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BGP-15, a Nicotinic Amidoxime Derivate Protecting
Heart from Ischemia Reperfusion Injury through

Modulation of Poly(ADP-ribose) Polymerase
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ABSTRACT. The protective effect of O-(3-piperidino-2-hydroxy-1-propyl)nicotinic amidoxime (BGP-15)
against ischemia—reperfusion-induced injury was studied in the Langendorff heart perfusion system. To
understand the molecular mechanism of the cardioprotection, the effect of BGP-15 on ischemic—reperfusion-
induced reactive oxygen species (ROS) formation, lipid peroxidation single-strand DNA break formation,
NAD™ catabolism, and endogenous ADP-ribosylation reactions were investigated. These studies showed that
BGP-15 significantly decreased leakage of lactate dehydrogenase, creatine kinase, and aspartate aminotransferase
in reperfused hearts, and reduced the rate of NAD™ catabolism. In addition, BGP-15 dramatically decreased the
ischemia-reperfusion-induced self-ADP-ribosylation of nuclear poly(ADP-ribose) polymerase(PARP) and the
mono-ADP-ribosylation of an endoplasmic reticulum chaperone GRP78. These data raise the possibility that
BGP-15 may have a direct inhibitory effect on PARP. This hypothesis was tested on isolated enzyme, and kinetic
analysis showed a mixed-type (noncompetitive) inhibition with a K, = 57 * 6 wM. Furthermore, BGP-15
decreased levels of ROS, lipid peroxidation, and single-strand DNA breaks in reperfused hearts. These data
suggest that PARP may be an important molecular target of BGP-15 and that BGP-15 decreases ROS levels and
cell injury during ischemia—reperfusion in the heart by inhibiting PARP activity. BIOCHEM PHARMACOL 59;8:
937-945, 2000. © 2000 Elsevier Science Inc.
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Ischemia—reperfusion generates ROS! such as H,0,, super-
oxide radicals, and hydroxyl radicals formed in the Fenton
reaction [1]. ROS in turn can initiate lipid peroxidation [2],
protein oxidation [3], and the formation of single-strand
DNA breaks [4—6]. These forms of damage are believed to
be partly responsible for the myocardial damage associated
with infarction and reperfusion [7]. ROS and NO formed
under the ischemia—reperfusion cycle induce single-strand
DNA breaks which in turn activate nuclear PARP [8, 9].
Upon activation, PARP cleaves NAD" to nicotinamide
and ADP-ribose, with the latter being coupled to different
proteins and protein-bound ADP-ribose residues. Excessive
PARP activation leads to cellular NAD™ depletion and
ATP depletion, which eventually cause necrosis [10].
Therefore, inhibition of PARP can partially prevent ROS
and NO toxicity [11-13] and ischemia—reperfusion-induced
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cell death [12]. Mitochondria play a significant role in
postischemic cell damage, because ischemia—reperfusion
induces a massive influx of Ca’* into the mitochondrial
matrix and inhibits electron transport specifically between
NADH and ubiquinone [14]. The inhibition of mitochon-
drial electron transport at complex I induces the excessive
formation of ROS in postischemic hearts [15, 16]. Elevated
ROS levels can induce mitochondrial permeability transi-
tion, which can lead to intramitochondrial NAD™ loss and
the inhibition of mitochondrial NAD*-linked substrate
oxidation [17], further damaging mitochondrial energy
production and finally resulting in apoptotic or necrotic
cell death [18, 19]. ROS-induced impaired energy metabo-
lism and cell death can be partially reverted by PARP
inhibitors, supposingly because these latter significantly
decrease the rate of ROS-activated NAD™ catabolism and
reduce ATP utilization for the resynthesis of NAD™ [20,
21]. The fact that PARP inhibitors decrease the catabolism
of cytoplasmic NAD™ and so possibly decrease ROS-
induced mitochondrial NAD™ loss suggests a connection
between oxidative mitochondrial damage and PARP acti-
vation. Therefore, it is possible that protection of cells from
oxidative damage can be achieved not only by the reduc-
tion of ROS levels either with antioxidants [22—25] or with
ROS-scavengering enzymes [26], but by the potential of
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FIG. 1. Chemical structure of BGP-15 (O-(2-hydroxy-3-piper-
idinepropyl)-pyridine-carbonic acid-amidoxime dihydrochlo-
ride).

