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Polyadenosine Diphosphate–Ribose Polymerase
Inhibition Modulates Skeletal Muscle Injury
Following Ischemia Reperfusion
Hong T. Hua, MD; Hassan Albadawi, MD; Fateh Entabi, MD; Mark Conrad, MD; Michael C. Stoner, MD;
Bryan T. Meriam, AB; Ramses Sroufe, AB; Stuart Houser, MD; Glenn M. LaMuraglia, MD; Michael T. Watkins, MD

Hypothesis: Polyadenosine diphosphate–ribose poly-

merase (PARP) has been implicated as a mediator of inflammation and tissue necrosis in murine models of human stroke and myocardial infarction. This study was
designed to determine whether PARP modulates skeletal muscle injury and cytokine-growth factor levels during ischemia-reperfusion.
Design: Prospective controlled animal study.
Setting: Medical school–affiliated university hospital.
Interventions: Mice were divided into 2 groups—
treated (PJ) and untreated; all mice were subjected to unilateral hind limb tourniquet ischemia followed by 4 or
48 hours of reperfusion. In treated mice, PJ34, an ultrapotent-specific PARP inhibitor was given immediately before ischemia and prior to reperfusion. A group
of PARP-1 knockout mice (PARP−/−) were also subjected to hind limb ischemia followed by 48 hours of reperfusion.
M a i n O u t c o m e M e a s u r e s : After ischemiareperfusion, muscle was harvested for measurement of
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edema, viability, cytokine, and vascular endothelial growth
factor content.
Results: The PJ34-treated mice had increased skeletal
muscle viability when compared with the untreated mice
after 4 and 48 hours of reperfusion (P⬍.01). Viability between PARP−/− and PJ34-treated mice were similar at 48 hours
of reperfusion (P⬎.05), and it exceeded that of untreated
mice (P⬍.01). Tissue edema was unaltered by PARP inhibition. Tissue levels of cytokine were only different (P⬍.05)
in PJ34-treated vs untreated mice at 48 hours of reperfusion. Vascular endothelial growth factor levels in PJ34treated mice were markedly reduced when compared with
untreated mice only after 4 hours of reperfusion (P⬍.01),
and in PARP−/− mice (P⬍.01) at 48 hours of reperfusion.
Conclusions: Polyadenosine diphosphate–ribose polymerase modulates skeletal muscle viability, cytokine and
vascular endothelial growth factor synthesis during reperfusion. Polyadenosine diphosphate–ribose polymerase inhibition may represent a novel method to modulate skeletal muscle ischemia-reperfusion injury.
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CUTE LOWER EXTREMITY IS-

chemia represents a significant cause of morbidity and mortality in the
United States with an annual incidence of 2 per 10 000 population, overall mortality of greater than 25%,
and an amputation rate of 20% in survivors.1 Limb loss usually results from irreversible tissue injury associated with either
prolonged ischemia or massive reperfusion injury. Skeletal muscle represents
about 76% of the mass of the lower extremities, which are often subjected to ischemia-reperfusion (I-R) following aneurysm surgery, arterial bypass surgery for
atherosclerotic disease, and peripheral embolectomy. Notable changes associated
with skeletal muscle I-R include edema,
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myonecrosis, nerve damage, and intravascular thrombosis. Experimental therapies to ameliorate skeletal muscle reperfusion injury have been directed against
complement,2 cytokines (KCs),3 neutrophils,4 tissue thrombosis,5 reactive oxygen metabolites,6 and a variety of vascular mediators.6-8

