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Addition of tanshinone IIA to UW solution decreases skeletal muscle is-
chemia-reperfusion injury1
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Abstract
Aim: To investigate whether tanshinone IIA could improve the effect of UW
solution for skeletal muscle preservation and to determine the dose range of
tanshinone IIA providing optimal protection during ischemia and reperfusion.
Methods: Ischemic rat limbs were perfused with UW solution or UW plus tanshinone
IIA (UW+T, 0.05, 0.1, or 0.2 mg/mL) for 0.5 h before reperfusion; controls (I/R)
received no perfusion.  Serum creatine phosphokinase (CPK), aspartate aminotrans-
ferase (AST), and lactate dehydrogenase (LDH) were measured pre-ischemia and
after reperfusion (2-h, 4-h, and 6-h).  Muscle water content, superoxide dismutase
(SOD), malondialdehyde (MDA), adenosine triphosphatase (ATPase) were as-
sessed pre-reperfusion and after 6-h reperfusion.  Intercellular adhesion molecule-1
(ICAM-1) and apoptosis were detected after 6-h reperfusion.  Reperfusion blood
flow was monitored during reperfusion period.  Results: UW and UW+T pre-
vented luxury perfusion during reperfusion and inhibited ICAM-1 expression and
apoptosis after 6-h reperfusion.  Serum CPK, AST, and LDH levels in UW rats
were significantly less than those in controls after 2-h reperfusion (no difference,
4-h or 6-h reperfusion).  After 4-h ischemia, there were significant differences in
water content, MDA, SOD, and ATPase between UW and controls, but no differ-
ence after 6-h reperfusion.  All tests with UW+T rats were significantly different
from control results at corresponding durations.  Higher tanshinone doses im-
proved results.  Conclusion: UW plus tanshinone IIA increased protection against
I/R injury, suggesting that tanshinone IIA has clinical value.
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Introduction
Ischemia-reperfusion (I/R) injury can compromise the clini-

cal outcome of patients undergoing replantation, release of
compartment syndrome, free tissue transfer, or other
revascularization procedures, even in technically success-
ful operations[1].  Thus, I/R injury has been very important in
the field of reconstructive microsurgery.  Although some
progress has occurred, the problem has not been totally
overcome[2,3].  In revascularization procedures, a certain
period of ischemia is inevitable until blood flow is
reestablished.  Skeletal muscle is particularly susceptible to
the deleterious effects of ischemia and reperfusion.  A spe-
cial strategy for muscle preservation is necessary to pursue
good functional recovery.

Ischemia followed by reperfusion can lead to the pro-
duction of free radicals that can scavenge endothelium-de-
rived nitric oxide (NO) and induce endothelial dysfunction
associated with loss of regulatory and protective properties[4].
Vascular dysfunction can ultimately lead to tissue injury.  It
has been reported that organ storage in preservation solu-
tions with powerful antioxidant capacity might decrease or
prevent I/R injury associated with oxygen-derived free radi-
cals[5].  University of Wisconsin (UW) solution has been
widely used in the setting of liver, pancreas, and kidney
transplantation.  However, it is arguable whether or not UW
solution is beneficial for preserving skeletal muscle[6–9].

Tanshinone IIA is the major component extracted from
the traditional herbal medicine Salvia miltiorrhiza Bunge.
Tanshinone IIA has been shown to eliminate oxygen-derived
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free radicals, to stabilize vascular endothelial function, and
to ameliorate microcirculation.  It is widely used to treat vari-
ous cardiovascular and cerebrovascular diseases[10–12].  We
hypothesized that adding tanshinone IIA to UW solution
would increase the anti-oxidant and anti-ischemic properties
of UW solution, which would in turn decrease the severity
of I/R injury in skeletal muscle.  In this study, we used a rat
ischemic limb model to investigate whether tanshinone IIA
could improve the effect of UW solution for skeletal muscle
preservation and to determine the dose range of tanshinone
IIA providing optimal protection from I/R injury.

