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Abstract. Remote ischemic preconditioning (RIPC) is hypoth‑
esized to be a promising cardioprotective strategy to protect 
hearts against ischemia and reperfusion (I/R) injury; however, 
the current understanding of the underlying signal transduc‑
tion pathways involved remains unclear. It has been previously 
demonstrated that protein kinase B/AKT, which is a crucial 
protein of the reperfusion injury salvage kinases pathway, and 
STAT5, which is a member of the survivor activating factor 
enhancement pathway, serve a pivotal role in cardioprotection. 
However, whether and at what time‑points (TPs) RIPC leads to 
the activation of AKT and STAT5 in a rat model of RIPC and I/R 
injury remains to be determined. The present study hypothesized 
that RIPC may induce the phosphorylation of AKT and/or STAT5 
immediately following RIPC and/or at a later TP with or without 
subsequent I/R. In the first set of experiments (part A), male 
Wistar rats were randomized into 2 groups (n=6 per group): The 
first group underwent RIPC via a hind limb tourniquet (4x5 min 
I/R episodes), while the second group received the respective 
sham treatment. In the second set of experiments (part B), the 
rats were randomized into 4 groups (n=6 per group) that either 
underwent RIPC or sham treatment prior to 35 min of ischemia 
by occlusion of the left anterior descending coronary artery 
followed by 120 min reperfusion or a respective sham treatment. 
At the end of the experiments, the heart tissue was isolated in 
order to analyze the phosphorylation levels of AKT and STAT5. 

The results revealed that RIPC did not induce the immediate or 
late phosphorylation of AKT or STAT5. In addition, following 
I/R, the activation of AKT and STAT5 was not modulated by 
RIPC. In conclusion, the findings of the present study suggested 
that RIPC‑induced cardioprotection may not be mediated by the 
activation of AKT or STAT5 at the investigated TPs.

Introduction

Ischemic heart disease remains the most common cause of 
death worldwide, accounting for up to 23% of global deaths (1). 
To minimize the myocardial damage following acute ischemia, 
early reperfusion is of crucial importance (2). Unfortunately, 
reperfusion itself is deleterious for the heart and causes ischemia 
reperfusion (I/R) injury (2). Cardioprotective interventions, such 
as ischemic and pharmacological preconditioning, are powerful 
measures to confer cardioprotection against myocardial I/R 
injury (3). Ischemic preconditioning (IPC) is performed through 
the exposure to short cycles of ischemia followed by reperfusion 
directly at the target organ (4). However, to date, the translation 
of IPC into the clinic has failed due to the invasiveness of the 
procedure. Nonetheless, this limitation was discovered to be 
circumvented through using non‑invasive remote IPC (RIPC), 
which works by applying short cycles of I/R, for example at a 
limb, via a blood pressure cuff (5). Although promising experi‑
mental results have been published following years of research 
on RIPC, the exact underlying mechanism of RIPC‑induced 
cardioprotection is still not fully understood (6). The proposed 
mechanism includes the generation of humoral factors in the 
remote organ, which can then enter the blood stream to activate 
and induce protective signaling cascades in the heart (5).

It was previously demonstrated that conditioning strategies 
protected the myocardium by activating the reperfusion injury 
salvage kinases (RISK) pathway (7); this pathway mediates 
cell survival through various signaling cascades, including 
the activation of endothelial nitric oxide synthase, protein 
kinase G, PI3K and AKT. Li et al (8) reported that members 
of the RISK pathway were involved in RIPC‑induced cardio‑
protection, while the PI3K inhibitor wortmannin abolished the 
cardioprotective effect in a combined in vivo/in vitro model. In 
addition, increased AKT phosphorylation levels were observed 
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in tissues 15 min after RIPC treatment compared with the 
control group. However, to the best of our knowledge, whether 
RIPC‑induced AKT phosphorylation is merely transient or 
maintained during I/R remains unclear.

