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Foreword

It is with great pleasure that I introduce this impressive collection of ALDH?2 in
cardiovascular and other chronic diseases edited by Professors Jun Ren, Junbo Ge,
and Yingmei Zhang. This book is timely given the ever-rising concept of “precision
medicine” in clinical diagnosis and therapeutics and the abundant human popula-
tions with ALDH?2 genetic mutations worldwide. With the increasing use of new
techniques for gene-targeted clinical diagnosis and drug therapy, the link between a
given genetic polymorphism and disease prevalence is more and more appreciated.
In this context, the pathophysiology of cardiovascular and other chronic diseases in
association with ALDH2 genetic polymorphism needs to be examined in depth to
better guide the therapeutic approaches.

This book addresses a number of mechanistic advances in our understanding of
the role for ALDH2 in various cardiovascular diseases including diabetes, obesity,
hypertension, sepsis, ischemic injury, myocardial infarction, and heart failure. In
addition, the clinically established association between ALDH2 gene polymor-
phism and carcinogenesis and chemotherapy efficacy is also discussed in depth. A
number of regulatory mechanisms are reviewed for ALDH2 including autophagy,
oxidative stress, mitochondria, and crosstalk with cell survival machineries (such as
apoptosis). Finally, this volume discusses potential drugs targeting ALDH?2 in car-
diovascular therapeutics (such as Alda-1) which represents an exciting emerging but
rather challenging field. To this end, there is a fundamental need to understand the
processes inherent in ALDH?2 dehydrogenase as well as reductase enzymatic pro-
files, so that ALDH2 can be regulated with pharmacological or natural agents.

Our knowledge on ALDH2 polymorphism on important disease topics is sum-
marized in this book, with contributions from experts from around the world. Both
researchers and health-care providers (as well as students) in the medical field
should find this volume to be particularly valuable.

Distinguished Professor of Medicine, Helmut K. Seitz MD, AGAF
Gastroenterology and Alcohol Research

University of Heidelberg,

Heidelberg, Germany



Preface

Much progress has been made for the management of various cardiovascular and
chronic diseases over the past decades, although the therapeutic efficacy still dis-
plays a geographical and ethnic disparity. Several scenarios have been indicated for
the apparent therapeutic disparity in cardiovascular and other chronic diseases such
as socioeconomic, genetic, and epigenetic factors as well as policy- and decision-
making in health care. The surface of the term “precision medicine” recently has
called upon the necessity for a thorough understanding of individual’s genetic pro-
file in clinical therapeutic strategy. To this end, it is quite pertinent to improve our
knowledge for genetic polymorphism of a given gene in the clinical assessment and
therapeutics of cardiovascular and other chronic diseases such as cancer and meta-
bolic disorders.

Aldehyde dehydrogenases (ALDHs) belong to a superfamily of 19 isozymes and
play important physiological roles including detoxification of endogenous and
exogenous aldehyde substrates. However, recent findings have depicted a unique
role for ALDH family, in particular mitochondrial ALDH (ALDH?2), in a variety of
human pathologies independent of their alcohol metabolism property. Moreover,
mutation of ALDH2 (termed ALDH2*2) represents the single most abundant human
genetic mutation among 4000+ human genetic diseases. Many disease processes
may be impacted by ALDH2 genetic mutation including ischemia heart diseases,
diabetes mellitus, hypertension, Fanconi anemia, pain, sepsis, cancer, 0Steoporosis,
stroke, and aging. The heterogeneity and genetic polymorphism of ALDH2 enzyme
may affect the clinical outcome of pharmacological agents such as nitroglycerin.
Despite the available studies and clinical trials in diseases, the underlying mecha-
nisms behind ALDH2 polymorphism in disease etiology, progression, and treat-
ment still remain somewhat elusive. To optimize individualized therapeutic regimes,
it is imperative to better understand the role for ALDH?2 in the regulation of both
physiological and pathophysiological processes. While scientists and clinicians
have a good understanding and grasps of human disease processes, they may be less
conversant for the role of genetic variation of ALDH2 in these comorbidities. To
optimize therapeutic regimes against cardiovascular and other chronic diseases, it is
imperative to understand the role for ALDH2 polymorphism in the pathogenesis
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viii Preface

and therapeutics of various human diseases. Fifteen chapters are dedicated in this
book. In chapter “Role of Alcohol Oxidative Metabolism in Its Cardiovascular and
Autonomic Effects”, El-Mas and Abdel-Rahman briefly summarized alcohol
metabolism in cardiovascular and autonomic systems and discussed ALDH2 poly-
morphism in alcohol-related disease such as hypertension. Chapter “Environmental
Aldehyde Sources and the Health Implications of Exposure” by Sinharoy and
coworkers offered a nice overview of how ALDH2 detoxifies the cytotoxic, muta-
genic, and carcinogenic aldehydes and how ALDH2 variants may be predisposed to
various environmental health issues. Mochly-Rosen and associates then discussed
the role of ALDH?2 in cardiovascular diseases in chapter “ALDH?2 and Cardiovascular
Disease” while Matsumoto laid out a systematic review of ALDH2 polymorphism
in general human health and precision medicine in chapter “Aldehyde
Dehydrogenases: From Alcohol Metabolism to Human Health and Precision
Medicine”. In chapter “Aldehyde Dehydrogenase 2 and Heart Failure”, Li and col-
leagues presented the link between ALDH2 and heart failure, while Ding et al. dis-
cussed the role of ALDH?2 in myocardial ischemic and ischemia-reperfusion injury
in chapter “Mitochondrial Aldehyde Dehydrogenase in Myocardial Ischemic and
Ischemia-Reperfusion Injury”. Yasue and associates discussed ALDH?2 mutation in
various forms of coronary artery spasm and acute myocardial infarction more from
the clinical perspective in chapter “East Asian Variant Aldehyde Dehydrogenase 2
Genotype (ALDH2*2%) Contributes to Coronary Artery Spasm”. Given the global
pandemics of obesity in the twenty-first century, Hu reviewed ALDH2 mutation and
obesity prevalence by revisiting a number of relevant clinical and epidemiological
reports in chapter “Aldehyde Dehydrogenases Genetic Polymorphism and Obesity:
From Genomics to Behavior and Health”. Likewise, Palaniyandi and coworkers
focused on the correlation between ALDH?2 and diabetic heart diseases in chapter
“Aldehyde Dehydrogenase (ALDH) 2 in Diabetic Heart Diseases”. Chapter “The
Role of ALDH2 in Sepsis and the To-Be-Discovered Mechanisms” by Pang and
colleagues reviewed the role of ALDH?2 and its genetic mutation in sepsis and septic
organ injury. The next chapter by Xu et al. examined the possible role of ALDH2 in
stroke prevalence, while Ma and Cao revisited ALDH2 polymorphism in hyperten-
sion in chapter “Targeting ALDH?2 in Atherosclerosis: Molecular Mechanisms and
Therapeutic Opportunities”. Wang and Wu reviewed the role for ALDH2 polymor-
phism in cancer and discussed its potential effect on cancer therapy, in particular in
chemotherapeutics with anthracycline (chapter “ALDH2 and Cancer Therapy”). To
support this link in carcinogenesis from the prospective of genetic-environmental
interaction, Yang and coworkers discussed how ALDH2 polymorphism and ethanol
consumption may affect the dogma of cancer prevention and treatment in chapter
“ALDH2 Polymorphism and Ethanol Consumption: A Genetic-Environmental
Interaction in Carcinogenesis”. In the final chapter, Wu and Ren offered both pros
and cons for ALDH2 in aging and aging-related human chronic diseases. In general,
this book may shed some lights toward a better understanding of ALDH?2 genetic
polymorphism in various human diseases; it is noteworthy that the topics covered
here cannot cover many other comorbidities (such as pulmonary and renal diseases)
with a close tie with ALDH2 polymorphism. More importantly, our current
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contributed volume probably raised much more questions than answers. First,
ALDH?2 genetic profile isn’t necessarily the benchmark for its enzymatic activity
given the possible existence of epigenetic and posttranslational modifications.
Therefore, using ALDH2 genotype as the sole indicator for the denominator of dis-
ease prevalence may be misleading. Second, similar to all animal models, experi-
mental data (in vivo or in vitro) suffer from limitation to mimic pathological changes
in actual clinical settings. Special caution is warranted when applying knowledge
from bench-side to the bed-side practice. Last but not least, given the complexity in
the etiology of human chronic diseases, it is rather difficult to pinpoint ALDH2
genetic mutation as the main drive for disease prevalence or therapeutic efficacy,
letting alone the possible gene-gene or gene-environment interaction for ALDH2
that is not included in our book. We certainly hope that this contributed volume will
assist physicians and scientists to apply the ALDH?2 genetic polymorphism concept
in the therapeutics of cardiovascular and other chronic diseases.

Shanghai, China Jun Ren
Junbo Ge
Yingmei Zhang
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Role of Alcohol Oxidative Metabolism
in Its Cardiovascular and Autonomic
Effects

Check for
updates

Mahmoud M. El-Mas and Abdel A. Abdel-Rahman

Abstract Several review articles have been published on the neurobehavioral
actions of acetaldehyde and other ethanol metabolites as well as in major alcohol-
related disorders such as cancer and liver and lung disease. However, very few
reviews dealt with the role of alcohol metabolism in the adverse cardiac and auto-
nomic effects of alcohol and their potential underlying mechanisms, particularly in
vulnerable populations. In this chapter, following a brief overview of the dose-
related favorable and adverse cardiovascular effects of alcohol, we discuss the role
of ethanol metabolism in its adverse effects in the brainstem and heart. Notably,
current knowledge dismisses a major role for acetaldehyde in the adverse auto-
nomic and cardiac effects of alcohol because of its low tissue level in vivo. Contrary
to these findings in men and male rodents, women and hypertensive individuals are
more sensitive to the adverse cardiac effects of similar amounts of alcohol. To
understand this discrepancy, we discuss the autonomic and cardiac effects of alco-
hol and its metabolite acetaldehyde in a model of hypertension, the spontaneously
hypertensive rat (SHR) and female rats. We present evidence that enhanced catalase
activity, which contributes to cardioprotection in hypertension (compensatory) and
in the presence of estrogen (inherent), becomes detrimental due to catalase catalysis
of alcohol metabolism to acetaldehyde. Noteworthy, studies in SHRs and in estro-
gen deprived or replete normotensive rats implicate acetaldehyde in triggering oxi-
dative stress in autonomic nuclei and the heart via (i) the Akt/extracellular
signal-regulated kinases (ERK)/nitric oxide synthase (NOS) cascade and (ii) estro-
gen receptor-alpha (ERa) mediation of the higher catalase activity, which generates

M. M. El-Mas

Department of Pharmacology and Toxicology, Faculty of Pharmacy, Alexandria University,
Alexandria, Egypt

e-mail: mahmoud.elmas@alexu.edu.eg

A. A. Abdel-Rahman (0<)

Department of Pharmacology and Toxicology, The Brody School of Medicine,
East Carolina University, Greenville, NC, USA

e-mail: abdelrahmana@ecu.edu

© Springer Nature Singapore Pte Ltd. 2019 1
J. Ren et al. (eds.), Aldehyde Dehydrogenases, Advances in Experimental
Medicine and Biology 1193, https://doi.org/10.1007/978-981-13-6260-6_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-6260-6_1&domain=pdf
mailto:mahmoud.elmas@alexu.edu.eg
mailto:abdelrahmana@ecu.edu

2 M. M. El-Mas and A. A. Abdel-Rahman

higher ethanol-derived acetaldehyde in female heart. The latter is supported by the
ability of ERa blockade or catalase inhibition to attenuate alcohol-evoked
myocardial oxidative stress and dysfunction. More mechanistic studies are needed
to further understand the mechanisms of this public health problem.

1 Introduction

Alcohol is the most commonly used mood-altering drug worldwide. The propor-
tions of pleasant and unpleasant effects of alcohol experienced by any individual
depend largely on the amount of alcohol consumed and the pattern of alcohol use
[6]. Studies have shown that alcohol exerts both favorable and detrimental cardio-
vascular effects (Fig. 1), possibly contributing to the J- or U-shaped association
between alcohol consumption and overall disease and cardiovascular risks.
Specifically, mild-to-moderate alcohol consumption is associated with protection
against coronary artery disease and reduced incidence of heart failure, atherosclero-
sis, and peripheral vascular disease. The beneficial cardiovascular effects of mild/
moderate alcohol consumption have been attributed to increased high-density lipo-
protein cholesterol, improved endothelial function, anti-inflammatory effect, and
decreased platelet aggregation [116, 155, 200].

On the other hand, excessive or binge drinking is one of the leading causes of
higher cardiovascular morbidity and mortality worldwide [80, 150, 186]. Alcohol-
induced cardiomyopathy is characterized by cardiac hypertrophy, interstitial fibro-

Cardiovascular Effects of Alcohol

Adverse
Beneficial (mild to heavy consumption
moderate consumption)

* Cardiomyopathy

* Cadioprotective
Antihyperlipidemic
Antithrombotic
Anti-ischemic stroke

Etiology
Increased HDL
Decreased thrombosis
Reduced fibrinogen
Increased fibrinolysis
Increased coronary blood
flow

* Arrhythmia

*Heart failure
*Hypertension
*Hemorrhagic stroke
*Hyperlipidemia

Etiology

*[nflammation

* Oxidative stress

*Lipid peroxidation

* Sympathoexcitation
*RAS upregulation

+ Endothelium dysfunction

Fig. 1 Beneficial and harmful cardiovascular effects of alcohol and contributing etiologies
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sis, and compromised myocardial contractile capacity [167, 187, 202]. The
cardiodepressant effect of alcohol often results from chronic and excessive exposure
to alcohol, e.g., a daily alcohol dose that exceeds 40 g [184]. It is characterized by
the loss of contractile capacity, cardiomegaly, derangement of myofibrillary archi-
tecture, and increased incidence of heart failure, stroke, and hypertension [167, 179,
187, 202]. Cardiac arrhythmia is another consequence of excessive alcohol con-
sumption, which may not be related to other common alcohol-related comorbidities
such as liver disease, hypertension, diabetes, renal failure, and peripheral vascular
disease [157, 179, 212].

In addition to cardiomyopathy, a tight association exists between alcohol con-
sumption and elevated arterial pressure. Most of habitual alcohol users exhibit
higher systolic blood pressures and hypertension compared with nondrinkers or
light to moderate drinkers [103, 106, 150, 219]. In such cases, alcohol withdrawal
or at least reduced intake is one of the clinical recommendations for hypertension
management [14, 150]. The relationship between alcohol intake and blood pressure
appears to be independent of any other confounding pathological variables such as
diabetes mellitus, coronary heart disease, age, cigarette smoking, and dyslipidemia.
Reported experimental findings confirmed epidemiological evidence that alcohol
use positively correlates with the incidence of hypertension. Several underlying
mechanisms have been implicated in the hypertensive action of alcohol such as
impairment of arterial baroreceptor activity, vascular endothelial dysfunction, oxi-
dative stress, cardiovascular inflammation, sympathetic and renin-angiotensin-
aldosterone system hyperactivities, and increases in cortisol levels and vascular
reactivity [43-45, 95, 150].

2 Peripheral and Central Metabolism of Alcohol

Accumulating evidence suggests that at least 95% of alcohol is eliminated via
metabolism, with the remaining fraction being excreted unchanged through exhala-
tion, sweating, or urinary excretion [156]. As depicted in Fig. 2, alcohol is mainly
metabolized by hepatic oxidative degradation into acetaldehyde and acetate by
cytosolic alcohol dehydrogenase (ADH) enzyme and mitochondrial aldehyde dehy-
drogenase (ALDH) enzymes, respectively. Acetaldehyde, the first oxidative product
of ethanol, is a highly toxic molecule and is probably 10 times more toxic than
alcohol itself [17]. In the liver, the conversion of ethanol into acetaldehyde is cata-
lyzed by ADH, cytochrome P450 2E1 (CYP2E1), and, to a lesser extent, by catalase
[34]. The two latter enzymes (CYP2E1 and catalase) constitute what is known as
the non-ADH pathway, which contributes minimally to the hepatic alcohol metabo-
lism. Nevertheless, the metabolic role of this pathway is magnified under circum-
stances of excessively high blood alcohol levels or chronic alcohol exposure [91]
and under settings of increased catalase activity, which might explain the higher
estrogen-related acetaldehyde level in women [73].
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Ethanol, but not acetaldehyde, can easily reach the brain after crossing the blood-
brain barrier. The cellular components of the blood-brain barrier such as endothelial
cells and oligodendrocytes contain ALDH [220, 224], which breaks down circulating
acetaldehyde of peripheral origin to acetate and limits its passage into brain tissues
[93]. Nonetheless, acetaldehyde can be formed locally in the brain from alcohol that
has crossed the blood-brain barrier. That said, the enzymatic pattern of central etha-
nol metabolism is different from the peripheral one. As mentioned above, the hepatic
oxidative metabolism of ethanol into acetaldehyde is catalyzed mainly by ADH [34,
130, 156]. This enzymatic profile of ethanol metabolism is not visualized in the
brain tissues where catalase and, to a lesser extent, CYP2EI, serve as the principal
metabolizing enzymes [223] [221] (Fig. 2). Protein expression studies showed that
catalase is expressed in all neural cells of the brain [93]. Moreover, immunohisto-
chemical catalase-positive staining is particularly prominent in brain areas contain-
ing aminergic neuronal bodies [222].

Conflicting data are reported on the role of acetaldehyde in the neurobiological
and epigenetic changes caused by ethanol. Numerous studies have implicated acet-
aldehyde in behavioral, reinforcing, and neurotoxic effects of ethanol. For example,
microinjection of the catalase knockdown (shRNA) in ventral tegmental area of rats
virtually abolishes the voluntary consumption of alcohol, suggesting that central
metabolism of ethanol into acetaldehyde is necessary for generating reward and
reinforcement [107]. Ethanol and acetaldehyde cause similar disruption of cellular
differentiation and growth, with subsequent abnormalities in fetal development
[123]. Locomotor stimulation induced by alcohol administration into the hypotha-
lamic arcuate nucleus is abolished after pharmacologic catalase inhibition [153]. By
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contrast, evidence obtained from other studies failed to establish such causal rela-
tionship between ethanol effects and its oxidative product acetaldehyde or at least
reached a conclusion that the two materials produce similar actions, but the
underlying cellular mechanisms are probably different [162, 164]. Although acetal-
dehyde is considered the prime perpetrator for ethanol-induced organ damage, other
products of ethanol metabolism, e.g., fatty acid ethyl esters, may also contribute to
the onset and progression of alcoholic organ injury. The transport of these fatty
acids from intracellular sites to mitochondrial membranes causes mitochondrial
injury and loss of its energy generation capacity [118, 160, 217].

Several review articles on the role of acetaldehyde and other oxidative products
in the neurobehavioral actions of ethanol have been published over the last few
years [164] [154]. Similarly, reviews on the involvement of oxidative products and
enzymes of ethanol in major alcohol-related disorders such as cancer [72, 147, 166,
176], liver disease [185, 189], lung disease [178], and alcoholism and addiction
[139, 163] are also available. Yet, little or no reviews have been recently published
that summarize reported findings on the role of acetaldehyde and synthesizing and
degrading enzymes in cardiovascular complications induced by alcoholism and
potential cellular and molecular mechanisms of these interactions.

3 Role of Central Metabolizing Enzymes in Alcohol-Induced
Hypertension

3.1 Alcohol-Induced Hypertension

Epidemiological evidence supports a strong association between alcohol use and
hypertension [11, 95, 150, 159]. Experimentally, ethanol elicits hypertension after
its acute, parenteral, or oral administration [43, 51]. Gender, route of administration,
rat strain, and arousal state are considerable factors that modify the blood pressure
response elicited by alcohol [46, 48, 50, 51, 63, 122]. However, the effect of ethanol
on blood pressure is not dependent on obesity, cigarette smoking, or physical activ-
ity [11, 15] and is observed in both normotensive and in hypertensive patients [159,
161]. The ethanol-induced pressor effect is reversible because it disappears when
ethanol intake is stopped [159, 161].

Specifically, the role of sympathoexcitation in the ethanol-evoked hypertension
is evidenced by the rises in plasma norepinephrine [98] and efferent sympathetic
neural activity [175]. In a previous report from our laboratory [126], we employed
microinjection and electrochemical protocols to determine neuronal substrates in
the brainstem that underlie the hypertensive action of ethanol. The rostral ventrolat-
eral medulla (RVLM) is the brainstem pressor region from which bulbospinal sym-
pathetic neurons descend to the intermediolateral cell column of the spinal cord [26,
216] and is a major site for the sympathoexcitatory action of ethanol [136]. The C1
neurons of the RVLM contain essential NE-synthesizing enzymes such as tyrosine
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hydroxylase, dopamine hydroxylase, and phenylethanolamine N-methyltransferase
[88]. Indeed, the quantity of the norepinephrine (NE)-containing neurons in the
RVLM positively correlates with sympathetic neural activity [16]. Measurements of
NE and its metabolites in the RVLM neurons by microdialysis or electrochemistry
denote NE neuronal activity [16, 109, 136, 194].

The unilateral administration of ethanol (1-10 pg) into the RVLM causes dose-
dependent increases in norepinephrine electrochemical signal and blood pressure in
SHRs in contrast to much smaller pressor effects in Wistar Kyoto rats (WKYs)
[126]. Similarly greater increases in blood pressure and RVLM norepinephrine are
observed in SHRs after systemic ethanol administration [136]. Considering that the
RVLM contains noradrenergic nerve terminals that originate from other brain areas
[26, 36, 88] and that the activity of these neurons is proportionally related to the
sympathetic neural activity [26, 136], these findings suggested a primary role for
norepinephrine released from RVLM noradrenergic neurons in the sympathoexcit-
atory and pressor actions of ethanol in SHRs [126].

The impairment of arterial baroreceptor activity is a plausible mechanism for the
sympathoexcitatory and the subsequent hypertensive actions of ethanol [43, 44, 47,
98, 199]. The arterial baroreflex function is one of the most rapidly acting homeo-
static mechanisms for the regulation of blood pressure. Baroreceptor function is
impaired in human hypertensives [85] and precedes the development of hyperten-
sion in some experimental models including the ethanol-induced hypertension [1,
82, 83, 175]. The cardiovascular nuclei of the brainstem such as the nucleus tractus
solitarius are important neuroanatomical targets for the baroreflex depressant effect
of ethanol [45, 56]. The ethanol enhancement of y-aminobutyric acid—mediated
(GABAergic) [198] and attenuation of glutamatergic [135] neurotransmission in the
brainstem have been implicated in baroreflex dysfunction induced by ethanol.

3.2 Acetaldehyde Mediates the Pressor Effect of Intra-RVLM
Alcohol

As indicated above, the local synthesis of acetaldehyde from alcohol in the brain is
catalyzed mainly by catalase and CYP2E]1. Catalase is present in all neural cells,
and its expression is particularly evident in aminergic neuronal bodies [93, 222].
Further, central CYP2EI expression is region-specific and is found in peroxisomes
and mitochondria [181]. Although the role of acetaldehyde in the biological effects
of ethanol has been extensively investigated, the specific involvement of the oxida-
tive products of alcohol in ethanol-induced hypertension has only been recognized
in recent reports. Further, considering a key role of brain catalase in the central etha-
nol disposition [210] [221] is challenging because reported findings on catalase
activity in experimental models of genetic hypertension are limited and inconsis-
tent. For example, a higher striatal [5], but not renal [158], catalase activity was
reported in SHRs compared with WKYs.
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Although the oxidative product acetaldehyde has been implicated in the behav-
ioral effects of ethanol [113, 154, 164, 177], scarce data exist on acetaldehyde
contribution to the ethanol-evoked pressor response. Integrative and electrochemi-
cal studies revealed heightened pressor and sympathoexcitatory effects of intra-
RVLM ethanol in conscious SHRs compared with WKY's [126, 136]. In a series of
recent and novel reports from our laboratory, we established compelling evidence
that implicated acetaldehyde in this hypertension-specific pressor effect of ethanol
and identified the molecular underpinnings of this effect [58, 61, 66]. We first dem-
onstrated that local catalase-mediated oxidation, into acetaldehyde, accounted for
the hypertensive response elicited by intra-RVLM ethanol in SHRs. It is not sur-
prising, therefore, that an imbalance between ethanol-derived acetaldehyde and its
further oxidation to acetate (via ALDH) results in acetaldehyde accumulation and
a subsequent RVLM neuronal oxidative stress serves as underlying mechanisms
for the heightened increases in central sympathetic tone and blood pressure in
SHRs [9, 22].

