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Abstract

A short period of sublethal ischemia can provide cardio-
protection against ischemia/reperfusion injury. As direct
application of ischemic to the heart is impractical, remote
ischemic preconditioning (RIPC) is usually preferred. The
mechanism through which the cardioprotective effect is
transferred from the remote organ or tissue to the heart re-
mains unclear. Neurogenic, hormonal, and systemic factors
have been proposed. Although RIPC has been applied in
clinic with different modes, its effect on major cardiac out-
comes, especially among diabetic patients, is still contro-
versial. Therefore, further studies are still needed to identify
its exact role in clinical practice and also investigate more
specific mechanisms.

Myocardial Ischemia and Reperfusion Injury

Myocardial ischemia is a major cause of myocardial
injury and may result in myocardial infarction. Reperfu-
sion therapies or interventions to restore blood flow to
ischemic myocardium are needed to limit infarct size,
but, return of blood flow can cause additional cardiac
damage and complications which is known as reperfu-
sion injury. Nevertheless, myocardium possesses adap-
tive mechanisms which can resist potentially lethal isch-
emia and reperfusion injury.

Ischemic preconditioning (IPC), a short period of
sublethal ischemia intervention prior to a prolonged
ischemic event, was discovered over 30 years ago by
Reimer and Murry, et al. [1,2] and was believed to be
capable of providing myocardial protection against
ischemia/reperfusion (I/R) injury. Although IPC is a
reproducible cardioprotective intervention [3], it has
not been fully translated into clinical practice. The
major limitation of myocardial IPC is that it requires
a protective stimulus to be applied to the heart di-
rectly, which is usually invasive with unpredictable
adverse effect [4] and thus infeasible.

Accordingly, remote ischemic preconditioning (RIPC)
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has been considered as more feasible and promising
than IPC due to its non-invasiveness. RIPC utilizes tran-
sient ischemia and reperfusion of one vascular bed,
organ or tissue away from the heart to precondition
another vascular bed. It has been applied before the
onset of sustained myocardial ischemia [5]. However,
the effect of RIPC on clinical outcome among different
patients is controversial [6-8]. The differences and com-
plications of patient population involved or differences
in the RIPC procedures or the timing of application in
different studies may be possible explanations for the
controversies observed. However, the major reason for
the uncertainty of RIPC cardiopropection is likely the
lack of a clear understanding of the mechanism RIPC.

Definition and Differences of Conditionings
IPC, RIPC and APC that are Applicable during
Cardiac Surgery

Ischemic preconditioning (IPC), defined as several
brief periods of ischemia and reperfusion of the tar-
get organ before prolonged ischemia [9], is regarded
as a protective means capable of resisting myocardial
ischemia-reperfusion injury (IRI). During cardiac sur-
gery such as coronary artery bypass surgery (CABG),
coronary artery is inaccessible for IPC [9]. The alter-
native to IPC is remote ischemic precondition (RIPC),
a noninvasive simple method, which is induced by
several rounds of short-term remote organ (e.g. up-
per limbs) ischemia and reperfusion before prolonged
myocardial ischemia [6,10-11]. There have been trials
confirming that RIPC can significantly reduce cardiac
specific enzymes troponin | (cTnl) [10] and cTnT [11]
levels in the serum within 72 hours after surgery, as
well as decrease myocardium infarct size [7] and pro-
mote post-operative patient recovery [12]. However,
whether or not it can improve long term cardiovas-
cular outcomes still remains controversial [7,13], de-
spite that the beneficial effect of RIPC on new onset
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atrial fibrillation post-cardiac surgery seems to be
more confirmative [14]. In the meantime, there is also
a growing interest in understanding non-anesthet-
ic effects of narcotics [15]. For example, anesthetic
pre/ postconditioning (APC) is considered to have a
positive effect on protecting ischemic organs, which
is analogous to IPC [9,15]. APC is achieved by using
anesthetic (e.g. sevoflurane, isoflurane, propofol) for
a brief period before and after target organ ischemic
exposure [15,16-18]. However, the exact protective
effect and possible adverse outcomes of using extra
amount of anesthetics before the operation are still
need to be explored.