Materials and methods
Animals  Forty adult male Sprague–Dawley rats (weight,

400–450 g) were obtained from the Experimental Animal
Center, Sun Yat-Sen University of China.  Rats were housed
in pairs on a 12:12 h (light-dark) cycle and were provided
with a standard rodent diet and water.  The National Re-
search Council’s guidelines for use and care of laboratory
animals were followed and the study design was approved
by the Ethics Committee of China.

Surgical procedure  Operations were performed under
anesthesia (induction with ip injection of 45 mg/kg sodium
pentobarbital, followed by additional injections of 15 mg/kg
as needed).  After induction of anesthesia, the fur was com-
pletely removed from the left-hind limb with an electric shaver.
A left groin incision was made from the tip of the scrotum to
the left anterior superior iliac spine (ASIS), exposing the in-
guinal ligament and the deepest part of the abdominal wall.
Under an operating microscope (×10), the femoral artery and
vein and superficial epigastric artery and vein were dissected.
Except the femoral artery and vein, all tissues were transected
to eliminate collateral blood supply to the pelvis.  The femo-
ral artery and vein were spared for clamping, and the super-
ficial epigastric artery and vein were cannulated with PE-50
polyethylene tubes for perfusion washout and blood
sampling.  During the entire experiment, body and experi-
mental limb temperatures were maintained at 36 °C to 37 °C
and 32 °C to 33 °C , respectively, with use of heating lamps.
At the end of the experiment, the animals were killed with an
intraperitoneal overdose of sodium pentobarbital.

Groups  The animals were randomly divided into one of
five groups.  In the control, I/R group (n=8), blood flow to
the left-hind limb was stopped by placing Acland-type mi-
crovascular clamps on the femoral artery and vein for 4 h.
No perfusion washout was used, and limb surface tempera-
ture was kept at 32–33 °C.  After 4 h of ischemia, clamps were
released to restore natural blood flow to the limb for a 6-h
reperfusion period.  In the second, UW perfusion group

(n=8), there was a 3.5-h period of ischemia, after which the
ischemic limb was continuously perfused for 0.5 h via the
left superficial epigastric artery with UW solution (Via Span,
Du Pont, Wilmington, DE, USA) at 25 °C.  A gravity perfu-
sion apparatus at a height of 75 cm produced sufficient pres-
sure to wash out stagnant blood rapidly (1–2 mL/min).
Subsequently, natural perfusion was allowed to return for 6 h.
In the three other groups, the ischemic limb was perfused for
0.5 h with UW solution plus tanshinone IIA (UW+T) at
0.05 mg/mL (UW+T0.05; n=8), UW+T at 0.1 mg/mL (UW+T0.1;
n=8), or UW+T at 0.2 mg/mL (UW+T0.2; n=8), respectively.
Other experimental procedures were the same as for the UW
group.

Measurement of blood flow  During the 6-h reperfusion
period, blood flow to the skeletal muscles in the hind limb
was measured by laser Doppler probe (Periflux Pf5001,
Perimed, Jarfalla, Sweden).  Measurements of reperfusion
blood flow were expressed as the ratio of the experimental
limb relative to the contralateral control limb (E/C ratio) of
the same animal.

Laboratory testing  Venous blood samples were taken
from the superficial epigastric vein before ischemia and after
2 h, 4 h, and 6 h of reperfusion.  Samples were centrifuged at
3000 rpm for 5 min to collect serum and then stored at -20 °C.
Serum levels of creatine phosphokinase (CPK), aspartate
aminotransferase (AST), and lactate dehydrogenase (LDH)
were measured with an auto-biochemical analyzer (Toshiba,
Tokyo, Japan).

