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Abstract

Heart disease is the leading cause of death in Asian Americans. Importantly, people of East Asian
descent are more likely to carry a loss-of-function point mutation in aldehyde dehydrogenase 2
(ALDH2), ALDH2*2, which reduces ALDH2 enzymatic activity by at least 40% relative to wild
type ALDH2. Given the role of ALDH2 in removing toxic aldehydes from the cell, ALDH2 is
intimately involved in the cardioprotective mechanisms of ischemic preconditioning and the
pathophysiology of ischemia reperfusion injury. The ALDH2*2 variant is associated with an
increased incidence of coronary artery disease, myocardial infarction, and stroke. Furthermore,
this variant is associated with insensitivity to nitroglycerin, which is commonly prescribed in
patients with cardiovascular disease. In this review, we discuss the genetic susceptibility and
pathophysiology associated with the ALDH2*2 variant in regards to cardiovascular disease. We
also present the considerations for the management of heart disease and stroke specific to East
Asians carrying the ALDH2*2 genetic variant.
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INTRODUCTION

Precision medicine is the tailored approach to the prevention and management of disease
based on the patient’s genetics, environment, and lifestyle. As we gain a better
understanding of genetic susceptibility with regard to the pathophysiology of disease, we
may expand the application of precision medicine to specific patient populations. The
Obama Administration introduced the precision medicine initiative in 2015 with the goal of
improving how we prevent and treat disease that is not just for the standard patient.[t] With
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the precision medicine initiative, it was also stressed there is an unmet need to improve the
quality of health care for Asian Americans; a patient population with the highest projected
growth in the United States over the next 50 years.[23]

For the Asian—American population, cardiovascular disease is the leading cause of deathl*]
with stroke and ischemic heart disease becoming the leading causes of years of life lost in
China.[®l However, our primary understanding of cardiovascular disease has stemmed from
an understanding of Western society genetics and lifestyles. For example, the pivotal
Framingham Heart Study that defined the risk factors for cardiac disease that shaped much
of our current public health guidelines consisted of a large cohort that was exclusively of
European American ancestry.[8] Further, a large cohort study of patients undergoing
emergent angiography that presented with acute coronary syndrome across the United States
recently showed that Asians were more likely than other ethnicities to have arrhythmias,
heart failure, shock, and in-hospital mortality.[’] However, the mechanism underlying this
difference occurring for Asians versus non-Asian patients is not clear. Given than the Asian—
American population will comprise nearly 10% of the United States population by 2060,[2]
it is imperative to establish a better understanding of the genetic variants within the Asian
population to better improve treatment strategies in the era of precision medicine.

A common genetic variant in the East-Asian population is the point mutation in the
mitochondrial enzyme, aldehyde dehydrogenase 2 (ALDH2), and has been implicated in the
pathophysiology of several diseases across many organ systems.[8] ALDH2 functions in the
removal of toxic aldehydes from the cell. For example, acetaldehyde, an intermediate of
ethanol metabolism is converted by ALDHZ2 to acetic acid. However, a glutamate to lysine
substitution at residue 487 (denoted by ALDH2*2) leads to a dramatically decreased activity
of ALDH?2 /n vivo.l%] Having the ALDH2*2 genetic variant results in facial flushing and
tachycardia after consuming alcohol. The ALDH2*2 variant affects 8% of the world
population and is most commonly found in the Han Chinese population, with a frequency of
40%, in addition to a prevalence of 40% in Japan and 20% in Korea.[19] Importantly, the
ALDH2*2 variant is associated with an increased incidence of coronary artery disease,
[11-14] myocardial infarction (M1),[15-17] and strokel8] in East-Asian populations [Table 1].
The ALDH2*2 variant is also associated with an insensitivity to nitroglycerin treatment for
angina.[28] To additionally complicate this treatment option, nitroglycerin can also inhibit
aldheyde metabolism through ALDH2 and worsen ischemic cardiac damage if given during
the ischemic event.[22]

In this review, we present the findings regarding the pathophysiology, genetic susceptibility,
and management of myocardial and cerebral ischemia specific to the East-Asian patient
population carrying the ALDH2*2 variant. The role of ALDHZ2 in ischemia reperfusion
injury will be discussed, as this carries particular importance in patients with the ALDH2*2
variant that have baseline higher incidence of cardiovascular disease. Finally, we review the
impact the ALDH2 mutation has on the pharmacodynamics of nitroglycerin given its
ubiquitous use in the management of myocardial infarction.
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ALDEHYDE DEHYDROGENASE 2 INVOLVEMENT IN MYOCARDIAL
INFARCTION

