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There are many clinical situations in which skeletal
muscles are subjected to warm global ischemia.
Some of the common examples are autogenous
muscle transplantation for wound coverage or
restoration of function, replantation of amputated
limbs, post-traumatic compartment syndrome, appli-
cation of vascular clamps or tourniquets in vascular
and musculoskeletal reconstructive surgery, and
embolism and thrombosis of major blood vessels.
Human skeletal muscles are known to tolerate warm
global ischemia for up to 2.5 hr with minimal risk
of irreversible ischemic injury [1-6]. However,
prolonged and/or repeated ischemic insults to
skeletal muscles sometimes occur in these clinical
situations as a result of unexpected operative or
post-operative complications or delay in surgery.
In some instances, although revascularization is
established, various degrees of irreversible muscle
injury (infarction) may still occur [2, 7-10]. Muscle
infarction may require additional surgery or cause
morbidity. Hyperkalemia, acidosis, myoglobinuria
and renal failure can occur if muscle necrosis is
extensive [2,8,11-13]. In recent years, intensive
effort has been directed to studying the patho-
physiology of ischemic injury in skeletal muscles
with the goal of identifying effective pharmacologic
agents for prevention or treatment of ischemic and
or reperfusion injury. Furthermore, with the
development of immunopharmacology, it is likely
that donor tissue/organ rejection can be controlled
with minimal side-effects in the future; thus,
heterogenous muscle or limb transplantation for
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restoration of form and function may be a reality.
An effective pharmacologic agent for augmentation
of ischemic tolerance will permit procurement of
donor muscles or limbs for transfer from great
distances and performance of more complicated
reconstructive operations requiring a longer period
of warm global ischemia.

PATHOGENESIS OF SKELETAL MUSCLE INFARCTION

The pathogenesis of skeletal muscle infarction in
musculoskeletal and vascular reconstructive surgery
is unclear. However, there is experimental evidence
to indicate that when skeletal muscles are subjected
to prolonged warm ischemia, injury occurs during
sustained ischemia as well as reperfusion, a
phenomenon known as I/R¥ injury {14]. The patho-
physiology of ischemic injury and pathophysiology
of reperfusion injury in skeletal muscles are different
although they may be interrelated.

Ischemic injury

Little is known about the pathophysiology of
ischemic injury in skeletal muscles. However, it has
been observed in dog myocardium that long,
sustained ischemia causes irreversible ATP depletion
and excessive metabolite accumulation [15,16].
These metabolites act as an osmotic load on the cell,
causing cell swelling and damage of the sarcolemma
and cytoskeletal membrane. Recent experimental
evidence indicates that excessive high-energy phos-
phate depletion and osmotic load are also associated
with ischemic injury in skeletal muscles in dogs [17].

Reperfusion injury

Reperfusion injury of the microvasculature and
myocytes in ischemic skeletal muscles has been
observed in rats [18-23], rabbits [24], dogs [25-28],
and pigs [29-31]. It has also been observed that the
extent of reperfusion injury is related to the duration
of ischemia time [28, 30, 32] and oxygen content of
the blood during reperfusion [33-35]. However, the
pathogenic mechanism of reperfusion injury in
skeletal muscle is unclear. The general consensus is
that reperfusion injury in skeletal muscles is mediated
by oxy-radicals (e.g. O3, OH') and hydrogen
peroxides, involving phospholipid peroxidation as
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indicated by the formation of hydroxy-conjugated
dienes [27, 36].

STRATEGY IN PHARMACOLOGIC INTERVENTION OF I/R
INJURY IN SKELETAL MUSCLES

Ideally, pharmacologic treatment for skeletal
muscle I/R injury should aim at prevention/
mitigation of ischemic as well as reperfusion injury.
These areas of research are discussed briefly below.

Prevention of reperfusion injury

In the past decade, comsiderable attention has
been focused on the prevention/attenuation of injury
caused by reperfusion of ischemic skeletal muscles
with the following approaches: (a) use of XO
inhibitors or ATP-MgCl, for inhibition of O3
generation [21,23,26,37]; ¢b) use of inhibitors,
antagonists or adhesion molecule antibodies to
prevent sequestration and adhesion of neutrophils
on the endothelium of the microvasculature because
neutrophils are known to occlude microvessels and
produce oxy-radicals to cause reperfusion injury
[38, 39]; (c) use of iron chelators to prevent OH"
formation [20, 40]; and (d) use of scavengers or anti-
oxidants to prevent oxy-radical-mediated injury
[23,33].

