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Abstract

The role of reactive oxygen species (ROS) in ischemic and reperfusion (I/R) injury of the heart has been
discussed for more than 40 years. It has been demonstrated that reperfusion triggers a multiple increase in free
radical generation in the isolated heart. Antioxidants were found to have the ability to mitigate I/R injury of the
heart. However, it is unclear whether their cardioprotective effect truly depends on the decrease of ROS levels in
myocardial tissues. Since high doses and high concentrations of antioxidants were experimentally used, it is
highly likely that the cardioprotective effect of antioxidants depends on their interaction not only with free
radicals but also with other molecules. It has been demonstrated that the antioxidant N-2-mercaptopropionyl
glycine or NDPH oxidase knockout abolished the cardioprotective effect of ischemic preconditioning.
Consequently, there is evidence that ROS protect the heart against the I/R injury.
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Introduction

In the 1980s, it was widely believed that reactive
oxygen species (ROS) played an important and
perhaps even a key role in ischemic/reperfusion (I/R)
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injury of the heartl!-2l. Attempts have been made to
create cardioprotective drugs based on the antioxidant
ionol (butylated hydroxytoluene, BHT) for treatment
of acute myocardial infarction (AMI)Bl. However, in
the 21st century, an opinion has formed that ROS can
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exhibit cardioprotective properties and increase
cardiac tolerance to I/RI“Sl. However, even today,
many investigators still hold the opinion that ROS are
involved in I/R injury of the heart(6-9],

In this review, we attempted to analyze the data in
favor of either a negative or protective role of ROS in
I/R injury of the heart.

Types of ROS and their external and
myocardial origins

Types of ROS

The following species of ROS are generated in
humans and animals: superoxide radical (O,"),
hydroxyl radical (*OH), singlet oxygen (!0,), hyd-
rogen peroxide (H,0O,), peroxyl radical (PLOO"), and
fatty acid hydroperoxides (LOOH)-10-141, It was
hypothesized that *OH was formed in the Fenton
reactionl:10-11.13],

Fe’* +H,0, — Fe’* + OH™ + - OH (1)
Extracellular sources of ROS

Myocardial reperfusion induced leukocyte invasion
in the area at riskl!3. Neutrophils and macrophages
contain NADPH oxidase (NOX), which produces
O, 1151, Neutrophils express the enzyme myeloperoxi-
dase, which synthesizes hypochlorous acid (HOCI)
and other oxidants (HOSCN and HOBr)l¢l. These
oxidants can kill microorganisms but also injure
mammalian cells’®l. HOCI could be involved in the
synthesis of singlet oxygen!'7l.

HOCI + H,0, — HCl + '0, + H,0 )

Intracellular sources of ROS

It has been reported that mitochondria are the main
source of ROS in cardiomyocytes!’3l. Superoxide
radical is generated in mitochondria by complex 1
and complex IlI. The O, is transformed into H,O,!'3].
NADPH oxidase is another important source of
superoxide synthesis in cardiac mitochondrials!3l,
Superoxide radical is transformed into H,O,
spontaneously or by superoxide dismutase (SOD)LI.
The xanthine oxidase (XO) is also an important source
of Oy, in rats, but not in humans or rabbitsll.
Uncoupled NO-synthase (NOS) appears in cells in the
setting of hypoxial>!3l. This enzyme synthesizes O,
instead of NO'[5:13.18], Monoamine oxidase-A (MAO-
A) is also involved in the production of O,"~ and H,0,
in myocardial tissues!’9-22], Lipoxygenase synthesizes
0,~, H,0,, and fatty acid hydroperoxides!i223,
Cyclooxygenase produces O,*~ and H,0,[231,

Cardiac ROS production during myocardial
ischemia/reperfusion

In 1980, it was reported that hypoxic perfusion of
the isolated rat heart for 20-80 min had no effect on
malondialdehyde (MDA) levels in myocardial
tissues?4. However, reoxygenation for 20-80 min
resulted in a 3-fold increase in MDA levels in the
heart,  particularly  after 60-80 min  of
reoxygenation(?4l. Hypoxia and reoxygenation led to a
decrease in the levels of glutathione in myocardial
tissues. When the isolated perfused rabbit heart was
subjected to hypoxia (1 h) and reoxygenation!?s], and
creatine kinase (CK) was used as a marker of cell
injury, SOD had no significant effect on CK release,
but adding catalase to the perfusion solution reduced
CK release; the XO inhibitor allopurinol or the Fe2*
chelator deferoxamine also abolished reoxygenation-
induced cardiac injury. Therefore, the authors
concluded that reoxygenation cardiac injury was
mediated via an increase in hydrogen peroxide
production, which may then form hydroxyl radical in
Fenton and Haber-Weiss reactions?sl. It should be
noted that XO was not detected in the rabbit heart!26],
thereby it is unclear why allopurinol protected the
rabbit heart. However, in another study, allopurinol (a
24-h oral pretreatment, 400 mg, then 50 mg/kg body
weight intravenous bolus on occlusion) or SOD
(starting with occlusion at a dose of 15 000 U/kg)
decreased infarct size in dogs?”), and thus the
investigators concluded that XO was a source of ROS
that injured the canine heart in I/R. N-tert-butyl-a-
phenylnitrone (PBN) was used as a spin-trapping
agent in a study performed with the isolated perfused
rat heart?8], in which, the isolated rat heart was
subjected to global ischemia (15 min) and reperfusion
(30 min); the free radical level was low during
ischemia, but the amount of free radicals increased
significantly during reperfusion, reaching a maximum
2 min after the restoration of coronary flow; although
the amount of free radicals increased during anoxic
reperfusion, their level peaked 10 min after the onset
of reperfusion(28!; consequently, reperfusion causes the
formation of the main oxygen free radicals. When the
isolated perfused rabbit heart was subjected to
ischemia (10 min) and reperfusion (10 s)i%, 10-s
reperfusion induced an increase in the amount of
oxygen free radicals in myocardial tissues. In this
case, the reperfusion was reported to trigger the
formation of O,~, *OH, and R* in myocardial
tissues(10-11],

When dogs underwent coronary artery occlusion
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(CAO, 15 min) and reperfusion (180 min)29, after
intracoronary infusion of the spin trap PBN, electron
paramagnetic resonance signals of oxygen- and
carbon-centered radical adducts were detected in the
coronary blood effluent during CAO and reperfusion;
however, PBN adducts were not detected during
ischemia but were found during reperfusion, and the
concentration of PBN adducts in coronary effluent
reached its maximum 3-5 min after the onset of
reperfusion. When the isolated perfused rabbit heart
was subjected to global ischemia (10 min) and
reperfusion (60 s)B%, the maximum free radical
production occurred at 20 s of reperfusion and then
slowly decreased3"], but the high level of PBN adducts
persisted through the first 10 min of reperfusion as
seen in another study!?). When dogs were subjected to
CAO (15 min) and reperfusion (4 h)B3!, deferoxamine
was infused intracoronary 2 min before reperfusion or
1 min after reperfusion; deferoxamine improved the
recovery of contractile function, when it was
administered before reperfusion; however, it showed
no effect, when it was injected after the onset of
reperfusion; when intracoronary infusion of the spin
trap PBN was used to detect free radicals in coronary
blood effluent, it was found that administration of
deferoxamine before reperfusion reduced PBN
adducts released from the heart during reperfusion;
therefore, the investigators believed that this result
indicated that iron-catalyzed free radical production
was developed in the initial seconds of reperfusion
and that these radicals could be responsible for
reperfusion myocardial stunningB!l. In another study,
the isolated perfused rat heart was subjected to global
ischemia (15 min) and reperfusion (30 min)32,, and the
heart was perfused with a buffer containing PBN
before ischemia (5 min) and during reperfusion. As a
result, PBN adducts were found in the coronary
effluent during reperfusion, and the amounts of free
radicals reached a maximum 2 min after reperfusion
and then rapidly decreased. A similar time course of
the PBN adducts was also observed by other
investigators(28-2931]in which the hearts were perfused
with the perfusion solution containing catalase, SOD,
or deferoxamine before ischemia and after ischemia
with allopurinol administered orally; SOD or
deferoxamine partially decreased but not abolished the
increase of the PBN adduct levels. However, in
another study, catalase and allopurinol completely
abolished the increase in the concentration of PBN
adducts32. These findings indicate that XO is
involved in reperfusion free radical production in rat
myocardium, and the isolated perfused rabbit heart
underwent I/R. One study found that SOD or
deferoxamine partially reduced but not abolished the

