � 22† 20.6 � 1.62†

Data are means � SE, n 	 10–18. *Before induction of STZ-induced
diabetes. †Significantly different from controls (P � 0.01).
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ribose)-positive nuclei were found between the ABA-
treated diabetic group and nondiabetic controls.

Ethidium fluorescence (an index of superoxide produc-
tion) was increased �2.8-fold in epineurial vessels of
diabetic rats compared with controls (Fig. 2A and B), and
this increase was blunted by ABA treatment. Nitrotyrosine
immunoreactivity was increased threefold in epineurial
vessels of diabetic rats, and this increase was reduced by
ABA treatment (Fig. 2C and D).

Superoxide abundance in aorta was increased twofold

in diabetic rats compared with control rats (P � 0.01, Fig.
3), and this increase was partially prevented by ABA
treatment (P � 0.01 vs. untreated diabetic group).

Ethidium fluorescence was increased �1.4-fold in HSC
cultured in 30 mmol/l glucose compared with those cul-
tured in 5.5 mmol/l glucose, and this increase was pre-
vented by ABA and MnTBAP (Fig. 4). Neither ABA nor
MnTBAP affected ethidium fluorescence in HSC cultured
in 5.5 mmol/l glucose.

HNE adduct abundance was increased �1.3-fold in HSC
cultured in 30 mmol/l glucose compared with those cul-

FIG. 1. A: Representative microphotographs of immunohistochemical
stainings of nitrotyrosine in sciatic nerves of control rats, diabetic
rats, and diabetic rats treated with ABA. Magnification �400. B:
Immunohistochemistry scores (IH) of sciatic nerve nitrotyrosine stain-
ings (mean � SE). C: Representative microphotographs of immunohis-
tochemical stainings of poly(ADP-ribose) in sciatic nerves of control
rats, diabetic rats, and diabetic rats treated with ABA. Magnifica-
tion �400. D: Counts of poly(ADP-ribose)-positive nuclei in sciatic
nerves of control rats, diabetic rats, and diabetic rats treated with
ABA. In all figures, C, control; D, diabetes; D�ABA, diabetes � ABA.
n � 10–18 per group.

FIG. 2. A: Representative microphotographs of superoxide-generated
fluorescence in sciatic nerve epineurial vessels of control rats, diabetic
rats, and diabetic rats treated with ABA. n � 3 per group. B: Scores of
epineurial vessel superoxide-generated immunofluorescence (mean �
SE). C: Representative microphotographs of nitrotyrosine immunohis-
tochemical staining in sciatic nerve epineurial vessels of control rats,
diabetic rats, and diabetic rats treated with ABA. n � 5–8 per group.
Magnification �40. D: Immunohistochemistry scores (IH) of epineurial
vessel nitrotyrosine stainings (mean � SE). C, control; D, diabetes; D
� ABA, diabetes � ABA.
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tured in 5.5 mmol/l glucose, and this increase was essen-
tially (to 107% of the control level) prevented by ABA (Fig.
5). ABA did not affect HNE adduct expression in HSC
cultured in 5.5 mmol/l glucose.

iNOS expression was increased �1.4-fold in HSC cul-
tured in 30 mmol/l glucose compared with those cultured
in 5.5 mmol/l glucose, and this increase was prevented by
ABA. ABA did not affect iNOS expression in HSC cultured
in 5.5 mmol/l glucose (Fig. 6).

Nitrosylated protein expression was increased 2.3-fold
in HSC cultured in 30 mmol/l glucose compared with those
cultured in 5.5 mmol/l glucose, and this increase was
corrected by ABA (Fig. 7A and B). Poly(ADP-ribosyl)ated
protein content was increased 1.8-fold in HSC cultured in
30 mmol/l glucose compared with those cultured in 5.5
mmol/l glucose, and this increase was prevented by ABA
(Fig. 7C and D). PARP-1 was abundantly expressed in
HSC, and this expression was not affected by high glucose
or ABA treatment (Fig. 7E and F). ABA did not affect
nitrosylated and poly(ADP-ribosyl)ated protein expression
as well as PARP-1 expression in HSC cultured in 5.5
mmol/l glucose.