Furthermore, previous research has demonstrated that 
conditioning with various stimuli protects the heart from I/R 
injury via activation of the survivor activating factor enhance‑
ment pathway, which involves TNFα, TNF receptor type 2 
(TNFR2), Janus kinase (JAK) and STAT3 (9). The tyrosine 
phosphorylation of STATs by JAKs leads to the dimeriza‑
tion and subsequent translocation of the respective STATs 
into the nucleus or mitochondria to regulate the expression 
levels of its target genes, which are primarily involved in 
energy metabolism (10). Heusch et al (11) identified that the 
phosphorylation levels of RISK pathway members or STAT3 
were increased in both RIPC‑treated and control patients 
before undergoing myocardial intervention, whereas the 
phosphorylation levels of STAT5 were only upregulated in 
the RIPC group. While the results from one previous study 
suggested the involvement STAT5 in RIPC‑induced cardio‑
protection  (12), other previous studies have indicated that 
the phosphorylation of STAT5 may not be involved (13,14). 
Therefore, the role of STAT5 in RIPC‑induced cardioprotec‑
tion remains unexplained.

As AKT and STAT5 are considered to serve an important 
role in the signaling pathways of different cardioprotective 
strategies, the present study aimed to investigate the phos‑
phorylation levels of these key mediators in RIPC‑induced 
cardioprotection in rat hearts in  vivo. The current study 
hypothesized that RIPC may induce the phosphorylation of 
AKT and/or STAT5 at both time‑points (TPs), that is, immedi‑
ately after RIPC and/or after I/R.

Materials and methods

Ethics approval. The current study was conducted in accor‑
dance with the Guide for the Care and Use of Laboratory 
Animals published by the National Institutes of Health 
(publication number 85‑23, revised 1996) and the experi‑
ments were performed after obtaining ethical approval from 
the State Agency for Nature, Environment and Consumer 
Protection, North‑Rhine Westphalia, Germany (approval 
no.  8.87‑50.10.37.09.148), and this study comply with the 
ARRIVE guidelines (15). The animals used were obtained 
from the breeding facility at the Central Animal Research 
Facility of the Heinrich‑Heine‑University Duesseldorf.

Surgical preparation. In part A of the present study, heart 
tissues were used from rats exclusively treated during the 
present study. In part B, the heart tissues were obtained from 
animals used in a previous study by Brandenburger et al (16), 
which demonstrated a significant reduction in infarct size 
following RIPC compared with the control hearts.

Surgical preparation was performed as described 
previously (16). Briefly, male Wistar rats were anesthetized by 
intraperitoneal sodium pentobarbital injection (60 mg/kg body 
weight). Following tracheal intubation, mechanical ventilation 
was performed with 30% oxygen/70% nitrogen and monitored 
by blood gas analysis throughout the experiments to maintain 
the acid‑base state within the physiological limits. Anesthesia 

was maintained by continuous infusion of pentobarbital 
(40 mg/kg/h) and the body temperature was maintained at 
37‑37.5˚C using a heating pad. Lateral left‑sided thoracotomy 
was performed by looping a ligature (5‑0 Prolene; Ethicon, 
Inc.; Johnson & Johnson) around the left anterior descending 
(LAD) coronary artery to tighten and occlude the coronary 
artery to induce ischemia. Following successful implementa‑
tion of the surgical procedures, all animals were allowed 
to stabilize for 10 min prior to the start of the respective 
experimental protocol.

Experimental protocol
Part A. Part A was performed to investigate the activa‑
tion of AKT and STAT5 immediately following RIPC. 
Therefore, the hearts required for the analysis were harvested 
10 min after sham or RIPC treatment (TP 1:60 min). The 
rats (weight, 280±27 g) used for these experiments were 
randomly assigned into one of two experimental groups 
(n=6/group; Fig. 1): i) Sham early TP (TP1) group, in which 
the rats received sham I treatment; and ii) RIPC TP1 group, 
in which rats received RIPC treatment with 4 cycles of bilat‑
eral hind limb ischemia for 5 min interspersed with 5 min 
of reperfusion. RIPC treatment was performed by bilateral 
hind limb ischemia, which was induced by inflating modi‑
fied blood pressure cuffs to 200 mmHg, followed by the 
initiation of reperfusion by deflating the cuffs. For the sham I 
treatment, the cuffs were placed on the hind limbs, but not 
inflated. Following 10 min of the respective treatments, the 
heart was excised, frozen in liquid nitrogen and stored at 
‑80˚C for further analysis.

