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Poly(ADP-ribose)polymerase inhibition counteracts
renal hypertrophy and multiple manifestations of
peripheral neuropathy in diabetic Akita mice
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Abstract. Poly(ADP-ribose) polymerase (PARP) activation
has been implicated in the pathogenesis of diabetic complications,
including nephropathy and peripheral neuropathy. This study
aimed at evaluating the manifestations of both complications
in diabetic Akita mice, a model of Type 1 (insulin-dependent)
diabetes, and their amenability to treatment with the potent
PARP inhibitor, 10-(4-methyl-piperazin-1-ylmethyl)-2H-7-
oxa-1,2-diaza-benzo[de] anthracen-3-one (GPI-15427). Male
non-diabetic C57BI6/J and diabetic C57BI1/6-Ins2Akita/J
(Akita) mice were maintained with or without treatment with
GPI-15427, 30 mg/kg/day, for 4 weeks starting from 16 weeks
of age. Sixteen week-old Akita mice displayed sensory nerve
conduction velocity (SNCV) deficit, whereas the motor nerve
conduction velocity (MNCYV) tended to decrease, but the differ-
ence with controls did not achieve statistical significance.
They also developed thermal and mechanical hypoalgesia and
tactile allodynia. SNCV deficit, mechanical hypoalgesia, and
tactile allodynia progressed with age whereas the severity of
thermal hypoalgesia was similar in 16- and 20-week-old Akita
mice. PARP inhibition alleviated, although it did not completely
reverse, SNCV deficit, thermal and mechanical hypoalgesia
and tactile allodynia. Sixteen-week-old Akita mice displayed
MNCYV deficit (41.3£2.5 vs. 51.0+£1.2 m/sec in non-diabetic
controls, P<0.01), axonal atrophy of myelinated fibers, kidney
hypertrophy, and albuminuria. MNCV slowing, axonal atrophy,
and kidney hypertrophy, but not albuminuria, were less severe
in GPI-15427-treated age-matched Akita mice. Neuroprotective
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and nephroprotective effects of PARP inhibition were not due to
alleviation of diabetic hyperglycemia, or peripheral nerve p38
mitogen-activated protein kinase activation. GPI-15427 did not
affect any variables in control mice. In conclusion, the findings
support an important role for PARP activation in diabetic
peripheral neuropathy and kidney hypertrophy associated
with Type 1 diabetes, and provide rationale for development
and further studies of PARP inhibitors, for the prevention and
treatment of these complications.

Introduction

Diabetic peripheral neuropathy (DPN) and nephropathy (DN)
are among the most devastating complications of diabetes
mellitus which lead to foot amputation (1) and kidney failure
(2). With the exception of the aldose reductase inhibitor epalrestat
in Japan (3), and a-lipoic acid in several countries (4), no
pathogenetic treatment for DPN is currently available. Several
aldose reductase inhibitors, the protein kinase C inhibitor
ruboxistaurin, acetyl carnitine, and the nerve growth factor
showed only modest efficacy in clinical trials, or have been
abandoned due to adverse side effects. The only treatment
options for DN include angiotensin-converting enzyme inhib-
itors and angiotensin II receptor blockers which often have a
limited efficacy.

Evidence for the important role of poly(ADP-ribose) poly-
merase (PARP), the enzyme converting NAD to nicotinamide
and (ADP-ribose) residues, which attach to nuclear proteins
and each other with the formation of poly(ADP-ribose) polymer,
in diabetic complications is emerging (5-8). In particular,
PARP activation has been implicated in motor (MNCV) and
sensory (SNCV) nerve conduction velocity deficits, neuro-
vascular dysfunction, sensory disorders, such as thermal and
mechanical hyper- and hypoalgesia and tactile allodynia, small
sensory nerve fiber degeneration, and axonal atrophy of large
myelinated fibers, characteristic for DPN (9-12). PARP has
also been demonstrated to play an important role in albuminuria,
mesangial expansion, and podocyte loss associated with DN
(13-16). Note, that all experimental studies of the role for PARP
in complications of Type 1 (insulin-dependent) diabetes, the
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most debilitating form of diabetes mellitus, have been performed
in rats and mice in which diabetes was induced by streptozotocin
(STZ) treatment (5-11, 14-16).

