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ABSTRACT

We hypothesize that poly (ADP-ribosyl)ation, that is, poly (ADP-ribose) polymerase (PARP)-
dependent transfer of ADP-ribose moieties from NAD to nuclear proteins, plays a role in
diabetic nephropathy. We evaluated whether PARP activation is present and whether two
unrelated PARP inhibitors, 3-aminobenzamide (ABA) and 1,5-isoquinolinediol (ISO), counteract
overexpression of endothelin-1 (ET-1) and ET receptors in the renal cortex in short-term
diabetes. The studies were performed in control rats and streptozotocin-diabetic rats treated
with/without ABA or ISO (30 and 3 mg*kg '*day ', intraperitoneally, for 2 weeks after 2 weeks
of diabetes). Poly (ADP-ribose) immunoreactivity was increased in tubuli, but not glomeruli, of
diabetic rats and this increase was corrected by ISO, whereas ABA had a weaker effect. ET-1
concentration (ELISA) was increased in diabetic rats, and this elevation was blunted by ISO. ET-
I, ET(A), and ET(B) mRNA (ribonuclease protection assay), but not ET-3 mRNA (RT/PCR),
abundance was increased in diabetic rats, and three variables were, at least, partially corrected by
ISO. ABA produced a trend towards normalization of ET-1 concentration and ET-1, ET(A), and
ET(B) mRNA abundance, but the differences with untreated diabetic group were not significant.
Poly(ADP-ribosyl)ation is involved in diabetes-induced renal overexpression of ET-1 and ET
receptors. PARP inhibitors could provide a novel therapeutic approach for diabetic complications
including nephropathy, and other diseases that involve the endothelin system.
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increased aldose reductase activity (1), non-enzymatic glycation/glycoxidation (2), and

activation of protein kinase C (3) are the best studied. All three mechanisms contribute
to enhanced oxidative stress (4-8), that is, increased production of reactive oxygen species
(ROS) combined with down-regulation or insufficient up-regulation of antioxidant defense
mechanisms. Our recent study (9) revealed that enhanced oxidative stress is present in the kidney
as early as three weeks after induction of streptozotocin diabetes. Oxidative stress affects all
three compartments of the renal cortex, that is, glomeruli (10, 11), tubulo-interstitium (12), and
vasculature (13) and contributes to mesangial expansion of extracellular matrix (14, 15) and
other early and late events of diabetic nephropathy, that is, increased glomerular filtration rate
(16), urinary albumin excretion and proteinuria (14, 15, 17), glomerulosclerosis (14, 18), and
tubulo-interstitial fibrosis (18). At least, some of these effects could be mediated through the
endothelin system. Endothelin-1 (ET-1) is a potent vasoconstrictor peptide that has multiple
signal transduction, metabolic and pathophysiological effects (19). ET-1 overexpression is
known 1) to be present in glomeruli (20), tubuli (21), and vasculature (22) of diabetic rats; and 2)
to contribute to development of hypertension, proteinuria, albuminuria, tubulo-interstitial
inflammation (21) and, at a later stage, mesangial expansion (23). ET-1 mRNA abundance
increases with the progression of diabetic nephropathy (24). Antioxidants decrease ET-1
production in the renal cortex of diabetic rats, whereas hydrogen peroxide or ROS generation by
xanthine/xanthine oxidase increase ET-1 mRNA and peptide expression (20).

I I yperglycemia causes diabetic nephropathy through several mechanisms among which

The question of Zow ROS interfere with the endothelin system remains open. Of interest is the
fact that diabetes-induced ET-1 overexpression is counteracted by both antioxidants (20) and
protein kinase C inhibitors (25). High glucose-induced protein kinase C activation is known to
contribute to oxidative stress through phosphorylation (activation) of NADH oxidase, the
superoxide generating enzyme (8). In turn, oxidative stress further increases protein kinase C
activity via poly(ADP-ribose) polymerase (PARP-1, EC 2.4.2.30) activation (26). Upon binding
to the sites of ROS-induced DNA single-strand breakage, PARP cleaves nicotinamide adenine
dinucleotide (NAD) with the formation of nicotinamide and (ADP-ribose) residues, which are
attached to nuclear proteins and to PARP itself with formation of poly(ADP-ribose) (27, 28).
Thus, poly(ADP-ribosyl)ation depletes NAD required for the glyceraldehyde 3-phosphate
dehydrogenase reaction of glycolysis, and diverts the glycolytic flux towards the formation of a-
glycerophosphate and diacylglycerol, the activator of protein kinase C. The potent and specific
PARP inhibitor, N-(6-0x0-5,6-dihydro-phenanthridin-2-yl)-N,N-dimethylacetamide HCI (PJ34,
29) blunts high glucose-induced protein kinase C activation in aortic endothelial cells (26), and
such inhibition is likely to affect the endothelin system (25). It has also been reported that
hyperglycemia-induced ET-1 production in endothelial cells is mediated via the redox-sensitive
transcription factor, nuclear factor- kappaB (NF-kB) (30), activation of which is 1) persistent in
diabetes (31) and 2) PARP-dependent (32-34).

Thus, current knowledge suggests that PARP is an important component in the cascade, which
includes oxidative stress, NF-kB and protein kinase C activation, and ET-1 overexpression, and
thus can play an important role in diabetic nephropathy. The present study was designed to
assess whether 1) PARP activation is present and 2) whether two structurally unrelated PARP
inhibitors, 3-aminobenzamide (ABA) and 1,5-isoquinolinediol (ISO), counteract overexpression
of ET-1 and ET (A) and (B) receptors, in the renal cortex of rats with short-term diabetes.



MATERIALS AND METHODS

The experiments were performed in accordance with regulations specified by The Guiding
Principles in the Care and Use of Animals (DHEW Publication, NIH 80-23) and the University
of Michigan Protocol for Animal Studies.