Ischemic heart disease remains a leading cause of death worldwide. Treatment strategies for
restoring blood flow to the area at risk, either by surgical or percutaneous intervention,
paradoxically can induce cardiomyocyte death through reperfusion injury. As such, decades
of research on the mechanisms underlying myocardial reperfusion injury have been
performed in order to develop methods to protect the viable myocardium from damage.[38]
Myocardial reperfusion injury typically manifests as an arrhythmia, reversible contractile
dysfunction, microvascular obstruction, or lethal myocardial injury. The common themes
underlying these pathologies are oxidative stress, calcium overload, inflammation, and
mitochondrial dysfunction. Reactive aldehydes, such as 4-hydroxynonenal (4-HNE) play an
important role in the pathology of ischemia-reperfusion and impair mitochondrial function,
inhibit contractility, induce arrhythmias, and worsen damage after ischemia.[3%491 However,
we do not currently have a treatment to confer cardioprotection during ischemia and
reperfusion.

Murry et al. first demonstrated the concept of ischemic preconditioning (IPC), whereby the
infarct size could be reduced by the cycling short periods of coronary occlusion and
reperfusion immediately before a sustained occlusion.[4!] Remote IPC applies the concept of
IPC to a more accessible peripheral organ or tissue, such as a limb. Similarly, remote
ischemic postconditioning elicits cardioprotection by the episodes of ischemia/reperfusion at
the time of reperfusion. The cellular signaling pathways involved in cardioprotection have
been extensively reviewed,[39:40.42] and this review will highlight some of these
mechanisms.

It has been known for the decades that volatile anesthetics provide cardioprotective effects
when given prior to an ischemia-reperfusion event.[43:44] Preconditioning with a volatile
anesthetic, such as isoflurane, reduces infarct size and preserves contractile function
following myocardial ischemia and reperfusion through protein kinase C epsilon (PKCe).[4%]
Data suggest that the cardioprotective effect of isoflurane is secondary to increased ALDH2
activity as a result of phosphorylation by PKCe after it translocates to the mitochondria.[4]
However, the benefit of volatile anesthetics as cardioprotective agents in clinical trials is
inconclusive.[47]

Mounting evidence supports that ALDH2 is intimately involved in the endogenous
cytoprotection induced by IPCI23] [Figure 1]. PKCe is an important mediator of
preconditioning, as its inhibition eliminates the protective effect of preconditioning and
activation stimulates cardioprotection.[2448] Phosphorylation of ALDH2 mediated by PKCe
increases its catalytic activity by 33% with a 49% reduction of infarct size, and inhibition of
PKCe decreases ALDH2 activity and worsens cardiac function after ischemia.[22] Ethanol
mimics IPC-induced cardioprotection and ALDH?2 is the downstream enzyme responsible.
[25] Chen et al. demonstrated that the inhibition of ALDH2 by cyanamide significantly
increased myocardial infarct size by 49% and abolished cardiac protection from ischemia.
[22] Alda-1 is an activator of both wild-type ALDH2*1 and ALDH2*2 that increases its
ability to metabolize aldehydes. Alda-1 reduced infarct size by 60% when given 5 min prior
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to ischemia, importantly solidifying an inverse correlation between ALDH?2 activity and
cardiac damage from ischemia. Furthermore, Alda-1 improves cardiac function
postmyocardial arrest in a rat model of extracorporeal membrane oxygen cardiac bypass.[2¢]

In addition to a cardioprotective role during IPC, there is evidence that ALDH2 activity is
necessary for remote, preconditioning, and postconditioning as well. The cardioprotection
conferred by remote preconditioning is attenuated by pharmacologic and genetic inhibition
of ALDH2 in both humans and rabbits.[27:4%] Remote ischemia applied just before
reperfusion is also cardioprotective, which is associated with upregulated ALDH2
expression.[1950] These important studies solidified a role for ALDH2 in the
pathophysiology of ischemic and remote preconditioning in small animals and humans. The
discovery of Alda-1 also provides a potential pharmacologic agent to mimic IPC, especially
to restore enzymatic activity to the E487K mutant ALDH2*2 at higher risk for ischemic
injury.