Recent, quite successful, clinical trials identified the PARP
inhibitor olaparib as a potential treatment option for different
types of malignant tumors (17-19). FDA approval of this agent
as a new cancer therapy would undoubtedly expedite clinical
trials of PARP inhibitors in other pathological conditions,
including diabetes mellitus. A proof-of-efficacy in animal
models of DPN and DN other than STZ-diabetic rats and mice
would provide a better justification for long-term and expensive
trials of PARP inhibitors in both complications. We, therefore,
studied manifestations of DPN and evaluated the PARP inhibitor
10-(4-methyl-piperazin-1-ylmethyl)-2H-7-oxa-1,2-diaza-
benzo[de] an-thracen-3-one (GPI-15427, Eisai Inc.) in diabetic
C57BIl/6-Ins2 Akita/J (Akita) mice, a model of Type 1 diabetes
(20). We also assessed the effect of PARP inhibition on kidney
hypertrophy and albuminuria although it has been demonstrated
that the Akita mouse, at least the one on the C57BI6/] back-
ground, is not a robust animal model of Type 1 DN (21).

Materials and methods

Reagents. Unless otherwise stated, all chemicals were of
reagent-grade quality, and were purchased from Sigma Chemical
Co., St. Louis, MO. GPI-15427 was obtained from Eisai, Inc.,
Baltimore, MD. The rabbit polyclonal antibody to total p38
MAPK was obtained from Santa Cruz Biotechnology (Santa
Cruz, CA) and the rabbit polyclonal antibody to phosphorylated
p38 MAPK from Cell Signaling (Danvers, MA). Reagents for
immunohistochemistry were purchased from Dako Laboratories,
Inc., Santa Barbara, CA.

Animals. The experiments were performed in accordance with
regulations specified by the Guide for the Care and Handling
of Laboratory Animals (NIH Publication no. 85-23) and the
Pennington Biomedical Research Center Protocol for Animal
Studies. Five 6-week-old male C57Bl16/J and diabetic Akita
mice were purchased from Jackson Laboratories. All the mice
were fed standard mouse chow (PMI Nutrition International,
Brentwood, MO) and had ad libitum access to water. Starting
from 16 weeks of age, control and Akita mice were maintained
with or without treatment with GPI-15427, 30 mg/kg/day, for 4
weeks. Diabetes was confirmed in Akita mice by glucose
measurements in non-fasting blood samples taken from the
tail vein one day before initiation of GP-15427 treatment and
the day before the animals were sacrificed. Physiological and
behavioral measurements were obtained before and after
GPI-15427 treatment. MNCV and SNCV were measured in
mice anaesthetized with a mixture of ketamine and xylazine
(45 mg/kg and 15 mg/kg body weight, respectively, i.p.). At the
end of the study, mice were placed in individual metabolic
cages (Lab Products, Inc., Seaford, DE) and urine was collected
for 48 h. Urine specimens were centrifuged at 12,000 x g
(4°C, 10 min) and frozen for subsequent assessment of albumin
by ELISA.

Anesthesia, euthanasia and tissue sampling. The animals
were sedated by CO,, and immediately sacrificed by cervical
dislocation. The kidneys were dissected, cleaned from the
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surrounding fat tissue, and weighed. Sciatic nerves were rapidly
dissected and frozen in liquid nitrogen for subsequent assess-
ment of total and phosphorylated p38 mitogen-activated protein
kinase (MAPK). Tibial nerves were fixed (see below) and later
used for assessment of myelinated fiber diameter and myelinated
fiber diameter distribution.

Urinary albumin excretion. Urinary albumin was assessed by
ELISA (AssayMax mouse albumin ELISA kit, Assaypro, St.
Charles, MO) according to the manufacturer's instructions.

Physiology and behavioral tests. Sciatic MNCV, hind-limb
digital SNCV, thermal algesia (plantar test by the Hargreaves
method), mechanical algesia (tail-pressure Randall-Selitto test),
and tactile response thresholds (flexible von Frey filament
test) were measured as previously described (9,22,23).

