
Received: 2020.01.29
Accepted: 2020.03.09

Available online: 2020.04.20
Published: 2020.06.09

 2662   —   —   96

Postconditioning with Nitrates Protects Against 
Myocardial Reperfusion Injury: A New Use for 
an Old Pharmacological Agent

 CDE Zhu Meng
 DF Weili Gai
 ACD Dalin Song

 Corresponding Author: Dalin Song, e-mail: billy_mei@126.com
 Source of support: This work was supported by a grant from the Chinese Medical Doctor Association (grant no. DFCMDA201303), the Qingdao Benefit 

the People’s Special Project (15-9-2-70-nsh), and the National Natural Science Foundation of China (grant no. 81300695)

  Early reperfusion remains the key therapy to salvage viable myocardium and must be applied as soon as pos-
sible following an acute myocardial infarction (AMI) to attenuate the ischemic insult. However, reperfusion in-
jury may develop following reintroduction of blood and oxygen to vulnerable myocytes, which results in more 
severe cell death than in the preceding ischemic episode. Ischemic postconditioning (I-PostC) provides a car-
dioprotective effect in combination with pharmacological agents. Although nitrates have been tested in many 
experimental and clinical studies of acute AMI to evaluate the cardioprotective effect, few investigations have 
been focused on nitrates postconditioning in patients undergoing percutaneous coronary intervention (PCI). 
This review presents the manifestations of myocardial reperfusion injury (RI) and potential mechanisms under-
lying it, and provides the mechanisms involved in the cardioprotection of I-PostC. We also present a new ther-
apeutic approach to attenuate RI by use of an ‘old’ agent – nitrates – in AMI patients.
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Background

Acute myocardial infarction (AMI) is responsible for the death 
of millions of people worldwide each year and seriously wors-
ens patient prognosis. Early reperfusion, either by percutaneous 
coronary intervention (PCI) or thrombolytic therapies, confers 
robust cardioprotection and enhance the survival of patient 
with AMI [1]. However, after the great success of therapies to 
reduce acute ischemic injury, the time has come to focus efforts 
on therapies to reduce myocardial “reperfusion injury” (RI) [2].

The seminal discovery of ischemic preconditioning (IPC) in 
1986 [3], in which brief episodes of ischemia and reperfusion 
dramatically reduce myocardial infarct (MI) size, gave rise to 
the field of cardioprotection, and has resulted in over 10 000 
publications in the research literature [4]. The cardioprotec-
tive strategy of ischemic postconditioning (I-PostC) was ap-
plied at the onset of reperfusion after sustained ischemia in 
2003 [5], and is a powerful intervention that dramatically re-
duces RI. Over the past 2 decades, pharmacological postcon-
ditioning (PPostC) has been studied; it was given as a new 
pharmacological agent before or at the time of reperfusion, 
to mimic the protective effect of I-PostC [6].

Nitrate is an old anti-ischemic pharmacological agent and ex-
ogenous donor of NO with a more than 130-year history. It 
also has been suggested that mitochondria are a target of 
protective signaling to NO in cardiac myocytes, and the first 
event to take place during reperfusion without protection is 
the development of endothelial dysfunction due to loss of 
the ability of endothelial cells to release nitric oxide (NO) [7]. 
However, previous research failed to consider the efficacy of 
nitrate against RI in AMI patients receiving PCI administered 
before or after opening with culprit vessels. Following this re-
view, we present possible new role for nitrate use as PPostC 
to protect RI in AMI，and we also present some key concepts 
and discuss the advanced mechanisms.

Reperfusion Injury

Ischemic myocardium reperfusion was described as a ‘double-
edged sword’ [8]. Myocardial reperfusion injury was first intro-
duced by Jennings et al. [9], and this phenomenon occurs fol-
lowing PCI, coronary artery bypass grafting (CABG), or other 
cardio-thoracic surgery, in which both ischemia and reperfusion 
take place [10]. RI is traditionally classified into reversible dam-
age (reperfusion arrhythmias, myocardial stunning) and irre-
versible injury (myocardial no-reflow, lethal reperfusion injury).