increase of free radical production after reperfusion(33],
when the isolated perfused rat heart was subjected to
30 min of ischemia, followed by 30 min of
reperfusion3¥. In this case, reperfusion triggered ‘OH
generation in myocardial tissues, the peak of *OH
production occurred at 1-2 min of reperfusion, and
deferoxamine did not abolish * OH formation;
consequently, the Fenton reaction was not involved in
*OH generation. These data indicate that ‘OH, O,
and H,O, are formed in reperfusion of the heart.
When the conscious dogs underwent CAO (15 min)
and reperfusion (48 h), pretreatment with
deferoxamine (500 mg) or N-2-mercaptopropionyl
glycine (MPG, 100 mg/kg) improved the recovery
contractile function of the heart in reperfusiont®s], and
the authors claim that MPG is a *OH scavenger(®],
while most investigators consider MPG not a selective
*OH scavenger. This study also found that both
deferoxamine and MPG improved reperfusion
myocardial contractility and that they almost
completely abolished an increase in PBN adducts in
reperfusionl. In one study, the isolated rat heart was
subjected to global ischemia (5, 10, 20, 30, and
60 min) followed by 10 min of reperfusion with the
buffer containing 25 pmol/L B-carotene used for
detection of singlet oxygen ('0,)B3¢l, in which the
concentration of 5,8-endoperoxide in coronary
effluent was used as an indicator of 'O, production
and reperfusion induced 'O, generation; a maximal
increase in 'O, production was found after 60-min
ischemia, and pretreatment with a 'O, scavenger
histidine reduced the 5,8-endoperoxide level in
coronary effluent by 90%03¢l. In another study, the
isolated perfused rat heart was subjected to global
ischemia (20 min) and reperfusion”); and ROS
production was measured as 5,5-dimethyl-1-pyrroline-
N-oxide (DMPO) adducts in the coronary effluent by
using electron paramagnetic resonance spectroscopy;
the peak of ROS generation was detected 2 min after
the reperfusion; in addition, hypoxic (2% O,),
normoxic (20% O,), and hyperoxic reperfusions (95%
0,) were performed, and the maximal DMPO adduct
level was measured in hypoxic reperfusion; it was
found that hyperoxic reperfusion inhibited ROS
production, and that the concentration of oxygen was
not a limiting factor for ROS generation; instead,
Tiron, an O, scavenger, allopurinol, and
diphenyleneiodonium, an NOX inhibitor, reduced the
DMPO adduct level. Because Tiron exhibited a strong
antioxidant effect, while allopurinol induced a weaker
effect, the investigators concluded that there were
different pathways of ROS production in the heart.
ROS formation was observed not only in
cardiomyocytes at I/R but also in endothelial cells in
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anoxia/reoxygenation (A/R). In one study, bovine
pulmonary artery endothelial cells were subjected to
A/RB8 in which A/R triggered an increase in the
DMPO levels in cells, and allopurinol reduced but did
not abolish ROS production, but SOD and catalase
decreased free radical levels more effectively than
allopurinol®8l. Free radical generation in human
vascular endothelial cells subjected to A/R was
detected by electron paramagnetic resonance
measurements with the spin trap DMPOPR), in which
cells were subjected to anoxia (60 min) and
reoxygenation (10 min); the results suggested that
SOD, catalase, and oxypurinol, an XO inhibitor,
completely abolished reoxygenation ROS formation
and that deferoxamine reduced but not abolished free
radical generation. These findings indicate that XO is
the main source of free radicals in endothelial cells.
However, there are other sources of ROS in
endothelial cells. For example, one study reported that
I/R of the isolated rat heart triggered the coronary
artery dysfunctionl”! and decreased the response to
acetylcholine (34% of preischemic value); treatment
with tert-butyl hydroperoxide, a ROS donor, also
induced coronary artery dysfunction, but the coronary
artery response to glyceryl trinitrate did not alter.
Therefore, the investigators concluded that I/R
reduced endothelium-dependent vasodilatation of
coronary arteries, but endothelium-independent
vasodilatation did not alter. They also hypothesized
that ROS was involved in reperfusion coronary artery
dysfunction.

As mentioned above, we have presented data to
elucidate that XO is one of the sources of free radicals
in myocardial tissues. What are other sources of ROS
that exist in cardiomyocytes? NOX has been found to
be an important source of O, in the heart*!-42], while
mitochondria also generate superoxide radicalso43-46,

Hypoxia/reoxygenation induced transformation of
NOS to uncoupled NOS that synthesized O, instead
of NO-8, Neutrophil invasion is involved in
reperfusion cardiac injury*’-8], and neutrophils can
induce oxidative stress in myocardial tissues#).
However, it is unclear whether ROS generated by
neutrophils triggers reperfusion cardiac injury. It was
reported that MAO was also involved in the I/R-
induced ROS production in myocardial tissues(2!-221,

These findings indicate that 'O,, *‘OH, O,, and
H,0, are formed in reperfusion of the heart. The peak
of ROS generation occurs in the first 2 min of
reperfusion. Thus, ROS in myocardial tissues are
synthesized by XO, NOX, mitochondria, uncoupled
NOS, lipoxygenase, and MAO.

Are ROS responsible for
ischemia/reperfusion injury?

myocardial

When the isolated perfused rabbit heart was
subjected to hypoxic perfusion for 30 minl5% and o-
tocopherol was added to the perfusion solution, a-
tocopherol improved cardiac contractility and reduced
the CK and lactate dehydrogenase (LDH) levels in
coronary effluent during hypoxia (Fig. 1)
However, it is unclear whether these effects of a-
tocopherol depend upon its antioxidant properties.
When the isolated rat heart was subjected to hypoxic
perfusion (60 min) and reoxygenation (20 min)!5!] and
reduced glutathione, SOD, catalase, and a-tocopherol
were added to the perfusion solution, all compounds
decreased the CK levels in coronary effluent.
Specifically, a-tocopherol exhibited the most potent
cardioprotective effect and reoxygenation induced a
rapid increase in MDA release from the heart. All
compounds and mannitol, a quencher of °OH,
decreased MDA release, and both a-tocopherol and
SOD exhibited the most potent antioxidant effect!s!l.
Therefore, free radicals can injure the heart in
reoxygenation. Another study found that SOD reduced
infarct size, while catalase had no effect on dogs with
CAO and reperfusions2l. When dogs received 400 mg
of allopurinol orally one day before surgery, and at a
dose of 25 mg/kg bolus intravenously immediately
before occlusion, and repeated every 8 h(s3, the XO
inhibitor allopurinol reduced the infarct size in dogs
with CAO and reperfusion (24 h)i53. When dogs
underwent CAO (90 min) followed by reperfusion
(6 h)34 and received allopurinol (25 mg/kg) 18 h
before CAO and 50 mg/kg 5 min before CAO,
allopurinol reduced the infarct size; in addition,
pretreatment with SOD and catalase promoted
improvement of cardiac contractility in reperfusion in
dogs (Fig. I1)!*5). Another study reported that when
dogs underwent CAO (90 min) and reperfusion
(48 h)ie; SOD reduced the infarct size. SOD and
catalase also decreased the infarct size in pigs (Fig.
1)571, while MPG improved contractile function of the
heart in dogs after CAO (15 min)i®8. When dogs
underwent CAO (15 min) followed by 4 h of
reperfusion, the °*OH scavenger dimethylthiourea
(DMTU) at a dose of 500 mg/kg intravenously
promoted the improvement of cardiac contractility
during reperfusion®®. In another study, dogs
underwent a 15-min CAO, followed by 4 h of
reperfusionl®], allopurinol was administered at a
dose of 50 mg/kg 48 h, 20 h, and 30 min before CAO,
10 mg/kg one minute before reperfusion, and



Do reactive oxygen species damage or protect the heart?

Coronary

artery
occlusion

IPretreatment with antioxidants:
SOD + catalase

259

a-Tocopherol SOD + catalase
DMTU

SOD + catalase

Allopurinol Deferoxamine
Deferoxamine MPG a-Tocopherol
N-acetylcysteine Tempol N-acetylcysteine
Pretreatment Ischemia Reperfusion

T Cardiac contractility
| Infarct size

-y

| Creatine kinase level

| Lactate dehydrogenase level

Fig. 1 The antioxidants-triggered cardioprotection. Antioxidants attenuate ROS- and I/R-induced injury of the heart. Allopurinol:
xanthine oxidase inhibitor; Deferoxamine: a Fe?* chelator; N-acetylcysteine: a free radical scavenger; Tempol: a membrane-permeable O,
scavenger. I/R: ischemia/reperfusion, DMTU: dimethylthiourea, an *OH scavenger; MPG: N-2-mercaptopropionyl glycine, an *OH

scavenger; SOD: superoxide dismutase.