Animals

Male Wistar rats (Charles River, Wilmington, MA), initial body weight 200-230 g, were fed a
standard rat chow diet (ICN Biomedicals, Cleveland, OH) and had ad libitum access to water.
Diabetes was induced by a single injection of streptozotocin (55 mg/kg body weight, i.p.). Blood
samples for measurements of glucose were taken from the tail vein ~ 48 h after streptozotocin
injection and the day before the rats were killed. Rats with blood glucose of 13.9 mmol/l or more
were considered diabetic. The experimental groups included control and diabetic rats treated
with or without ABA or ISO at the doses of 30 mg* kg '*d ™' and 3 mg*kg '*d', respectively,
given i.p., for 2 weeks after first 2 weeks without treatment. Thus, the duration of diabetes and
the whole experiment in our study was 4 weeks. The intervention study was designed to avoid
potential regeneration of pancreatic -cells and restoration of normoglycemia or alleviation of
hyperglycemia, which could occur if PARP inhibitor administration was started shortly after
induction of diabetes (27).

Reagents

Unless otherwise stated, all chemicals were of reagent-grade quality and were purchased from
Sigma Chemical Co., St. Louis, MO. Methanol (HPLC grade), perchloric acid, hydrochloric
acid, and sodium hydroxide were obtained from Fisher Scientific, Pittsburgh, PA. Ethyl alcohol
(200 proof dehydrated alcohol, U.S.P. punctilious) was purchased from McCormick Distilling
Co., Weston, MO. T7 and T3 RNA polymerases were obtained from Roche Molecular
Biochemicals, Indianapolis, IN. [o**P]-uridine triphosphate (800 Cu/mmol) was purchased from
NEN Life Science Products, Arlington, IL. The ultra-pure guanidine isothiocyanate solution was
purchased from Gibco/BRL, Gaithersburg, MD. The vials containing 15 ml of 4% w/v
formaldehyde were purchased from Sigma, St. Louis, MO. Primary mouse monoclonal anti-
poly(ADP-ribose) antibody was purchased from Alexis, San Diego, CA. The diaminobenzidine
(DAB) kit was purchased from Pierce, Rockford, IL, and biotinylated goat anti-mouse
immunoglobulin and horseradish peroxidase-conjugated avidin from Vector Laboratories,
Burlingame, CA.

Experimental procedure.

Rats were sedated with carbon dioxide and immediately killed by cervical dislocation. The
kidneys were rapidly dissected. One kidney was frozen in liquid nitrogen and later used for ET-1
concentration measurements or RNA isolation, and another one was immersed in formaldehyde
vials for subsequent paraffin embedding and sectioning for assessment of poly(ADP-ribose)
immunoreactivity by immunocytochemistry.



Individual measurements
ET-1 ELISA

Renal cortex material (1 g) was homogenized in 8§ ml 0.1 M phosphate buffer, pH 7.5, containing
0.9% NaCl, 0.1% bovine serum albumin, 0.1% Tween 20, and 0.01% thimerosal. ET-1
measurements have been performed in accordance with the manufacturer’s instructions.

RNA isolation

Total RNA was extracted from the kidney by using the acid guanidium-phenol-chloroform
extraction method as we have described previously (35). Kidneys were minced on ice and
homogenized in a polytron tissue homogenizer with 4 ml of guanidine isothiocyanate solution.
Sequentially, 0.4 ml of 2 M sodium acetate, pH 4.0, 4 ml of phenol (water saturated), and 0.8 ml
of chloroform-isoamyl alcohol mixture (49:1) were added to homogenate, with thorough mixing
after the addition of each reagent. RNA was precipitated with equal volume of 2-propanol. RNA
pellets were washed with 75% ethanol and dissolved in nuclease-free water.

Ribonuclease protection assays of ET-1 and ET(A) and ET(B) receptors

The plasmids for synthesis of rat ET-1 and endothelin receptors probes (36) and rat 18S probe
(35) were described previously. Synthesis of radiolabelled probes for ribonuclease protection
assay was performed according to the Roche protocol by using T7 or T3 RNA polymerase and

[OL-SZP]-UTP. For ribonuclease protection assays, water solutions of total RNA were dried under
vacuum and dissolved in 25 pl of 80% formamide hybridization buffer containing labeled
probes. Samples were preincubated for 5 min at 85°C and then incubated for 16 h at 45°C as
described previously (37). The extracted, protected probe fragments were run on a 6%
polyacrylamide sequencing gel in 1” Tris-borate-EDTA buffer at 50 mA for 2 h. The gels were
then dried and exposed to X-ray film (Hyperfilm MP, Amersham, Arlington Heights, IL) at —
70°C. mRNA expression was quantified by using the storage phosphor technology (Molecular
Dynamics, Sunnyvale, CA). The intensities of mRNA bands were normalized to 18S ribosomal
RNA.

RT/PCR assay of ET-3 mRNA

ET-3 mRNA abundance was analyzed by RT/PCR. First-strand cDNA synthesis was performed
at 42°C for 20 min by using 2 pg total RNA from mouse lung in a 20 pl reaction mixture
containing 50 mM Tris/HCI pH 8.3, 75 mM KCI, 3 mM MgClp, 10 mM dithiothreitol, 20 uM
dNTP (a mixture of equal amounts of dATP, dGTP, dCTP and dTTP), 1 uM oligo(dT), and 200
U superscript reverse transcriptase (RT; Gibco/BRL, Gaithersburg, MD). The ET-3 fragment
was amplified by using forward primer (5'-TCGGGCTCACAGTGACCTCC-3") corresponding
to 197-216, and reverse primer (5-GTGGTTGGACAGTCCATAGG-3") corresponding to 435—
416 sequences of the rat ET-3 gene (GenBankTM accession number $39779). Amplified PCR
products were isolated by agarose gel electrophoresis and stained with ethidium bromide.The
intensities of ET-3 mRNA bands were normalized to 18S rRNA.