Potential Mechanism of RIPC

The potential mechanisms underlying remote isch-
emic preconditioning (RIPC) are still not fully under-
stood. A better mechanistic understanding will help
translate its cardioprotective use to clinical practice.
Currently, it has been suggested that the mechanism of

RIPC may be based on three steps: Stimuli at remote
sites, protective signal transferred through neural or hu-
moral pathways to the target organ, leading to the final
activation of receptors and intracellular signal transduc-
tion pathways as illustrated in Figure 1.

The stimuli that act on the remote sites to activate
the peripheral sensory nerves can be electrical [19],
chemical, mechanical [20] or ischemic [21,22]. Studies
have demonstrated that the transfer of the protective
signal from remote stimulus site to the heart involves
neural pathway, humoral pathway, or even their inter-
action [23]. It has been suggested that the vagus nerve
might be the link between sensory nerve activation in
the limb and release of the humoral mediator [24]. Ex-
periments using pigs and rats showed that a vago-splen-
ic axis was involved in the cardioprotection of RIPC [25].
Substances such as adenosine [26], bradykinin, opioids
[27], microvesicles [28], microRNA-144 [29], nitric oxide
[30,31], interleukin (IL)-10 [32] and stromal cell-derived
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Figure 1: Diagram of possible mechanisms/pathways of remote ischemic preconditioning cardioprotection.
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factor-1a [33] have been suggested to be the humoral
factors of RIPC. Experimentally, RIPC has been shown
to induce exosomes release into the plasma to transfer
microRNA -24 in a paracrine manner and that microRNA
-24 in the exosomes plays a central role in mediating the
protective effects of RIPC [34]. However, whether or not
RIPC may induce exosomes to transfer microRNAs con-
fer cardioprotection in the patients undergoing cardiac
surgery has yet to be explored.

When autacoids and neurohormones are circulat-
ed to target cells via the blood stream, they activate
receptors and further initiate intracellular signal trans-
duction. Three main intracellular signal transduction
pathways include the endothelial nitric oxide synthase/
protein kinase G (eNOS/PKG) pathway, the reperfusion
injury salvage kinase (RISK) pathway and the survivor
activating factor enhancement (SAFE) pathway [35].

RIPC reduced myocardial infarct size with the activation
of the PI3K-Akt pathway at reperfusion in the porcine
heart [36]. Experimental evidence supported that Stat5
was also involved in RIPC and played an important role
through anti-apoptotic signaling and also PI3K/AKT sur-
vival pathway [37]. Ultimately, mitochondria, the major
cellular ATP source, have been identified as potential ef-
fectors in cardioprotection [32]. However, more details
of the RIPC mechanism still need to be explored.

Debate Clinical Trials of RIPC (Negative/Posi-
tive)

We searched literature in Pubmed and the searching
result is summarized in Figure 2 and Table 1.

Remote ischemic preconditioning has been shown
to attenuate myocardial ischemia reperfusion injury.
Murry, et al. [2], firstly reported that four episodes of 5
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Figure 2: Literature searching results.
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Table 1: Summary of RIPC clinical trials

Ischemia method Duration
Stephen P. Hoole Upper limb 5 minutes
Qingping Wu Lower limb 5 minutes
Rianne Nederlof Upper limb 5 minutes
Brian W. McCrindle Left thigh 5 minutes
Derek J Hausenloy Upper limb 5 minutes
Stewart R. Walsh Lower limb 10 minutes
Z. Cao Lower limb 5 minutes
Ruijuan Han Upper limb 5 minutes
Nicole S. Coverdale Upper limb 5 minutes
Patrick Meybohm Upper limb 5 minutes
D.J. Hausenloy Upper limb 5 minutes
P. Meybohm Upper limb 5 minutes

min ischemia-reperfusion cycles can reduce the infarct
size of the heart in 1986. From then on, many clinical
trials have explored the effect of RIPC. There are two
different aspects of clinical applications of RIPC, one is
elective percutaneous coronary intervention (PCl) and
another is elective cardiac surgery.

Some meta-analysis studies [38-40] has demonstrat-
ed that RIPC can reduce the periprocedural myocardial
infarctions (PMls) in patients undergoing elective PCI.
Davies, et al. [41], also reported a lower rate of major
adverse cardiac and cerebral event (MACCE) in RIPC
groups after 6 years. While Prasad, et al. [42], and Hau-
senloy, et al. [7], found no improvement in 1-year fol-
low-up outcomes. The heterogeneity of the study pro-
tocols might be the reason for different results of the tri-
als. For example, RIPC cycles were not exactly the same
and the percentage of patients with peripheral vascular
diseases were also different. On the other hand, the un-
predictability of angina presents a challenge to the use
of RIPC. The coronary collateral blood flow (CCBF) to the
infarct-related artery seems to be more important for
the cardioprotective efficacy of RIPC [43].

