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Background The aim of this study was to investigate the effects of remote ischemic
conditioning on ischemia-reperfusion injury in rat muscle flaps histopathologically and
biochemically.
Methods Thirty albino rats were divided into 5 groups. No procedure was performed in the
rats in group 1, and only blood samples were taken. A gracilis muscle flap was elevated in all
the other groups. Microclamps were applied to the vascular pedicle for 4 hours in order to
achieve tissue ischemia. In group 2, no additional procedure was performed. In groups 3, 4,
and 5, the right hind limb was used and 3 cycles of ischemia-reperfusion for 5 minutes each
(total, 30 minutes) was applied with a latex tourniquet (remote ischemic conditioning). In
group 3, this procedure was performed before flap elevation (remote ischemic preconditoning).
In group 4, the procedure was performed 4 hours after flap ischemia (remote ischemic
postconditioning). In group 5, the procedure was performed after the flap was elevated,
during the muscle flap ischemia episode (remote ischemic perconditioning).
Results The histopathological damage score in all remote conditioning ischemia groups was
lower than in the ischemic-reperfusion group. The lowest histopathological damage score
was observed in group 5 (remote ischemic perconditioning).
Conclusions The nitric oxide levels were higher in the blood samples obtained from the
remote ischemic perconditioning group. This study showed the effectiveness of remote
ischemic conditioning procedures and compared their usefulness for preventing ischemiareperfusion injury in muscle flaps.
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INTRODUCTION
Flap loss continues to be an important problem in reconstruc-

tive surgery [1,2]. The main causes are postoperative ischemia,
hypoxia, and reperfusion following ischemia [3]. Ischemia/reperfusion (I/R) causes more tissue damage than is caused by
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ischemia [4]. Many studies have aimed to prevent I/R injuries
[5-8]. Ischemic preconditioning (IPreC) is one of the most recent methods. The aim of IPreC is to increase the tolerance of
the tissue to ischemia by performing brief controlled episodes
of ischemia in the flap pedicle [9]. The effects of IPreC have
been shown to be not only regional but also systemic. It is believed that the tolerance to ischemia in the target tissue can be
increased through the remote ischemic conditioning (RIC)
procedure due to the systemic effects of IPreC. Cyclic ischemia
causes certain biochemical mediators to increase in the blood.
One of these mediators is nitric oxide (NO) [10]. Its protective
ability against I/R injury is thought to occur through the peripheral vasodilation induced by elevated NO levels. The effects of
RIC have been shown in experiments conducted primarily in
the myocardium, brain, liver, kidney, and skeletal muscle.
Despite the studies of the use of IPreC in flap surgery, the
number of experimental studies on RIC is inadequate. Several
experimental studies have shown the effectiveness of IPreC in
flap surgery. However, direct IPreC produces trauma to major
vessels and direct stress to the target organ. Because of this, the
clinical use of IPreC is limited.
In this study, we investigated the feasibility of various RIC procedures in muscle flap surgery in light of the current literature.
Their effects on histopathological and biochemical values were
investigated experimentally, and the various methods were compared.

METHODS
Animal preparation and care protocol
The animal care and experimental procedures complied with
the Principles of Laboratory Animal Care (Guide for the Care
and Use of Laboratory Animals, National Institutes of Health
Publication no. 86-23, revised 1996) guidelines and were approved by the institutional animal care and use committee of
our university. Winstar-albino rats (240 to 300 g; Ankara University Animal Laboratory) were initially anesthetized by intramuscular ketamine (40 mg/kg) and xylazine (10 mg/kg). During the preischemic, ischemic, and initial 4 hours of reperfusion
periods, animals were placed on a heated blanket with an overhead heat lamp to maintain body temperature at 37°C. For the
48-hour reperfusion experiments, rats were returned to their
cages in the vivarium and allowed access to water and chow ad
libitum. Rats were kept on a 12-hour light-dark cycle, and the
room temperature was kept constant between 21°C and 23°C.
After all measurements were completed, the rats were euthanized with an overdose of pentobarbital.

Isolation of the gracilis muscle on its vascular pedicle
The gracilis muscle and the neurovascular pedicle were dissected as described previously [11]. In brief, anesthesia was induced
and the left groin was shaved. A × 3 loupe was used for the dissection. An incision was made from the anterior iliac spine to
the tip of the medial knee, exposing the femoral artery and the
gracilis muscle. The gracilis muscle flap was elevated on its vascular pedicle using standard microsurgical techniques. This procedure isolated the gracilis pedicle and allowed us to induce
complete ischemia in the muscle flap by clamping the vascular
pedicle.