6.25 mg/(kg-h) during reperfusion. As a result,
allopurinol improved cardiac contractility during
reperfusion. When dogs were subjected to CAO
(15 min) and reperfusion (3 h)6!l and deferoxamine
(500 mg intra-atrially) was infused 15 min prior to and
throughout a 15-min of CAO, deferoxamine improved
the recovery of contractile function during reperfusion
(Fig. I), and stimulated the recovery of ATP levels in
the reperfused myocardiumi(¢. When dogs were
subjected to a 90-min CAO and then reperfused for 6
hié2) and received polyethylene glycol conjugated SOD
(PEG-SOD, 1000 U/kg), the infarct size was reduced.
The cardioprotective effect of PEG-SOD was
confirmed by other investigatorsis3. For example,
MPG [8 mg/(kg-h)] infusion prevented the
development of reperfusion contractile dysfunction in
dogs undergoing CAO (15 min) and reperfusion
(4 h)te3-64], MPG reduced the amount of PBN adducts
in coronary blood effluent, and MPG (1.5 mmol/L)
had no effect on XO activityl®s. MPG reacts slowly
with H,0,, but the very small rate constant for this
reaction suggests that it may not be significant at the
micromolar concentrations of H,O, which is likely to
be present in vivol®4l. In the radiolysis of a dilute
(10 mmol/L) phosphate-buffered (pH 7.0) solution
saturated with nitrous oxide produces *OH, Bolli et a/
demonstrated that MPG was an excellent scavenger of
*OH. MPQG, at concentrations up to 0.5 mmol/L, had
no inhibitory effect on iron-induced lipid peroxidation
in rat liver microsomes!®. Consequently, MPG
exhibits the properties of a selective *OH scavenger in
vitro. However, it is unknown at what dose that MPG
exhibits the properties of a selective *OH scavenger in
vivo. In a study, rats underwent CAO (25 min) and

reperfusion (2 h)issl, tempol (100 mg/kg, a membrane-
permeable O, scavenger), was injected 5 min before
reperfusion followed by an infusion of 30 mg/(kg-h)
during reperfusion. A total dose of tempol was
160 mg/kg. As a result, tempol decreased the infarct
size by 60% (Fig. I)!%]. It should be noted that tempol
is usually used at a dose of 30 mg/kgle?l. According to
our own data, tempol at a dose of 30 mg/kg
completely abolished the infarct-reducing effect of
remote post-conditioning in rats (unpublished data).
Therefore, the molecular mechanism of the infarct-
reducing effect of tempol at a dose of 160 mg/kg
remains unknown.

It was reported that the NOX inhibitor VAS2870
limited the infarct size by 15% in micel®”], but the
significance of this finding is questionable, because
the effect was weak, and the group of animals
consisted of only six mice. In one study, H9¢c2 cells
were incubated for 10 min with PTD-copper-zinc
SOD (PTD-CuZnSOD), where PTD is protein
transduction domainl®®], and this enzyme penetrated
the cells and prevented hypoxia/reoxygenation
induced apoptosis of H9¢2 cells. The investigators did
not evaluate the survival of H9c2 cells, thereby it
remains unknown whether SOD could increase the
viability of these cells under hypoxia/reoxygenation.
In another study, the isolated rat heart was subjected
to global ischemia (30 min) and reperfusion
(30 min)i*], and a free radical donor photoactivated
Rose Bengal aggravated I/R injury of the heart. In
addition, SOD and catalase mitigated but did not
abolish this injury, while histidine, an !0, scavenger,
showed no effects. These findings indirectly
demonstrate that free radicals (O,, ‘OH) can damage



260 Maslov LN et al. J Biomed Res, 2023, 37(4)

the heart (Fig. 1), but 'O, does not.

As mentioned above, we presented the results of
studies using antioxidants. There is another approach
using animals with altered gene expression. It has
been demonstrated that glutathione peroxidase is
the scavenger of H,0, and phospholipid hydro-
peroxides!”l. In one study, when the isolated perfused
hearts of mice with glutathione peroxidase
overexpression were subjected to global ischemia
(30 min) and reperfusion (20 min)’!l, transgenic
mouse hearts demonstrated improved recovery of
contractile function, compared with non-transgenic
control mouse hearts; Furthermore, the infarct size and
CK release were lower in transgenic murine hearts,
compared with those of non-transgenic controls!!l.
Consequently, glutathione peroxidase overexpression
promoted an increase in cardiac tolerance to I/R. In
another study, when the isolated hearts of mice with
SOD overexpression were subjected to ischemia
(6 min) and reperfusion (10 min)"d, SOD
overexpression promoted a significant increase in the
rate of contraction by approximately 3%. It is
surprising why such a weak effect was significant.
When the isolated hearts of CuZnSOD-deficient mice
were subjected to global ischemia (30 min) and
reperfusion (120 min){73], Sod -~ knockout delayed the
recovery of contractile function in reperfusion and
increased reperfusion CK release.

It was reported that cardiomyocytes express three
isoforms of NOX: NOXI1, NOX2, and NOX42l,
When mice with these genes knocked out and wild-
type (WT) mice were subjected to CAO (30 min) and
reperfusion (24 h), the infarct size was reduced by
approximately 40% in  Nox/7~ mice and
approximately 60% in Nox2~~ mice, but the Nox4
knockout showed no effect on the infarct size.
Consequently, NOX1 and NOX2 are believed to be
involved in reperfusion cardiac injury, but NOX4 does
not participate in cardiac injury in I/R. When the
isolated perfused hearts of WT mice and mice with
altered expression of NOX4 were subjected to low-
flow global ischemia (3% of baseline, 25 min) and
reperfusion (60 min)!’4, the overexpression of NOX4
promoted the increase in the infarct size; however,
NOX4 overexpression contributed to the improvement
of contractile function of the heart in reperfusion and
reduced lactate release and the creatine phosphate
levels in myocardial tissues. It was surprising that
NOX4 overexpression promoted oxidative stress and
increased free radical production in myocardial
tissues!’. The contradictory nature of these data are
probably due to the small sample size, and thus the
significance of the data is questionable. When the

isolated hearts of WT mice, Sodl*-, and Sod2
knockout mice were subjected to ischemia (30 min)
and reperfusion (60 min)!”), Sod*~ knockout reduced
CuZnSOD by approximately 50% but had no effect on
cardiac tolerance to I/R, while Sod2 knockout
aggravated I/R injuryl’sl. Consequently, CuZnSOD is
not involved in the regulation of cardiac resistance to
I/R, while MnSOD increases cardiac tolerance to I/R.

In summary, some studies have demonstrated the
involvement of ROS in I/R cardiac injuryls50-57.62-66],
Data from some studies are questionablel6’-68.74], The
results of genetic studies seem to convincingly
demonstrate the involvement of ROS in I/R cardiac
injury. However, it should be noted that ROS can
regulate transcription of genes!’6-78l. For example, it
was demonstrated that Nox2-~ knockout altered the
expression of some genes!’™]. Therefore, the chronic
reduction of ROS production or a chronic increase in
ROS formation could change the expression of genes
that regulate cardiac tolerance to I/R. Chronic
administration of antioxidants could also alter the
expression of genes. For example, a-tocopherol is
itself a regulator of transcription of genes!80l,

Can ROS be beneficial during myocardial
ischemia/reperfusion?

It was reported that MPG at a dose of 20 mg/kg
intravenously had no effect on infarct size in animals
with CAO and reperfusion*81-82. We also found that
MPG (20 mg/kg) had no influence on infarct size
(unpublished data). However, this dose was
completely enough to abolish the infarct-reducing
effect of ischemic preconditioning!*! and postcondition-
ingl81l, These data indicate that free radicals protect the
heart against I/R injury and mediate the infarct-
reducing effect of preconditioning and postcondi-
tioning (Fig. 2). Ischemic preconditioning reduced
infarct size in wild-type mice but had no effect on that
of Nox2 knockout micel®2. Consequently, O,
synthesized by NOX2 promoted an increase in cardiac
tolerance to I/R. When isolated hearts of wild-type
and Nox27~ knockout mice were subjected to global
ischemia (30 min) and reperfusion (120 min)[7, Nox2
knockout had no effect on the infarct size but
abolished the infarct-reducing effect of ischemic
preconditioning. These data indirectly confirmed our
hypothesis that O, synthesized by Nox2 contributed
to an increase in cardiac tolerance to I/R (Fig. 2).
However, it remains unknown why its
cardioprotective effect was observed only in ischemic
preconditioning. When wild-type (WT) mice and
Nox2, Nox4, Nox2/Nox4 double knockout mice
underwent CAO (30 min) and reperfusion (24 h)#3l,
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Nox2 or Nox4 knockout decreased the infarct size and
reduced a number of apoptotic cells in myocardial
tissues; however, Nox2/Nox4 double knockout
induced an increase in the infarct size and the number
of apoptotic cells in myocardial tissues!®3. It remains
unclear why in one case, NOX2 and NOX4 were
involved in I/R injury of the heart, while in another
case they prevented I/R injury? When WT and Nox2
knockout mice underwent CAO (30 min) and
reperfusion (24 h)B4, ischemic preconditioning
reduced the infarct size by about 60% in both WT and
Nox2 knockout mice, but the infarct-reducing effect of
late preconditioning was demonstrated only in WT
mice. Consequently, the authors concluded that O,
synthesized by NOX2 was involved in a delayed
increase in cardiac tolerance to I/R34. The mechanism
of the cardioprotective effect of O,"~ remains unclear.
It has been demonstrated that ROS activates protein
kinase C (PKC)51. This enzyme mediated cardioprotec-
tive effect of ischemic preconditioning!*!. It is possible
that O, synthesized by NOX2 activates PKC that
increased cardiac tolerance to I/R (Fig. 2). MPG, an
*OH scavenger, 1,3-dimethylthiourea, an *OH scaven-
ger, and deferoxamine had no effect on infarct size in
non-adapted ratsi83l. However, these antioxidants
abolished the infarct-reducing effect of hypoxic

preconditioning®l.  These  findings  indirectly
demonstrate that *OH could also be an intracellular
messenger mediating the increase in cardiac tolerance
to I/R.