There are potential problems or difficulties in
these approaches for protection or attenuation
of reperfusion injury. Using a radioenzymatic
technique, we have demonstrated that XD and XO
activities in human and pig skeletal muscles were
minute (<0.05mU/g wet weight), and allopurinol
or oxypurinol were not effective in the mitigation of
I/R injury (muscle infarction) in pig skeletal muscles
[31]. More recently, a cDNA encoding human XD
was cloned. Using this probe, little XD mRNA was
detected in the human skeletal muscle [41]. All these
observations are taken to indicate that the XD/XO
enzymatic system is unlikely to be a major source
of oxy-radicals in human skeletal muscles; therefore,
XO inhibitors are unlikely to be effective drugs for
the prevention/mitigation of skeletal muscle I/R
injury. Furthermore, oxy-radical scavengers such as
SOD and CAT have a short biological half-life, but
reperfusion injury in skeletal muscles is known to
occur up to 48hr from the start of reperfusion.
Therefore, continuous or repeated intravenous
administration of drug is required. Conjugated SOD
and CAT have long biological half-lives, but they
are not cell permeable [42]. Deferoxamine, an iron
chelator, has the potential to prevent OH' formation
and skeletal muscle ischemic injury, but it also has
a short biological half-life and is cell impermeable
when conjugated to polymers [43]. The efficacy of
anti-oxidants (e.g. vitamin E) for the prevention of
reperfusion injury in skeletal muscles has not been
established. Last but not least, there is convincing
evidence implicating neutrophils as a major source
of oxy-radicals in skeletal muscle reperfusion injury
in dogs [44] and pigs [31, 45]. If neutrophils are also
a major source of oxy-radicals in human skeletal
muscles, use of scavengers or anti-oxidants per
se may not provide optimal protection against
reperfusion injury. Specifically, neutrophils are
known to adhere on the surface of endothelial cells
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and, because of cell-to-cell contact, these neutrophils
release cytotoxic oxy-radicals and proteases directly
onto the surface of the endothelium, causing cell
injury. In addition, accumulated neutrophils may
occlude microvessels, causing regional no-reflow.

In recent years, it has become increasingly evident
that neutrophil recruitment and adherence on
endothelial cells are dependent on the expression of
multiple adhesion molecules on the cell surface
of activated neutrophils (e.g. CD11b/CD18, L-
selection) [46,47]. Furthermore, there is exper-
imental evidence to indicate that the complement
system may play an important role in activation
or up-regulation of neutrophil and endothelium
adhesion molecules during reperfusion [47, 48]. It is
too early to predict if selective inhibitors of the
complement system or specific antibodies to adhesion
molecules are feasible clinical treatment modalities
for skeletal muscle reperfusion injury.

Prevention of ischemic injury

Our idea of augmentation of skeletal muscle
ischemic tolerance as an alternative approach for
the prevention of ischemic injury is derived from
the phenomenon of ischemic preconditioning of
myocardium for ischemic tolerance described by
Murry et al. in 1986 [49]. Specifically, preconditioning
of dog myocardium with four cycles of 5-min ischemia
and 5-min reperfusion reduced the infarct size when
the myocardium was subsequently subjected to
40 min of sustained warm ischemia. Since then,
various laboratories have reported that only one
cycle of ischemia and reperfusion is required for
preconditioning of myocardium in dogs [50], rats
|51], rabbits [52, 53], and pigs [54]. There is also
clinical evidence to indicate that myocardial
preconditioning can be induced in humans [55, 56].
More important, the protective effect of ischemic
preconditioning has been demonstrated in human
cardiomyocytes {57]. Recently, we obtained results
demonstrating for the first time that the protective
effect of ischemic preconditioning can also be
induced in pig skeletal muscles, but the threshold
for ischemic tolerance is much higher in the skeletal
than in the cardiac muscle in pigs.* Specifically, at
least three cycles of 10-min ischemia and 10-min
reperfusion, a total of 60 min, were required to
precondition pig latissimus dorsi muscles for
augmentation of ischemic tolerance when latissimus
dorsi muscles were subsequently subjected to 4 hr
of warm global ischemia and 48 hr of reperfusion
(Fig. 1). This protective effect of preconditioning
against muscle infarction was confirmed in gracilis
muscles in pigs (Fig. 2). However, this ischemic
preconditioning was not effective when the muscle
ischemia time was extended beyond 5hr. At the
present time, we seek to identify the mediator of
ischemic preconditioning of skeletal muscles and
plan to use the mediator to induce ischemic tolerance
in skeletal muscles. This treatment modality will
reduce the time required for preconditioning of
skeletal muscles and may also be used for