Biochemical analyses  Gastrocnemius muscle and tibi-
alis anterior muscle were obtained from the experimental limb
after 4 h of ischemia and after 6 h of reperfusion, respectively,
for detection of water content, superoxide dismutase (SOD),
malondialdehyde (MDA), and adenosine triphosphatase
(ATPase) in skeletal muscle.  Biopsy specimens of 20 to 30
mg skeletal muscle were taken, put on wax paper, and dried
to a constant weight at 85 °C for 24 h.  Tissue water content
was calculated according the following equation: % water=
(wet tissue weight–dry tissue weight)×100/wet tissue weight.
Weighed segments of tissue were thawed, homogenized in
ice-cold buffers, and then SOD, MDA, and ATPase levels in
the muscle homogenate were analyzed following the instruc-
tions of the test kits obtained from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China).

Immunohistochemical examination  Muscle samples
were fixed in 10% neutral buffered formalin, embedded in
paraffin, and cut into 4-µm thick sections.  With the
streptavidin-biotin complex (SABC) method for detection of
ICAM-1 expression in skeletal muscle, immunohistochemi-
cal staining was performed using rabbit anti-rat ICAM-1
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polyclonal antibody (Sigma, St Louis, MO, USA) as a pri-
mary antibody and goat anti-rabbit IgG monoclonal antibody
as a secondary antibody (Sigma).  The percentage of posi-
tive vessels was obtained by observing 20 consecutive non-
overlapping eye-fields.  Terminal deoxynucleotidyl trans-
ferase-mediated (dUTP) nick end-labeling (TUNEL)
staining of sections was performed for apoptotic nuclei with
an in situ apoptosis detection kit (Sigma), according to the
manufacturer’s instructions and examined by light
microscopy.  Control sections of rat ovary were used as a
positive control[13] (Palumbo & Yeh 1994) and showed wide-
spread nuclear staining within degenerating follicles.  Nega-
tive controls of ischemic-reperfused muscle, in which
biotinylated dUTP had been omitted from staining, showed
no TUNEL-positive nuclei.  The percentage of apoptotic
nuclei was measured and this represents the apoptotic index
(AI).

Drugs  Tanshinone IIA (molecular formula: C19H18O3, mo-
lecular weight: 294.33) was obtained from Shanghai Pharma-
ceutical Co (Shanghai, China).

Data presentation and statistical analysis  All data are
expressed as the mean±SD.  The data were analyzed by one-
way analysis of variance (ANOVA), and all comparisons were
tested by the Student–Neuman–Keuls’ multiple comparisons
test.  Statistical differences were considered significant at
the P<0.05 level.

Results
Measurement of blood flow findings  In I/R (control) rats,

skeletal muscle luxury perfusion was observed after
reperfusion.  Reperfusion blood flow increased and peaked
during the first hour of reperfusion.  Peak flow was 216%±22%
of the contralateral, intact, limb.  Then blood flow gradually
decreased.  It was (63%±10%) lower than that in the contralat-
eral limb after 6 h of reperfusion (Figure 1).  In the four perfu-
sion groups, no skeletal muscle luxury perfusion was
observed, and blood flow slightly waved after reperfusion.
After 6 h of reperfusion, blood flow in the UW group was
only 78%±12% of that in the contralateral limb, while blood
flow was 94%±14% in UW+T0.05 group (P<0.05 versus UW),
101%±15% in UW+T0.1 group (P<0.01 versus UW), and
103%±13% in UW+T0.2 group (P<0.01 versus UW).
Reperfusion blood flow in the three UW+T groups was in-
creased by 15% to 25% compared with blood flow in the UW
group (Figure1).