DISCUSSION

The PARP enzyme family consists of PARP-1 and several
other poly(ADP-ribosyl)ating enzymes (26–28). The key
role of reactive oxygen and nitrogen species and resulting
DNA single-strand breakage in PARP activation is sup-

ported by 1) in vitro demonstration of an �500-fold
stimulation of ADP-ribose polymer synthesis after PARP
binding to the broken DNA ends (28) and 2) numerous
findings in cell culture and animal models of cardiovascu-
lar and neurodegenerative diseases, cancer, and inflamma-
tion as well as diabetes, suggesting that PARP activation is
prevented or reversed by superoxide dismutase mimetics
(26,29), hydroxyl radical scavengers (26,30), and peroxyni-
trite decomposition catalysts (3,28), as well as indirect
antioxidants, i.e., aldose reductase inhibitors (11) or an-
giotensin-2 converting enzyme inhibitors (31). However, as
discussed in the introduction, recent findings in cell cul-
ture models of diabetes suggest that early high-glucose–
induced PARP activation could be mediated via some
unidentified metabolic mechanism, different from oxida-
tive-nitrosative stress, and contribute to rather than result
from reactive oxygen and nitrogen species generation. The
present study reveals the major contribution of PARP
activation to nitrotyrosine formation in peripheral nerve,
superoxide, and nitrotyrosine formation in epineurial ar-
terioles of vasa nervorum and superoxide production in
aorta of STZ-induced diabetic rats. Similar interactions
between PARP activity and superoxide, HNE adduct, and

FIG. 3. Superoxide anion radical luminescence in aortas of control
rats, diabetic rats, and diabetic rats treated with ABA. n � 5–6 per
group. C, control; D, diabetes; D�ABA, diabetes � ABA; RLU, relative
luminescence units.

FIG. 4. Superoxide-generated ethidium fluorescence in human
Schwann cells cultured in 5.5 mmol/l glucose (1), 5.5 mmol/l glucose �
5 mmol/l ABA (2), 5.5 mmol/l glucose � 50 �mol/l Mn(III) TBAP (3), 30
mmol/l glucose (4), 30 mmol/l glucose � 5 mmol/l ABA (5), and 5.5
mmol/l glucose � 50 �mol/l Mn(III) TBAP (6). Mean � SE, n � 5 per
group. **P < 0.01 vs. cells cultured in 5.5 mmol/l glucose; ##P < 0.01 vs.
cells cultured in 30 mmol/l glucose without additions of ABA or Mn(III)
TBAP. UF, units of fluorescence.

FIG. 5. A: Representative Western blot analysis of HSC chemically
reduced amino acid-(4)-hydroxynonenal adducts. Equal protein load-
ing was confirmed with �-actin antibody. Lane 1: 5.5 mmol/l glucose;
lane 2: 5.5 mmol/l glucose � ABA; lane 3: 30 mmol/l glucose; and lane

4: 30 mmol/l glucose � 5 mmol/l ABA. B: Chemically reduced amino
acid-(4)-hydroxynonenal adduct content in HSC cultured in 5.5 mmol/l
glucose (1), 5.5 mmol/l glucose � ABA (2), 30 mmol/l glucose (3), and
30 mmol/l glucose � ABA (4). Chemically reduced amino acid-(4)-
hydroxynonenal adduct content in cells cultured in 5.5 mmol/l glucose
is taken as 100%. Mean � SE, n � 5 per group. **P < 0.01 vs. cells
cultured in 5.5 mmol/l glucose; ##P < 0.01 vs. cells cultured in 30 mmol/l
glucose without ABA.

FIG. 6. A: Representative Western blot analysis of HSC iNOS. Equal
protein loading was confirmed with �-actin antibody. Lane 1: 5.5
mmol/l glucose; lane 2: 5.5 mmol/l glucose �ABA; lane 3: 30 mmol/l
glucose; and lane 4: 30 mmol/l glucose � 5 mmol/l ABA. B: Inducible
nitric oxide synthase protein content in HSC cultured in 5.5 mmol/l
glucose (1), 5.5 mmol/l glucose � ABA (2), 30 mmol/l glucose (3), and
30 mmol/l glucose plus ABA (4). Total iNOS content in cells cultured in
5.5 mmol/l glucose is taken as 100%. Mean � SE, n � 5 per group. **P <
0.01 vs. cells cultured in 5.5 mmol/l glucose, ##P < 0.01 vs. cells cultured
in 30 mmol/l glucose without ABA.
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nitrosylated protein abundance have been observed in
high-glucose–exposed HSC. Note that PARP-1 abundance
was not affected by high glucose or ABA treatment, but
ABA decreased high-glucose–induced poly(ADP-ribosy-
l)ated protein overexpression. The latter is consistent with
the current view on PARP-1 as abundantly expressed in
most cell types with very minor, if any, transcriptional
regulation (26).