Induction of ischemia in the muscle flap
After dissection, a microvascular clamp was applied to the vascular pedicle below the origin of the gracilis pedicle for 4 hours
(Fig. 1).

Induction of remote ischemic condition
Three cycles of 5 minutes of ischemia and 5 minutes of reperfusion were performed in the right hind limb by using a latex tourniquet (Fig. 2).

Experimental groups
Thirty rats were randomly assigned to 5 groups (6 animals per
group). In group 1, no surgery was performed, and only blood
samples were taken. In group 2 (control), the vessels were
clamped to induce 4 hours of ischemia and then opened for 48
hours of reperfusion. In group 3 (remote ischemic preconditioning, RIPreC), 3 cycles of 5-minute I/R were performed before 4 hours of ischemia. In group 4 (remote ischemic postconditioning, RIPostC), 3 cycles of 5-minute I/R were performed
after 4 hours of ischemia. In group 5 (remote ischemic perconditioning, RIPerC), 3 cycles of 5-minute I/R were performed
after flap elevation, during 4 hours of ischemia (Table 1).
Fig. 1. Creating ischemia in the gracilis muscle flap
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Fig. 2. Induction of remote ischemic conditions

Table 1. Distribution of the groups

Three cycles of 5-minute ischemia and 5-minute reperfusion were
performed in the right hind limb using a latex tourniquet.

Group 1

No procedure, only blood samples were taken

Group 2 (control)

4 hr of gracilis muscle flap ischemia
48 hr of reperfusion

Group 3 (RIPreC)

3 cycles of I/R for 5 min (total 30 min)
4 hr of gracilis muscle flap ischemia
48 hr of reperfusion

Group 4 (RIPostC)

4 hr of gracilis muscle flap ischemia
3 cycles of I/R for 5 min (total 30 min)
48 hr of reperfusion

Group 5 (RIPerC)

During 4 hours of gracilis muscle flap ischemia,
3 cycles of I/R for 5 min (for the first 30 min of muscle flap
ischemia)
48 hr of reperfusion

RIPreC, remote ischemic preconditioning; I/R, ischemia/reperfusion; RIPostC, remote
ischemic postconditioning; RIPerC, remote ischemic perconditioning.

Process
The animals were allowed to awaken following reperfusion.
They were allowed free access to chow and water and were
monitored for 48 hours. After end of the 48 hours, intracardiac
blood samples were taken for biomarker testing and the animals
were euthanized. The entire gracilis muscle was resected with
the neurovascular pedicle for histopathological investigation.

Histopathological investigation
The specimens were then placed in formaldehyde for 24 hours.
The specimens were processed on an automatic tissue processor, embedded in paraffin, and 4-µm sections were prepared.
Specimens were stained with standard hematoxylin and eosin
and examined by pathologists with no knowledge of the treatment group in a randomly selected manner. The histopathological parameters evaluated were loss in transverse ridging, migration of nuclei to the center, separation of the muscle fibers, interfascicular and intercellular edema, and lymphocyte infiltration in serial sections. Each group of findings was given a score:
no change, 0; minimal change, 1; mild change, 2; moderate
change, 3; significant change, 4. Degenerative findings were also
evaluated in 5 randomly selected areas from each section in a
computer environment using the Leica QWin (V3 plus image)
image (Leica Microsystems, Wetzlar, Germany) analysis system.
The histopathological degenerative scores of the groups were
evaluated.

Biochemical investigation
Blood samples taken immediately before sacrifice were placed
in dry tubes and centrifuged at 3,000 rpm for 10 minutes. Serum NO levels were measured with the enzyme-linked immu386

nosorbent assay (ELISA) method. The analysis was performed
using the EASTBIOPHARM (Hangzhou, China) nitric oxide
synthase inducible (INOS-NOS2) ELISA kit (catalog number:
CK-E90762) (measurement range, 02–60 ng/mL).

Statistical evaluation
Descriptive statistics for the relevant characteristics were expressed as median, mean, standard deviation, and minimum
and maximum values. The Kruskal-Wallis test was used to compare the groups in terms of these characteristics. Following the
Kruskal-Wallis test, the Dunn test was performed to determine
the groups responsible for the differences. The statistical significance level was accepted as 5% (P < 0.05).

RESULTS
Biochemical evaluation results
Serum NO levels were statistically significantly higher only in
group 5 (RIPerC) compared to group 1 and group 2 (control)
(P = 0.012) (Table 2, Fig. 3).