PARP inhibitors to reduce mitochondrial injury and ROS
production.

In this work, we investigate the molecular mechanism by
which O-(3-piperidino-2-hydroxy-1-propyl)nicotinic ami-
doxime (BGP-15), (Fig. 1) protects the heart against
ischemia—reperfusion injury in the Langendorff heart per-
fusion system. Evidence is provided that BGP-15 decreases
endogenous ADP-ribosylation in the heart and concomi-
tantly suppresses ROS levels and cell injury.

MATERIALS AND METHODS
Chemicals

NAD, DHR, and IgG peroxidase were purchased from
Sigma—Aldrich Chemical Co. and Malondialdehyde-bis
(diethylacetal) was obtained from Merck. Anti-ADP-ribose
antibody was a kind gift from Alexander Buerkle (Heidel-
berg, Germany) and Masanao Miwa (Tsukuba, Japan).
BGP-15 was provided us by N-Gene Research Laboratories,
Inc. The low-molecular-weight electrophoresis kit was pur-
chased from Pharmacia. All other reagents were of the
highest purity commercially available.

Animals

Hearts from adult male Wistar rats weighing 300-350 ¢
were used for Langendorff heart perfusion experiments. All
animal experiments were conducted in conformity with the
guiding principles of the care and use of animals.

Heart Perfusion

Rats were anesthetized with ketamine (200 mg/kg i.p.) and
heparinized with sodium heparin (100 IU/rat i.p.). Hearts
were perfused via the aorta according to the Langendorff
method at a constant pressure of 70 mmHg at 37°, as
described previously [27, 28]. The perfusion medium was a
modified phosphate-free Krebs—Henseleit buffer consisting
of 118 mM NaCl, 5 mM KCI, 1.25 mM CaCl,, 1.2 mM
MgSO,, 25 mM NaHCO;, 11 mM glucose and 0.6 mM
octanoic acid, and in some experiments the medium con-
tained an additional (40 mg/L (113.9 mM) of BGP-15. The
perfusate was adjusted to pH 7.4 and bubbled with 95%
0,/5% CO, through a glass oxygenator. After a washout,
non-recirculating period of 15 min, hearts were either
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perfused under normoxic conditions for the given time, or
subjected to a global ischemia of 45 min by closing the
aortic influx and reperfused for 5, 15, or 30 min. During
ischemia, hearts were submerged in perfusion buffer at 37°.
At the end of perfusion, hearts were freeze-clamped.

Assay of NAD*

The concentration of NAD™ in the neutralized perchloric
acid extract of cardiac muscle was measured by using the
alcohol dehydrogenase reaction [29]. The freshly prepared
reaction buffer contained 0.1 M Tris, pH 8.4, 1 mM EDTA,
4 mM L-cysteine chloride, and 2% ethanol. Each cuvette
contained 300 pL of the tissue extract, 650 pL of the
reaction buffer, and 4 units of enzyme. The reaction was
initiated by the addition of the enzyme, and the exact tissue
NAD™ concentrations were determined from a calibration
curve.