This premise is further supported by: (1) compared to control WKYSs, the SHR
RVLM exhibits higher catalase activity, and (2) the pressor effect of ethanol was
dramatically reduced in SHRs pretreated systemically with 3-amino-1,2,4-triazole
(3-AT, catalase inhibitor) [58]. Further, the finding that similar increases in blood
pressure are caused by acetaldehyde (2 pg) or ethanol (10 pg) microinjection into
the RVLM supports the premise that acetaldehyde is the principal mediator of
ethanol-evoked hypertension in SHRs [58]. In this circumstance, the blood pressure
rises caused by acetaldehyde were similar, in duration and magnitude, to that caused
by intra-RVLM ethanol. Considering the importance of discrete areas of the brain-
stem such as the RVLM in blood pressure control [26, 79], these findings suggested
a centrally mediated effect of acetaldehyde on blood pressure. Because systemic
3-AT caused significant drop in blood pressure, it is possible that 3-AT counterbal-
anced the pressor effect of intra-RVLM ethanol perhaps via physiological antago-
nism. This possibility seems unlikely because under the same conditions, systemic
3-AT failed to alter the pressor response elicited by intra-RVLM acetaldehyde [58],
and produced variable effects on blood pressure that include decreases [23],
increases [215], or no changes [121].

Another evidence for the acetaldehyde hypothesis are the findings in normoten-
sive (WKY) rats pretreated with an ALDH inhibitor. Whereas intra-RVLM acetal-
dehyde failed to alter blood pressure in WKY rats, substantial increases in blood
pressure were seen when acetaldehyde was microinjected in the same rat strain
pretreated with the ALDH inhibitor cyanamide [58]. It is plausible, therefore, that
ALDH rapidly oxidizes acetaldehyde into acetate, thus preventing the accumulation
of this neurotoxic aldehyde in the RVLM of the WKY. Conceivably, ALDH inhibi-
tion appears to have created RVLM environment conducive to acetaldehyde accu-
mulation and the unraveling of its pressor effect in WKY rats. While these findings
argue against a significant role for acetate, the next step in ethanol metabolism
[165], in the pressor effect of ethanol or acetaldehyde, it is imperative to note that
acetate contributes to other neurobiological/behavioral effects of ethanol [33, 35].
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Recent neurochemical data reveal substantially higher catalase but similar ALDH
activity in the RVLM of SHRs and WKY rats [58]. Such enzymatic profile is antici-
pated to provoke greater formation and accumulation of the ethanol-derived acetal-
dehyde in the RVLM of the SHRs. Studies on catalase activity in other brain areas
of hypertensive rats demonstrate inconsistent effects. For example, the SHRs exhibit
higher and lower catalase activity in the striatum and the whole brain homogenate,
respectively, compared with normotensive controls [5, 158]. As discussed earlier,
intra-RVLM acetaldehyde elevates blood pressure in SHRs, but not in WKY rats,
despite the similar RVLM ALDH activity [58]. It is likely, therefore, that this
ethanol-metabolizing enzymes profile or other intrinsic nonenzymatic mechanisms
[164] contribute to such strain-dependent blood pressure effect of ethanol or its first
metabolite, acetaldehyde.

It is noteworthy that the pressor response elicited by intra-RVLM ethanol or acet-
aldehyde is associated with significant decreases in the heart rate. While the pressor
effect of ethanol relates to the enhancement of central sympathetic tone [126, 136],
the mechanism of the associated bradycardia has not been elucidated. Speculatively,
the bradycardic action of ethanol might erupt as a reflex response due to the activa-
tion of arterial baroreceptors in the aortic arch and carotid sinus [67, 131, 146].
However, this possibility is contradicted by the findings that intra-RVLM acetalde-
hyde elicited pressor responses in cyanamide-pretreated WKY rats or in 3-AT pre-
treated SHRs without affecting HR. Therefore, more studies are needed to characterize
the underlying mechanism of the bradycardic effect of intra-RVLM ethanol [58].

It is important to comment on the clinical relevance of the microinjected alcohol
dose. Given the similarity of the cardiovascular effects produced by systemic (1 g/kg)
[44, 45, 198, 199] and intra-RVLM (10 pg) [126, 136] alcohol in SHRs, it is plausible
that these two alcohol regimens would produce comparable levels of the drug in the
RVLM. This premise is supported by the study by Robinson et al. [173], which showed
similar blood and brain levels of ~25 mM following alcohol (1 g/kg, i.v). It is conceiv-
able, therefore, that the 10 pg intra-RVLM dose of alcohol used in our studies might
lead to tissue alcohol concentration of approximately 25 mM, which is consistent with
blood levels achieved following social alcohol consumption [3, 98]. Moreover, the use
of the 2 pg dose of acetaldehyde for intra-RVLM studies was based on reported rela-
tive potencies of acetaldehyde and ethanol in cardiovascular [58] and behavioral stud-
ies [164]. A higher intra-RVLM dose of acetaldehyde (4 pg) increased blood pressure
to levels that were not different from those produced by the 2 pg dose [66].

Apart from neurohumoral pathways, a potential role for osmolality changes in
the pressor effect of ethanol is likely because clinical and experimental studies
showed that hyperosmolality increases sympathetic neural activity and blood pres-
sure through the stimulation of central osmoreceptors [190]. These osmotically
mediated effects have been attributed to the activation of vasopressinergic and glu-
tamatergic projections to the RVLM sympathetic neurons [10, 18, 74]. Given that
ethanol is osmotically active and that osmolarity modulation accounts for the
ethanol-evoked changes in secretory [117] and disease states [133], future studies
are warranted to investigate whether osmotic changes in RVLM neurons contribute
to the sympathetic and blood pressure responses elicited by ethanol.
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Notably, the reported pressor and sympathoexcitatory effects of acetaldehyde
appear to be at odds with its direct effects on vascular reactivity. In vitro studies
have shown that acute or chronic acetaldehyde exposure relaxes vascular smooth
muscle and reduce responsiveness to vasoconstrictor stimuli [7, 19, 144]. Ren et al.
[170] reported that aortic relaxations induced by acetaldehyde are dependent upon
the endothelium and blood pressure states. Compared with normotensive counter-
parts, acetaldehyde-induced vasorelaxations are diminished and augmented in SHR
aortas with intact and denuded endothelium, respectively [170]. Electrophysiological
evidence suggests a vital role for the inhibition of voltage-dependent Ca** currents
in the attenuating action of acetaldehyde on contractions induced by potassium
depolarization in vascular smooth muscle cells [144]. High blood acetaldehyde con-
centrations seen in some Asians with a genetically low ALDH activity [71, 90] have
been implicated in hypotension, flushing, and palpitation associated with alcohol
use. It is likely, therefore, that the blood pressure response elicited by ethanol signi-
fies the net of its vascular and neurohumoral effects at central and peripheral sites.

3.3 ALDH? Polymorphism Modulates Alcohol-Evoked
Hypertension

As discussed above, acetaldehyde is detoxified into acetate by ALDH?2, which sub-
sequently enters into the Krebs cycle to generate CO, and water as the end products
of ethanol oxidation [78, 134]. Clinical data demonstrate elevated circulating acet-
aldehyde levels following acute or chronic alcohol use [149, 151]. Impairment or
genetic mutations (polymorphism) of ALDH result in elevated circulating levels of
acetaldehyde in alcoholics [149]. Compared to blood acetaldehyde concentrations
of ~5 pM in Asians with intact ALDH2 activity, individuals with one mutant ALDH2
allele exhibit acetaldehyde levels of 30-125 pM and develop severe organ injury
following alcohol intake [31, 148, 205].

The generation of free radicals and oxidative stress are the main mechanisms
responsible for cytotoxicity induced by alcohol and acetaldehyde. Further, the oxi-
dation of acetaldehyde into acetate may produce oxidative free radicals such as
superoxide, acetyl, hydroxyl, and methyl radicals [145] through a number of subcel-
lular enzymes and structures including aldehyde oxidase, xanthine oxidase, mito-
chondria, and microsomes [171]. ALDH?2 mutation is linked to increased prevalence
of hypertensive states including that induced by alcohol [8, 99, 193]. It should be
remembered, however, that the influence of ALDH2 genotype on blood pressure is
rather complex and depends on the amount of alcohol consumed, the timing of
blood pressure measurement, and environmental and genetic factors. Collectively,
while Iwai and colleagues identified a tie between the ALDH2*1/*1 genotype and
the prevalence of hypertension [100], the precise role of ALDH2 polymorphism in
the regulation of blood pressure, particularly in alcoholics, remains largely unclear.
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3.4 Central MAPK Signaling Contributes to Ethanol-/
Acetaldehyde-Evoked Hypertension

Mitogen-activated protein kinases (MAPKSs) are a group of serine/threonine kinases
that transfer extracellular stimuli into a wide range of cellular responses [24, 70].
Conventional MAPKs comprise ERK1/2, c-Jun amino (N)-terminal kinases
(JNK1/2/3), and p38 [24]. The pathogenic intermediary roles of MAPKSs in serious
adverse effects of alcohol such as hepatotoxicity, pancreatitis, neurotoxicity, and
increased cancer risk have been recognized [12, 180, 183]. MAPKSs phosphoryla-
tion might be facilitated or inhibited by ethanol depending on factors such as the
duration and dose of alcohol exposure, cell type, and particular MAPK isoform
under consideration [12]. In vitro studies showed that vascular contractions and
elevations in intracellular calcium caused by alcohol in cerebral smooth muscle
cells are mediated via activation of ERK1/2 and p38 [207]. The alcohol-induced
contractions of isolated aortas are suppressed after MEK1/2 inhibition, thereby
implicating ERK /2 in the alcohol effect [208]. In whole animal studies, pharmaco-
logic inhibition of RVLM ERK1/2 attenuates the pressor response caused by the
microinjection of angiotensin II into the same neuroanatomical area [182].

Evidence implicates MAPKs within the RVLM neurons in the pressor effect of
alcohol or its metabolite acetaldehyde in SHRs [66] because (1) the RVLM area, which
controls blood pressure and central sympathetic activity, is a neuroanatomical site for
mediating the pressor effect of alcohol or its metabolite, acetaldehyde [58, 126, 136];
(2) RVLM MAPKSs signaling is crucial for blood pressure control in normotensive and
hypertensive states [182]; and (3) activation of RVLM ERK1/2 and p38 accounts for
the higher sympathetic activity in stroke-prone SHRs [114] and in models of heart
failure [77]. A causal role for enhanced ERK?2 signaling in the pressor effect of intra-
RVLM alcohol was supported by the observations that alcohol microinjection caused
significant increases in local ERK2 phosphorylation and that prior RVLM ERK1/2
inhibition by PD98059 virtually abolished the pressor action of alcohol [66].

Unlike MAPK-ERK1/2, conflicting data are obtained regarding the roles of p38
and JNK signaling in alcohol-induced pressor effect. Whereas RVLM p38 phos-
phorylation is upregulated by alcohol, the associated pressor response is preserved
after pharmacological inhibition of p38 (SB203580) [66], denoting no role for the
increase in RVLM p38 activity in the pressor effect of alcohol. On the other hand,
despite the lack of change in neuronal p-JNK expression in alcohol-treated SHRs,
JNK inhibition (SP600125) compromises the pressor effect of alcohol. While these
findings preclude a direct interaction of alcohol with JNK, the possibility that alco-
hol interacts with downstream effectors of JNK signaling cannot be overlooked. For
instance, the immediate early gene c-jun and/or the transcription factor activator
protein-1 [32, 213] might contribute to the alcohol-evoked pressor response.
Interestingly, a causal link exists between increases in c-Jun or its message, c-jun,
in the RVLM and sympathetic activity [52, 203].

Like alcohol, acetaldehyde has no effect on phosphatase activity but increases
RVLM p-ERK?2 level and caused p-ERK2, but not p38, dependent elevation in blood
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pressure. These data further support a critical role for acetaldehyde in the molecular
and cardiovascular effects of alcohol. Notably, the effects of alcohol and acetaldehyde
are not usually identical. One important difference is the dependence of pressor effect
of alcohol, but not acetaldehyde, on enhanced RVLM JNK?2/3 phosphorylation [66].
Thus, it is possible that while enhancement of JNK2/3 and ERK2 phosphorylation
underlie alcohol-evoked pressor response, ERK2 phosphorylation plays the major
role in the pressor effect of acetaldehyde. Our molecular findings are consistent with
the observations that (1) enhanced RVLM ERKI1/2 signaling mediates increases in
sympathetic activity and blood pressure caused by the activation of RVLM angioten-
sin AT receptors [114] and (2) ERK1/2 inhibition in the REVLM causes hypoten-
sion and reduces the pressor response caused by intra-RVLM angiotensin II [182].

Based on the individual molecular profiles of alcohol and acetaldehyde, it is pos-
sible that JNK2/3 and ERK?2 are phosphorylated consecutively in the signaling path-
way leading to the acetaldehyde-dependent pressor effect of alcohol. Evidence
suggests a facilitatory role for alcohol dehydrogenase in the alcohol-evoked JNK
phosphorylation [152] in addition to its established role in alcohol metabolism
[164]. Notably, the oxidative metabolism of alcohol into acetaldehyde by alcohol
dehydrogenase/catalase mediates the pressor action of intra-RVLM alcohol in SHRs
[58]. Unlike alcohol, the pressor effect of acetaldehyde involved the direct activation
of ERK, thereby bypassing JNK and the alcohol metabolic pathway. These cellular
mechanisms along with the proposed cascade of neuronal substrates involved in the
MAPKs-related pressor effect of alcohol/acetaldehyde are illustrated in Fig. 3.

Protein phosphatases are enzymes that dephosphorylate amino acid residues of
protein substrates including MAPKSs and are involved in multiple regulatory pro-
cesses such as DNA replication, metabolism, transcription, and development [24,
174]. Studies have shown that the inhibition of phosphatase activity in cell culture
contributes to alcohol-evoked increase in p-JNK level [140] and that enhanced
MAPKSs signaling in the RVLM increases sympathetic activity [77, 114]. With this
in mind, it would be expected that the inhibition of RVLM phosphatases might have
contributed to the ethanol-evoked hypertension and enhancement of ERK1/2 phos-
phorylation was evaluated. Such argument seems unlikely because the measure-
ment of neuronal phosphatase activity in RVLM tissues of rats treated with alcohol
or its metabolite acetaldehyde revealed no differences from control tissues. Similar
to alcohol, the inhibition of neuronal ser/thr phosphatase activity by intra-RVLM
okadaic acid increased blood pressure and p-ERK2 expression [66], suggesting that
RVLM phosphatases tonically limit the buildup of neuronal phosphorylated
MAPKSs, which enhance sympathetic activity [77, 114]. Collectively, the increases
in blood pressure and RVLM p-ERK2 caused by okadaic acid lend credence to the
concept that higher levels of phosphorylated kinases in the RVLM mediate, at least
partly, the pressor effect of intra-RVLM alcohol in SHRs.

One potential limitation of microinjection studies of alcohol relates to the pos-
sibility that the microinjected alcohol dose into brainstem neurons might cause neu-
ronal damage and nonspecific effects. The microinjected dose of alcohol (10 pg) has
been used in brainstem microinjection studies in our laboratory [45, 136] and by
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Fig. 3 Schematic paradigm of neuronal events in the RVLM that lead to the increase in central
sympathetic outflow and elevation in blood pressure caused by intra-RVLM administration of etha-
nol or acetaldehyde in spontaneously hypertensive rats (SHRs). ADH, alcohol dehydrogenase;
IEGs, immediate early genes; AP-1, activator protein-1; MEK1/2, mitogen-activated protein kinase
kinase; p-ERK2, phosphorylated extracellular signal-regulated kinases

others [198, 199] to discern the role of these brain areas in the cardiovascular effects
of alcohol. Alcohol, microinjected into brainstem nuclei, impairs arterial barore-
flexes via interaction with specific subsets of central GABA and glutamate recep-
tors, and these effects disappeared within 1-2 h [45, 198]. The findings that RVLM
ERK and JNK, but not p38, contributed to pressor effect of alcohol [66] reflect its
selectivity and, along with the reversibility in the observed effects, made it unlikely
that the alcohol-evoked cardiovascular and molecular responses could be attributed
to nonspecific neuronal damage.

3.5 Brainstem Phosphatases Dampen Alcohol-Induced
Hypertension

As discussed above, the microinjection of ethanol or acetaldehyde into the RVLM
only modestly increased local ERK phosphorylation and blood pressure in con-
scious normotensive, WKY, rats [58, 126]. To understand the underlying mecha-
nisms that dampen these effects, studies were undertaken in conscious normotensive
rats to test the hypothesis that RVLLM phosphatases act tonically to dampen ethanol-
or acetaldehyde-evoked ERK phosphorylation and subsequent increases in blood
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pressure. As is the case in SHRs [66], the ERK1/2 inhibitor PD98059 abolished the
modest pressor effect caused by intra-RVLM ethanol in WKY rats, suggesting a key
role for ERK1/2 phosphorylation in alcohol-evoked increases in blood pressure
response and sympathetic activity [126]. More importantly, the simultaneous intra-
RVLM administration of ethanol and okadaic acid (nonselective inhibitor of all ser/
thr phosphatase isoforms, PP1 through PP6) or fostriecin (selective inhibitor of PP1
and PP2A) [192] caused exaggerated inhibition of phosphatase activity along with
greater and more sustained elevations in blood pressure.

Similar exacerbation of the pressor response and local phosphatases inhibition
are seen when acetaldehyde is combined with okadaic acid or fostriecin [61]. The
data highlight a preferential role for phosphatases of the PP1 and PP2A types in
dephosphorylating ERK1/2 and the dampening of acetaldehyde-dependent pressor
effect of intra-RVLM alcohol in normotensive rats. In addition to its selective phos-
phatase inhibitory effect, fostriecin also offers a better experimental tool for phos-
phatase inhibition because of the reported cytotoxicity associated with the use of
okadaic acid [92, 214]. Collectively, our observations reinforce a restraining influ-
ence of local RVLM phosphatases on alcohol-evoked pressor response [66].

4 Alcohol Metabolism Contributes to Its Sex-Dependent
Cardiovascular Effects

4.1 Estrogen Provokes Cardiodepressant and Hypotensive
Effects of Alcohol

Clinical and experimental findings demonstrate that the net effect of alcohol on
blood pressure follows a J-shaped relationship due probably to the complex effects
of alcohol on cardiovascular functions under different settings. Acute alcohol
increases [43], decreases [110], or has no effect [4, 198] on blood pressure, while
chronic alcohol increases [175] or decreases [54, 55, 168] blood pressure. The mech-
anisms by which alcohol elevates blood pressure include increase in sympathetic
activity as indicated by the rise in plasma norepinephrine levels [27, 28, 98]. The
observation that sympathetic neural activity is elevated in alcohol-fed, compared
with pair-fed control, rats provides more direct evidence for the involvement of the
sympathetic nervous system in alcohol-induced hypertension [175]. The attenuation
by alcohol of the gain in arterial baroreceptor activity may also contribute to the
increases in sympathetic activity and the subsequent pressor effect [43, 47].

On the other hand, ethanol elicits other cardiovascular actions that may counter-
balance its sympathoexcitatory effects and result in a net drop in blood pressure
such as direct myocardial depression [111, 217], reduction in cardiac output [49],
vasodilation [195], and «-adrenoceptor blockade [3]. Alcohol use results in an
increased incidence of cardiac morbidity and mortality. As recently reviewed [202],
the alcohol-evoked cardiomyopathy manifests as ventricular dilation, reduced ven-
tricular wall thickness, myofibrillary disarray, interstitial fibrosis, hypertrophy, and
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contractile dysfunction. The underlying mechanisms include ethanol/acetaldehyde
toxicity [124], mitochondrial production of reactive oxygen species [138], oxidative
injury, apoptosis [188], impaired myofilament Ca’* sensitivity [104], and abnor-
malities in fatty acid deposition [206].

Experimental reports suggest fundamental roles for ovarian hormones in the sex-
specific cardiovascular derangements caused by alcohol. Alcohol reduces cardiac
output, stroke volume, and blood pressure in female rats during proestrus, which
exhibits the highest level of circulating estrogen [49, 51]. Indices of myocardial
contractility such as left ventricular pressure over time (dP/dt,,,,) and left ventricular
developed pressure are also significantly reduced by alcohol. These hemodynamic
effects of alcohol are minimal or absent in male rats and in ovarian hormone-
deprived (ovariectomized) rats but are restored following estrogen replacement in
both preparations [60, 96, 209]. Because reductions in myocardial contractility indi-
ces and blood pressure are tightly related, it is concluded that myocardial depression
is largely responsible for the developed hypotension in these reported studies [60,
96, 209]. These findings have clinical implications because alcohol lowers blood
pressure in young, but not in older women [115]. The measurements of left ven-
tricular developed pressure (LVDP), dP/dt,,., [40, 41, 201, 218] and sympathovagal
control of the heart [42, 53] provide more direct assessment of cardiac contractility
and autonomic control. Our reported findings implicated cardiac vagal dominance
in the estrogen-dependent chronic hypotensive effect of alcohol in female rats [57,
59]. At the molecular level, facilitation of the myocardial PI3K/Akt/nNOS signaling
cascade contributes, at least partly, to these effects [64].

Studies in proestrus rats provided evidence for a causal role for autonomic dys-
regulation in the sex-specific myocardial oxidative stress and dysfunction. Specifically,
ethanol-evoked reductions in cardiac output [49, 57], blood pressure and indices of
myocardial contractility, LVDP, and dP/dt,,,, were associated with prolongation of
the left ventricular isovolumic relaxation constant Tau [96], which is a measure of
cardiac diastolic function [69, 97]. Further, the power spectral analysis of heart rate
variability revealed a shift toward vagal dominance in the presence of ethanol in
estrogen-replete rats. Most compelling are the findings that pharmacological inter-
ruption of cardiac vagal innervation attenuated the estrogen-dependent myocardial
oxidative stress/dysfunction. These findings suggest a pivotal role for enhanced vagal
dominance in the cardiodepressant effect of alcohol in female rats [59, 64].

Pharmacological (iNOS inhibition) and molecular studies implicate vascular
iNOS upregulation in the sex/estrogen-dependent hypotensive effect of alcohol
[68]. The latter is associated with an adaptive increase in the gene expression of the
immediate early gene c-jun in the RVLM [55], which reflects an increase in sympa-
thetic neural activity to counterbalance the primary decreases in blood pressure.
Notably, the estrogen dependence of the hypotensive effect of alcohol may be
explained in view of the similarity of the vascular effects of the alcohol and estrogen
because both inhibit calcium influx [25, 195], promote endothelial nitric oxide
activity [84, 94], and reduce a-adrenoceptor responsiveness [2, 191]. It is possible,
therefore, that ethanol may interact synergistically with estrogen to elicit vascular
changes that trigger vasodilatation and subsequent falls in blood pressure.
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The role of estrogen receptors (ER) in the estrogen-dependent hypotensive and
myocardial depressant actions of alcohol has been investigated. The three ERs, ERa,
ERB, and G protein-coupled ER (GPER), are distributed throughout the cardiovas-
cular system. They act as important regulators of myocardial function by genomic
and non-genomic signaling mechanisms [141, 142]. The observations that non-
genomic effects are involved in the cardiovascular effects of alcohol in female [60]
and male [62] rats might link one or more of ER subtypes to the acute estrogen-
dependent myocardial depressant effect of alcohol. It was also imperative to identify
the ER subtype implicated in estrogen enhancement of the activity of two myocar-
dial redox enzymes, catalase and ALDH?2, which confer cardioprotection [20, 127]
and also catalyze alcohol oxidation to acetaldehyde and acetate, respectively [34,
91]. Pharmacological loss-of-function studies using highly selective antagonists
showed that compared with ERf} (PHTPP) or GPER (G15) blockade, ERa blockade
(MPP) greatly attenuated the reductions in myocardial contractility indices (dP/dt,,,,
and left ventricular developed pressure) and blood pressure produced by ethanol
[209]. However, because PHTPP did reduce the cardiac, but not hypotensive, effect
of alcohol during the last 30 min of the study, it is plausible that functional ERf} and
GPER might be required for the demonstration of the delayed effects of alcohol on
the heart. These findings are consistent with the interplay of ER subtypes in regulat-
ing cardiac functions [116, 155, 186]. The preserved hypotensive effect of ethanol in
ERp-blocked rats might be related to ERo/GPER-mediated enhancement of nitric
oxide-dependent vasodilation [112, 172]. Discrepancies in the modulation of eNOS
and nNOS by ER subtypes in the myocardium and vasculature [75, 125, 137] might
account for the preservation of ethanol-evoked hypotension in ERf-blocked rats.
Mechanistically, our findings implicated the Akt/ERK1/2/p38 pathway to the estro-
gen-dependent myocardial depressant effect of ethanol [64, 209], which is also
causally related to oxidative stress [76, 101, 196]. ERa and GPER, but not ERp,
contribute to these molecular events. These pharmacological and biochemical find-
ings support a pro-oxidant role for estrogen, in the presence of ethanol, mediated via
MAPK phosphorylation [96]. These findings were extended by pharmacological
gain-of-function studies using highly selective ER subtype agonists in the absence
or presence of alcohol in ovariectomized rats [211]. The latter study showed that
compared with ERa or ERB, GPER activation exhibited a lesser ability in uncover-
ing the adverse hemodynamic effects of alcohol. Accordingly, replacement with
selective GPER agonists might present a safer therapeutic alternative for estrogen in
women with habitual alcohol consumption.

