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Abstract
Objective The study aimed to investigate the temporal evolution of markers of skeletal muscle ischaemia
reperfusion injury (IRI) to shed more light into its pathogenesis towards �nding a clinical therapeutic
intervention. P-selectin, Myeloperoxidase and TNF-alpha were selected as markers of IRI based on their
role in its pathogenesis. An observational study was conducted on patients with skeletal muscle
ischaemia requiring revascularization. Loco-regional venous sampling was performed at 0, +2, +4, +6,
+12 and +24 hours post-reperfusion to demonstrate the temporal evolution of surrogate markers of IRI.

Results Levels of P-Selectin, Myeloperoxidase and TNF-alpha demonstrated a signi�cant peak elevation
during 2h - 4h following reperfusion when compared to baseline values. (P-selectin 59.48pg/ml to
125.91pg/ml, p=0.008; Myeloperoxidase 78.84pg/ml to 116.86pg/ml, p=0.051; TNF-alpha 1.80pg/ml to
34.53pg/ml, p=0.002) All three markers gradually subsided with time and reached baseline pre-perfusion
values between 6h – 8h from time of reperfusion. The study suggests that skeletal muscle IRI in humans
is associated with an early exaggerated pro-in�ammatory response, as supported by increased
expression of reperfusion injury markers in the venous e�uent. They demonstrate potential for use as
markers of IRI for future clinical trials.

Introduction
Acute limb ischemia remains one of the most common peripheral vascular emergencies and its
management continues to pose signi�cant challenges1. The immediate and full restoration of blood �ow
paradoxically aggravates previous ischemic damage by setting into motion, a host of in�ammatory
responses that promote local tissue destruction2.  The systemic washout of resulting toxic metabolites
lead to life-threatening systemic complications, including renal, cardiac, and pulmonary failure 3.

The pathogenesis of skeletal muscle ischaemia reperfusion injury(IRI) is multifactorial, and not
completely unravelled. Accumulation of hypoxanthine, imbalance of calcium homeostasis, no-re�ow
phenomenon, increased leucocyte activation has been suggested. Amongst these the polymorphonuclear
leukocyte-endothelial interaction forms an integral component. Leukocyte activation is a multistep
process involving rolling, �rm adhesion and transmigration mediated by a complex interaction of cell
adhesion molecules4. Once activated, the neutrophils release highly toxic reactive oxygen species,
resulting in cellular damage5. 

The systematic search for serological markers of skeletal muscle ischemia reperfusion has identi�ed the
leucocyte-endothelial interaction as a key step in its pathogenesis, with potential targets for therapeutic
interventions. TNF-alpha, Myeloperoxidase (MPO) and  soluble P-Selectin are highly sensitive surrogate
markers of IRI that are involved in the enhanced leucocyte activity and pro-in�ammatory pathogenesis. 
However, despite the strong preclinical data on neutrophil-endothelial blockade, this success hasn't yet
translated to a clinically valid outcome. To the best of our knowledge there are no studies to-date that
have attempted to establish whether these markers of reperfusion injury actually do increase following
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reperfusion of ischaemic skeletal muscle in a clinical setting. Nor do we have any evidence to suggest the
timeframe that these markers are observed in the reperfusate.

The identi�cation of the temporal evolution of highly sensitive surrogate markers of skeletal muscle IRI
will shed more light into dissecting the pathogenesis of IRI and would be essential towards �nding a
clinical therapeutic intervention.

The study involves, demonstration of the temporal evolution of P-Selectin, myeloperoxidase and TNF-
alpha  in the venous e�uent following reperfusion.

Main Text
Selection of markers of reperfusion injury

P-Selectin, Myeloperoxidase and TNF-alpha denote key elements in endothelial-leukocyte interaction,
polymorphonuclear leukocyte activity, and pro-in�ammatory status during IRI.

P-Selectin, a member of the adhesion molecule family expressed in platelets and endothelial cells, is up
regulated during IRI and mediates the initial adhesion of leucocytes to the surface of the endothelium, i.e
‘leucocyte rolling’.  Adhered leucoyctes transmigrate through the endothelium and are activated6,7.
Leucocytes thus activated release myeloperoxidase. MPO catalyzes the formation of hypochlorite and
reactive oxygen species during reperfusion of ischaemic tissue. 

TNF-alpha is a pro-in�ammatory cytokine released by a variety of cells under stressful conditions. Colletti
et al �rst reported the role of TNF-alpha in IRI in 1990, in a murine model subjected to hepatic ischaemia
reperfusion8. Subsequent studies have demonstrated that TNF-alpha increases the expression of many
cell adhesion molecules as well as releases many cytokines leading to further exaggeration of the
neutrophil activation process.