In summary, these findings have demonstrated that
O, synthesized by NOX2 is involved in the
cardioprotective effect of ischemic preconditioning
(Fig. 2). However, these data were obtained from
studies performed in Nox2 knockout mice. As noted
above, knockout itself results in alteration of the
expression of genes. Although the results of studies
using ‘OH scavenger MPG are more convincing, many
researchers doubt its selectivity with respect to *OH.

Are antioxidants cardioprotective?

When conscious dogs underwent CAO (3 h),
followed by reperfusion (24 h)i#¢l, and SOD (5 mg/kg)
or catalase (5 mg/kg) was infused 15 min before
reperfusion and lasted for 45 min during reperfusion,
SOD or catalase failed to decrease the infarct sizel¢l,
It should be noted that the duration of CAO in most
studies is 30-60 min. It is possible that SOD or
catalase reduces infarct size, if the duration of CAO is
less than 3 h. However, Uraizee et al could not find
the infarct-reducing effect of SOD in dogs with a
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40-min CAO and reperfusionl®”). When isolated rat
hearts were subjected to anoxic perfusion (30 or
60 min) followed by a 20-min reoxygenation (oxygen
paradox)®8] and the heart injury was evaluated by the
CK level in coronary effluent, the oxygen paradox
triggered cardiac injury. Allopurinol or the *OH
scavenger DMTU did not abolish cardiac injury,
because allopurinol caused a significant reduction in
MDA release but not CK release from oxygen
paradox-injured hearts!88]. These findings indicate that
XO and *OH are not involved in reoxygenation cardiac
injury. Wang et al could not confirm the infarct-
reducing effect of SOD in dogs with CAO and
reperfusiont®’). It was reported that SOD had no effect
on infarct size in dogs with CAO (40 min) and
reperfusion (4 days)i#7. Allopurinol did not reduce
infarct size in rabbits with CAO (45 min) and
reperfusion (3 h) as myocardial tissues of these
animals do not contain XO[26l. It was reported that
Nox4 knockout had no effect on infarct size in mice
with CAO (30 min) and reperfusion (24 h)*2l, and 'O,
did not damage the heart®). CuZnSOD was reported
to not be involved in the regulation of cardiac
resistance to I/R[5. We also found that tempol (an
0O, scavenger) and mannitol (an *OH scavenger) had
no effect on the infarct size in rats with CAO (45 min)
and reperfusion (120 min) (unpublished data). In
addition, MPG, 1,3-dimethylthiourea, an °* OH
scavenger, and deferoxamine also had no influence on
the infarct size in non-adapted rats(ssl,

Update on the use of antioxidants in clinical
cardiological practice

In 1997, the results of a clinical study of
antioxidants emoxipin and hystochrom were
reported®], in which emoxipin was administered
intravenously at a dose of 3 mg/kg; hystochrom was
injected intravenously at a dose of 1 mg/kg before
coronary artery bypass grafting (CABG), which was
performed using cardioplegic cardiac arrest, the
essentially global I/R of the heart. The control group
included patients who did not receive these
antioxidants. Both of these antioxidants contributed to
a decrease in the serum CK-MB level during the
postoperative period. Hystochrom had a more
pronounced cardioprotective effect. The state of lipid
peroxidation was evaluated by the serum MDA level.
Both of these antioxidants reduced the MDA levels,
but hystochrom had a more pronounced effects9.
Emoxipin contributed to a decrease in the plasma
conjugated dienes' level among patients with CABG,
and a decrease in the incidence of arrhythmias during

the  postoperative period and  defibrillation
threshold®l. In a study performed among patients
with AMI, who received thrombolytic therapy,
intravenous administration of hystochrom at a dose of
100 mg resulted in a decrease in the plasma CK
levell1l,

The aforementioned clinical studies indicate that
antioxidant emoxipin and hystochrom have a cardio-
protective effect, when the heart is exposed to I/R. N-
acetylcysteine (NAC, 100 mg/kg intravenously) was
administered to patients with AMI and recanalization
of the infarct-related coronary artery in the ISLAND
(Infarct SIZE Limitation: Acute NAC Defense) trial,
performed in 19961°2). The investigators demonstrated
an improvement in left ventricular contractility of
patients treated with NAC, compared with the control
group (streptokinase) (Fig. 1). In 2006, other results
of this trial were reported®3). When NAC was infused
at a dose of 15 g, this antioxidant did not affect the
plasma CK-MB levels, but reduced the MDA levels
and promoted the increase of left ventricular ejection
fraction. A randomized, double-blind, placebo-
controlled NACIAM trial (NAC) with a nitrate
therapy in patients undergoing primary percutaneous
coronary intervention (PCI) for ST-segment elevation
myocardial infarction reduced myocardial infarct size,
and this trial included patients with AMI and PCI,
who were infused with NAC at a dose of 29 g for 2
daysl®l.  Magnetic resonance imaging (MRI)
evaluation revealed that NAC resulted in an infarct
size reduction by 33% (Fig. I), but it did not affect the
plasma CK level. Thus, the result was inconsistent: the
MRI data indicated that NAC reduced the infarct size,
but the biochemical CK results indicated no benefit on
the infarct size. In the following study, myocardial
infarction patients with ST-segment elevation and PCI
were included®! with NAC administered intra-
coronarily. The trial included patients (n = 58) with
CABG who received NAC (600 mg per os) before
CABGUDs]. The results showed that NAC did not affect
the CK-MB level but contributed to a 32% decrease in
the serum troponin T level and that NAC promoted a
decrease in the serum lactate and MDA level during
reperfusion but did not affect troponin 1. Therefore,
NAC exhibited an antioxidant effect but did not
prevent reperfusion necrosis of cardiomyocytes.

A study performed in 2006°7] included patients with
AMI who underwent primary stenting of the infarct-
related coronary artery. This study indicated that
administration of antioxidant edaravone at a dose of
30 mg contributed to a decrease in the serum peak CK
and CK-MB levels. After the use of edaravone, a
decrease in the incidence of reperfusion arrhythmias



Do reactive oxygen species damage or protect the heart? 263

was also detectedl®”), suggesting that edaravone had
the cardioprotective effect in patients with AMI.

In 2012, the results of the clinical trial of the iron
ion chelator deferoxamine were reportedl. The study
was performed among patients with AMI and PCI,
and deferoxamine was infused intravenously at a dose
of 500 mg. This antioxidant did not affect the plasma
CK and troponin I levels; moreover, deferoxamine had
no effect on the infarct size according to MRI.
However, it was also noted that patients receiving
deferoxamine had a 75% decrease in plasma iron
levels in comparison with the control group.
Deferoxamine was found to be able to lower plasma
levels of F2-isoprostane, which is an indicator of ROS
in vivo. These studies indicate that deferoxamine has
an antioxidant effect but not an infarct-reducing effect.

In 1994, Coghlan et al reported that pretreatment
with allopurinol decreased the use of inotropic
support, increased the cardiac index, and reduced the
serum MDA level in patients with CABGM.
Pretreatment with allopurinol decreased the serum
MDA levels and the serum CK-MB levels during
reperfusion in patients with CABGI!. In a study
included 140 patients with STEMI, the participants
received 400 mg of allopurinol or placebo before
using streptokinasel!?!l. Those treated with allopurinol
had a 47% lower peak CK level (P = 0.003), a 27%
lower peak CK-MB (P = 0.005) and a 46% lower peak
troponin I level (P < 0.001), compared with the control
group. The authors believed that allopurinol treatment
resulted in a pronounced infarct-reducing effect. The
results of this study are surprising, because XO is
absent in human myocardium. Apparently, the
cardioprotective effect of allopurinol is not associated
with the decreased O,*~ production in cardiomyocytes.
Why allopurinol decreases MDA levels remains a
mystery. It is possible that the protective effect of
allopurinol is a result of myeloperoxidase inhibition in
neutrophils of the reperfused heart!!02],

Unfortunately, most of the aforementioned clinical
trials were not blinded and placebo-controlled and
were performed in small groups of patients, so it is
difficult to conclusively report about the cardio-
protective effect of antioxidants. In a blind, placebo-
controlled study utilizing NAC, conflicting data were
obtained. The results of the above-cited clinical
studies indicate that the following antioxidants have
cardioprotective properties: emoxipin, hystochrom,
edaravone, and allopurinol.

Conclusions

In 1990, J.M. Downey wrote: "After more than a

decade of research on the free radical hypothesis,
there is still little agreement on the role free radicals
actually play in the reperfused myocardium"[03],
There is no doubt that reperfusion triggers an increase
in ROS generation. However, many questions remain
unanswered, as it was in 1990.