4.2 Enhanced Alcohol Metabolism Underlies Its Heightened
Cardiodepressant Effect in Females

In peripheral tissues, alcohol is metabolized via alcohol dehydrogenase (ADH) and
catalase to acetaldehyde, which is subsequently eliminated by aldehyde dehydroge-
nase (ALDH2) [17, 156, 164]. Acetaldehyde is largely responsible for myocardial
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dysfunction induced by alcohol and underlying cellular mechanisms [39, 169].
Because estrogen enhances alcohol metabolism to acetaldehyde [102], which is known
to upregulate several molecular entities along the oxidative stress signaling [202],
recent studies interrogated the role of acetaldehyde accumulation in the female myo-
cardium in the exacerbated estrogen-dependent myocardial depressant effect of alco-
hol [96]. The elegant studies by Ren et al. [39] showed higher sensitivity of the isolated
female cardiomyocytes to the myocyte contractile depressant effect of ethanol-derived
acetaldehyde. These in vitro [39] and the aforementioned in vivo [49, 51] findings
might explain the higher sensitivity of women to alcohol-induced cardiomyopathy.
While a major role for locally generated acetaldehyde in the adverse effects of alcohol
in peripheral tissues is debated, there are many findings that support this premise in the
heart, particularly in the presence of estrogen. Unfortunately, direct measurements of
acetaldehyde levels in the heart and linking such levels to cardiac function are rather
challenging. Nonetheless, many alternative approaches support this argument starting
with the findings that acetaldehyde being far more toxic and reactive than ethanol and
is largely blamed for alcohol-induced cardiac damage [127]. The heart obtained from
alcohol-treated rats exhibited higher ADH, but not ALDH2, activity reflecting higher
myocardial acetaldehyde levels after alcohol administration [96]. These biochemical
findings coincided with the (1) reductions in left ventricular pressure, dP/dt,,, and
blood pressure, (2) declining concentrations of blood alcohol [64], and (3) increased
cardiac accumulation of cardiotoxic aldehydes such as malondialdehyde and
4-hydroxy-2-nonenal adducts [64, 96]. The latter products are cardiotoxic and potent
inducers of cardiac pathology and oxidative damage [17, 37]. Under this circumstance,
the preservation of ALDH?2 activity would be expected to facilitate the detoxification
of acetaldehyde as well as other cardiotoxic aldehydes. Li et al. [127] suggested a
therapeutic potential of ALDH?2 in alcoholic complications because ALDH2 overex-
pression effectively alleviates acetaldehyde-induced injury in cardiomyocytes through
an ERK1/2 and SPAK/INK-dependent mechanism. The study by Budas et al. [20] has
reached a similar conclusion and proposed that ALDH2 activation might be exploited
to preserve the cardioprotective effect of ethanol while minimizing the side effects
associated with alcohol consumption. Together, the worsened cardiac profile seen in
alcohol-treated rats despite the preservation of ALDH?2 activity may be attributed to
the enhanced ADH activity and subsequent elevations in the cardiac levels of toxic
acetaldehydes, which exceed the detoxification capacity of ALDH2.

The presumption that acetaldehyde mediates myocardial depression triggered by
alcohol in proestrus rats receives support from earlier reports, which demonstrated that
acetaldehyde is responsible for the higher female propensity to alcohol-induced myo-
cardial dysfunction [39, 169, 197]. Also, similar amounts of alcohol produced higher
acetaldehyde levels in premenopausal women and in women on oral contraceptives,
compared to men [73]. Additionally, the overproduction of acetaldehyde that follows
ADH overexpression accelerated cardiac dysfunction in female, more than in male,
cardiomyocytes [39, 129]. Notably, contrary to our recent report [96], none of these
reported studies linked the molecular events in the myocardium to the alcohol-evoked
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myocardial dysfunction at the integrative level. Our data have also shown that myocar-
dial acetaldehyde accumulation (albeit indirectly assessed) triggers molecular events
conducive to the generation of oxidative state. Alcohol caused remarkable increases in
myocardial Akt/ERK1/2 and nicotinamide adenine dinucleotide phosphate oxidase
(NADPHox) activation and reactive oxygen species production (Fig. 4). Tempol, a
superoxide dismutase mimetic with antioxidant activity, abrogated myocardial oxida-
tive stress induced by alcohol and preserved myocardial function [96].

These biochemical findings lend credence to earlier findings that alcohol elicits
acetaldehyde-dependent activation of NADPHox [39, 89] and ERK1/2 [127] in
other tissues, and PI3K/Akt signaling mediates NADPHox activation and reactive
oxygen species (ROS) production in macrophages [204]. Moreover, these findings
support and extend our earlier findings that implicated PI3K/Akt activation in the
alcohol-evoked reductions in cardiac output and blood pressure in proestrus female
rats [57, 65]. As illustrated in Fig. 4, p-Akt may also enhance ROS generation via
endothelial nitric oxide synthase (eNOS) uncoupling [29, 108], which could be
exacerbated by the accumulation of the cardiotoxic aldehyde adducts.

Vascular smooth muscle cell

Cardiomyocyte

— Alioho

ADH

%
o Acetaldehydée—y
'\'\ MPP—’_Iﬁ
N\
'

AktPI3K

Alcohol

ADH
Acetate wzf\cetaldehy de

Akt/ERK1/

eNOS upcoupling MTK_ERKI,QII}SS

L-argining
cNOSC
NO
N |/

Cardiotoxic aldehydes NADPH oxidase
(ROS)

Oxidative stress === Tempol

Left ventricular dysfunctig

GTPDGC
cGM

Vascular

cardiac outpgt/stroke volume

Hypotensiondmmmmms Vasodilation€=— [EQGINSEIR

Fig. 4 Cardiac and vascular signaling events involved in the estrogen-dependent myocardial
depressant and hypotensive effects of alcohol in female rats. ADH, alcohol dehydrogenase;
ALDH?2, alcohol dehydrogenase 2; eNOS, endothelial nitric oxide synthase; ROS, reactive oxygen
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4.3 Inhibition of Alcohol Metabolism Attenuates Its
Cardiovascular Toxicity

Recent pharmacological evidence further supports acetaldehyde contribution to
estrogen-dependent myocardial oxidative stress and dysfunction because the latter
were (1) partially reduced following ADH/CYP2E1 (4-methylpyrazole; 4-MP) or
catalase (3-AT) inhibition and (2) virtually abolished following combined enzyme
inhibition (4-MP plus 3-AT) [210]. The oxidative stress caused by alcohol in cardiac
tissues (ROS generation) and concomitant increases in ERK1/2 phosphorylation
were ameliorated in similar fashions after inhibition of the oxidative metabolism of
alcohol to acetaldehyde [210]. The partial attenuation of the alcohol effects by 3-AT
or 4-MP might be explained by the ability of the functional enzyme(s) to compen-
sate for the inhibited one. Also, the elevations in blood alcohol levels that appeared
after enzyme inhibition might have produced direct cardiotoxicity [ 13]. Alternatively,
the accumulation of non-oxidative alcohol metabolites such as fatty acid ethyl ester
in blood [38] and heart [119] that follows the inhibition of alcohol oxidative metab-
olism does not seem to contribute to the alcohol effects because the latter were vir-
tually abolished after combined ADH/ALDH inhibition [210].

Further support for ADH- or catalase-mediated acetaldehyde production in the
adverse cardiovascular effects of alcohol includes the involvement of the enhanced
acetaldehyde production, via ADH, in alcohol-evoked cardiomyocyte contractile
dysfunction, autophagy, mitochondrial damage, and apoptosis [86, 87, 128]. A role
for a catalase-based oxidation in the estrogen-dependent cardiovascular and oxida-
tive damage caused by alcohol in the female population is also likely because (1)
estrogen enhances catalase catalytic activity in the female rat heart [21, 60, 96, 209],
(2) alcohol increases cardiac catalase activity and causes myocardial oxidative
stress and dysfunction in ovariectomized rats treated with the ERa agonist propyl-
pyrazole triol [211], and (3) catalase inhibition by 3-AT attenuates the alcohol-
evoked left ventricular dysfunction [210]. More pharmacologic and molecular
studies are necessary to identify the precise roles of estrogen receptor subtypes in
alcohol metabolism and related cardiovascular anomalies.

5 ALDH2-Mediated Cardioprotection Dampens Alcohol-
Evoked Cardiotoxicity

ALDH2 is an important mitochondrial redox enzyme that combats oxidative stress
via facilitating the oxidation of toxic aldehydes into less toxic acids. By reducing
the cellular “aldehyde load,” ALDH2 may contribute to the cardioprotective effect
of alcohol and to the protection against cardiovascular disease. ALDH2%2 is an
inactive variant of ALDH?2 with no capacity for metabolizing acetaldehyde [30,
143]. Approximately 40% of East Asians carry at least one copy of the gene encod-
ing the defective ALDH?2*2 variant. In people who carry two copies of the defective
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gene (i.e., homozygous for ALDH2%2/%2), the activity of the enzyme is reduced by
>95% compared with people who are homozygous for the normal, active form of
the enzyme (i.e., ALDH2*1). On the other hand, in people who carry only one copy
of the mutant gene and one copy of the normal gene (i.e., who are heterozygous
ALDH2*1/%2), the activity of the resulting enzyme is about 40% of the normal
ALDH?2 [120]. ALDH2%2 carriers exhibited higher levels of troponin I and malo-
ndialdehyde and hydroxynonenal adducts after coronary artery bypass grafting
[81]. Further, the intensive care unit time and postoperative hospitalization were
longer in ALDH2*2 carriers [81]. In the elegant study by Chen et al. [30], the
administration of Alda-1, an ALDH?2 activator, to rats prior to an ischemic event
increased the catalytic activity of ALDH?2 by twofold and reduced infarct size by
60% through probably its inhibitory effect on the formation of cytotoxic aldehydes.
Similarly, Alda-1 attenuates the cardiotoxic effect of ethanol in rats [105].

Credible evidence supports a key role for ADH/ALDH?2 imbalances in the modu-
lation of alcohol-induced cardiomyopathy. Our findings that left ventricular dys-
function induced by alcohol is coupled with elevated ADH, but not ALDH2, activity
signify the involvement of myocardial acetaldehyde accumulation in the developed
cardiomyopathy [96]. Similar observations are reported by others [86, 128]. Genetic
manipulations showed opposite effects of ALDH2 knockout (accentuation) [132]
and overexpression (inhibition) [127] of ethanol-induced cardiac depression. Based
on these reports, a therapeutic potential for ALDH2 in alcoholic complications has
been proposed. For example, the transfection of fetal human cardiac myocytes with
ALDH?2 attenuates ROS generation, apoptosis, and phosphorylation of ERK1/2 and
SAPK/JNK caused by alcohol or acetaldehyde [127]. Because our previous studies
implicated the same molecular stressors in cardiac [64, 96, 209, 210] and blood
pressure anomalies [58, 126] caused by alcohol, the utilization of pharmacological
or molecular strategies that boost ALDH?2 abundance and/or activity could be viable
therapeutic options for correcting alcohol-evoked cardiac adverse effects.

6 Conclusions

In this chapter we discussed mounting experimental evidence that supports scarce
clinical findings on the adverse cardiac and autonomic effects of ethanol. While the
mechanisms of a potential cardioprotective effect of mild/moderate alcohol con-
sumption are beyond the scope of this book chapter, it is important to note that some
recent clinical findings question this dogma. Our discussion focused on less appre-
ciated adverse cardiac effects produced by alcohol doses (blood concentrations) that
usually have minimal cardiac effects in health men and male rats. In the latter, lim-
ited metabolism of alcohol to acetaldehyde and compensatory mechanisms includ-
ing increased sympathetic tone and induction of ALDH2 seem to counterbalance
the adverse cardiac effects of alcohol. By marked contrast, under less studied sex
(ovarian hormones/estrogen) or pathological (hypertension) conditions, the changes
in these homeostatic mechanisms seem to favor the generation and accumulation of
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the alcohol cardiotoxic metabolite acetaldehyde and the exacerbation of the adverse
cardiac effect of alcohol. Specifically, we discussed findings that implicated
enhanced catalase activity in the brainstem of hypertensive rats and in the hearts of
estrogen-replete rats in exaggerated neurotoxic and cardiotoxic effects of the same
dose(s) of alcohol, compared to normotensive and ovarian hormone-deprived rats,
respectively. Localizing microinjections of alcohol or acetaldehyde into brainstem
areas, the use of selective alcohol-metabolizing enzyme inhibitors as well as MAPK
and phosphatase inhibitors and other pharmacological interventions supported the
premise that enhanced alcohol metabolism to acetaldehyde is pivotal for the induc-
tion of autonomic dysregulation and cardiac dysfunction. The reviewed findings
implicated the Akt-ERK1/2-NOS signaling cascade in the neurotoxic and cardio-
toxic effects of alcohol. Interestingly, while direct cardiac effects of alcohol or its
metabolite acetaldehyde produce cardiotoxicity, pharmacological evidence sup-
ports the shift of cardiac autonomic regulation toward vagal dominance, which sig-
nificantly contributes to and might explain the sex-/estrogen-dependent exaggeration
of alcohol-evoked myocardial dysfunction. More studies are needed to further
understand the cellular mechanisms that underlie the increased sensitivity of cardiac
myocytes in the presence of estrogen and brainstem neurons under hypertension
conditions to the toxic effects of alcohol and acetaldehyde. These future studies will
help identify new targets for the development of potential therapeutics to mitigate
the adverse autonomic and cardiac effects of alcohol in more vulnerable populations
and hypertensives as well as premenopausal and post or surgical menopausal women
receiving estrogen replacement therapy.
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Environmental Aldehyde Sources
and the Health Implications of Exposure

Pritam Sinharoy, Stacy L. McAllister, Megana Vasu, and Eric R. Gross

Abstract Aldehydes, which are present within the air as well as food and beverage
sources, are highly reactive molecules that can be cytotoxic, mutagenic, and carci-
nogenic. To prevent harm from reactive aldehyde exposure, the enzyme aldehyde
dehydrogenase 2 (ALDH2) metabolizes reactive aldehydes to a less toxic form.
However, the genetic variant of ALDH2, ALDH2*2, significantly reduces the abil-
ity to metabolize reactive aldehydes in humans. Therefore, frequent environmental
aldehyde exposure, coupled with inefficient aldehyde metabolism, could potentially
lead to an increased health risk for diseases such as cancer or cardiovascular
disease.

Here, we discuss the environmental sources of reactive aldehydes and the poten-
tial health implications particularly for those with an ALDH2%2 genetic variant. We
also suggest when considering the ALDH2*2 genetic variant the safety limits of
reactive aldehyde exposure may have to be reevaluated. Moreover, the ALDH2*2
genetic variant can also be used as an example for how to implement precision
medicine in the field of environmental health sciences.

Keywords Reactive aldehyde - Aldehyde dehydrogenase 2 - Cigarette - Alcohol -
4-HNE - ALDH2*2

1 Introduction

Aldehydes are highly reactive electrophiles abundant within our environment. Many
sources of aldehydes exist and are present within the air we inhale in addition to the
products we use and consume. Exposure to these aldehydes occurs outdoors and
indoors, including within the workplace. Lifestyle choices such as tobacco ciga-
rettes, e-cigarettes, and alcohol also expose people to aldehydes. Aldehydes are also
present in foods, nonalcoholic beverages, cosmetics, and hand sanitizers (Fig. 1).
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Fig. 1 Exogenous sources of reactive aldehyde exposure. These include air pollution produced by
industrial power plants and automobiles, alcoholic beverages, tobacco products including ciga-
rettes and e-cigarettes, fried foods, cosmetics, and lacquers in paints. As pictured, the ALDH2
enzyme reduces an aldehyde to a less harmful acid. However, for those with an ALDH2*2 variant,
the efficiency of this metabolism is reduced by >60%

Together, exposure to these aldehyde sources, coupled with genetic differences
which reduce aldehyde metabolism, may influence the risk of developing diseases
such as cancer and cardiovascular disease.

Environmental aldehyde sources include those such as acrolein, acetaldehyde,
and formaldehyde. Acrolein is considered a human carcinogen that irritates the
upper respiratory tract when inhaled. Acetaldehyde and formaldehyde are also clas-
sified as Group 1 carcinogens by the International Agency for Research on Cancer
(IARC) [1]. These toxic properties of aldehydes are due to their electrophilic nature,
which can modify DNA and proteins, thus the label “reactive” aldehydes [2, 3]. For
example, acrolein reacts with proteins specifically on histidine, cysteine, and lysine
amino acids by Michael addition or Schiff base formation [4]. Acrolein can also
block protein sulthydryl group formation on lysine residues and result in impaired
protein function [5]. Overall, these effects from exogenous sources of reactive alde-
hydes can be cytotoxic, mutagenic, and carcinogenic.

A critical enzyme responsible for reducing aldehydes to less reactive forms is
aldehyde dehydrogenase 2 (ALDH2). ALDH2, primarily known for metabolizing
acetaldehyde (produced as an intermediate in the metabolism of alcohol to acetic
acid), is also important in the detoxification of other reactive aldehydes such as
formaldehyde and acrolein [6, 7]. However, individuals with an ALDH2 genetic
variant have significantly reduced enzymatic activity to metabolize these aldehydes.
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In homozygotes for the ALDH2 variant (ALDH2%2/%2), the metabolism of alde-
hydes is severely limited (~96% activity loss), whereas in heterozygotes
(ALDH2%*1/*2) the enzymatic activity is reduced by 60-80% relative to those indi-
viduals that are without the variant (ALDH2*1/*1) [2, 8]. Throughout this rest of
this chapter, we will denote the ALDH?2 variant as ALDH2%2.

With exposure, the limited ability to metabolize reactive aldehydes for those with
the ALDH?2*2 variant can potentially pose an increased risk for developing diseases
such as cancer or cardiovascular disease. However, some of these environmental
exposures could be easily modifiable. Here we discuss the sources of reactive alde-
hydes within the environment and their effects on human health, particularly for
those with a limited ability to metabolize reactive aldehydes.

2 Outdoor, Indoor, and Occupational Aldehyde Exposure

In this section, we will discuss the outdoor, indoor, and occupational exposure of
reactive aldehydes and how these exposures may potentially impact people with an
ALDH2#2 genetic variant. These exposures include air pollution from automobiles
and industrial waste, indoor sources such as paint, and occupational sources such as
working with aldehydes and surgical smoke.

2.1 Outdoor Exposures
2.1.1 Air Pollution

Air pollution is a significant concern for Asian countries but also a concern for the
United States. According to the World Health Organization (WHO), air pollution is
the greatest environmental risk to human health [9]. Sources of air pollution can be
natural or anthropogenic and include biomass and fossil fuel combustion, automo-
bile exhaust, and industrial power plant and wood burning fumes [10-12]. Typical
city or urban air pollutant exposure consists of aldehydes, ketones, hydrocarbons,
and particulate matter. The studies below detail how aldehydes contribute to air
pollution.

At six locations in Japan including in urban cities (Sanda, Nishiwaki, Toyooka,
and Sumoto), at roadside (Ashiya), and at an industrial site (Takasago), researchers
measured 101 volatile organic compound (VOC) concentrations, including acetal-
dehyde and formaldehyde [13]. Relative to carcinogenic effect, hazardousness of
these compounds was evaluated by calculating the factor called excess cancer inci-
dence. For formaldehyde at all sites, the excess cancer incidence exceeded 1075 per
pg m~3. This is a level of concern for a carcinogenic effect since the United States
Environmental Protection Agency quantitatively estimates that there is a carcino-
genic risk for formaldehyde at or above 1.3 x 107 per pg m=3 [13]. The authors
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concluded that elevated VOCs, such as formaldehyde, were partially attributed to
higher traffic levels generating greater amounts of automobile exhaust in the desig-
nated areas [12, 13]. Overall, these studies emphasized the potential harm one exog-
enous source of pollution, automobile exhaust, can potentially have on changing the
risk for carcinogenesis.

In Asia, ambient carbonyl compound concentrations were assessed in seven
major cities (Beijing, Chengdu, Guangzhou, Shanghai, Wuhan, Xiamen, and Yantai)
and two rural areas (Qinghai Lake, Qinghai, and Lhasa, Tibet) during both the sum-
mer and winter seasons. These average concentrations showed seasonal variability
dependent on temperature. Among the nine sampling sites measured, the average
concentrations of propionaldehyde, formaldehyde, and acetaldehyde were found to
be 0.25, 5.07, and 1.91 ppb by volume in the summer and 0.17, 2.04, and 1.42 ppb
by volume during the winter, respectively [14]. This study also found the relatively
high levels of acetaldehyde emissions were a direct result of increased use of
ethanol-blended gasoline (e-gasoline) in vehicles during the summer season.

In Beijing, ambient air aldehyde contents were also measured, and the concentra-
tions of formaldehyde, acetaldehyde, and acrolein were found to be 29.3 + 15.1 pg/
m?3, 27.1 £ 15.7 pg/m?, and 2.3 + 1.0 pg/m?. These levels are considered at the high
end of concentration ranges measured in cities around the world [15]. For example,
in Savannah, Georgia, the relative levels of formaldehyde and acetaldehyde were
2.0 pg/m? and 2.3 pg/m?, compared to Beijing concentrations of 29.3 + 15.1 pg/m?
and 27.1 £ 15.7 pg/m?, ~14 times lower than that of Beijing [16].

Air pollution-mediated aldehyde exposure is highly concerning for those with an
ALDH2#2 variant especially living in major East Asian cities. Air pollution contin-
ues to be a significant source of environmental reactive aldehyde exposure through-
out East Asia and in particular China. Therefore, the overall risk for exposure for
individuals with an ALDH2*2 variant, particularly with the increased migration to
urban cities, is of potential concern. Below, we will discuss in more detail automo-
bile exhaust and industrial waste which also contribute to outdoor levels of reactive
aldehydes.

2.1.2 Automobiles

Automobile exhaust includes the reactive aldehydes formaldehyde, acetaldehyde,
and acrolein [26]. These aldehydes are produced during the burning of fossil fuels
and constitute ~1-2% of the volatile organic compounds produced from vehicle
exhaust [13]. In one study, diesel engine exhaust gas emission was monitored using
three types of diesel fuel (red diesel, biofuel, and gas oil). In all types of diesel fuel,
the most abundant reactive aldehydes were formaldehyde, acetaldehyde, and acro-
lein that were all within a range of 1000-2000 ppb [17]. Biofuel diesel had the
greatest levels of acetaldehyde when compared to red diesel and gas oil.

With their increasing popularity, reformulated automotive fuels are an additional
source of aldehyde emission. Depending on whether ethanol or methanol is added
to the automotive fuels, an increased amount of acetaldehyde or formaldehyde is
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emitted in automobile exhaust. In a study comparing ethanol-blended fuel exhaust
with gasoline exhaust, ethanol-blended exhaust emits predominantly acetaldehyde
(1.2-12 g/kWh), whereas gasoline exhaust emits predominantly formaldehyde
(0.74-2.3 g/kWh) [18]. With increased ethanol blending, acetaldehyde emissions
increased so that pure ethanol used as fuel had acetaldehyde emissions 35—44 times
higher than gasoline. Ethanol also influenced formaldehyde emissions so that addi-
tion of 50% ethanol to gasoline resulted in a 30-50% increase in formaldehyde
emissions [18].

