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Abstract: Stroke and acute myocardial infarction are leading causes of mortality worldwide. The
latter accounts for approximately 9 million deaths annually. In turn, ischemic stroke is a significant
contributor to adult physical disability globally. While reperfusion is crucial for tissue recovery, it
can paradoxically exacerbate damage through oxidative stress (OS), inflammation, and cell death.
Therefore, it is imperative to explore diverse approaches aimed at minimizing ischemia/reperfusion
injury to enhance clinical outcomes. OS primarily arises from an excessive generation of reactive
oxygen species (ROS) and/or decreased endogenous antioxidant potential. Natural antioxidant
compounds can counteract the injury mechanisms linked to ROS. While promising preclinical results,
based on monotherapies, account for protective effects against tissue injury by ROS, translating
these models into human applications has yielded controversial evidence. However, since the wide
spectrum of antioxidants having diverse chemical characteristics offers varied biological actions on
cell signaling pathways, multitherapy has emerged as a valuable therapeutic resource. Moreover, the
combination of antioxidants in multitherapy holds significant potential for synergistic effects. This
study was designed with the aim of providing an updated overview of natural antioxidants suitable
for preventing myocardial and cerebral ischemia/reperfusion injuries.

Keywords: oxidative stress; reperfusion injury; antioxidants; ischemic stroke; acute myocardial infarction

1. Introduction

Acute ischemic diseases, such as acute myocardial infarction (AMI) and ischemic
stroke (IS), stand as major causes of death and disability worldwide [1]. Both conditions
result from the occlusion of a vascular structure [2,3]. The acute management for them
is the prompt restoration of blood flow to the tissue [4,5], thereby reducing the time of
hypoperfusion to preserve organ function [6]. Paradoxically, the restoration of blood flow
induces an important additional damage [7,8], which is a phenomenon known as ischemia–
reperfusion injury (IRI). This phenomenon was first described by Jennings et al. [9], in
relation to the myocardium in 1960, and by Ames et al. [10], in relation to the brain, in 1968.
While cardiac ischemia/reperfusion is associated with necrosis, cardiomyocyte apoptosis,
contractile dysfunction, and life-threatening ventricular arrhythmias, cerebral IRI induces
an increase in trans-endothelial permeability and blood–brain barrier (BBB) damage [11].
While essential for restoring aerobic ATP production, the re-entry of oxygenated blood
into ischemic tissue leads to elevated reactive oxygen species (ROS) production. This
effect can induce oxidative modifications in nearly all types of biomolecules within cells,
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ultimately resulting in cell dysfunction. This phenomenon has been labeled the ‘oxygen
paradox’ [12], wherein oxidative stress-mediated injury and ischemia reperfusion damage
play pivotal roles. However, the pathophysiology of IRI involves a complex interplay of
mechanisms, including oxidative stress (OS), endoplasmic reticulum stress, calcium over-
load, inflammatory response, disturbances in energy metabolism, apoptosis, and various
forms of programmed cell death (e.g., necroptosis, autophagy, pyroptosis, patanatos, and
ferroptosis) [1].

IRI also comprises other mechanisms, such as microvascular vasoconstriction, whereas
endothelin in the vascular wall can increase in OS, contributing to the reduction in NO
bioavailability and consequently leading to vascular dysfunction [13]. Also, IRI is char-
acterized by tissue necrosis and leukocyte infiltration, especially neutrophils that are
recruited to the ischemic site following reperfusion and, prior to extravasation, adhere
to the endothelium. Interestingly, protection against IRI has been shown by blocking
neutrophil–endothelial cell adhesion in vivo [14].

Hypoxia-inducible factor-1α (HIF-1α), an oxygen-sensitive transcription factor that
mediates adaptive metabolic responses to hypoxia, is activated in IRI by improving mi-
tochondrial function and decreasing OS, thus accounting for protective cellular mecha-
nisms [15]. HIF-1α activates the transcription of other genes which play an important role
in a cell’s adaptive responses to hypoxia, such as vascular endothelial growth factor (VEGF),
erythropoietin (EPO) and glucose transporter-1. Among them, VEGF is the most important
angiogenetic factor in all steps of angiogenesis [16]. During ischemia reperfusion, VEGF
activity decreases due to the increase in its antagonist soluble fms-like tyrosine kinase-1
(sFlt-1), which is a truncated form of the VEGF receptor fms-like tyrosine kinase-1 (Flt-1)
lacking the transmembrane and cytoplasmic domains. Therefore, increased sFlt-1 results in
a harmful effect on the heart following MI, and it has been positively related to the severity
and mortality of these patients [17].

Also, microRNAs (miRs) have been shown to be involved in the regulation and
pathogenesis of ischemia [18] and IRI in the heart [19] as well as in the central nervous
system [20]. They are tissue-specific [21] and are capable of silencing target genes, and
thus, among other functions, miRs regulate OS by targeting ROS producers, ROS pathways
and antioxidant effectors. Their functionality varies across contexts; some miRs exhibit
pro-oxidant effects, while others concurrently target genes with opposite redox regulatory
functions [22].

The cellular oxidative status is determined by the equilibrium between ROS formation
and the activity of various antioxidant systems [23]. The mechanisms of damage are mainly
mediated by ROS-induced transcription factors such as nuclear factor kappa B (NF-κB) and
activator protein-1 (AP-1). During ischemia followed by reperfusion, ROS mediate NF-κB
activation by phosphorylating the IκB (NF-κB inhibitor proteins family) subunit, thereby
provoking its proteolytic digestion. Then, NF-κB is translocated into the nucleus, leading
to the transcription of genes causing inflammation and apoptosis [24]. Also, ischemia
reperfusion leads to c-Jun N-terminal kinase (JNK) phosphorylation, which is translocated
into the nucleus, inducing the expression of inflammation and apoptosis-related genes and
AP-1 activation. It was reported that AP-1-induced an upregulation of soluble epoxide
hydrolase, which is implicated in IRI [25].

The antioxidant defense system (ADS) is regulated by transcriptions factors, such
as nuclear factor erythroid 2-related factor 2 (Nrf2), which is a critical regulator of the
cellular stress response. It controls cellular defense responses against OS by modulating
the expression of antioxidant enzymes at the transcriptional, post-transcriptional and post-
translational levels [26]. The ADS operates through both enzymatic and non-enzymatic
molecules. Key enzymes include superoxide dismutases (SODs), catalase (CAT), peroxire-
doxins, thioredoxins, glutaredoxins, and glutathione peroxidases (GPXs). Non-enzymatic
molecules can be classified as endogenous, such as reduced glutathione, and exogenous,
including vitamin C, vitamin E, carotenoids, flavonoids, and polyphenols, among oth-
ers [24,27,28]. It is noteworthy that natural antioxidants constitute a diverse group of
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exogenous molecules that can be considered as pharmacological resources due to their
safety, availability, and potential pleiotropic benefits against oxidative challenges.

Plenty of evidence suggests that OS plays a significant role in the pathogenesis of
IRI [6], encompassing AMI and IS. Consequently, the objective of this review is to present
an updated overview of the potential role of natural antioxidant molecules in preventing
OS-induced damage during ischemia followed by reperfusion injury in the heart and brain.
This aim suggests the hypothesis that combining these compounds should improve the
benefits achieved by individual monotherapies.

2. Acute Myocardial Infarction

Myocardial reperfusion injury can result from four recognized forms of damage:
reperfusion-induced arrhythmias, myocardial stunning, microvascular obstruction, and
lethal myocardial reperfusion injury. The latter involves the death of cardiomyocytes
that were viable at the end of the ischemic event and contributes up to 50% of the final
myocardial infarct size [29]. While OS itself can induce injury by damaging macromolecules
such as proteins, lipids, DNA, and enzymes [30], and by activating the NF-κB pathway [31],
it is important to note that OS also enhances other injury mediators. After reperfusion,
the combined impact of restoring physiological pH levels and calcium overload plays an
important role in the opening of the mitochondrial permeability transition pore (mPTP) [32],
which is a critical mechanism in myocardial IRI [33]. ROS further enhances this process
both through direct modifications to the pore and indirectly by exacerbating intracellular
calcium overload due to the damage it can cause in the sarcoplasmic reticulum [29] as well
as in the type 2 ryanodine receptor [34–36].

Early after myocardial reperfusion, there is a burst of ROS generation [37], including
hydrogen peroxide (H2O2), superoxide radical anion (O2•−), hydroxyl radical (•OH),
and peroxynitrite anion (ONOO−) [38]. In contrast, the most important ROS sources are
NADPH oxidases (NOX), uncoupled endothelial nitric oxide synthase (eNOS), xanthine
oxidase (XO) and the mitochondrion [31], the latter because of the oxidation of the ischemic
accumulated succinate [39,40]. The mechanisms involved in IRI are summarized in Figure 1.