Poly(ADP-ribose) immunoreactivity

All immunohistochemical samples were coded and examined by a single investigator in a
blinded fashion. Paraffin-embedded 4-um-thick renal cortex sections were deparaffinized in
xylene and rehydrated in decreasing concentrations of ethanol followed by a 5-min incubation in
phosphate-buffered saline (PBS). Sections were treated with 0.3% hydrogen peroxide for 15 min
to block endogenous peroxidase activity and then were 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 (38), with minor modifications as follows. 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. After extensive washing (3 times, 10 min) with 0.25% Triton/PBS,
immunoreactivity was detected with a biotinylated horse anti-mouse secondary antibody and the
avidin-biotin-peroxidase complex both supplied in the Vector Elite kit. Color was developed by
using the DAB substrate kit. Sections were then briefly rinsed in Tris/Saline, pH 7.6, and
incubated in Tris/Cobalt, pH 7.2, for 2 min. Sections were then counterstained with nuclear fast
red, dehydrated, and mounted in permount. Microphotographs were taken with a Zeiss Axiolab
(Axiolab, Charlotte, VT) microscope equipped with a Fuji HC-300C digital camera.

Statistical analysis

The results are expressed as mean + SEM. Data were subjected to equality of variance F-test, and
then to log transformation, if necessary, before one-way analysis of variance. When overall
significance (P<0.05) was attained, individual between-group comparisons were made by using
the Student-Newman-Keuls multiple range test. When between-group variance differences could
not be normalized by log transformation, the data were analyzed by the non-parametric Kruskal-
Wallis one-way analysis of variance, followed by the Fisher’s PLSD test for multiple
comparisons.

RESULTS

The final body weights (Table 1) were lower in diabetic rats than in the control group (P<0.01)
and were slightly, but significantly, lower in ABA-treated diabetic rats compared with the
untreated group (P<0.01). No differences were found between ISO-treated diabetic rats and the
untreated group. Both agents were well tolerated, and no side effects were observed. A 2-week
administration of ABA and ISO started after first 2 weeks without treatment did not result in
reversal or amelioration of hyperglycemia in diabetic rats. Blood glucose concentrations were
approximately fivefold higher in untreated diabetic rats, and diabetic rats treated with ABA or
ISO compared with the non-diabetic control group (P<0.01 for all three comparisons).

Poly(ADP-ribose) staining in the tubuli of the renal cortex was more intense in diabetic rats than
in the control group (Fig. 1A and B). The diabetes-induced increase in poly(ADP-ribose)
immunoreactivity was slighly blunted, but not corrected, by ABA (Fig. 1C), and was corrected
by ISO (Fig. 1D). Poly(ADP-ribose) immunoreactivity in the glomeruli was indistinguishable

among the groups (Fig. 1E-H).



Renal cortex ET-1 concentration was increased by 75% in diabetic rats compared with the
control group (1658+197 vs. 947+133 pg/g renal cortex, P<0.05), and this increase was
normalized by ISO (810+158 pg/g, P<0.05 vs. diabetic group). ABA treatment produced a trend
towards a decrease of this concentration (1254+229 pg/g), but the difference with the untreated
diabetic group did not achieve statistical significance.

Renal ET-1 mRNA expression was increased by 47% in diabetic rats compared with controls
(P<0.01, Fig. 2A). This increase was partially corrected by ISO, to 110 + 4% of the control value
(P<0.01 vs. diabetic group). ET-1 mRNA abundance tended to decrease in diabetic rats treated
with ABA, but the difference with the untreated group did not achieve statistical significance.

Renal ET-3 mRNA abundance was not affected by diabetes or PARP inhibitor treatment (Fig.
2B).

Renal ET(A) mRNA expression was increased by 31% in diabetic rats compared with controls
(P<0.01, Fig. 2C). This increase was partially corrected by ISO, to 108 + 4% of the control value
(P<0.01 vs. diabetic group). ET(A) mRNA abundance tended to decrease in the ABA-treated
diabetic rats, but the difference with untreated diabetic group did not achieve statistical
significance.

Renal ET(B) mRNA expression was increased by 50% in diabetic rats compared with controls
(P<0.01, Fig. 2D). This increase was partially corrected by ISO, to 116+ 4% of the control value
(P<0.01 vs. diabetic group). ET(B) mRNA abundance was slightly lower in the ABA-treated
diabetic rats, but the difference with untreated group did not achieve statistical significance.

DISCUSSION

Numerous findings indicate that PARP activation is an important step in various pathological
states associated with oxidative stress (27). Enhanced poly(ADP-ribosyl)ation has been
described in experimental models of cardiovascular and inflammatory diseases, cancer, and,
recently, diabetes mellitus (27, 29, 39—41). The pancreatic B-cell necrosis caused by high doses
of diabetogenic agents, streptozotocin, and alloxan is prevented by the PARP inhibitors,
nicotinamide, and ABA, and does not occur in PARP-knockout (PARP —/—) mice (27).
Furthermore, the “slow” cytokine-mediated autoimmune destruction of B-cells in the murine
multiple-low-dose-STZ-diabetic model is also preventable by PARP inhibitors, which implicates
PARP activation in the pathogenesis of Type 1 (insulin-dependent) diabetes mellitus (39). Apart
from pancreatic B-cells, enhanced poly(ADP-ribosyl)ation was found to be present in vascular
endothelium (29), myocardium(40), peripheral nerve(42), and retina (43) of diabetic animals, as
well as skin vessels of diabetic patients (41). This finding thus suggests that PARP activation
could be a universal mechanism in the pathogenesis of both macrovascular and microvascular
complications of diabetes mellitus. Indeed, PARP inhibition or PARP deficiency have been
demonstrated to prevent the development of diabetes-induced endothelial dysfunction (29),
myocardial injury (40), and peripheral neuropathy (42).

