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LOOKING AHEAD

Pharmacological inhibition of PARP may be a novel approach
to treating diabetic cardiovascular complications.

PARP as a Drug Target
for the Therapy of Diabetic
Cardiovascular Dysfunction

by Csaba Szabo

oly(ADP-ribose) polymerase-1
P(PARP-I, EC 2.4.2.30), also

known as poly(ADP-ribose) syn-
thetase and poly(ADP-ribose) trans-
ferase, is a monomeric nuclear enzyme
present in eukaryotes. PARP-1, one of
the most abundant proteins in the
nucleus, is a 116 kDa protein consist-
ing of three main domains: the N-ter-
minal DNA-binding domain contain-
ing two zinc fingers; the auto-
modification domain; and the C-termi-
nal catalytic domain. The primary
structure of the enzyme is highly con-
served in eukaryotes (human and
mouse enzyme have 92% homology at
the level of amino acid sequence) with
the catalytic domain showing the high-
est degree of homology between dif-
ferent species; the catalytic domain
contains the so-called PARP signature
sequence, a 50-amino acid block show-
ing 100% homology between verte-
brates.

The physiological functions of
PARP are multiple and are the subject
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Summary

Poly(ADP-ribose) polymerase-1 (PARP-1) is a member of the PARP enzyme family
consisting of PARP-1 and a growing family of additional, novel poly(ADP-ribosylating)
enzymes. PARP-1 is one of the most abundant nuclear proteins, and it functions as a
DNA nick sensor enzyme. Upon binding to DNA breaks, activated PARP cleaves NAD*
into nicotinamide and ADP-ribose and polymerizes the latter onto nuclear acceptor
proteins including histones, transcription factors and PARP itself. Overactivation of
PARP in response to oxidant- and free radical-mediated excessive DNA single strand
breaks promotes cell dysfunction and necrotic-type cell death in a variety of patho-
physiological conditions. Emerging data indicate that high circulating glucose in dia-
betes mellitus is able to induce free radical and oxidant generation in the cardiovas-
cular system with the concomitant activation of PARP. This process results in acute
loss of the ability of the endothelium to release nitric oxide (endothelial dysfunction)
and leads to a severe functional impairment of the heart (diabetic cardiomyopathy).
Accordingly, pharmacological inhibition of PARP protects against diabetic cardiovas-
cular dysfunction. Surprisingly, PARP inhibition not only prevents the development of
diabetic endothelial dysfunction, but also restores normal vascular function in estab-
lished diabetes. In addition to the direct cytotoxic pathway regulated by DNA injury
and PARP activation, PARP also modulates the course of cardiovascular inflamma-
tion and injury by regulating the activation of NF-kB, and the expression of a number
of proinflammatory genes. The research into the role of PARP in diabetic cardiovas-
cular injury is now supported by novel tools, such as new classes of potent inhibitors
of PARP, as well as genetically engineered animals lacking the gene for PARP.
Inhibitors of PARP may become useful in the experimental therapy of diabetic vascu-
lar complications. © 2002 Prous Science. All rights reserved.

of several recent reviews and mono- second zinc finger domain, PARP-1

graphs.'=> PARP-1 functions as a DNA
damage sensor and signaling molecule
binding to both single- and double-
stranded DNA breaks. Upon binding to
damaged DNA, mainly through the
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forms homodimers and catalyzes the
cleavage of NAD" into nicotinamide
and ADP-ribose. It then uses the nicoti-
namide to synthesize branched nucleic
acid-like polymers poly(ADP-ribose)