Histopathological investigation results
The separation of the muscle fibers (P = 0.001) and interfascicular and intercellular edema (P = 0.012) parameters were lower
in all RIC groups (groups 3, 4, and 5) than in the control group
(group 2). The lymphocyte infiltration parameter was lower in
group 3 (RIPreC) and group 5 (RIPerC) than in the control
group. The loss in transverse ridging parameter was lower in
group 4 (RIPostC) and group 5 (RIPerC). A significant decrease in the migration of the nuclei to the center was only observed in the RIPostC group compared to the control group
(P = 0.015) (Table 3). The collective evaluation of histopathological parameters revealed a decrease in the ischemia reperfu-
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sion degenerative damage score in the muscle flaps in which the
RIPerC, RIPreC, or RIPostC method was used (Fig. 4).

duce protection against a subsequent, prolonged, lethal ischemic period, can be defined as an endogenous mechanism that
protects against I/R injury. Previous IPreC studies in rat models
have shown that enhancement of flap survival and improvement

DISCUSSION
Injuries caused by reperfusion after prolonged ischemia are a
significant problem in reconstructive surgery (3). Many studies
have aimed to prevent I/R injury. Several drugs and procedures
have been tried in order to prevent I/R injury, and IPreC is one
of the important current methods.
IPreC, in which brief episodes of non-damaging ischemia in-

Fig. 3. Graphical demonstration of the NO values between
groups.
Graphical demonstration of the nitric oxide (NO) values between
groups. RIPreC, remote ischemic preconditioning; RIPostC, remote
ischemic postconditioning; RIPerC, remote ischemic perconditionind.
*Difference from other groups is statistically significant.
3,000

Table 2. Descriptive statistics of nitric oxide levels in the
groups
Median

Group 1
84.65a)
Group 2 (control)
96.89a)
Group 3 (RIPreC) 119.49a)
Group 4 (RIPostC)
64.64a)
Group 5 (RIPerC) 1,443.52b)

Mean ± SD

Min.

Max.

2,500
Nitric oxide level (ng/mL)

Group

*

P

216.68 ± 245.51
50.08 665.43 0.012
147.61 ± 126.78
29.78 379.00
316.37 ± 375.4
73.28 1014.28
78.87 ± 39.23
43.55 147.81
1,510.2 ± 1,312.72 191.74 3,760.38

SD, standard deviation; Min, Minimum; Max, Maximum; RIPreC, remote ischemic
preconditioning; RIPostC, remote ischemic postconditioning; RIPerC, remote
ischemic percondirioning.
a,b)
Different letters represent statistically significant differences among the median
values of the groups (P < 0.05).

2,000
1,500
1,000
500
0
Group 1 Control
		group

RIPreC

RIPostC

RIPerC

Table 3. Comparison of the histopathological degenerative scores of the groups
Histopathological parameters
Loss in transverse ridging
Migration of nuclei to the center
Separation of the muscle fibers
İnterfascicular and intercellular edema
Lymphocyte infiltration

Group 2 (control)

Group 3 (RIPreC)

Group 4 (RIPostC)

Group 5 (RIPerC)

Mean

Median

Mean

Median

Mean

Median

Mean

Median

3.00 ± 0.63
0.83 ± 0.41
3.17 ± 0.41
3.00 ± 0.63
3.17 ± 0.98

3.0a)
1.0a)
3.0a)
2.0a)
3.5a)

2.50 ± 0.55
1.00 ± 0
2.00 ± 0
1.83 ± 0.41
2.67 ± 0.82

2.5a,b)
1.0a)
2.0b)
2.0b)
2.5b,c)

1.55 ± 0.55
0.33 ± 0.52
1.67 ± 0.52
2.33 ± 0.52
2.83 ± 0.75

1.5c)
0b)
2.0b)
2.0b)
3.0a,b)

2.00 ± 0
1.00 ± 0
1.67 ± 0.52
2.17 ± 0.41
2.00 ± 0.64

2.0b,c)
1.0a)
2.0b)
2.0b)
2.0c)

P-value
0.003*
0.015*
0.001*
0.012*
0.047*

RIPreC, remote ischemic preconditioning; RIPostC, remote ischemic postconditioning; RIPerC, remote ischemic percondirioning.
a,b,c)
Different letters represent statistically different amoung the groups in the same row. *P < 0.05.

Fig. 4. Microscopic muscle morphology of the groups (H&E, ×200)
(A) Intercellular edema and lymphocyte infiltration in the control group. (B) Intercellular edema and lymphocyte infiltration in group 3 (RIPreC).
(C) Intercellular edema and lymphocyte infiltration in group 4 (RIPostC). (D) Intercellular edema and lymphocyte infiltration in group 5 (RIPerC).
RIPreC, remote ischemic preconditioning; RIPostC, remote ischemic postconditioning; RIPerC, remote ischemic perconditioning; red arrows, lymphocyte infiltration.