Non-coding RNAs also play a relevant role in this disease. During ischemia, miRs
contained within cardiomyocytes are released into bloodstream, leading to cell damage [19].
This is important for considering them as serum biomarkers and predictors for some dis-
eases. For example, in patients who have suffered an acute coronary syndrome, miR-1,
miR-21, miR-29a, miR-30a, miR-34a, miR-146a, miR-150, and miR-208a expression have
been associated with left ventricular remodeling, while the expression levels of miR-150
could serve as a positive predictor [18]. In a recent review, the diagnostic and therapeutic
roles of cardiac miRs were studied [41]. Among the potential therapeutic targets in cardiac
ischemia reperfusion, it was reported that the infarct size can be reduced by the inhibition
of miR-15b [42], whereas an improvement of cardiac function and reduction in remod-
eling have been achieved by targeting miR-92a [43], miR-15b [42] and miR-208a-3p [44].
Also, miR-132 is of particular interest, because it is upregulated in myocardial IRI, and its
inhibition could improve outcomes by inhibiting OS and pyroptosis, targeting sirtuin-1
(SIRT1) [18]. SIRT1 exerts antioxidative effects against myocardial IRI through strength-
ening the Nrf2 pathway [45]. On other hand, circular RNAs (circRNAs) play important
roles in cardiac cell death after myocardial IRI. Ferroptosis-associated circRNA plays an
important role in protecting against ischemia reperfusion-induced dysregulation of the
redox state and excessive iron accumulation in a ferroptosis-dependent manner [46].
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Figure 1. Role of oxidative stress in myocardial damage caused by ischemia followed by reperfusion.
The increase in cytosolic calcium is associated with the activation of XO, which is an enzyme with
pro-oxidant properties. The increase in calcium inside the mitochondria and the increase in pH
during reperfusion lead to the opening of the mPTP, which causes the decrease in the mitochondrial
transmembrane potential linked to ROS generation. These reactive oxygen molecules activate the
transcription factor NF-κB, promoting inflammation and neutrophil migration to the injured region
as well as increasing ROS production by NADPH oxidase. Also, ROS originates from uncoupled
eNOS, oxidizing lipids, proteins, and DNA, triggering cell death. In addition, apoptosis is induced
by the release of cytochrome c via mPTP, whereas ferroptosis is inducted by reduced GSH and GPX4
activity, leading to the accumulation of lipid peroxidation products. Furthermore, miR-132 directly
targets SIRT1 and negatively regulates its expression, leading to a decrease in Nrf2 transcription,
which in turn results in diminished antioxidant capacity; Ca2+: calcium; DNA: deoxy-ribonucleic acid;
NF-κB: nuclear factor kappa B; eNOS: endothelial nitric oxide synthase; O2•−: superoxide anion;
NOX: NADPH oxidases; TNFα: tumor necrosis factor-alpha; IL-6: interleukin 6; IL-1: interleukin 1;
miR-132: microRNA-132; SIRT1: sirtuin 1; Nrf2: nuclear factor erythroid 2-related factor 2.

3. Cardiac Arrest

Cardiac arrest (CA) causes an interruption of blood flow to all tissues, resulting in a
dysfunction of oxygen and metabolite availability. When blood flow and oxygen supply are
resumed during resuscitative efforts, the process of reperfusion injury is initiated, which is
characterized by the generation of ROS capable of causing direct tissue damage. Plasma
plays a critical role by acting as a reservoir and transport medium for both oxygen and
metabolites essential for survival as well as for ROS generation. A study examined the
imbalance between prooxidant and antioxidant substances in plasma during the initial
phase after resuscitation from CA. This imbalance leads to a predominance of prooxidants
and is associated with increased levels of OS-induced end products, which the body’s
antioxidant system cannot directly neutralize. Thus, circulating plasma plays a key role
in the generation of OS after CA and underscores the need for early and substantial
intervention to obtain positive results in its treatment [47]. Furthermore, a study conducted
in 152 patients of out-of-hospital cardiopulmonary arrest showed that OS, indicated by
biological antioxidant potential on admission, was strongly correlated with the neurological
outcome after CA [48].

Some management alternatives have been proposed, such as hypothermia, which has
been shown to attenuate the neurological deficits and hippocampal morphological changes
induced by CA in rats. It has been hypothesized that the protective effect of hypothermia
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after CA may be related to the inhibition of OS and apoptosis, and its underlying mecha-
nisms may be, at least in part, due to the activation of the glycogen synthase kinase 3 beta
(GSK-3β)/Nrf2/heme oxygenase-1 (HO-1) pathway [49]. Similarly, a clinical study that
included 31 patients under controlled normothermia and 11 patients treated with 24 h mild
therapeutic hypothermia evidenced that hypothermia reduces malondialdehyde (MDA)
and protein carbonyl levels, which are both markers of oxidative damage. Concomitantly,
hypothermia increases the activity of antioxidant enzymes SOD, GPX, and glutathione
S-transferase [50]. Thus, evidence shows that OS plays an important role in the outcomes
following CA, and that patients suffering this pathology could benefit from antioxidant
interventions to improve their prognosis.

4. Ischemic Stroke

Some aspects of ROS injury in the brain differ from those occurring in the heart.
This distinction begins with the central nervous system’s particular vulnerability to ROS
damage, which is possibly due to its high oxygen consumption [51] and relatively lower
levels of antioxidant activity compared to the heart [12]. Also, ROS production occurs in
three distinct phases; mitochondrial ROS generation occurs only during the first minutes of
hypoxia, whereas after reperfusion, ROS are generated by XO activity and, mainly, by the
calcium-dependent activation of NOX [52]. Neuronal injury caused by OS triggers microglia
activation, an impairment of the BBB permeability, and the reactivation of peripheral
immune responses [2]. Moreover, OS can cause neuronal death by several mechanisms, like
necroptosis, a caspase-independent cell death mode, and ferroptosis, a form of regulated
necrosis where there is excessive ROS caused by iron-dependent lipid peroxidation [53].

After an episode of ischemia, the brain’s endothelial cells and astrocytes produce a
significant quantity of chemokines and cytokines. These substances then stimulate the
expression of adhesion molecules on the endothelium, which in turn leads to the adhe-
sion of leukocytes and the breakdown of tight junction proteins and the extracellular
matrix within the endothelium. Ischemia followed by reperfusion causes a time-dependent
recruitment and activation of inflammatory cells, including neutrophils, T cells, and mono-
cytes/macrophages. Consequently, inhibiting such inflammatory responses can reduce the
size of the infarction and mitigate neurological impairments. Importantly, the impaired BBB
facilitates both the entry of peripheral inflammatory cells into the brain and the release of
harmful mediators, resulting in sustained barrier damage [54]. miR-98 overexpression in ac-
tivated endothelial cells decreased the secretion of pro-inflammatory factors, the expression
of adhesion molecules, as well as the monocyte adhesion/migration across the BBB [54].
Also, circRNAs are associated with BBB damage: for example, circ-FoxO3 inhibited mech-
anistic target of rapamycin complex 1 (mTORC1) activity mainly by sequestering mTOR
and E2F Transcription Factor 1, thus promoting autophagy to clear cytotoxic aggregates for
improving BBB integrity [55].

From a clinical perspective, it is crucial to acknowledge that early reperfusion is
currently is the sole therapy employed to decrease the infarct size in patients with IS, where
a significant proportion of them fail to achieve fully recovery [56]. This may be attributed in
part to the lethal injury, caused by reperfusion, to neurons in the penumbra [57]. Thus, the
development of new strategies for neuroprotection to improve clinical outcomes appears
urgent [56]. Although many antioxidant agents are being investigated to prevent cerebral
IRI, they are yet not commonly utilized in healthcare services, as their mechanisms of action
and potential clinical consequences have not been precisely clarified [58]. The role of OS in
stroke pathophysiology is summarized in Figure 2.
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5. Natural Antioxidant Bioactive Molecules against Myocardial Infarction and
Ischemic Stroke Injury

Natural antioxidants are present in low concentrations within cells. They reduce free
radicals to provide a protection system against vascular diseases. They have a strong po-
tential to inhibit OS, lipid peroxidation and the oxidation of breakdown products. Natural
antioxidants can function either individually or synergistically to remove free radicals
generated during oxidative metabolism, thus maintaining the redox balance [59]. In the
following sections, the properties and potential roles of certain natural antioxidants that
could serve as therapeutic pharmacological agents in AMI and IS will be presented. The an-
tioxidant protective pathways engaged in counteracting reperfusion injury are summarized
in Table 1 and Figure 3.

Table 1. Examples of natural antioxidants candidates for improving clinical outcomes in patients
undergoing MIRI and/or cerebral IRI.

Antioxidant Family Antioxidant Formula Prevention Proposed Target

Polyphenols

Resveratrol
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5.1. Phenolic Compounds
5.1.1. Polyphenols
Resveratrol

Resveratrol, also known as 3,5,4′-trihydroxy-trans-stilbene, is a phytoalexin produced
in various plants in response to injury caused by pathogens or physical damage. This
compound can scavenge ROS and prevent lipid peroxidation in various OS related diseases.
Foods such as grape skins, blackberries, raspberries, blueberries and peanuts contain
resveratrol, being also one of the main components of red wine [92].

Resveratrol exists in either cis- or trans-resveratrol isoforms, the trans-isomer being
more active as an antioxidant than the diastereomeric mixture [93]. This compound is
also characterized by a good absorption capacity and rapid metabolization in the body,
mainly through the formation of sulfoxide and glucuronide conjugates, which are mainly
eliminated in the urine. In general, resveratrol has been found to be well tolerated, and no
significant toxic effects associated with its consumption have been reported [94].
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Resveratrol has been the subject of numerous preclinical and clinical studies due to
its beneficial effects on various diseases, demonstrating its ability to reduce both OS and
inflammation in different OS-dependent pathologies, both in animal models and in humans.
Regarding the pathologies addressed in this article, resveratrol has been shown to have
neuroprotective effects in both animal models and clinical studies of IS. This happens
through a variety of mechanisms, mainly because of its antioxidant and anti-inflammatory
capacities [95], among other mechanisms, some of them not fully elucidated. Resveratrol
has been shown to promote neurogenesis while reducing neurotoxicity by modulating
glial activity and signaling [96]. In addition, resveratrol may play a neuroprotective
role by maintaining mitochondrial function, promoting neurogenesis and angiogenesis,
thus contributing to maintaining the integrity and health of nerve cells [61]. Moreover,
resveratrol exhibits significant SOD enzyme activation capacity, which has been shown to
have an antioxidant effect in brain IRI [97,98]. Complementarily, resveratrol has also been
shown to downregulate MDA levels in brain IRI [99].