covalently attached to nuclear acceptor
proteins. The size of the branched
polymer varies from a few to 200
ADP-ribose units. Because of its high
negative charge, covalently attached
ADP-ribose polymer dramatically
affects the function of target proteins.
In vivo, the most abundant poly-
(ADP-ribosylated) protein is PARP-1,
and auto-poly(ADP-ribosylation) rep-
resents a major regulatory mechanism
for PARP-1 resulting in the down-reg-
ulation of the enzyme activity. In addi-
tion to PARP-1, histones are also con-
sidered major acceptors of poly-
(ADP-ribose). Poly(ADP-ribosyla-
tion) confers negative charge to his-
tones leading to electrostatic repulsion
between DNA and histones. This
process has been implicated in chro-
matin remodeling, DNA repair and
transcriptional regulation. Several
transcription factors, DNA replication
factors and signaling molecules (NF-
KB, AP-2, Oct-1, YY1, TEF-1, DNA-
PK, p53) have also been shown to
become poly(ADP-ribosylated) by
PARP-1. The effect of PARP-1 on the
function of these proteins is carried out
by noncovalent protein—protein inter-
actions and by covalent poly(ADP-
ribosylation). Poly(ADP-ribosylation)
is a dynamic process, as indicated by
the short half-life of the polymer. Two
enzymes—poly(ADP-ribose) glycohy-
drolase (PARG) and ADP-ribosyl pro-
tein lyase—are involved in the catabo-
lism of poly(ADP-ribose). PARG
cleaves the ribose—ribose bonds of both
linear and branched portions of
poly(ADP-ribose) and the lyase
removes the protein proximal ADP-
ribose monomer.®

The biological role of poly(ADP-
ribose) is complex and involves the
following functions:

e PARP-1 plays a role in DNA repair
and maintenance of genomic integri-
ty. This protective function is signi-
fied by delayed DNA base excision
repair and a high frequency of sister
chromatid exchange in PARP-1-
deficient cells exposed to ionizing
radiation or treated with alkylating
agents.”?

e PARP-1 also regulates the expression
of various proteins at the transcrip-
tional level. Of special importance is
the regulation by PARP-1 of the pro-
duction of inflammatory mediators
such as inducible nitric oxide syn-
thase (iNOS), intercellular adhesion
molecule-1 (ICAM-1) and major his-
tocompatibility complex class II
(MHC class II). NF-KB is a key tran-
scription factor in the regulation of
this set of proteins, and PARP has
been shown to act as a co-activator
in NF-kB-mediated transcription.
Poly(ADP-ribosylation) can loosen
up chromatin structure and thereby
make genes more accessible for the
transcriptional machinery.”'4

e PARP-1 activation has been proposed
to represent a cell elimination path-
way whereby severely damaged cells
are removed from tissues. PARP-1-
mediated cell death occurs in the form
of necrosis, which is probably the
least desirable form of cell death.
During necrotic cell death, the cellu-
lar content is released into the tissue,
posing neighboring cells to harmful
attacks by proteases and various
proinflammatory intracellular factors
(see below in detail).

e Recently, poly(ADP-ribose) polymer
can serve as an emergency source of
energy used by the base excision
machinery to synthesize ATP.!>

o Poly(ADP-ribose) may also serve as
a signal for protein degradation in
oxidatively injured cells.'®

In response to the observation that
PARP-1-deficient cells have some
residual PARP activity, intensive
research began to identify the enzymes
responsible for this activity. In the last
two years several other enzymes pos-
sessing poly(ADP-ribosylation) activi-
ty have been described and named
PARPs 2-6, and the founding member
of the PARP enzyme family is now
designated as PARP-1. Many differ-
ences between the various PARP isoen-
zymes in domain structure, subcellular
localization, tissue distribution and
ability to bind to DNA have already
been established. The novel PARP iso-
forms have been subject to a recent
review.!” For the purpose of the current

article, it is important to point out that
PARP-1 is considered the major iso-
form of PARP in intact cells and
remains commonly termed as “PARP.”
This first isoform of PARP appears to
play the most crucial roles in the patho-
physiological aspects of PARP, includ-
ing the promotion of cell necrosis and
the amplification of proinflammatory
signaling.