Laboratory findings  Before induction of ischemia, there
was no difference in the serum levels of CPK, LDH, and AST
across all five groups.  After reperfusion, serum levels of
CPK, LDH, and AST were increased in I/R (control) rats, with

an upward trend as duration of reperfusion increased (Figure 2),
suggesting muscle damage was aggravated during
reperfusion.  Following perfusion washout with UW solu-
tion during the ischemic period, serum levels of CPK, LDH,
and AST were significantly decreased by approximately 20%
to 30% compared with levels in I/R rats during the first 2 h of
reperfusion (P<0.01).  However, there was no significant dif-
ference between UW and I/R rats after 4 h or 6 h of reperfusion
(P>0.05).  In contrast, perfusion using UW solution with
tanshinone IIA (0.05, 0.1, or 0.2 mg/ mL) resulted in a signifi-
cant reduction of serum levels of CPK, LDH, and AST com-
pared with those in I/R rats at each reperfusion time point
(2-h and 4-h, P<0.01; 6-h, P<0.05, P<0.01).  In addition, UW
solution with a higher dose of tanshinone IIA (0.1 and 0.2
mg/mL) produced greater reductions in leakage of intracellu-
lar enzymes than UW solution during perfusion (P<0.01; Fig-
ure 2).

Biochemical findings After 4 h of ischemia, values for all
four perfusion groups (UW or UW+T) of tissue water content,
MDA, SOD, and ATPase were significantly different from
those in the I/R group (P<0.05, P<0.01; Table 1).  However,
after 6 h of reperfusion there was no difference in any param-
eter between UW and I/R rats.  In contrast, significant differ-
ences in all parameters for the three UW+T (0.05, 0.1, and
0.2 mg/mL) perfusion groups were observed in comparison
to those for the I/R group after 6 h of reperfusion (P<0.01).
Furthermore, all parameters for the three UW+T groups were

Figure 1.  Blood flow ratio of experimental (E) limb relative to
control (C) limb (E/C) during reperfusion. After reperfusion, skeletal
muscle luxury perfusion was observed in I/R rats (◆).  Blood flow
ratio increased to 216%±22%, then gradually decreased to 63%±10%
after 6 h of reperfusion. There was no luxury perfusion in the four
perfusion groups. In these groups, there was significant difference in
blood flow after 6 h of reperfusion including the UW+T0.05 group (▲)
versus the UW group (■, P<0.05) and the UW+T0.1(○) and UW+
T0.2(×) groups versus the UW group, P<0.01. Data are expressed as E/
C ratio; n=8. I/R: ischemia-reperfusion; UW: UW solution; UW+T0.05:
UW+Tanshinone IIA (0.05 mg/mL); UW+T0.1: UW+Tanshinone IIA
(0.1 mg/mL); UWT0.2: UW+Tanshinone IIA (0.2 mg/mL).
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significantly different from those for the UW group at 6 h of
reperfusion (P<0.05, P<0.01; Table 1).

Effects on ICAM-1 expression Expression of ICAM-1 in
vascular endothelium was observed in the same experimen-
tal animals using polyclonal antibody against ICAM-1 for
immunostaining.  After 6 h of reperfusion, there was a quali-
tative increase in expression of ICAM-1 in capillary, venous,
and arterial endothelium of all experimental skeletal muscle
sections obtained from the I/R group (Figure 3).  The per-
centage of positively stained vessels was 57.24%±7.45% in
I/R rats.  Perfusion with UW or UW+T decreased the per-
centage of positively stained vessels to 45.18%±5.56% for
UW rats (P<0.05 versus I/R), to 37.69%±4.57% for UW+T0.05

rats (P<0.01 versus I/R), to 33.40%±3.82% in UW+T0.1 rats
(P<0.01 versus I/R), and to 33.76%±3.90% in UW+T0.2 rats
(P<0.01 versus I/R), indicating that perfusion washout with
UW and UW+T inhibits expression of ICAM-1, especially
perfusion with UW+T (UW+T0.05 versus UW, P<0.05; UW+
T0.1and UW+T0.2 versus UW, P<0.01).