See Invited Critique
at end of article
Recent studies of myocardial I-R indicate that inhibitors of polyadenosine diphosphate (ADP)–ribose polymerase
(PARP) may modulate tissue injury during myocardial reperfusion.9-11 Polyadenosine diphosphate–ribose polymerase is a
ubiquitous DNA repair enzyme, constitu-
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tively expressed in the cellular nuclei of a variety of tissues and organs. The activity of the enzyme is stimulated by DNA single-strand breaks, as seen during I-R
injury. This complex enzyme contains a DNA-binding
domain, an automodification domain, and a catalytic domain. Polyadenosine diphosphate–ribose polymerase
transfers ADP-ribose from nicotinamide adenine dinucleotide (NAD⫹) to nuclear proteins. This transfer results in the formation of nicotinamide, which inhibits
PARP activity. Under conditions of excessive PARP activation, nicotinamide is recycled into NAD⫹ in an energyconsuming metabolic cycle that rapidly depletes intracellular adenosine triphosphate (ATP), 12 thereby
exacerbating energy crisis during ischemia. Free radicals and reactive oxygen metabolites generated during
reperfusion cause additional DNA strand breaks and further activation of PARP.13 Polyadenosine diphosphate–
ribose polymerase activity has also been shown to be involved in the regulation of inflammatory processes, being
functionally associated with important transcription factors, notably transcription factor nuclear factor  B.12
The current studies were designed to determine
whether the water-soluble PARP inhibitor PJ34 could
modulate skeletal muscle I-R injury in a murine model.
Markers of skeletal muscle responses to injury include
the neutrophil CXC chemokine KC (also known as
“growth oncogene-1”) and the vascular endothelial growth
factor (VEGF). To date, KC has been implicated in tissue injury following myocardial, hepatic, and renal I-R.14-16
The VEGF, also known as the “vascular permeability factor,” plays a key role in mediating physiologic and pathologic angiogenesis in response to ischemic stress.17-19 The
VEGF induces vasodilation and stimulates proliferation, migration, and survival of endothelial cells.20 The
VEGF has been shown to induce mobilization of endothelial cell precursors that target ischemic tissue and differentiate into vascular endothelial cells.21,22 More recent evidence suggests that VEGF may enhance myoblast
survival during ischemic stresses, primarily through antiapoptotic pathways.23

N-dimethylamino) acetamide (PJ34; Calbiochem, Spring Valley Calif, 15 mg/kg in 0.1 mL of isotonic sodium chloride intraperitoneally) immediately prior to ischemia and again prior
to reperfusion. Untreated mice (UN, n = 20) and 129SAdprt1tm1Zqw (PARP−/−) mice (n=10) were given 0.1 mL of isotonic sodium chloride intraperitoneally immediately prior to
ischemia and again prior to reperfusion. Thirty minutes after
the induction of anesthesia, the controlled-tension tourniquet
was used to induce unilateral hind limb ischemia for 3 hours
of ischemia followed by 4 or 48 hours of reperfusion. Mice (n=10
PJ and 10 UN) remained anesthetized throughout the duration of ischemia and the initial early reperfusion (4-hour) interval. Mice studied for 48-hour reperfusion (n=10 PJ, 10 UN,
and 10 PARP−/−) were allowed to recover from anesthesia after
the initial 4 hours of reperfusion and were returned to their
cages. After 4 or 48 hours of reperfusion, the animals were killed
(200 mg/kg of pentobarbital, intraperitoneally). Ischemiareperfusion and contralateral limbs were then harvested and
the skin removed from each limb for KC and tissue viability
assays (see “Estimation of Tissue Viability” section). Sham animals were treated exactly as the experimental animals except
that no tension was applied to the tourniquet.

ESTIMATION OF TISSUE VIABILITY

METHODS

Tissue viability was estimated by the reduction of a tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium [MTT]) to water-insoluble colored formazan crystals
by electron carriers and oxidative enzymes in the mitochondria of viable tissue. At the end of the experiment the limbs were
harvested, the skin removed, and the tissue cut into 3 pieces
to increase surface area and tissue uptake of the tetrazolium
salt. Each piece was weighed and placed in a small tube with 3
mL of phosphate-buffered solution (PBS) (pH 7.4) supplemented with 300 µL of 1-mg/mL MTT (Sigma, St Louis, Mo).
The samples were then incubated for 3 hours at 37C in the
dark on a rotating mixer. The samples were then removed,
washed with distilled water, and blotted dry. The waterinsoluble formazan salt was extracted in 3 mL of 2-propanol
overnight at 37C in the dark on a rotating mixer. Aliquots of
200 µL were removed and the optical density (OD) was determined at 570 nm using a microplate reader. The tissue samples
were then dried at 90°C for 24 hours. The viability index was
then expressed as OD570 relative to dry tissue weight in the
experimental vs the nonischemic contralateral limb.