Western blot analysis of total and phosphorylated p38 MAPK.
Sciatic nerve materials (~10-20 mg) were placed on ice in
200 pl of RIPA buffer containing 50 mmol/l Tris-HCI, pH 7.2;
150 mmol/l NaCl; 0.1% sodium dodecyl sulfate; 1% NP-40;
5 mmol/l EDTA; 1 mmol/l EGTA; 1% sodium deoxycholate
and the protease/phosphatase inhibitors leupeptin (10 pg/ml),
pepstatin (1 #g/ml), aprotinin (20 pg/ml), benzamidine (10 mM),
phenylmethylsulfonyl fluoride (1 mM), sodium orthovanadate
(1 mmol/l), and homogenized on ice. The homogenates were
sonicated (4 times for 10 sec) and centrifuged at 14,000 x g for
20 min. All the afore-mentioned steps were performed at 4°C.
The lysates (20 pg protein) were mixed with equal volumes of
2X sample-loading buffer containing 62.5 mmol/l Tris-HCI,
pH 6.8; 2% sodium dodecyl sulfate; 5% B-mercaptoethanol;
10% glycerol and 0.025% bromophenol blue, and fractionated
in 10% SDS-PAGE in an electrophoresis cell (Mini-Protean I1I;
Bio-Rad Laboratories, Richmond, CA). Electrophoresis was
conducted at 15 mA constant current for stacking, and at 25 mA
for protein separation. Gel contents were electrotransferred
at 80 V for 2 h to nitrocellulose membranes using the Mini
Trans-Blot cell (Bio-Rad Laboratories) and Western transfer
buffer [25 mmol/l Tris-HCI, pH 8.3; 192 mmol/l glycine; and
20% (v/v) methanol]. Free binding sites were blocked in 5%
(w/v) BSA in 20 mmol/l Tris-HCI buffer, pH 7.5, containing
150 mmol/l NaCl and 0.05% Tween-20, for 1 h, after which the
corresponding primary antibodies were applied overnight. The
horseradish peroxidase-conjugated secondary antibodies were
then applied for 1 h. In the Western blot analysis of phospho-
rylated p38 MAPK, the signal enhancer HIKARI (Nacalai
USA, San Diego, CA) was applied with both primary and
secondary antibodies according to the manufacturer's instruc-
tions. After extensive washing, protein bands detected by the
antibodies were visualized with the Amersham ECL™ Western
Blotting Detection Reagent (Little Chalfont, Buckinghamshire,
UK). Membranes were then stripped in 25 mmol/l glycine-HCI,
pH 2.5 buffer containing 2% SDS, and reprobed with B-actin
antibody to confirm equal protein loading.

Tibial nerve morphometry. Tibial nerve morphometry was
performed as previously described (24,25). Tibial nerves were
fixed overnight at 4°C in 2.5% glutaraldehyde buffered with
0.05 mmol/l sodium cacodylate (pH 7.3). The fixed samples
were post-fixed in 1% osmium tetroxide and dehydrated through
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Table I. Body weights and blood glucose concentrations in non-diabetic and diabetic Akita mice maintained with or without

GPI-15427 treatment.

Variables Control Control + GPI Akita Akita + GPI
16-week time point (prior to treatment)
Body weight, g 28.9+0.7 23.8+0.6*
Non-fasting blood glucose, mmol/l 10.9+0.4 >33.3
Fasting blood glucose, mmol/l 6.4+0.5 24.7+1.2*
20-week time point (final measurements)
Body weight, g 31.2+0.8 30.8+0.8 24.3+0.6* 24.1+£0.7*
Non-fasting blood glucose, mmol/l 10.4+0.5 9.9+0.5 >333 >333
Fasting blood glucose, mmol/l 6.9+0.5 7£0.6 25.7+1.4* 25.3+1.6*

Data are expressed as mean + SEM, n=10/group. *P<0.01 vs. non-diabetic controls; GPI, GPI-15427.

Table II. Motor and sensory nerve conduction velocities in non-diabetic and diabetic Akita mice maintained with or without

GPI-15427 treatment.