The increased popularity of gasoline-electric, hybrid cars and electric cars facili-
tates a reduction in automobile emission of acetaldehyde and formaldehyde that
may potentially assist in alleviating the elevated levels measured in major cities
described above. For ALDH2*2 variant, vehicle selection could also potentially
reduce direct reactive aldehyde exposure while driving an automobile.

2.1.3 Industrial Waste

During industrial manufacturing, aldehydes are released as a by-product into the
atmosphere. Significant sources of reactive aldehydes produced during the manufac-
turing process include formaldehyde, butyraldehyde, acetaldehyde, and acrolein.
Formaldehyde and butyraldehyde are used as precursors for resin and plasticizer
(softener) production, respectively [19]. The reactivity and availability of butyralde-
hyde makes it a popular material in plasticizer production and other industrial materi-
als [20]. Formaldehyde is used extensively in commercial processes such as in the
synthetic resin industry, due to its high chemical reactivity and thermal stability. In
Hong Kong, an industrial workplace pilot study found formaldehyde as the most
abundant carbonyl compound among all workplace air samples, accounting for 22.0—
44.0% of total carbonyls measured on a molar basis. When formaldehyde levels were
measured in a paint and wax manufacturing plant and a food-processing factory,
formaldehyde levels exceeded the WHO air quality guideline of 81.8 ppb [20].

During the manufacturing processes, combustion emissions are of optimal
importance. Combustion sources include power plant petrochemical, diesel-fueled
engines, and polyethylene plastic, which release formaldehyde, acetaldehyde, and
acrolein [21, 22]. Manufacturing-based acrolein emissions also include volatiliza-
tion from treated waters and contaminated waste streams, formation as a photooxi-
dation product of various hydrocarbon pollutants, and use in petroleum operations
[23-25].

Industrial waste carbonyl contents should be closely monitored particularly in
East Asian countries where there is a high prevalence of people with the ALDH2*2
variant. Most standards in regard to what is considered a safe level of industrial
product exposure are based upon the ability to efficiently metabolize by-products
from industrial manufacturing such as aldehydes to less toxic forms. Therefore,
reconsidering the standards for what are the safe levels of exposure for these
aldehydes in the industrial workplace or from industrial waste may need to be con-
sidered for those who have an ALDH2*2 genetic variant.
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2.2 Indoor Exposures

Within a building, aldehydes can infiltrate from external sources described above or
can also be present in the air as a result of generation indoors. In six different New
Jersey housing sites, levels of indoor formaldehyde, acetaldehyde, and seven other
aldehydes were measured. The combined concentration of these nine aldehydes
measured indoors was 63 = 22 ppb compared to outdoor measured values of
19 + 11 ppb. Of the nine aldehydes assessed, formaldehyde was the most abundant
at 55 ppb with acetaldehyde the second most abundant at 3 ppb [26].

In newly installed and painted buildings, higher acetaldehyde levels were found
indoors relative to outdoors, suggesting paint and/or lacquers are a significant acet-
aldehyde source which declines with building age [27]. Dry lacquers which contain
aldehydes such as propanol, n-nonanal, and n-hexanal are also used to paint radia-
tors [28]. This is concerning because after a radiator is painted, the heat generated
during radiator use causes dry lacquer combustion and aldehydes to be aerosolized
into the air. Other lesser-known indoor aldehyde sources include wood burning fire-
places, gas stoves, gas heaters, and synthetic carpets, which can emit formaldehyde
and acrolein [11, 26].

2.3 Occupational Exposure

Persons working in aldehyde production industries or as laboratory technicians,
healthcare professionals, or funeral home employees may be exposed to higher lev-
els of aldehydes, especially when working with formaldehyde, acrolein, and acetal-
dehyde [29, 30].

Occupational exposure to these reactive aldehydes may occur via inhalation of
reactive aldehyde vapor or direct skin exposure. For people working directly with
formaldehyde in an industrial setting, it was found that ~3.5% of workers were
exposed to formaldehyde air concentrations greater than 3 ppm, well above the
workplace formaldehyde exposure limit set by OSHA at ~0.75 ppm over an 8-hour
workday. In this same study, less than 12% of workers were exposed to concentra-
tions greater than 1 ppm; however, over 88% of workers were exposed to concentra-
tions of 0.5 ppm or higher, nearing the OSHA limit [31].

For healthcare professionals, additional sources of reactive aldehyde exposure
include electrocautery smoke and widely used hospital sanitizers and disinfectants.
During surgery, electrocautery surgical smoke contains formaldehyde, acetone,
benzene, and acrylamide [32]. Hospital disinfectants also contain reactive aldehyde
sources including formaldehyde and ortho-phthalaldehyde (OPA) [33]. Laboratory
researchers can also be exposed to high levels of aldehydes. For example, in a can-
cer research institute study, formaldehyde exposure levels for laboratory workers
ranged from 4.9 to 268.7 pg/m? [29].
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In humans, evidence suggests when using liver mitochondrial fractions that
formaldehyde metabolism is ~3x slower for those with an ALDH2*2 variant com-
pared to those that do not [34]. This suggests that exposure to formaldehyde could
perhaps be more toxic and potentially carcinogenic for those with an ALDH2*2
variant since formaldehyde cannot be metabolized as efficiently to the less reactive
formic acid. Further, exposure of ALDH?2 knockout mice to 500 ppm of inhalational
acetaldehyde leads to higher erosion and degeneration of the respiratory epithelium
(55.6% vs. 22.2%) and dorsal skin (77.8% vs. 0.0%) and hemorrhaging of the nasal
cavity for the ALDH2 knockout mice when compared to the wild-type ALDH2
mice [35]. This suggests that workers with the ALDH2*2 variant are potentially
more susceptible to harm from inhalational exposure to reactive aldehydes in the
workplace. Therefore, standard limits in regard to workplace exposure may have to
be re-examined with the ALDH2*2 genetic variant in mind.

Overall, these studies suggest that outdoor, indoor, and occupational sources of
reactive aldehydes are prevalent and of potential concern. Elevated exposure to
these aldehyde sources could pose an environmental risk for human health espe-
cially for those with an ALDH2*2 variant, and the thresholds considered safe for
exposure in these environments need to be potentially re-examined.

3 Lifestyle Choices

Lifestyle choices contribute to an increased risk of aldehyde exposure including
drinking alcohol, smoking tobacco products, consuming certain dietary sources,
and using particular cosmetic products including perfumes. Here, we will discuss
specific lifestyle choices that are sources of aldehyde exposure and their implication
on human health, especially in the context of people with an ALDH2*2 variant who
cannot catabolize aldehydes efficiently.

3.1 Alcohol

A well-known source of reactive aldehyde exposure is alcohol. Upon ingestion,
alcohol is converted to acetaldehyde by the enzyme alcohol dehydrogenase (ADH).
Acetaldehyde is then metabolized by ALDH?2 to the less reactive acetic acid. Within
the cell, ALDH2 has the highest enzymatic affinity for acetaldehyde [36, 37]. The
biochemical effect of acetaldehyde after alcohol consumption, which includes
DNA- and protein-induced adduct formation, has been detailed in recent reviews
[38, 39].

Individuals who are heterozygotes for the ALDH2*2 variant result in an accumu-
lation of acetaldehyde which is ~5-fold higher compared to the wild-type ALDH2
enzyme after alcohol consumption [40]. This acetaldehyde accumulation produces
the phenotype of facial flushing and elevated heart rate seen in those with an
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ALDH2#2 variant. Those homozygous for the ALDH2*2 variant have an aversion
to alcohol consumption since the ability to metabolize acetaldehyde is <4% com-
pared to the wild-type ALDH2 enzyme. Thus, the ALDH2%2 variant is considered
protective from developing alcoholism, supported since the occurrence of alcohol-
ism is reduced for those individuals with an ALDH2*2 variant [41].

Although the ALDH2%*2 variant may protect from alcoholism, individuals who
are heterozygotes for the ALDH2*2 variant, ~560 million people worldwide, still
consume alcohol. For example, in Korea, where ~20% of the population carries an
ALDH2#*2 variant, alcohol consumption is one of the highest per capita in the
world [42].

In particular, the reduced metabolism of acetaldehyde resulting from an ALDH2*2
variant after alcohol consumption is linked to a risk for developing esophageal can-
cer and cardiovascular disease. In regard to esophageal cancer, a seminal study by
Yokoyama was the first to link an increased incidence of esophageal cancer caused
by alcohol consumption to those with an ALDH2*2 genetic variant [43]. The odds
of developing esophageal cancer are also dose-dependently related to the amount of
alcohol consumed. Even a moderate consumption of alcohol (9-17.9 units/week) for
those with an ALDH2*2 variant increases the odds ratio to 40 for esophageal cancer
[43, 44]. The importance of relaying this significant health risk to the public in addi-
tion to healthcare professionals is critical and is stressed in several studies [45, 46].
Further, the impact of the ALDH2 enzyme on aldehyde metabolism and alcohol-
induced cardiomyopathy was recently reviewed [47].

3.2 Cigarettes and E-cigarettes

Smoking imposes a tremendous economic burden accounting for more than $170
billion each year in healthcare costs for adults in the United States and more than
$422 billion each year worldwide [48, 49]. To date, smoking remains the leading
cause of preventable death in the United States, accounting for one out of five deaths
annually [50, 51]. The typical components of a tobacco cigarette are filters (designed
to trap smoke), tipping paper (which wraps around the filter), tobacco fillers, ciga-
rette paper (for holding the tobacco fillers), and adhesives. In contrast to cigarettes,
the primary components of an e-cigarette are an e-liquid cartridge, an atomizer/heat-
ing element, a microprocessor, and a battery (Fig. 2). This is important to note since
even though the structural compositions of cigarettes and e-cigarettes are quite dif-
ferent, both of these ways designed to deliver nicotine produce reactive aldehydes.
The smoke from a cigarette is composed of more than 4700 different chemical
compounds. These include aldehydes such as formaldehyde, propionaldehyde,
butyraldehyde, acetaldehyde, acrolein, and crotonaldehyde [52, 53]. When com-
pared to non-smokers, a person smoking one cigarette produces a 3.5-fold increase
in aldehyde levels in the saliva. After smoking ten cigarettes or more a day, a two-
fold increase in these compounds was found in the saliva [54]. As these compounds
when smoking are inhaled into the lungs, exhaled breath condensate of cigarette
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smokers also contains higher levels of endogenous aldehydes including malondial-
dehyde (57 = 2 nmol/L), hexanal (64 + 4 nmol/L), and heptanal (27 + 4 nmol/L)
compared to non-smokers (18 £ 6 nmol/L, 14 + 4 nmol/L, and 19 + 1 nmol/L,
respectively) [54].

Epidemiological evidence also suggests that smoking is a key factor in develop-
ing cancer and cardiopulmonary disease [55]. Particularly reactive aldehydes in
cigarette smoke, especially acetaldehyde and acrolein, are directly linked to a higher
risk for developing lung, oral, and gastrointestinal cancer [38]. Moreover, aldehyde
levels in cigarette and e-cigarette smoke are responsible for 33% of deaths from
cardiovascular diseases and 20% of deaths from ischemic heart disease [51].
Aldehydes derived from cigarette smoke affect heart contractile function and dam-
age blood vessel structure and function by affecting vascular endothelial and epithe-
lial cells [56].

Further in regard to the ALDH2*2 variant, a study consisting of 410 Japanese
patients who underwent coronary angiography between 2010 and 2016 demon-
strated that smokers had a significantly higher prevalence of coronary spastic angina
(CSA) (63.1% vs. 48.9%) than non-smokers [57]. Patients with the ALDH2*2 vari-
ant also had a higher risk for CSA when compared to non-smokers with a wild-type
ALDH2 enzyme (58.5% vs. 40.8%), whereas the ALDH2*2 variant exaggerated the
risk in smokers (82.5% vs. 56.6%) when compared to wild-type ALDH2.

Cigarette smoke exposure is also the primary risk factor for chronic obstructive
pulmonary disease (COPD) with a general underlying hypothesis that reactive oxy-
gen and reactive aldehydes contribute to the development of COPD [54, 58]. A
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recent study including 967 Japanese individuals revealed that the presence of an
ALDH2%2 variant was not associated with the development of COPD but having an
ALDH2%2 variant was associated with significantly lower lung functioning param-
eters when compared to individuals with wild-type ALDH2 [59]. Moreover, this
study found that 16 weeks of cigarette smoke exposure increased the lung volume
and resulted in mild emphysema for wild-type ALDH2 mice, whereas ALDH2*2
variant mice were resistant to emphysema development in response to cigarette
smoke exposure. Although the link between cigarette smoking and COPD is clearly
established, these data suggest how differences in the metabolism of reactive alde-
hydes may affect COPD requires further study.

E-cigarette aerosol, similar to cigarettes, also contains reactive aldehydes includ-
ing acrolein, acetaldehyde, and formaldehyde [60-62]. Moreover, a recent report
suggests that when measuring reactive aldehyde content across 66 different
e-cigarette liquids, acetaldehyde concentrations are generally ~2 fold higher than
formaldehyde or acrolein [63]. However, the quantity of these three reactive alde-
hydes produced is variable and dependent upon the battery voltage, type of
e-cigarette vaporizer, and amount and type of liquid within the e-cigarette cartridge.
For example, changing the battery voltage from 3.7 to 4.8 V increases the combined
reactive aldehyde production of acetaldehyde, formaldehyde, and acrolein by 3.5-
fold. Additionally, a double-coil vaporizer when compared to a single-coil vaporizer
will decrease resistance and increase the power. Therefore, higher-power e-cigarettes
(9.1 W) can increase acetaldehyde levels ~65-fold, formaldehyde levels ~49-fold,
and acrolein levels ~3-fold in the e-cigarette aerosol when compared to a lower-
power e-cigarette (4.6 W) [60]. Clearly, e-cigarette research is a new and emerging
field, and how e-cigarette aldehyde exposure in combination with genetic differ-
ences in reactive aldehyde metabolism may affect the risk of developing diseases
such as cardiovascular disease or cancer is largely unknown.

3.3 Beverage and Food Sources

Aldehydes are abundantly found in several dietary sources. Besides alcoholic bever-
ages, methanol and ethanol are natural constituents of fruit juice, which are enzy-
matically metabolized by the enzyme alcohol dehydrogenase (ADH) into
formaldehyde (range from 3.7 to 60 ppm) and acetaldehyde (ranging from 0.0005 to
230 ppm), respectively [64, 65]. Aldehydes are natural components of fruits, vege-
tables, spices, and nuts. For example, peas contain traces of acetaldehyde, whereas
cinnamon contains cinnamaldehyde. Almonds and cherries contain benzaldehyde,
whereas anisaldehyde and salicylaldehyde appear in anise and vanilla extracts [66].
Moreover, fermentation is a widely known process used for millennia for preserving
food and beverages. According to the WHO, fermented and processed foods includ-
ing cheese, yogurt, meat, kefir, kimchi, and tofu also contain traceable amounts of
formaldehyde (5.7-20 ppm) and acetaldehyde (0.2-0.6 ppm) [64].
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Fats are also a significant source of aldehydes, and when cooked, over 20 differ-
ent aldehydes are produced [66]. Aldehydes are formed when frying food or heating
oils to cook food. These aldehydes are mainly generated from the thermal oxidation
of the polyunsaturated triacylglycerols [67]. Cooking oil heated at a temperature of
180 °C produces high amounts of aerosolized acrolein (canola oil 53.5 + 3.9 mg/h
and safflower oil 57.3 + 6.7 mg/h) which are typically inhaled while standing over
cooking food [68]. When soybean oil is used to cook deep-fried potatoes,
4-hydroxynonenal (4-HNE) is a major polar lipophilic compound in the thermally
oxidized frying oil [69]. Additional studies further validate that deep-frying food,
especially at high temperatures and for prolonged periods of time, generate reactive
aldehydes [70, 71]. For example, in Taiwan restaurant exhaust streams, 18 carbonyl
species were measured. Formaldehyde, acetaldehyde, acetone, and butyraldehyde
contributed 55.01-94.52% of total carbonyls in the dining areas for the restaurants
measured [72].

3.4 Cosmetics

Cosmetic products including perfumes, deodorants, skin care products, and nail
polish removers are common in daily lifestyle. According to the American Cancer
Society, professional hair treatment products such as keratin smoothening products
contain formaldehyde or formaldehyde-releasing agents which can raise indoor
formaldehyde concentrations to a hazardous level (range 0.33—1.88 ppm) in hair
salons [73]. Various other aldehydes found in perfumes and deodorants are the most
common cause of hypersensitivity to fragrances and allergic reactions [74]. For
example, cinnamaldehyde, a well-known chemical irritant and sensitizing agent, is
a major component of the “fragrance mix”” and commonly found in deodorants [75].
In 1991, when the EPA tested 31 fragrance products, among the 20 most commonly
found toxic chemicals were propylene glycol, acetone, benzaldehyde, ethanol, and
benzyl alcohol.

Aldehydes are also present in hand sanitizers where a hand sanitizer may contain
60-90% ethanol. During topical application of ethanol and aldehydes, the skin is
the most susceptible organ to ethanol- and aldehyde-induced damage. Both ethanol
and aldehydes are highly diffusible through the lipophilic layer of the outer skin and
can covalently modify the epidermis to form an immunogenic antigen. The antigen-
carrying cell can migrate to the lymph nodes, where the antigen is recognized by
specific T cells that can proliferate and disseminate throughout the body via the
blood, causing an inflammatory skin response [76]. Although there is a lack of evi-
dence linking topical ethanol application to skin cancer, several studies confirm that
when taken orally, ethanol increases the risk for skin cancer and other types of can-
cer [77]. Lastly, considering the susceptible nature of ALDH2%2 variant to ethanol
and subsequently generated acetaldehyde-induced health disorders, it is advisable
to avoid usage of ethanol-based cosmetic products.
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Taken together, these studies suggest alcohol intake, use of tobacco products,
fried foods, and cosmetic products are sources of reactive aldehydes. Reactive alde-
hyde exposure associated with these lifestyle choices increases the chances of
developing cancer and cardiovascular diseases [51] specifically for those with an
ALDH2*2 variant [78].

4 Impact on Humans with Reduced Reactive Aldehyde
Metabolism

Reactive aldehyde exposure damages the electron transport chain, leading to an
overproduction of mitochondrial reactive oxygen species (Fig. 3). This in turn
affects cellular properties contributing to various diseases [79]. The health implica-
tions of reactive aldehyde exposure from these environmental sources listed above
are even more concerning for those ~560 million people worldwide who cannot
efficiently metabolize these reactive aldehydes due to ALDH2*2 genetic variant.
Therefore, people with an ALDH2*2 variant are vulnerable to reactive aldehyde
exposure-induced oxidative stress and associated pathophysiological conditions.

Extensive research over the past several years has recognized the ALDH2*?2 vari-
ant as a major contributor to several human diseases including cardiovascular disor-
ders, stroke, and cancer [2, 38, 80]. For example, a recent meta-analysis of nine
case-control studies concluded that the ALDH2#2 variant is associated with an
increased risk for developing coronary heart diseases, including myocardial infarc-
tion [81]. Therefore, those with an ALDH2%2 variant exposed to exogenous reactive
aldehyde sources as discussed above are more likely to develop medical complica-
tions as a result of limited reactive aldehyde metabolism.

Since ALDH2*2 individuals are more susceptible to reactive aldehyde-associated
health complications, it is important that information regarding the health risks
associated with reactive aldehyde exposure be disseminated widely to the public.
Many exogenous reactive aldehyde sources, such as alcohol consumption or ciga-
rette use, are avoidable or modifiable. In situations where exposure cannot be
avoided, safety precautions can be taken to limit or minimize exposure.

5 Conclusion

Over the past several years, extensive research has advanced the understanding of
the relationship between exogenous reactive aldehyde sources and the harmful
effects of their exposure. Whether outdoors, indoors, or at the place of occupational
employment, the potential for reactive aldehyde exposure and the resultant negative
health consequences are particularly important to consider for those with an
ALDH2%*2 variant.
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Fig. 3 Schematic representation of how reactive aldehyde exposure harms the cardiopulmonary
system. ALDH2 metabolizes toxic reactive aldehydes into a less toxic form. For those with an
ALDH2%*2 variant, exposure to exogenous reactive aldehydes increases intracellular oxidative
stress and impairs mitochondrial function due to an inefficient metabolism of reactive aldehydes.
This is followed by an increase in mitochondrial reactive oxygen species (ROS) production. ROS
directly affects the structure and function of cardiac myocytes, vascular endothelial cells, and
pulmonary epithelial cells, resulting in cellular dysfunction that can ultimately lead to cardiopul-
monary disease

At the forefront of protection from environmental sources of reactive aldehydes
is public awareness. Unless knowledge is properly disseminated, individuals will
not be cognizant of the risks associated with reactive aldehyde exposure or capable
of taking the necessary steps to minimize exposure. Precautionary measures and
lifestyle modifications to reduce reactive aldehyde exposure should be a focus of
public health to ultimately reduce the potential risk for developing cancer or cardio-
vascular disease.

There are also several key questions that remain unanswered. More research is
needed to understand how susceptible those with an ALDH2*2 variant are to reac-
tive aldehydes from environmental sources. In addition, it is also important to fur-
ther understand how much the relative risk for cancer or cardiovascular disease is
increased with reactive aldehyde exposure for those with an ALDH2%2 genetic vari-
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ant. Basic and clinical studies are also required to determine how reactive aldehydes
produced with the workplace environment, including hospitals, may potentially and
more preferentially affect those with an ALDH2%2 variant. New therapeutic strate-
gies should also be encouraged to prevent, minimize, and treat health-related disor-
ders arising as a result of reactive aldehyde exposure. Together, considering the
genetics of reactive aldehyde metabolism with respect to environmental sources of
aldehyde exposure can lead to developing a basis for a precision medicine platform
in the field of environmental health sciences.
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ALDH?2 and Cardiovascular Disease

Che-Hong Chen, Julio C. B. Ferreira, and Daria Mochly-Rosen

Abstract Aldehyde dehydrogenase 2 (ALDH?2) is a non-cytochrome P450 mito-
chondrial aldehyde oxidizing enzyme. It is best known for its role in the metabolism
of acetaldehyde, a common metabolite from alcohol drinking. More evidences have
been accumulated in recent years to indicate a greater role of ALDH2 in the metabo-
lism of other endogenous and exogenous aldehydes, especially lipid peroxidation-
derived reactive aldehyde under oxidative stress. Many cardiovascular diseases are
associated with oxidative stress and mitochondria dysfunction. Considering that an
estimated 560 million East Asians carry a common ALDH?2 deficient variant which
causes the well-known alcohol flushing syndrome due to acetaldehyde accumula-
tion, the importance of understanding the role of ALDH?2 in these diseases should
be highlighted. There are several unfavorable cardiovascular conditions that are
associated with ALDH?2 deficiency. This chapter reviews the function of ALDH2 in
various pathological conditions of the heart in relation to aldehyde toxicity. It also
highlights the importance and clinical implications of interaction between ALDH2
deficiency and alcohol drinking on cardiovascular disease among the East Asians.

1 Introduction

The effect of alcohol and cardiovascular disease has been controversial and remains
an active area of basic research, epidemiology, and public health discussion in
recent years. Current recommended alcohol drinking guidelines vary greatly from
country to country globally [29], highlighting the need for clarification with respect
to the risk of alcohol consumption and cardiovascular diseases versus other health
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risks, such as cancer, central nervous system (CNS) diseases, liver diseases, or met-
abolic syndromes. In the United States, based on the 2015-2020 Dietary Guidelines
for Americans, moderate alcohol drinking is recommended. This moderate alcohol
consumption is defined as up to two drinks per day for men and one drink per day
for women with one drink defined as 14 grams of pure alcohol [28]. Moderate alco-
hol drinking has been associated with reduced risks for coronary heart disease and
mortality due to heart disease, decreased risk of ischemic stroke, and decreased risk
of diabetes [22]. However, in a very recent study on risk assessment for alcohol
consumption, based on data collected from nearly 600,000 alcohol drinkers from 19
high-income countries, it was shown that alcohol consumption greater than ~1 drink
per day (7.1 standard US drinks per week or 100 g per week) is already positively
associated with increased risks for coronary disease (except for myocardial infarc-
tion), heart failure, fatal hypertensive disease, fatal aortic aneurysm, and stroke. In
comparison to individuals consuming less than 100 g per week, those who reported
drinking between 100 and 200 g per week (7.1-14.2 drinks per week), between 200
and 350 g per week (14.2-25 drinks per week), or > 350 g per week (>25 drinks per
week) had reduced life expectancy of approximately 6 months, 1-2 years, or
4-5 years at age 40 years, respectively [69]. Twenty percent of the above alcohol-
related survival difference could be attributed to excessive death from cardiovascu-
lar disease. The opposite effect of alcohol on myocardial infarction and other
cardiovascular disease indicates a need for research to understand the complex
molecular mechanisms of ethanol and its metabolites on different aspects of heart
function.