CONTROLLED TENSION TOURNIQUET

TISSUE KC AND VEGF LEVELS

The controlled-tension tourniquet was used to induce reproducible levels of hind limb I-R in the proximal hind limb of the
mouse, as previously described.24 The controlled-tension tourniquet was mounted on a table, which was preheated to maintain the mouse’s monitored temperature at 37°C. Ischemia was
confirmed using laser Doppler imaging (Moor Instruments Inc,
Wilmington, Del) as previously described. Reperfusion is initiated by releasing tension on the controlled-tension tourniquet.

Hind limb skeletal muscle samples were snap frozen in liquid
nitrogen immediately after harvest and stored at –80°C until
analysis. Muscle samples were homogenized with a polytron
homogenizer in a test tube containing radioimmunoprecipitation assay buffer supplemented with protease inhibitor cocktail (Sigma P-8340) and placed on ice for 30 minutes. The
samples were then sonicated for 20 seconds and incubated on
ice for 30 minutes. The homogenized sample was transferred
to a microcentrifuge tube and centrifuged at 10 000g for 10 minutes. The supernatants were frozen in aliquots at -80°C until
analysis. The levels of KC and VEGF were measured with enzyme-linked immunosorbent assay kits (R&D Systems, Minneapolis, Minn). The enzyme-linked immunosorbent assay plates
were read with a plate reader (Spectromax-250; Molecular Devices, Sunnyvale, Calif ). Values were extrapolated off the standard curve and normalized to the total protein concentration,
which was determined with the BCA Protein Assay Reagent Kit
(Pierce Biotechnology, Rockford, Ill).

ANIMAL PROTOCOL
Animal care and experimental procedures complied with Principles of Laboratory Animal Care.25 129S1/SvImJ (wild-type) mice
( Jackson Laboratory, Bar Harbor, Me) were anesthetized using intraperitoneal administration of 60 to 90 mg/kg of pentobarbital. Treated animals (PJ, n=20) received the PARP inhibitor N- (6-oxo-5, 6-dihydropenanthridin-2-yl)-2-(N,
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were washed again, then blocked with biotin reagent for 15 minutes. Slides were rinsed with PBS and incubated with either
VEGF goat polyclonal IgG (Santa Cruz Biotechnology, Santa
Cruz, Calif ) at 1:200 dilution or antimouse KC goat polyclonal IgG (R&D Systems) at 1 µg/mL in PBS overnight at room
temperature, washed 3 times in PBS, and incubated for 30 minutes with biotin-conjugated secondary antibody (1 µg/mL in
1% blocking serum). The slides were rinsed 3 times with PBS
and developed with 3,3⬘-diaminobenzindine chromogen reagent solution (R&D Systems) according to the manufacturer’s instructions. Slides were counterstained with hematoxylin and examined by light microscopy.26

STATISTICAL ANALYSIS

Hours of Reperfusion

Figure 1. Skeletal muscle viability. PJ34 treatment (See “Animal Protocol”
subsection of “Methods” section for expansion of PJ34.) resulted in modest
improvement in tissue viability after 4 hours of reperfusion (asterisk
indicates P = .01 vs untreated). Tissue viability in both PJ34-treated and
polyadenosine diphosphate–ribose polymerase (PARP−/−) knockout mice was
significantly greater than untreated mice after 48 hours of reperfusion
(dagger indicates P⬍.05 vs untreated).