Reperfusion arrhythmias (RA)

Although myocardial ischemia and RI are both potent ar-
rhythmogenic stimuli, the mechanisms involved in RA are un-
clear [11,12]. Oxygen-derived free radicals [13] and cytosolic 
calcium overload [14] are the 2 main factors of RA, and distur-
bance of potassium homeostasis is undoubtedly responsible 
for arrhythmogenesis [15]. In addition, autophagy is an adap-
tive physiological countermeasure to RA associated with cellu-
lar senescence and ischemia/reperfusion [16]. Recent studies 
tend to regard RA as an indicator of RI, so we observed the con-
trol of RA while studying the mechanism and treatment of RI.

Myocardial stunning

Myocardial stunning is a temporary post-ischemic cardiac me-
chanical dysfunction. The initial descriptions supporting the 
concept of stunned myocardium in humans occurring after re-
perfusion for acute MI came from the thrombolytic therapy lit-
erature [17]; it occurs after even brief inflations of an angio-
plasty balloon in the coronary artery of patients undergoing 
elective PCI [18]. The leading hypotheses are oxygen radical 
damage that occurs in the first few minutes of reperfusion and 
altered calcium flux with calcium overload that then desensi-
tizes the myofilaments [19]. Free radical scavenger pretreat-
ment before or immediately at the time of reperfusion can to-
tally prevent stunning [20], and myocardial inflammation is a 
possible cause of myocardial stunning [21].

Myocardial no-reflow

Myocardial no-reflow is defined as an inadequate myocardial 
tissue perfusion without evidence of mechanical obstruction of 
the epicardial artery after a period of transient ischemia [22]. 
The no-reflow is still a serious complication of RI independent 
of infarct size [23].

The no-reflow phenomenon remains a difficult therapeutic tar-
get [24]. Potential therapies include vasodilators, statins, anti-
platelet agents, thrombus aspiration, distal protection devices, 
IPC, remote ischemic preconditioning and postconditioning, 
pharmacologic preconditioning, and hypothermia [45]. In a 
porcine model of RI, infarct size and no-reflow was limited by 
intracoronary adenosine as an adjuvant therapy during early 
reperfusion [26].

Lethal reperfusion injury

The term ‘lethal reperfusion injury’ specifically refers to myocar-
dial cell death caused by restoration of blood and accounts for 
a significant proportion (one-third or more) of cell death due to 
transient global or regional myocardial ischemia [27]. Cellular 
Ca2+ overload and oxidative stress can cause mPTP opening, 
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which can result necrotic cell death. Other common causes of 
lethal reperfusion injury include inflammation, hypercontrac-
ture, rapid restoration of physiological pH, and apoptotic cell 
death [28–30]. Many interventions have been tested in human 
trials after encouraging animal studies showed protection of 
the heart against ischemia/reperfusion-induced injury. These 
strategies include I-PostC, atrial natriuretic peptide (ANP), and 
cyclosporine A, which is an inhibitor of mPTP [3,132]. However, 
I-PostC is the most promising strategy because of its effec-
tiveness, safety, commercial availability, feasibility, and costs.

Therapeutic Strategies Protecting Against 
Reperfusion Injury

Many cardioprotective interventions based on mechanical path-
ways of RI that have the potential to reduce infarct size have 
been translated from animal models to humans.

Mechanical therapeutic interventions for reducing 
myocardial reperfusion injury

Ischemic preconditioning (IPC) provides the strongest endoge-
nous protection against cell death after transient coronary oc-
clusion and against cell injury from reperfusion [33,34]. Clinical 
evidence suggests that this phenomenon may be greatly pro-
tective by attenuation of lethal reperfusion injury [35,36] and 
reduced release of biomarker in the surgical settings [37,38].