To understand its protective effect in brain IRI, it is relevant to consider the Nrf2
and antioxidant response elements (ARE) signaling pathway. Normally, Nrf2 is found
interacting with Kelch-like ECH-associated protein 1 (Keap1), forming the Keap1–Nrf2
complex, which limits Nrf2-mediated gene expression [100] However, when the Nrf2/ARE
signaling pathway is activated, the Keap1–Nrf2 complex disintegrates, allowing Nrf2
to translocate to the cell nucleus, where it binds to ARE to activate the expression of
antioxidant enzymes such as HO-1 and SOD. These enzymes, in turn, work to attenuate
OS in cells [100].

This is precisely where resveratrol plays an important role, as it has been shown to
ameliorate brain injury caused by OS due to brain ischemia reperfusion by regulating the
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expression of Nrf2 and HO-1. By activating the Nrf2/ARE pathway, resveratrol promotes
intracellular antioxidant defense, reducing levels of OS and providing protection against
brain damage in the context of ischemia reperfusion [101].

There is a variety of preclinical and clinical evidence regarding the beneficial effect
of resveratrol following IS. In a study conducted in rodents, resveratrol demonstrated
a remarkable ability to significantly decrease neurological deficit scores, reduce brain
infarct size, mitigate neuronal injury and myeloperoxidase activity [102]. In the context
of cerebral ischemia, increased expression levels of toll-like receptor 4 (TLR4), NF-κB p65,
cyclooxygenase-2 (COX-2), matrix metalloproteinase-9 (MMP-9), tumor necrosis factor
alpha (TNF-α) and interleukin (IL)-1 beta (IL-1β) were observed, but resveratrol was able
to attenuate the activity of all these factors [102]. Thus, resveratrol exerts a beneficial effect
by reducing inflammation, preserving the integrity of the BBB and protecting against brain
damage in rats subjected to focal cerebral ischemia. Furthermore, these neuroprotective
effects of resveratrol may be linked to its ability to downregulate the TLR4 pathway [102].

Interestingly, a study has highlighted the role of resveratrol preconditioning in pro-
viding a long-term window of tolerance to cerebral ischemia, extending up to 2 weeks
in mice [103]. This preconditioning process has been shown to have a significant impact
on bioenergetic efficiency through its effect on cellular pathways such as enhanced gly-
colysis, mitochondrial respiration efficiency, and increased energy production (increased
tricarboxylic acid cycle) as well as regulated oxidative phosphorylation and pyruvate
uptake [103]. Furthermore, a recent meta-analysis including 54 studies of rodent animal
models of IS showed a significant decrease in infarct volume and improved neurobehav-
ioral score in resveratrol sub-groups with a dosage of 20–50 mg/kg. Thus, resveratrol
treatment presented neuroprotective effects in IS models [104]. Similarly, another recently
published meta-analysis including a total of 41 studies in rats showed that compared to
the control group, resveratrol significantly reduced brain infarct volume and brain water
content after brain IRI, subsequently improving neurological function. In this study, the
level of MDA decreased significantly after resveratrol treatment. The optimal therapeutic
dose according to this study would be 30 mg/kg [61].

In summary, resveratrol shows significant antioxidant action by activating SOD and
downregulating MDA in brain IRI. Furthermore, its ability to regulate the Nrf2/ARE
signaling pathway and increase the expression of antioxidant enzymes such as HO-1 and
SOD translates into a neuroprotective effect that helps mitigate the damage caused by OS
in the brain subjected to ischemia and subsequent reperfusion. These findings highlight the
therapeutic potential of resveratrol in the treatment of OS and ischemia reperfusion-related
brain conditions.

Regarding cardiac protection, resveratrol acts directly and indirectly on molecular
pathways [105]. Decades ago, resveratrol was shown to be able to suppress low-density
lipoprotein (LDL) oxidation in humans [106] as well as to reduce lipid peroxidation [107].
Since then, several studies have expanded the evidence supporting the potential of resvera-
trol to combat cardiovascular diseases, mainly by acting on OS and inflammation.

In relation to its involvement in OS, resveratrol plays a crucial role as a component
of the ADS not only by acting as a free radical scavenger but also by increasing the
activity of antioxidant enzymes and regulating genes related to redox balance, nitric oxide
(NO) availability and mitochondrial functionality [108]. The stimulation of endothelial
NO production is achieved by the upregulation of eNOS expression [109]. In addition,
resveratrol can reduce OS by inhibiting NOX. It also can inhibit vascular inflammation and
prevent platelet aggregation.

Furthermore, several studies have shown that resveratrol exerts certain effects through
modifications in sphingolipids, a category of biological lipids with multiple cellular func-
tions, including apoptosis, cell proliferation, OS, and inflammation. These lipids have
attracted considerable interest as critical emerging determinants in the risk and develop-
ment of cardiometabolic diseases. The resveratrol-mediated modulation of sphingolipid
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metabolism and signaling may represent an essential mechanism by which the compound
exerts its effects, including the maintenance of oxidative balance [110].

Given the importance of resveratrol in cardiovascular protection, a number of both pre-
clinical and clinical studies have been conducted. A recent meta-analysis compiled evidence
from small animal studies on the effect of resveratrol on myocardial ischemia/reperfusion
injury. This study concluded that pretreatment with resveratrol significantly reduced infarct
size after myocardial IRI, regardless of the duration of reperfusion, route of administration,
or temporal regimen of pretreatment [60].

In addition, the effect of resveratrol has been tested in other models of myocardial
injury such as that induced by chronic intermittent hypoxia. In a study in 34 rats, resveratrol
was shown to protect against chronic intermittent hypoxia-induced myocardial injury by
inhibiting OS and endoplasmic reticulum stress by upregulating the expression of antioxi-
dant molecules through Nrf2 [111]. Another study with isolated rat hearts showed that
resveratrol significantly improved the mechanical performance of the heart after myocar-
dial ischemia and reperfusion, along with an improvement in the redox status of the heart,
indicated by lower levels of MDA and an increase in CAT, SOD and GPX activities [112].
In line with these results, resveratrol was shown to protect against isoproterenol-induced
myocardial infarction in rats, showing lower O2•− and MDA production, which was
accompanied by an increase in SOD in resveratrol-treated rats [113].

Quercetin

Quercetin is a flavonoid that is widely found in commonly consumed foods such
as fruit, vegetables, tea, and red wine. It is safe for human consumption, even in high
doses [114,115]. This compound has a number of biological properties, including antioxi-
dant, anti-inflammatory, anti-aggregating and anti-aging [116].

Quercetin has been extensively investigated for its effect on ameliorating OS. This
compound has been found to have the ability to scavenge free radicals [117] and to induce
the expression of the antioxidant enzyme HO-1, which in turn helps to reduce OS caused
by the enzyme NOX [118]. In addition, it has been observed that quercetin can suppress the
expression of NOX2, which is an isoform of the NOX system that plays an important role
in the production of ROS, such as H2O2 [119]. The overproduction of NOX has been shown
to contribute to neurotoxicity and cerebrovascular disease, and it has been implicated as a
major source of ROS in the brain [120]. Another promising effect of quercetin is its ability
to attenuate the expression and activity of XO, which is another relevant enzyme in ROS
production [121]. In addition to its antioxidant effects, quercetin protects against apoptosis
and ROS generation by preserving mitochondrial function and preventing the release of
cytochrome c [122]. It has also been shown to inhibit the function of myeloperoxidase,
which contributes to atherosclerosis by generating hypochlorous acid from H2O2 [123].

Regarding evidence in IS, a recent systematic review and meta-analysis aimed at
evaluating the efficacy and possible mechanisms of quercetin in the treatment of focal
cerebral ischemia showed that compared to the control group, the quercetin-administered
groups exhibited a marked improvement in neurological function score and a significant
effect on reducing infarct volume. In addition, it was shown that quercetin could alleviate
BBB permeability and brain water content [123]. The mechanisms involved in quercetin’s
action against focal cerebral ischemia are diverse and involve antioxidation, anti-apoptosis,
anti-inflammation and a reduction in calcium overload [123].

Another study showed that quercetin administration after IS is able to improve be-
havioral function, possibly through the upregulation of melanocortin-4 receptor in the
brain [124]. Similarly, a study performed in rats subjected to transient middle cerebral artery
occlusion recently showed that quercetin attenuates IRI; the results showed that quercetin
significantly reduced cerebral infarct volume, neurological deficit, BBB permeability and
ROS generation via the SIRT1/Nrf2/HO-1 signaling pathway [125].

One of the limitations of using quercetin in patients undergoing IS is that its effec-
tiveness varies substantially depending on the type of source plant, the dose and the
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chemical properties after processing [126]. In humans, quercetin has low bioavailability,
and it is noteworthy that it poorly crosses the BBB [127]. For this reason, studies have
been conducted that aim to increase the bioavailability of quercetin in the brain, such as
the use of nano-encapsulation and enzymatic modification, among other strategies. Some
of these strategies, such as nanoparticle encapsulation, achieve a 50-fold increase in the
bioavailability of this antioxidant [128].