PARP as a mediator
of oxidative cell dysfunction
and cell necrosis

More than a decade after the iden-
tification of PARP-like enzymatic
activities in mammalian cells, Dr.
Nathan Berger and colleagues pro-
posed a novel role for this enzyme,
namely mediation of a suicidal mecha-
nism triggered by DNA strand break-
age.'$1 As summarized in 1995 by
Berger, “...when DNA strand breaks
are extensive or when breaks fail to be
repaired, the stimulus for activation of
poly(ADP-ribose) persists and the acti-
vated enzyme is capable of totally con-
suming cellular pools of NAD.
Depletion of NAD and consequent
lowering of cellular ATP pools, due to
activation of poly(ADP-ribose) poly-
merase, may account for rapid cell
death before DNA repair takes place
and before the genetic effects of DNA
damage become manifest.””® This
hypothesis has since become a contro-
versial centerpiece of the PARP field.
The validity of the PARP suicide theo-
ry has been confirmed and extended
into many experimental systems and
areas of biomedical research. For
instance, in the mid 1980s, Cochrane
and his group carried out a detailed
characterization of the PARP suicide
pathway in white blood cells stimulat-
ed with hydrogen peroxide.?!?? In the
early 1990s, several groups provided
evidence that nitric oxide, a labile free
radical with multiple roles in physiolo-
gy and pathophysiology, can activate
the PARP pathway leading to cell
death.?>? Peroxynitrite, a reactive oxi-
dant species, produced from the reac-
tion of nitric oxide and superoxide free
radicals, was subsequently established
as a key endogenous trigger of DNA
single strand breakage and PARP acti-
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vation.?>?¢  Additional endogenous
triggers of DNA single strand breakage
and PARP activation include hydrogen
peroxide, hydroxyl radical and nitrox-
yl anion, but not nitric oxide, superox-
ide or hypochlorous acid.?!-?’ Recent
investigations have clarified the mode
of oxidant-induced cell death affected
by PARP. Exposure to massive
amounts of DNA-damaging mediators
leads to a significant degree of DNA
damage, with a consequent massive
synthesis of poly(ADP-ribose) poly-
mer and loss of cellular NAD* and
ATP. It is now clear that the PARP sui-
cide pathway, the process of “DNA sin-
gle strand breakage >> PARP activa-
tion >> energy depletion,” triggers
necrotic cell death characterized by
rapid cell injury, changes in membrane
integrity, a progressive development of
mitochondrial dysfunction, and release
of intracellular content evidenced by
increases in the plasma levels of vari-
ous necrotic markers, such as lactate
dehydrogenase.?>3! Prior to complet-
ing the process of full-fledged necro-
sis, cells are likely to reside in a dis-
tressed, dysfunctional state, which may
be termed “prenecrosis.” Pharmacolo-
gical inhibition or genetic inactivation
of PARP restores the function of
prenecrotic cells and thereby can pre-
vent the occurrence of cell necrosis.
Examples of the restorative effect of
PARP inhibition were found in ex vivo
experiments in endothelial cells pro-
ducing high levels of endogenous oxi-
dants during diabetes®? and in intestinal
epithelial cells from colitic guts.>* The
recognition that cell necrosis can be
influenced by pharmacological means
can be considered a key revelation,
because prior to these observations
necrotic cell death was not generally
considered to be amenable to pharma-
cological or therapeutic interventions.
Because cell necrosis is a key con-
stituent of the organ injury in stroke,
myocardial infarction, as well as a vari-
ety of other forms of reperfusion,
shock and inflammatory and neurode-
generative conditions, it is not surpris-
ing that PARP inhibition or deficiency
exerts marked protective effects in
experimental models of many of these
conditions.'

Drug News Perspect 15(3), March 2002

It is noteworthy that while in con-
junction with cell death the main func-
tion of PARP is now considered to be
the promotion of cell necrosis, much of
the published literature is concerned
with PARP and apoptosis. In fact, over
the last decade PARP has become
widely known among cell biologists as
the “death substrate.” Historically
PARP was one of the first identified
substrates of caspases, the main execu-
tioners of apoptosis.>+*> Therefore, a
role for PARP-1 in the regulation of
apoptosis has been put forward, and
cleaved PARP fragments are widely
being used to demonstrate apoptotic
processes. Although cleavage of PARP
undoubtedly can occur during apopto-
sis, recent work demonstrated that the
cleavage of PARP is neither a neces-
sary nor a sufficient step for the actual
process of apoptosis.?*3-37 The more
important role of PARP lays in pro-
moting cellular energetic dysfunction
in response to oxidative injury, which
ultimately culminates in necrotic type
cell death (see above). In this respect,
the cleavage of PARP during apoptosis
is now considered a protective mecha-
nism that serves to prevent the activa-
tion of PARP, thereby attempting to
preserve cellular energy for certain
ATP-sensitive steps of apoptosis.’®37
In fact, expression of a caspase-
uncleavable, modified version of
PARP leads to NAD* depletion and cell
necrosis, and inhibition of PARP activ-
ity in this experimental system inhibits
NAD* depletion and protects against
cell death.’