Our results provide the first evidence of PARP activation in the rat renal cortex very early, that
is, 4 weeks, after induction of STZ-diabetes, which temporarily coincides with clearly manifest
oxidative stress (9). Of interest, diabetes-induced poly (ADP-ribose) immunoreactivity was



observed in the tubuli, but not glomeruli, of the renal cortex of STZ-diabetic rats. Such
localization is in-line with the development of tubulo-interstitial inflammation, but not
glomerular lesions in early diabetes (21), as well as with the key role for PARP activation in
inflammatory process (27, 44). Taking into consideration that PARP activation is triggered by
DNA single-strand breakage (27), our results are also consistent with the 1) presence of DNA
single-strand breakage (45); 2) increased apoptotic index, that is, the ratio of bax mRNA/bcl-2
mRNA (46); and 3) overexpression of munc 13-1 and 13-2 genes, known to serve as a
diacylglycerol-activated, protein kinase C-independent signaling pathway capable of inducing
apoptosis, in tubular epithelium of rats and mice with short-term diabetes (47). Note that, of two
PARP inhibitors, only ISO caused a substantial inhibition of poly(ADP-ribosyl)ation in the
diabetic kidney. The latter is consistent with different efficacy of the two inhibitors against
diabetes-induced changes in the renal endothelin system in the present study, as well as relatively
weak PARP-inhibiting capacity of ABA in other reports (48—50). It is important to note that
ABA caused an essential normalization of 1) nerve blood flow and conduction deficits (42) and
2) retinal VEGF formation (43) in the same diabetic animals. It is possible that there is regional
heterogeneity in tissue uptake or residence time of ABA in vivo.

Another important finding in the present study is the demonstration of the major role of PARP
activation in diabetes-induced ET-1 overexpression. The increased abundance of ET-1 mRNA
and peptide in the renal cortex of diabetic rats in our experiments is in line with other reports (21,
23, 51). It is noteworthy, however, that the values of tissue ET-1 reported to date vary
considerably. Our renal ET-1 values are in the range of those reported by four other groups (52—
55) who employed different techniques, that is, radioimmunoassay (RIA) or reverse-phase HPLC
coupled to RIA. Increased gene expression of both ET(A) and ET(B) receptors in the renal
cortex of rats with one-month diabetes in our study is consistent with another study in the rat
model (51), as well as increased ET (A) receptor binding in rabbits with short-term diabetes
compared with controls (56). ISO treatment caused an essential correction of both ET-1
concentration and ET-1, ET(A) and ET(B) mRNA abundance, whereas ABA caused a trend
towards normalization of these variables, consistent with a weaker effect on tubular poly (ADP-
ribosyl)ation. These data are consistent with primarily tubular localization of ET-1 in the renal
cortex in early diabetes (56). In contrast to the report (51), we did not find any up-regulation of
E-3 mRNA in the kidney of rats with 1-month duration of STZ-diabetes.

The role for ET-1 and ET receptors in chronic nephropathies is well established and is supported
by findings in 1) ET-1-overexpressing mice that are phenotypically characterized by renal
lesions (57, 58), and 2) experimental models of kidney diseases [e.g., hypertension-associated
vascular and glomerular fibrosis (59), immune nephritis (60) and diabetes (21, 61)],
demonstrating prevention or correction of renal lesions by ET receptor antagonists selectively
binding to ET(A) or unselectively to both ET(A) and (B) receptors. The present study suggests
that PARP inhibition could be an alternative approach towards the control of the endothelin
system and could provide a correction of all three most important variables, that is, ET-1, ET(A)
and ET(B) in the diabetic kidney. The role for PARP-1 as a basal transcriptional regulator is well
established (27, 29, 32-34, 62—64) and is supported by the DNA chip analysis data revealing
marked differences in the gene expression profile between PARP-deficient and wild-type cells
(62, 64). In addition to already mentioned NF-«xB (32-34), PARP-1 dependent activation of
transcription factors induced by stress or inflammatory agents has been demonstrated for
activator protein-1 (AP-1); Spl transcription factor (SP-1); signal transducer and activator of



transcription 1, 91 kDa (Stat-1); and POU domain, class 2, transcription factor 1 (Oct-1) (64, 65).
PARP dependence of AP-1 activation may be particularly relevant for the explanation of our
findings, considering that AP-1 is involved in stress-induced ET-1 and ET(B) gene expression
(66—68). Previously, it has been reported that, by controlling activation of NF-xB and other
transcription factors, PARP regulates expression of numerous NF-kB- or other transcription
factor-regulated genes, including those encoding tumor necrosis factor-o,, intracellular adhesion
molecule-1, P- and E-selectins, integrins, interleukins, inducible nitric-oxide synthase,
cyclooxygenase-2, and others (27, 64). The present study suggests that this list can be
complemented by the genes encoding ET-1 and ET receptors.

Taking into consideration that ET-1 contributes to the pathophysiology of other diabetic
complications, that is, neuropathy (69, 70) and retinopathy (71), and both ET-1 overexpression
and PARP activation are present in the diabetic retina (25, 43) and vascular endothelium (27, 29,
30), our findings suggest that PARP inhibition could be useful in eliminating the adverse
consequences of ET-1 overexpression, and, in particular, the decrease in retinal and nerve blood
flow and inflammation, in diabetic retinopathy and neuropathy.

To summarize, our results indicate that diabetes-induced overexpression of ET-1 and ET(A) and
ET (B) receptors in the renal cortex is mediated via PARP activation (Fig. 3) and can be, at least
partially, corrected by PARP inhibitors. These data provide the rationale for further studies of
potent and specific PARP inhibitors, to prevent or delay diabetic nephropathy as well as other
diabetic complications and pathological states associated with ET-1 overexpression.

ACKNOWLEDGMENT

The study was supported by the American Diabetes Association Research Grant and the National
Institutes of Health Grant DK59809-01 (both to 1.G.0O.), and the Juvenile Diabetes Research
Foundation Center for the Study of Complications of Diabetes Grant 4-200-421 (I1.G.O. and
M.J.S.). Immunocytochemical assessment of poly(ADP-ribosyl)ation was supported by the
National Institutes of Health Grant HL/DK 71215-01 to C.S.