This compound has also been shown to reverse myocardial remodeling after myocar-
dial ischemia. Studies in animal models have shown that quercetin can reduce ischemic–
reperfusion injury in the heart and improve myocardial function. It has also been shown to
inhibit myocardial fibrosis, increase mitochondrial energy metabolism, reduce inflamma-
tory response and attenuate OS in the heart [129,130].

A double-blind, placebo-controlled, randomized clinical trial showed that quercetin
supplementation (500 mg/day) in post-AMI patients for 8 weeks significantly elevated total
antioxidant capacity and improved the quality of life in post-myocardial infarction patients
with no effect in blood pressure [131].

In conclusion, quercetin shows impressive antioxidant action and offers therapeutic
potential in protecting the heart against OS and ischemia reperfusion. Its multiple biological
properties make it a molecule of great interest for future research and applications in the
field of medicine and cardiovascular health.

Curcumin

Turmeric species, in particular Curcuma longa L., have been extensively studied and
found to possess a wide range of pharmacological properties, including anti-inflammatory,
anti-diabetic, anti-cancer, antiproliferative, antithrombotic, antioxidant, hypotensive, hypoc-
holesterolemic, antirheumatic and antiviral effects, among many others [132,133]. The
active compound in turmeric extract is curcumin, which is a lipophilic polyphenol with
proven safety and good tolerance at high oral doses [134].

Curcumin has demonstrated synergistic therapeutic effects, enhancing the efficacy
of other drugs and compounds, such as antibiotics, anti-inflammatories and polyphenols.
Regarding myocardial IRI, curcumin has been shown to protect white matter after IS
by inhibiting microglia/macrophage pyroptosis through the suppression of NF-κB and
inhibition of the nucleotide-binding domain and leucine-rich repeat containing family
pyrin domain containing 3 (NLRP3) inflammasome, thus reducing injury and improving
functional outcomes in mice [135].

Moreover, a recent study in rats subjected to middle cerebral artery occlusion/reperfusion
evidenced that curcumin pretreatment ameliorated IS injury by protecting BBB integrity and
synaptic remodeling, as well as inhibiting inflammatory responses, which resulted in improved
neurological scores and reduced infarct size, by increasing the protein expression level of tight
junction proteins zonula occludens-1 (ZO-1), occludin and claudin-5 in ischemic rat brains. In
addition, pre-treatment with curcumin before stroke was shown to reduce the phosphorylation
of NF-κB and MMP-9, which are central mediators of inflammation [136].

Furthermore, curcumin has been reported to decrease the expression of light chain 3
phosphatidylethanolamine conjugate (LC3-II) and HIF-1α while increasing P62 levels in an
in vitro model of IRI [137]. LC3-II is a widely used marker to assess autophagy, which is a
cellular process that plays a crucial role in the degradation and recycling of damaged or
unneeded cellular components. On the other hand, HIF-1α is a transcription factor that
is activated under conditions of hypoxia (low oxygen availability) and plays a role in the
cellular response to oxygen deprivation. The reduced expression of LC3-II and HIF-1α,
together with increased P62, results in decreased cell death and apoptosis. This suggests
that curcumin may exert a protective effect by modulating the cellular response to IRI,
regulating autophagy and adaptation to hypoxia [137].

Similarly, a study performed in mice showed that curcumin exerts neuroprotective
effects by mitigating autophagic activities through mediation of the phosphoinositide
3-kinase (PI3K)/protein kinase B (Akt)/mTOR pathway while suppressing an inflam-
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matory reaction by regulating the TLR4/p38/mitogen-activated protein kinase (MAPK)
pathway [138].

Another trial showed that curcumin promotes neuronal survival in vivo and in vitro
by exerting neuroprotective effects against ischemia injury and also inhibiting ischemia-
induced mitochondrial apoptosis by restricting B-cell lymphoma 2 (Bcl)-2-associated X
protein (Bax) activation, which may be one of the possible mechanisms underlying cur-
cumin’s neuroprotective effects [139].

A study performed in rodents showed that tetrahydrocurcumin has neuroprotective
properties by reducing brain edema, infarct size and neuronal leakage after focal cerebral is-
chemia. Tetrahydrocurcumin also shows antioxidant effects by reducing oxidative damage
and enhances cytochrome c homocysteinylation through the activation of MMP-9 [140].

Curcumin also contributes to the protection of the cardiomyocytes through several
mechanisms. It improves cardiac function after IRI by inhibiting extracellular matrix
degradation and collagen synthesis through the transforming growth factor beta (TGFβ)/
mothers against decapentaplegic (Smad) signaling pathway. In addition, curcumin miti-
gates oxidative damage and reduces cardiomyocyte apoptosis through activation of the
janus kinase (JAK) 2/signal transducers and activator of transcription (STAT) 3 pathway,
thereby alleviating myocardial IRI.

Meta-analyses of both animal and clinical studies have demonstrated the positive
effects of curcumin in improving myocardial infarct size, cardiac function and indices of
myocardial injury, oxidation, apoptosis and inflammation in models of IRI [141]. Clinical
studies have shown that curcumin can reduce the incidence of cardiac dysfunction and
in-hospital myocardial infarction, which is probably due to its anti-inflammatory and
antioxidant properties. The optimal dose of curcumin in animal studies appears to be
around 200 mg/kg/day [141].

Curcumin’s antioxidant action is complemented by its ability to act as a natural
chelating agent and induce enzymatic antioxidant response via the Keap1/Nrf2/ARE
pathway [142]. It can also bind directly to pro-inflammatory molecules, such as TNF-α
and COX-1/COX-2, exerting its anti-inflammatory effects. Its interaction with transporter
proteins improves their solubility and bioavailability while it can alter the activity of
enzymatic molecules and the biological properties of other proteins [143].

In conclusion, the pleiotropic effects of curcumin are derived from its ability to trigger
numerous protective mechanisms, making it a promising therapeutic bioactive antioxidant
compound. Although the molecular mechanisms underlying its cardioprotective effects
have yet to be fully elucidated, it is likely that the maintenance of redox balance is crucial
to its therapeutic efficacy. Further research is needed to fully understand its potential in the
treatment of myocardial IRI.

5.1.2. Phenolic Acids

Phenolic acids are compounds that have a carboxylic acid group and are present in
a wide variety of foods of plant origin, such as the skin of fruits, grape seeds, tea, honey,
peach, red wine, and the leaves of vegetables. They are usually found as amides, esters, or
glycosides, and they are rarely in free form [144]. Phenolic acids are mainly divided into
two subgroups: hydroxybenzoic acid and hydroxycinnamic acid [145]. These compounds
are of interest since they possess considerable antioxidant activity.

An in vivo study shows that treatment with Macrotyloma uniflorum seed extract, which
is rich in phenolic acids such as p-coumaric acid and ferulic acid, exerts a significant
cardioprotective effect in rats exposed to isoproterenol, probably due to the potent antioxi-
dant activity of phenolic acids, which protect the myocardium from the harmful effects of
isoproterenol [146].

A study in rodents evidenced that pretreatment with syringic acid, an abundant
phenolic acid widely present in different plants such as grapes, olives, dates and spices,
is able to mitigate myocardial IRI by inhibiting mitochondria-induced apoptosis via the
PI3K/Akt/GSK-3β signaling pathway [147]. Similarly, Melissa officinalis L. extract, rich
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in phenolic acids, has shown the ability to suppress OS in rat hearts, preserving cardiac
architecture and preventing fibrosis [148].

Regarding the effects of phenolic acids on the brain, a study in rats subjected to
cerebral IRI showed that compared with the control group, treatment with total phenolic
acids derived from Sargentodoxa cuneata was able to decrease the neurological deficit score,
as well as ameliorate focal cerebral IRI in rats, by decreasing tissue inflammation and
apoptosis pathways, increasing nutrition factor to protect neurons, activating brain cell
self-protection and improving histopathological changes in hippocampus and cortical areas
of the brain [149].

5.2. Carotenoids

Carotenoids are lipophilic compounds that are found in a wide range of fruits, veg-
etables, and other natural sources. They serve important functions in plants, protecting
chlorophyll and mitochondria, while in animals, they act as potent antioxidants and sup-
port various aspects of health [150,151]. Once consumed, carotenoids are absorbed in the
intestines and transported to various tissues in the body through lipoproteins. One of the
best-known carotenoids is beta-carotene, which is abundant in carrots, sweet potatoes,
and green leafy vegetables. Beta-carotene is a precursor of vitamin A, which is a nutrient
essential for vision, immune function and cell growth [151].

Another important carotenoid is lycopene, which is found mainly in tomatoes and
tomato products. Lycopene is a powerful antioxidant and has been associated with a
reduced risk of various types of cancer and some other diseases [152,153].

In humans, carotenoids play a crucial role as antioxidants, helping to neutralize
harmful free radicals and protecting cells from oxidative damage. The consumption of
carotenoid-rich foods has been associated with various health benefits, including a reduced
risk of chronic diseases, such as cardiovascular disease, certain cancers, and age-related
macular degeneration [152]. In conjunction with their antioxidant function, carotenoids
have also been studied for their potential anti-inflammatory and immunomodulatory
effects [152].