PARP as a regulator
of gene expression
and mononuclear cell
recruitment

As briefly mentioned earlier, PARP
plays an important role in the regula-
tion of gene expression and cell differ-
entiation. Under basal conditions,
PARP is closely associated with DNA,
with preference to regions of cruciform
DNA and bent DNA, and in A-T rich
regions. PARP also appears to be more
frequently associated with transcrip-
tionally active regions of chromatin.
Basal PARP activity thereby regulates

histone shuttling and nucleosomal
unfolding. Using pharmacological
inhibitors of PARP, it has been demon-
strated that the activity of PARP is
required for the expression of the
major histocompatibility complex
class II gene, DNA methyltransferase
gene, protein kinase C, collagenase,
ICAM-1 and inducible nitric oxide
synthase.’®*!  An oligonucleotide
microarray analysis identified multiple
genes that appear to be under the con-
trol of PARP-1.# A distinct mode of
inhibition of the expression of proin-
flammatory mediators by inhibition of
PARP relates to the regulation of
NF-kB activation. It is unclear whether
PARP catalytic activity versus PARP as
a structural protein plays the most
important role in its stimulatory role on
NF-KB activation;** it may well be
that both mechanisms can be involved
under certain experimental conditions.
Pharmacological evidence supports
the view that PARP also regulates the
c-fos—P-1 transcription system*®*’ as
well as the activation of MAP kinase.*
From the above experimental data it
appears that PARP, via a not yet fully
characterized mechanism, regulates
the expression of a variety of genes,
with the net result that PARP inhibition
or PARP genetic inactivation results in
the down-regulation of a variety of
important proinflammatory mediators
and pathways.

The PARP-mediated pathway of
cell necrosis and the PARP-mediated
pathway of inflammatory signal trans-
duction and gene expression may be
interrelated in pathophysiological con-
ditions. Oxidant stress can generate
DNA single-strand breaks. DNA strand
breaks then activate PARP, which in
turn potentiates NF-kB activation and
AP-1 expression, resulting in greater
expression of the AP-1- and NF-kB-
dependent genes, such as the gene
for ICAM-1, as well as chemokines
such as MIP-1a and cytokines such as
TNF-a. Chemokine generation, in
combination with increased endothe-
lial expression of ICAM-1, recruits
more activated leukocytes to inflam-
matory foci, producing greater oxidant



stress. It is possible that, on a small
scale, PARP-mediated necrosis and
PARP-mediated proinflammatory gene
expression are beneficial or protective
processes. For example, in an inflam-
matory focus, NAD* depletion and cell
necrosis may help eliminate “innocent
bystander” parenchymal cells with
severely damaged DNA. It is also pos-
sible that a low-level, localized inflam-
matory response may be beneficial in
recruiting mononuclear cells to an
inflammatory site. However, in many
pathophysiological states, the above-
described feedback cycles amplify
themselves beyond control.

Role of PARP
in the pathogenesis
of diabetic endothelial
dysfunction

In established diabetics, the quality
of life and life expectations are princi-
pally determined by the complications
of diabetes rather than the primary dis-
ease. Among these complications, vas-
culopathies affecting both the micro-
circulation and macrocirculation
(evidenced clinically by accelerated
atherosclerosis, dysfunction of the eyes
and kidneys, diminished blood flow to
extremities and an increased risk of
developing a variety of cardiovascular
diseases) are probably the most domi-
nant factors. The major cause of mor-
tality in diabetes is macrovascular dis-
ease affecting the cardiac and cerebro-
vascular circulation.*8-3 The processes
involved in atherothrombotic disease
are complex and include variation in
lipid metabolism, vascular responses,
cell/cell interactions and the fluid and
cellular phases of coagulation and fib-
rinolysis. The interactions between all
of these processes are crucially altered
by the metabolic milieu that character-
izes diabetes mellitus, tipping the deli-
cate balance toward atheroma forma-
tion, platelet aggregation and thrombus
formation. In contrast to macrovascu-
lar alterations, diabetes-associated
microvascular disease has been strong-
ly related to glycemic control. Hyper-
glycemic episodes occur even in the
most balanced forms of diabetes melli-
tus and are closely associated with the

development of vascular failure. A sig-
nificant portion of diabetic patients
will eventually develop some degree of
vascular failure.*-2