Statistical analysis was performed with Instat (GraphPad, San
Diego, Calif ). Skeletal muscle tissue edema and VEGF-KC levels in treated and untreated mice after 4 and 48 hours of reperfusion were compared with each other and to sham using analysis of variance (ANOVA) with Tukey-Kramer posttests. Skeletal
muscle viability in treated and untreated mice was compared
using unpaired t test. Skeletal muscle wet-dry weight ratio, KC
and VEGF levels in wild type sham, and PARP−/− sham mice
were also compared using unpaired t test.
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Figure 2. Tissue cytokine (KC) levels following reperfusion. The KC levels
were increased 10- and 20-fold (asterisk indicates P⬍.001 vs sham) after 4
and 48 hours of reperfusion, respectively. Tissue KC levels in polyadenosine
diphosphate–ribose polymerase (PARP−/−) knockout and PJ34-treated (See
“Animal Protocol” subsection of “Methods” section for expansion of PJ34.)
mice contained decreased KC levels after 48 hours but not after 4 hours of
reperfusion (dagger indicates P⬍.01 vs untreated at 48 hours).

DETERMINATION OF TISSUE EDEMA
Skeletal muscle edema was quantified by measuring tissue wetdry weight ratio. Immediately after harvest, tissue samples were
blotted, weighed, and placed in a drying oven at 55°C until a
constant weight was obtained. Muscle edema is quantified by
measuring the wet-dry weight ratio.

IMMUNOHISTOCHEMISTRY
Harvested mouse hind limbs were fixed in 10% buffered formalin, decalcified, and embedded in paraffin. Four- to 6-µmthick transverse sections were mounted on positively charged
slides and subsequently deparaffinized in xylene and rehydrated in graded alcohols. The slides were incubated for 5 minutes in 1% hydrogen peroxide, washed in PBS, then blocked
for 1 hour with 1% serum at room temperature. These slides
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PJ34 significantly increased skeletal muscle viability after 4 hours of reperfusion (mean±SE, 51.5%±1.5% for
PJ-treated vs 43.5%±2.1% for UN mice, P⬍.01). By 48
hours of reperfusion, tissue viability in untreated mice
was significantly less than both the PARP-1−/− and PJ34treated mice, which recovered to near 100% viability
(mean ± SE, 62.6% ± 3.7% for UN mice vs 89% ± 5% for
PARP −/− and 100% ± 8% for PJ-treated mice, P⬍.05,
Figure 1). These results are consistent with the hypothesis that PARP modulates tissue injury following hind limb
I-R. The specific action of the PARP inhibitor PJ34 is supported by the fact that the viability of the PJ34-treated
mice and PARP−/− mice is indentical at 48 hours of reperfusion.
KC LEVELS FOLLOWING REPERFUSION
After 4 hours of reperfusion in PJ34-treated and UN mice,
skeletal muscle tissue levels of KC were markedly increased when compared with sham mice (mean ± SE,
32.8±5.8 pg/mg of protein for PJ-treated , 33.5±2.8 for
UN, vs 3.5±1.1 for sham mice, P⬍.001, Figure 2) but
not significantly different from one another (32.8±5.8
for PJ-treated vs 33.5±2.8 for UN mice, P⬎.05, Figure 2).
After 48 hours of reperfusion in PJ34-treated and PARP−/−
mice KC levels were markedly decreased when compared with UN mice (33.9±1.6 pg/mg of protein for PJtreated, 50.1 ± 4.7 for PARP−/− vs 73 ± 6 for UN mice,
P⬍.01). The KC levels in PARP−/− sham and wild-type
sham mice were not different (3.5±1.1 wt sham vs 6.5±1.6
pg/mg of protein, P=.17). These findings suggest that the
effect of PJ34 on skeletal muscle chemokine accumulation during reperfusion is not evident until after 4 hours.
WWW.ARCHSURG.COM
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TISSUE EDEMA
After 4 and 48 hours of reperfusion, UN mice developed
significant levels of edema that were greater than those for
sham mice (6.0±0.2 for UN mice after 4 hours, 5.8±0.1
for UN after 48 hours vs 4.5 ± 0.2 for sham, P⬍.001,
Figure 4). PJ34 treatment did not change the degree of
tissue edema detected in reperfused muscle after 4 and 48
hours of reperfusion (P⬎.05). After 48 hours of reperfusion, PARP−/− mice also developed significant levels of
edema, which were greater than those for sham mice
(6.4±0.2-PARP−/− vs 4.5±0.2 for sham, P⬍.001). The wetdry weight ratio in sham vs PARP−/− sham mice was not
different (4.5±0.2 wild-type for sham vs 4.8±0.4 PARP−/−
for sham, P=.45). These results suggest that the PARP enzyme does not contribute to tissue edema following I-R.
IMMUNOHISTOCHEMISTRY
The pattern of tissue staining for KC was markedly different in untreated and PJ34-treated mice. In untreated
mice (Figure 5A), there was variably intense staining
of muscle bundles whereas in the treated animals, the
staining was much less intense (Figure 5B). The VEGF
staining of muscle fibers in untreated mice (Figure 6A)
was similar to that for treated mice (Figure 6B); staining
was clearly less in nonischemic tissue (Figure 6C). These
qualitative findings directly correlate with the quantitative assessment of tissue KC and VEGF levels via enzymelinked immunosorbent assay.
COMMENT