REFERENCES

1. Oates, P. J., and Mylari, B. L. (1999) Aldose reductase inhibitors: therapeutic implications
for diabetic complications. Expert Opin. Invest. Drugs 8,2095-2119

2. Beisswenger, P. J., Szwergold, B. S., and Yeo, K. T. (2001) Glycated proteins in diabetes.
Clin. Lab. Med. 21, 5378 (vi)

3. Haneda, M., Koya, D., and Kikkawa, R. (2001) Cellular mechanisms in the development
and progression of diabetic nephropathy: activation of the DAG-PKC-ERK pathway. Am. J.
Kidney Dis. 38, S178-S181

4. Lee, A. Y., and Chung, S. S. (1999) Contributions of polyol pathway to oxidative stress in
diabetic cataract. FASEB J. 13, 23-30

5. Obrosova, I. G. (2002) How does glucose generate oxidative stress in peripheral nerve? Int.
Rev. Neurobiol. 50, 3-35



10.

1.

12.

13.

14.

15.

16.

17.

Gupta, S., Chough, E., Daley, J., Oates, P., Tornheim, K., Ruderman, N. B., and Keaney, J.
F., Jr. (2002) Hyperglycemia increases endothelial superoxide that impairs smooth muscle
cell Na+-K+-ATPase activity. Am. J. Physiol. Cell Physiol. 282, C560-C566

Yan, S. D., Schmidt, A. M., Anderson, G. M., Zhang, J., Brett, J., Zou, Y. S., Pinsky, D.,
and Stern, D. (1994) Enhanced cellular oxidant stress by the interaction of advanced
glycation end products with their receptors/binding proteins. J. Biol. Chem. 269, 9889-9897

Inoguchi, T., Li, P., Umeda, F., Yu, H. Y., Kakimoto, M., Imamura, M., Aoki, T., Etoh, T.,
Hashimoto, T., Naruse, M., et al. (2000) High glucose level and free fatty acid stimulate
reactive oxygen species production through protein kinase C--dependent activation of
NAD(P)H oxidase in cultured vascular cells. Diabetes 49, 1939-1945

Obrosova, 1. G., Fathallah, L., Liu, E., and Nourooz-Zadeh, J. (2003) Early oxidative stress
in the diabetic kidney: effect of DL-alpha-lipoic acid. Free Radic. Biol. Med. 34, 186—195

Horie, K., Miyata, T., Maeda, K., Miyata, S., Sugiyama, S., Sakai, H., van Ypersole de
Strihou, C., Monnier, V. M., Witztum, J. L., and Kurokawa, K. (1997)
Immunohistochemical colocalization of glycoxidation products and lipid peroxidation
products in diabetic renal glomerular lesions. Implication for glycoxidative stress in the
pathogenesis of diabetic nephropathy. J. Clin. Invest. 100, 2995-3004

Reddi, A. S., and Bollineni, J. S. (1997) Renal cortical expression of mRNAs for antioxidant
enzymes in normal and diabetic rats. Biochem. Biophys. Res. Commun. 235, 598—601

Dobashi, K., Asayama, K., Hayashibe, H., Uchida, N., Kobayashi, M., Kawaoi, A., and
Kato, K. (1991) Effect of diabetes mellitus induced by streptozotocin on renal superoxide

dismutases in the rat. A radioimmunoassay and immunohistochemical study. Virchows Arch.
B Cell Pathol. Incl. Mol. Pathol. 60, 6772

Schnackenberg, C. G., and Wilcox, C. S. (2001) The SOD mimetic tempol restores
vasodilation in afferent arterioles of experimental diabetes. Kidney Int. 59, 1859—1864

Cooper, M. E. (2001) Interaction of metabolic and haemodynamic factors in mediating
experimental diabetic nephropathy. Diabetologia 44, 1957-1972

Melhem, M. F., Craven, P. A., Liachenko, J., and DeRubertis, F. R. (2002) Alpha-lipoic acid
attenuates hyperglycemia and prevents glomerular mesangial matrix expansion in diabetes.
J. Am. Soc. Nephrol. 13, 108—116

Lal, M. A., Korner, A., Matsuo, Y., Zelenin, S., Cheng, S. X., Jaremko, G., DiBona, G. F.,
Eklof, A. C., and Aperia, A. (2000) Combined antioxidant and COMT inhibitor treatment
reverses renal abnormalities in diabetic rats. Diabetes 49, 1381-1389

Melhem, M. F., Craven, P. A., and Derubertis, F. R. (2001) Effects of dietary
supplementation of alpha-lipoic acid on early glomerular injury in diabetes mellitus. J. Am.
Soc. Nephrol. 12, 124—-133



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Trachtman, H., Futterweit, S., Maesaka, J., Ma, C., Valderrama, E., Fuchs, A., Tarectecan,
A. A., Rao, P. S., Sturman, J. A., Boles, T. H., et al. (1995) Taurine ameliorates chronic
streptozocin-induced diabetic nephropathy in rats. Am. J. Physiol. 269, F429-F438

Yorio, T., Krishnamoorthy, R., and Prasanna, G. (2002) Endothelin: is it a contributor to
glaucoma pathophysiology? J. Glaucoma 11, 259-270

Chen, H. C., Guh, J. Y., Shin, S. J., Tsai, J. H., and Lai, Y. H. (2000) Reactive oxygen
species enhances endothelin-1 production of diabetic rat glomeruli in vitro and in vivo. J.
Lab. Clin. Med. 135,309-315

Benigni, A., Colosio, V., Brena, C., Bruzzi, 1., Bertani, T., and Remuzzi, G. (1998)
Unselective inhibition of endothelin receptors reduces renal dysfunction in experimental
diabetes. Diabetes 47, 450-456

Arikawa, E., Verma, S., Dumont, A. S., and McNeill, J. H. (2001) Chronic bosentan
treatment improves renal artery vascular function in diabetes. J. Hypertens. 19, 803—-812