The vascular tone is regulated by
various neurohumoral mediators and
mechanical forces acting upon the
innermost layer of blood vessels, the
endothelium. The main pathway of
vasoregulation involves the activation
of the constitutive, endothelial isoform
of nitric oxide synthase (eNOS) result-
ing in nitric oxide production.>
Endothelium-dependent vasodilatation
is frequently used as a reproducible
and accessible parameter to probe
endothelial function in various patho-
physiological conditions. It is well
established that endothelial dysfunc-
tion, in many diseases, precedes and
predicts as well as predisposes for the
subsequent, more severe vascular alter-
ations. Endothelial dysfunction has
been documented in individuals with
various forms of diabetes and even in
prediabetic individuals.>*>* The patho-
genesis of this endothelial dysfunction
has many components including
increased polyol pathway flux, altered
cellular redox state, increased forma-
tion of diacylglycerol and the subse-
quent activation of specific protein
kinase C isoforms, and accelerated
nonenzymatic formation of advanced
glycation end products.’®>” Many of
these pathways, in concert, trigger the
production of oxygen- and nitrogen-
derived oxidants and free radicals,
which play a significant role in the
pathogenesis of the diabetes-associated
endothelial dysfunction.’*8 The cellu-
lar sources of reactive oxygen are mul-
tiple and include advanced glycation
end products NADH/NADPH oxidas-
es, as well as the mitochondrial elec-
tron transport chain. We have recently
found that high glucose-induced oxida-
tive stress leads to DNA single strand
breakage and PARP activation in
murine and human endothelial cells.>
Both the involvement of oxyradicals
and nitric oxide-derived reactive
species in PARP activation and the evi-
dence for nitrated tyrosine residues
suggest that peroxynitrite may be one

of the final mediators responsible for
single strand breakage and subsequent
PARP activation.”® Pharmacological
inhibition of PARP or genetic inactiva-
tion of PARP-1 protects against the
development of the high glucose-
induced endothelial dysfunction in
vitro.>

In order to elucidate the cellular
mechanisms of this PARP-dependent,
high glucose-induced cell dysfunction,
we have decided to measure cellular
pyridine nucleotide concentrations in
the endothelial cells exposed to high
glucose. There was a severe suppres-
sion of cellular high-energy phosphate
levels, as well as a suppression of
NAD*and NADPH levels, in endothe-
lial cells exposed to high glucose for
1-2 days. These effects were prevent-
ed by PARP inhibition or by PARP™
phenotype.” Since eNOS is an
NADPH-dependent enzyme, we pro-
posed that the cellular depletion of
NADPH in endothelial cells exposed
to high glucose is directly responsible
for the suppression of eNOS activity
and the reduction in the endothelium-
dependent relaxant ability of diabetic
vessels. In support of this hypothesis,
we have subsequently demonstrated
that there is a PARP-dependent sup-
pression of vascular NADPH levels in
diabetic blood vessels in vivo.3?