Detection of ROS

ROS formation was detected using the oxidation-sensitive
non-fluorescent probe DHR, which can be oxidized by
ROS to fluorescent thodamine123 [30]. ROS formation was
first studied in normoxic hearts. After a 15-min washout,
DHR (5 wM) was added to the perfusate and perfused for an
additional 15 min. In the case of hearts subjected to a
45-min ischemia and a 15-min reperfusion, DHR (5 uM)
was added to the perfusate prior to reperfusion. The
perfusions were terminated by freeze-clamping the hearts.
For the extraction of thodamine123, 90 mg of heart pieces
was homogenized in 2 mL of deoxygenated ice-cold 20 mM
Tris buffer pH 7.4 twice for 20 sec with an Ultra Turrax
homogenizer and an equal amount of ice-cold 70% ethanol
containing 0.1 M HCl was added. The precipitated proteins
were removed by centrifugation at 3000 g for 15 min. The
precipitate was extracted again, and the aliquots of the
combined supernatants were neutralized with NaHCO5 and
centrifuged at 6000 g. Rhodaminel23 content in the clear
supernatant was determined by a Perkin-Elmer fluorescence
spectroscope at an excitation wavelength of 500 nm and an
emission wavelength of 536 nm. To correct the extraction
procedure, 90 mg of heart pieces (perfused without DHR)
was homogenized in 2 mL of 20 mM Tris buffer pH 7.4
containing 5 wM DHR and extracted under the same
conditions. The amount of fluorescent rhodaminel23
formed under these conditions was in the range of the
3-7% of rhodaminel23 formed during perfusion in nor-
moxic heart, whose values were subtracted from those
obtained in the different hearts perfused with DHR. To
check the effectiveness of rhodaminel23 extraction, 90 mg
of heart pieces (perfused without DHR) was homogenized
in 2 mL of 20 mM Tris buffer pH 7.4 containing 1 uM
rhodaminel23 and extracted under the same conditions.
These data showed that 91-96% of the rhodamide was
extracted from the heart homogenate with the procedure
described above. Rhodamine123 concentrations were also
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determined in the perfusates and turned out to be virtually
undetectable, indicating that most of the rhodaminel23
was retained by the heart, which is in accord with previous
observations [31].

ROS formation was also detected under in wvitro condi-
tions when DHR was added following a 30-min normoxic
perfusion or a 45-min ischemia. In both cases, heart pieces
(50 mg) were homogenized in 3 mL of well-oxygenated
standard buffer and incubated with 5 uM DHR in the
presence or absence of 50 uM BGP-15 for 30 min at 37°.
The extraction and movement of rhodaminel23 was per-
formed as above. To correct for background heart, tissue
samples were incubated under the same conditions without
DHR, and the 5-uM DHR was given only at the end of the
incubation period.

Determination of DNA Single-Strand Breaks

Single-strand DNA breaks were determined by the alkaline
fluorescence analysis of DNA unwinding as described by
Birnboim and Jevcak [32]. DNA samples were prepared
from normoxic- and ischemic-perfused hearts. To estimate
the quantity of undamaged double-stranded DNA, samples
were divided into 3 sets of tubes. DNA fluorescence was
determined under different conditions. To determine the F
(fluorescence) value, DNA was kept at pH 12.4 to permit
partial unwinding of DNA. To determinate F,_;,, DNA was
kept at pH 12.4, but at the beginning of the incubation
period the DNA sample was sonicated for 60 sec. To
determinate F,_ ., the DNA sample was kept at pH 11.0,
which is below the pH needed to induce unwinding.
Solutions were incubated for 30 min at 0° followed by a
15-min incubation at 15°. Unwinding was stopped by
adjusting the pH to pH 11.0. Fluorescence was measured
after the addition of the dye (ethidium bromide, 0.67
pwg/mL) with an excitation wavelength of 520 nm and an
emission wavelength of 590 nm on a Perkin-Elmer lumi-
nescence spectrometer. Results are expressed as D (percent
of double-stranded DNA) = (F — F_,.)/(F .« — Fain) X
100.

ADP-ribosylation Assay

Hearts were freeze-clamped at the end of perfusion and kept
in liquid nitrogen. Cardiac muscle (50 mg) was homoge-
nized by Ultra Turrax in 500 L of 50 mM Tris pH 7.8, and
then 500 wL of 2 X Laemmli sample buffer was added,
homogenized with a Potter-Elvehiem homogenizer, and
cleared by centrifugation for 5 min at 10,000 g. In some
experiments, the extraction buffer contained 8 M urea, 20
mM Tris, and 4 mM EDTA. Samples were subjected to
SDS-PAGE [33] using a 10% gel and blotted to nitrocellulose
membrane for Western blot analysis. ADP-ribosylated pro-
teins were detected by anti-ADP-ribose monoclonal anti-
body and anti-mouse IgG peroxidase complex and visual-
ized by the enhanced chemiluminescence (ECL) method.