Itoh, Y., Nakai, A., Kakizawa, H., Makino, M., Fujiwara, K., Kobayashi, T., Kato, T.,
Nagata, M., Oda, N., Katsumata, H., et al. (2001) Alteration of endothelin-1 concentration in
STZ-induced diabetic rat nephropathy. Effects of a PGI(2) derivative. Horm. Res. 56, 165—
171

Nakamura, T., Ebihara, 1., Tomino, Y., and Koide, H. (1996) Alteration of growth-related
proto-oncogene expression in diabetic glomeruli by a specific endothelin receptor A
antagonist. Nephrol. Dial. Transplant. 11, 1528-1531

Park, J. Y., Takahara, N., Gabriele, A., Chou, E., Naruse, K., Suzuma, K., Yamauchi, T.,
Ha, S. W., Meier, M., Rhodes, C. J., et al. (2000) Induction of endothelin-1 expression by
glucose: an effect of protein kinase C activation. Diabetes 49, 12391248

Du, X., Matsumura, T., Szabo, C., Edelstein, D., and Brownlee, M. (2002) Hyperglycemia-
induced superoxide activates PKC, the hexosamine pathway, AGE formation, and NFKB
via poly(ADP-ribose)polymerase inhibition of GAPDH. Diabetes S1, Suppl.2, A175
(Abstract)

Virag, L., and Szabo, C. (2002) The therapeutic potential of poly(ADP-Ribose) polymerase
inhibitors. Pharmacol. Rev. 54, 375429

Yu, S. W., Wang, H., Poitras, M. F., Coombs, C., Bowers, W. J., Federoff, H. J., Poirier, G.
G., Dawson, T. M., and Dawson, V. L. (2002) Mediation of poly(ADP-ribose) polymerase-
1-dependent cell death by apoptosis-inducing factor. Science 297, 259-263

Soriano, F., Virag, L., Jagtap, P., Szabo, E., Mabley, J. G., Liaudet, L., Marton, A., Hoyt, D.
G., Murthy, K. G., Salzman, A. L., et al. (2001) Diabetic endothelial dysfunction: the role of
poly(ADP-ribose) polymerase activation. Nat. Med. 7, 108—113



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Quehenberger, P., Bierhaus, A., Fasching, P., Muellner, C., Klevesath, M., Hong, M., Stier,
G., Sattler, M., Schleicher, E., Speiser, W., et al. (2000) Endothelin 1 transcription is
controlled by nuclear factor-kappaB in AGE-stimulated cultured endothelial cells. Diabetes
49, 1561-1570

Bierhaus, A., Schiekofer, S., Schwaninger, M., Andrassy, M., Humpert, P. M., Chen, J.,
Hong, M., Luther, T., Henle, T., Kloting, I., et al. (2001) Diabetes-associated sustained
activation of the transcription factor nuclear factor-kappaB. Diabetes 50, 27922808

Hassa, P. O., Covic, M., Hasan, S., Imhof, R., and Hottiger, M. O. (2001) The enzymatic
and DNA binding activity of PARP-1 are not required for NF-kappa B coactivator function.
J. Biol. Chem. 276, 45588-45597

Chang, W. J., and Alvarez-Gonzalez, R. (2001) The sequence-specific DNA binding of NF-
kappa B is reversibly regulated by the automodification reaction of poly (ADP-ribose)
polymerase 1. J. Biol. Chem. 276, 47664-47670

Ullrich, O., Diestel, A., Eyupoglu, 1. Y., and Nitsch, R. (2001) Regulation of microglial
expression of integrins by poly(ADP-ribose) polymerase-1. Nat. Cell Biol. 3, 1035-1042

Obrosova, I. G., Minchenko, A. G., Marinescu, V., Fathallah, L., Kennedy, A., Stockert, C.
M., Frank, R. N., and Stevens, M. J. (2001) Antioxidants attenuate early up regulation of
retinal vascular endothelial growth factor in streptozotocin-diabetic rats. Diabetologia 44,
1102-1110

Minchenko, A. G., Armstead, V. E., Opentanova, I. L., and Lefer, A. M. (1999) Endothelin-
1, endothelin receptors and ecNOS gene transcription in vital organs during traumatic shock
in rats. Endothelium 6,303-314

Minchenko, A., Bauer, T., Salceda, S., and Caro, J. (1994) Hypoxic stimulation of vascular
endothelial growth factor expression in vitro and in vivo. Lab. Invest. 71, 374-379

Liaudet, L., Soriano, F. G., Szabo, E., Virag, L., Mabley, J. G., Salzman, A. L., and Szabo,
C. (2000) Protection against hemorrhagic shock in mice genetically deficient in poly(ADP-
ribose)polymerase. Proc. Natl. Acad. Sci. USA 97, 10203—-10208

Mabley, J. G., Suarez-Pinzon, W. L., Hasko, G., Salzman, A. L., Rabinovitch, A., Kun, E.,
and Szabo, C. (2001) Inhibition of poly (ADP-ribose) synthetase by gene disruption or
inhibition with 5-iodo-6-amino-1,2-benzopyrone protects mice from multiple-low-dose-
streptozotocin-induced diabetes. Br. J. Pharmacol. 133, 909-919

Pacher, P., Liaudet, L., Soriano, F. G., Mabley, J. G., Szabo, E., and Szabo, C. (2002) The
role of poly(ADP-ribose) polymerase activation in the development of myocardial and
endothelial dysfunction in diabetes. Diabetes 51, 514-521

Szabo, C., Zanchi, A., Komjati, K., Pacher, P., Krolewski, A. S., Quist, W. C., LoGerfo, F.
W., Horton, E. S., and Veves, A. (2002) Poly(ADP-Ribose) polymerase is activated in



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

subjects at risk of developing type 2 diabetes and is associated with impaired vascular
reactivity. Circulation 106, 2680-2686