Variables Control Control + GPI Akita Akita + GPI
16-week time point (prior to treatment)
MNCYV, m/sec 48.2+1.8 454+1.8
SNCV, m/sec 37.5+0.8 30.2+0.8*
20-week time point (final measurements)
MNCYV, m/sec 51.8+1.2 51£2 41.3£2.6 48.9+1.6
SNCV, m/sec 36.9+04 37.3+0.9 29.9+0.7* 35.30.8

Data are expressed as mean + SEM, n=8-10/group. MNCV, motor nerve conduction velocity; SNCV, sensory nerve conduction velocity;
2P<0.01 vs. non-diabetic controls; PP<0.01 vs. untreated diabetic Akita mice. GPI, GPI-15427.

an ascending series of ethanol concentrations. Fixed nerves were
embedded in epon and polymerized. Semi-thin (1 gm)transverse
nerve sections were stained with toluidine blue. Myelinated
nerve fiber diameter was measured at a magnification of x1600
by a computer-assisted image analyzing system (NIH Image,
Agfa Arcus scanner connecting with Macintosh Quadra 700,
Cupertino, CA) as described. For evaluation of myelinated fiber
distribution, the percentage of tibial nerve myelinated fibers in
the diameter ranges of 0-4, 4-6, and 6-10 ym were calculated
for each mouse, and the averages per experimental group were
determined.

Statistical analysis. The results are expressed as mean + SEM.
Data were subjected to an equality of variance F test, and then
to log transformation, if necessary, before one-way analysis of
variance. Where overall significance (P<0.05) was attained,
individual between group comparisons for multiple groups
were made using the Student-Newman-Keuls multiple range
test. 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 analysis of variance, followed by the
Bonferroni/Dunn test for multiple comparisons. Significance
was defined at P<0.05.

Results

Both initial (prior to treatment) and final body weights were
lower in Akita mice compared with non-diabetic controls
(Table I). A 4-week GPI-15427 treatment did not affect weight
gain in either control or Akita mice. Initial non-fasting and
fasting blood glucose concentrations were dramatically increased
in Akita mice compared with non-diabetic controls. GPI-15427
did not affect non-fasting or fasting blood glucose concen-
trations in either non-diabetic or Akita mice.

MNCYV was not statistically different between 16-week-old
control and Akita mice (Table II). Twenty-week-old Akita
mice displayed 19.1% MNCYV deficit, and this reduction was
essentially prevented by GPI-15427 treatment. SNCV was
reduced by 19.6 and 19%, respectively, in 16- and 20-week-old
Akita mice compared with the corresponding non-diabetic
groups. PARP inhibitor treatment alleviated the SNCV deficit
in Akita mice, without affecting this variable in non-diabetic
controls.

The sensitivities to noxious thermal, mechanical, and tactile
stimuli were abnormal in both 16- and 20-week-old Akita
mice (Table III). In particular, both 16- and 20-week-old Akita
mice displayed thermal hypoalgesia which was alleviated, but
not completely corrected, by GPI-15427 treatment. They also
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Table III. Indices of small sensory nerve fiber function in non-diabetic and diabetic Akita mice maintained with or without GPI-

15427 treatment.

Variables

Control Control + GPI Akita Akita + GPI

16-week time point (prior to treatment)

Paw withdrawal latency, sec 10.1+0.8 17.3+1.5°

Mechanical withdrawal threshold, g 106.9+3.2 161+7.6°

Tactile response threshold, g 2.2+0.2 1.1x0.1°
20-week time point (final measurements)

Paw withdrawal latency, sec 10.7+£0.7 10.6+0.4 18.2+1° 12.8+0.6%¢

Mechanical withdrawal threshold, g 124.8+5.1 116.7£5.8 170.3+5.6° 126+7.7¢

Tactile response threshold, g 1.9+0.2 1.9+0.3 0.7+0.03° 1.5+£0.1¢

Data are expressed as mean + SEM, n=6-10/group. "P<0.05 and "P< 0.01 vs. non-diabetic controls; ‘P<0.01 vs. untreated diabetic Akita mice.

GPI, GPI-15427.