The ADP-ribosylation of nuclear proteins was detected
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by immuno-dot blot analysis. Rat heart nuclei were isolated
as described in [34]. The purified nuclei were prepared for
dot blotting using extraction buffer containing 8 M urea, 20
mM Tris, 4 mM EDTA, and 2X Laemmli sample buffer.
The protein-bound ADP-ribose content was determined by
anti-ADP-ribose monoclonal antibody and anti-mouse IgG
peroxidase complex and visualized by the enhanced chemilu-
minescence (ECL) method. Dot blot data were quantitated by
the Image Tool (Version 1.27) image processing program.

Assay to Test Inhibitory Effects on PARP Enzyme
In Vitro

PARP was isolated from rat liver based on a method
described previously [35]. The potential inhibitory effect of
BGP-15 (over a range of concentrations) was tested in this
assay system. PARP activity was determined in a 130-uL
reaction mixture containing 100 mM Tris—HCI buffer, pH
8.0, 10 mM MgCl,, 10% glycerol, 1.5 mM DTT, 1 mM
[adenine-2,8-°’H] NAD™" (4500 cpm/nmol), 10 pg acti-
vated DNA, and 10 pg histones. The incubation time was
5 min, and the reaction was stopped by the addition of
TCA (8%). After addition of 0.5 mg albumin, precipitation
was allowed to continue for at least 20 min on ice, and the
insoluble material was collected on a glass filter washed five
times with 5% perchloric acid. Protein-bound radioactivity
was determined with an LS-200 Beckman scintillation
counter.

Lipid Peroxidation

Lipid peroxidation was estimated from the formation of
TBARS. TBARS were determined using a modification of
a previously described method [36]. Cardiac tissue was
homogenized in 6.5% TCA, and a reagent containing 15%
TCA, 0.375% TBA, and 0.25% HCI was added, mixed
thoroughly, heated for 15 min in a boiling water bath,
cooled, and centrifuged. The absorbance of the supernatant
was measured at 535 nm against a blank that contained all
the reagents except the tissue homogenate. Using MDA
standards, TBARS concentrations were calculated as
nmol/g wet tissue.

Myocardial Enzyme Leakage

The release of LDM (EC 1.1.1.27), CK (EC 2.7.3.2), and
AST (EC 2.6.1.1) enzymes were measured in the perfusate
of Langendorff-perfused hearts under normoxic and isch-
emic conditions. Enzyme activities were measured by stan-

dard methods as described in [37] for LDH, [38] for AST,
and [39] for CK.

RESULTS
Releasing Cytoplasmic Enzymes

The release of CK, LDH, and AST from normoxic-perfused
rat hearts into the perfusate was extremely low, indicating
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TABLE 1. Effect of BGP-15 on intracellular enzyme release
during ischemia-reoxygenation in the Langendorff-perfused
rat heart system

AST LDH CK
mU/mL
Normoxic 2x1 1+1 4+2
Ischemia—reperfusion 96 = 8% 419 = 36* 148 = 17*
Ischemia—reperfusion 336 125 =10 61 £5

+40 mg/L of BGP-15

Membrane integrity was followed by enzyme release into the perfusate during heart
perfusion in normoxic and postischemic (45-min ischemia and 30-min reperfusion)
hearts. For details see Materials and Methods. Values are means + SEM for five heart
preparations.

*Value different from respective normoxic values and ischemia-reperfusion +
BGP-15 values at significance P < 0.01.

that cell membranes were undamaged under conditions of
normoxic perfusion (Table 1). Ischemia-reperfusion in-
duced a significant release of CK, LDH, and AST (Table 1)
because of serious damage to plasma membranes of cardio-
myocytes [40, 41]. When hearts were perfused for 10 min
with 40 mg/L of BGP-15 under normoxic conditions prior
to the 45-min ischemia and after the 30-min reperfusion, a
significant reduction in enzyme release was observed (Table
1). This finding shows that BGP-15 partially protected
plasma membranes of cardiomyocytes from ischemia—reper-
fusion-related damage. BGP-15 has a low toxicity (LDs, =
1203.4 mg/kg orally added to rats) and thus can be safely
used in the biologically effective concentration range.