* Pang CY, Zhong, A, Yang RZ, Xu N, Boyd B and
Forrest CR, Manuscript submitted for publication.
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Fig. 1. Pattern of muscle infarction in the pig latissimus dorsi muscle subjected to 4 hr of warm global

ischemia and 48 hr of reperfusion. Viable muscle was stained dark blue by nitroblue tetrazolium dye.

Non-viable muscle (infarction) was stained red and is indicated by asterisks. Preconditioning reduced
muscle infarction.

procurement of skeletal muscles for heterogenous
muscle transplantation in the future.

MECHANISM OF ISCHEMIC PRECONDITIONING

Thus far, there is no publication on the mechanism
of ischemic preconditioning in skeletal muscles. The
proposed mechanisms of myocardial ischemic
preconditioning summarized in Table 1 may provide
insights into the mechanism of preconditioning in
skeletal muscles. The validity of each of these
proposed mechanisms has been discussed in detail
by various investigators elsewhere [58-60]. Briefly,
experimental evidence available thus far indicates
that the protective effect of ischemic preconditioning
is unlikely the result of increasing collateral blood
flow [49, 50, 52], mitochondrial ATPase inhibitor
protein activation [61-63], glycolytic flux [64],
stunning {65, 66], decrease in oxy-radical generation
or anti-oxidant defenses [67, 68], neutrophil-related
mechanism [64], synthesis of stress protein [69], or
increase in prostacyclin or nitric oxide synthesis
[51,70,71]. On the other hand, consistent and
convincing experimental evidence is available to
indicate that adenosine is most likely the candidate

of an endogenous mediator of myocardial ischemic
preconditioning in several species of laboratory
animals, and the adenosine action is mediated by A,
receptors. The mediator and effector mechanisms of
myocardial ischemic preconditioning are summarized
below.

Mediator mechanism

The first indication of adenosine as a mediator of
ischemic preconditioning came when Liu et al. [72]
observed in rabbits that a non-selective adenosine
receptor antagonist, 8-SPT or PD 115, 199, blocked
the cardioprotective effect of preconditioning, and
intracoronary infusion of adenosine or an A, receptor
agonist, R-PIA, mimicked the cardioprotective effect
of preconditioning. Since 8-SPT is cell impermeable,
the adenosine receptors involved in mediating
ischemic preconditioning must be cell-surface
membrane receptors. An ensuing study from the
same laboratory further demonstrated that an
intravenous A, receptor agonist, R-PIA, or 2-chloro-
Nb-cyclopentyladenosine (CCPA) also mimicked the
cardioprotective effect of preconditioning, but that
CGS 26180, an A, receptor agonist, failed to provide
any cardioprotective effect in rabbit myocardium
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Fig. 2. Pattern of muscle infarction in the pig gracilis muscle subjected to 4 hr of warm global ischemia

and 48 hr of reperfusion. Viable muscle was stained dark blue by nitroblue tetrazolium dye. Non-viable

muscle (infarction) was stained red and is indicated by asterisks. Preconditioning reduced muscle
infarction.

Table 1. Proposed mechanisms for ischemic preconditioning (IPC) in cardiac muscle

1. Increase in collateral blood flow
IPC induces an increase in collateral blood flow, thus maintaining an adequate blood supply to the ischemic
zone.

2. Mitochondrial ATPase

IPC inhibits mitochondrial ATPase, thus reducing ATP hydrolysis and preserving intraceltular pH.
3. Glycolytic flux
IPC induces an increase in glycolytic flux to provide ATP during ischemia, thus overcoming mitochondrial
dysfunctioning.
4. Stunning
IPC induces reversible depression of contractile function, thus reducing energy demand during ischemia.
5. Free radicals
IPC produces free radicals, which induce stunning.