Part B. Part B experiments served to investigate the activation 
of AKT and STAT5 induced by RIPC following I/R injury. 
As previously described above, the surgeries were performed 
during our previous study and only the heart tissue from the 
respective animals was obtained for the present study (16). 
To facilitate the understanding of the experimental protocol, 
the procedure is briefly outlined below. The rats received 
sham I or RIPC treatment followed by I/R or a time matched 
sham II treatment without any intervention (TP 2:215 min). 
After reperfusion, in the groups which received I/R treat‑
ment, the LAD was reoccluded and 5 ml Evans blue solution 
was injected intravenously. The non area of risk (non‑AAR) 
was stained blue, while the area of risk (AAR) remained 
unstained. The hearts were removed, separated in non‑AAR 
and ARR, respectively frozen in liquid nitrogen and stored 
at ‑80˚C. For further analyses, only tissue from the AAR 
was used. In the groups that did not receive I/R treatment, 
the hearts were removed after the matched TP, frozen in 
liquid nitrogen and stored at ‑80˚C. The experimental groups 
were as follows (n=6/group): i) Sham late TP (TP2) group, 
in which the rats received sham I and II treatment; ii) RIPC 
TP2 group, in which rats received RIPC treatment with 
4 cycles of 5 min bilateral hind limb ischemia interspersed 
with 5 min of reperfusion, followed by sham II treatment; 
iii) I/R group, in which rats received sham I treatment and 
I/R treatment with 35 min of LAD occlusion and 120 min 
of reperfusion; and iv) RIPC + I/R group, in which the rats 
received RIPC treatment with 4 cycles of 5 min bilateral hind 
limb ischemia interspersed with 5 min of reperfusion and 
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I/R treatment with 35 min of ischemia (LAD occlusion) and 
120 min of reperfusion.

Protein extraction and subcellular fractioning. Tissue 
homogenization and protein extraction were performed as 
previously described (16). Briefly, pulverized, frozen heart 
tissue was dissolved in lysis buffer containing 5 mM Tris base, 
2 mM EGTA, phosphatase inhibitors (50 mM NaF and 2 mM 
Na3VO4), complete protease inhibitor mix (Roche Diagnostics) 
and 5 mM DTT. The lysates were homogenized and centri‑
fuged at 600 x g at 4˚C for 10 min to discard the cell debris.

Western blotting. Western blotting was performed as 
described previously  (16). Briefly, the protein concentra‑
tion was determined using the Lowry method and proteins 
were dissolved in loading buffer containing mercapto‑
ethanol. Following the seperation of the proteins via 10% 
SDS‑PAGE, the proteins were subsquently transferred 
onto PVDF membranes and blocked with 5% milk powder 
solution. The membranes were then incubated with the 
following primary antibodies in 1% milk powder solution 
overnight: Anti‑GAPDH (1:5,000; cat. no. ab8245; Abcam), 
anti‑AKT (1:1,000; cat. no. 9272; Cell Signaling Technology, 
Inc.), anti‑phosphorylated (phospho)‑AKT‑serine (Ser)473 
(1:1,000; cat. no.  9271; Cell Signaling Technology, Inc.), 
anti‑phospho‑STAT5‑tyrosine694 (1:1,000; cat. no.  4322; 
Cell Signaling Technology, Inc.) and anti‑STAT5 (1:1,000; 
cat. no. 9363; Cell Signaling Technology, Inc.). Following 
the primary antibody incubation, the membranes were incu‑
abted with HRP‑conjugated secondary antibodies (Jackson 
ImmunoResearch Laboratories, Inc.) for 2 h. Protein bands 
were visualized using an enhanced chemiluminescence 
system (Santa Cruz Biotechnology, Inc.), and captured 
using a CoolSNAP HQ2 camera (Teledyne Photometrics) 
and a Gel‑Pro analyzer 6.0.0.349 (Media Cybernetics, Inc.). 
Densitometric analysis was performed using Image Studio 
Lite version 5.2.5 software (LI‑COR Biosciences). All signal 

intensities were normalized to the respective signaling inten‑
sity of the loading control, GAPDH. Signal intensities of the 
phosphorylated proteins were normalized to the respective 
total protein signal intensity.