Detection of ROS Formation During Perfusion and
In Vitro

ROS oxidize the non-fluorescent DHRI to a fluorescent
rhodaminel23 [30]. Since DHR is cell-permeable and
oxidized rhodaminel23 is retained in the cell, this reaction
can be used for the detection of ROS formed in the perfused
heart. The oxidation of DHR to rhodaminel123 was clearly
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detectable even in normoxic-perfused hearts, and the oxi-
dation rate was significantly increased as a consequence of
ischemia—reperfusion (Table 2). The pre-perfusion of hearts
with BGP-15 decreased ischemia-reperfusion-induced rho-
daminel23 formation (Table 2), showing that BGP-15
decreases the steady-state levels of ROS in postischemic
hearts. Similar data were obtained under in vitro conditions
when DHR was added to the heart tissues and ROS were
determined by the same method as with normoxic hearts,
ischemic hearts, and ischemic hearts having BGP-15 in the
incubation medium (Table 2).

BGP-15 did not inhibit the oxidation of DHR to rhoda-
minel23 by chemically generated ROS (H,0,, Fe*" ion,
and chemically generated ONOQO™) (data not shown),
indicating that the observed decrease in ROS level was not
the consequence of a chemical interaction between ROS

and BGP-15.

Effect of BGP-15 on ROS-Induced Lipid Peroxidation
and DNA Single-Strand Breaks

I[schemia—reperfusion-induced lipid peroxidation in heart
and the extent of lipid peroxidation can be characterized by
the formation of TBA-reactive materials [36]. Under our
experimental conditions, ischemia-reperfusion increased
the amount of TBARS compared to the normoxic cases
(Table 2), and the pre-perfusion of hearts with BGP-15
reduced the TBARS formation induced by ischemia—reper-
fusion (Table 2). Ischemia—reperfusion increased ROS con-
centrations, which can contribute to the increase in single-
strand DNA breaks. In our experimental system, most of
the DNA in normoxic-perfused hearts was undamaged,
although ischemia-reperfusion induced large amounts of
single-strand DNA breaks (undamaged DNA < 20%)
(Table 2). As shown in Table 2, 10-min pre-perfusion of
hearts with 40 mg/L of BGP-15 decreased the amount of
single-strand DNA breaks and increased the quantity of
undamaged DNA in postischemic heart.

TABLE 2. Effect of BGP-15 on free radical formation, single-strand DNA breaks, and lipid peroxidation during the
ischemia—reperfusion cycle in the Langendorff-perfused rat heart system

Rhodamine123 fluorescence in
arbitrary units

Non-damaged DNA TBARS
in situ in vitro (%) (nmol/g wt)
Normoxic 214 = 1.7 3053 1=7 59.8 =3
Ischemia—reperfusion 28.7 £ 1.8% 54.2 + 4% 20 = 6* 78.1 £ 2.5%*
Ischemia—reperfusion 222 +21 434 +2 39 +£5 70.2 = 2.7
+ 40 mg/L of
BGP-15

ROS formation was followed by the oxidation of DHR to rhodamine123. Under in vitro conditions, hearts were freeze-clamped after 45-min ischemia and 30-min reperfusion and
handled as detailed in Materials and Methods. Under in situ conditions, the perfusate contained 5 uM DHR during the reperfusion period and was then treated as described in
Materials and Methods. DNA single-strand breaks were determined by the alkali unwinding assay. Lipid peroxidation was estimated by the formation of TBARS. Values are

means * SEM for five heart preparations.

*Value different from the other respective normoxic values and ischemia-reoxygenation + BGP-15 values at the significance P < 0.01.
**Value different from the respective ischemia—reperfusion + BGP-15 value at significance P < 0.05.
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TABLE 3. Effect of BGP-15 on ischemia-reoxygenation-induced NAD loss in Langendorff-perfused rat hearts at different

reperfusion times

Reperfusion
0 min 5 min 30 min 60 min
Conditions pmol (NAD™)/gram wet tissue
Control 0.45 = 0.03
Ischemia 0.38 = 0.04%*
Ischemia-reoxygenation 0.29 = 0.03 0.26 = 0.02 0.24 = 0.02
Ischemia-reoxygenation 0.39*% £ 0.03 0.31* £ 0.01 0.30* £ 0.02

+ 40 mg/L of BGP-15

Experimental conditions and NAD™ determinations were performed as described under Materials and Methods. Values are means *= SEM for five heart preparations.