Obrosova, 1. G., Li, F., Abatan, O. 1., Szabo, C., and Stevens, M. J. (2002) Poly(ADP-
ribose) synthetase-knockout mice are protected from functional and biochemical deficits
associated with early diabetic and diabetes-like neuropathy. Diabetologia 45, Suppl.2, A323
(Abstract)

Obrosova, 1., Minchenko, A., Kennedy, A., Szabo, C., Frank, R., and Stevens, M. (2002)
Poly(ADP-ribose) synthetase inhibitors counteract diabetes- and hypoxia-induced retinal
VEGEF formation. Ophtham Res. 34, Suppl. 1, 128 (Abstract)

Szabo, C. (1998) Role of poly(ADP-ribose)synthetase in inflammation. Eur. J. Pharmacol.
350, 1-19

Zhang, W., Khanna, P., Chan, L. L., Campbell, G., and Ansari, N. H. (1997) Diabetes-
induced apoptosis in rat kidney. Biochem. Mol. Med. 61, 58—62

Ortiz, A., Ziyadeh, F. N., and Neilson, E. G. (1997) Expression of apoptosis-regulatory
genes in renal proximal tubular epithelial cells exposed to high ambient glucose and in
diabetic kidneys. J. Investig. Med. 45, 50-56

Song, Y., Ailenberg, M., and Silverman, M. (1999) Human muncl3 is a diacylglycerol
receptor that induces apoptosis and may contribute to renal cell injury in hyperglycemia.
Mol. Biol. Cell 10, 1609—-1619

Banasik, M., Komura, H., Shimoyama, M., and Ueda, K. (1992) Specific inhibitors of
poly(ADP-ribose) synthetase and mono(ADP-ribosyl)transferase. J. Biol. Chem. 267, 1569—
1575

Liaudet, L., Szabo, E., Timashpolsky, L., Virag, L., Cziraki, A., and Szabo, C. (2001)
Suppression of poly (ADP-ribose) polymerase activation by 3-aminobenzamide in a rat
model of myocardial infarction: long-term morphological and functional consequences. Br.
J. Pharmacol. 133, 14241430

Jagtap, P., Soriano, F. G., Virag, L., Liaudet, L., Mabley, J., Szabo, E., Hasko, G., Marton,
A., Lorigados, C. B., Gallyas, F., Jr., et al. (2002) Novel phenanthridinone inhibitors of poly
(adenosine 5'-diphosphate-ribose) synthetase: potent cytoprotective and antishock agents.
Crit. Care Med. 30, 1071-1082

Chen, S., Evans, T., Deng, D., Cukiernik, M., and Chakrabarti, S. (2002) Hyperhexosemia
induced functional and structural changes in the kidneys: role of endothelins. Nephron 90,
86-94

Viossat, I., Chapelat, M., Chabrier, P. E., and Braquet, P. (1990) Validation of
radioimmunoassay of tissue and plasma endothelin-1. Arch. Mal. Coeur Vaiss. 83, 1263—
1265



53.

54.

55.

56.

57.

38.

59.

60.

61.

62.

63.

64.

Wong, M., and Jeng, A. Y. (1995) Determination of tissue endothelin levels. Biochem. Mol.
Biol. Int. 35, 13591364

Lariviere, R., Lebel, M., Kingma, 1., Grose, J. H., and Boucher, D. (1998) Effects of losartan
and captopril on endothelin-1 production in blood vessels and glomeruli of rats with reduced
renal mass. Am. J. Hypertens. 11, 989-997

Vogel, V., Backer, A., Heller, J., and Kramer, H. J. (1999) The renal endothelin system in
the Prague hypertensive rat, a new model of spontaneous hypertension. Clin. Sci. (Lond) 97,
91-98

Khan, M. A., Dashwood, M. R., Mumtaz, F. H., Thompson, C. S., Mikhailidis, D. P., and
Morgan, R. J. (1999) Upregulation of endothelin A receptor sites in the rabbit diabetic
kidney: potential relevance to the early pathogenesis of diabetic nephropathy. Nephron 83,
261-267

Theuring, F., Thone-Reinecke, C., Vogler, H., Schmager, F., Rohmeiss, P., Slowinski, T.,
Neumayer, H. H., and Hocher, B. (1998) Pathophysiology in endothelin-1 transgenic mice.
J. Cardiovasc. Pharmacol. 31, Suppl. 1, S489-S491

Shindo, T., Kurihara, H., Maemura, K., Kurihara, Y., Ueda, O., Suzuki, H., Kuwaki, T., Ju,
K. H., Wang, Y., Ebihara, A., et al. (2002) Renal damage and salt-dependent hypertension in
aged transgenic mice overexpressing endothelin-1. J. Mol. Med. 80, 105-116

Bofta, J. J., Tharaux, P. L., Dussaule, J. C., and Chatziantoniou, C. (2001) Regression of
renal vascular fibrosis by endothelin receptor antagonism. Hypertension 37, 490-496

Gomez-Garre, D., Largo, R., Liu, X. H., Gutierrez, S., Lopez-Armada, M. J., Palacios, 1.,
and Egido, J. (1996) An orally active ETA/ETB receptor antagonist ameliorates proteinuria
and glomerular lesions in rats with proliferative nephritis. Kidney Int. 50, 962972

Hocher, B., Lun, A., Priem, F., Neumayer, H. H., and Raschack, M. (1998) Renal endothelin
system in diabetes: comparison of angiotensin-converting enzyme inhibition and endothelin-
A antagonism. J. Cardiovasc. Pharmacol. 31, Suppl 1, S492—-S495

Simbulan-Rosenthal, C. M., Ly, D. H., Rosenthal, D. S., Konopka, G., Luo, R., Wang, Z. Q.,
Schultz, P. G., and Smulson, M. E. (2000) Misregulation of gene expression in primary
fibroblasts lacking poly(ADP-ribose) polymerase. Proc. Natl. Acad. Sci. USA 97, 11274—
11279

Soldatenkov, V. A., Chasovskikh, S., Potaman, V. N., Trofimova, 1., Smulson, M. E., and
Dritschilo, A. (2002) Transcriptional repression by binding of poly(ADP-ribose) polymerase
to promoter sequences. J. Biol. Chem. 277, 665-670

Ha, H. C., Hester, L. D., and Snyder, S. H. (2002) Poly(ADP-ribose) polymerase-1
dependence of stress-induced transcription factors and associated gene expression in glia.
Proc. Natl. Acad. Sci. USA 99, 3270-3275



65.