The major finding in this article indicates PARP modulates skeletal muscle tissue injury, KC, and VEGF synthesis following I-R. The water-soluble PARP inhibitor
PJ34 salvaged skeletal muscle viability following reperfusion. Tissue viability in this article and other stud(REPRINTED) ARCH SURG/ VOL 140, APR 2005
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Figure 3. Tissue levels following reperfusion. Vascular endothelial growth
factor (VEGF) levels were significantly increased in reperfused muscle of
untreated and PJ34-treated (See “Animal Protocol” subsection of “Methods”
section for expansion of PJ34.) mice (asterisk indicates P⬍.01 vs sham) at 4
hours of reperfusion. PJ34 treatment significantly reduced tissue VEGF levels
compared with untreated mice at 4 hours (dagger indicates P⬍.01 vs
untreated) but not at 48 hours of reperfusion. At 48 hours of reperfusion,
only polyadenosine diphosphate–ribose polymerase (PARP−/−) knockout mice
had VEGF levels that were significantly reduced (double dagger indicates
P⬍.05 vs treated and untreated mice).
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After 4 hours of reperfusion, tissue VEGF levels in PJ34treated and UN mice were both greater than in sham mice
(mean ± SE, 31 ± 3.2 pg/mg of protein for PJ-treated,
46.1±3.5 for UN mice, vs 16±1.4 for sham mice, P⬍.001,
Figure 3) and significantly different from one another
(31±3.2 pg/mg of protein for PJ-treated vs 46.1±3.5 for
UN mice, P⬍.01, Figure 3). After 48 hours of reperfusion in PJ34-treated and UN mice, skeletal muscle levels of VEGF were not significantly different from one another but were significantly greater than levels found in
PARP−/− mice (mean ± SE, 42.3 ± 3.1 pg/mg of protein for
UN, 40.8±4.3 for PJ mice vs 25.2 ± 4.2 for PARP−/− mice,
P⬍.05). The VEGF levels in wild-type sham mice and
PARP−/− mice were not different (mean ± SE, 16±1.4 for
sham vs 14.5 ± 1.7 pg/mg of protein for PARP−/− mice,
P=.60). These results indicate that short-term administration of PJ34 decreased VEGF levels only during 4 hours
of reperfusion, whereas genetic deletion of the PARP-1
enzyme did effectively inhibit increased VEGF levels even
after 48 hours of reperfusion.
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Figure 4. Tissue edema following reperfusion. Skeletal muscle edema was
significantly increased (asterisk indicates P⬍.01 vs sham) during
reperfusion, but not altered by pharmacologic treatment with PJ34 (See
“Animal Protocol” subsection of “Methods” section for expansion of PJ34.)
or genetic deletion of PARP-1 knockout (PARP−/−).