Some authors have demonstrated that free radicals
are involved in I/R injury of the heart, because
antioxidants increased cardiac tolerance to I/R. It
should be noted that selectivity of some antioxidants
to free radicals remains unclear before. The XO
inhibitor allopurinol inhibits not only XO but also
myeloperoxidase of neutrophils involved in
reperfusion cardiac injuryl'®. MPG at a dose of
70 mg/kg can interact not only with *OH but also
eliminate peroxynitritel!04. Investigators who found
the cardioprotective effect of antioxidants usually used
high doses of these compounds, thereby it is highly
likely that their cardioprotective effect is independent
of the elimination of free radicals. The main drawback
of knockout mice studies is that the knockout or the
overexpression of genes induces alterations in ROS
levels of the cell that triggers alterations in the
expression of other genes.

There are a number of studies that failed to detect
the infarct-reducing effect of antioxidants; as a rule,
these researchers used small doses of antioxidants in
studies performed with non-adapted animals. It was
demonstrated that MPG or Nox2 knockout abolished
the infarct-limiting effect of ischemic preconditioning.
Therefore, if there were ROS that protected the heart
against I/R injury, it could be “OH or O,

It is currently unclear which free radicals damage
the heart and which protect the heart against I/R. It is
possible that a free radical plays the roles of both
damaging and protecting the heart, depending upon
free radical concentration in the cell. We proposed
that a small increase (+15% to +25%) in serum MDA
or 4-hydroxinonenal levels in patients with AMI was
an indicator of response to stress as an increase in the
cortisol levels. In contrast, a big increase (+100%) in
serum MDA or 4-hydroxinonenal levels could be an
indicator of organ injury. The boundary between
injury and the adaptive response has not yet been
defined. H. Selye (1952)11051 demonstrated that stress
was a normal, protective response of the body to an
excessive stimulus. They found that the response was
not developed in  hypophysectomized rats,
subsequently casuing them death when exposed to a
strong stimulus, but it did not affect the survival of
rats with preserved pituitary glands. Perhaps moderate
oxidative stress can also play a protective role.

In our opinion, studies in the isolated heart using
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the low concentrations of the selective free radical
scavengers with simultaneous detection of ROS
production and cardiac injury are needed to resolve
the issue of the role of ROS in reperfusion injury of
the heart. A strong argument for the involvement of
oxygen free radicals in the cardioprotection would be
a study in which an oxygen free radical donor
increased cardiac tolerance to I/R. It was reported that
H,O, (25 and 500 upmol/L) reduced hypoxia/
reoxygenation-induced Ca?* overload of isolated
cardiomyocytes!'%¢l. It was demonstrated that H,O,
(5 pmol/L) activated PKCeg, induced mitochondrial
ATP sensitive K* channel (mitoK,rp channel)
opening, and increased the viability of cardiomyocytes
of isolated chick embryos in hypoxia/reoxygena-
tionl!?7], It should be noted that PKCe and mitoK ,rp
channel participate in the infarct-reducing effect of
ischemic preconditioning!4l. It is unclear these positive
effects of H,O, exhibit themselves as H,O, or *OH
that formed in the Fenton reaction. Consequently,
there is evidence that ROS protect the heart against
the I/R injury.

Fundings

This work was supported by state assignment
122020300042-4.

Acknowledgments

The authors are grateful for the informational
support of A.L. Maslov, P. Iliynikh, and K.
Tsirulnikov.

References

[1] Bilenko MV. Ischemic and reperfusion injury to organs[M].
Moscow: Meditsina, 1989: 368.

[2] Meerson FZ. Pathogenesis and prevention of stress and
ischemic injuries of the heartfM]. Moscow: Meditsina,
1984: 272.

[31 Meerson FZ, Krasikov SI, Ustinova EE, et al. Prevention of
heart damage by extreme physical stress and increasing its
resistance to acute overstrain with the antioxidant ionol[J].
Kardiologiia, 1986, 26(4): 70-74.

[4] Yellon DM, Downey JM. Preconditioning the myocardium:
from cellular physiology to clinical cardiology[J]. Physiol
Rev, 2003, 83(4): 1113-1151.

[5] Krylatov AV, Maslov LN, Voronkov NS, et al. Reactive
oxygen species as intracellular signaling molecules in the
cardiovascular system[J]. Curr Cardiol Rev, 2018, 14(4):
290-300.

[6] Burgoyne JR, Mongue-Din H, Eaton P, et al. Redox

(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

signaling in cardiac physiology and pathology[J]. Circ Res,
2012, 111(8): 1091-1106.

Matsushima S, Tsutsui H, Sadoshima J. Physiological and
of NADPH
myocardial ischemia-reperfusion[J].
Med, 2014, 24(5): 202-205.
Frangogiannis NG. Pathophysiology of myocardial
infarction[J]. Compr Physiol, 2015, 5(4): 1841-1875.
Granger DN, Kvietys PR. Reperfusion injury and reactive

oxidases
Trends

pathological functions during

Cardiovasc

oxygen species: the evolution of a concept[J]. Redox Biol,
2015, 6: 524-551.

Zweier JL, Rayburn BK, Flaherty JT, et al. Recombinant
superoxide dismutase reduces oxygen free radical
concentrations in reperfused myocardium[J]. J Clin Invest,
1987, 80(6): 1728-1734.

Zweier JL. Measurement of superoxide-derived free radicals
in the reperfused heart. evidence for a free radical
mechanism of reperfusion injury[J]. J Biol Chem, 1988,
263(3): 1353-1357.

Haworth RA, Potter KT, Russell DC. Role of arachidonic
acid, lipoxygenase, and mitochondrial depolarization in
reperfusion arrhythmias[J]. Am J Physiol Heart Circ
Physiol, 2010, 299(1): H165-H174.

Cadenas S. ROS and redox signaling in myocardial
ischemia-reperfusion injury and cardioprotection[J]. Free
Radic Biol Med, 2018, 117: 76-89.

Li Q, Jia Y. Ferroptosis: a critical player and potential
therapeutic target in traumatic brain injury and spinal cord
injury[J]. Neural Regen Res, 2023, 18(3): 506-512.

Maslov LN, Popov SV, Mukhomedzyanov AV, et al.
Reperfusion cardiac injury: receptors and the signaling
mechanisms[J]. Curr Cardiol Rev, 2022, 18(5): 63-79.
Rizo-Téllez SA, Sekheri M, Filep JG. Myeloperoxidase:
regulation of neutrophil function and target for therapy[J].
Antioxidants (Basel), 2022, 11(11): 2302.
Men'shchikova EB, Lankin VZ, Zenkov NK,
Oxidative stress: Pro-oxidants and antioxidants|[M].
Moscow: Slovo Publishing House, 2006: 556.

De Pascali F, Hemann C, Samons K, et al. Hypoxia and

et al.

reoxygenation induce endothelial nitric oxide synthase
uncoupling in endothelial cells through tetrahydrobiopterin
depletion and S-glutathionylation[J]. Biochemistry, 2014,
53(22): 3679-3688.

Maurel A, Hernandez C, Kunduzova O, et al. Age-
dependent increase in hydrogen peroxide production by
cardiac monoamine oxidase A in rats[J]. Am J Physiol Heart
Circ Physiol, 2003, 284(4): H1460-H1467.

Yan SM, Resta TC,
mechanisms  in

Jernigan NL. Vasoconstrictor
chronic  hypoxia-induced pulmonary
hypertension: role of oxidant signaling[J]. Antioxidants
(Basel), 2020, 9(10): 999.

Bianchi P, Kunduzova O, Masini E, et al. Oxidative stress
by monoamine oxidase mediates receptor-independent
cardiomyocyte apoptosis by serotonin and postischemic
myocardial  injury[J].  Circulation, 2005, 112(21):
3297-3305.

Kaludercic N, Mialet-Perez J, Paolocci N, et al. Monoamine


https://europepmc.org/article/MED/3712957
http://doi.org/10.1152/physrev.00009.2003
http://doi.org/10.1152/physrev.00009.2003
http://doi.org/10.2174/1573403X14666180702152436
http://doi.org/10.1161/CIRCRESAHA.111.255216
http://doi.org/10.1016/j.tcm.2014.03.003
http://doi.org/10.1016/j.tcm.2014.03.003
http://doi.org/10.1002/cphy.c150006
http://doi.org/10.1016/j.redox.2015.08.020
http://doi.org/10.1172/JCI113264
http://doi.org/10.1016/S0021-9258(19)57309-4
http://doi.org/10.1152/ajpheart.00906.2009
http://doi.org/10.1152/ajpheart.00906.2009
http://doi.org/10.1016/j.freeradbiomed.2018.01.024
http://doi.org/10.1016/j.freeradbiomed.2018.01.024
http://doi.org/10.4103/1673-5374.350187
http://doi.org/10.2174/1573403X18666220413121730
http://doi.org/10.3390/antiox11112302
http://doi.org/10.1021/bi500076r
http://doi.org/10.1152/ajpheart.00700.2002
http://doi.org/10.1152/ajpheart.00700.2002
http://doi.org/10.3390/antiox9100999
http://doi.org/10.3390/antiox9100999
http://doi.org/10.1161/CIRCULATIONAHA.104.528133

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[36]

[37]

Do reactive oxygen species damage or protect the heart?

oxidases as sources of oxidants in the heart[J]. J Mol Cell
Cardiol, 2014, 73: 34-42.