Ischemic postconditioning (I-PostC) as another promising strat-
egy that targets the first minutes of restoration of blood flow; 
it reduces infarct size and all RI (e.g., RA, stunning, and no-
reflow size) [39,40]. I-PostC decreases vascular dysfunction 
and inhibits cytokine release and apoptosis [41]. The good ef-
ficacy of I-PostC provides the most convincing evidence of the 
existence of lethal reperfusion injury.

The intermittent initial reperfusion associated with I-PostC leads 
to a delay of restoration of normal pH. As a result, the tran-
sient acidosis inhibits the formation of mPTP [42]. At the same 
time, intermittent reperfusion also causes the retention of 
triggering molecules (such as bradykinin [43], opioids [44], 
and adenosine [45,46]) within the myocardium, which then 
triggers their respective receptors to activate a protective 
signaling pathway(s). Based on various studies, diverse sig-
naling mechanisms have been proposed. I-PostC activates 
G-protein-coupled receptor (GPCR) [44,46,47], stimulates sur-
vival kinases such as the p42/44 ERK MAPK, PI-3K-Akt, and 
protein kinase C-e [46,48,49], reduces activity death kinases 
including JNK MAPK and p38 MAPKs, inhibits phosphoryla-
tion of inducible transcription factor (i.e., NF-kB) [50] and gly-
cogen syntheses kinase-3b [51], and activates mitochondrial 
K+

ATP channels [52,53]. Yang et al. [52] first demonstrated that 

NO is involved in the protective signal transduction pathway 
of I-PostC through activation of protein kinase G. Compared to 
control hearts, I-PostC reduced free radical generation [54,55]. 
In contrast, administration of free radical scavengers either 
before or during the I-PostC intervention abrogates its car-
dioprotective effects, suggesting an important role in oxygen 
delivery of the I-PostC intervention [43,56,57]. However, nega-
tive results of I-PostC have been found in clinical practice and 
in experimental research [58,59]. Therefore, pharmacological 
postconditioning might provide cardioprotection as I-PostC, 
and avoid the additional damage resulting from mechanical 
intervention during I-PostC.

Pharmacological therapeutic agents to attenuate RI-PPostC

Several drugs that stimulate signaling steps of ischemic post-
conditioning can induce cardioprotection, even when the drug 
is only administered at reperfusion when there is also pharma-
cological postconditioning (PPostC) [60]. Clinical trials revealed 
the protective effects of adenosine [61], ANP and erythropoi-
etin (EPO) [62], cyclosporine A\CsA\CsA-analogs [63,64], glu-
cose-insulin-potassium [65], glucagons-like-peptide-1 [66], and 
beta-blockers [67]. Conversely, hypoglycemic drugs showed an 
anti-inflammatory/oxidative effect and could reduce and/or 
avoid the RI phenomena [68].

In addition, nitrate, which is a well-known nitric oxide donor, has 
long been used clinically. Studies also indicated that many ni-
tric oxide donors protect murine myocardium against infarction 
via modulation of mitochondrial permeability transition [69]. 
NO has been shown to induce a powerful “late phase” of car-
dioprotection in rabbits 24 h after administration of the drug, 
and it increases tolerance of the heart to ischemia-reperfusion 
insult [70]. However, there are few studies assessing whether 
nitrate provides protection if used as a pharmacological post-
conditioning agent during PCI. Here, we review the potential 
mechanisms of cardioprotection against RI driven by nitrate 
and discuss a new therapeutic application of nitrate combined 
with PCI in AMI patients.