In a streptozotocin-model of dia-
betes in the mouse, the time course of
endothelial dysfunction was compared
with that of the activation of PARP in
the blood vessels. Intravascular PARP
activation was already apparent two
weeks after the onset of diabetes, and,
thus, it slightly preceded the occur-
rence of the endothelial dysfunction
that developed between the second and
fourth weeks of diabetes.®® Delayed
treatment with the PARP inhibitor—
starting at one week after streptozo-
tocin—ameliorated vascular poly-
(ADP-ribose) accumulation and re-
stored normal vascular function with-
out altering systemic glucose levels,
plasma glycated hemoglobin levels or
pancreatic insulin content.3>> Further-
more, delayed treatment of the animals
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Fig. 1. A. Normal endothelial function in normoglycemia. The vascular tone is regulated by various neurohumoral mediators such as acetyl-
choline (ACh), ATP, ADP and bradykinin (BK) and mechanical forces (e.g., pulsatile flow and shear stress) physiologically activating the inner-
most layer of blood vessels, the endothelium. The main pathway of vasoregulation involves the mobilization of intracellular calcium in endothe-
lial cells, followed by activation of eNOS resulting in nitric oxide production. The enzyme utilizes the substrates L-arginine and molecular oxygen
to produce nitric oxide and is dependent on a variety of substrates including NADPH and tetrahydrobiopterin (BH4). Nitric oxide produced by
endothelial nitric oxide synthase (eNOS) then diffuses to the smooth muscles, activates soluble guanylyl cyclase (GC) and thereby triggers a
cyclic GMP (cGMP) mediated relaxation of the vascular smooth muscle. The nitric oxide released from the endothelium also maintains an
antiatherogenic luminal surface and inhibits the adhesion and activation of neutrophils, monocytes and platelets. B. Endothelial dysfunction
in diabetes. PARP-dependent and PARP-independent cytotoxic pathways involving nitric oxide (NO*®), hydroxyl radical (OH®) and peroxyni-
trite (ONOO") in the context of diabetic endothelial dysfunction. Transiently or chronically elevated high circulating glucose in diabetes inter-
rupts the normal homeostatic functions of the vascular endothelium. First, hyperglycemia triggers the release of oxidant mediators from the
mitochondrial electron transport chain, from NADH/NADPH oxidase and other sources. High glucose may also up-regulate endothelial nitric
oxide synthase (eNOS) expression or may trigger the expression of the inducible nitric oxide synthase (iNOS) in the endothelium. Nitric oxide,
in turn, combines with superoxide to yield peroxynitrite. Hydroxyl radical (produced from superoxide via the iron-catalyzed Haber-Weiss reac-
tion) and peroxynitrite or peroxynitrous acid induce the development of DNA single strand breakage, with consequent activation of PARP.
Depletion of the cellular NAD* leads to inhibition of cellular ATP-generating pathways leading to a global cellular dysfunction. This energetic
failure may culminate in endothelial cell necrosis. The PARP-triggered depletion of cellular NADPH directly impairs the endothelium-depen-
dent relaxations. The effects of elevated glucose are also exacerbated by increased aldose reductase activity leading to depletion of NADPH
and generation of reactive oxidants. Nitric oxide alone does not induce DNA single strand breakage, but may combine with superoxide (pro-
duced from the mitochondrial chain or from other cellular sources) to yield peroxynitrite. PARP activation, via a not yet characterized fashion,
promotes the activation of nuclear factor-kB, AP-1, MAP kinases and the expression of proinflammatory mediators, adhesion molecules such
as intercellular adhesion molecule-1 (ICAM-1) and iNOS. Poly(ADP-ribose) polymerase- (PARP) independent, parallel pathways of cellular
metabolic inhibition can be activated by nitric oxide, hydroxyl radical, superoxide and peroxynitrite. By promoting neutrophil recruitment and
oxidant generation, positive feedback cycles are triggered. PARP activation and mitochondrial oxidant production form another positive feed-
back cycle. Ultimately, the reduced nitric oxide output from the endothelial cells reduces the antithrombotic properties of the endothelial sur-
face and trigger the adhesion and activation of platelets. The reduced endothelial nitric oxide output reduces the basal vasodilatory tone of
the vascular smooth muscle, leading to transient or chronic vasospasm, end-organ ischemia and increased incidence of cardiovascular events
such as coronary vasospasm, myocardial infarction or stroke. In addition, activation and intravascular migration of neutrophils and monocytes
may also promote atherogenesis.

Drug News Perspect 15(3), March 2002 5



with the PARP inhibitor restored the
established diabetic endothelial dys-
function; even in vitro incubation of
diabetic dysfunctional blood vessels
with PARP inhibitors of various struc-
tural classes (a benzamide, an iso-
quinolinone and a phenanthridinone
derivative) significantly enhanced
the endothelium-dependent relaxant
responsiveness.*? The development of
the endothelial dysfunction and its
reversibility by pharmacological inhi-
bition of PARP has also recently been
demonstrated in an autoimmune model
of diabetes, a nonobese diabetic mouse
model.®

Although most of the studies on the
role of PARP in the pathogenesis of
diabetic endothelial dysfunction, as
discussed above, originated in macro-
vessels, there is circumstantial evi-
dence that similar processes are opera-
tive for the pathogenesis of diabetic
microvascular injury (retinopathy,
nephropathy). In fact, there is now evi-
dence for PARP activation in the
microvessels of the diabetic retina.®® In
addition, a study performed more than
a decade ago demonstrated that the
presence of glomerular deposits
(mesangial distribution) of IgG was
significantly reduced in streptozotocin-
diabetic rats treated with the PARP
inhibitor  nicotinamide for six
months.®! Additional studies utilizing
potent and specific inhibitors of PARP
are needed to further delineate the role
of PARP in the pathogenesis of
diabetic retinopathy, neuropathy and
nephropathy.