In situ detection of apoptotic cells  After 6 h of reperfusion,
many TUNEL positively stained nuclei were detected in I/R
rats (apoptotic nuclei, 21.85%±6.84%; Figure 4).  Perfusion
with UW or UW+T significantly decreased the prevalence
of apoptotic nuclei, with apoptotic indexes decreased to
15.70%±4.15% in UW rats (P<0.05 versus I/R), to 12.35%±
3.95% in UW+T0.05 rats (P<0.05 versus I/R), to 9.40%±2.75%
in UW+T0.1 rats (P<0.01 versus I/R), and to 8.87%±2.60% in
UW+T0.2 rats (P<0.01 versus I/R).  Furthermore, apoptotic
indexes for the UW+T0.1and UW+T0.2 groups were signifi-
cantly better (ie, less apoptosis visible) than the index for
the UW group (P<0.01; Figure 4).

Discussion
In reconstructive surgery, revascularization procedures

involving skeletal muscle are always subject to a certain pe-
riod of ischemia followed by post-ischemic reperfusion.  This

Table 1. Water content, MDA, SOD, and ATPase levels in skeletal muscle at 4 h of ischemia (I) or 6 h of reperfusion (R) following ischemia.
n=8 in all groups. Mean±SD. bP<0.05,  cP<0.01 vs I/R. eP<0.05, fP<0.01 vs UW.

     Group     Water content (%)                  MDA (nmol/mg prot)                  SOD (U/mg prot)              ATPase(µmol·h-1·mg-1 protein)
             I 4-h               R 6-h              I 4-h              R 6-h              I 4-h             R 6-h               I 4-h              R 6-h

I/R 74.20±1.47 79.83±1.65 6.23±1.02 12.23±1.72 22.62±1.65 16.62±1.65 0.18±0.04 0.11±0.02
U W 72.16±1.38b 78.92±1.61 4.81±0.82c 11.86±1.69 26.53±1.83c 17.95±1.69 0.23±0.05b 0.13±0.02
UW+T0.05 72.25±1.35b 75.55±1.57cf 4.32±0.78c   7.86±0.91cf 28.65±1.98ce 20.87±1.85cf 0.26±0.06c 0.16±0.03ce

UW+T0.1 71.75±1.32c 74.26±1.52cf 3.95±0.63ce   5.82±0.85cf 30.48±2.20cf 26.36±2.03cf 0.28±0.06c 0.23±0.05cf

UW+T0.2 71.77±1.30c 74.19±1.49cf 3.98±0.68ce   5.80±0.87cf 30.25±2.24cf 26.53±2.10cf 0.28±0.05c 0.24±0.05cf

Figure 2. Serum levels of CPK, LDH, and AST at different reperfusion
periods. Serum levels of CPK, LDH, and AST in UW rats were signifi-
cantly lower than those in I/R group only during the first 2 h of
reperfusion. Levels in UW+T groups were significantly different from
those in the I/R group at each reperfusion duration. In addition, UW
solution with a higher dose of tanshinone IIA (0.1 and 0.2 mg/mL)
produced greater reductions in leakage of intracellular enzymes than
UW solution during perfusion. n=8. Mean±SD. bP<0.05,  cP<0.01 vs
I/R; eP<0.05, fP<0.01 vs UW.
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may lead to significant injury and a reduced survival of skel-
etal muscle, a phenomenon at least partly mediated by the
microvascular consequences of ischemia and reperfusion[14].
Thus I/R-induced injury to skeletal muscle has become a
common clinical problem associated with significant mor-

bidity and mortality[15].  Free hemoglobin in stagnant blood
has been implicated as a mediator of hydroxyl radical pro-
duction by means of an iron-catalyzed Fenton reaction.  The
hydroxyl radical attacks membrane phospholipids in a free
radical process, resulting in phospholipid peroxidation and