Ethanol is metabolized by two dehydrogenase enzymes in the liver as the main
organ of detoxification. Alcohol dehydrogenase (ADH) catalyzes the first step of
ethanol oxidation to acetaldehyde, and the mitochondrial aldehyde dehydrogenase
2 (ALDH2) further oxidizes acetaldehyde to acetate for excretion to the blood and
final conversion to CO, [74]. In addition to liver, ALDH?2 is also expressed in mul-
tiple human tissues and organs including the heart, lung, brain, muscle, kidney,
adipose, bone marrow, and skin [22]. ALDH2 is the most efficient enzyme in metab-
olizing ethanol-derived acetaldehyde, but it can also remove other reactive, toxic
aldehydes derived from membrane lipid peroxidation under ischemic or oxidative
stress. These well-known endogenous reactive aldehydes include 4-hydroxy-
nonenal (4HNE), malondialdehyde (MDA), 3,4-dihydroxyphenylacetaldehyde
(DOPAL), and acrolein [2, 72].

A common ALDH2 deficient variant [ALDH2*2 allele, rs671(A), or E487K
single amino acid substitution] exists in an estimated 560 million East Asians (or
about 8% of the world population). Individuals carrying the ALDH2*2 variant have
very low ALDH2 enzyme activity and cannot detoxify acetaldehyde efficiently,
which leads to rapid accumulation of acetaldehyde and the well-known Asian alco-
hol facial flushing reaction following consumption of as little as one drink (14 g
ethanol) of any alcoholic beverage [7]. The ALDH2*2 mutation was thought to
originate from one single founder in Southeast China nearly 2000-3000 years ago
and to quickly spread to other East Asian countries, such as Japan, Korea, Taiwan,
and Singapore [36]. ALDH2 deficiency is therefore very common among East
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Asians. The accumulation of acetaldehyde also leads to cardiac palpitation, nausea,
and headache. Such unpleasant physiological reactions have been correlated with
less alcohol consumption and lower rate of alcohol addiction among the ALDH2*2
carriers [71]. Nevertheless, acetaldehyde toxicity in ALDH2*2 subjects is a well-
established cause of upper aerodigestive track cancers (oral cavity, pharynx, larynx,
esophagus) and other cancers of the colorectum and liver and female breast cancer
[3, 7]. In 2007, the World Health Organization (WHO) classified alcoholic bever-
ages as a Group 1 carcinogen, especially for individuals with the ALDH2*2 vari-
ants, due to acetaldehyde toxicity [3]. The ALDH2*2 variant has also been shown
to be a risk factor for coronary artery disease [70], alcohol-induced cardiac dysfunc-
tion [25], stroke [63], insensitivity to nitroglycerin treatment, [33] and many other
pathological conditions among the East Asians [10].

We first reported a critical role of ALDH2 in cardioprotection against ischemia-
reperfusion (I/R) injuries [9]. It was demonstrated that direct activation of the
ALDH?2 enzyme activity, by an ALDH2-specific small molecule activator, Alda-1
(Aldehyde dehydrogenase activator-1), significantly reduced I/R damage in myo-
cardial infarction [9]. Alda-1 is both an enzyme agonist and a molecular chaperon
which facilitates proper protein folding of ALDH2; it interacted with ALDH?2 at the
catalytic tunnel of the tetrameric enzyme to accelerate catalysis of the substrate and
was also able to restore the structural defect of the ALDH2*2 enzyme caused by the
E487K mutation [56]. Alda-1 was therefore an effective activator for both the
ALDH?2 wild-type and ALDH2*2 mutant enzymes [9, 56]. Since the identification
of this new role of ALDH?2 in cardioprotection, many comprehensive reviews have
been published on the subject of ALDH2 and cardiovascular disease [8, 11, 17, 37,
43, 54, 55, 70, 76, 77]. This current review will focus on more recent advances in
this expanding field of heart disease.

2 Myocardial Infarction and Heart Failure

Despite the discovery of effective pharmacological and non-pharmacological inter-
ventions capable of preventing deaths during acute myocardial infarction, these
patients remain at high risk to develop pathological cardiac remodeling and heart
failure in the following years. Therefore, myocardial infarction and heart failure are
leading causes of morbidity and death worldwide. In this section, we describe the
critical role of aldehydes in myocardial infarction, other cardiomyopathies, and
heart failure.

A significant amount of evidence has recently emerged to indicate a greater role
of endogenous and exogenous aldehydes in the establishment and progression of
myocardial infarction and heart failure [10]. During myocardial infarction or heart
failure, excessive production of reactive oxygen species exacerbates the peroxida-
tion of mitochondrial polyunsaturated fatty acids, which subsequently generates
toxic secondary aldehydes such as malondialdehyde and 4-hydroxy-nonenal
(4HNE) [59]. 4HNE is a highly reactive aldehyde that readily interacts with proteins
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and forms adducts via Michael addition. Excessive 4HNE adduct formation has a
negative impact on heart physiology by impairing mitochondrial bioenergetics [19],
protein quality control [16], and contractility properties [18, 19]. Moreover, expo-
sure of isolated adult rat cardiomyocytes to 4HNE is sufficient to impair calcium
handling with impact on contractility properties [5, 51].

Elevated cardiac aldehyde levels, such as 4HNE, is also associated with the
pathophysiology of different cardiomyopathies as seen in rodent models and in
humans [18, 42, 50]. The progression of myocardial infarction into heart failure is
characterized by reduced ALDH?2 activity and accumulation of cardiac 4HNE pro-
tein adducts [18, 19]. Animals with elevated 4HNE levels due to genetic disruption
of ALDH?2 activity or overexpression of alcohol dehydrogenase are more suscepti-
ble to develop cardiomyopathy and heart failure [9, 20, 30]. From a clinical perspec-
tive, 4HNE protein adducts accumulate in cardiac biopsies from patients with
hypertrophic and dilated cardiomyopathies and heart failure compared with control
donor hearts. Of interest, improved outcome in heart failure patients treated with
beta-blocker (carvedilol) is associated with a prominent reduction in the levels of
cardiac 4HNE adducts [50]. Finally, circulating 4HNE levels increase according to
the progression of myocardial infarction and heart failure both in rat models of the
disease and in humans, therefore suggesting its value as a relevant biomarker of
chronic cardiac diseases [18, 42].

The cardioprotective effects of ALDH2 against alcoholic and ischemic cardio-
myopathies as well as against heart failure have been demonstrated over the past
decade. Overexpression of ALDH2 attenuates infarct size and cardiac dysfunctional
properties in an in vivo mouse model of acute myocardial infarction [38]. [These
mice are also resistant to acute ethanol toxicity [39, 40].] Conversely, ALDH2
knockout mice present elevated cardiac damage during acute myocardial infarction,
which is associated with increased oxidative stress and elevated 4HNE protein
adducts [38, 67]. Moreover, the absence of ALDH2 aggravates ethanol-mediated
cardiac toxicity in rodents [39]. The molecular mechanisms associated with alde-
hyde cardiotoxicity include hyperphosphorylation of GSK-3beta, ASK-1, GATA4,
and CREB, which often lead to bioenergetics dysfunction, oxidative stress, and cell
death [15, 57, 77]. The cardioprotection against acute myocardial infarction seen in
ALDH2 overexpression appears to be related to activation of Akt and AMPK mTOR
signaling cascades [38].

Considering the critical role of 4HNE and other reactive aldehydes, the ALDH2-
selective activator, Alda-1, has been used to counteract the deleterious effect of
aldehydic load in the establishment and progression of chronic cardiac diseases,
such as myocardial infarction and heart failure. Acute Alda-1 treatment is sufficient
to neutralize the negative impact of 4HNE on mitochondrial bioenergetics and car-
diomyocyte contractility properties [18, 19]. These experiments were performed in
isolated cardiac mitochondria and isolated adult cardiomyocytes from rats,
respectively.

ALDH?2 activation using Alda-1 also protects against aldehydic stress when
tested in intact organs and in whole organisms. As an example, Alda-1 administra-
tion is sufficient to increase cardiac ALDH2 activity by twofold and protect against
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acute myocardial infarction in both rats and mice [9, 66]. This cardioprotection
induced by Alda-1 is associated with reduced levels of cardiac 4-HNE protein
adducts and acetaldehyde and better mitochondrial metabolism and redox status
during acute myocardial infarction [9, 19, 66]. Indeed, ALDH2 activity has a tight
inverse correlation with cardiac damage during acute myocardial infarction [9, 66].
The benefits of ALDH2 activation during acute myocardial infarction are not only
restricted to cardiomyocytes. Alda-1 antagonizes the impact of aldehydes on car-
diac mast cell degranulation [32] and fibroblast proliferation [19], which are well-
known players involved in cardiac degeneration/remodeling during myocardial
infarction and heart failure (Fig. 1).

Sustained ALDH2 activation also protects against ischemic cardiomyopathy and
heart failure in rats. During these pathological processes, the aldehydic load contrib-
utes to mitochondrial dysfunction, reactive oxygen species production, and impaired
calcium handling, which result in pathological cardiac hypertrophy and reduced
contractility properties [18]. Sustained Alda-1 treatment of infarcted animals for
6 weeks, starting at day 1 after surgery, is sufficient to reduce cardiac aldehydic
levels, protect mitochondrial metabolism, and improve cardiac ejection fraction,
therefore preventing the progression to heart failure [18].

We also found that continuous Alda-1 treatment is also important to improve
heart failure outcome in rodent models of heart failure [19]. Chronic administration
of Alda-1 using osmotic pumps, starting 4 weeks after myocardial infarction, at a
time when heart failure is present, improves cardiomyocyte shortening, cardiac
function, left ventricular compliance, and diastolic function under basal conditions,
and after isoproterenol stimulation [19]. Importantly, sustained Alda-1 treatment
promotes a cardiac anti-remodeling effect and malfunction by suppressing myocar-
dial hypertrophy and fibrosis. Alda-1 reverses the accumulation of 4HNE-protein

Pro-death

Pathological hypertroph

aldehydic stress
mitochondrial Arrhytmia

HNA 4= ALDH2 — ENENER J-2272%° 4 ETC Cell death
T / v Impaired calcium handlin:

Reduced contractility

oxidative stress

Fig.1 Proposed model for aldehydic stress during cardiac diseases. Excessive mitochondrial lipid
peroxidation and consequent 4-HNE generation can yield mitochondrial ALDH?2 inactivation,
energy metabolism dysfunction, and uncontrolled oxidative stress, which results in further 4-HNE
generation during acute and chronic cardiac diseases, including myocardial infarction and heart
failure. Impaired 4-HNE metabolism and consequent accumulation of free 4-HNE favors 4-HNE-
protein modification with a negative impact in cardiomyocyte contractility properties, cell death,
and cardiac remodeling. Pharmacological ALDH?2 activation using Alda-1 improves the outcome
of cardiac diseases through increased clearance of 4-HNE. Heart, cell, and mitochondrion images
by smart.servier.com are licensed under creativecommons.org/licenses/by/3.0/


http://smart.servier.com
http://creativecommons.org/licenses/by/3.0

58 C.-H. Chen et al.

adducts and protein carbonylation in hearts subjected to myocardial infarction. This
benefit is associated with improved mitochondrial function, including elevated
mitochondrial respiratory control ratios and reduced H,O, release. This selective
ALDH?2 activation decreased mitochondrial Ca2+-induced permeability transition
opening and cytochrome c release in failing hearts [19].

Further supporting a mitochondrial mechanism for ALDH?2 activation, Alda-1
treatment preserves mitochondrial function following in vitro increase in aldehydic
load. Notably, sustained activation of ALDH2 using Alda-1 improves the clinical
outcome following myocardial infarction and heart failure in rodents, through
decreasing cardiac reactive aldehydes and improving mitochondrial bioenergetics
[19]. Finally, we also found that Alda-1 treatment in vitro reverses ALDH?2 inactiva-
tion in ventricular specimens of patients with end-stage heart failure and protected
human pluripotent stem cell-derived cardiomyocytes against ischemic damage [19].
Together, these data show that increased aldehydic load causes cardiotoxicity and
drugs that reduce aldehyde toxicity and ameliorate mitochondrial dysfunction by
targeting mitochondrial ALDH2 may prevent or reduce the progression of a number
of pathologies associated with chronic cardiac diseases, such as myocardial infarc-
tion and heart failure. One exception of the beneficial role of ALDH2 seems to be in
the aging heart. Autophagy is an important mechanism of protein quality control in
aging and adaptive cardiac remodeling. Zhang et al. reported that autophagy is regu-
lated by ALDH2-mediated interaction between Bcl-2 and Beclin-1 and AMPK
phosphorylation in the cardiac aging process [78]. In transgenic mice, global over-
expression of ALDH?2 led to accentuated suppression of autophagy and a 7.7%
shortened life span as compared with the wild-type ALDH2 between young mice
and old mice. Furthermore, in an examination among healthy elderly population,
there was positive correlation between cardiac function and geometry and the
ALDH2#*2 genotype indicating a more subdued cardiac remodeling induced by
aging in the ALDH2%*2 heterozygous and homozygous elderly individual [78].

3 Nitroglycerin Bioconversion and Nitroglycerin Tolerance

Nitroglycerin (glyceryl trinitrate, GTN) is one of the most prescribed nitric oxide
(NO) donors for vasodilation for the treatment of acute angina and chronic heart
failure [6]. The effect of vasodilation by GTN is rapid, which usually occurs in min-
utes. However, it is also well-known that prolonged use of GTN often leads to its
ineffectiveness as patients develop tolerance to GTN [14, 45]. The mechanism of
GTN bioconversion and GTN tolerance is still not completely understood. Chen and
Stamler first [13] demonstrated that ALDH2, via its reductase activity, was the
enzyme responsible for the bioconversion of GTN to NO which results in cGMP-
mediated vasodilation. It was further revealed that biotransformation of GTN by
ALDH?2 also led to direct oxidation of cysteine 302, the critical catalytic amino acid
of ALDH2, which leads to enzyme inactivation and may explain the clinical observa-
tion of GTN intolerance in patients [4, 13, 45, 49, 68]. In an ischemia-reperfusion
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animal model, Sun et al. showed that administration of Alda-1, the ALDH2 activator,
before sustained treatment of nitroglycerin protected against cardiac injury from
GTN-induced ALDH?2 inactivation [62]. Dithiothreitol (DTT) was effective in reac-
tivating oxidized ALDH2, but neither cysteine nor the most abundant intracellular
thiol donor, glutathione, was effective in protecting ALDH?2 against GTN inactiva-
tion [12]. It was postulated that there existed a sink of potent endogenous DTT-like
reductant as a thiol donor for reactivation of ALDH?2 and sustained bioconversion
from GTN to NO in initial hours of GTN treatment, and it was the depletion of this
thiol donor that led to GTN tolerance [12]. However, the search for such a potent
cellular thiol donor as an effective agent to overcome ALDH2-medicated GTN intol-
erance in vivo remains elusive. Recently, using a fluorescent NO sensor in vascular
smooth muscle cells with ALDH2 C301S/C303S mutant construct, Opelt et al.
showed that despite a slow recovery of ALDH?2 inactivation, vascular smooth muscle
cells were capable of providing a burst of low but sufficient physiological level of
NO to achieve the initial vessel relaxation [53]. This observation implies that a robust
strong reactivating reductant may not exist in cell and low level of ALDH?2 activity
is sufficient to achieve vasodilation and explain GTN intolerance simultaneously.

With the involvement of ALDH?2 in GTN biotransformation, enzyme inactiva-
tion, and intolerance, it is well-justified to evaluate the cardiovascular outcome of
GTN treatment in ALDH2*2 patients with angina. Previous clinical studies con-
firmed a marked decrease in nitroglycerin efficacy in Chinese patients carrying the
mutant ALDH2*2 (n = 33) relatively to carriers of the wild-type enzyme (n = 43)
[33]. It was shown that GTN biotransformation using purified human fetal liver
wild-type ALDH2 was 10 times more efficient than corresponding ALDH2*2
human fetal liver enzyme [33]. Furthermore, at high dose of GTN, a significantly
greater blood flow was observed in ALDH2 wild-type and in ALDH2*2 human
subjects [33, 41]. However, the effect of GTN bioconversion and intolerance with
regard to ALDH?2 in clinics with ALDH2%2 heterozygous and homozygous geno-
types remains inconclusive. A more recent study by Miura et al. showed that there
was no difference in the vasodilatory effect of sublingual GTN tablets administered
to a small group of healthy Japanese with all three ALDH?2 genotypes [47]. In con-
trast to previous studies that used indirect assessments of changes in systemic circu-
lation, blood flow, or pain relief, this study measured directly GTN-mediated vessel
dilation diameters. However, the study was conducted with a very small number of
individuals of six ALDH2*1/*1, seven ALDH2*1/*2, and seven ALDH2*2/*2 [47].
In another larger randomized, open-label, crossover trial with 117 healthy Japanese
(47 ALDH2#1/*1, 48 ALDH2*1/*2, and 22 ALDH2%*2/*2), it was shown that there
was no difference in the amplitude of vasodilation induced by GTN among the three
different ALDH2 genotypes [60]. But the ALDH2*1/%2 and ALDH2*2/*2 individ-
uals had a much slower response time, especially among the ALDH2*2/*2 homozy-
gotes [60]. These studies indicate the need of further clarification on the role of
ALDH2 in GTN bioconversion and the phenomenon of tolerance. Considering the
wide use of GTN for angina and heart failure treatment, more observations on GTN
efficacy among individuals with different ALDH2 genotypes are also needed to
determine if any adjustment in clinic practice is warranted.
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4 Arrhythmia

Excessive alcohol drinking can induce irregular heart rhythms in healthy individu-
als. The phenomenon is often associated with binge drinking, common during the
holiday season, and is known as the “holiday heart syndrome” [46]. The most com-
mon arrhythmia is atrial fibrillation (AF), which is characterized by rapid and irreg-
ular heartbeats of the atria. AF can increase the risks of heart failure, dementia, and
stroke [48]. Acetaldehyde is a potent inducer of arrhythmia. Gallardo-Carpentier
et al. showed that acetaldehyde as low as 30 uM was sufficient to illicit arrhythmia
caused by delayed after-depolarization and triggered activity in canine Purkinje
fibers [58]. Acetaldehyde and reactive aldehydes generated under ischemia-
reperfusion or hypoxia can cause arrhythmia via cardiac mast cell degranulation
and renin release [32]. Acetaldehyde also triggers release of norepinephrine in car-
diac sympathetic nerve endings and arrhythmia in myocardial ischemia-reperfusion
[58]. It is therefore conceivable that accelerated removal of toxic aldehyde can con-
fer a beneficial effect both in preventing cell death in I/R and arrhythmia, induced
by the release of hormones and neurotransmitters. It was, indeed, demonstrated that
activation of ALDH2, either by its activator, Alda-1, or via e-Protein Kinase C
(ePKC)-medicated ALDH?2 signaling pathway, was sufficient to prevent ischemia-
reperfusion-induced renin release from the mast cells or norepinephrine release
from the neurons to confer cardioprotection against reperfusion arrhythmia [1, 32,
44, 58]. More recently, the role of ALDH2 in regulating the renin/angiotensin/nor-
epinephrine arrhythmia was further shown to be mediated through the G;-coupled
S1P receptor, and sphingosine-1-phosphate, a sphingolipid produced in the I/R
heart, was sufficient to achieve inhibition of I/R-induced cardiac arrhythmia [44].
As expected, in the ALDH2*2 knock-in mouse model, such protective mechanism
against arrthythmia was lost in either isolated hearts or cultured mast cells [44].
The relationship between alcoholic beverage drinking and AF has been studied
recently in human subjects carrying different genotypes of ethanol metabolizing
genes. Among a group of 281 Taiwanese patients who had AF and received catheter
ablation, the recurrence of paroxysmal AF was associated with both the amount of
alcohol consumed and the alcohol dehydrogenase-1B (ADHIB) genotype.
Nondrinkers and light drinkers consistently had better sinus rhythm maintenance
rate than moderate or former drinkers, and the ADH1B*1/#2 and *2/*2 genotype
had a great hazard ratio than the ADHIB*1*1 genotype [24]. In another study
involving 577 Japanese AF patients and 1935 non-AF control subjects, the allele
frequency of ALDH2*2 was significantly lower in the AF patient group than in the
non-AF control group [52]. On the other hand, in subset analyses among the 182
patients with lone AF and 914 controls, the ADHI1B*1 allele was significantly
higher in the AF patient group than in the non-AF control group. It was postulated
that the protective effect against AF observed in the Japanese patients may be due to
either a prolonged metabolic conversion of ethanol to acetaldehyde or a lower alco-
hol consumption due to the influence of the ALDHIB and ALDH2*2 genotypes
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[52]. Whether low level of acetaldehyde, like ethanol, can mediate a “precondition-
ing” effect against AF remains to be explored.

5 Coronary Artery Disease

The ALDH2*2 variant has consistently been associated with higher risks of coro-
nary artery disease (CAD) in several GWAS studies and meta-analyses in East
Asian populations [21, 23, 34, 64, 75, 79]. Hypertension is one of the leading risk
factors for CAD. However, the relationship between hypertension and CAD among
ALDH2%2 carriers seems to be more complicated with confounding factors that are
known to be influenced by the ALDH2*2 variants, such as alcohol consumption
[27], serum triglyceride level [65], cholesterol level [31], blood pressure [35], and
metabolic syndrome [80]. These reports highlighted the complex interaction
between ALDH2*2, alcohol consumption, and cardiovascular disease. Yet, no infor-
mation regarding the amount of alcohol consumption were included in these stud-
ies. Since ALDH?2 genotypes greatly influence the amount of alcohol consumption
and the amount of alcohol consumption is also strongly correlated with coronary
heart disease, it is necessary to include both the amount of alcohol consumption and
the ALDH2 genotypes information when conducting evaluation of the effect of
ALDH?2 and cardiovascular outcome in East Asians. Using comprehensive echocar-
diograph and two-dimensional speckle tracking, Hung et al. examined the effect of
light-to-moderate alcohol drinking on cardiac function among nearly 4000 asymp-
tomatic Taiwanese participants and found that even with low-to-moderate dose of
habitual alcohol consumption, both left ventricular and left atrial functions were
significantly compromised in an alcohol dose-dependent manner [26]. In addition,
light-to-moderate drinking was also associated with higher incidences of hyperten-
sion; higher fasting glucose, HbAlc, and triglyceride; and lower HDL [26]. In
another controlled large-scale epidemiological study involving ~24,000 South
Koreans, ALDH2 genotypes were closely correlated with the amount of alcohol
consumption and indexes of liver enzyme. Furthermore, increased alcohol con-
sumption was associated with increased coronary artery calcification [73]. In a most
detailed heart function evaluation, combining both the amount of alcohol consump-
tion and ALDH?2 genotyping information from ~1600 participants, it was confirmed
that even light-to-moderate alcohol drinking could confer significant subclinical
adverse effects on cardiac systolic functions [25]. Furthermore, this adverse effect
was worse in subjects carrying the common ALDH2*2 variant, with most pro-
nounced cardiac dysfunction and structural deformation in the subgroup of drinkers
carrying the common ALDH2*2 and ADH1B*2 fast alcohol metabolizing allele
[25]. A comprehensive review summarizing the effect of alcohol consumption,
ALDH?2 genotype, and cardiovascular disease in Korea has been published recently
[61] emphasizing the need to separate the effect of alcohol consumption based on
ALDH2 genotypes.
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6 Conclusion and Perspective

ALDH?2 deficiency is one of the most common enzymopathies in human affecting
560 million East Asians, or 8% of the world population. This East Asian-specific
ALDH?2 deficiency is caused by a single amino acid substitution, which results in
the production of a dysfunctional enzyme. ALDH2 is the main enzyme for detoxifi-
cation of ethanol-derived acetaldehyde. ALDH2 also plays a key role in the metabo-
lism of lipid peroxidation-derived reactive aldehydes generated under acute or
chronic oxidative stress such as myocardial infarction, cardiomyopathy, and heart
failure. Individuals carrying the inactive ALDH2*2 variant are susceptible to higher
risks of many cardiovascular diseases. Strong evidences have demonstrated the
mechanistic effects of aldehydic toxicity in carriers of the ALDH2%2 variant. It is
therefore clear that modulation of ALDH?2 activity can be a new and attractive thera-
peutic strategy for treating cardiovascular disease. A small molecule ALDH?2 activa-
tor, Alda-1, has been discovered and demonstrated to be effective in enhancing the
activity of both the ALDH2*1 and ALDH2%2 enzymes. Positive results have been
observed by acute and chronic treatments of Alda-1 in several proof of concept
animal models related to cardiovascular conditions, such as myocardial infraction,
cardiomyopathy, heart failure, and protection against nitroglycerin-induced ALDH2
inactivation under ischemia-reperfusion. In cardiomyocytes derived from ALDH2*2
patient pluripotent stem cells, Alda-1 also increased cell survival under ischemia.
Considering that 8% of the world population carry the ALDH2%2 genotype and that
accumulating molecular and epidemiological data have revealed a strong negative
impact of this genotype in cardiovascular disease, a personalized precision medi-
cine approach should be considered for individuals born with this common enzyme
deficiency. This includes preventive measures, clinical research, and translational
development targeting ALDH?2. Current US moderate alcohol drinking guideline
recommending two drinks per day for men and one drink per day for women for
cardioprotection has not taken into account for the East Asian-specific differences
in body weight or the variant ALDH?2 genotype. More recent studies challenge the
notion of the beneficial effect of moderate ethanol consumption on the heart, espe-
cially among the East Asians. New alcohol drinking guideline incorporating genetic
information and alcohol education program providing evidences on harmful alcohol
drinking behavior which causes cardiovascular disease are therefore needed for
public health policy and awareness especially for the East Asian descendants and in
countries that have high prevalence of the ALDH2*2 variant.
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The Bidirectional Effect of Defective
ALDH? Polymorphism and Disease
Prevention

Akiko Matsumoto

Abstract Despite the role of aldehyde dehydrogenase 2 (ALDH?2) in the detoxifi-
cation of endogenous aldehydes, the defective polymorphism (rs671), which is
highly prevalent among East Asians, does not show a serious phenotype, such as
congenital abnormality. However, unfavorable and favorable impacts of the variant
allele, ALDH2%2, on various disease risks have been reported. The underlying
mechanisms are often complicated due to the compensatory aldehyde detoxification
systems. As the phenotypes emerge due to overlapping environmental factors (e.g.,
alcohol intake and tobacco smoke) or individual vulnerabilities (e.g., aging and apo-
lipoprotein E &4 allele), polymorphism is therefore considered to be important in the
field of preventative medicine. For example, it is important to recognize that
ALDH?2*2 carriers are at a high risk of alcohol drinking-related cancers; however,
their drinking habit has less adverse effects on physiological indices, such as blood
pressure, body mass index, levels of lipids, and hepatic deviation enzymes in the
blood, than in non-ALDH2*2 carriers. Therefore, opportunities to reconsider their
excessive drinking habit before adverse events occur can be missed. To perform
effective disease prevention, the effects of ALDH2*2 on various diseases and the
biological mechanisms should be clarified.