Itis likely that ALDHZ2 exhibits cardioprotective effects by removing toxic aldehydes, like
4-HNE, that develop during ischemia. ALDH2 catalyses the oxidation of 4-HNE to 4-
hydroxynonenoic acid in cardiomyocyte mitochondria, and this reaction is compromised
during ischemia by decreasing the NAD*/NADH ratio.[5X] NAD plays a crucial role in
energy metabolism, mitochondrial function, and the cellular reducing potential since NADH
is a major electron donor to the electron transport chain. Importantly, NAD* is a cofactor for
aldehyde oxidation by ALDH2, so the imbalance of NAD*/NADH during ischemia creates a
cycle of inactive ALDH2, buildup of reactive aldehydes and a further decrease of the NAD™/
NADH ratio. As the concentration of 4-HNE increases during ischemia, ALDH2 is also
inhibited by it, placing an additional oxidative stress on the cell. Hill et a/. showed that 4-
HNE exhausts cardiomyocyte mitochondrial reserve capacity and promotes bioenergetic
stress.[35] Increased concentrations of 4-HNE promote glycolysis and aerobic respiration,
placing further stress on cells that are under ischemic conditions. Thus, 4-HNE increases
oxygen consumption/demand while at the same time decreasing efficiency by damaging
mitochondrial respiratory complexes and overall depleting the bioenergetic reserve capacity.
The genetic and pharmacologic inhibition of ALDH2 also reduces mitochondrial respiratory
reserve capacity,[36] making it difficult for the vulnerable cardiomyocyte to handle further
oxidative stress. The recent development of a compound that increases NAD" may
potentially allow for an additional pharmaceutical approach to enhance the metabolic and
oxidative capacity of cardiomyocytes during ischemia.[37]

The oxidative stress placed on the cells is particularly important in diabetes, since it is
responsible for many of the complications seen in the disease. Therefore, the models of
diabetes or hyperglycemia can further elucidate the role of ALDH2 under physiologic stress.
A study in diabetic rats demonstrated higher intracellular ROS from isolated cardiomyocytes
is secondary to a decreased mitochondrial ALDH2 activity.[29] In a model of streptozotocin-
induced diabetes, both the expression and activity of ALDH2 were reduced, when ALDH2
was induced by Aldal, the cardiac and mitochondrial function improved.[2X] Furthermore,
inhibition of ALDH2 with disulfiram increased the concentration of ROS and 4-HNE,
reduced mitochondrial membrane potential and respiration, and induced cell death in
cardiomyocytes subjected to 33 mM of D-glucose versus control (33 mM mannitol).[52]
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ALDH2 also has a regulatory role on the signaling cascades activated upon ischemia and
reperfusion. The detrimental effects of ischemia-reperfusion to the myocardium are
augmented in a knockout ALDH2 mouse model,[>3] and there was less activation of the
cardioprotective autophagy signaling pathway compared to wild type. Periods of ischemia
markedly increased AMPK phosphorylation in wild type mouse hearts, which was even
more pronounced with ALDH2 overexpression, whereas Akt phosphorylation increased
during the period of reperfusion. It was suggested that the regulatory role of ALDH2 in this
autophagy pathway is related to its ability to detoxify 4-HNE that would otherwise
contribute to the phosphorylation of AMPK/Akt upstream PTEN and LKB1. Under ischemic
conditions, ALDH2*2 induced pluripotent stem cell-derived cardiomyocytes had
significantly higher levels of ROS and apoptosis, with a strong increase in expression of c-
Jun, likely by ROS-mediated activation of JNK and an increase in c-Jun-mediated cell death.
[54] This was supported by the improvement of cell survival to wild type control levels with
JNK inhibition in ALDH2*2-induced pluripotent stem cell-derived cardiomyocytes.

The cardioprotective effects of ALDH2 may also be related to its involvement in regulating
the renin-angiotensin system (RAS). Phosphorylation of ALDH2 mediated by PKCe
increases its catalytic activity, which then reduces aldehyde-induced cardiac mast cell renin
release and prevention of RAS activation.[5556] Importantly, the activation of RAS increases
norepinephrine release and may be responsible for reperfusion-induced arrhythmias.
Ischemia reperfusion in isolated guinea pig hearts caused large increases in renin and
norepinephrine release with subsequent severe arrhythmias that was severely blunted with
IPC.[56] |n addition, the activation of the G;-coupled sphingosine-1-phosphate receptor
through AKT on the mast cell during ischemia-reperfusion demonstrated cardioprotective
effects by opposing the activation of RAS.[33]1 Together, the activation of ALDH2 reduces
norepinephrine release by preventing the activation of RAS.