The role of P-selectin and myeloperoxidase during IRI in skeletal muscle has been demonstrated in
animal models. Singbarti et al demonstrated the attenuation of IRI-induced acute renal failure in P-
selectin de�cient mice9. Jin-Lian Chen et al demonstrated reduced hepatic/renal insu�ciency in mice
treated with P-selectin blocking Tetramethylpyrazine10. Li et al demonstrated the protective effects of
Phloroglucinol, a MPO inhibitor, against myocardial IRI in rats11 . Preclinical models have supported the
hypothesis that local skeletal muscle IRI is mediated in part by TNF-alpha. Studies of Seekamp et al,
reported that abrogating TNF-alpha activity with a soluble TNF receptor construct and an anti-TNF-alpha
antibody, decreased muscle capillary permeability after IRI in skeletal muscle12.

We therefore postulate that P-selectin, Myeloperoxidase and TNF-alpha are suitable markers of
reperfusion injury in skeletal muscle ischaemia reperfusion injury in a clinical setting.

Methodology
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An observational study was carried out on patients admitted to the University of Colombo, Vascular Unit
at the National Hospital of Sri Lanka with acute lower limb arterial occlusion requiring revascularization.

Patients for whom amputation rather than revascularization was indicated and patients below the age of
18 years, were excluded. A peripheral venous sample was obtained immediately prior to surgery as
baseline. Prior to revascularization an indwelling femoral venous catheter was inserted and placed for a
period of 24 hours for sampling the venous e�uent. Subsequently, loco-regional venous sampling was
done using the indwelling femoral venous catheter at 0, +2, +4, +6, +12 and +24 hours post-reperfusion to
establish a temporal evolution of the reperfusion injury markers in the venous e�uent.

Loco-regional venous sampling with an indwelling venous catheter as opposed to peripheral venous
sampling for 24 hours has been shown to be safe and advantageous during previous studies. Rowlands
T et al13 used femoral vein catheter blood sampling to study lower extremity ischaemia during abdominal
aortic aneurysm repair and Wijeyaratne SM et al14  used jugular venous catheter blood sampling to study
cerebral ischaemia during carotid clamping for endarterectomy.

Assay Methodology

All laboratory procedures including assaying and analysis of samples were conducted at the Department
of Biochemistry, Faculty of Medicine, Colombo. 

Serum concentrations of soluble P-selectin and myeloperoxidase were measured by a quantitative
sandwich immunoassay technique using an enzyme-linked immunosorbent assay kit (R&D systems,
Minneapolis, MN). Whilst Tumour Necrosis Factor-alpha was assayed in the venous e�uent using an
immunometric  enzyme immunoassay technique (Cayman chemical company, Ann Arbot,MI)

All samples, controls and standards were assayed in triplicate to increase the rigor of the study.

Results
8 patients were recruited to the study. Patient and disease characteristics are depicted in Table 1. The
average age was 65.8 years. 6 males and 2 females were recruited.  5 patients presented with acute lower
limb arterial occlusion due to thromboembolism, whilst 3 underwent clamp induced ischaemia for lower
limb revascularization and aortic aneurysm repairs.

The mean levels of P-Selectin, MPO and TNF-alpha at varied time intervals are depicted in Table 2.

There was a signi�cant increase in P-selectin level over the time frame, reaching a peak mean value of
125.91 pg/ml  at the 2 hour interval. Subsequently, P-selectin reached baseline pre-perfusion values
within 6-8 hours of reperfusion.  The difference between the baseline and the 2 hour values of P-Selectin
level was statistically signi�cant (p=0.008). MPO too demonstrated a signi�cant increase over the time
frame, reaching a peak mean value of 113.35 pg/ml  at the 2 hour interval (p=0.051), and subsequently
reached baseline pre-perfusion values within 8 hours of reperfusion.  TNF alpha demonstrated a similar
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pattern with a signi�cant increase at the 2 hour period (p=0.002). Subsequently, levels reached baseline
pre-perfusion values within 6 hours of reperfusion.

Immediate post-operative clinical outcome of the patients are depicted in Table 3. This included 1
mortality, subsequent to myocardial ischemia / arrhythmia. Signi�cant morbidities  included;  below-knee
amputation in one patient; evidence of acute tubular necrosis with reduction of urine output and transient
elevation in creatinine in one patient. One patient demonstrated development of compartment syndrome.
However symptoms resolved with conservative measures and thus did not  require fasciotomy.

Discussion
It is proposed that microvascular injury upon reperfusion of ischaemic tissue is initiated by the
reintroduction of molecular oxygen with subsequent production of the toxic hydroxyl ion15.  The
generation of toxic oxygen free radicals overwhelms the anti-oxidant defenses in the tissue leading to
oxidative cell damage. Together with an increase in calcium in�ux, this results in increased membrane
permeability16, chemo-attraction17, an increase in endothelial cell adhesiveness ( via increased
expression of cell adhesion molecules such as Selectin18 and an activation of leukocytes. Sequestrated
activated neutrophils, using their destructive capabilities, act on re-perfused muscle cells leading to
further cell damage15.