Several studies, whether in vitro, in vivo or clinical, have been conducted to evaluate
the effect of carotenoids in both the prevention and treatment of IS. In 2004, a prospec-
tive case-control study with a 13-year follow-up showed that higher plasma levels of
carotenoids, as markers of fruit and vegetable intake, are inversely related to the risk of
IS [154]. Subsequently, multiple sources of evidence have confirmed these findings: a
2017 systematic review indicated that high dietary intakes of six major carotenoids (beta-
carotene, lycopene, zeaxanthin, lutein, and astaxanthin) were associated with a lower risk
of stroke and other cardiovascular outcomes [155].

Carotenoids present in natural plant products have been shown to provide neuro-
protection through a variety of mechanisms. Some of the main mechanisms by which
carotenoids exert their neuroprotective effect include the following.

1. Inhibition of neuroinflammation: Carotenoids have shown the ability to reduce inflam-
mation in the central nervous system by inhibiting the production of pro-inflammatory
cytokines and inflammatory cell activation.

2. Regulation of microglial activation: Carotenoids can modulate the activity of mi-
croglial cells, which are immune cells in the central nervous system, helping to limit
excessive inflammatory response.

3. Protection against the excitotoxic pathway: Carotenoids may act as neuroprotective
agents by preventing neuronal damage caused by excitotoxicity, which is a process
that occurs when there is excessive overstimulation of glutamate receptors on neurons.

4. Modulation of autophagy: Carotenoids can influence autophagy, which is a cellular
process that plays a crucial role in the removal of damaged cellular components, thus
helping to maintain the integrity of neurons.

5. Reducing oxidative damage: Carotenoids are known for their potent antioxidant
activity, enabling them to neutralize ROS and reduce cell damage caused by OS.
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6. Activation of defensive antioxidant enzymes: Carotenoids can also stimulate the
activity of endogenous antioxidant enzymes in the brain, thereby enhancing the
nervous system’s ability to counteract the effects of OS.

These various mechanisms of action work together to protect and preserve neuronal
health, suggesting that carotenoids could be a promising option for the development of
therapeutic or preventive strategies in neurodegenerative diseases and other neurological
disorders. However, there is controversial evidence regarding the benefits of carotenoid
supplementation [156]. Thus, it is important to note that more research is needed to fully
understand the effects and benefits of carotenoids in neuroprotection and their potential
clinical application.

Regarding cardiac disease, several attempts have been made to evaluate the cardio-
protective potential of antioxidants in natural plant products against myocardial injury
due to reperfusion. In the late 1990s, a large multicenter case-control study was conducted
in 10 European countries to investigate the protective effect of carotenoid and tocopherol
concentrations in adipose tissue in relation to the occurrence of AMI. The results showed
that lycopene remained an independent protective agent with an odds ratio of 0.52 for the
10th and 90th percentile contrast [157].

Thereafter, in vivo studies in rats also confirmed the protective effect of lycopene
against myocardial reperfusion injury. In 2006, it was observed that the oral administration
of lycopene for 30 days after surgically induced myocardial infarction and significantly pre-
vented myocardial damage according to histopathological examinations, suggesting that
beneficial lycopene possibly suppresses OS and thereby reduces myocardial injury [158].
Similarly, in 2012, a study that assessed the effect of lycopene on reperfusion injury follow-
ing isoproterenol-induced myocardial infarction revealed that 30-day pretreatment with
oral lycopene effectively prevented isoproterenol-induced alterations in hemodynamics,
electrocardiogram, apoptotic changes and biochemistry [159].

Furthermore, another study in which the effects of 2-methoxycinnamaldehyde (2-MA)
from Cinnamomum cassia were studied in rats concluded that its administration significantly
decreases OS after surgically-induced myocardial infarction, increasing functional recovery
and reducing myocardial injury by inducting HO-1 and its anti-inflammatory effects [160].

In 2016, an evaluation of intravenous lycopene use in surgically induced myocardial
infarction was conducted, finding that lycopene supplementation by intravenous injection
significantly reduced myocardial infarction during in vivo reperfusion in rodents as well
as significantly inhibited fatty acid oxidation and the activation of JNK signaling during
reperfusion [161].

Additionally, the protective role of crocin (present in Crocus sativus) in reperfusion
injury after AMI has been investigated. Crocin was found to exert protective effects through
the Akt/eNOS/GSK-3β axis not only toward isoproterenol-induced cardiotoxicity but also
counteracting norepinephrine-induced myocardial hypertrophy [162]. Evidence shows
that this extract has a cardioprotective effect by upregulating Nrf2 expression [162].

The role of oleanolic acid (derived from terpenes) as a cardioprotective agent against
reperfusion injury after myocardial infarction in isolated rat hearts has also been inves-
tigated. Pretreatment with oleanolic acid was found to enhance the mitochondrial an-
tioxidant mechanism through increased reduced glutathione and alpha-tocopherol, thus
providing a cardioprotective effect [163].

Another carotenoid of interest is astaxanthin, which is a xanthophyll with proven
antioxidant activity [164]. A meta-analysis of randomized controlled trials including 380
participants showed that compared with placebo, astaxanthin significantly reduced blood
MDA concentration. This result was particularly significant in patients with type 2 diabetes
mellitus [164].

Regarding the mechanism of action, in vivo studies support that the protective effects
of astaxanthin on the myocardium work through the Keap1–Nrf2 signaling pathway and
mitochondria-mediated apoptosis [165]. Similarly, another in vivo study showed that this
compound suppresses OS via activating the Nrf2/HO-1 pathway, thereby ameliorating
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cardiomyocyte apoptosis and cardiac dysfunction in rats [166]. Its mechanism of action also
appears to be linked to inhibition of the TLR4/NF-κB signaling pathway, thus suppressing
the release of inflammatory cytokines, which can cause myocardial cell death [167].

In addition, there are studies that show that miRs could also be involved in the action of
this compound. A study conducted in an in vitro model identified differentially expressed
miRs and related target genes that, with astaxanthin pretreatment, protect cardiomyocytes
from IRI [74]. Similarly, another in vitro study shows that this carotenoid is capable of exert
a protective function in myocardial cells via regulating the expression of miR-138/HIF-1α
axis [168].

Regarding its effect on the brain, a study in rodents showed that pretreatment with
astaxanthin attenuated brain injury due to IRI, which may be closely related to the decrease
in OS [75]. In addition, another study in vivo showed that astaxanthin significantly protects
the brain from OS damage and reduces neuronal deficits due to IRI [169]. The beneficial
effects on the brain appear to be dose-dependent, with the medium dose (45 mg/kg)
of astaxanthin appearing to be most effective in reducing complications of ischemia in
rodents [170].

Regarding the pathways involved in the protective effect of astaxanthin in cerebral
infarction, a study evidenced that pretreatment with astaxanthin resulted in an increased
protein expression of Nrf2 (nuclear), HO-1, Bcl-2, CAT, SOD, and GPX while decreasing the
content of TNF-α, IL-1β, IL-6, MDA, Bax and Nrf2 (cytosolic) [171]. Therefore, astaxanthin
is an interesting compound for potential use as a therapy to ameliorate ischemia reperfusion
damage in both cardiovascular pathologies and stroke.

These investigations provide promising evidence for the cytoprotective potential of
natural antioxidants in the context of brain and myocardial reperfusion injury. However,
further studies are required to consolidate and deepen these findings as well as to fully
understand the underlying mechanisms involved in their potential therapeutical action.

5.3. Vitamins
5.3.1. Vitamin C

Ascorbic acid, also recognized under the epithet of vitamin C, represents a fundamen-
tal pleiotropic antioxidant that performs various functions in multiple cellular compart-
ments, acting on water-soluble elements [172]. The mechanisms whereby vitamin C exerts
its beneficial influences have been the subject of much research, and part of this process is
based on its ability to directly decrease ROS [173]. In addition to its ability to behave as an
ROS scavenger, ascorbic acid intricately downregulates several enzymes related to ROS
production, endothelial dysfunction, platelet coagulation, and smooth muscle cell tension.

The major mechanisms by which ascorbate is able to modulate endothelial function
include the upregulation of antioxidant enzymes, eNOS and phospholipase A2, together
with a direct reduction in the activity of NOX, which is the major source of O2•− in the
cardiovascular system [174,175]. Although the underlying rationale for these effects has
not been completely unraveled, it has been reported that ascorbate may be involved in the
regulation of NOX synthesis [176] as well as in its regulation at both the transcriptional and
post-transcriptional levels [176,177]. Additionally, ascorbate has been found to enhance
eNOS activity by preventing oxidation of the cofactor tetrahydrobiopterin, thereby avoiding
the enzyme uncoupling. Thus, ascorbate, together with glutathione, forms a primary barrier
against ROS [27,28,178].

One other aspect of relevance that deserves to be highlighted in relation to the ascor-
bate effect consists in the fact that in addition to its direct interventions in aqueous envi-
ronments, this compound is capable of regenerating α-tocopherol in cell membranes by
means of achieving the reduction in the α-tocopheroxyl radical to its original α-tocopherol
form [179]. In this regard, ascorbate has been found to carry out the regeneration of
α-tocopherol on both sides of lipid bilayers [180] and erythrocytes [181].

A study in rats subjected to transient middle cerebral artery occlusion showed that
the parenteral administration of vitamin C significantly improved neurological deficits
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and reduced cerebral infarction and cerebral edema by attenuating both oxidative and
nitrosative stress, inflammatory responses, and the resultant disruptions of BBB barrier and
cerebral neuronal apoptosis [182].