Statistical analysis. The sample size used (n=6/group) was 
determined in order to detect the mean difference of 25% 
with a standard deviation of 15% in the phosphorylation levels 
of target proteins with α<0.05 and a power of 0.8 (17). To 
detect the statistical differences in the phosphorylation levels 
between the two groups, a Student's t‑test was performed using 
GraphPad Prism 6 software (GraphPad Software, Inc.). Data 
are expressed as the mean ± SD. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Analysis of AKT expression levels. A previous study revealed 
that RIPC treatment, as used in the present study, significantly 
reduced the infarct size (16). Therefore, to analyze the role of 
AKT in the present study, the levels of AKT phosphorylation 
at Ser473 were immediately determined following RIPC treat‑
ment (TP1) or after a subsequent I/R phase (TP2). As shown 
in Fig. 2, RIPC treatment did not significantly alter the phos‑
phorylation levels of AKT compared with the sham‑operated 
control animals at TP1 (0.93±0.73 vs. 0.71±0.57; P=0.57; 
Fig. 2A) or TP2 (0.15±0.12 vs. 0.13±0.05; P=0.77; Fig. 2B). 
Furthermore, no significant differences were identified in the 
AKT phosphorylation levels between the I/R group (1.36±1.07) 
and RIPC + I/R group (2.12±1.30) (P=0.300; Fig. 2C).

Analysis of STAT5 expression levels. To determine the 
involvement of STAT5 in RIPC‑induced cardioprotection, 
the expression levels of STAT5 were determined to verify 
a possible translocation from the cytosol into the nuclei or 
mitochondria. At the TP1, STAT5 expression levels were not 
significantly altered following RIPC treatment compared 

Figure 1. Experimental protocol for in vivo experiments of Part A and Part B. TP, time‑point; RIPC, remote ischemic preconditioning; I/R, ischemia/reperfusion. 

https://www.spandidos-publications.com/10.3892/etm.2021.9849
https://www.spandidos-publications.com/10.3892/etm.2021.9849
https://www.spandidos-publications.com/10.3892/etm.2021.9849


RAUPACH et al:  RIPC AND THE INVOLVEMENT OF AKT AND STAT54

with the sham‑treated group (0.79±0.33  vs.  1.29±0.54; 
P=0.09; Fig. 3A1). At the TP2, RIPC also did not influence 
STAT5 expression levels compared with the sham group 
(0.51±0.12 vs. 0.60±0.20; P=0.38; Fig. 3B1). Furthermore, 
RIPC followed by I/R did not alter the STAT5 expression 
levels compared with the I/R group (0.53±0.40 vs. 0.73±0.21; 
P=0.31; Fig. 3C1).

To investigate the role of STAT5 activation by RIPC, the 
phosphorylation levels of STAT5 were determined. At the TP1, 
no significant differences were reported in the phosphoryla‑
tion levels of STAT5 between the sham and RIPC groups 
(0.27±0.08 vs. 0.25±0.07; P=0.70; Fig.  3A2). At the TP2, 
neither RIPC treatment alone (0.03±0.01; P=0.17; Fig. 3B2) 
nor RIPC followed by I/R (I/R, 0.26±0.12 vs. RIPC + I/R, 
0.34±0.10; P=0.22; Fig. 3C2) influenced the phosphorylation 
levels of STAT5.

Discussion

The present study aimed to elucidate whether the activation of 
AKT and/or STAT5 served a role in RIPC at the investigated 
TPs. The results of the current study indicated that neither the 
activation of AKT nor STAT5 were modulated by RIPC with 
or without subsequent I/R, suggesting that the activation of the 
respective targets at the measured TPs may not be involved in 
RIPC‑induced cardioprotection.