Knaus UG. Oxidants in physiological processes[M]//
Schmidt HHHW, Ghezzi P, Cuadrado A. Reactive Oxygen
Species. Cham: Springer, 2021: 27-47.

Guarnieri C, Flamigni F, Caldarera CM. Role of oxygen in
the cellular damage induced by re-oxygenation of hypoxic
heart[J]. J Mol Cell Cardiol, 1980, 12(8): 797-808.

Myers CL, Weiss SJ, Kirsh MM, et al. Involvement of
hydrogen peroxide and hydroxyl radical in the 'oxygen
paradox": reduction of creatine kinase release by catalase,
allopurinol or deferoxamine, but not by superoxide
dismutase[J]. J Mol Cell Cardiol, 1985, 17(7): 675-684.
Downey JM, Miura T, Eddy LJ, et al. Xanthine oxidase is
not a source of free radicals in the ischemic rabbit heart[J]. J
Mol Cell Cardiol, 1987, 19(11): 1053-1060.

Chambers DE, Parks DA, Patterson G, et al. Xanthine
oxidase as a source of free radical damage in myocardial
ischemia[J]. J Mol Cell Cardiol, 1985, 17(2): 145-152.
Garlick PB, Davies MJ, Hearse DJ, et al. Direct detection of
free radicals in the reperfused rat heart using electron spin
resonance spectroscopy[J]. Circ Res, 1987, 61(5): 757-760.
Bolli R, Patel BS, Jeroudi MO, et al. Demonstration of free
radical generation in "stunned" myocardium of intact dogs
with the use of the spin trap alpha-phenyl N-tert-butyl
nitrone[J]. J Clin Invest, 1988, 82(2): 476-485.

Zweier JL, Flaherty JT, Weisfeldt ML. Direct measurement
of free radical generation following reperfusion of ischemic
myocardium[J]. Proc Natl Acad Sci U S A, 1987, 84(5):
1404-1407.

Bolli R, Patel BS, Jeroudi MO. Iron-mediated radical
reactions upon reperfusion contribute
Am J Physiol, 1990,

to myocardial
"stunning"[J]. 2596 Pt 2):
H1901-H1911.

Shuter SL, Davies MJ, Garlick PB. Studies on the effects of
antioxidants and inhibitors of radical generation on free
radical production in the reperfused rat heart using electron
spin resonance spectroscopy[J]. Free Radic Res Commun,
1990, 9(3—6): 223-232.

Zweier JL, Kuppusamy P, Williams R, et al. Measurement
and characterization of postischemic free radical generation
in the isolated perfused heart[J]. J Biol Chem, 1989,
264(32): 18890-18895.

Das DK, Cordis GA, Rao PS, et al. High-performance liquid
chromatographic detection of hydroxylated benzoic acids as
an indirect measure of hydroxyl radical in heart: its possible
link with the myocardial reperusion injury[J]. J Chromatogr
A, 1991, 536: 273-282.

Sekili S, McCay PB, Li X, et al. Direct evidence that the
hydroxyl radical plays a pathogenetic role in myocardial
"stunning" in the conscious dog and demonstration that
stunning can be markedly attenuated without subsequent
adverse effects[J]. Circ Res, 1993, 73(4): 705-723.

Zhai X, Ashraf M. Direct detection and quantification of
singlet oxygen during ischemia and reperfusion in rat
hearts[J]. Am J Physiol, 1995, 269(Pt 2): H1229-H1236.
Angelos MG, Kutala VK, Torres CA, et al. Hypoxic
reperfusion of the ischemic heart and oxygen radical

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

1

[52]

[53]

265

generation[J]. Am J Physiol Heart Circ Physiol, 2006,
290(1): H341-H347.

Arroyo CM, Carmichael AJ, Bouscarel B. Endothelial cells
as a source of oxygen-free radicals. An ESR study[J]. Free
Radic Res Commun, 1990, 9(3—6): 287-296.

Zweier JL, Broderick R, Kuppusamy P, et al. Determination
of the mechanism of free radical generation in human aortic
endothelial cells exposed to anoxia and reoxygenation[J]. J
Biol Chem, 1994, 269(39): 24156-24162.

Yaghi MM, Watts JA. Effects of nisoldipine upon
endothelial
peroxidative injury in the perfused rat heart[J]. Cardiovasc
Res, 1993, 27(6): 990-996.

Borchi E, Parri M, Papucci L, et al. Role of NADPH
oxidase in H9c2 cardiac muscle cells exposed to simulated
ischaemia-reperfusion[J]. J Cell Mol Med, 2009, 13(8B):
2724-2735.

Braunersreuther V, Montecucco F, Ashri M, et al. Role of
NADPH oxidase isoforms NOX1, NOX2 and NOX4 in
myocardial ischemia/reperfusion injury[J]. J Mol Cell
Cardiol, 2013, 64: 99-107.

Wang J, Zhou H. Mitochondrial quality control mechanisms

dysfunction  following ischaemic  and

as molecular targets in cardiac ischemia-reperfusion
injury[J]. Acta Pharm Sin B, 2020, 10(10): 1866—-1879.

Chang X, Lochner A, Wang HH,
microvascular injury in myocardial infarction: perception

et al. Coronary

and knowledge for mitochondrial
Theranostics, 2021, 11(14): 6766—6785.
Chang X, Toan S, Li R, Zhou H. Therapeutic strategies in

quality control[J].

ischemic cardiomyopathy: focus on mitochondrial quality
surveillance[J]. EBioMedicine, 2022, 84: 104260.

Sun D, Wang J, Toan S, et al. Molecular mechanisms of
coronary microvascular endothelial dysfunction in diabetes
mellitus: focus on mitochondrial quality surveillance[J].
Angiogenesis, 2022, 25(3): 307-329.

Romson JL, Hook BG, Kunkel SL, et al. Reduction of the
extent of ischemic myocardial injury by neutrophil depletion
in the dog[J]. Circulation, 1983, 67(5): 1016-1023.

Rowe GT, Eaton LR, Hess ML. Neutrophil-derived, oxygen
free radical-mediated cardiovascular dysfunction[J]. J Mol
Cell Cardiol, 1984, 16(11): 1075-1079.

Serrano CV Jr, Mikhail EA, Wang P, et al. Superoxide and
hydrogen peroxide induce CD18-mediated adhesion in the
postischemic  heart[J]. Acta, 1996,
1316(3): 191-202.

Guarnieri C, Ferrari R, Visioli O, et al. Effect of a-
tocopherol on hypoxic-perfused and reoxygenated rabbit
heart muscle[J]. J Mol Cell Cardiol, 1978, 10(10): 893-906.
Gauduel Y, Duvelleroy MA. Role of oxygen radicals in

Biochim  Biophys

cardiac injury due to reoxygenation[J]. J Mol Cell Cardiol,
1984, 16(5): 459-470.

Werns SW, Shea MJ, Driscoll EM, et al. The independent
effects of oxygen radical scavengers on canine infarct size.
Reduction by superoxide dismutase but not catalase[J]. Circ
Res, 1985, 56(6): 895-898.

Akizuki S, Yoshida S, Chambers DE, et al. Infarct size
limitation by the xanthine oxidase inhibitor, allopurinol, in
closed-chest dogs with small infarcts[J]. Cardiovasc Res,


http://doi.org/10.1016/j.yjmcc.2013.12.032
http://doi.org/10.1016/j.yjmcc.2013.12.032
http://doi.org/10.1016/0022-2828(80)90081-4
http://doi.org/10.1016/s0022-2828(85)80067-5
http://doi.org/10.1016/s0022-2828(87)80350-4
http://doi.org/10.1016/s0022-2828(87)80350-4
http://doi.org/10.1016/s0022-2828(85)80017-1
http://doi.org/10.1161/01.res.61.5.757
http://doi.org/10.1172/JCI113621
http://doi.org/10.1073/pnas.84.5.1404
http://doi.org/10.1152/ajpheart.1990.259.6.H1901
http://doi.org/10.3109/10715769009145680
http://doi.org/10.1016/S0021-9258(19)47240-2
http://doi.org/10.1016/s0021-9673(01)89260-8
http://doi.org/10.1016/s0021-9673(01)89260-8
http://doi.org/10.1161/01.res.73.4.705
http://doi.org/10.1152/ajpheart.1995.269.4.H1229
http://doi.org/10.1152/ajpheart.00223.2005
http://doi.org/10.3109/10715769009145687
http://doi.org/10.3109/10715769009145687
http://doi.org/10.1016/S0021-9258(19)51062-6
http://doi.org/10.1016/S0021-9258(19)51062-6
http://doi.org/10.1093/cvr/27.6.990
http://doi.org/10.1093/cvr/27.6.990
http://doi.org/10.1111/j.1582-4934.2008.00485.x
http://doi.org/10.1016/j.yjmcc.2013.09.007
http://doi.org/10.1016/j.yjmcc.2013.09.007
http://doi.org/10.1016/j.apsb.2020.03.004
http://doi.org/10.7150/thno.60143
http://doi.org/10.1016/j.ebiom.2022.104260
http://doi.org/10.1007/s10456-022-09835-8
http://doi.org/10.1161/01.cir.67.5.1016
http://doi.org/10.1016/s0022-2828(84)80020-6
http://doi.org/10.1016/s0022-2828(84)80020-6
http://doi.org/10.1016/0925-4439(96)00025-7
http://doi.org/10.1016/0022-2828(78)90336-x
http://doi.org/10.1016/s0022-2828(84)80617-3
http://doi.org/10.1161/01.res.56.6.895
http://doi.org/10.1161/01.res.56.6.895
http://doi.org/10.1093/cvr/19.11.686

266

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Maslov LN et al. J Biomed Res, 2023, 37(4)

1985, 19(11): 686—692.