Figure 3. Immunohistochemistry staining for ICAM-1(×200) in skeletal muscle. After 6 h of reperfusion following 4 h of ischemia, ICAM-
1 positively stained vessels were observed in all five groups. The percentage of positive vessels was highest (A) in the I/R group, followed in
descending order by the (B) UW group, and the (C) UW+T0.05 group. Rats given a higher dose of tanshinone IIA (D, 0.1 mg/mL; E, 0.2 mg/mL)
had the lowest, similar, rates of immunostaining. (F) No ICAM-1 positive staining was observed in normal skeletal muscle that had not
undergone ischemia (red arrow, ICAM-1 positive staining vessel; blue arrow, ICAM-1 negative staining vessel).
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loss of membrane integrity[16].  For better preservation of
ischemic tissue, stagnant blood may need to be removed
and replaced with an appropriate organ preservation solution.
UW solution is the most frequently used preservation solu-
tion for the liver, kidney, and pancreas, and it is associated

with excellent clinical and experimental preservation results[17].
UW solution contains lactobionate and raffinose, both rela-
tively large impermeant molecules that regulate cell volume,
whereas reduced glutathione and allopurinol are included to
prevent oxygen-derived free radical injury and adenosine is

Figure 4.  TUNEL staining for apoptotic nuclei (×400) of skeletal muscle. A mass of TUNEL positively stained nuclei were detected after 6
h of reperfusion in (A) I/R rats. By perfusion with UW or UW+T, the apoptotic indexes were significantly decreased in (B) the UW group, in
(C) the UW+T0.05 group, in (D) the UW+T0.1 group, and (E) the UW+T0.2 group, respectively. Furthermore, the inhibition of apoptosis in the
UW+T0.1 and UW+T0.2 groups was significantly better than that in UW group (P<0.01). (F) No TUNEL staining for apoptotic nuclei was
observed in normal skeletal muscle.
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added to improve energy production.  These components in
UW solution are important for preserving tissues.  In the
present study, we investigated whether perfusion of rat is-
chemic hind limbs using UW solution or UW solution with
tanshinone IIA (UW+T) prior to reperfusion could reduce
 I/R injury in skeletal muscle.

In this study, a luxury perfusion of skeletal muscle was
observed in I/R rats during the first 2 h of reperfusion.  Blood
flow of skeletal muscle quickly increased after reperfusion,
which could aggravate skeletal muscle damage due to the
influence of reoxygenation and peroxidation reactions.
However, we found that perfusion with UW and UW+T not
only prevented skeletal muscle luxury perfusion, but that
perfusion also inhibited cellular edema, the destruction of
ATPase, phospholipid peroxidation, and intracellular enzyme
leakage after ischemia and reperfusion.  These results sug-
gest that perfusion with UW or UW+T might be effective for
preserving skeletal muscle viability in the skeletal setting.
Tsuchida et al also reported that skeletal muscle ATP in am-
putated rat hind limb following 5 h of ischemia was well pre-
served by perfusion with UW solution[18].  However, in the
current study there was no significant difference in labora-
tory test and biochemical analyses observed between UW
group and I/R group after 4 h and 6 h of reperfusion.
Furthermore, we found that the blood flow ratio in UW rats
was significantly lower than that in other groups during the
entire reperfusion period.  These results suggest that the
protective effect of UW solution for skeletal muscle might
be diminished by insufficient blood supply in the affected
skeletal muscle.  Other studies with different animal models
have also found that reperfusion blood flow was decreased
after perfusion with UW solution, and these authors hy-
pothesized that UW solution might have a detrimental effect
on vascular endothelial function resulting in blood supply
diminution[19,20].  Ge et al also demonstrated that use of UW
solution resulted in deteriorated endothelial function of por-
cine and human coronary artery, and they concluded that
the mechanism of this effect was related to reduced con-
ductance of KCa and KATP channels[9].

It is well known that vascular endothelium plays a key
role in regulating local blood supply by the release of vari-
ous endothelium-derived relaxing factors[21].  Vascular en-
dothelial function might be influenced by UW solution per-
fusion because it is the first tissue to make contact with the
solution when perfusion is initiated.  Tanshinone IIA is a
pharmacologically active component isolated from the rhi-
zome of the Chinese herb Salvia miltiorrhiza Bunge.  Zhou
et al reported that tanshinone IIA could stimulate mitochon-
drial NADH oxidation dose-dependently and partly restore