Keywords ALDH?2 - Gene polymorphism - rs671 - Preventive medicine - Alcohol

1 Introduction

Among the 19 known human aldehyde dehydrogenase (ALDH) isozymes [44, 69],
ALDH?2 is a widely distributed [26, 28, 110, 147] and highly expressed ALDH iso-
zyme [13, 108, 110]. While many isozymes show obvious congenital anomalies
with their gene mutation [69] (e.g., Sjogren’s syndrome with ALDH3A2 [34] and
pyridoxine-dependent epilepsy with ALDH7AI [79]), no serious phenotype is
observed with a single dysfunction of ALDH2 [77]. However, when observing
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relatively mild health effects, it shows complex and diverse phenotypes. In most
cases, these health effects become conspicuous when ALDH?2 deficiency overlaps
with other factors, such as lifestyle, aging, environmental chemical exposure, and
other gene mutations, and this interaction increases the importance of ALDH?2 poly-
morphism in disease prevention [38, 71, 72, 76].

In the present report, the basic details and importance of the ALDH2 polymor-
phism are summarized.

2 Defective Polymorphism of ALDH?2

2.1 ALDH2 and ALDH2%*2 (rs671)

The ALDH?2 gene is located on the long arm of chromosome 12 (12q 24.2)
(43,099 bp, 13 exons) and encodes 517 amino acids to form the 56-kDa ALDH2
protein (a mature body consists of 500 amino acids), which is distributed in the
mitochondrial matrix of various cells [13, 26, 28, 108, 110, 147]. ALDH2 is a tetra-
meric protein in which dimers are paired, with each dimer consisting of two mono-
mers facing each other and sandwiching their functional sites (the central region of
catalysis) [58, 109] (Fig. 1). The best known substrate is acetaldehyde, which can be
generated by drinking alcohol. ALDH?2 shows the highest affinity for acetaldehyde

-

ALDHZ monomer

Fig. 1 A schematic illustration of the structure of ALDH2 dimer [71]

The function site of ALDH2 protein has a binding pocket for coenzyme NAD* and Cys302, which
interacts with substrates. A pair of monomers forms a dimeric ALDH2. Glu487 (Glu504 in the
precursor form, 517 amino acids) unites Arg264 of the same monomer with Arg475 of the partner
monomer with hydrogen bonds (dotted line), which is critical for the assembly of both
monomers
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among enzymes that metabolize acetaldehyde [69, 138]. It also plays an important
role in the metabolism of endogenous aldehydes [25, 57], such as the representative
lipid peroxide 4-hydroxynonenal (4HNE), the glycation end product methylglyoxal
[91], and the metabolite of lipids and polyamines acrolein [97] and formaldehyde,
which is derived from folic acid, catecholamines, and foods [8, 10]. These cytotoxic
agents [20, 45, 140, 145] are all known to be substrates of ALDH2 [6, 43, 143].

According to the database of the National Center for Biotechnology Information,
more than 5000 polymorphisms are reported for ALDH?2, including 220 missense
variants. Although several correlations have been reported between ALDH?2 poly-
morphisms and diseases, e.g., rs886205 [32], rs737280 [22], and rs10744777 [90],
an obvious phenotypic difference is only observed for rs671, in which the guanine
at base 42421 in exon 12 is replaced with an adenine, and the glutamic acid at posi-
tion 487 in mature ALDH?2 or at position 504 in precursor ALDH2 is replaced with
a lysine (Glu487Lys or Glu504Lys). Generally, the wild and variant alleles are
called ALDH2*] and ALDH2%2, respectively, resulting in three types of ALDH?2
gene: wild-type homozygote (ALDH2*1/*1), heterozygote (ALDH2%*1/%2), and
variant-type homozygote (ALDH2*2/%2). ALDH2%2 is largely restricted to
Mongoloid populations. The prevalence is particularly high in China, Japan, Korea,
Mongolia, and the Indochina Peninsula (approximately 50%). The variant is
extremely rare in Caucasians, Africans (and their descendants), Papua New
Guineans, Australian Aborigines, and Araucanians in South Chile [27, 64].

Glu487 is an important amino acid that forms a dimer cross-link [21] (Fig. 1),
which greatly affects the enzyme activity. In ALDH2*1/*2 carriers, variant mono-
mers and wild-type monomers are produced in a ratio of 1:1 and randomly combine
to form two sets of dimers (tetramer). When a variant monomer and wild monomer
form a dimer, the three-dimensional structure collapses, and the enzyme activity
disappears. Therefore, when a tetramer includes one variant monomer out of four
monomers, the enzyme activity decreases to 50% [21]. Furthermore, the half-life of
the tetramer shortens to about 50% [128]. As such, all tetramer combinations have
particular existence rates, activity levels, and half-lives, and the total enzyme activity
inALDH2%*]/%2 carriers is theoretically calculated to be 15.6% of thatin ALDH2*1/*1
carriers [71] (Fig. 2). Similar numbers are reported in actual measurements [51, 55].

Frequency 1/16 4/16 2/16 4/16 4/16 1/16
Activity 100% 50% 50% 0% 0% 0%
Half-life 100% 50% 50% 50% 50% 50%
Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive
Gly Gly Gl Lys, B Eys Uys. Lys, Lys Lys Lys Lys
G Gl Gly Gly Gl Lys Gly Gl Gl Lys Lys Lys

Fig. 2 Schematic illustration of ALDH2 protein derived from ALDH2*1/%2

Because human ALDH?2 is tetrameric protein, ALDH2*1/*2 carriers have six patterns of protein
combination. Theoretically expected frequency of appearance, enzymatic activity, and half-life of
each combination are shown at the top of the figure. Based on the theory that a heterodimeric
ALDH?2 is inactive and that a tetramer that includes more than one variant monomer has a short-
ened half-life (50%), the total ALDH?2 activity in ALDH2*1/#2 carriers is calculated to be 15.6%
of that in ALDH2*1/*] carriers (1/16 x 100% + 4/16 x 50% x 50% + 2/16 x 50% x 50% + 4/16
%X 0% x 50% + 4/16 x 0% x 50% + 1/16 x 0% x 50%)
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2.2 Prediction of ALDH2%2

ALDH?2*2 possession is highly predictable without a DNA analysis [95, 137]. In a
study on Japanese men asking the following questions, “Did you tend to flush in the
face immediately after drinking a glass of beer for the first couple of years after you
started drinking?” [137], the sensitivity and specificity were calculated to be 90%
and 95%, respectively (“yes” to predict ALDH2*2 possession). Such flushing ques-
tionnaires are suggested to be more reliable than ethanol patch tests, which examine
the flushing reaction on the skin due to acetaldehyde accumulation [132].

However, the genetic polymorphism of alcohol dehydrogenase 1B (ADHI1B),
which oxidizes ethanol to acetaldehyde, interferes with the prediction of ALDH2*2.
The variant ADHI1B (rs1229984), which is hyperactive, is also frequently observed
in Mongoloid populations [27]; indeed, the possession rate in Japanese is reported
to be over 90% [15, 35, 36, 78]. Ethanol oxidation, or acetaldehyde production,
after ethanol intake in wild-type ADH B carriers (minority for Mongoloid popula-
tions) is slower than that in variant ADH B carriers [98]; therefore, alcohol-induced
discomfort, including flushing, is ameliorated in wild-type ADHIB carriers [33].
The detection rate of ALDH2*2 by ethanol patch test is reported to be extremely
lower in a population with ALDH2*1/%2 and wild-type ADHIB (13%) than in that
with ALDH2*1/%2 and variant ADHIB (65-73%) [35].

2.3 Effect of ALDH2*2 on Drinking Behavior

ALDH?2%*2 reduces an individual’s likelihood of becoming a regular alcohol drinker,
especially for ALDH2#*2/*2 carriers, who are estimated to comprise less than 10%
of noncarrying drinkers in males, while the rate is even lower in females [78, 89].
The average amount of alcohol that is consumed by ALDH2*[/*2-carrying drinkers
is considered to be 50-60% of that for ALDH2*]/*]-carrying drinkers, while for
ALDH?2*2/*2-carrying drinkers, the amount of alcohol consumed is less than 10%
[78, 89]. This inhibitory effect is attributed to discomfort due to the accumulation of
acetaldehyde, which causes palpitations and nausea after consuming ethanol [80].
The modification of drinking behavior is reproducible in animal experiments; when
Aldh2 knockout mice and wild-type mice were given free access to either water or
a 3% ethanol aqueous solution, the ethanol intake of the knockout mice was rela-
tively small. Interestingly, the acetaldehyde concentration in the blood, liver, and
brain tissues of these mice was equivalent to that of wild-type mice [42].

However, as previous animal experiments have suggested [17, 19, 93], acetal-
dehyde can promote dopamine release in the mesolimbic system and cause drink-
ing addiction. It has also been reported that salsolinol, which is produced by the
nonenzymatic condensation of acetaldehyde and dopamine, promotes ethanol
intake through stimulation of the p-opioid receptor [41]. It was reported that mood
exaltation (positive feelings described as “great overall”) and blood catecholamine
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concentrations after drinking were stronger and higher, respectively, in
ALDH2*1/*2 carriers than in ALDH2*1/*1 carriers [2, 122] and that ALDH2
inhibitor increases ethanol-induced euphoria [7]. Thus, ALDH2*2 does not always
inhibit drinking habits. Indeed, 10%—-20% of Japanese alcoholics carry the
ALDH?2*1/%2 gene [36, 135], and these subjects generally consume an equivalent
dose of ethanol to ALDH2*1/*]-carrying alcoholics [135].

3 Biological Remodeling for Homeostasis

In normally raised Aldh2 knockout mice, obvious phenotypes, such as a shortened
life span and congenital anomalies, are not observed [25, 77], despite the observable
impact of ALDH2 in detoxifying endogenous aldehydes (see Sect. 2.1). This con-
tradiction can be explained by the proposed mechanism, “defense mechanism
induced by aldehyde exposure.”

In a study on infants with Tetralogy of Fallot in China, aldehydes such as 4HNE
and malondialdehyde (MDA) were detected at high concentrations in the myocar-
dium of patients with the ALDH2*2 allele. However, the induction of an anti-
oxidative stress system due to glutathione production was detected, and clinical
indicators, such as the cardiac troponin level in the blood and hospitalization period,
were more promising in infants with the ALDH2*2 allele than in infants without the
ALDH?2*2 [149]. This study was designed to follow a discovery reported by Endo
et al. [18]. Endo and colleagues conducted a transcriptome analysis using ALDH
dysfunctional model animals and found an upregulated pathway through which the
glucose metabolite 3-phosphoglycerate in the glycolysis system was consumed for
glutathione production and reported it as “metabolic remodeling induced by alde-
hyde stress in the heart” [18].

Another kind of remodeling has also been observed in the liver: cytochrome
P450 (CYP) 2E1, which has the ability to metabolize aldehydes [53, 119], is highly
expressed in Aldh2 knockout mice possibly by posttranslational modification [29,
73, 75]. Although CYP2EI is a generator of oxidative stress due to a catalytic reac-
tion [9], it also promotes stress responses, such as the activation of the nuclear
factor-erythroid 2 p45-related factor (Nrf2) pathway [3, 68]. Indeed, antioxidant
factors, including heme oxygenase 1 (HO-1), redox factor-1 (Ref-1), and manga-
nese superoxide dismutase (MnSOD), were found to be induced in the liver of
Aldh2 knockout mice [54, 75]. It therefore seems to be reasonable for such an
enzyme complex (i.e., CYP2E1, HO-1, Ref-1, and MnSOD) to fill the role of
ALDH?2 in the liver.

Such “remodeling” may be a commonly observed phenomenon in animals with
difficulties managing antioxidant stress; in the liver of hepatocyte-specific glutathione-
deficient mice, various detoxification and metabolic enzymes including HO-1, super-
oxide dismutase 1, and Nrf2 were upregulated, with accelerated phosphorylation of
the upstream regulator AMP-activated protein kinase (a metabolic master switch)
[11], which senses depletion of intermediate metabolites in glycolysis [148].
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However, some studies have still reported unfavorable phenotypes in ALDH2-
deficient models, in which remodeling for adaptation appears to have been unsuc-
cessful. In untreated Aldh2 knockout mice, a reduced hematopoietic stem cell ratio
in the bone marrow [25] and an age-related cognitive decline and accompanying
Alzheimer’s disease-like pathology [16] have been observed. As such, individual
organs/cells may exhibit different degrees of aldehyde tolerance, as the ALDH2
contribution rate for aldehyde detoxification differs among cell types [25]. Likewise,
the capability of inducing alternative enzymes or stress-response systems is also
expected to vary.

4 Various Phenotypes of ALDH2%2

The phenotypes of ALDH2*2 are generally ambiguous, possibly due to the compen-
sation system described above. However, phenotypes often become conspicuous
due to lifestyle; aging; other environmental factors, such as occupational exposure
to toxic chemicals; and other genetic vulnerabilities, increasing the significance of
the ALDH?2 polymorphism in the field of preventive medicine [71, 72, 76]. Although
investigations have largely been performed in the field of adult heath (Table 1), there
are many other issues to be addressed. For example, environmental aldehyde expo-
sure during the prenatal period is of concern for ALDH2*2-carrying fetuses, as
ALDH2 in the fetal stage already plays a role in aldehyde detoxification [65, 99,

Table 1 Reported outcomes of ALDH2*2

Risk increased by ALDH2*2 (Possible mechanism)
Alcohol- and tobacco-related (Aldehyde-DNA formation, aldehyde interference in
cancer BRCA2)
Age-related cognitive dysfunction | (Glycation stress toward amyloid-f protein)
Vasospastic angina (Aldehyde-induced spasm)

Accelerated progression of Fanconi | (Exacerbated dysfunction of aldehyde detoxification)
anemia

Bone metabolism disorder in
elderly women
Risk reduced by ALDH2*2
Energy metabolism-related traits (Metabolic remodeling, inhibited gastric motility after
the intake of ethanol)

Elevated blood pressure (Increased vasodilation due to acetaldehyde exposure,
metabolic remodeling)

Elevated serum uric acid (Slower ATP production after the intake of ethanol)

Alcohol-induced AST, ALT, and (Upregulation of the anti-stress system and
GGT downregulation of fatty acid synthesis)

Mood and anxiety disorders

Diabetic vascular disease and (Blunted PI3K/Akt pathway, alleviation of age-related
cardiac hypertrophy autophagy dysfunction)
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139]. In addition, personalized prescriptions for ALDH2*2 carriers will be required
in the clinical setting, as ALDH2 is involved in the development of drug efficacy
and side effects [30, 50, 60, 65, 67, 151], and some drugs interfere with the ALDH2
activity, such as acetaminophen [56, 63], salicylate [59], cyanamide [43, 112], and
doxorubicin [24]. Furthermore, a lack of consideration about ALDH2 polymor-
phisms in workers exposed to aldehydes or precursors is a problem, especially in
countries with a high prevalence of this polymorphism.

4.1 Unfavorable Outcomes of ALDH2%2

The outcomes of ALDH2*2 and the possible mechanisms are summarized in
Table 1. The risk of alcohol-/smoking-related cancer is high in ALDH2*2 carriers
[1, 12, 15, 31, 48, 52, 86, 96, 100, 133, 134]. Several carcinogenic roles of alde-
hydes have been hypothesized [5, 85, 105, 144], including DNA adduct formation
[70, 88] and the induction of genome instability via the interference of BRCA2,
resulting in proteasome degradation [118].

The risk of Alzheimer’s disease and cognitive dysfunction due to Parkinson’s
disease is also suggested to be relatively high in ALHD2*2 carriers [46, 92, 123,
146], and the overlapping genetic variant apolipoprotein E gene €4 allele (APOE4)
reportedly further increases the risk of Alzheimer’s disease [46, 92]. It is suggested
that Alzheimer’s disease is associated with glycation stress toward amyloid-f pro-
tein [107, 121] and that APOE4 exacerbates such stress due to decreased glucose
metabolism [49, 126]. Since methylglyoxal produced in the early stage of glycation
is the substance of ALDH2 (see Sect. 2.1), it is reasonable that ALDH2*2 and
APOE4 possession results in an unfavorable phenotype. Age-related cognitive
impairment due to a lack of ALDH2 activity was reproduced in Aldh2 knockout
mice, which exhibited age-dependent cognitive dysfunction accompanied by
Alzheimer’s disease-like pathology, such as increased amyloid-beta, phosphoryla-
tion of protein tau, and neurodegeneration [16].

The deterioration of many other diseases due to ALHD2*2 has also been reported.
For example, the risk of vasospastic angina is increased in ALHD2*2 carriers [81-
84], and this risk increases with drinking and smoking habits [82, 104]. Another
study showed that ALDH2*2 accelerates the progression of Fanconi anemia, a
genomic instability disorder attributed to a series of genetic mutations [37], which
seems to be a result of the exacerbation of aldehyde removal disorder [57]. There
are also reports showing that the risk of osteoporosis in elderly women carrying
ALHD2%*2/%2 is relatively high [114, 129].
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4.2 Favorable Outcomes of ALDH2%2

Confounding the expectations of medical professionals, many reports have found
that various physical and biochemical indicators are preferable in ALDH2*2 carri-
ers, such as the body mass index [47, 124], waist-to-hip ratio [14, 124], visceral fat
volume, blood pressure [4, 39, 47, 113], blood sugar level [47, 116], blood triglyc-
eride level [103, 117, 125], blood low-density lipoprotein cholesterol level [103],
and serum uric acid level [66, 101, 102, 136]. These effects may reflect a smaller
amount of alcohol consumption in ALDH?2*2 carriers even with an adjustment for a
drinking habit (residual confounding), while, experimental approaches suggest the
involvement of interactions between ALDH2*2 and drinking habit or the effects of
ALDH?2#2 itself [18, 23, 54, 106, 120, 130] (Table 1).

The serum levels of aspartate aminotransferase (AST), alanine aminotransfer-
ase (ALT), and y-glutamyl-transpeptidase (GGT), which are indicators of misuse
of alcohol, tend to remain low in ALDH2*2 carriers [87, 115, 131]. This has been
confirmed repeatedly in animal experiments with various methods of ethanol load-
ing, such as binge and chronic administration, high-fat diet models, and additional
administration of carbon tetrachloride. In every case, the serum ALT level in Aldh2
knockout mice has been relatively low [54, 74], and this low ALT value lasts for as
long as the ethanol treatment continues [77]. A common finding in animals and
humans is that the ALT value even decreases below baseline levels when the etha-
nol intake is only a loading factor [74, 77, 115]. Because ALDH?2*2 carriers have
a high risk of drinking-related cancer, it is important not to underestimate the
amount of alcohol consumption by focusing solely on the serum AST, ALT, and
GGT levels [76].

Various other diseases have been reported to show preferable outcomes in
ALHD?2*2 subjects. As animal experiments suggest [94], the risk of depression/
anxiety disorder is relatively low in Japanese subjects [141, 142]. Bipolar disorder
shows a similar trend [61, 62], although the mechanism remains to be clarified. It
has been reported that diabetic vascular disease is relatively mild in ALDH2*2 car-
riers [40, 111], and consistent results in animal experiments have been obtained;
delayed angiogenesis in Aldh2 knockout mice was shown with an artificial ischemia
model [152] (unfavorable aspect of the delayed angiogenesis). Furthermore, other
experimental models [127, 150] and epidemiological investigations [149] regarding
cardiac hypertrophy have obtained supportive findings. Blunted signaling for cell
proliferation (e.g., PI3K/Akt signaling) [127] and the alleviation of age-related
autophagy dysfunction [150] in ALDH2*2 carriers have been suggested as possible
mechanisms underlying these observations.
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S Conclusion and Perspective

The basic details of the prevalent gene polymorphism of ALDH?2 in East Asia, rs671,
have been summarized. This polymorphism is important for disease prevention for
the following reasons: (1) more than half a billion people carry the variant allele,
ALDH2%*2; (2) ALDH2%*2 shows various and bidirectional health effects; (3) the
health effects appear due to overlapping environmental factors and each individual’s
vulnerability; and (4) ALDH2 substrates are commonly found in daily life and
workplace environments as well as in prescription drugs. ALDH?2 genotype-based
personalized measures enhance the efficiency of disease prevention and treatments;
however, few attempts have been made so far, possibly because of the lack of sup-
portive evidence. Another potential reason is that the biological mechanisms are not
widely understood. One of the factors impeding study progress may be the strong
modification of the drinking habit due to the ALDH?2 polymorphism; this is a serious
obstacle to epidemiological surveys, as the target outcomes are often affected by
subjects’ drinking habits. To resolve these issues, large-scale studies with analyses
stratified by drinking habit are required. An experimental approach that controls
ethanol exposure is also an effective solution, but this has other associated limita-
tions. In particular, experiments using the temporary knockdown of ALDH? or acet-
aldehyde loading may be inappropriate when the biological remodeling (see Sect.
3) has a primary effect on the outcomes. After overcoming these difficulties, further
evidence should be accumulated in order to administer personalized and effective
medicine based on ALDH?2 polymorphisms.

Acknowledgments This work was supported by JSPS Grant-in-Aid for Scientific Research (C)
Grant Number 17K09115 and by the Uehara Memorial Foundation Research Grant.

Conflicts of Interest The authors declare no conflicts of interest.