ALDH?2 is also involved in the cardiac remodeling and dysfunction following a myocardial
infarction.[3457] Genetic overexpression of ALDH2 in mice is protective against the
development of post-MI heart failure, whereas an ALDH2 knockout mouse had significantly
worse function post-MI as measured by echocardiography compared to wild type.[32]
Chronic activation (6 weeks) of ALDH2 by Alda-1 in rats 4 weeks after an M1 improved
cardiac function and suppressed fibrosis and hypertrophy commonly seen in post-MI heart
failure.[58] Both of these studies reported decreased 4-HNE-protein adducts with increased
ALDH2 activity, which supports a role for aldehydes in the pathogenesis of postischemic
heart dysfunction. Furthermore, Alda-1 improved mitochondrial bioenergetics and decreased
ROS in failing hearts.[58] Together, ALDH?2 is critical for cardioprotection both during
ischemia-reperfusion and against the development of heart failure after the initial ischemic
insult. The studies of ALDH2 as a cardioprotective contributor in rodents have paved the
way for future studies to explore targeting ALDH2 activation in humans as a strategy to
reduce aldehydic load.

ALDEHYDE DEHYDROGENASE 2 INVOLVEMENT IN STROKE

China has unusually the high levels of stroke compared with countries with similar
sociodemographic indices. Since the treatment of infectious, nutritional, and maternal/
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neonatal conditions improved, stroke is now the leading cause of years of life lost in China.
[5] Similar to the disparity of outcomes in cardiovascular disease, compared to Non-Hispanic
Whites, Asian Americans experience higher proportionate mortality from cerebrovascular
disease.l5% In fact, ALDH2*2 is an independent risk factor for ischemic stroke in Taiwanese
men.[18] There is evidence that the activation of ALDH2 is protective against ischemic
stroke by the removal of aldehydes, particularly 4HNE, during ischemia in the brain.[6°]
Interestingly, these results were confirmed in a small cohort where the levels of plasma 4-
HNE were significantly higher in patients suffering from an ischemic stroke, both before and
after the ischemic insult compared to controls. Similar to myocardial ischemia, ethanol
provided protection against ischemic stroke by PKCe activation of ALDH2. \olatile
anesthetics also demonstrate neuroprotective effects as isoflurane preconditioning decreased
infarct volume and lessened damaging microglial activation.[2°]

CONSIDERATIONS FOR MI TREATMENT

Nitroglycerin or glyceryl trinitrate (GTN), is widely used as a first line agent in management
of acute angina in many different countries given its vasodilatory actions.[61] However, the
efficacy of sublingual GTN in relieving angina is variable and many patients develop
tolerance to chronic therapy, which may be related to impaired bioactivation of GTN to its
active vasodilator metabolite, NO.[30.62.63] Chen er a/. discovered that the reductase activity
of ALDH2 is responsible for GTN bioactivation, and therefore the desired effect of NO
release.[31] Specifically, GTN binds to the active site of ALDH?2 in a position for
nucleophilic attack of Cys-302 to catalyze its conversion to 1,2-GDN and NO.[®4] Given the
important role of ALDH2 in the formation of NO [Figure 2], it was necessary to study the
efficacy of GTN with an inactive ALDH2*2 variant. Pharmacologic and genetic inhibition
of ALDH2 in humans demonstrated a decrease in response to GTN measured by forearm
blood flow,[85] which is similar to a decrease in GTN-induced vasodilation in a knockout
ALDH2"mouse.[%6] Importantly, this was not due to a change in efficacy of nitrates, as
there was no difference in flow with the control vasodilator, nitroprusside. In addition,
patients carrying at least one ALDH2*2 allele had a lower vasodilatory response to GTN
compared to patients with wild-type ALDH2.[28] Interestingly, Alda-1 (ALDH2 activator)
was unable to rescue the decreased efficacy of GTN in cells expressing ALDH2*2.[67]
Beyond the vasodilatory effects of GTN, there is evidence to suggest that GTN also has an
influence on the pathophysiology of ischemia-reperfusion in cardiomyocytes. In fact,
continuous treatment with GTN during ischemia augments cardiac ischemic damage and
infarct size in rodents.[22.68] The sustained treatment with GTN inhibits ALDH?2 activity,
which is the likely mechanism underlying the detrimental effects of GTN during ischemia.
Although Alda-1 was unable to augment the vasodilatory effects of GTN, the pretreatment
of Alda-1 was able to prevent GTN-induced cardiac damage during ischemia.[88] These
observations highlight the importance of familiarity with ALDH2 and GTN metabolism, as
patients with the ALDH2*2 enzyme may not respond to GTN and have worse
cardiovascular outcomes following GTN treatment during a suspected myocardial infarction.