Focusing on the activation of AKT, the present findings 
revealed that the cardioprotective signaling induced by RIPC 
was not mediated through the phosphorylation of AKT, at least 
at the chosen TPs of measurement in the present study. At the 
TP1, in contrast to the findings of the present study, previous 
studies have described the activation of AKT by RIPC. For 
example, in an in  vivo mouse model, increased levels of 

Figure 2. Analyis of phosphorylated Akt at Ser473 (pAKT). (A) Quantification of phosphorylated Akt levels at the early time‑point (TP1) for Sham and RIPC 
group. (B) Quantification of phosphorylated Akt levels at the late time‑point (TP2) for Sham and RIPC group. (C) Quantification of phosphorylated Akt 
levels at the late time‑point (TP2) for I/R and RIPC + I/R group. Exemplary western blot analysis are depicted under each quantification showing signals 
from 3 representative animals per respective group. Data are presented as the means ± standard deviation, n=6. RIPC, remote ischemic preconditioning; 
I/R, ischemia/reperfusion; TP, time‑point. 
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phosphorylated AKT were detected 15 min after non‑invasive 
RIPC treatment (8), while invasive RIPC via femoral artery 
occlusion induced the phosphorylation of AKT immediately 
following intervention in a rat model (18). These controversial 

findings suggested that the phosphorylation of AKT requires 
>10 min or a more pronounced stimulus, such as invasive RIPC, 
to possibly reduce this time span following intervention. In 
addition, species‑specific differences may also be responsible 

Figure 3. Expression analysis of STAT5 and phosphorylated STAT5 at Tyr694 (pSTAT). (A) Sham and RIPC group at early time‑point (TP1): Quantification of 
STAT5 (A1) and pSTAT5 (A2) protein levels and exemplary western blot analysis (A3) showing signals from 3 representative animals per respective group. 
(B) Sham and RIPC group at late time‑point (TP2): Quantification of STAT5 (B1) and pSTAT5 (B2) protein levels and exemplary western blot analysis (B3) 
showing signals from 3 representative animals per respective group. (C) I/R and RIPC + I/R group at late time‑point (TP2): Quantification of STAT5 (C1) and 
pSTAT5 (C2) protein levels and western blot analysis (C3) demonstrating signals from 3 representative animals per respective group. Data are mean ± standard 
deviation, n=6. RIPC, remote ischemic preconditioning; I/R, ischemia/reperfusion; TP, time‑point. 
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for the different results. In pigs, Skyschally et al (19) reported 
no differences in the phosphorylation levels of AKT between 
the control and RIPC group following 1 h, indicating that the 
activation of AKT may only be transient.

With regards to the TP2, similar to the results of the 
present study, Hildebrandt et al (14) detected no changes in the 
phosphorylation levels of AKT 2 h after reperfusion in a trans‑
lational protocol transferring human RIPC plasma, collected 
from 5 min to 6 h after treatment, onto in vitro mouse hearts 
prior to I/R. These results supported the findings from the 
current study regarding the TP2 (following 2 h of reperfu‑
sion), indicating that the activation of AKT does not occur at 
this TP. Nonetheless, the selected TP2 during reperfusion in 
the current experimental protocol may have been too late for 
detecting AKT phosphorylation levels. In accordance with this 
hypothesis, Ma et al (20) observed an increase in the phos‑
phorylated levels of AKT by RIPC 5 min after the onset of 
reperfusion. Taking into account the fact that increased levels 
of AKT phosphorylation are detectable immediately at the 
beginning of reperfusion may suggest that the selected TP (2 h 
after the begining of reperfusion) may be too late to succesfully 
investigate AKT phosphorylation levels. Interestingly, post‑
conditionig with RIPC or transfering RIPC plasma between 
species (for example, pig plasma into rat hearts) enabled the 
detection of AKT during the late periods of reperfusion. In 
addition, inducing a postconditioning stimulus with RIPC led 
to the activation of AKT, with even higher levels of phosphory‑
lated AKT observed 3 h after the onset compared with at the 
beginning of reperfusion (21). Elevated Akt phosphorylation 
levels were also detected following 2 h of reperfusion through 
using a translational cardioprotective strategy of RIPC plasma 
transfer (19). In summary, the activation of AKT by RIPC 
seems to be dependent on the TPs chosen for measurements, 
the species and the stimulus.