References

1. Abe H, Aida Y, Seki N, Sugita T, Tomita Y, Nagano T, Itagaki M, Sutoh S, Nagatsuma K, Itoh
K, Matsuura T, Aizawa Y (2015) Aldehyde dehydrogenase 2 polymorphism influences devel-
opment to hepatocellular carcinoma in East Asian alcoholic liver cirrhosis. J Gastroenterol
Hepatol 30(9):1376—1383. https://doi.org/10.1111/jgh.12948

2. Adachi J, Mizoi Y (1983) Acetaldehyde-mediated alcohol sensitivity and elevation of plasma
catecholamine in man. Jpn J Pharmacol 33(3):531-539

3. Ahmad I, Shukla S, Singh D, Chauhan AK, Kumar V, Singh BK, Patel DK, Pandey HP, Singh
C (2014) CYP2E1-mediated oxidative stress regulates HO-1 and GST expression in maneb-
and paraquat-treated rat polymorphonuclear leukocytes. Mol Cell Biochem 393(1-2):209—
222. https://doi.org/10.1007/s11010-014-2062-y

4. Amamoto K, Okamura T, Tamaki S, Kita Y, Tsujita Y, Kadowaki T, Nakamura Y, Ueshima
H (2002) Epidemiologic study of the association of low-Km mitochondrial acetaldehyde
dehydrogenase genotypes with blood pressure level and the prevalence of hypertension in a
general population. Hypertens Res 25(6):857-864


https://doi.org/10.1111/jgh.12948
https://doi.org/10.1007/s11010-014-2062-y

78

10.

11.

12.

13.

15.

16.

17.

A. Matsumoto

. Amanuma Y, Ohashi S, Itatani Y, Tsurumaki M, Matsuda S, Kikuchi O, Nakai Y, Miyamoto

S, Oyama T, Kawamoto T, Whelan KA, Nakagawa H, Chiba T, Matsuda T, Muto M (2015)
Protective role of ALDH2 against acetaldehyde-derived DNA damage in oesophageal squa-
mous epithelium. Sci Rep 5:14142. https://doi.org/10.1038/srep14142

. Brichac J, Ho KK, Honzatko A, Wang R, Lu X, Weiner H, Picklo MJ Sr (2007) Enantioselective

oxidation of trans-4-hydroxy-2-nonenal is aldehyde dehydrogenase isozyme and Mg2+
dependent. Chem Res Toxicol 20(6):887-895. https://doi.org/10.1021/tx7000509

. Brown ZW, Amit Z, Smith BR, Sutherland EA, Selvaggi N (1983) Alcohol-induced euphoria

enhanced by disulfiram and calcium carbimide. Alcohol Clin Exp Res 7(3):276-278

. Burgos-Barragan G, Wit N, Meiser J, Dingler FA, Pietzke M, Mulderrig L, Pontel LB,

Rosado IV, Brewer TF, Cordell RL, Monks PS, Chang CJ, Vazquez A, Patel KJ (2017)
Mammals divert endogenous genotoxic formaldehyde into one-carbon metabolism. Nature
548(7669):549-554. https://doi.org/10.1038/nature23481

. Caro AA, Cederbaum AI (2004) Oxidative stress, toxicology, and pharmacology of

CYP2El. Annu Rev Pharmacol Toxicol 44:27-42. https://doi.org/10.1146/annurev.
pharmtox.44.101802.121704

Chen NH, Djoko KY, Veyrier FJ, McEwan AG (2016) Formaldehyde stress responses in
bacterial pathogens. Front Microbiol 7:257. https://doi.org/10.3389/fmicb.2016.00257
Chen'Y, Singh S, Matsumoto A, Manna SK, Abdelmegeed MA, Golla S, Murphy RC, Dong
H, Song BJ, Gonzalez FJ, Thompson DC, Vasiliou V (2016) Chronic glutathione depletion
confers protection against alcohol-induced steatosis: implication for redox activation of
AMP-activated protein kinase pathway. Sci Rep 6:29743. https://doi.org/10.1038/srep29743
Chen YJ, Chen C, Wu DC, Lee CH, Wu CI, Lee JM, Goan YG, Huang SP, Lin CC, Li TC,
Chou YP, Wu MT (2006) Interactive effects of lifetime alcohol consumption and alcohol
and aldehyde dehydrogenase polymorphisms on esophageal cancer risks. Int J Cancer
119(12):2827-2831

Chiang CP, Jao SW, Lee SP, Chen PC, Chung CC, Lee SL, Nieh S, Yin SJ (2012) Expression
pattern, ethanol-metabolizing activities, and cellular localization of alcohol and aldehyde
dehydrogenases in human large bowel: association of the functional polymorphisms of
ADH and ALDH genes with hemorrhoids and colorectal cancer. Alcohol (Fayetteville, NY)
46(1):37-49. https://doi.org/10.1016/j.alcohol.2011.08.004

. Cho Y, Shin SY, Won S, Relton CL, Davey Smith G, Shin MJ (2015) Alcohol intake and

cardiovascular risk factors: a Mendelian randomisation study. Sci Rep 5:18422. https://doi.
org/10.1038/srep18422

Cui R, Kamatani Y, Takahashi A, Usami M, Hosono N, Kawaguchi T, Tsunoda T,
Kamatani N, Kubo M, Nakamura Y, Matsuda K (2009) Functional variants in ADHIB
and ALDH2 coupled with alcohol and smoking synergistically enhance esophageal cancer
risk. Gastroenterology 137(5):1768-1775. doi:S0016-5085(09)01425-5 [pii] https://doi.
org/10.1053/j.gastro.2009.07.070

D’Souza 'Y, Elharram A, Soon-Shiong R, Andrew RD, Bennett BM (2015) Characterization
of Aldh2 mice as an age-related model of cognitive impairment and Alzheimer’s disease. Mol
Brain 8(1):27. https://doi.org/10.1186/s13041-015-0117-y

Diana M, Peana AT, Sirca D, Lintas A, Melis M, Enrico P (2008) Crucial role of acetaldehyde
in alcohol activation of the mesolimbic dopamine system. Ann N'Y Acad Sci 1139:307-317.
https://doi.org/10.1196/annals.1432.009

. Endo J, Sano M, Katayama T, Hishiki T, Shinmura K, Morizane S, Matsuhashi T, Katsumata

Y, Zhang Y, Ito H, Nagahata Y, Marchitti S, Nishimaki K, Wolf AM, Nakanishi H, Hattori
F, Vasiliou V, Adachi T, Ohsawa I, Taguchi R, Hirabayashi Y, Ohta S, Suematsu M, Ogawa
S, Fukuda K (2009) Metabolic remodeling induced by mitochondrial aldehyde stress stim-
ulates tolerance to oxidative stress in the heart. Circ Res 105(11):1118-1127. https://doi.
org/10.1161/CIRCRESAHA.109.206607


https://doi.org/10.1038/srep14142
https://doi.org/10.1021/tx7000509
https://doi.org/10.1038/nature23481
https://doi.org/10.1146/annurev.pharmtox.44.101802.121704
https://doi.org/10.1146/annurev.pharmtox.44.101802.121704
https://doi.org/10.3389/fmicb.2016.00257
https://doi.org/10.1038/srep29743
https://doi.org/10.1016/j.alcohol.2011.08.004
https://doi.org/10.1038/srep18422
https://doi.org/10.1038/srep18422
https://doi.org/10.1053/j.gastro.2009.07.070
https://doi.org/10.1053/j.gastro.2009.07.070
https://doi.org/10.1186/s13041-015-0117-y
https://doi.org/10.1196/annals.1432.009
https://doi.org/10.1161/CIRCRESAHA.109.206607
https://doi.org/10.1161/CIRCRESAHA.109.206607

The Bidirectional Effect of Defective ALDH2 Polymorphism and Disease... 79

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Enrico P, Sirca D, Mereu M, Peana AT, Lintas A, Golosio A, Diana M (2009) Acetaldehyde
sequestering prevents ethanol-induced stimulation of mesolimbic dopamine transmission.
Drug Alcohol Depend 100(3):265-271. https://doi.org/10.1016/j.drugalcdep.2008.10.010
Esterbauer H, Schaur RJ, Zollner H (1991) Chemistry and biochemistry of 4-hydroxynonenal,
malonaldehyde and related aldehydes. Free Radic Biol Med 11(1):81-128

Farres J, Wang X, Takahashi K, Cunningham SJ, Wang TT, Weiner H (1994) Effects of
changing glutamate 487 to lysine in rat and human liver mitochondrial aldehyde dehydroge-
nase. A model to study human (oriental type) class 2 aldehyde dehydrogenase. J Biol Chem
269(19):13854-13860

Fitzmaurice AG, Rhodes SL, Cockburn M, Ritz B, Bronstein JM (2014) Aldehyde dehydro-
genase variation enhances effect of pesticides associated with Parkinson disease. Neurology
82(5):419-426. https://doi.org/10.1212/WNL.0000000000000083

Fox IH, Palella TD, Kelley WN (1987) Hyperuricemia: a marker for cell energy crisis. N Engl
J Med 317(2):111-112. https://doi.org/10.1056/NEJM198707093170209

GaoY, XuY, Hua S, Zhou S, Wang K (2015) ALDH?2 attenuates Dox-induced cardiotoxicity
by inhibiting cardiac apoptosis and oxidative stress. Int J Clin Exp Med 8(5):6794-6803
Garaycoechea JI, Crossan GP, Langevin F, Daly M, Arends MJ, Patel KJ (2012) Genotoxic
consequences of endogenous aldehydes on mouse haematopoietic stem cell function. Nature
489(7417):571-575. https://doi.org/10.1038/nature11368

Goedde HW, Agarwal DP (1990) Pharmacogenetics of aldehyde dehydrogenase (ALDH).
Pharmacol Ther 45(3):345-371

Goedde HW, Agarwal DP, Fritze G, Meier-Tackmann D, Singh S, Beckmann G, Bhatia K,
Chen LZ, Fang B, Lisker R et al (1992) Distribution of ADH2 and ALDH2 genotypes in dif-
ferent populations. Hum Genet 88(3):344-346

Goedde HW, Agarwal DP, Harada S (1979) Alcohol metabolizing enzymes: studies of iso-
zymes in human biopsies and cultured fibroblasts. Clin Genet 16(1):29-33

Gonzalez FJ (2007) The 2006 Bernard B. Brodie Award Lecture. Cyp2el. Drug Metab
Dispos 35(1):1-8. doi:dmd.106.012492 [pii] https://doi.org/10.1124/dmd.106.012492

Grilo NM, Charneira C, Pereira SA, Monteiro EC, Marques MM, Antunes AM (2014)
Bioactivation to an aldehyde metabolite—possible role in the onset of toxicity induced
by the anti-HIV drug abacavir. Toxicol Lett 224(3):416-423. https://doi.org/10.1016/j.
toxlet.2013.10.036

Guo YM, Wang Q, Liu YZ, Chen HM, Qi Z, Guo QH (2008) Genetic polymorphisms in
cytochrome P4502E1, alcohol and aldehyde dehydrogenases and the risk of esophageal squa-
mous cell carcinoma in Gansu Chinese males. World J Gastroenterol 14(9):1444-1449
Hashibe M, Boffetta P, Zaridze D, Shangina O, Szeszenia-Dabrowska N, Mates D, Janout
V, Fabianova E, Bencko V, Moullan N, Chabrier A, Hung R, Hall J, Canzian F, Brennan
P (2006) Evidence for an important role of alcohol- and aldehyde-metabolizing genes in
cancers of the upper aerodigestive tract. Cancer Epidemiol Biomark Prev 15(4):696-703.
doi:15/4/696 [pii] https://doi.org/10.1158/1055-9965.EPI-05-0710

Hashimoto M, Watanabe M, Uematsu Y, Hattori S, Miyai N, Utsumi M, Oka M, Hayashida
M, Kinoshita K, Arita M, Takeshita T (2016) Relationships of alcohol dehydrogenase 1B
(ADHI1B) and aldehyde dehydrogenase 2 (ALDH2) genotypes with alcohol sensitivity,
drinking behavior and problem drinking in Japanese older men. Environ Health Prev Med.
https://doi.org/10.1007/s12199-016-0507-5

Haug S, Braun-Falco M (2006) Restoration of fatty aldehyde dehydrogenase deficiency
in Sjogren-Larsson syndrome. Gene Ther 13(13):1021-1026. https://doi.org/10.1038/
$j.gt.3302743

Hayashida M, Kamada Y, Ota T, Kojima S, Iwao-Koizumi K, Murata S, Kinoshita K (2015)
Associations between ALDH2 and ADHIB genotypes and ethanol-induced cutaneous ery-
thema in young Japanese women. Nihon Eiseigaku Zasshi Jpn J Hyg 70(2):134-138. https://
doi.org/10.1265/jjh.70.134


https://doi.org/10.1016/j.drugalcdep.2008.10.010
https://doi.org/10.1212/WNL.0000000000000083
https://doi.org/10.1056/NEJM198707093170209
https://doi.org/10.1038/nature11368
https://doi.org/10.1124/dmd.106.012492
https://doi.org/10.1016/j.toxlet.2013.10.036
https://doi.org/10.1016/j.toxlet.2013.10.036
https://doi.org/10.1158/1055-9965.EPI-05-0710
https://doi.org/10.1007/s12199-016-0507-5
https://doi.org/10.1038/sj.gt.3302743
https://doi.org/10.1038/sj.gt.3302743
https://doi.org/10.1265/jjh.70.134
https://doi.org/10.1265/jjh.70.134

80

36

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

A. Matsumoto

. Higuchi S, Matsushita S, Murayama M, Takagi S, Hayashida M (1995) Alcohol and
aldehyde dehydrogenase polymorphisms and the risk for alcoholism. Am J Psychiatry
152(8):1219-1221

Hira A, Yabe H, Yoshida K, Okuno 'Y, Shiraishi Y, Chiba K, Tanaka H, Miyano S, Nakamura J,
Kojima S, Ogawa S, Matsuo K, Takata M, Yabe M (2013) Variant ALDH?2 is associated with
accelerated progression of bone marrow failure in Japanese Fanconi anemia patients. Blood
122(18):3206-3209. https://doi.org/10.1182/blood-2013-06-507962

Hu N, Zhang Y, Nair S, Culver BW, Ren J (2014) Contribution of ALDH2 polymorphism
to alcoholism-associated hypertension. Recent Pat Endocr Metab Immune Drug Discov
8(3):180-185

Hui P, Nakayama T, Morita A, Sato N, Hishiki M, Saito K, Yoshikawa Y, Tamura M, Sato I,
Takahashi T, Soma M, Izumi Y, Ozawa Y, Cheng Z (2007) Common single nucleotide poly-
morphisms in Japanese patients with essential hypertension: aldehyde dehydrogenase 2 gene
as a risk factor independent of alcohol consumption. Hypertens Res 30(7):585-592

Idewaki Y, Iwase M, Fujii H, Ohkuma T, Ide H, Kaizu S, Jodai T, Kikuchi Y, Hirano A,
Nakamura U, Kubo M, Kitazono T (2015) Association of genetically determined aldehyde
dehydrogenase 2 activity with diabetic complications in relation to alcohol consumption in
Japanese patients with Type 2 diabetes mellitus: the Fukuoka diabetes registry. PLoS One
10(11):e0143288. https://doi.org/10.1371/journal.pone.0143288

Israel Y, Quintanilla ME, Karahanian E, Rivera-Meza M, Herrera-Marschitz M (2015) The
“first hit” toward alcohol reinforcement: role of ethanol metabolites. Alcohol Clin Exp Res
39(5):776-786. https://doi.org/10.1111/acer.12709

Isse T, Oyama T, Kitagawa K, Matsuno K, Matsumoto A, Yoshida A, Nakayama K, Nakayama
K, Kawamoto T (2002) Diminished alcohol preference in transgenic mice lacking aldehyde
dehydrogenase activity. Pharmacogenetics 12(8):621-626

Izaguirre G, Kikonyogo A, Pietruszko R (1998) Methylglyoxal as substrate and inhibitor of
human aldehyde dehydrogenase: comparison of kinetic properties among the three isozymes.
Comp Biochem Physiol B Biochem Mol Biol 119(4):747-754

Jackson B, Brocker C, Thompson DC, Black W, Vasiliou K, Nebert DW, Vasiliou V
(2011) Update on the aldehyde dehydrogenase gene (ALDH) superfamily. Hum Genomics
5(4):283-303

Kalapos MP (1994) Methylglyoxal toxicity in mammals. Toxicol Lett 73(1):3-24

Kamino K, Nagasaka K, Imagawa M, Yamamoto H, Yoneda H, Ueki A, Kitamura S,
Namekata K, Miki T, Ohta S (2000) Deficiency in mitochondrial aldehyde dehydrogenase
increases the risk for late-onset Alzheimer’s disease in the Japanese population. Biochem
Biophys Res Commun 273(1):192-196

Kato N, Takeuchi F, Tabara Y, Kelly TN, Go MJ, Sim X, Tay WT, Chen CH, Zhang Y,
Yamamoto K, Katsuya T, Yokota M, Kim YJ, Ong RT, Nabika T, Gu D, Chang LC, Kokubo
Y, Huang W, Ohnaka K, Yamori Y, Nakashima E, Jaquish CE, Lee JY, Seielstad M, Isono M,
Hixson JE, Chen YT, Miki T, Zhou X, Sugiyama T, Jeon JP, Liu JJ, Takayanagi R, Kim SS,
Aung T, Sung YJ, Zhang X, Wong TY, Han BG, Kobayashi S, Ogihara T, Zhu D, Iwai N, Wu
JY, Teo YY, Tai ES, Cho YS, He J (2011) Meta-analysis of genome-wide association studies
identifies common variants associated with blood pressure variation in east Asians. Nat Genet
43(6):531-538. https://doi.org/10.1038/ng.834

Kato S, Tajiri T, Matsukura N, Matsuda N, Taniai N, Mamada H, Yoshida H, Kiyam T, Naito Z
(2003) Genetic polymorphisms of aldehyde dehydrogenase 2, cytochrome p450 2E1 for liver
cancer risk in HCV antibody-positive Japanese patients and the variations of CYP2EI mRNA
expression levels in the liver due to its polymorphism. Scand J Gastroenterol 38(8):886-893
Keeney JT, Ibrahimi S, Zhao L (2015) Human ApoE isoforms differentially modulate glucose
and amyloid metabolic pathways in female brain: evidence of the mechanism of neuroprotec-
tion by ApoE2 and implications for Alzheimer’s disease prevention and early intervention.
J Alzheimers Dis 48(2):411-424. https://doi.org/10.3233/JAD-150348


https://doi.org/10.1182/blood-2013-06-507962
https://doi.org/10.1371/journal.pone.0143288
https://doi.org/10.1111/acer.12709
https://doi.org/10.1038/ng.834
https://doi.org/10.3233/JAD-150348

The Bidirectional Effect of Defective ALDH2 Polymorphism and Disease... 81

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Kim J, Chen CH, Yang J, Mochly-Rosen D (2017) Aldehyde dehydrogenase 2*2 knock-in
mice show increased reactive oxygen species production in response to cisplatin treatment.
J Biomed Sci 24(1):33. https://doi.org/10.1186/s12929-017-0338-8

Kitagawa K, Kawamoto T, Kunugita N, Tsukiyama T, Okamoto K, Yoshida A, Nakayama
K, Nakayama K (2000) Aldehyde dehydrogenase (ALDH) 2 associates with oxidation of
methoxyacetaldehyde; in vitro analysis with liver subcellular fraction derived from human
and Aldh2 gene targeting mouse. FEBS Lett 476(3):306-311

Koyanagi YN, Ito H, Oze I, Hosono S, Tanaka H, Abe T, Shimizu Y, Hasegawa Y, Matsuo
K (2016) Development of a prediction model and estimation of cumulative risk for upper
aerodigestive tract cancer on the basis of the aldehyde dehydrogenase 2 genotype and
alcohol consumption in a Japanese population. Eur J Cancer Prev. https://doi.org/10.1097/
CEJ.0000000000000222

Kunitoh S, Imaoka S, Hiroi T, Yabusaki Y, Monna T, Funae Y (1997) Acetaldehyde as well as
ethanol is metabolized by human CYP2EL. J Pharmacol Exp Ther 280(2):527-532

Kwon HJ, Won YS, Park O, Chang B, Duryee MJ, Thiele GE, Matsumoto A, Singh S,
Abdelmegeed MA, Song BJ, Kawamoto T, Vasiliou V, Thiele GM, Gao B (2014) Aldehyde
dehydrogenase 2 deficiency ameliorates alcoholic fatty liver but worsens liver inflammation
and fibrosis in mice. Hepatology (Baltimore, MD). https://doi.org/10.1002/hep.27036

Lai CL, Yao CT, Chau GY, Yang LF, Kuo TY, Chiang CP, Yin SJ (2014) Dominance of the
inactive Asian variant over activity and protein contents of mitochondrial aldehyde dehy-
drogenase 2 in human liver. Alcohol Clin Exp Res 38(1):44-50. https://doi.org/10.1111/
acer.12215

Landin JS, Cohen SD, Khairallah EA (1996) Identification of a 54-kDa mitochondrial
acetaminophen-binding protein as aldehyde dehydrogenase. Toxicol Appl Pharmacol
141(1):299-307. doi:S0041-008X(96)90287-2 [pii] https://doi.org/10.1006/taap.1996.0287
Langevin F, Crossan GP, Rosado 1V, Arends MJ, Patel KJ (2011) Fancd2 counteracts the
toxic effects of naturally produced aldehydes in mice. Nature 475(7354):53-58. https://doi.
org/10.1038/nature10192

Larson HN, Zhou J, Chen Z, Stamler JS, Weiner H, Hurley TD (2007) Structural and func-
tional consequences of coenzyme binding to the inactive Asian variant of mitochondrial alde-
hyde dehydrogenase: roles of residues 475 and 487. J Biol Chem 282(17):12940-12950.
https://doi.org/10.1074/jbc.M607959200

Lee SL, Lee YP, Wu ML, Chi YC, Liu CM, Lai CL, Yin SJ (2015) Inhibition of human
alcohol and aldehyde dehydrogenases by aspirin and salicylate: assessment of the effects on
first-pass metabolism of ethanol. Biochem Pharmacol 95(1):71-79. https://doi.org/10.1016/j.
bep.2015.03.003

Lee SY, Chen SL, Chang YH, Chen PS, Huang SY, Tzeng NS, Wang LJ, Lee IH, Wang TY,
Chen KC, Yang YK, Hong JS, Lu RB (2015) ALDH2 polymorphism, associated with attenu-
ating negative symptoms in patients with schizophrenia treated with add-on dextrometho-
rphan. J Psychiatr Res 69:50-56. https://doi.org/10.1016/j.jpsychires.2015.07.027

Lee SY, Chen SL, Chang YH, Chen SH, Chu CH, Huang SY, Tzeng NS, Wang CL, Lee
IH, Yeh TL, Yang YK, Lu RB (2010) The ALDH2 and DRD2/ANKKI1 genes interacted in
bipolar II but not bipolar I disorder. Pharmacogenet Genomics 20(8):500-506. https://doi.
0rg/10.1097/FPC.0b013e32833caa2b

Lee SY, Chen SL, Chang YH, Chu CH, Huang SY, Tzeng NS, Wang CL, Lin SH, Lee IH, Yeh
TL, Yang YK, Lu RB (2012) The ALDH2 and 5-HT2A genes interacted in bipolar-I but not
bipolar-II disorder. Prog Neuro-Psychopharmacol Biol Psychiatry 38(2):247-251. https://
doi.org/10.1016/j.pnpbp.2012.04.005

Lee YP, Liao JT, Cheng YW, Wu TL, Lee SL, Liu JK, Yin SJ (2013) Inhibition of human alco-
hol and aldehyde dehydrogenases by acetaminophen: assessment of the effects on first-pass
metabolism of ethanol. Alcohol (Fayetteville, NY) 47(7):559-565. https://doi.org/10.1016/j.
alcohol.2013.09.001


https://doi.org/10.1186/s12929-017-0338-8
https://doi.org/10.1097/CEJ.0000000000000222
https://doi.org/10.1097/CEJ.0000000000000222
https://doi.org/10.1002/hep.27036
https://doi.org/10.1111/acer.12215
https://doi.org/10.1111/acer.12215
https://doi.org/10.1006/taap.1996.0287
https://doi.org/10.1038/nature10192
https://doi.org/10.1038/nature10192
https://doi.org/10.1074/jbc.M607959200
https://doi.org/10.1016/j.bcp.2015.03.003
https://doi.org/10.1016/j.bcp.2015.03.003
https://doi.org/10.1016/j.jpsychires.2015.07.027
https://doi.org/10.1097/FPC.0b013e32833caa2b
https://doi.org/10.1097/FPC.0b013e32833caa2b
https://doi.org/10.1016/j.pnpbp.2012.04.005
https://doi.org/10.1016/j.pnpbp.2012.04.005
https://doi.org/10.1016/j.alcohol.2013.09.001
https://doi.org/10.1016/j.alcohol.2013.09.001

82

64

65.