Elective coronary artery bypass surgery (CABG) stands
as an alternative to elective PCIl. A randomized con-
trolled study which enrolled 180 adult patients under-
going elective CABG surgery [44] showed a significant
decrease of serum high sensitive troponin T and acute
kidney injury in RIPC group. Thielmann, et al. [10], drew
a similar conclusion. Qingping, et al. [45] demonstrated
that RIPC attenuates myocardial IRI and improves the
short-term prognosis of pediatric patients with tetralogy
of fallot (TOF) underwent open hart surgery. Some oth-
er randomized trials also confirmed a cardioprotective
role of RIPC [46] . On the contrary, a recent meta-analy-
sis study [47] found negative evidence for the beneficial
effects of RIPC. A randomized trial [48] enrolling 1612
patients also demonstrated a negative result. The key
influencing factors might include the lack of standard-

IIR Cycles  Surgery Prognosis
3 PCI Improved
3 TOF Improved
3 CABG No effect
4 Cardiac surgery No effect
4 PCI No effect
2 Carotid endarterectomy No effect
3 Cardiac surgery No effect
4 Radiofrequency ablation Better

3 Cardiac surgery No effect
4 Cardiac surgery No effect
4 CABG No effect
4 Cardiac surgery No effect

ized anaesthetic management and sub-group analysis,
which could reduce the power of statistical analysis. In
all, RIPC seems to have a protective role during PMI. Yet
more standardized protocols and effectiveness studies
are needed to reveal the exact role of RIPC.

Modes of RIPC and its Evolution

Remote ischemic preconditioning (RIPC) was found
to be repeatable by simple inflation-deflation of the cuff
around the limbs, which was a turning point in the clin-
ical application of cardiac protection [49]. In 2000, the
first small clinical study that included four patients in
each group undergoing CABG of RIPC didn’t show any
difference in the CK-MB levels [50]. However, in 2006,
a clinical trial of RIPC in pediatric patients undergoing
congenital heart surgery demonstrated significant re-
duction in cardiac enzyme release, which was the first
study to reveal that RIPC provided perioperative myo-
cardial protection in humans [51]. Most subsequent
studies focused on cardiac injury bio-markers, which
were both consistent and reasonable. With increasing
supportive evidence, RIPC might alter the short and
long term prognosis of patients after cardiac surgery
[52]. The effect of RIPC has already been widely inves-
tigated in coronary artery bypass graft (CABG) surgery,
cardiac valvular surgery, percutaneous coronary inter-
vention (PClI), and major vascular surgery. However,
current clinical evidence for RIPC cardioprotection is not
convincing enough.

A recent study of RIPC in 65 patients undergoing off
pump CABG surgery showed that RIPC by four episodes
of 5-min inflation-deflation of the cuff around the upper
limb shortened mechanical ventilation time [11]. Mean-
while, a single-center randomized, double-blind, con-
trolled trial of RIPC in 329 patients undergoing elective
isolated first-time CABG surgery under cold crystalloid
cardioplegia and cardiopulmonary bypass showed that
RIPC reduced perioperative myocardial injury during
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elective CABG surgery with better survival and lower in-
cidence of major adverse cardiac events [6]. However,
the Cochrane systematic review of 5392 patients un-
dergoing CABG with or without valvular surgery showed
that RIPC couldn’t provide any clinical benefit [47].

Furthermore, a systematic meta-analysis of 2,200 pa-
tients undergoing cardiovascular surgery demonstrated
no significant benefits from perioperative outcomes [53].
Age, anesthesia and comorbidities that induce fundamen-
tal alternations of cellular signaling cascades may atten-
uate the beneficial effect of RIPC [54]. Cardioprotective
therapy with beta-blockers or statins may also influence
the clinical effect of RIPC [55]. Another systematic me-
ta-analysis of 5262 patients undergoing cardiac surgery
concluded that RIPC didn’t reduce the morbidity or
mortality in patients undergoing cardiac surgery with
cardiopulmonary bypass. In subgroup studies without
propofol, acute kidney injury (AKI) incidence was re-
duced, indicating that propofol may interact with the
RIPC of cardiac protection [56].