A profound effect of the PARP inhibitor ABA on diabe-
tes-associated oxidative-nitrosative stress, i.e., complete
or essential correction of superoxide and nitrotyrosine
production, cannot be attributed to weak antioxidant
properties of the compound (32) for two major reasons.
First, the antioxidant properties of ABA are related to its
ability to act as a hydroxyl radical scavenger and thus
preserve intracellular reduced glutathione (32,33). Such
effect, observed with extremely high doses of the com-
pound (500 mg � kg�1 � day�1 i.p., i.e., 
16-fold higher than
in the present study, [33]), should lead to neuralization of
hydrogen peroxide and prevent formation of lipid perox-
ide without any impact on superoxide formation. Super-
oxide is the source, but not the product, of hydrogen
peroxide or hydroxyl radicals, and benzamides and related
compounds (e.g., nicotinamide) do have superoxide anion
radical scavenging properties. Second, similar effects of
PARP inhibition on superoxide in aorta, superoxide and
nitrotyrosine in vasa nervorum, and nitrosylated protein
abundance in high-glucose–exposed HSC were also ob-
served in our recent studies (34) with another PARP
inhibitor 1,5-isoquinolinediol employed at 10-fold (in vivo)
and 250-fold (in vitro) lower doses than ABA. Such doses
are unlikely to cause any direct antioxidant effects. Note
that ABA’s effect on HNE adduct abundance, i.e., variable
of lipid peroxidation can be attributed to both direct
antioxidant properties of the compound and its indepen-
dent effects on superoxide and nitrotyrosine formation.

PARP activation can contribute to diabetes-induced
superoxide anion radical formation via multiple mecha-
nisms. On the one hand, diabetes-associated decrease of
peripheral nerve free mitochondrial and cytosolic NAD�-
to-NADH ratios is PARP-mediated and is reversed by a
PARP inhibitor (35). Therefore, PARP activation is likely
to upregulate activities of both extramitochondrial NAD(P)H
oxidase and mitochondrial NADH oxidase, the important
superoxide-generating enzymes. Poly(ADP-ribosyl)ation
of glyceraldehyde 3-phosphate dehydrogenase, if present,
may lead to protein kinase C activation and advanced
glycation end product formation (19), both known to
contribute to superoxide anion radical generation via
protein kinase C–dependent activation of NAD(P)H oxi-
dase (36), Maillard reaction (37), and advanced glycation
end product interactions with their receptors (38), as well
as glycation and downregulation of antioxidative defense
enzymes (39). Thus, PARP activation may be involved in
superoxide generation via multiple metabolic mecha-
nisms. On the other hand, PARP activation alters tran-
scriptional regulation and activates nuclear factor-�B,
activator protein-1, signal transducer and activator of
transcription-1, and others (18). Such activation leads to
increased formation of endothelin-1 (21) and inflammatory
cytokines, i.e., tumor necrosis factor-�, interleukin-6, and
interleukin-1�1, all known to contribute to superoxide
generation (40,41). In addition, PARP activation results in
poly(ADP-ribosyl)ation of numerous mitochondrial pro-
teins (42), and the impact of this phenomenon on mito-
chondrial superoxide production remains to be explored.

Our finding of markedly reduced nitrotyrosine immuno-
reactivities in ABA-treated diabetic rats compared with the
untreated diabetic group suggests that PARP activation is
an important contributor to nitrosative stress in peripheral
nerve and vasa nervorum in the STZ-induced diabetic rat
model. Furthermore, quantitatively identical high-glucose–
induced accumulation of nitrosylated (2.3-fold) and poly-
(ADP-ribosyl)ated (1.8-fold) proteins in HSC and its