The present study also detected no significant differences 
in the phosphorylation levels of STAT5 at the measured TPs. 
Previous studies have demonstrated comparable results; for 
example, the transfer of human RIPC plasma to mouse hearts 
or from pigs to rat hearts in the respective models of I/R injury 
identified no significant differences in the phosphorylation 
levels of STAT5 compared with the control plasma (14,19). In 
contrast, RIPC‑induced decreased levels of phosphorylated 
STAT5 were detected 10 min after the onset of reperfusion 
compared with in the pre‑ischemia in pigs (19). Despite these 
controversial results, it is hypothesized that the activation of 
STAT5 may serve a role in RIPC‑induced cardioprotection. 
The induction of RIPC 24 h before I/R injury was discovered 
to be cardioprotective and induce the phosphorylation of 
STAT5; however, both effects were abolished in a cardiomyo‑
cyte‑specific STAT5 knockout mouse (12). Contrary to these 
findings, it seems that the activation of STAT5 serves a rather 
minor role in the experimental setting of cardioprotection in 
animal models, in contrast to its importance in the clinical 
setting for patients. For example, Heusch et al (11) suggested 
that in human hearts, cardioprotection was associated with 
STAT5, but not STAT3, whereas STAT3 activation and 
possibly STAT5 inhibition were associated with protection in 
animals (11). Recent clinical studies have also supported these 
findings, demonstrating that the phosphorylation of STAT5 
was enhanced by RIPC shortly after reperfusion  (10,22). 

Therefore, the inability to detect the activation of STAT5 in the 
current rat model may have been be due to species‑dependent 
differences in signal transcription factors.

It is widely accepted that RIPC treatment induces a signal 
(e.g. humoral factors) release at the conditioned organ or tissue 
into the blood stream (5). After reaching the target organ 
(heart), these humoral factors confer cardioprotective proper‑
ties through activating signaling cascades (5). Thus, a whole 
organism is essential to study these mechanisms induced by 
RIPC treatment and therefore, we selected an in vivo rat model 
of I/R injury for the present study.

There are several limitations to the present study. Firstly, 
the applied protocol for I/R, more specifically, concerning 
the time intervals of I/R, has been successfully established 
for analyzing the effects on infarct size and hemodynamics; 
however, it may not be sufficient for detecting the phosphoryla‑
tion levels of AKT and STAT5. Therefore, a possible activation 
of the respective targets at different TPs following RIPC with 
or without I/R is conceivable and cannot be clarified with 
the present experimental settings. Furthermore, the possible 
activation of AKT via its second phosphorylation site, threo‑
nine (Thr)308, was not analyzed. However, all other previous 
studies discussed in this manuscript also only analyzed the 
phosphorylation levels at Ser473. Therefore, the additional 
detection of AKT phosphorylation levels at Thr308 should be 
analyzed in future studies. In addition, due to the study design, 
an analysis of the time effects within groups was not possible. 
Finally, a possible translocation of phosphorylated STAT5 into 
the nucleus or mitochondria was not investigated in the present 
study, but it seems to be of great interest with regards to the 
modulation of energy metabolism during cardioprotection.

In conclusion, the findings of the present study using an 
in vivo rat model revealed that neither the phosphorylation 
of AKT nor STAT5 mediated the cardioprotective effects of 
RIPC at the measured TPs, that is, 10 min after RIPC treat‑
ment or 2 h after reperfusion. Due to the controversial findings 
in the previous studies, the association between the possible 
transient activation of phosphorylated AKT/STAT5 and the 
cardioprotective properties needs to be investigated compre‑
hensively in future studies.
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