Nitrates

The use of nitrates in cardiovascular disease has a long history 
and continues to play a major role in clinical practice. The bio-
activation of organic nitrates liberates NO, which causes vaso-
dilation via its effect on vascular smooth muscle cells and im-
pairs platelet activation [71]. Nitroglycerin was the first [72] 
and most frequently used nitrate for clinical treatment of an-
gina pectoris. It causes vasodilatation of the capacitance veins 
and improves ventricular filling pressure, and also dilates the 
epicardial coronary arteries, improving coronary blood flow, 
particularly in ischemic zones.
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In the PCI era, the use of nitrates is being reconsidered. 
Nitroglycerin is injected into the heart to relieve coronary 
spasm and to diagnose the cause of coronary artery stenosis 
during PCI. It improves prognosis of patients with heart fail-
ure and has beneficial effects on early and late left ventricle 
remodeling after myocardial infarction, as well reducing the 
incidence of silent ischemia. For more extensive recommen-
dations of the use of nitrate in myocardial infarction, several 
unanswered questions need to be addressed. A few studies 
assessing the protective effect of nitrate reported positive re-
sults, but most of the clinical trials produced negative find-
ings [73–76].

Mechanisms of nitrate in cardioprotection

Some studies found cardioprotective effects of nitrate in re-
duction of infarct size and improvement of clinical outcomes, 
but the mechanisms underlying the effect of nitrate against 
RI is currently unknown. It is well known that nitrate is the 
NO donor and NO has a cytoprotective effect via activation of 
its downstream pathways. Since ischemia-reperfusion is char-
acterized as a NO deficit, replacement or restoration of phys-
iological levels of NO is theoretically possible. Therefore, we 
can speculate that nitrate mediates cardioprotection against 
RI mainly through generation of NO. Interestingly, numerous 
studies have reported that NO affects mitochondrial function. 
In noncardiac cells, NO has been shown to attenuate apoptosis 
by inhibiting caspase activity while preventing mitochondrial 
membrane potential loss and the release of cytochrome c [77]. 
It has been suggested that, in the heart, mitochondria are a 
target of protective signaling by NO.

Nitrates can favorably influence myocardial infarction through 
several mechanisms [78]. They can reduce infarct size through 
hemodynamic effects and increased collateral flow [79,80]. 
Interacting with thrombolytic treatment, they accelerate or 
stabilize reperfusion [81]. Finally, they can prevent adverse 
remodeling in patients who fail in reperfusion. Zhao et al. in-
vestigated the cardioprotective effect of isosorbide dinitrate 
(ISDN) postconditioning against rat RI in vivo, and demonstrat-
ed that ISDN postconditioning induces a similar cardioprotec-
tive effect as I-PostC via improvement of myocardial antioxi-
dant capacity [82]. Nitrate redistributes coronary flow to the 
ischemic regions of the heart, which was initially observed by 
measuring the oxygen saturation in large and small arteries 
of the coronary circulation in vivo [83].

Studies of AMI have clearly shown that the fibroblastic cells 
overactivation and the subsequent myocardial scar extension 
with cardiac pump depression are complex and multifactorial 
events. In this setting, a clear and central role is played by car-
diomyocyte-derived exosomal microRNA-92a as a mediator 
of post-ischemic myofibroblast activation, both in vitro and 

ex vivo [84]. Indeed, cardiosomal microRNAs are essential in 
postinfarction myofibroblast phenoconversion [85]. However, 
both these pathways could explain the fibroblastic cells over-
activation and the myocardial scar extension after myocar-
dial infarction [84,85].