In relation to the clinical evaluation of the efficacy of ascorbate in cardiovascular condi-
tions, several studies have been performed in recent decades that have yielded remarkable
results. For example, in a cross-sectional analysis of 2383 individuals, low serum vitamin C
levels were found to be associated with inflammation and the severity of peripheral arterial
disease in smokers [183]. Similar findings emerged in patients with hypertension [184].
Other studies illustrate that vitamin C administration improves endothelial function in vari-
ous patient groups, such as those affected by coronary artery disease, hypercholesterolemia,
and cardiac allograft vasculopathy.

A meta-analysis involving a total of fifteen prospective cohort investigations and
three prospective evaluations within intervention studies (with 320,548 participants and
16,974 cases) demonstrated that higher vitamin C intake, as well as higher circulating
concentrations of vitamin C, vitamin E, and β-carotene, were associated with a reduced
risk of cardiovascular disease mortality [185].

In a clinical trial, 56 patients were enrolled in a prospective, single-center, randomized
study in which the infusion of 1 g of vitamin C (administered at a rate of 16.6 mg/min for
1 h prior to percutaneous coronary intervention) was compared against placebo. Patients
undergoing percutaneous coronary intervention, after treatment exhibited a smaller de-
crease in myocardial perfusion compared to the placebo group. With statistically significant
differences, complete microcirculatory reperfusion (with a thrombolysis in myocardial in-
farction (TIMI) perfusion grade = 3) was achieved in 79% of the vitamin C-treated group in
contrast to 39% of the placebo group. These findings hint that in patients undergoing sched-
uled coronary angioplasty, an improvement of microcirculatory reperfusion is benefited by
vitamin C infusion, suggesting an involvement of OS in this phenomenon [186].

In a prospective cohort investigation involving 41,620 patients with a history of stroke
or AMI who received a dose of 83–201 mg/day of ascorbate, it was found that after a
follow-up of 7.9 years, vitamin C was associated with a statistically lower risk of IS [187].

Despite encouraging evidence, controversy persists. A large study found no benefit
from the supplementation of 400 intenational units (IU) of vitamin E every other day
and 500 mg daily of vitamin C in middle-aged and elderly men [188]. Similar results
were obtained with a supplementation dose of 250 mg/day of ascorbate for 5 years [189].
In this context, it is valid to mention that the evidence suggests that the dose adminis-
tered is a crucial factor to induce the cardioprotective effect, significant amounts being
necessary [190,191]. For example, in a recent meta-analysis involving 44 studies with a
total of 1324 patients supplemented with doses between 500 and 2000 mg/day of ascorbate,
a positive and significant impact was shown in the supplementation group in relation to
endothelial function, which was measured through forearm blood flow (20 trials), flow-
mediated dilatation (19 trials) and pulse wave (5 trials) [192].

Another alternative of interest lies in multiple treatment strategies, considering the
synergistic effect of certain antioxidant compounds, such as the aforementioned ability of
ascorbate to regenerate α-tocopherol. A study in our setting revealed that the combina-
tion of n-3 polyunsaturated fatty acids with vitamin C and E supplementation positively
impacted the prevention of atrial fibrillation after surgery, which was associated with
increased antioxidant potential and the mitigation of both OS and inflammation [193].

5.3.2. Vitamin E

Alpha-tocopherol, commonly known as vitamin E, is a lipid-soluble vitamin with
antioxidant properties that has several potential benefits for the human health. Indeed,
vitamin E encompasses a group of tocopherols and tocotrienols which have been identi-
fied as possible anti-inflammatory, neuroprotective, anticarcinogenic, antihypertensive,
atherogenesis inhibitor, antiallergic, antidiabetic, and telomerase activity modulators, in
addition to being preventive against cardiovascular diseases, among other positive effects.



Antioxidants 2023, 12, 1760 17 of 34

It is present in several plant sources, especially in nuts such as walnuts and vegetable oils.
It can also be found in foods that are part of the regular diet, such as vegetables, fruits, eggs,
seafood and cheese [194].

It is recognized that this vitamin plays an essential role in safeguarding lipids against
peroxidation [195], which in turn prevents this crucial event in the development and
progression of atherosclerosis [196,197]. Therefore, it has been postulated that alpha-
tocopherol could attenuate the atherosclerotic process and reduce the risk of cardiovascular
disease. The main action of this compound is based on its ability to inhibit NOX and lipid
peroxidation, which justifies its contribution to the reversal of endothelial dysfunction [176].

Numerous observational studies have shown that an increase in vitamin E intake, ei-
ther through diet or supplementation, is associated with a decreased risk of cardiovascular
disease [198,199]. For example, in a meta-analysis focused on the comparative efficacy of
vitamin supplements in preventing major cardiovascular diseases, vitamin E was found
to be effective in reducing the mortality rate linked to cardiovascular disease [200]. Nev-
ertheless, a meta-analysis demonstrated that high-dosage (> or = 400 IU/day) vitamin E
supplements may increase all-cause mortality and should be avoided [93].

Recently, a systematic review has been carried out that provided evidence for the
positive effects of tocotrienols in models of brain injury and myocardial IRI. Tocotrienols
were found to lead to significant improvements in structural, functional, and biochemical
aspects in these models. Additionally, a marked reduction in OS, inflammation and apop-
tosis was observed because of tocotrienol treatment. These findings hint that tocotrienols
may have therapeutic potential to counteract the adverse effects of IRI in both the brain
and myocardium [201].

Another systematic review and meta-analysis indicated that the co-administration of
omega-3 and vitamin E achieved a significant decrease in serum triglyceride (TG) and LDL
levels in overweight patients with metabolic disorders [202]. A global analysis conducted
by Cheng et al. found an inverse correspondence between high dietary vitamin E intake
and overall stroke risk, showing a non-linear association [203].

However, as with vitamin C, controversies persist because several studies present
inconsistent or even null results [204,205]. Thus, there is not yet unanimous agreement
on the effects of vitamin E as monotherapy in the prevention and treatment of stroke.
Several possible reasons could explain those inconsistent results, such as the different doses
administered, the specific form of vitamin E used, the likely impact of proteins that regulate
vitamin E homeostasis, and possible interactions of vitamin E with drugs, among other
factors. Furthermore, it should be considered that many of these studies used vitamin E
as a monotherapy. Taking into account the fact that the joint effects of vitamins C and E
have been shown to be synergistic as ascorbate has the ability to reduce the α-tocopheroxyl
radical to α-tocopherol, thus recycling vitamin E, while the antioxidant capacity of vitamin
C is amplified when amalgamated with vitamin E [206], a multitherapy strategy is therefore
an interesting alternative to consider.

5.3.3. Vitamin D

Vitamin D is a secosterol known to regulate calcium and phosphate metabolism. It
can be obtained from food and endogenously produced in the skin through sun exposure.
There are two main dietary sources of vitamin D: cholecalciferol or vitamin D3, which can
be found in foods such as oily fish or egg yolks and vitamin ergosterol or vitamin D2, which
can be found in fungi and yeast [207]. Once in the bloodstream, vitamin D is transformed
in the liver to 25-hydroxyvitamin D3, which in turn is further converted to the active form
1,25-dihydroxyvitamin D3 in the kidneys, being thus able to bind to its nuclear receptor to
exert its physiologic functions [208].

Regarding its effects on OS and IRI, in vitro studies show that vitamin D3 exerts
cardioprotective effects against myocardial IRI by protecting mitochondrial structural and
functional integrity and reducing mitophagy [209]. When applied to a mouse model, vita-
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min D3 treatment mitigated mitochondrial fission, apoptosis, mitophagy, and myocardial
structural abnormalities [209].

With respect to stroke, in a study in rodents given 1,25-dihydroxyvitamin D3 for one
week and then subjected to 2 h of middle cerebral artery occlusion followed by 24 h of
reperfusion, 1,25-dihydroxyvitamin D3 supplementation significantly reduced neurological
deficit scores and areas of cerebral infarction, and it increased surviving neurons. This
protective mechanism occurred through activation of the antioxidant Nrf2/HO-1 pathway
to restrain NLRP3-mediated pyroptosis [83]. Thus, while further evidence is needed,
especially in the clinical setting, vitamin D would be a safe compound with the potential to
counteract myocardial and cerebral IRI.

5.3.4. Folic Acid

Folic acid, a type of B vitamin essential in the regular human diet, is strongly as-
sociated with neuroinflammation [210]. It is also key for the development and function
of the nervous system [86] and has been shown to have an antioxidant and a neuropro-
tective role [211]. A recent study assessed its potential role on synaptic structure and
function, using an oxygen-glucose deprivation and reperfusion cell model, as well as a
brain ischemia–reperfusion model. In this model, it was found that folic acid can effectively
improve cognitive impairment and reduce neuronal death after cerebral ischemia, probably
through improving synaptic dysfunction, concomitant with upregulated known markers
of synaptic plasticity and downregulated N-methyl-D-aspartate receptor (NMDAR) ex-
pressions. Therefore, it could be suggested that folic acid may be a potential treatment to
improve ischemic injury-induced cognitive decline [86].

In addition, another study, using a model of in vivo rats, as well as an oxygen–glucose
deprivation/reoxygenation astrocyte cell model, found that in the context of ischemia–
reperfusion, folic acid deficiency may develop an inflammatory response via the IL-6/JAK-
1/phospho-STAT3 (pSTAT3) pathway on astrocytes, potentially leading to secondary brain
injury. Therefore, folic acid supplementation was suggested as a potential preventive and
therapeutic strategy to reduce brain damage in IS [210].