*Value different from values without BGP-15 at significance P < 0.02.

*#Because a significant fraction of NAD" was reduced to NADH, we determined the sum of NAD" and NADH under ischemic conditions.

Ischemia—Reperfusion-Induced NAD™ Catabolism in
Perfused Rat Hearts

Ischemia-reperfusion activates PARP which, in turn, stim-
ulates intracellular NAD™ catabolism so that the decreased
NAD™ content can compromise energy metabolism. Under
our experimental conditions, ischemia caused only a slight
decrease in the NAD" pool (Table 3), but ischemia
followed by 5-, 30-, and 60-min reperfusion induced a
significant loss of intracellular NAD™ (Table 3). The
10-min pre-perfusion of hearts with 40 mg/L of BGP-15
partially protected the heart against ischemia—reperfusion-
induced NAD™ depletion (Table 3).

Ischemia—Reperfusion-Induced ADP-ribosylation
of GRP78

Previous reports indicated the occurrence of mono-ADP-
ribosylated proteins (78 and 52 kDa) in rat heart [3, 8, 42,
43]. These ADP-ribosylated proteins were detectable under
our experimental conditions using anti-ADP-ribose anti-
bodies in Western blotting (Fig. 2). Western blot analysis of
ADP-ribosylated heart proteins revealed that ischemia—
reperfusion increased the ADP-ribosylation of the 78 kDa
protein. However, the ADP-ribosylation of the 52 kDa
protein did not change significantly. On the basis of
previous work, we hypothesized that the 78 kDa ADP-
ribosylated protein would be the glucose-regulated protein
called GRP78 [44] and belonging to the HSP70 family.
Ischemia—reperfusion significantly increased the ADP-ribo-
sylation of GRP78 (Fig. 2). The perfusion of hearts with
BGP-15 prevented the ischemia—reperfusion-induced
ADP-ribosylation of GRP78. In fact, the level of the
ADP-ribosylation of GRP78 affected by BGP-15 was under
the normoxic values (Fig. 2).

Regulation of Nuclear PARP by BGP-15

The activation of endogenous ADP-ribosylation reactions
is the main cause of ischemia—reperfusion-induced NAD™
catabolism. Therefore, it was worthwhile to study how the
ADP-ribosylation of cardiac proteins changed as a conse-
quence of ischemia—reperfusion. The self-poly-ADP-ribosy-

lation of PARP can be detected by Western blot, as
described previously [42]. In hearts undergoing ischemia—
reperfusion, the self-poly-ADP-ribosylation of PARP in-
creased (~116 kDa) when compared to the normoxic
hearts (Fig. 3). The pre-perfusion of hearts with BGP-15
showed a clear inhibitory effect on the self-ADP-ribosyla-
tion of the nuclear poly(ADP-ribose) polymerase (Fig. 3).
The total amount of protein-bound ADP-ribose in nuclei
was determined by immuno-dot blot analysis (Fig. 3). These
data indicate that ischemia-reperfusion caused a 481 =+
12% increase in the ADP-ribosylation of nuclear proteins,