Werns SW, Shea MJ, Mitsos SE, et al. Reduction of the size
of infarction by allopurinol in the ischemic-reperfused
canine heart[J]. Circulation, 1986, 73(3): 518-524.
Przyklenk K, Kloner RA. Superoxide dismutase plus
catalase improve contractile function in the canine model of
the "stunned myocardium"[J]. Circ Res, 1986, 58(1):
148-156.

Ambrosio G, Becker LC, Hutchins GM, et al. Reduction in
experimental infarct size by recombinant human superoxide
dismutase: insights into the pathophysiology of reperfusion
injury[J]. Circulation, 1986, 74(6): 1424-1433.

Néslund U, Haggmark S, Johansson G, et al. Superoxide
dismutase and catalase reduce infarct size in a porcine
myocardial occlusion-reperfusion model[J]. J Mol Cell
Cardiol, 1986, 18(10): 1077-1084.

M, Bolli R, Lekich RF, N-2-
mercaptopropionylglycine improves recovery of myocardial

Lee Myers et al
function after reversible regional ischemia[J]. J Am Coll
Cardiol, 1986, 8(5): 1161-1168.

Bolli R, Zhu W, Hartley CJ, et al. Attenuation of
dysfunction in the postischemic 'stunned' myocardium by
dimethylthiourea[J]. Circulation, 1987, 76(2): 458—-468.
Charlat MI, O'Neill PG, Egan JM. Evidence for a
pathogenetic role of xanthine oxidase in the "stunned"
myocardium[J]. Am J Physiol Heart Circ Physiol, 1987,
253(3 Pt 2): H566-H577.

Farber NE, Vercellotti GM, Jacob HS, et al. Evidence for a
role of iron-catalyzed oxidants in functional and metabolic
stunning in the canine heart[J]. Circ Res, 1988, 63(2):
351-360.

Tamura Y, Chi LG, Driscoll EM Jr, et al. Superoxide
dismutase conjugated to polyethylene glycol provides
sustained protection against myocardial ischemia/reperfu-
sion injury in canine heart[J]. Circ Res, 1988, 63(5):
944-959.

Chi LG, Tamura Y, Hoff PT, et al. Effect of superoxide
dismutase on myocardial infarct size in the canine heart after
6 hours of regional ischemia and reperfusion: a
demonstration of myocardial salvage[J]. Circ Res, 1989,
64(4): 665-675.

Bolli R, Jeroudi MO, Patel BS, et al. Marked reduction of
free radical generation and contractile dysfunction by
antioxidant therapy begun at the time of reperfusion.
Evidence that myocardial "stunning" is a manifestation of
reperfusion injury[J]. Circ Res, 1989, 65(3): 607-622.
McDonald MC, Zacharowski K, Bowes J. Tempol reduces
infarct size in rodent models of regional myocardial
ischemia and reperfusion[J]. Free Radic Biol Med, 1999,
27(5-6): 493-503.

Pmar N, Kaplan M, Ozgiir T, et al. Ameliorating effects of
tempol on methotrexate-induced liver injury in rats[J].
Biomed Pharmacother, 2018, 102: 758-764.

Wang C, Zhu L, Yuan W, et al. Diabetes aggravates
myocardial ischaemia reperfusion injury via activating
Nox2-related programmed cell death in an AMPK-
dependent manner[J]. J Cell Mol Med, 2020, 24(12):
6670-6679.

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

Liu J, Hou J, Xia Z, et al. Recombinant PTD-Cu/Zn SOD
attenuates hypoxia-reoxygenation injury in
cardiomyocytes[J]. Free Radic Res, 2013, 47(5): 386-393.
Toufektsian MC, Tanguy S, Jeunet A, et al. Role of reactive
oxygen species in cardiac preconditioning: study with
photoactivated Rose Bengal in isolated rat hearts[J]. Free
Radic Res, 2000, 33(4): 393-405.

Muthukumar K, Rajakumar S, Sarkar MN, et al. Glutathione
peroxidase3 of Saccharomyces cerevisiae protects
phospholipids during cadmium-induced oxidative stress[J].
Antonie van Leeuwenhoek, 2011, 99(4): 761-771.

Yoshida T, Watanabe M, Engelman DT, et al. Transgenic
mice overexpressing glutathione peroxidase are resistant to
myocardial ischemia reperfusion injury[J]. J Mol Cell
Cardiol, 1996, 28(8): 1759-1767.

Chen EP, Bittner HB, Davis RD, et al. Physiologic effects of
extracellular superoxide dismutase transgene overexpression
on myocardial function after ischemia and reperfusion
injury[J]. J Thorac 1998, 115(2):
450-459.

Yoshida T, Maulik N, Engelman RM, et al. Targeted

disruption of the mouse Sod I gene makes the hearts

Cardiovasc  Surg,

vulnerable to ischemic reperfusion injury[J]. Circ Res, 2000,
86(3): 264-269.

Yu Q, Lee CF, Wang W, et al. Elimination of NADPH
oxidase activity promotes reductive stress and sensitizes the
heart to ischemic injury[J]. J Am Heart Assoc, 2014, 3(1):
€000555.

Asimakis GK, Lick S, Patterson C. Postischemic recovery
of contractile function is impaired in SOD2*- but not
SOD1+- 2002, 105(8):
981-986.

Drummond GR, Cai H, Davis ME, et al. Transcriptional and

mouse hearts[J]. Circulation,

posttranscriptional regulation of endothelial nitric oxide
synthase expression by hydrogen peroxide[J]. Circ Res,
2000, 86(3): 347-354.

Chen JX, Zeng H, Tuo QH, et al. NADPH oxidase
Akt, ERKI1/2
angiogenesis after hypoxia-reoxygenation[J]. Am J Physiol
Heart Circ Physiol, 2007, 292(4): H1664-H1674.
Breton-Romero R, Lamas S. Hydrogen peroxide signaling
Redox Biol, 2014, 2:

modulates myocardial activation, and

in vascular endothelial cells[J].
529-534.

Thirunavukkarasu M, Adluri RS, Juhasz B, et al. Novel role
of NADPH oxidase in ischemic myocardium: a study with
Nox2 knockout mice[J]. Funct Integr Genomics, 2012,
12(3): 501-514.

Zingg JM. Vitamin E: regulatory role on
transduction[J]. [UBMB Life, 2019, 71(4): 456-478.
Tsutsumi YM, Yokoyama T, Horikawa Y, et al. Reactive

signal

oxygen species trigger ischemic and pharmacological
postconditioning: in vivo and in vitro characterization[J].
Life Sci, 2007, 81(15): 1223-1227.

Bell RM, Cave AC, Johar S, et al. Pivotal role of NOX-2-
containing NADPH oxidase in early ischemic
preconditioning[J]. FASEB J, 2005, 19(14): 2037-2039.
Matsushima S, Kuroda J, Ago T, et al. Broad suppression of
NADPH oxidase activity exacerbates ischemia/reperfusion


http://doi.org/10.1161/01.cir.73.3.518
http://doi.org/10.1161/01.res.58.1.148
http://doi.org/10.1161/01.cir.74.6.1424
http://doi.org/10.1016/s0022-2828(86)80294-2
http://doi.org/10.1016/s0022-2828(86)80294-2
http://doi.org/10.1016/s0735-1097(86)80396-5
http://doi.org/10.1016/s0735-1097(86)80396-5
http://doi.org/10.1161/01.cir.76.2.458
http://doi.org/10.1152/ajpheart.1987.252.3.H566
http://doi.org/10.1161/01.res.63.2.351
http://doi.org/10.1161/01.res.63.5.944
http://doi.org/10.1161/01.res.64.4.665
http://doi.org/10.1161/01.res.65.3.607
http://doi.org/10.1016/s0891-5849(99)00100-8
http://doi.org/10.1016/j.biopha.2018.03.147
http://doi.org/10.1111/jcmm.15318
http://doi.org/10.3109/10715762.2013.780286
http://doi.org/10.1080/10715760000300931
http://doi.org/10.1080/10715760000300931
http://doi.org/10.1007/s10482-011-9550-9
http://doi.org/10.1006/jmcc.1996.0165
http://doi.org/10.1006/jmcc.1996.0165
http://doi.org/10.1016/s0022-5223(98)70289-2
http://doi.org/10.1161/01.res.86.3.264
http://doi.org/10.1161/JAHA.113.000555
http://doi.org/10.1161/hc0802.104502
http://doi.org/10.1161/01.res.86.3.347
http://doi.org/10.1152/ajpheart.01138.2006
http://doi.org/10.1152/ajpheart.01138.2006
http://doi.org/10.1016/j.redox.2014.02.005
http://doi.org/10.1007/s10142-011-0256-x
http://doi.org/10.1002/iub.1986
http://doi.org/10.1016/j.lfs.2007.08.031
http://doi.org/10.1096/fj.04-2774fje

[84]

[85]

(86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

Do reactive oxygen species damage or protect the heart?

injury through inadvertent downregulation of hypoxia-
inducible factor-la and upregulation of peroxisome
proliferator-activated receptor-a[J]. Circ Res, 2013, 112(8):
1135-1149.