Aside from treatment of acute angina, the vasodilatory effects of GTN can lower blood
pressure during a suspected ischemic stroke. There have been conflicting studies in patients
receiving GTN with the onset of stroke symptoms in terms of recovery of function. The
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Rapid Intervention with Glyceryl Trinitrate in Hypertensive Stroke (RIGHT) was a small (41
patients) randomized control ambulance-based trial of patients with hypertensive acute
stroke given transdermal GTN for 7 days versus nothing (blinded with gauze dressing) and
compared systolic blood pressure, death, function, and adverse events in the acute setting.
The RIGHT study suggested that GTN improves functional outcome, however the sample
was underpowered and the ethnicity of each patient was not reported.[69] The follow-up
RIGHT-2 trial recently demonstrated that prehospital GTN had a tendency to harm, showing
more severe stroke scales, intracerebral hemorrhage, and more acute stroke onset.[70]
Another multicenter randomized control trial of patients with an acute ischemic or
hemorrhagic stroke did not show harm with GTN treatment, although it did not show any
benefit either.[”X] There needs to be further studies of GTN use during an acute ischemic
stroke, with particular attention paid to genetics. The ALDH2*2 variant may negatively
impact the outcome of an ischemic stroke in patients treated with GTN given the evidence
described in this review.

CONCLUSION

Awareness of the essential role for ALDH2 in cardiovascular health, beyond its effects on
alcohol metabolism, will undoubtedly improve health care for the growing East-Asian
population in the United States and globally. ALDH2 is both cardioprotective and
neuroprotective, highlighting the important consequences of ischemia in the presence of an
inactive ALDH2 enzyme, ALDH2*2 that is highly prevalent in those of East Asian descent.
The treatment of heart disease and stroke with nitroglycerin is common practice, so it is
critical to consider that the ALDH2 enzyme is responsible for converting nitroglycerin to the
active metabolite NO. The pharmacologic activation of ALDH2 may prove beneficial in
future management of cardiovascular disease, especially in patients carrying an inactive
mutation of this enzyme, ALDH2*2.
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BULLET POINTS

Reactive aldehyde metabolism by ALDH2 is an important mediator of
ischemic damage to the heart and brain

When considering cardiovascular health, physicians should account for the
ALDH2 variant in East Asians which can severely limit reactive aldehyde
metabolism in addition to the metabolism of certain drugs, such as
nitroglycerin

Future clinical studies on modulating ALDHZ2 to improve reactive aldehyde
metabolism during ischemia are warranted
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Figure 1:
Aldehyde dehydrogenase 2 is protective against ischemia-reperfusion injury. Ischemia and

reperfusion generate reactive oxygen species (ROS), which leads to the generation of toxic
aldehydes, such as 4-HNE. The increased aldehydic load in the cell causes mitochondrial
injury, further contributing to generation of ROS, and ultimately cell death. ALDH2
metabolizes aldehydes to inactive acids and is cytoprotective during ischemia/reperfusion.
ALDH2 is activated by PKC to exert its protective effects during IPC. Alda-1 is a
pharmacologic activator of ALDH2 that prevents the detrimental effects of ischemia-
reperfusion injury.
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Aldehyde dehydrogenase 2ALDH2 is required for the bioactivation of nitroglycerin. The

release of nitric oxide (NO) from nitroglycerin, or glyceryl trinitrate (GTN), requires

ALDH2 (Left). NO activates soluble guanylate cyclase to form cyclic guanosine
monophosphate and produce vasodilation. There is negative feedback from NO to inhibit
ALDH2 activity. The ALDH2*2 variant decreases the vasodilatory response of nitroglycerin

compared to wild-type since it is unable to bioactivate GTN and release NO (Right).
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Table 1:

The effect of aldehyde dehydrogenase*2 on cardiovascular disease

Ischemic heart disease 1 Incidence of CADI1~14] and M1[35-17] in East Asian populations
*schemia/reperfusion injury[19-21
| Cardioprotection from ischemic preconditioning[?22%l and remote ischemic pre/post-conditioning[?4-271
| Efficacy of nitroglycerin28-31]

Stroke * Independent risk factor in Taiwanese menl18]
* Reactive aldehydes during ischemial32

Heart failure | Cardiac function after ischemic insult[33:34]
* ROS and myocyte cell death in diabetes!35-37]

CAD: Coronary artery disease, MI: Myocardial infarction, ROS: Reactive oxygen species
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