The �nal endpoint of this process is local tissue injury, resulting in additional skeletal muscle death with
compartment syndrome, and post ischaemic syndrome owing to the release of metabolites to the
systemic circulation 19.

P-selectin is one of three structural families of adhesion molecules that is responsible for leukocyte
adhesion, penetration of the vessel wall, and trans-endothelial migration into tissue20.  Myeloperoxidase,
an enzyme present in leukocytes, is a marker of tissue leukocyte activity and in�ltration21. Both P-selectin
and Myeloperoxidase levels were elevated in the venous e�uent following reperfusion of skeletal muscle.
A peak level was noted at 2h-4h after reperfusion, before it gradually subsided after 6h -8 hours.  The
results con�rm the exaggeration of endothelial-leukocyte interaction and subsequent leukocyte activation
in human skeletal muscle reperfusion injury.

Tumor necrosis factor  is an in�ammatory cytokine that is expressed by macrophages and other tissue
early during ischemia-reperfusion injury22 . Unlike the two previous markers, the role of TNF-alpha in
skeletal muscle reperfusion injury is controversial. While some groups report bene�cial effects,  others
�nd a  detrimental role23 .

TNF-alpha clearly initiates expression of an entire spectrum of in�ammatory cytokines that is crucial
towards activation of neutrophils as well as the complement cascade. Levels of TNF-alpha in the venous
e�uent increased dramatically on reperfusion, with a peak value at two hours after blood �ow was
restored. Results a�rm, that lower extremity-reperfusion in humans is associated with an exaggerated
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in�ammatory response, as supported by increased expression TNF alpha, P-Selectin and
Myeloperoxidase  in the venous e�uent.

The results of the study, have demonstrated that lower extremity-reperfusion in humans is associated
with an exaggerated in�ammatory response, as supported by increased expression of soluble P-selectin ,
myeloperoxidase and TNF alpha in the venous e�uent. This is the �rst clinical study to demonstrate the
temporal evolution of these markers in the venous e�uent after skeletal muscle  ischaemia reperfusion
injury.  Whilst their utility as a diagnostic tool is limited, they re�ect injury severity and potential for use as
markers of IRI in a more robust clinical trial.

Limitations
Our study has several limitations. There was heterogeneity in the patient population with patients with
both thromboembolism induced and clamp-induced acute lower limb arterial occlusions included in the
study. This is re�ected in the variation of baseline levels of the surrogate markers.  The three markers
re�ect key steps in the pathogenesis of IRI, but remain indirect evidence.  We were unable to obtain
consent for immunohistochemical assessment of skeletal muscle to correlate with the temporal evolution
of markers. Having histological samples would have aided in understanding the disease pathogenesis
better.

Abbreviations
IRI -  Ischaemia – Reperfusion Injury

TNF – Tumour necrosis factor

MPO - Myeloperoxidase
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Table 1 -  Patient and disease  characteristics of the study participants

f.

o.

Age

(range)

Sex Type of surgery Rutherford

stage

Level of

ischaemia

Ischaemic

time (min)

70-80 Female Clamp induced - Abdominal

aorta

75

70-80 Male Thromboembolism IIa Femoral 315

60-70 Male Thromboembolism - Femoral 125

40-50 Male Thromboembolism IIb Femoral 105

60-70 Male Thromboembolism IIb Femoral 180

70-80 Male Clamp induced - Aorta 150

80-90 Male Clamp induced - Aorta 90

50-60 Female Thromboembolism IIb Femoral 320

Rutherford IIa – Acute limb ischaemia with threatened viability but marginal ; Rutherford IIb – Acute limb ischaemia with threatened

viability requiring immeadiate revascularization 

Table 3 – Early post-operative outcome following reperfusion after skeletal muscle ischaemia among study participants
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ef.

o

Age

range

Sex Type of surgery Level of

ischaemia

Outcome

70 -

80

Female Clamp induced Abdominal

aorta

Death – MI /

Arrhythmia

 

70 -

80

Male Thromboembolism Femoral Normal limb function,

but transient drop in

UOP

 

60 –

70

Male Thromboembolism Femoral Normal  

40 –

50

Male Thromboembolism Femoral Compartment

syndrome

 

60 –

70

Male Thromboembolism Femoral Normal  

70 –

80

Male Clamp induced Aorta Normal  

80 –

90

Male Clamp induced Aorta Normal  

50 -

60

Female Thromboembolism Femoral Amputation BK  

MI – myocardial infarction ;  UOP – Urine out put;  BK – below knee amputation
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