ies27,28 of isolated cells and whole skeletal muscle tissues29 was measured using a standard reproducible
biochemical assay of mitochondrial activity. Mitochondrial activity was estimated by the reduction of a tetrazolium salt to water-insoluble colored formazan crystals by electron carriers and oxidative enzymes in the
mitochondria of viable tissue.30-32 Testing mitochondrial function in the setting of skeletal muscle I-R is appropriate since in vitro studies with cardiac myoblasts
have demonstrated that peroxynitrite and hydrogen peroxide (often present in cells during reperfusion) cause
PARP activation that leads to decreased mitochondrial
respiration.33 As it is unlikely that PJ34 mediated skeletal muscle regeneration from 55% to 100% after only
48 hours34 (Figure 1), the improved tissue viability observed at 48 hours represents reversible mitochondrial
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Figure 5. Tissue KC immunohistochemistry after 48 hours of reperfusion (original magnification ⫻40). A, A diffuse granular appearance of KC staining is present
in muscle bundles. B, Cytokine staining is much less intense in PJ34-treated mice. (See “Animal Protocol” subsection of “Methods” section for expansion of
PJ34.)

dysfunction. Data in this report are consistent with in vivo
and in vitro studies in which investigators have demonstrated that pharmacologic inhibition of PARP prevented decreases in mitochondrial respiration caused by
oxidative stresses, hypoxia, and reoxygenation. Furthermore, PJ3413 and other PARP inhibitors35 prevent depletion of myocardial high-energy phosphates in cardiac tissue subjected to I-R. The specificity of the effect of PJ34
on tissue viability is bolstered by a similar level of mitochondrial activity in the PARP-1−/− mice noted at 48 hours
of reperfusion (Figure 1).
Levels of KC in tissue KC were analyzed because of
its potent neutrophil chemoattractant activity, the crucial role neutrophils play in the development of I-R injury,36,37 and its functional relationship to human interleukin 8.38 After 4 hours of reperfusion, KC levels in
skeletal muscle were 10 times the level detected in sham
animals (Figure 2). PJ34 did not mediate change in tissue levels of KC at 4 hours of reperfusion even though
tissue viability was significantly improved at the same time
(Figure 1). This finding suggests that the improvement
in viability observed at 4 hours of reperfusion was not
related to an effect that PJ34 might have on KCmediated inflammation. The assessment of KC levels in
skeletal muscle was extended to a 48-hour interval because of intriguing and compelling findings of others39,40 that demonstrated that neutrophil activation and
the inflammatory process accompanying skeletal muscle
reperfusion clearly persist to at least 24 hours. Indeed,
by 48 hours of reperfusion, KC tissue levels in UN mice
were 20 times the levels detected in sham animals and
were accompanied by an ongoing decrease in tissue viability (62%). In contrast to the effects observed at 4 hours
of reperfusion, by 48 hours PJ34 treatment was associated with a significant decrease in KC tissue levels
(Figure 2). These data are consistent with the hypothesis that PJ34 decreases the proinflammatory response
to skeletal muscle I-R injury. Since there was no difference in the KC levels in the PJ34-treated and PARP-1−/−
mice, these experiments suggest that the short-term ad(REPRINTED) ARCH SURG/ VOL 140, APR 2005
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ministration of PJ34 and its brief serum half-life (30 minutes) did not detract from its ability to modulate tissue
viability even after 48 hours of reperfusion.
In contrast to the logarithmic changes in KC tissue
levels following skeletal muscle I-R (Figure 2), the relative increase in VEGF levels in tissue in response to reperfusion was quite modest (ie, 2- to 3-fold, Figure 3). While
4 and 48 hours of skeletal muscle reperfusion were all
characterized by significantly increased levels (2- to 3-fold)
of VEGF compared with sham animals, treatment with
PJ34 transiently decreased the VEGF response only at 4
hours. In a study of porcine latissumus dorsi flaps subjected to I-R, VEGF levels were found to be elevated preferentially in muscle vs skin.41 Administration of exogenous VEGF has been shown to improve survival of
gracilis muscle free flaps in the rat.42 The VEGF antagonists were found to decrease both brain edema and loss
of cortical tissue in a rat stroke model43 whereas in a brain
injury model, VEGF antagonism actually led to increased tissue injury.44
Despite these interesting observations, the physiologic significance of increased tissue levels of VEGF in
skeletal muscle following acute reperfusion is unclear.
Based on our findings of decreased levels of VEGF in tissue associated with PJ34 treatment and improved tissue
viability only at 4 hours of reperfusion, it is possible that
VEGF may contribute to tissue injury only during early
reperfusion. However, by 48 hours of reperfusion, there
is no evidence to suggest that VEGF levels correlate with
either ongoing skeletal muscle injury or recovery. Since
VEGF levels in PARP−/− mice were markedly decreased
when compared with those of PJ34-treated mice at 48
hours, it is unlikely that the short-term administration
of PJ34 had any long-term effect on VEGF levels in tissue. This conclusion is supported by the fact that in the
PARP-1−/− animals, PARP-1 activity is effectively absent
throughout the entire experimental protocol, uninfluenced by the serum half-life of a drug such as PJ34.
Ischemia-reperfusion resulted in a marked increase in
tissue edema after 4 and 48 hours of reperfusion
WWW.ARCHSURG.COM
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Clinical Relevance