5.4. Trace Elements

Several trace elements are involved in the modulation of the activity of antioxidant
enzymes, thereby contributing to the abrogation of OS occurring upon tissue reperfu-
sion [212].

5.4.1. Selenium

It has been suggested that Se has a great potential to ameliorate cerebral IRI. This
process includes the Se-induced upregulation of mitofusin-1 expression, thus alleviating
OS and ferroptosis, and the mechanism operates through the promotion of mitochondrial
fusion both in vivo and in vitro [213].

The ability of the selenium compounds to increase GPX expression and activity has
been related to their effectiveness in protecting against neuronal damage caused by cere-
bral ischemia–reperfusion in a murine model. From these studies, it was suggested that
pretreatment with Se compounds provides neuronal protection in vivo against ischemia–
reperfusion damage. Furthermore, the use of ferroptosis inhibitors can be suggested for
treatment, whereas selenium compounds can be used for the prevention of IS-induced
neuronal damage and other brain damage where ferroptosis is involved [214]. In addition,
in a rat model of middle cerebral artery occlusion performed in hyperglycemic condi-
tions, which is known to cause BBB impairment, it was found that Se inhibited autophagy
and significantly prevented this damage by regulating the PI3K/Akt/mTOR signaling
pathway [215].

Also, Se can exert cytoprotection in myocardial ischemia–reperfusion due to its role in
the modulation of antioxidant enzymes, particularly GPX and thioredoxin reductases. The
latter are selenocysteine-dependent enzymes, as Se is a cofactor regulating their gene expres-
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sion. Therefore, Se supplementation may be a safe pharmacological resource for increasing
antioxidant protection in the presence of risk of ischemia followed by reperfusion [216].

5.4.2. Copper

Based on the occurrence of copper-induced Fenton reaction, this trace element provides
a link toward pathophysiological cascades leading to OS and inflammation, playing a
pathogenic role in stroke and ischemia–reperfusion myocardial damages. However, on the
other hand, clinical data have suggested that plasma copper was significantly associated
with a higher risk of IS [217], which was consistent with a previous study reporting the
occurrence of significantly lower serum copper levels in patients with acute hemorrhagic
stroke than in healthy control ones [218]. Moreover, it was suggested that increased dietary
copper intake was associated with a lower risk of stroke [219]. Indeed, these conflicting
results have been recently interpreted based on a double-edged sword whereby copper
ions can exert in cells, suggesting that different organs may have unique optimal copper
ion appropriate therapeutic concentrations. Therefore, the design and performance of more
clinical trials are still necessary to establish future directions for copper ions treatments [220]

5.4.3. Zinc

Zinc is a micronutrient essential to numerous biochemical pathways in human cells.
In addition, salts of zinc have been used due to their protective effects against gastric,
renal, hepatic, muscle, myocardial, or neuronal ischemic injury. With regard to target
OS, Zn supplementation increased antioxidant parameters such as SOD, CAT, GPX, and
GSH among others as well as Nrf2 expression and decreased mPTP opening, MDA and
miRs-(122 and 34a), apoptotic factors, and histopathological changes [221].

The brain is an organ highly enriched in Zn content, the latter acting as a critical medi-
ator of neuronal death during ischemia. An important mechanism of neuronal cell death
in ischemic penumbra may be provided through the activation of endoplasmic reticulum
stress by excessive Zn [222]. Studies of brain cerebral IRI by zinc accumulation in a murine
model have reported that excessive zinc causes specific neuronal apoptosis induced by in-
flammation [223]. On the other hand, it has been suggested that Zn homeostasis plays a role
in myocardial IRI, establishing an association between Zn deficiency and the development
of cardiovascular diseases, which is supported by numerous studies. On this line, supple-
menting zinc can protect against myocardial infarction and IRI [224]. The endoplasmic
reticulum stress/calcium-calmodulin-stimulated protein kinase II (CaMKII)/STAT3 axis
may be an endogenous protective mechanism, which increases the resistance of the heart
to ischemia–reperfusion. Studies in cardiomyocytes based on Zn deficiency suggested that
the endoplasmic reticulum stress/CaMKII/STAT3 axis may be an endogenous protective
mechanism that decreases the vulnerability of the heart to IRI [225].

5.4.4. Manganese

Manganese is needed for the activity of manganese superoxide dismutase (MnSOD)
or SOD2, which is one of the main antioxidant enzymes that protects the heart against IRI.
This enzyme is a major mitochondrial antioxidant that scavenges O2•−. During ischemia
followed by reperfusion, numerous studies have found a loss of SOD2 activity within
the heart. Is important to note that the toxicity levels of Mn causing manganese stress,
evoking increased ROS production and OS, are not well-defined. It was hypothesized
that the affected energy metabolism is the primal cause of manganese toxicity. Manganese
stress depletes cellular iron, affecting energy metabolism. In addition, impairment in the
biogenesis of electron transport chain complexes causes ROS production [226].
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5.5. Other Antioxidants
5.5.1. Ginsenosides

The general structure of ginsenosides is a hydrophobic tetracyclic steroid skeleton,
which is connected with sugar molecules and responsible for the hydrophilicity of the
molecule [227]. Panax ginseng Meyer is a traditional Chinese herbal medicine in China whose
pharmacological activities, such as anti-inflammatory, anti-oxidative, platelet aggregation-
inhibiting, and neuronal apoptosis-suppressing effects [228], are mainly attributed to
saponins, known as ginsenosides; and to other bioactive monomers like fatty acids, polysac-
charides, and mineral oils [229]. In the following paragraphs, a more detailed description
of ginsenoside Rg1 (G-Rg1) and ginsenoside Rb1 (G-Rb1) is made, due to their potential
use in preventing ischemia after reperfusion in the brain [87] and heart [89,90], respectively.
G-Rg1 exerts neurotrophic and neuroprotective pharmacological effects on the central
nervous system [228]. In 2015, a meta-analysis was conducted to assess the neuroprotectant
effect of G-Rb1 on IS in animal models, measuring the infarct volume and neurological
function. The researchers found a significant improvement in experimental IS after G-Rg1
treatment [230]. When used in the context of cerebral IRI, G-Rg1 could reduce infarct
size [87] as well as diminish neurological deficits and brain edema [231]. Furthermore,
it was reported that this anti-IRI effect involves the Nrf2/ARE pathway [88]. There are
beneficial biological activities of G-Rb1 in the cardiovascular systems, via the abrogation
of OS, inflammation, and apoptosis [229]. A meta-analysis conducted in 2017 found a
significant effect of G-Rb1 for decreasing the MI size compared with the control group in
conjunction to decreasing plasma lactate dehydrogenase (LDH) and creatine kinase (CK)
activities [89]. When used in the context of myocardial IRI, G-Rb1 diminishes infarct size,
tissue injury, and apoptosis. Some mechanisms described are the regulation of the balance
of RhoA signaling pathway [90] and the inhibition of mitochondrial complex I by reducing
NADH dehydrogenase activity [91]. Also, its protective effects were particularly assessed
in diabetic rats, and a beneficial enhance of Akt phosphorylation in the circumstance of
myocardial IRI was found, leading to a reduction in postischemic myocardial infarct size
and myocardial apoptosis [232].

5.5.2. Erythropoietin

Several other protective pathways mediated by EPO have been reported including
SIRT1 and JAK2/STAT pathways. The EPO-mediated activation of SIRT1 resulted in
deacetylation and enhanced peroxisome proliferator-activated receptor gamma co-activator
1 alpha transcriptional activity which, in turn, promoted mitochondrial function and bio-
genesis in cardiomyocytes [233]. In fact, EPO pretreatment was demonstrated to decrease
myocardial IRI [234]. Also, EPO decreases the cerebral ischemic area and the number of
apoptotic cells in the ischemic penumbra in a rat model. These effects may be achieved via
the EPO-mediated protection of cells against apoptosis [235].

5.5.3. Estrogen

Estrogen deficiency is an important factor leading to cardiovascular diseases. 16α-
hydroxyestrone, an estrogen-active component, could prevent cell death in myocardial
tissue by regulating autophagy through the AMPK/mTOR pathway [236]. Also, a com-
bined estrogen and progesterone treatment after ischemia could protect against glutamate
neurotoxicity through modulating glutamate transporter expression, which in consequence
induces glutamate re-uptake from extracellular space and prevents neurotoxicity [237].
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6. Bases of Multitherapy for Improving Clinical Outcome

Preclinical models of reperfusion injury have shown beneficial effects of the admin-
istration of antioxidants and, thus, have contributed to understanding the underlying
mechanisms. However, this benefit still has not been translated into clinical practice [238].

The knowledge of the potential benefits of the administration of antioxidants for
preventing IRI and the particular pathways involved in the therapeutic effect of each
compound calls our attention in order to hypothesize that a combination of different
antioxidants, with different mechanisms of action, could produce synergic effects; indeed,
this has been reported in several in vitro and in vivo studies [239].