6. Neutrophils
IPC reduces neutrophil-related contractile dysfunction or infarction.
7. Stress proteins

IPC stimulates synthesis and release of stress proteins, which increase myocardial resistance to infarction.

8. Prostanoids and nitric oxide
IPC induces endothelial release of prostacyclin and/or nitric oxide, which provides cardioprotective effect
against ischemia.

9. Adenosine
IPC causes accumulation of adenosine, which acts as an endogenous mediator of preconditioning through
activation of adenosine; receptors, which, in turn, trigger intracellular biochemical changes.

10. ATP-sensitive potassium (K,rp) channels
IPC causes a persistent or more rapidly recurring opening of K,rp channels resulting in the shortening of
cardiac action potential and the reduction of Ca?* influx, thereby limiting contractile activity and ATP
depletion.
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Involvement of A receptors and K, ., channels in ischemic preconditioning
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Fig. 3. Proposed ATP-sensitive potassium (Ka7p) channel effector mechanism for ischemic
preconditioning. Brief cycles of ischemia and reperfusion result in stepwise catabolism of ATP to
adenosine, which couples to A, receptors. Activated A, receptors couple to adenylate cyclase through
an inhibitory G-protein, resulting in inhibition of conversion of ATP to cyclic AMP (cAMP). Activated
A, receptors also couple to K,1p channels through yet another G-protein, resulting in opening of K, 1p
channels and increasing K* effltux and membrane hyperpolarization. Membrane hyperpolarization
results in shortening the duration of action potential and opening time for L-type Ca** channels, thus
reducing contractility, energy metabolism and accumulation of toxic metabolites. The end result is an
increase in ischemic tolerance.

[73,74]). In addition, this and other laboratories
observed in rabbits that adenosine exerted its
cardioprotective effect mainly during ischemia; thus,
adenosine predominantly protects against ischemic
injury rather than reperfusion injury [75-77]. It has
also been confirmed in dogs [78-80] and pigs [81]
that adenosine or an A; receptor agonist could
mimic the cardioprotective effect of ischemic
preconditioning.

Effector mechanism

A receptors are known to couple to a variety of
effector systems including adenyl cyclase [82], Karp
channels [83], voltage-dependent Ca®* channels [84],
Na*-Ca?* exchange system [85], acetylcholine-
sensitive potassium channels [86], and phospholipase
A, and C systems [87]. At the present time, there
are two major schools of thought regarding the
effector mechanism for ischemic preconditioning.

A, receptor-K stp channel-linked effector mechan-
ism. Murry et al. [16] demonstrated that ischemic
preconditioning causes preservation of high-energy
phosphates in dog myocardium. Subsequently, Kida
et al. [88] observed that ischemic preconditioning
conserves not only high-energy phosphates but also
intracellular pH. To date, experimental evidence is

accumulating to indicate that the protective effect
of myocardial ischemic preconditioning involves an
A receptor-K 41p channel-linked mechanism, which
induces preservation of ATP and intracellular pH.
For example, adenosine or CCPA (an A; receptor
agonist) activates K,rp channels via a G-protein in
rat and guinea pig ventricular myocytes [89]. Kotp
channel antagonists block the cardioprotective effect
of ischemic preconditioning in dogs [78, 90, 91], pigs
[81], and rabbits {92]. Ks1p channel antagonists also
block the cardioprotective effect of adenosine and
A, receptor agonists in dogs [78-80], pigs [81], and
rabbits [93]. Conversely, Kapp channel activators
mimic the cardioprotective effect of ischemic
preconditioning in dogs [94, 95], and rabbits [96].
The proposed mechanism by which Kpp channel
activation causes preservation of high-energy phos-
phates is illustrated in Fig. 3. Specifically, Katp
channel activation has been shown to shorten the
duration. of the action potential and antagonize
membrane depolarization [97]. These effects would
reduce the opening time of voltage-regulated (L-
type) Ca?* channels, thus reducing Ca®* influx,
muscle contractility and ATP catabolism. Indeed, it
has been observed that activation of K,rp channels
caused shortening of the action potential and slowing
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involvement of A, receptors and protein kinase C in ischemic preconditioning
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Fig. 4. Proposed protein kinase C (PKC) effector mechanism in ischemic preconditioning. PKC is
activated through a cellular signaling pathway involving: (a) coupling of adenosine to A, receptors via
pertussis toxin-sensitive protein (Gp); (b) activation of phospholipase C (PLC); (c) cleavage of
phosphatidylinositol 4,5-biphosphate (PIP,) by activated PLC to inositol 1,4,5-triphosphate (IP;) and
diacylglycerol (DAG); and (d) activation of PKC by DAG for protein phosphorylation.