A

4.6 4
- 444
2 * HH
£
£ 4.2
z
2
= 44
]
2 3.8+
= J

3.6 /‘ PR

C  C+ Akita Akita+
GP1 GPIL
Myelinated fiber diameter distribution

B

70— 0-4 pm 60 - 4-6 pm 16 - 6-10 pm
= : = s =
£ 50 2 % 2 121
- . 2 40+ / -
g . g Z
£ / £ / £ 47
= 104 / [ / [

0 Z 0 Z 0 —

C + Akita Akita+ C  C+ Akita Akita+ o C+ Akita Akita+
GPI GPI GPIL GPI GPI GPI

Figure 1. Distal tibial nerve myelinated fiber diameter (#m) (A) and distal tibial nerve myelinated fiber diameter distribution (%) (B), in 20-week-old control
and Akita mice maintained with or without GPI-15427 treatment. C, control; GPI, GPI-15427. Mean + SEM, n=8, "P<0.05 and “P<0.01 vs. controls; *P<0.01

vs. untreated diabetic Akita mice.

developed mechanical hypoalgesia and tactile allodynia, and
both disorders appeared amenable to a PARP inhibitor treatment
as reflected by the lack of statistically significant differences
in these two variables between the GPI-15427-treated Akita and
the non-diabetic control groups. A PARP inhibitor treatment did
not affect mechanical withdrawal or tactile response thresholds
in non-diabetic mice.

Twenty-week-old Akita mice manifested a 9.7% reduction
in average diameter of distal tibial nerve myelinated fibers
indicative of the development of axonal atrophy (Fig. 1A). The
analysis of myelinated fiber diameter distribution revealed a

pattern typical for DPN, with the loss of large (by 54.6%) and
even medium (by 15.8%) axons (Fig. 1B). GPI-15427 treatment
did not affect average myelinated fiber diameter or diameter
distribution in non-diabetic mice, but counteracted axonal
atrophy in Akita mice. This neuroprotective effect of PARP
inhibition is reflected in the increased average myelinated fiber
diameter as well as a shift in the diameter distribution towards
the pattern, observed in the non-diabetic group.
Twenty-week-old Akita mice displayed increased p38
MAPK phosphorylation in the peripheral nerve, whereas total
p38 MAPK expression was not different from the non-diabetic
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Figure 2. Representative Western blot analysis (A) and contents (% of control) (B and C) of sciatic nerve phosphorylated and total p38 MAPK in 20-week-old
control and diabetic Akita mice maintained with or without GPI-15427 treatment. C, control; GPI, GPI-15427. Mean + SEM, n=8, ""P<0.01 vs. controls.
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Figure 3. Kidney weights (A) and urinary albumin excretion (B) in control
and diabetic Akita mice maintained with or without GPI-15427 treatment. C,
control; GPI, GPI-15427. Mean + SEM, n=8, “P<0.01 vs. controls; “P<0.05
vs. untreated diabetic Akita mice.

controls (Fig. 2). GPI-15427 treatment did not affect total or
phosphorylated p38 MAPK expression in either non-diabetic
or Akita mice.

Twenty-week-old Akita mice displayed kidney enlargement
(Fig. 3A) and dramatic albuminuria (Fig. 3B). GPI-15427
treatment alleviated kidney hypertrophy in Akita mice,
without affecting this variable in non-diabetic controls. PARP
inhibition did not affect urinary albumin excretion in either
non-diabetic or Akita mice.

Discussion

The results discussed herein indicate that Akita mice develop
robust functional and morphological changes characteristic
for Type 1 DPN. PARP inhibition counteracted diabetes-
associated MNCV and SNCV deficits, thermal hypoalgesia,
tactile allodynia, as well as axonal atrophy of distal tibial nerve
myelinated fibers, by a mechanism unrelated to alleviation of
hyperglycemia. The effects of GPI-15427 on DPN were not
mediated through p38 MAPK. A PARP inhibitor treatment
was associated with prevention of kidney hypertrophy, but not
reduction of albuminuria, in Akita mice.