Some studies investigated the role of RIPC in emer-
gency and elective PCl and concluded with different re-
sults. Davies, et al., concluded that major adverse car-
diac and cerebral events were significantly reduced in
patients with RIPC after PCI [41]. RIPC combined with
PCl increased myocardial salvage before hospitalization
in a randomized trial [6]. The RIC-STEMI trial by Gaspar
demonstrated that improved clinical outcomes were
found with RIPC after a median follow-up of 2.1 years
without any reduction in the size of myocardial infarct
[57]. A meta-analysis of 16 randomized trials showed
that RIPC, using inflation-deflation of the cuff around
the limbs, provided cardiac and renal protection for pa-
tients undergoing elective PCI [58]. However, an inter-
national randomized controlled trial including 33 cen-
ters across the UK, Denmark, Spain, and Serbia enrolling
patients (age > 18 years) with suspected STEMI and also
receiving RIPC treatment before primary percutaneous
coronary intervention (PPCI) showed that RIPC did not
improve postoperative prognosis at 12 months in pa-
tients with STEMI undergoing PPCI, neither had benefi-
cial effect on myocardial infarct size [7].

Studies of RIPC in major vascular surgery, including
open abdominal aortic aneurysm repair (AAAR) and
endovascular aneurysm repair (EVAR), were also eval-
uated. Ali, et al., found a significant reduction in myo-
cardial infarction and renal injury with the RIPC inter-
vention where iliac artery cross clamp was used as the
preconditioning stimulus after AAAR [59], while Walsh,
et al., could not demonstrate improved outcome with
the same intervention [60]. Acute lower limb ischemia
requiring operation was found in 4 patients, suggesting
elevated concerns about the appropriateness of iliac ar-
tery cross clamp as the preconditioning stimulus. The
study of patients undergoing EVAR demonstrated no
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significance in renal protection or other clinical benefits
[61].

Impacts of Diabetes on the Effectiveness of
RIPC in Cardiac Surgery

It has been reported that RIPC could be a potential
protective approach for perioperative complications.
RIPC could reduce myocardial injury by decreasing oxi-
dative stress, reduce productions of inflammatory cyto-
kines, activate protective signaling pathways, and also
promote the release of neuroendocrine factors [11,62].
However, the beneficial effect of RIPC in diabetic sub-
jects has always been very controversial.

It has been reported that diabetic patients are more
sensitive to ischemia-reperfusion injury (IRI), though the
mechanism is still not fully understood. Alterations in
cardiac metabolism have been suggested to play a key
role in its pathophysiology. There are significant chang-
es in energy metabolism in diabetic patients. The utiliza-
tion of glucose decreases, and the heart switches from
glucose utilization to predominantly fatty acids (FA) up-
take for energy supply, which subsequently increases
FA oxidation and triglyceride (TG) accumulation in the
heart [63]. In diabetic heart, high levels of FA delivery
exceeds the oxidative capacity of the cell, resulting in
greater oxygen demand, mitochondrial uncoupling,
reactive oxygen species (ROS) overproduction, and mi-
tochondrial dysfunction, which would then lead to car-
diomyocyte death and finally exacerbate myocardial IRI
[64]. This might explain why many studies couldn’t yield
a positive effect of RIPC on diabetes [9].

Moreover, diabetes is proposed to adversely affect
the cardiac pro-survival signalings such as the STAT3
signaling [65,66] to abolish cardioprotective effect of
RIPC [21,67]. Diabetes hampers the development of
cardioprotective response to RIPC by impairing the ac-
tivation of cardioprotective signaling pathways, like the
impairment in O-linked B-N-acetyl glucosamine (O-Glc-
NAc) signaling and release of cardioprotective humoral
factors may contribute to attenuating RIPC-induced car-
dioprotection [68].