of cellular catabolism, preserving ATP and reducing
infarct size in guinea pig [98, 99] and dog [100, 101]
myocardium. Furthermore, adenosine, which
mimicked the cardioprotective effect of ischemic
preconditioning, also lowered high-energy phosphate
catabolism in dog myocardium [102].

It should be mentioned that the opinions on
the involvement of K,yp channels in ischemic
preconditioning are not unanimous. There are
reports indicating that K,1p channel activation does
not protect ischemic myocardium from infarction in
dogs [103, 104] and rabbits [105], and a K ,1p channel
antagonist did not block the cardioprotective effect
of ischemic preconditioning in rabbit myocardium
{105]. At the present time, it is unclear if these
conflicting results could be attributed to differences
in anesthetics, doses of K rp channel activators
used, ischemic protocols, or laboratory technique
[106, 107].

A, receptor-PKC-linked effector mechanism. There
are several lines of evidence to indicate that the link
of A; receptors and PKC is an effector mechanism of
ischemic preconditioning in the rabbit myocardium. It
has been observed that the PKC inhibitors
staurosporine and polymyxin B block the cardio-
protective effect in rabbits. Conversely, activation
of PKC with 4f-phorbol 12-myristate 13-acetate or

with 1-oleyl-2-acetyl glycerol mimic ischemic
preconditioning [83]. As outlined in Fig. 4, these
investigators hypothesized that the PKC effector
mechanism involves coupling of A, receptors to PLC
[108] via a pertussis toxin-sensitive G-protein [109].
The activated PLC cleaves PIP, to two second
messengers, IP; and DAG. Activation of PKC by
DAG [110-112] results in protein phosphorylation.
A specific protein that is phosphorylated for
protection against ischemic injury has yet to be
identified.

There is probably a species difference in the
mediator mechanism of ischemic preconditioning.
There is evidence to indicate that ischemic
preconditioning is mediated by a;-adrenergic recep-
tors instead of A, receptors in the rat [113, 114], and
glybenclamide, a K7p channel antagonist, did not
block ischemic preconditioning in rats [62, 115].
However, norepinephrine is also known to activate
PKC. It is of interest to investigate if the effector
mechanism in myocardial ischemic preconditioning
in the rat may also involve activation of PKC.

EFFICACY OF ADENOSINE FOR AUGMENTATION OF
SKELETAL MUSCLE ISCHEMIC TOLERANCE AND ITS
CELLULAR MECHANISM OF ACTION

Experimental evidence is accumulating in our
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Fig. 5. Protective effect of adenosine against ischemic injury in the pig latissimus dorsi muscle subjected

to 4 hr of warm global ischemia and 48 hr of reperfusion. Viable muscle was stained dark blue by

nitroblue tetrazolium dye. Non-viable muscle (infarction) was stained red and is indicated by asterisks.
Adenosine-reduced muscle infarction is compared with the saline-treated control.

laboratory to indicate that adenosine can also
mimic ischemic preconditioning in skeletal muscles.
Specifically, we observed that local intra-arterial
infusion of adenosine at a dose of 0.5 mg/muscle
flap over a period of 8-10 min significantly reduced
the infarct size of pig latissimus dorsi and gracilis
muscles when these muscles were subjected to 4 hr
of warm global ischemia and 48 hr of reperfusion
(Figs. 5 and 6). The infarct size of the latissimus
dorsi and gracilis muscles was reduced by 50 and
63%, respectively [116]. This local administration of
a low dose of adenosine did not cause any changes
in systemic hemodynamics or local muscle blood
flow. We also observed that 8-SPT, a non-selective
adenosine receptor antagonist, and DPCPX, a
selective A, receptor antagonist, blocked the
protective effect of ischemic preconditioning and
adenosine.* The mechanism of action of adenosine
in the augmentation of ischemic tolerance in skeletal
muscles is not known and is under investigation in
our laboratory. However, we have demonstrated
that ischemic preconditioning in pig skeletal muscles
was associated with lower high-energy phosphate