A

B

C

D
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of flap microcirculation following ischemia can be achieved not
only by preclamping the flap pedicle but also by inducing a controlled I/R event in a body area distant from the flap (limb ischemia) prior to its preparation [12,13].
Although the effectiveness of IPreC has been shown in experimental studies, its use has been limited due to the possibility of
damage caused by clamping the pedicle of the tissue to be transferred and the tissue being exposed to ischemia. Obtaining the
same effectiveness with RIC, a non-invasive method, makes
clinical use reasonable.
The muscle flap protective effect of the non-invasive RIPreC
procedure against I/R injury was shown by Addison et al. [14]
in experimental studies. The efficiency of RIPostC, which can
specifically be used in ischemia that develops as a result of trauma or stroke where preconditioning is not possible, in clinical
use was first experimentally shown by Andreka et al. [15] in pig
myocardial muscle. Performing the procedure after ischemia is
thought to decrease reperfusion injury. The protective effect of
this procedure against I/R damage was demonstrated by
Schmidt et al. [16] in their study, in which they created non-invasive intermittent ischemia (RIPerC) during myocardial infarction. The effect of RIPreC in flap surgery has been shown
previously [13,17,18]. However, no studies have been conducted to assess the effects of RIPerC and RIPostC on muscle flaps,
and these 3 methods have not been compared.
We experimentally evaluated the effectiveness of the RIPreC,
RIPostC, and RIPerC methods and compared them to each
other in terms of degenerative histopathological findings and
biochemical parameters in this study. We concluded that all 3
methods clearly provided protection against I/R injury.
Histopathologically, nuclear internalization, hyalinization with
loss in transverse ridging, degeneration of fibers, edema, and
lymphocyte infiltration are seen during an I/R injury [19]. One
of the most common pathological abnormalities observed in
muscle biopsies is nuclear internalization, which seems to be a
reaction to virtually any type of injury. In serial sections of hyaline fibers, areas of necrosis may be found, indicating the importance of loss of transverse ridging and separation of muscle fibers as a sign of fiber destruction [20].
Evaluation of the mean histopathological scores revealed that
all 3 methods were protective against I/R injury compared to
group 2 (control), but the best flap histopathologic score was
observed for the RIPerC method.
Among the other two methods, RIPreC had a better histopathologic score than RIPostC. Based on the demonstrated effects, these techniques may be useful during flap surgical procedures, especially muscle flap surgery. Although RIPostC was the
least effective of the 3 methods, it can be used during replanta388

tion surgery or surgery on a flap exposed to ischemia, and may
help in increasing flap viability.
The systemic effect of RIC has not been fully clarified. Studies
have shown that endogenous NO plays a role in the RIC mechanism [21,22]. NO has been reported to play a central role in
the mechanism of ischemic preconditioning. Peralta et al. [23]
demonstrated in a model of hepatic I/R injury that adenosine
or NO administration prior to ischemia simulated the effect of
preconditioning, whereas inhibition of NO synthesis eliminated
the protective effect of hepatic preconditioning. The findings of
Peralta et al. gave us cause to determine further the role of NO
in the mechanisms of both ‘classic’ and acute RIPreC of flaps.
In contrast, the protective effect of ischemic preconditioning
was observed to be blocked in studies where endogenic NO
synthesis was inhibited. Wang et al. [24] demonstrated in a cremaster flap rat model that the application of sodium nitroprusside (a NO donor) had the same preconditioning effect as ischemic preconditioning via preclamping, whereas the effect was
eliminated when NOS was blocked by L-NAME.
We found the blood NO level in the RIPerC group to be the
highest among all groups, including group 1 and 2. RIPreC was
found to increase blood NO, but no significant increase was observed in the RIPostC group. These findings highlight that ischemia in 2 locations simultaneously can lead to significant increases in serum NO levels.
The effect on flap viability was correlated with the histopathological results, which is thought to possibly be related to the increased NO synthesis in the blood.
Since RIC is a non-invasive method, it does not harm the patient or the flap. Its use has no additional cost. It exerts its effect
without any drug administration to the body or the tissue, unlike other conditioning methods that have previously been used
experimentally but for which clinical use has not been common.
Therefore, problems such as dose limitation are not encountered during the use of this technique.
The remote ischemic conditioning methods that can be used
to reduce I/R injury, especially in muscle flap surgery, are inexpensive, non-invasive, and reliable methods for improving flap
survival.
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