Neural pathway is also involved in mediating the
cardioprotective effects of RIPC. There is a release of a
cardioprotective humoral factor during RIPC. However,
the release of the cardioprotective factor is dependent
on the intact neural pathway [69]. Lim SY, et al., found
that resection of femoral or the sciatic nerves partially
blocked RIPC-induced cardioprotection, while resection
of both nerves completely abolished the cardioprotec-
tive effect of RIPC [23]. Peripheral neuropathy is com-
mon in patients with diabetes, especially those with
long-standing diabetes. Therefore, the release of cardi-
oprotective factor may be inhibited among diabetic pa-
tients, thus attenuating the protective effect of RICP on
myocardial ischemia-reperfusion injury.
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O-GIcNAc is an intercellular carbohydrate, which
could lead to the post-translational modification of pro-
teins (cytoplasmic, nuclear, and mitochondrial), It is af-
fected by extracellular glucose concentration. O-GIcNAc
glycosylation is the post-translational modification of
proteins in response to high glucose levels. In the term
of IPC, the levels of O-GIcNAc increased to produce car-
dioprotection. Jensen RV, et al., found that the levels of
O-GIcNAc in isolated atrial trabeculae from non-diabetic
volunteers’ sample are augmented in the remote isch-
emic preconditioning group. However, diabetic persons
failed to augment the already raised O-GIcNAc levels
due to diabetes. It suggested that an increase in O-Glc-
NAc might confer cardioprotection. RIPC-induced cardi-
oprotection depends on O-GlcNAc glycosylation and the
levels of O-GIcNAc. However, among diabetic patients,
O-GIcNAc glycosylation can’t be increased again, even

under RIPC treatment. Therefore, the effect of RIPC on
cardioprotection is receded [70].

Diabetes would significantly abolish the cardiopro-
tective effect of RIPC. In diabetic state, greater oxygen
demand, mitochondrial uncoupling, reactive oxygen
species (ROS) overproduction, and mitochondrial dys-
function, increases susceptibility to ischemia-reperfu-
sion injury. The decrease in the release of humoral car-
dioprotective factors, O-GIcNAc signaling pathway, and
also neural pathway damage might explain for attenu-
ated cardioprotective effects of RIPC [68]. The possible
mechanisms were summarized in Figure 3.

Future Perspectives

RIPC has been shown in many researches to be a car-
dioprotective effect for attenuating IRI (ischemia/reper-
fusion injury) in animals or patients receiving reperfu-
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sion therapies. Its low cost and simplicity suggest its
application in the future [6]. The benefit of RIPC on
IRI remains controversial in clinical trials, though RIPC
proves to be cardioprotective in many animal experi-
ments [7]. New interest has been raised in confirming
RIPC’s benefit on IRl by detecting new mediator, such
as extracellular vesicles [71]. Some clinical trials show
that RIPC can reduce perioperative myocardial injury
during elective PCI, CABG, acute ST-segment elevation
myocardial infarction and other cardiac surgery pro-
cedures, [6,10,11,13,72,73] while recently some large
multicentral researches produced negative results
[7,9,48,74]. Some of them argued that the protocol of
RIPC, anesthetic drugs and specific surgical procedures
may account for the different outcomes of RIPC on clin-
ical trials [11]. The current extensively used RIPC pro-
tocol (three or four cycles of 5 min ischemia and 5 min
reperfusion in the left upper arm) and its application
timing may not be the standardized setting. More large-
scale clinical trials with long term follow-up study are
required to determine whether RIPC benefits patients
against IRI [7].

What’s more, RIPC seems to elicit more systemic
benefits than IPC (ischemic preconditioning), or IPostC
(ischemic postconditioning), while most of studies focus
on cardiac effect as their primary endpoints rather than
other target-organ effect [13].

Also, most of the trials do not involve patients with
comorbidities, such as diabetes, which is thought to be
a high-risk group, as diabetes may interfere with cardio-
protective signaling, making those patients more prone
to myocardial ischemia/reperfusion [62]. But the inter-
action of hyperglycemia with RIPC or pharmacological
or anesthetic pre/postconditioning needs further stud-
ies.

Many studies give concern to propofol, as its cardio-
protective role in cells. Some trials thought that propo-
fol may attenuate or abolish the cardioprotective effect
of RIPC, but its specific mechanism and the relation with
hyperglycemia has not yet to be determined [69].

In conclusion, identifying mechanism of current pro-
tective maneuvers or therapies for cardioprotection
from IRl will still need further investigation, especially
for diabetes. Also new cardioprotective targets and ap-
proaches to cardioprotection such as combination of
multitarget therapy are to be discovered.

Summary

RIPC is a preferred clinical application to resist IRI.
The possible cardioprotective mechanisms have been
proposed but have not been fully proven. As its effect
on clinical outcome is still controversial, further studies
are needed to explore its clinical role.
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