66.

67.

68.

69.

70.

71.

Andreone, T. L., O'Connor, M., Denenberg, A., Hake, P. W., and Zingarelli, B. Poly(ADP-
ribose) polymerase-1 regulates activation of activator protein-1 in murine fibroblasts. J.
Immunol., In press

Yamashita, K., Discher, D. J., Hu, J., Bishopric, N. H., and Webster, K. A. (2001) Molecular
regulation of the endothelin-1 gene by hypoxia. Contributions of hypoxia-inducible factor-1,
activator protein-1, GATA-2, AND p300/CBP. J. Biol. Chem. 276, 12645-12653

Buchwald, A. B., Wagner, A. H., Webel, C., and Hecker, M. (2002) Decoy
oligodeoxynucleotide against activator protein-1 reduces neointimal proliferation after
coronary angioplasty in hypercholesterolemic minipigs. J. Am. Coll. Cardiol. 39, 732—738

Cattaruzza, M., Eberhardt, 1., and Hecker, M. (2001) Mechanosensitive transcription factors
involved in endothelin B receptor expression. J. Biol. Chem. 276, 36999-37003

Stevens, E. J., and Tomlinson, D. R. (1995) Effects of endothelin receptor antagonism with

bosentan on peripheral nerve function in experimental diabetes. Br. J. Pharmacol. 115, 373—
379

Cameron, N. E., and Cotter, M. A. (1996) Effects of a nonpeptide endothelin-1 ETA
antagonist on neurovascular function in diabetic rats: interaction with the renin-angiotensin
system. J. Pharmacol. Exp. Ther. 278, 1262-1268

Oku, H., Kida, T., Sugiyama, T., Hamada, J., Sato, B., and Ikeda, T. (2001) Possible
involvement of endothelin-1 and nitric oxide in the pathogenesis of proliferative diabetic

retinopathy. Retina 21, 647-651

Received February 7, 2003, accepted April 22, 2003.



Table 1

Final body weights and blood glucose concentrations in control rats and diabetic
rats treated with or without ABA or ISO (n=30-32).

Body weight(g) Blood glucose(mmol/1)
Control 462 +7 4.27+0.17
Diabetic 390 + 24%* 20.4 £1.44%*
DiabetictABA 343 + 9xx* 20.1 +0.50%*
Diabetic+ISO 363 £ 8** 20.8 £ 0.39%**

**Significantly different from controls (P<0.01, respectively).
"Significantly different from untreated diabetic group (P<0.01).
ABA, 3-aminobenzamide; ISO, 1,5-isoquinolinediol.



Fig. 1

ISO+DIABETES
Figure 1. Representative microphotographs of immunocytochemical staining of poly(ADP-ribose) in the tubuli (A-D)

and glomeruli (E-H) of the renal cortex of control rats and diabetic rats treated with or without ABA or 1SO (n=8 per
group). Magnification x400.
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Figure 2. A)Representative polyacrylamide gel analysis obtained in the ribonuclease protection assay of ET-1and 18 S
ribosomal RNA in the renal cortex of control rats and diabetic rats treated with or without ABA or 1SO (left). ET-1
MRNA abundance (Mean = SEM, n=8) in the renal cortex of control rats and diabetic rats treated with or without ABA or
SO (right). Datawere normalized to 18S ribosomal RNA. ET-1 mRNA abundance in control ratsis taken as 100%. C-
control; D-diabetic. **P < 0.01 vs. control group; ™P < 0.01 vs. untreated diabetic group. B) Representative agarose gel
analysis obtained in the RT/PCR assay of ET-3 and 18 S ribosomal RNA in the renal cortex of control rats and diabetic
rats treated with or without ABA or ISO (left). ET-3 mRNA abundance (mean = SEM, n=8) in the renal cortex of control
rats and diabetic rats treated with or without ABA or 1SO (right). Datawere normalized to 18S ribosomal RNA. ET-1
MRNA abundance in control ratsis taken as 100%. C-control; D-diabetic. C) Representative polyacrylamide gel analysis
obtained in the ribonuclease protection assay of ET(A) and 18 Sribosomal RNA in the renal cortex of control rats and
diabetic rats treated with or without ABA or SO (left). ET(A) mRNA abundance (mean + SEM, n=8) in the renal cortex of
control rats and diabetic rats treated with or without ABA or 1SO (right). Datawere normalized to 18S ribosomal RNA.
ET(A) mRNA abundance in control rats is taken as 100%. C-control; D-diabetic. **P < 0.01 vs. control group; P < 0.01
vS. untreated diabetic group. D) Representative polyacrylamide gel analysis obtained in the ribonucl ease protection assay
of ET(B) and 18 Sribosomal RNA in the renal cortex of control rats and diabetic rats treated with or without ABA or
ISO (left). ET(B) mRNA abundance (mean + SEM, n=8) in the renal cortex of control rats and diabetic rats treated with or
without ABA or 1SO (right). Datawere normalized to 18S ribosoma RNA. ET(B) mRNA abundance in control ratsis
taken as 100%. C-control; D-diabetic. **P < 0.01 vs. control group; P < 0.01 vs. untreated diabetic group.
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Figure 3. Rolefor oxidative stress-induced PARP activation in ET-1 and ET receptor overexpression and diabetic
nephropathy: potential involvement of NF-kB, AP-1 and protein kinase C. PKC, protein kinase C. ADPR, ADP-
ribose.