Jiang S, Streeter J, Schickling BM, et al. Nox] NADPH
oxidase is necessary for late but not early myocardial
ischaemic preconditioning[J]. Cardiovasc Res, 2014,
102(1): 79-87.

Sementsov AS, Naryzhnaya NV, Sirotina MA, et al. The
role of reactive oxygen species in the infarct-limiting effect
of hypoxic preconditioning[J]. Region Blood Circ Microcirc
(in Russian), 2021, 20(2): 87-91.

Gallagher KP, Buda AJ, Pace D, et al. Failure of superoxide
dismutase and catalase to alter size of infarction in
conscious dogs after 3 hours of occlusion followed by
reperfusion[J]. Circulation, 1986, 73(5): 1065-1076.
Uraizee A, Reimer KA, Murry CE, et al. Failure of
superoxide dismutase to limit size of myocardial infarction
after 40 minutes of ischemia and 4 days of reperfusion in
dogs[J]. Circulation, 1987, 75(6): 1237-1248.

Vander Heide RS, Sobotka PA, Ganote CE. Effects of the
free radical scavenger DMTU and mannitol on the oxygen
paradox in perfused rat hearts[J]. J Mol Cell Cardiol, 1987,
19(6): 615-625.

Lasukova TV, Uskina EV, Afanas'iev SA, et al. Effects of
emoxipine and histochrome on lipid peroxidation and
activity of serum MB-creatine phosphokinase in patients
with ischemic heart disease during aortocoronary
shunting[J]. Eksp Klin Farmakol (in Russian), 1997, 60(5):
51-53.

Chernyavsky AM, Maslov LN, Ponomarenko I, et al.
Cardioprotective effect of emoxipine in reconstructive
coronary artery surgery[J]. Kardiologiia (in Russian), 1996,
36(8): 35-38.

Zakirova AN, Ivanova MV, Golubiatnikov VB, et al.
Pharmacokinetics and clinical efficacy of histochrome in
patients with acute myocardial infarction[J]. Eksp Klin
Farmakol (in Russian), 1997, 60(6): 21-24.

Sochman J, Vrbska J, Musilova B, et al. Infarct size
limitation: acute n-acetylcysteine defense (ISLAND trial):
preliminary analysis and report after the first 30 patients[J].
Clin Cardiol, 1996, 19(2): 94-100.

Yesilbursa D, Serdar A, Senturk T, et al. Effect of N-
acetylcysteine on oxidative stress and ventricular function in
patients with myocardial infarction[J]. Heart Vessels, 2006,
21(1): 33-37.

Pasupathy S, Tavella R, Grover S, et al. Early use of N-
acetylcysteine with nitrate therapy in patients undergoing
ST-
segment-elevation myocardial infarction reduces myocardial
infarct size (the NACIAM trial[N-acetylcysteine in acute
infarction])[J]. 2017, 136(10):

primary percutaneous coronary intervention for

myocardial Circulation,

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

267

894-903.

Nozari Y, Eshraghi A, Talasaz AH, et al. Protection from
reperfusion injury with intracoronary N-acetylcysteine in
patients with STEMI undergoing primary percutaneous
coronary intervention in a cardiac tertiary center[J]. Am J
Cardiovasc Drugs, 2018, 18(3): 213-221.

Shafiei E, Bahtoei M, Raj P, et al. Effects of N-acetyl
cysteine and melatonin on early reperfusion injury in
patients undergoing coronary artery bypass grafting: a
randomized, open-labeled, placebo-controlled trial[J].
Medicine (Baltimore), 2018, 97(30): e11383.

Tsujita K, Shimomura H, Kaikita K, et al. Long-term
efficacy of edaravone in patients with acute myocardial
infarction[J]. Circ J, 2006, 70(7): 832-837.

Chan W, Taylor AJ, Ellims AH, et al. Effect of iron
chelation on myocardial infarct size and oxidative stress in
ST-elevation-myocardial infarction[J]. Circ Cardiovasc
Interv, 2012, 5(2): 270-278.

Coghlan JG, Flitter WD, Clutton SM, et al. Allopurinol
pretreatment improves postoperative recovery and reduces
lipid peroxidation in patients undergoing coronary artery
bypass grafting[J]. J Thorac Cardiovasc Surg, 1994, 107(1):
248-256.

Movahed A, Nair KG, Ashavaid TF, et al. Free radical
generation and the role of allopurinol as a cardioprotective
agent during coronary artery bypass grafting surgery[J]. Can
J Cardiol, 1996, 12(2): 138—144.

Separham A, Ghaffari S, Najafi H, et al. The impact of
allopurinol on patients with acute ST elevation myocardial
infarction undergoing thrombolytic therapy[J]. J Cardiovasc
Pharmacol, 2016, 68(4): 265-268.

Augustin AJ, Loeffler KU, Sekundo W, et al. Effects of
systemically applied allopurinol and prednisolone on
experimental autoimmune uveitis[J]. Graefes Arch Clin Exp
Ophthalmol, 1999, 237(6): 508-512.

Downey JM. Free radicals and their involvement during
long-term myocardial ischemia and reperfusion[J]. Annu
Rev Physiol, 1990, 52: 487-504.

Tang XL, Takano H, Rizvi A, et al. Oxidant species trigger
late preconditioning against myocardial stunning in
conscious rabbits[J]. Am J Physiol Heart Circ Physiol,
2002, 282(1): H281-H291.

Selye H. The story of the adaptation syndrome[M].
Montreal: Acta Medical Publishers, 1952: 255.

Sharikabad MN, @stbye KM, Brers O. Effect of hydrogen
peroxide on reoxygenation-induced Ca?* accumulation in rat
cardiomyocytes[J]. Free Radic Biol Med, 2004, 37(4):
531-538.

Zhang H, McPherson BC, Liu H, et al. H202 opens
mitochondrial KATP channels and inhibits GABA receptors
via protein kinase C-g in cardiomyocytes[J]. Am J Physiol
Heart Circ Physiol, 2002, 282(4): H1395-H1403.


http://doi.org/10.1161/CIRCRESAHA.111.300171
http://doi.org/10.1093/cvr/cvu027
http://doi.org/10.24884/1682-6655-2021-20-2-87-91
http://doi.org/10.24884/1682-6655-2021-20-2-87-91
http://doi.org/10.1161/01.cir.73.5.1065
http://doi.org/10.1161/01.cir.75.6.1237
http://doi.org/10.1016/s0022-2828(87)80367-x
https://europepmc.org/article/MED/9483407
https://pubmed.ncbi.nlm.nih.gov/9460591/
https://pubmed.ncbi.nlm.nih.gov/9460591/
http://doi.org/10.1002/clc.4960190205
http://doi.org/10.1007/s00380-005-0854-4
http://doi.org/10.1161/CIRCULATIONAHA.117.027575
http://doi.org/10.1007/s40256-017-0258-8
http://doi.org/10.1007/s40256-017-0258-8
http://doi.org/10.1097/MD.0000000000011383
http://doi.org/10.1253/circj.70.832
http://doi.org/10.1161/CIRCINTERVENTIONS.111.966226
http://doi.org/10.1161/CIRCINTERVENTIONS.111.966226
http://doi.org/10.1016/S0022-5223(94)70478-3
https://pubmed.ncbi.nlm.nih.gov/8605635/
https://pubmed.ncbi.nlm.nih.gov/8605635/
http://doi.org/10.1097/FJC.0000000000000409
http://doi.org/10.1097/FJC.0000000000000409
http://doi.org/10.1007/s004170050270
http://doi.org/10.1007/s004170050270
http://doi.org/10.1146/annurev.ph.52.030190.002415
http://doi.org/10.1146/annurev.ph.52.030190.002415
http://doi.org/10.1152/ajpheart.2002.282.1.H281
http://doi.org/10.1016/j.freeradbiomed.2004.05.002
http://doi.org/10.1152/ajpheart.00683.2001
http://doi.org/10.1152/ajpheart.00683.2001

	Introduction
	Types of ROS and their external and myocardial origins
	Types of ROS
	Extracellular sources of ROS
	Intracellular sources of ROS

	Cardiac ROS production during myocardial ischemia/reperfusion
	Are ROS responsible for myocardial ischemia/reperfusion injury?
	Can ROS be beneficial during myocardial ischemia/reperfusion?
	Are antioxidants cardioprotective?
	Update on the use of antioxidants in clinical cardiological practice
	Conclusions
	Fundings
	Acknowledgments
	References