FIG. 7. A: Representative Western blot analysis of HSC nitrosylated
proteins. Equal protein loading was confirmed with �-actin antibody.
Lane 1: 5.5 mmol/l glucose; lane 2: 5.5 mmol/l glucose � ABA; lane 3: 30
mmol/l glucose; lane 4: 30 mmol/l glucose � 5 mmol/l ABA; and lane 5:
nitrotyrosine positive control. B: Total nitrosylated protein content in
HSC cultured in 5.5 mmol/l glucose (1), 5.5 mmol/l glucose �ABA (2),
30 mmol/l glucose (3), and 30 mmol/l glucose plus ABA (4). Total
nitrosylated protein content in cells cultured in 5.5 mmol/l glucose is
taken as 100%. C: Representative Western blot analysis of HSC poly-
(ADP-ribosyl)ated proteins. Equal protein loading was confirmed with
�-actin antibody. Lane 1: 5.5 mmol/l glucose; lane 2: 5.5 mmol/l glucose
�ABA; lane 3: 30 mmol/l glucose; lane 4: 30 mmol/l glucose � 5 mmol/l
ABA; and lane 5: poly(ADP-ribosyl)ated protein positive control. D:
Total poly(ADP-ribosyl)ated protein content in HSC cultured in 5.5
mmol/l glucose (1), 5.5 mmol/l glucose �ABA (2), 30 mmol/l glucose
(3), and 30 mmol/l glucose � ABA (4). Total poly(ADP-ribosyl)ated
protein content in cells cultured in 5.5 mmol/l glucose is taken as 100%.
E: Representative Western blot analysis of HSC PARP-1 protein. Equal
protein loading was confirmed with �-actin antibody. Lane 1: 5.5
mmol/l glucose; lane 2: 5.5 mmol/l glucose �ABA; lane 3: 30 mmol/l
glucose; lane 4: 30 mmol/l glucose � 5 mmol/l ABA; and lane 5: PARP-1
enzyme. F: Total PARP-1 protein content in HSC cultured in 5.5 mmol/l
glucose (1), 5.5 mmol/l glucose �ABA (2), 30 mmol/l glucose (3), and
30 mmol/l glucose � ABA (4). Total PARP-1 protein content in cells
cultured in 5.5 mmol/l glucose is taken as 100%. In B, D, and F, the
results are expressed as mean � SE, n � 5 per group. **P < 0.01 vs.
cells cultured in 5.5 mmol/l glucose; ##P < 0.01 vs. cells cultured in 30
mmol/l glucose.
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complete or almost complete prevention by ABA treat-
ment indicates that a similar mechanism operates in early
human PDN. Nitrotyrosine is a footprint of peroxynitrite, a
potent oxidant produced in the superoxide anion radical
reaction with nitric oxide. Any approach counteracting
superoxide formation, including PARP inhibition, will de-
crease peroxynitrite generation and nitrosylated protein
abundance. It is important to remember that PARP activa-
tion leads to nuclear factor-�B–mediated upregulation of
the iNOS gene (18). iNOS is the main donor of nitric oxide
for peroxynitrite formation in tissue sites for diabetes
complications (45,46). iNOS expression was increased in
HSC cultured in 30 mmol/l glucose, compared with those
cultured in 5.5 mmol/l glucose, and this increase was
prevented by a PARP inhibitor treatment. Thus, PARP
inhibition counteracts nitrosative stress via arrest of both
superoxide and nitric oxide formation.

In addition to superoxide anion radicals and peroxyni-
trite, PARP activation may contribute to other free radical
and oxidant formation in tissue sites for diabetes compli-
cations. It is reasonable to expect that by upregulating
cyclooxygenase-2 (18) and promoting glutamate accumu-
lation (36), PARP activation leads to increased production
of hydroxyl radicals and hydrogen peroxide as well as lipid
peroxidation (45,46). The effect of ABA on HNE adduct
abundance in high-glucose–exposed HSC in our study may
be at least partially mediated via inhibition of COX-2
protein expression. The consequences of PARP activation
in diabetic tissues cannot be completely understood with-
out identification of poly (ADP-ribosyl)ated transcription
factors and other extramitochondrial and intramitochon-
drial proteins, as well as PARP-regulated genes that encode
factors involved in oxidant generation and antioxidative
defense. Note that PARP activation contributes to Erk1/2
and p-38 mitogen-activated protein kinase phosphoryla-
tion as well as inhibition of phosphatidyl inositol 3
-kinase/
Akt pathway (47), which makes the relations among
oxidative-nitrosative stress, PARP activation, and a variety
of metabolic and signaling pathways that can indirectly
affect both oxidative stress and PARP even more complex.

In conclusion, PARP activation leads to oxidative-nitro-
sative stress in experimental PDN and high-glucose–ex-
posed HSC. This probably occurs via multiple metabolic
pathways and changes in gene expression. A complete
understanding of the complex relations between oxida-
tive-nitrosative stress and PARP activation in diabetes may
require cutting-edge technologies such as genomics and
proteomics.
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