while the presence of BGP-15 decreased the activation of
PARP to 192 * 8% of the control value.
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FIG. 2. Effect of BGP-15 on the ischemia—-reperfusion-induced
ADP-ribosylation of cytoplasmic proteins in cardiomyocytes.
ADP-ribosylation of cardiomyocyte proteins was detected by
Western blot using anti-ADP-ribose antibodies as described in
Materials and Methods. Lane 1, normoxic heart (20 pg protein).
Lane 2, ischemic heart (20 pg protein). Lane 3, postischemic
heart (45-min ischemia and 30-min reperfusion) in the absence
of BGP-15 (20 pg protein). Lane 4, postischemic heart (45-min
ischemia and 30-min reperfusion) in the presence of 40 mg/L of
BGP-15 (20 pg protein).
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FIG. 3. Ischemia-reperfusion-induced self-ADP-ribosylation of
nuclear poly(ADP-ribose) polymerase. Extraction of heart pro-
teins occurred in the presence of 8 M urea (see Materials and
Methods). Proteins were separated with SDS polyacrylamide
(8%) gel electrophoresis, and the levels of ADP-ribosylation
were determined by Western blot using antibodies developed
against ADP-ribose. (A) Lane 1, normoxic heart (10 pg pro-
tein). Lane 2, postischemic heart (45-min ischemia and 30-min
reperfusion) (10 pg protein). Lane 3, postischemic heart (45-
min ischemia and 30-min reperfusion) in the presence of 40
mg/L of BGP-15 (10 pg protein). (B) Dot blot analysis of the
ADP-ribosylation of nuclear proteins. From control (C), isch-
emia-reperfused (IR), and ischemia-reperfused in the presence
of 40 mg/L of BGP-15 (IR + BGP-15) heart tissues, 250, 500,
and 1000 ng protein were bound to nitrocellulose filter. Block-
ing and immunological detection were carried out as described
under Materials and Methods. Data were analyzed by the Image
Tool (Version 1.27) image processing program.

Direct Inhibition of Nuclear Poly(ADP-ribose)

Polymerase

The self-ADP-ribosylation of PARP was inhibited by
BGP-15 in perfused hearts under our experimental condi-
tions (Table 2). This effect of BGP-15 on PARP could be
either a direct or indirect inhibitory effect. To differentiate
between these two alternatives, we investigated BGP-15
inhibition on purified PARP under in witro conditions,
attempting to determine whether BGP-15 inhibited the
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FIG. 4. Effect of BGP-15 on the activity of isolated poly(ADP-
ribose) polymerase. PARP activity was determined in a 130-pl
reaction mixture containing 100 mM Tris—HCI buffer, pH 8.0,
10 mM MgCl,, 10% glycerol, 1.5 mM DTT, 1 mM [adenine-
2,8-*’H]NAD™* (4500 cpm/nmol), 10 pg activated DNA, and
10 pg histones. Concentration of BGP-15 and nicotinamide as
indicated in the figure. The incubation time was 5 min, and the
reaction was stopped by the addition of trichloroacetic acid
(8%). Values are means = SEM for four experiments.

self-ADP-ribosylation of PARP under in witro conditions as
well (Fig. 4). The 1cso for BGP-15 was found to be 120 puM
on purified PARP. Kinetic analysis showed a mixed-type
(noncompetitive) inhibition with a K; = 57 = 6 uM
calculated from the changes in slope (Fig. 5). These data
also show that the actually determined I 5 depended on the
NAD™ concentration used (Fig. 5).

DISCUSSION

ROS and peroxynitrite are considered major mediators of
tissue injury under various pathological conditions includ-
ing neuronal damage in stroke [45], myocardial infarction
[11], cytokine or oxidant damage to pancreatic islet cells
and hepatocytes [12, 46], and oxidant damage to pulmonary
epithelium, macrophages, and smooth muscle cells [13, 47].
ROS and peroxynitrite generate single-strand DNA breaks
which in turn induce activation of PARP [8, 9] and rapid
depletion of intracellular NAD™* and ATP [10], which are
important for the energy metabolism of the cells and the
maintenance of healthy mitochondrial function. As the
disruption of the PARP gene increases tolerance against
oxidative damage [6, 47], PARP inhibitors are widely used
to protect cells against this type of damage [11, 45, 47, 48].
In the present work, we have investigated the effect of
BGP-15 (Fig. 1) on ischemia—reperfusion injury of cardiac
muscle in the Langendorff heart perfusion system.
BGP-15 significantly reduced the release of intracellular
enzymes (CK, AST, and LDH) from postischemic hearts
(Table 1), indicating a protection against cell membrane
damage. In witro studies showed that BGP-15 inhibits
isolated PARP with 1c5y = 120 uM at a 1-mM NAD*
concentration. The inhibition kinetic pattern is mixed-
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FIG. 5. Kinetic analysis of BGP-15 inhibition on poly(ADP-
ribose) polymerase. The reaction mixture (130 pL) contained
100 mM Tris-HCI buffer, pH 8.0, 10 mM MgCl,, 10%
glycerol, 1.5 mM DTT, 10 pg activated DNA, 10 pg histones,
and [adenine-2,8->’HJNAD™ (4500 cpm/nmol) as indicated in
the figure. BGP-15 concentrations were (A) O mg/L, (m) 20
mg/L, and (®) 40 mg/L.