Role of PARP
in the pathogenesis
of diabetic myocardial
dysfunction

The development of myocardial
dysfunction independent of coronary
artery disease in diabetes mellitus has
been well documented, both in humans
and experimental studies in ani-
mals.%>% This diabetic cardiomyopa-
thy is characterized by an early dias-
tolic dysfunction and a late systolic
dysfunction, with intracellular reten-
tion of calcium and sodium and loss of

potassium. The mechanism of diastolic
dysfunction remains unknown, but it
does not appear to be because of
changes in blood pressure, microvas-
cular complications or elevated circu-
lating glycated hemoglobin levels.
Recent data demonstrate that the PARP
pathway also plays a role in the patho-
genesis of diabetic cardiomyopathy.5
Cardiac dysfunction was noted both in
the streptozotocin-induced and genetic
(nonobese diabetic) models of diabetes
mellitus in rats and mice.® Treatment
with the phenanthridinone-based
PARP inhibitor PJ34 starting one week
after the onset of diabetes, restored
normal vascular responsiveness and
significantly improved cardiac dys-
function, despite the persistence of
severe hyperglycemia.® The beneficial
effect of PARP inhibition persisted
even after several weeks of discontin-
uation of the treatment.®

It is possible that the diabetic
endothelial PARP pathway and the dia-
betic cardiomyopathy are interrelated:
The impairment of the endothelial
function may lead to global or region-
al myocardial ischemia, which may
secondarily impair cardiac perfor-
mance. The beneficial effect of PARP
inhibition on myocardial function,
however, is not related to an anabolic
effect, since PJ34 treatment did not
influence the body and heart weight
loss in diabetic animals, while it dra-
matically improved cardiac function. It
is noteworthy that the protective effect
of PARP inhibition against diabetic
cardiac dysfunction extended several
weeks beyond the discontinuation of
treatment; this observation may have
important implications for the design
of future clinical trials with PARP
inhibitors.% The prolonged protective
effect may be related to the permanent
interruption by the PARP inhibitor of
positive feedback cycles of cardiac
injury. Indeed, previous studies in var-
ious pathophysiological conditions
have demonstrated that PARP inhib-
itors suppress positive feedback cycles
of adhesion receptor expression and
mononuclear cell infiltration, as well
as cellular oxidant generation.*!-%

Conclusions
and implications

The role of PARP activation in dia-
betes is not limited to the development
of various forms of cardiovascular dys-
function. A vast body of evidence sup-
ports the role of PARP activation in the
process of autoimmune islet cell
death®-70 as well as in the process of
islet regeneration.”'~"3 Taken together,
multiple lines of evidence support the
view that PARP activation plays a cru-
cial role in multiple interrelated aspects
of diabetes and its complications. We
expect that potent, bioavailable and
nontoxic PARP inhibitors will exert
beneficial effects against the develop-
ment of both the primary diabetes as
well as its cardiovascular complica-
tions.

PARP plays an important role in a
variety of physiological processes and
in DNA repair. Nevertheless, PARP-1—
deficient mice are viable and disease-
free, and PARP-deficient mice have
not been shown to be prone to sponta-
neous malignancies—although they do
de-velop an increased incidence of
chemically-induced tumors.”* Inter-
estingly, and somewhat in contrast
with the latter report, a recent study
shows that PARP deficiency reduces
the incidence of malignancies in the
p353-deficient mice.” Since PARP has
catalytic as well as scaffolding func-
tions in the nucleus, in many cases
PARP deficiency and pharmacological
PARP inhibition yields discordant
results.”®”7 Thus, only direct investiga-
tions (such as chronic treatment of ani-
mals with potent PARP inhibitors) will
be able to directly address the various
potential side effects of PARP
inhibitors for chronic indications such
as diabetes mellitus and its cardiovas-
cular complications. It is possible that
a partial degree of pharmacological
inhibition of PARP in vivo will be able
to reduce the development of oxidant-
induced cell dysfunction, while at the
same time maintain the protective
function of PARP it elicits on the level
of genetic integrity. As with all novel
therapeutic agents, the risk of potential
side effects of PARP inhibition will
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have to be carefully balanced with the
degree of expected therapeutic benefit.
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