To our knowledge, the combination of antioxidants has been mostly studied for
assessing its role on AMI. In this regard, the combination of vitamin E with Crocin is
promising, as it has been studied on a model of isolated heart of rat, whereas the reduction
in infarct size was more marked compared with the effect of the antioxidants administered
separately. The combination of vitamin C and vitamin E has been successfully studied for
improving outcomes in patients suffering AMI [240,241] and also when combining both of
them with vitamin A [28]. Also, While the combination of vitamin C and desferrioxamine
did not show any significant protection against myocardial IRI on pigs [242], a study on the
isolated ventricular cardiomyocytes and cardiac fibroblasts of neonatal rats, that combine
both of them with N-acetylcysteine, showed a protection of cardiac fibroblasts against cell
death; also, a recovering of pro-wound healing function was reported [243]. Although it
is not a combination of two antioxidants, vitamin C was also studied in conjunction with
N6-cyclopentyladenosine for preventing brain IRI, in a model of mice, with promising
results [244].

The physiopathology of IRI on AMI and IS is a multifactorial phenomenon with the
contribution of diverse causes including OS, inflammation, and autonomic nervous system
dysfunction, among others. Although the monotherapies might not be able to compensate
for the damage caused by ischemia followed by reperfusion, such as that occurring in
AMI and IS subjected to reperfusion, it is of interest that several partial beneficial effects
have been achieved using monotherapies. However, these effects may not be sufficient
to produce a strong and robust effect in clinical situations where many uncontrolled
variables usually coexist [245]. Therefore, considering the collaborative and potentially
synergistic numerous actions of the various natural antioxidants, it should be expected that
a multitarget protective antioxidant effect could lead to an improvement in the effectiveness
of the decreased vulnerability of tissue to an oxidative challenge [3,27,245]. Accordingly,
successful attempts with this aim have been performed [3]. Moreover, it has been shown
that the combination of astaxanthin, lutein and zeaxanthin compared with a control group
and a vitamin E group offered substantial improvement in cardioprotection against IRI and
better outcomes [246]. Based on these data, we hypothesize that the combination of several
natural antioxidants in patients with AMI undergoing percutaneous coronary intervention
as well as IS patients could lead to an improvement in the cytoprotection against IRI.

In addition, even though this review focuses on the therapeutical approaches for IRI in
the context of AMI and IS, many studies have been conducted for evaluating a multitherapy
based on antioxidants to prevent ischemia after reperfusion in other situations, for example,
in the context of heart surgery, intra-abdominal aortic aneurysm surgery that could lead
to lower torso IRI [247], and renal IRI [248], showing promising results. Studies assessing
multitherapy for decreasing ischemia after reperfusion are summarized in Table 2.
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Table 2. Examples of studies assessing multitherapy for decreasing ischemia after reperfusion.

Drugs Used Model Results Ref.

Myocardial ischemia–reperfusion injury

Vitamin C
Vitamin E
Vitamin A

Randomized, double-blind,
Clinical trial

Antioxidant therapy can reduce, in the first period after AMI,
the OS, the inflammatory process, and the remodeling of the
left ventricle and can affect the rate of a second heart attack in
the short term. No comparison with each drug administered
separately was performed.

[28]

Vitamin C
Vitamin E

Randomized, double-blind, multicenter
clinical trial

Composite of in-hospital cardiac mortality, non-fatal new
myocardial infarction, VT/VF/asystole and
shock/pulmonary edema occurred less frequently in patients
treated with antioxidants.

[240]

Vitamin C
Vitamin E

Randomized, double-blind, placebo-controlled
clinical trial

Better preservation of cardiac function. No differences in
CK-MB. Increased FRAP levels. [241]

Vitamin E
Crocin Isolated heart of rats

The combination of drugs showed increased LVSP, improved
contractility of heart and reduction in infarct size with
superior effect compared with antioxidants
administered separately.

[239]

Vitamin C
Deferoxamine
N-acetylcysteine

Isolated ventricular cardiomyocytes and cardiac
fibroblasts
of neonatal rats

Combination of all drugs protects cardiac fibroblasts from cell
death and recovers pro-wound healing function damaged by
simulated ischemia–reperfusion. Administration of each drug
alone did not increase cell viability; however, treatments with
the associations of vitamin C + deferoxamine and vitamin C +
N-acetylcysteine also increased cell viability

[243]

Vitamin C
Deferoxamine Pigs Does not provide significant protection against myocardial

reperfusion injury. [242]

Astaxanthin
Lutein
Zeaxanthin

Isolated heart of rats

The combination of drugs was compared with a control group
and a vitamin E group. While the administration of vitamin E
offered substantial cardioprotection to IRI, the mixture of
astaxanthin, lutein and zeaxanthin protection had better
outcomes. We observed reduced OS, infarct size and
apoptosis, leading to an increase in myocardial function.

[246]

Cerebral ischemia– reperfusion injury

Vitamin C
N6-cyclopentyladenosine
(CPA)

Mice
The group treated with both CPA and vitamin C showed a
significant increase in density of normal cells in the CA1
region compared to the CPA or vitamin C alone groups.

[244]

Others

Vitamin C
Vitamin E
EPA
DHA

Randomized, double-blind, placebo-controlled
clinical trial

Decrease in incidence of postoperative atrial fibrillation in
patients over 60 years that underwent
extracorporeal circulation.

[249]

Vitamin C
Vitamin E
EPA
DHA

Randomized, double-blind, placebo-controlled
clinical trial

Reduced the occurrence of postoperative atrial fibrillation on
patients undergoing on-pump cardiac surgery. [193]

Vitamin C
Vitamin E
EPA
DHA

Randomized, double-blind, placebo-controlled
clinical trial

No significant difference in the occurrence of postoperative
atrial fibrillation in patients, aged 30–80 years, undergoing
elective on-pump surgery (coronary artery bypass graft, valve
surgery or mixed). However, lower inflammation-related
parameters and MDA levels and a higher GSH/GSSG ratio
was found in the supplemented group.

[250]

Vitamin C
Vitamin E
Hydrocortisone

Rats
In the context of renal ischemia–reperfusion injury, the
simultaneous use of all drugs was more effective than using
each drug alone.

[248]

Vitamin C
Vitamin E
Allopurinol
N-acetylcysteine
Mannitol

Randomized-controlled clinical trial. Not blinded
On lower torso ischemia and reperfusion after repair of
intra-abdominal aortic aneurysm: Reduction in serum CK
and ASAT.

[247]

AMI: acute myocardial infarction; ASAT: aspartate-aminotransferase; CK: creatine kinase; CK-MB: creatine kinase-
myocardial band; CPA: N6-cyclopentyladenosine; FRAP: ferric-reducing ability of the plasma; GSH: glutathione;
GSSG: glutathione disulfide; LVSP: left ventricular systolic pressure; MDA: malondialdehyde; OS: oxidative stress;
VF: ventricular fibrillation; VT: ventricular tachycardia.
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7. Concluding Remarks and Future Perspectives

OS plays an important role in the production mechanisms of damage caused by
ischemia followed by reperfusion in the heart and brain. Increased ROS production and/or
decreased antioxidant potential could be involved in biomolecules damage affecting the
proteins, lipids, and DNA of these organs. The protective role of reinforcing of the ADS has
been successfully demonstrated in experimental models but not yet translated into clinical
settings. Likely, the use of monotherapies in the complex clinical damage caused in the
heart and brain by multifactorial mechanisms could account for the reported discrepancies.
Unfortunately, in most clinical studies, monotherapies have been more frequently assessed
rather than multitherapies. In the present study, we present experimental and clinical
evidence pointing out the hypothesis that the use of a combination of natural antioxidants
should better than monotherapies with individual molecules to improve the beneficial
effects of the reinforcement of the ADS. These compounds offer an effect that diminishes
the adverse events occurring with the use of synthetic compounds. In addition, because
natural antioxidants exhibit various protection mechanisms, from a combination of several
diverse antioxidant molecules, a synergistic effect could be expected. It is of interest to
suggest that randomized, placebo-controlled, double-blind, clinical trials are needed to test
this hypothesis.

8. Methods
8.1. Study Design

Narrative Review

8.2. Research Question

Do natural antioxidants serve as effective prophylactic therapy in reducing IRI for
patients undergoing reperfusion therapy for AMI and IS?

8.3. PICOST Strategy

- P: Population. Patients undergoing reperfusion therapy due to AMI or IS (cardiac
arrest also was considered).

- I: Intervention. Prophylactic antioxidant therapy utilizing natural antioxidants.
- C: Comparators. Standard therapy. Also, combined therapies of natural antioxidants

are considered to enhance the individual effects of the molecules; thus, they are
compared to monotherapies.

- O: Outcomes. Any clinically relevant outcome.
- S: Study Designs. Randomized controlled trials, non-randomized studies, systematic

reviews, and other relevant experimental studies (given the nature of this review).
- T: Timeframe. Inclusion of studies from all years (with a focus on the studies published

in the last 10 years).

8.4. Search Strategy

A search was carried out for each antioxidant to investigate its potential applicability
in both myocardial and cerebral contexts. The searches were conducted in PUBMED,
encompassing the use of MeSH terms as well as searches without MeSH terms. Examples:

a. (“Oxidative Stress” [Mesh]) AND (“Myocardial Reperfusion Injury” [Mesh]) AND
(“Polyphenols” [Mesh])

b. (“resveratrol” [title]) AND (“reperfusion injury” [title/abstract]) AND (“cerebral”
[title/abstract])

Furthermore, relevant narrative reviews on the topic were consulted to identify addi-
tional literature.
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8.5. Quality Assessment

Given the narrative review approach, formal quality assessment was omitted to
comprehensively present diverse evidence from various study designs.
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