type noncompetitive with a K; = 57 £ 6 pM calculated
from the changes in slope, showing that 1c5y depends on the
NAD™ concentration. These data indicate that the protec-
tive effect of BGP-15 in postischemic heart may be the
consequence of PARP inhibition. In agreement with the in
vitro data, BGP-15 inhibited mono- and poly-ADP-ribosy-
lation reactions in situ in Langendorff-perfused hearts (Figs.
2 and 3). Although there are no data showing that
mono-ADP-ribose polymerases are involved in ischemia—
reperfusion-induced oxidative damage, the involvement of
PARP in oxidative cell damage is well documented [11, 45,
47, 48]. Generally, PARP activation is considered the
consequence of oxidative cell damage mediated by single-
strand DNA break formation [8]. In addition, there are data
suggesting that PARP inhibitors partially protect mito-
chondrial respiration from externally added oxidant [25,
49-51], but these inhibitors failed to protect the genome
from single-strand DNA breaks [49-51]. In these systems,
the diffusion rate of the externally added oxidant primarily
determines the amount of single-strand DNA breaks.
Therefore, we cannot expect any protective effect from
PARP inhibitors. On the other hand, ROS are generated
predominantly by mitochondrial respiration in postisch-
emic heart [15, 16], suggesting that any compounds that
moderate mitochondrial ROS formation are likely to even-
tually reduce lipid peroxidation and single-strand DNA
breaks in postischemic Langendorff heart. Our data (Table
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2) show that BGP-15 decreased the ischemia—reperfusion-
induced ROS level in hearts, and indeed reduced lipid
peroxidation and single-strand DNA breaks. Since BGP-15
did not decrease the steady-state level of chemically gen-
erated ROS, it is likely that BGP-15 does not chemically
react with ROS but interferes—directly or indirectly—with
the cellular ROS-generating processes. Therefore, BGP-15
either directly inhibits the ischemia—reperfusion-induced
mitochondrial ROS formation or interferes with the cellu-
lar processes at some point, which leads to an excessive
mitochondrial ROS production in postischemic hearts.
Very active Ca’" uptake, hydroxyapatite crystal formation,
and mitochondrial permeability transitions are considered
to be major factors in ischemia—reperfusion injury of mito-
chondria, leading to mitochondrial NAD™ loss, the inhi-
bition of NAD"-dependent substrate utilization, and an
activation of mitochondrial ROS formation [14, 17]. PARP
inhibitions via the moderation of cytoplasmic NAD™ loss
can help retain mitochondrial NAD™ and may prevent the
decrease in mitochondrial NAD™-linked substrate oxida-
tion and ROS formation. It is very likely that the protective
effect of BGP-15 against oxidative damage in postischemic
heart is related to PARP inhibition and relies on a similar
molecular mechanism as the protective effect of other
PARP inhibitors against mitochondrial damage induced by
externally added oxidants [25, 49-51].

However, we cannot exclude the possibility that BGP-15
may have another cellular target to modulate ROS forma-
tion in postischemic hearts. The data presented here are
consistent with those reported earlier [25, 49-51], suggest-
ing that inhibition of PARP reduces the rate of NAD™
catabolism and mitochondrial permeability transition-in-
duced metabolic abnormalities, and decreases the isch-
emia-reperfusion-induced mitochondrial ROS formation
and oxidative cell damage (lipid peroxidation and single-
strand DNA breaks). In conclusion, PARP inhibitors
through the above-described pathways behave similarly to
antioxidants since they reduce ischemia—reperfusion-in-
duced oxidative damage of myocardium.
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