Identification of suitable rodent models remains an important
area of diabetes complication-related research. In the last ten
years, DPN and DN have extensively been characterized in
animal models of Type 2 diabetes, including Zucker diabetic
fatty rats (26-28), and leptin-(ob/ob, 29) and leptin-receptor
(db/db, 30)-deficient diabetic mice. In contrast, STZ-diabetic
rat and mouse remain the only models suitable for studying
Type 1 DPN, because non-obese diabetic (NOD) mice develop
‘brittle diabetes’, with unpredictable time of development and
exceptionally high mortality, and type 1 bio-breeding Worcester
(BB/Wor) rats require insulin treatment, which interferes with
multiple indices of DPN (31,32). Our findings are the first to
demonstrate that Akita mouse develops robust nerve conduction
slowing, small sensory nerve fiber dysfunction, and axonal
atrophy of large myelinated fibers, and, can therefore be used
as an alternative to a ‘chemical’ model of DPN. Note, that
several studies suggest that Akita mice also develop a robust
diabetic autonomic neuropathy. In particular, diabetic Akita
mice manifest impaired corpus cavernosum nitrergic nerve
and sinusoidal endothelium function (33). Dystrophic changes
have been noted for superior mesenteric and celiac ganglia
(34). A further investigation provided evidence for cardiac
parasympathetic dysfunction (35). The presence of diabetic
autonomic neuropathy in this model is not surprising, consid-
ering that diabetic Akita mice develop severe hyperglycemia,
which has been identified as one of the major causes of this
devastating complication in both experimental and clinical
studies (36).

The present study supports an important role for PARP
activation in the pathogenesis of DPN previously identified in
STZ-diabetic rats and mice (9-11). A PARP inhibitor treatment
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prevented MNCYV deficit, and alleviated SNCV deficit, thermal
hypoalgesia, and tactile allodynia. Importantly, PARP activation
also counteracted diabetes-induced reduction in myelinated
fiber diameter and the loss of large axons, a phenomenon typical
for human subjects with advanced DPN. Together with the
previous studies of our group (9-11) and others (37) obtained
in STZ-diabetic rodents, the present experiments provide a
strong preclinical proof-of-concept data justifying the clinical
neuropathy trials for this class of agents.

PARP activation is known to lead to aberrant transcriptional
regulation and gene expression, NAD* depletion, profound
metabolic changes, energy failure, impaired ion channel
function, inflammation, and oxidative stress (5,38-40). One
study also suggested that PARP activation affects MAPK
signaling (41). An activation of JNK and increases in total
levels of p38 and JNK have been found in the sural nerve of
type I and II diabetic patients (42). Furthermore, increased
p38 MAPK phosphorylation has been implicated in multiple
changes characteristic for experimental DPN (43,44). In the
present study, increased p38 phosphorylation was clearly
present in the sciatic nerve of Akita mice compared with
non-diabetic controls. A PARP inhibitor treatment did not
reduce diabetes-associated p38 MAPK phosphorylation which
suggest that PARP activation and p38 MAPK activation are
two independent processes in the pathogenesis of DPN. The
link, if any, between PARP activation and phosphorylation of
other MAPKSs in tissue-sites for DPN still remains to be
explored.

It is generally accepted that the Akita mouse, at least, the
one on the C57Bl6/J background, is not a good model for
studying diabetes-associated kidney disease (21). In the present
study, however, Akita mice clearly manifested albuminuria
and kidney hypertrophy. Note, that whereas renal enlargement
appeared partially amenable to GPI-15427 treatment, urinary
albumin excretion was not different from the one in the
untreated diabetic mice. This finding is not consistent with the
previous observations in STZ-diabetic rats and mice (14,15)
as well as leptin-deficient db/db mice (16), all of which suggest
a beneficial effect of PARP inhibition or PARP-1 gene defi-
ciency on this major indicator of diabetic kidney disease. This
apparent discrepancy is likely related to the fact that whereas
the afore-mentioned previous studies used a prevention
paradigm, the current experiments were conducted using an
intervention design, with the treatment initiated about 10 weeks
after development of overt diabetes. It is also possible that a
much longer (>4 weeks) treatment is needed to achieve
alleviation of albuminuria in the Akita mouse, a model with
exceptionally severe hyperglycemia, which is a generally
accepted causative factor of DN (45).

In conclusion, the findings support the important role for
PARP activation in peripheral neuropathy and kidney hyper-
trophy associated with Type 1 diabetes, and provide rationale
for the development and further studies of PARP inhibitors,
for the prevention and treatment of these complications.
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