A

These experiments were designed to determine whether
an inhibitor of PARP modulates the outcome of skeletal
muscle I-R injury. The therapeutic protocol in this report is similar to a widely used preischemic or prereperfusion treatment scenario.3,29,56-58 Despite the experimental usefulness of this approach, an important step toward
its application to the clinical arena will require advances in methods for drug delivery that facilitate their
administration to limbs during ischemia, prior to reperfusion. Until such technology exists, experimental treatment protocols remain useful in delineating the biochemical pathways that influence the outcome of I-R
injury. Since PARP is a ubiquitous enzyme in mammalian cells whose activity simultaneously influences a number of different physiologic pathways on a metabolic and
transcriptional level, PARP inhibition may be a promising therapeutic tool for humans suffering from a variety
of systemic and focal ischemic complications. The physiologic consequences of PARP inhibition may exceed that
of antibodies directed toward one element of the stress
response or a single anti-KC regimen in the treatment
of local and systemic reperfusion injury. This is important because clinical trials in humans suffering from complex problems such as multisystem organ failure or sepsis suggests that a focused “magic bullet” directed against
one component of the stress response will be useful in
animal models but clinically ineffective.59

B

or glycine did successfully improve both tissue viability
and decrease edema in rabbit, murine, and canine models.45-47 Our findings do suggest that decreased edema is
not a prerequisite for improved tissue viability in mice
following I-R. The angiogenic growth factor VEGF was
originally known as “vascular permeability factor.” Since
tissue edema has been linked with VEGF administration in models of experimental angiogenesis,48,49 a potential role for VEGF in postischemic tissue edema was
considered. However, at no experimental interval was the
level of VEGF in tissue coincident with a decrease in the
degree of tissue edema.

C

CONCLUSIONS

Figure 6. Vascular endothelial growth factor (VEGF) immunohistochemistry
after 48 hours of reperfusion (original magnification⫻40). Diffuse staining
for VEGF is clearly visible in the untreated (A) and PJ34-treated mice (B).
(See “Animal Protocol” subsection of “Methods” section for expansion of
PJ34.) C, While the pattern of VEGF staining in the untreated and
PJ34-treated mice was similar, it was clearly increased over that of tissue not
subjected to ischemia reperfusion.