NADH oxidation in the presence of a respiratory inhibitor.
They thought it likely that tanshinone IIA could accept elec-
trons from complex I similar to ferricyanide and be converted
to its semiquinone form, which could then reduce oxygen
molecules.  Thus, tanshinone IIA might protect against I/R
injury through an electron transfer reaction in mitochondria
that protects against the formation of reactive oxygen radi-
cals[12].  Jiang et al also reported that tanshinone IIA could
inhibit expression of adhesion molecules (ICAM-1, P-
selectin) in endothelial cells and exert a beneficial effect on
vascular endothelium[22].  In the present study, we added
various doses of tanshinone IIA to UW solution to investi-
gate the effect of tanshinone IIA on the preservation of vas-
cular endothelium.  Our results showed that adding
tanshinone IIA to UW solution increased reperfusion blood
flow compared with UW solution alone, and tanshinone IIA
improved all test parameters, indicating that UW solution
with tanshinone IIA (0.05, 0.1, or 0.2 mg/mL) was more effec-
tive in reducing skeletal muscle damage than UW solution
alone.  In addition, we observed that the higher doses of
tanshinone IIA (0.1 and 0.2 mg/mL) provided an even better
effect, and this range probably provides us with an optimal
dose for further research.

Some studies have demonstrated that activated poly-
morphonuclear leukocytes (neutrophils) and oxygen free
radicals produced in ischemic tissue during reperfusion play
important roles in the development of skeletal muscle
injury[23-27].  It is a well-known phenomenon that I/R stim-
ulates leukocyte-endothelium interactions through the
upregulation of ICAM-1[28].  This eventually leads to in-
creased transmigration of activated leukocytes into the af-
fected tissue.  Data from a study by Forbes et al suggested
that the onset of parenchymal injury in skeletal muscle fol-
lowing ischemia is caused by the presence of activated leu-
kocytes[29].  In our study, perfusion with UW and UW+T,
especially UW+T at 0.05, 0.1 and 0.2 mg/mL, effectively in-
hibited the expression of ICAM-1, which might be beneficial
in alleviating skeletal muscle damage induced by activated
leukocytes by inhibition of leukocyte-endothelium
interactions.  Free radicals are produced mainly by activated
neutrophils and the xanthine dehydrogenase/xanthine oxi-
dase enzyme system after reperfusion, especially in activated
neutrophils[24].  It is well known that free radicals cause
apoptosis by a series of cell reactions involving DNA dam-
age[30,31].We also observed inhibition of apoptosis following
perfusion with UW or UW+T in this study, especially UW+T
with higher doses of tanshinone IIA (eg, 0.1 and 0.2 mg/mL),
indicating that these solutions were effective against
apoptosis induced by free radicals.
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This study did not attempt to elucidate the mechanism
by which tanshinone IIA improved vascular endothelial func-
tion and decreased skeletal muscle damage.  It is assumed
that the anti-ischemic and antioxidant properties of
tanshinone IIA played a key role in regulating local blood
supply and reducing phospholipid peroxidation.  The rel-
evant mechanisms will be determined in further studies.  The
influence of hypothermia during ischemia and reoxygenation
after ischemia was not considered in this study.  Furthermore,
appropriate perfusion conditions are also important to ob-
tain successful treatment.  Further study on those aspects is
necessary for improved skeletal muscle preservation in the
clinical setting.

In summary, the overall results in this study indicate that
perfusion with UW solution is effective in preserving skel-
etal muscle integrity against I/R insult.  However, skeletal
muscle injury is augmented, probably due to the deteriora-
tion of vascular endothelial function, resulting in blood sup-
ply diminution.  Tanshinone IIA as a beneficial adjunct to
UW solution improves vascular endothelial function and
increases the protective effect of UW solution.  In conclusion,
UW solution perfusion alone is not adequate for skeletal
muscle preservation.  To better preserve skeletal muscle, an
appropriate dose of tanshinone IIA (0.1 or 0.2 mg/mL) added
to UW solution is required.
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