Clinical and experimental efficacy of nitrates in AMI

Predating the thrombolytic era, intravenous nitrate treatment 
has suggested beneficial effects on infarct size and ventricular 
functions, as well as statistically significant reduction in AMI 
mortality [86]. However, its applicability to patients undergo-
ing thrombolysis and PCI remains uncertain. In a small clin-
ical trial, 27 patients with AMI received isosorbide dinitrate 
(ISDN) to reduce infarct size; an 11% reduction of infarct size 
was found in the treatment group compared with the control 
group, but the result was not statistically significant. However, 
there were significantly less in-hospital complications in the 
treated group [87]. This result suggests that ISDN is candidate 
for improving clinical outcomes of AMI. GISSI-3 (Gruppo Italiano 
per lo studio Della sopravvivenza nell’infarto miocardico) [88] 
and ISIS-4 (the 4th International Study of Infarct Survival) [73] 
failed to demonstrate an overall benefit of nitrate in the acute 
and subacute phases of infarction in the setting of AMI with 
thrombolytic therapy. Publication of these 2 trials resulted in 
confusion among clinicians, who did not believe that nitrate is 
an effective drug for short-term and long-term use in AMI pa-
tients. However, the following 3 reasons may explain this neg-
ative result: (1) neither of these studies was double-blinded.; 
(2) patients with ischemic symptoms could not be in the pla-
cebo group forever. Some control group patients took nitrates 
later to prevent angina; and (3) nitrates resistance cannot be 
easily solved during the long-term clinical observation. Several 
studies indicated that nitrates also benefit other types of RI 
other than infarct size. NO donors were shown to suppress 
arrhythmias after myocardial infarction in a pig model [89]. 
Intravenous nitroglycerin infusion given in low dose before, 
during, and after coronary reperfusion (intracoronary strepto-
kinase and/or angioplasty) to patients after anterior myocar-
dial infarction was shown to recruit left ventricular function 
and accelerate recovery of left ventricular function, suggest-
ing decreased myocardial ‘stunning’ [90,91].

In another double-blind placebo-controlled clinical trial, the 
possible benefits of intravenous ISDN were investigated in 
the acute phase of myocardial infarction and oral ISDN in 
subacute myocardial infarction. Overall, there was no bene-
fit on either acute or subacute infarction. This was consistent 
with the GISSI-3 and ISIS-4 results [88]. A group of research-
ers studied GRACE data and found that 18% of long-term ni-
trate users were diagnosed with STEMI compared with 41% of 
nitrate-naive patients. Likewise, 82% of nitrate users present-
ed with non-STEMI compared with 59% of patients who were 
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nitrate-naive. They also found that previous nitrate use was 
associated with lower CK-MB and troponin levels, regardless 
of acute coronary syndrome type [92]. Long-term oral nitrate 
therapy was associated with adverse cardiac events after 102 
months of follow-up [93] and this result was the same in dia-
betic patients who underwent elective PCI [94]. The relationship 
between adverse outcome and long-term use of oral nitrate 
therapy, particularly in diabetic patients, is unclear. The major 
limitation may be nitrate tolerance characterized as decrease 
of hemodynamic and anti-ischemic effects. Increased ROS in-
duced by long-term nitrate therapy may aggravate the harm-
ful vascular effects and lead to increased adverse long-term 
clinical outcomes. These studies revealed that nitrates have 
disadvantages if used inappropriately.

In clinical practice, several related questions must be addressed. 
Will RI occur in most patients with unstable angina pectoris, 
when the coronary artery is not completed occluded, who re-
ceive stent implantation? In addition, nearly 20% of STEMI pa-
tients present TIMI flow of 2–3 at hospital presentation due to 
thrombus aspiration [95]. Thus, it is unknown whether these 
patients could benefit from postconditioning because I-PostC 
was applied in the catheter lab beyond the first minute after 

reflow threshold. For AMI patients, it is valuable to assess risk 
stratification in order to identify a group of patients who are 
more likely to develop RI and could get the maximum benefit 
from interventions. Unfortunately, there is no guideline on the 
standardized application of this intervention, and most cardi-
ologists neglect this potential strategy due to the lack of in-
tensive study of RI and I-PostC. Whether NO is safe remains 
to unclear because some findings suggested that low doses 
of NO donors are beneficial after ischemia-reperfusion, while 
high doses may be detrimental [95,96].

Conclusions

PPostC could be applied to almost all AMI patients to mimic 
the protective effects of I-PostC, without mechanical dam-
age. Nitrate, among those potential agents, is a donor of NO, 
with endothelial-protective effects, and was found to reduce 
infarct size in several small clinical trials. To date, no clinical 
trial has assessed the use of nitrates for postconditioning dur-
ing PCI. Postconditioning with nitrates may improve outcomes 
significantly, both in experimental models and large-scale tri-
als, which would lead to an important new role for nitrates.
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