(Figure. 4). Despite a marked increase in tissue viability
associated with PJ34 treatment at 48 hours, this improvement was not accompanied by a decrease in edema. This
finding is in contrast to experimental protocols in which
potential therapeutic agents such as vitamin C, inosine,
(REPRINTED) ARCH SURG/ VOL 140, APR 2005
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This article provides a unique perspective on how the water-soluble PARP inhibitor PJ34 modulates skeletal muscle
viability and the pattern of tissue KC/growth factors following acute I-R. PJ34, unlike other PARP inhibitors does
not have any known biological activity. It is likely that
the primary target for PJ34 and other PARP inhibitors is
skeletal muscle and endothelial cells, which are rich in
PARP.50,51 Granulocytes, the primary target cells for KC,
do not contain the PARP enzyme.52 These findings agree
with the effects of PARP inhibition on myocardium13,53
and brain tissue.12 Since PARP is an abundant evolutionally conserved protein, which plays a role in physiologic housekeeping at the level of gene repair, transcription, and cell cycling, some concern exists regarding
the consequences of PARP inhibition in humans. Chronic
PARP inhibition and PARP deficiency have been associated with increased sister chromatid exchange,54 which
WWW.ARCHSURG.COM
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may indicate a risk of malignant transformation. However, PARP deficiency has not been associated with increased frequency of malignancies.55 Ongoing work in
this field will likely yield promising information regarding the therapeutic utility of PARP inhibitors.
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DISCUSSION
Benedict Cosimi, Boston, Mass: I have 2 questions. One is related to your model in which you gave the therapy before the
ischemic insult. Typically in most surgical situations, we see
the problem after the insult. Have you any data regarding treatment after the ischemic insult? The second question relates to
the fact that you have 100% viability at 48 hours despite persistence of significant edema. This suggests that there is some
other protective mechanism that is probably unrelated to the
endothelial swelling that we have always presumed was causing the trouble. Do you have any suggestions regarding what
mechanism might be involved in providing 100% viability but
not resolving the edema?
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Dr Hua: To answer your first question, we have not done
an experiment to date in which we give PJ34 only after the ischemic insult. Certainly, this is in our future plans. For these
initial experiments, we wanted to evaluate the maximal effect
of PJ34, in the best-case scenario, so we gave it prior to ischemia and again just before reperfusion. In addition, the half-life
of PJ34, as I mentioned, is very short; thus, we wanted to provide the mice with the highest possible levels of PJ34 during
periods of stress. In some studies in larger animal models, PJ34
can be given as an intravenous drip. However, with a small 25-g
mouse it is pretty difficult to do that, so we gave 2 intraperitoneal doses instead.
To answer to your second question about the 100% viability with the PJ34 at 48 hours, it is important to consider what
kind of information is provided by the viability index, that is,
the MTT or mitochondrial activity assay. Early decreases in the
viability index in the presence of PJ34 may have actually represented mitochondrial stunning, rather than cell death. PJ34
is known to preserve myocardial high-energy phosphate levels during ischemia, thus our observation of full recovery of
skeletal muscle at 48 hours is in line with previous studies in
other tissues. In addition, tissue edema and skeletal muscle viability may not have a direct correlation in mice, as we believe
it does in humans. Mice do not have fascia in their hind limbs,
therefore the mice may tolerate severe edema without compromise to muscle viability. It is unclear that compartment syndrome that is observed in humans exist in mice. That may be
an explanation why there is a discrepancy between viability and
edema in these experiments.
Francis Moore, MD, Boston: I want to thank Dr Watkins
and his group for starting to study this model that we have been
involved with for quite a while. First, I have a comment. As far
as we can tell, there are only 3 active cells in this injury: endothelium, the muscle, and the mast cells. In view of your PARP-/knockout mouse, it would be my general advice that you should
examine mast cells and see if there is any effect on mast cell
degranulation, as we are relatively sure that there is a mast cell
protease that is crucial to this injury.
Then the question I have is, with cell necrosis, do you know
or do you have any way of knowing whether that is due to apoptosis or whether that is due to more conventional cell necrosis
as you might see with complement or neutrophils.
Dr Hua: I do not know the specific answer to this question.
The mechanism of PARP in apoptosis and its overactivation leading to cell death—I am not sure we can differentiate that. We
do see histologic evidence of muscle fiber injury, but we are
not yet able to differentiate between necrosis vs apoptosis. Presumably, cell death and tissue injury in this model is as a result of cell lysis due to the overwhelming energy crisis caused
in part by overactivation of PARP.
Thomas Colacchio, Lebanon, NH: Just a follow-up question. Dr Moore suggested one potential mechanism but have
you or your group begun to postulate the difference between
the PARP-/- knockout strain and the PJ34 strain in terms of why
there was an apparent enhancement of protection in the treated
strain vs the PARP-/- knockout strain?
Dr. Hua: PJ34 has potent and specific activity against all 7
PARP isoforms. Thus, a single dose of water-soluble PJ34 will
be distributed throughout the body, and will not have comparable temporal effects on the activity of a single PARP isoform
as would be observed in the genetic PARP-1 knockout strain.
Furthermore, the 30- to 60-minute half-life of PJ34 will also
make it less effective than the genetic knockout.
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