demand and lactate accumulation during sustained
warm global ischemia.t

PHARMACOLOGIC PRECONDITIONING AS A POTENTIAL
TREATMENT MODALITY FOR AUGMENTATION OF
SKELETAL MUSCLE ISCHEMIC TOLERANCE.

There are several reasons that lead us to speculate
that local intra-arterial adenosine infusion is a
potential treatment modality for augmentation of
skeletal muscle ischemic tolerance in vascular and
musculoskeletal reconstructive surgery: (a) the
treatment time is short because only 10 min of local
intra-arterial infusion of adenosine is required; (b)
alow dose of adenosine is required; (c) local infusion
of adenosine will not affect systemic hemodynamics

* Pang CY, Zhong AG, Yang RZ and Forrest CR,
Role of adenosine; (A;) receptors in acute ischemic
preconditioning against skeletal muscle infarction. Pro-
ceedings X1Ith International Congress of Pharmacology 12:
P1-11-006, 1994.

t Pang CY, Zhong A, Yang RZ, Xu N, Boyd B and
Forrest CR, Manuscript submitted for publication.
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Fig. 6. Protective effect of adenosine against ischemic injury in the pig gracilis muscle subjected to 4 hr

of warm global ischemia and 48 hr of reperfusion. Viable muscle was stained dark blue by nitroblue

tetrazolium dye. Non-viable muscle (infarction) was stained red and is indicated by asterisks. Adenosine-
reduced muscle infarction is compared with the saline-treated control.

because the biological half-life of adenosine is a
matter of seconds [117]; (d) adenosine is not cytotoxic
because it is an endogenous ATP catabolite; (e)
optimal protection from I/R injury may be achieved
by prevention of ischemic injury with adenosine and
prevention of reperfusion injury with an anti-oxidant
or scavenger; and (f) this treatment modality against
I/R injury can be utilized for procurement of muscles
and limbs for transplantation.

FUTURE STUDIES

There are several important areas of research that
need to be addressed in future studies. The maximum
ischemic time and the optimal dose of adenosine for
protection of skeletal muscle from ischemic injury
have yet to be determined. Furthermore, the
potential combined therapeutic effect of adenosine
with a scavenger, an antioxidant or an adenosine
regulation agent [118,119] on skeletal muscle
ischemic tolerance is an important area of research,
which may optimize protection against I/R injury.
Last but not least, the efficacy and mechanism of
action of adenosine for augmentation of human
skeletal muscle ischemic tolerance have to be
documented. To this end, we propose to use a cell
culture system to study the cellular mechanism of

adenosine in augmentation of human skeletal muscle
cells ischemic tolerance. Specifically, the technique
for long-term culture of human skeletal muscie cells
has been published [120, 121], and the preliminary
technique for ischemic preconditioning of cultured
human cardiomyocytes has been reported recently
[57]. These techniques are being modified for the
study of cellular mechanism and protective effect of
adenosine against ischemic injury in cultured human
skeletal muscle cells.

SUMMARY

The phenomenon of ischemic preconditioning for
augmentation of ischemic tolerance has been well
documented in the myocardium of common
laboratory animals and human cardiomyocytes. The
cellular mechanism of ischemic preconditioning is
unclear, but adenosine is most likely the mediator
in the rabbit, dog, pig and human. We have
demonstrated recently that the protective effect of
ischemic preconditioning and adenosine against
ischemic injury can also be induced in pig skeletal
muscles [116]. We speculate that adenosine is a
potential treatment modality for prevention of
skeletal muscle ischemic injury in vascular and
musculoskeletal reconstructive surgery and in muscle
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and limb procurement for transplantation in the
future. It is hoped that this review will stimulate
workers at other laboratories to join the adventure
in exploring the cellular mechanism and clinical
application of adenosine for augmentation of skeletal
muscle ischemic tolerance.
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