66.

67

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

A. Matsumoto

. Li H, Borinskaya S, Yoshimura K, Kal’ina N, Marusin A, Stepanov VA, Qin Z, Khaliq S, Lee
MY, Yang Y, Mohyuddin A, Gurwitz D, Mehdi SQ, Rogaev E, Jin L, Yankovsky NK, Kidd
JR, Kidd KK (2009) Refined geographic distribution of the oriental ALDH2*504Lys (nee
487Lys) variant. Ann Hum Genet 73(Pt 3):335-345

LiY, Zhang D, Jin W, Shao C, Yan P, Xu C, Sheng H, Liu Y, Yu J, Xie Y, Zhao Y, Lu D,
Nebert DW, Harrison DC, Huang W, Jin L (2006) Mitochondrial aldehyde dehydrogenase-2
(ALDH2) Glu504Lys polymorphism contributes to the variation in efficacy of sublingual
nitroglycerin. J Clin Invest 116(2):506-511

Li Z, Zhou Z, Hou X, Lu D, Yuan X, Lu J, Wang C, Han L, Cui L, Liu Z, Chen J, Cheng
X, Zhang K, Ji J, Jia Z, Ma L, Xin Y, Liu T, Yu Q, Ren W, Wang X, Li X, Mi QS, Shi
Y, Li C (2017) Replication of gout/urate concentrations GWAS susceptibility loci associ-
ated with gout in a Han Chinese population. Sci Rep 7(1):4094. https://doi.org/10.1038/
s41598-017-04127-4

. Liu W, Zhai X, Wang W, Zheng B, Zhang Z, Fan X, Chen Y, Wang J (2018) Aldehyde dehy-
drogenase 2 activation ameliorates cyclophosphamide-induced acute cardiotoxicity via
detoxification of toxic aldehydes and suppression of cardiac cell death. J Mol Cell Cardiol
121:134-144. https://doi.org/10.1016/j.yjmcc.2018.07.006

Lu Y, Zhang XH, Cederbaum Al (2012) Ethanol induction of CYP2AS: role of CYP2E1-
ROS-Nr1f2 pathway. Toxicol Sci 128(2):427-438. https://doi.org/10.1093/toxsci/kfs164
Marchitti SA, Brocker C, Stagos D, Vasiliou V (2008) Non-P450 aldehyde oxidizing enzymes:
the aldehyde dehydrogenase superfamily. Expert Opin Drug Metab Toxicol 4(6):697-720
Matsuda T, Matsumoto A, Uchida M, Kanaly RA, Misaki K, Shibutani S, Kawamoto T,
Kitagawa K, Nakayama KI, Tomokuni K, Ichiba M (2007) Increased formation of hepatic
N2-ethylidene-2'-deoxyguanosine DNA adducts in aldehyde dehydrogenase 2-knockout
mice treated with ethanol. Carcinogenesis 28(11):2363-2366. doi:bgm057 [pii] https://doi.
org/10.1093/carcin/bgm057

Matsumoto A (2016) Fundamental properties of aldehyde dehydrogenase 2 (ALDH2) and the
importance of the ALDH2 polymorphism. Nihon eiseigaku zasshi Jpn J Hyg 71(1):55-68.
https://doi.org/10.1265/jjh.71.55

Matsumoto A (2018) Importance of an aldehyde dehydrogenase 2 polymorphism in preven-
tive medicine. Nihon eiseigaku zasshi Jpn J Hyg 73(1):9-20. https://doi.org/10.1265/jjh.73.9
Matsumoto A, Kawamoto T, Horita M, Takahashi T, Isse T, Oyama T, Ichiba M (2007)
Single-dose ethanol administration downregulates expression of cytochrome p450 2El
mRNA in aldehyde dehydrogenase 2 knockout mice. Alcohol (Fayetteville, NY) 41(8):587—
589. https://doi.org/10.1016/j.alcohol.2007.08.002

Matsumoto A, Kawamoto T, Mutoh F, Isse T, Oyama T, Kitagawa K, Nakayama KI, Ichiba M
(2008) Effects of 5-week ethanol feeding on the liver of aldehyde dehydrogenase 2 knockout
mice. Pharmacogenet Genomics 18(10):847-852

Matsumoto A, Thompson D, Chen Y, Vasiliou V, Kawamoto T, Ichiba M (2016) Heme
oxygenase | protects ethanol-administered liver tissue in Aldh2 knockout mice. Alcohol
(Fayetteville, NY) 52:49-54. https://doi.org/10.1016/j.alcohol.2016.02.004

Matsumoto A, Thompson DC, Chen Y, Kitagawa K, Vasiliou V (2016) Roles of defective
ALDH2 polymorphism on liver protection and cancer development. Environ Health Prev
Med 21(6):395-402. https://doi.org/10.1007/s12199-016-0579-2

Matsumoto A, Vasiliou V, Kawamoto T, Tanaka K, Ichiba M (2014) Ethanol reduces lifespan,
body weight, and serum alanine aminotransferase level of aldehyde dehydrogenase 2 knock-
out mouse. Alcohol Clin Exp Res 38(7):1883-1893. https://doi.org/10.1111/acer.12462
Matsuo K, Wakai K, Hirose K, Ito H, Saito T, Tajima K (2006) Alcohol dehydrogenase 2
His47Arg polymorphism influences drinking habit independently of aldehyde dehydroge-
nase 2 Glu487Lys polymorphism: analysis of 2,299 Japanese subjects. Cancer Epidemiol
Biomark Prev 15(5):1009-1013. https://doi.org/10.1158/1055-9965.EPI-05-0911

Mills PB, Struys E, Jakobs C, Plecko B, Baxter P, Baumgartner M, Willemsen MA, Omran H,
Tacke U, Uhlenberg B, Weschke B, Clayton PT (2006) Mutations in antiquitin in individuals


https://doi.org/10.1038/s41598-017-04127-4
https://doi.org/10.1038/s41598-017-04127-4
https://doi.org/10.1016/j.yjmcc.2018.07.006
https://doi.org/10.1093/toxsci/kfs164
https://doi.org/10.1093/carcin/bgm057
https://doi.org/10.1093/carcin/bgm057
https://doi.org/10.1265/jjh.71.55
https://doi.org/10.1265/jjh.73.9
https://doi.org/10.1016/j.alcohol.2007.08.002
https://doi.org/10.1016/j.alcohol.2016.02.004
https://doi.org/10.1007/s12199-016-0579-2
https://doi.org/10.1111/acer.12462
https://doi.org/10.1158/1055-9965.EPI-05-0911

The Bidirectional Effect of Defective ALDH2 Polymorphism and Disease... 83

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

with pyridoxine-dependent seizures. Nat Med 12(3):307-309. https://doi.org/10.1038/
nm1366

Mizoi Y, Tatsuno Y, Adachi J, Kogame M, Fukunaga T, Fujiwara S, Hishida S, Ijiri I (1983)
Alcohol sensitivity related to polymorphism of alcohol-metabolizing enzymes in Japanese.
Pharmacol Biochem Behav 18(Suppl 1):127-133

Mizuno Y, Harada E, Morita S, Kinoshita K, Hayashida M, Shono M, Morikawa Y, Murohara
T, Nakayama M, Yoshimura M, Yasue H (2015) East asian variant of aldehyde dehydrogenase
2 is associated with coronary spastic angina: possible roles of reactive aldehydes and implica-
tions of alcohol flushing syndrome. Circulation 131(19):1665-1673. https://doi.org/10.1161/
CIRCULATIONAHA.114.013120

Mizuno Y, Hokimoto S, Harada E, Kinoshita K, Nakagawa K, Yoshimura M, Ogawa H,
Yasue H (2016) Variant aldehyde dehydrogenase 2 (ALDH2%*2) is a risk factor for coronary
spasm and ST-segment elevation myocardial infarction. ] Am Heart Assoc 5(5). https://doi.
org/10.1161/JAHA.116.003247

Mizuno Y, Hokimoto S, Harada E, Kinoshita K, Yoshimura M, Yasue H (2016) Variant alde-
hyde dehydrogenase 2 (ALDH?2%2) in east Asians interactively exacerbates tobacco smoking
risk for coronary spasm—possible role of reactive aldehydes. Circ J 81(1):96-102. https://
doi.org/10.1253/circj.CJ-16-0969

Mizuno Y, Morita S, Harada E, Shono M, Morikawa Y, Murohara T, Yasue H (2013) Alcohol
flushing and positive ethanol patch test in patients with coronary spastic angina: possible role
of aldehyde dehydrogenase 2 polymorphisms. Intern Med 52(23):2593-2598

Morita M, Oyama T, Kagawa N, Nakata S, Ono K, Sugaya M, Uramoto H, Yoshimatsu T,
Hanagiri T, Sugio K, Kakeji Y, Yasumoto K (2005) Expression of aldehyde dehydrogenase
2 in the normal esophageal epithelium and alcohol consumption in patients with esophageal
cancer. Front Biosci 10:2319-2324

Munaka M, Kohshi K, Kawamoto T, Takasawa S, Nagata N, Itoh H, Oda S, Katoh T (2003)
Genetic polymorphisms of tobacco- and alcohol-related metabolizing enzymes and the risk of
hepatocellular carcinoma. J Cancer Res Clin Oncol 129(6):355-360. https://doi.org/10.1007/
s00432-003-0439-5

Murata C, Watanabe T, Furuya H, Sugioka Y, Mikurube H, Yokoyama A, Atsumi Y, Matsuoka
K, Okazaki I (2003) Aldehyde dehydrogenase 2 and beta3-adrenergic receptor gene polymor-
phisms: their association with elevated liver enzymes and metabolic syndrome. Metab Clin
Exp 52(9):1096-1101

Nagayoshi H, Matsumoto A, Nishi R, Kawamoto T, Ichiba M, Matsuda T (2009) Increased
formation of gastric N(2)-ethylidene-2’-deoxyguanosine DNA adducts in aldehyde dehy-
drogenase-2 knockout mice treated with ethanol. Mutat Res 673 (1):74-77. doi:S1383-
5718(08)00359-8 [pii] doi:https://doi.org/10.1016/j.mrgentox.2008.11.009

Nakamura Y, Amamoto K, Tamaki S, Okamura T, Tsujita Y, Ueno Y, Kita Y, Kinoshita M,
Ueshima H (2002) Genetic variation in aldehyde dehydrogenase 2 and the effect of alcohol
consumption on cholesterol levels. Atherosclerosis 164(1):171-177

Network NSG, International Stroke Genetics C (2016) Loci associated with ischaemic stroke
and its subtypes (SiGN): a genome-wide association study. Lancet Neurol 15(2):174-184.
https://doi.org/10.1016/S1474-4422(15)00338-5

O’Brien PJ, Siraki AG, Shangari N (2005) Aldehyde sources, metabolism, molecular toxicity
mechanisms, and possible effects on human health. Crit Rev Toxicol 35(7):609-662

Ohta S, Ohsawa I (2006) Dysfunction of mitochondria and oxidative stress in the pathogen-
esis of Alzheimer’s disease: on defects in the cytochrome ¢ oxidase complex and aldehyde
detoxification. J Alzheimers Dis 9(2):155-166

Orrico A, Hipolito L, Sanchez-Catalan MJ, Marti-Prats L, Zornoza T, Granero L, Polache
A (2013) Efficacy of D-penicillamine, a sequestering acetaldehyde agent, in the prevention
of alcohol relapse-like drinking in rats. Psychopharmacology 228(4):563-575. https://doi.
org/10.1007/s00213-013-3065-1


https://doi.org/10.1038/nm1366
https://doi.org/10.1038/nm1366
https://doi.org/10.1161/CIRCULATIONAHA.114.013120
https://doi.org/10.1161/CIRCULATIONAHA.114.013120
https://doi.org/10.1161/JAHA.116.003247
https://doi.org/10.1161/JAHA.116.003247
https://doi.org/10.1253/circj.CJ-16-0969
https://doi.org/10.1253/circj.CJ-16-0969
https://doi.org/10.1007/s00432-003-0439-5
https://doi.org/10.1007/s00432-003-0439-5
https://doi.org/10.1016/j.mrgentox.2008.11.009
https://doi.org/10.1016/S1474-4422(15)00338-5
https://doi.org/10.1007/s00213-013-3065-1
https://doi.org/10.1007/s00213-013-3065-1

84

94

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

A. Matsumoto

. Overstreet DH, Knapp DJ, Breese GR, Diamond I (2009) A selective ALDH-2 inhibitor
reduces anxiety in rats. Pharmacol Biochem Behav 94(2):255-261. https://doi.org/10.1016/j.
pbb.2009.09.004

Oze I, Matsuo K, Hosono S, Ito H, Kawase T, Watanabe M, Suzuki T, Hatooka S, Yatabe
Y, Hasegawa Y, Shinoda M, Tajima K, Tanaka H (2010) Comparison between self-reported
facial flushing after alcohol consumption and ALDH2 Glu504Lys polymorphism for risk of
upper aerodigestive tract cancer in a Japanese population. Cancer Sci 101(8):1875-1880.
https://doi.org/10.1111/j.1349-7006.2010.01599.x

Park JY, Matsuo K, Suzuki T, Ito H, Hosono S, Kawase T, Watanabe M, Oze I, Hida T,
Yatabe Y, Mitsudomi T, Takezaki T, Tajima K, Tanaka H (2010) Impact of smoking on
lung cancer risk is stronger in those with the homozygous aldehyde dehydrogenase 2 null
allele in a Japanese population. Carcinogenesis 31(4):660-665. doi:bgq021 [pii] https://doi.
org/10.1093/carcin/bgq021

Park MH, Igarashi K (2013) Polyamines and their metabolites as diagnostic markers of human
diseases. Biomol Ther (Seoul) 21(1):1-9. https://doi.org/10.4062/biomolther.2012.097

Peng GS, Yin SJ (2009) Effect of the allelic variants of aldehyde dehydrogenase ALDH2*2
and alcohol dehydrogenase ADH1B*2 on blood acetaldehyde concentrations. Hum Genomics
3(2):121-127

Pikkarainen PH (1971) Aldehyde-oxidizing capacity during development in human and rat
liver. Ann Med Exp Biol Fenn 49(3):151-156

Sakamoto T, Hara M, Higaki Y, Ichiba M, Horita M, Mizuta T, Eguchi Y, Yasutake T, Ozaki I,
Yamamoto K, Onohara S, Kawazoe S, Shigematsu H, Koizumi S, Tanaka K (2006) Influence
of alcohol consumption and gene polymorphisms of ADH2 and ALDH2 on hepatocellular
carcinoma in a Japanese population. Int J Cancer 118(6):1501-1507

Sakiyama M, Matsuo H, Akashi A, Shimizu S, Higashino T, Kawaguchi M, Nakayama A,
Naito M, Kawai S, Nakashima H, Sakurai Y, Ichida K, Shimizu T, Ooyama H, Shinomiya N
(2017) Independent effects of ADHIB and ALDH2 common dysfunctional variants on gout
risk. Sci Rep 7(1):2500. https://doi.org/10.1038/s41598-017-02528-z

Sakiyama M, Matsuo H, Nakaoka H, Yamamoto K, Nakayama A, Nakamura T, Kawai S,
Okada R, Ooyama H, Shimizu T, Shinomiya N (2016) Identification of rs671, a common
variant of ALDH2, as a gout susceptibility locus. Sci Rep 6:25360. https://doi.org/10.1038/
srep25360

Sasakabe T, Wakai K, Kawai S, Hishida A, Naito M, Suzuki S, Nindita Y, Arisawa K, Kita
Y, Hara M, Kuriyama N, Hirata A, Mikami H, Oze I, Kubo M, Tanaka H, Hamajima N
(2017) Modification of the associations of alcohol intake with serum low-density lipopro-
tein cholesterol and triglycerides by ALDH2 and ADHIB polymorphisms in Japanese men.
J Epidemiol. https://doi.org/10.2188/jea.JE20160189

Seki T, Okayama H, Isoyama S, Kagaya Y, Shirato K, Munakata K, Kanazawa M, Tamaki
K, Hiramoto T, Okayama M, Kasahara S (1999) The role of alcohol dehydrogenase 2 and
aldehyde dehydrogenase 2 genotypes in alcohol-induced vasospastic angina. Tohoku J Exp
Med 187(4):311-322

Setshedi M, Wands JR, Monte SM (2010) Acetaldehyde adducts in alcoholic liver disease.
Oxidative Med Cell Longev 3(3):178-185. https://doi.org/10.4161/0xim.3.3.12288

Shibata T, Yamashita H, Kawamura T, Jodai Y, Omori T, Sumi K, Ichikawa Y, Okubo M,
Ishizuka T, Tahara T, Nagasaka M, Nakagawa Y, Hirata I, Ohmiya N, Nakao M (2016) The
effect of consuming small volumes of beer on gastric motility and the involvement of gene
polymorphisms. Biomed Res 37(5):305-310. https://doi.org/10.2220/biomedres.37.305
Smith MA, Taneda S, Richey PL, Miyata S, Yan SD, Stern D, Sayre LM, Monnier VM, Perry
G (1994) Advanced Maillard reaction end products are associated with Alzheimer disease
pathology. Proc Natl Acad Sci U S A 91(12):5710-5714

Stagos D, Chen Y, Brocker C, Donald E, Jackson BC, Orlicky DJ, Thompson DC, Vasiliou
V (2010) Aldehyde dehydrogenase 1B1: molecular cloning and characterization of a novel


https://doi.org/10.1016/j.pbb.2009.09.004
https://doi.org/10.1016/j.pbb.2009.09.004
https://doi.org/10.1111/j.1349-7006.2010.01599.x
https://doi.org/10.1093/carcin/bgq021
https://doi.org/10.1093/carcin/bgq021
https://doi.org/10.4062/biomolther.2012.097
https://doi.org/10.1038/s41598-017-02528-z
https://doi.org/10.1038/srep25360
https://doi.org/10.1038/srep25360
https://doi.org/10.2188/jea.JE20160189
https://doi.org/10.4161/oxim.3.3.12288
https://doi.org/10.2220/biomedres.37.305

The Bidirectional Effect of Defective ALDH2 Polymorphism and Disease... 85

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

mitochondrial acetaldehyde-metabolizing enzyme. Drug Metab Dispos 38(10):1679-1687.
https://doi.org/10.1124/dmd.110.034678

Steinmetz CG, Xie P, Weiner H, Hurley TD (1997) Structure of mitochondrial aldehyde
dehydrogenase: the genetic component of ethanol aversion. Structure 5(5):701-711

Stewart MJ, Malek K, Crabb DW (1996) Distribution of messenger RNAs for aldehyde dehy-
drogenase 1, aldehyde dehydrogenase 2, and aldehyde dehydrogenase 5 in human tissues.
J Investig Med 44(2):42-46

Suzuki Y, Taniyama M, Muramatsu T, Higuchi S, Ohta S, Atsumi Y, Matsuoka K (2004)
ALDH2/ADH?2 polymorphism associated with vasculopathy and neuropathy in type 2 diabe-
tes. Alcohol Clin Exp Res 28(8 Suppl Proceedings):111S-116S

Svanas GW, Weiner H (1985) Enzymatic requirement for cyanamide inactivation of rat liver
aldehyde dehydrogenase. Biochem Pharmacol 34(8):1197-1204

Takagi S, Baba S, Iwai N, Fukuda M, Katsuya T, Higaki J, Mannami T, Ogata J, Goto Y,
Ogihara T (2001) The aldehyde dehydrogenase 2 gene is a risk factor for hypertension in
Japanese but does not alter the sensitivity to pressor effects of alcohol: the Suita study.
Hypertens Res 24(4):365-370

Takeshima K, Nishiwaki Y, Suda Y, Niki Y, Sato Y, Kobayashi T, Miyamoto K, Uchida H,
Inokuchi W, Tsuji T, Funayama A, Nakamura M, Matsumoto M, Toyama Y, Miyamoto T
(2017) A missense single nucleotide polymorphism in the ALDH?2 gene, rs671, is associated
with hip fracture. Sci Rep 7(1):428. https://doi.org/10.1038/s41598-017-00503-2

Takeshita T, Yang X, Morimoto K (2000) The ALDH2 genotype, alcohol intake, and liver-
function biomarkers among Japanese male workers. Hum Genet 106(6):589-593

Takeuchi F, Isono M, Nabika T, Katsuya T, Sugiyama T, Yamaguchi S, Kobayashi S, Ogihara
T, Yamori Y, Fujioka A, Kato N (2011) Confirmation of ALDH?2 as a Major locus of drinking
behavior and of its variants regulating multiple metabolic phenotypes in a Japanese popula-
tion. Circ J 75(4):911-918

Tan A, Sun J, Xia N, Qin X, Hu Y, Zhang S, Tao S, Gao Y, Yang X, Zhang H, Kim ST,
Peng T, Lin X, Li L, Mo L, Liang Z, Shi D, Huang Z, Huang X, Liu M, Ding Q, Trent JM,
Zheng SL, Mo Z, Xu J (2012) A genome-wide association and gene-environment interaction
study for serum triglycerides levels in a healthy Chinese male population. Hum Mol Genet
21(7):1658-1664. https://doi.org/10.1093/hmg/ddr587

Tan SLW, Chadha S, Liu Y, Gabasova E, Perera D, Ahmed K, Constantinou S, Renaudin X,
Lee M, Aebersold R, Venkitaraman AR (2017) A class of environmental and endogenous
toxins induces BRCA?2 haploinsufficiency and genome instability. Cell 169(6):1105-1118,
el115. https://doi.org/10.1016/j.cell.2017.05.010

Terelius Y, Norsten-Hoog C, Cronholm T, Ingelman-Sundberg M (1991) Acetaldehyde as a
substrate for ethanol-inducible cytochrome P450 (CYP2E1). Biochem Biophys Res Commun
179(1):689-694

Toda N, Konishi M, Miyazaki M, Komura S (1983) The effects of ethanol and acetaldehyde
on dog arterial smooth muscle. J Stud Alcohol 44(1):1-16

Vitek MP, Bhattacharya K, Glendening JM, Stopa E, Vlassara H, Bucala R, Manogue K,
Cerami A (1994) Advanced glycation end products contribute to amyloidosis in Alzheimer
disease. Proc Natl Acad Sci U S A 91(11):4766-4770

Wall TL, Thomasson HR, Schuckit MA, Ehlers CL (1992) Subjective feelings of alcohol
intoxication in Asians with genetic variations of ALDH2 alleles. Alcohol Clin Exp Res
16(5):991-995

Wang B, Wang J, Zhou S, Tan S, He X, Yang Z, Xie YC, Li S, Zheng C, Ma X (2008) The
association of mitochondrial aldehyde dehydrogenase gene (ALDH2) polymorphism with
susceptibility to late-onset Alzheimer’s disease in Chinese. J Neurol Sci 268(1-2):172-175
Wang T, Ma X, Peng D, Zhang R, Sun X, Chen M, Yan J, Wang S, Yan D, He Z, Jiang F,
Bao 'Y, Hu C, Jia W (2016) Effects of obesity related genetic variations on visceral and sub-
cutaneous fat distribution in a Chinese population. Sci Rep 6:20691. https://doi.org/10.1038/
srep20691


https://doi.org/10.1124/dmd.110.034678
https://doi.org/10.1038/s41598-017-00503-2
https://doi.org/10.1093/hmg/ddr587
https://doi.org/10.1016/j.cell.2017.05.010
https://doi.org/10.1038/srep20691
https://doi.org/10.1038/srep20691

86

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

A. Matsumoto

Wang Y, Zhang Y, Zhang J, Tang X, Qian Y, Gao P, Zhu D (2013) Association of a functional
single-nucleotide polymorphism in the ALDH?2 gene with essential hypertension depends on
drinking behavior in a Chinese Han population. J Hum Hypertens 27(3):181-186. https://doi.
org/10.1038/jhh.2012.15

Wu L, Zhang X, Zhao L (2018) Human ApoE isoforms differentially modulate brain
glucose and ketone body metabolism: implications for Alzheimer’s disease risk reduc-
tion and early intervention. J Neurosci 38(30):6665-6681. https://doi.org/10.1523/
JNEUROSCI.2262-17.2018

Xia G, Fan F, Liu M, Wang S, Wu J, Shen C, Han S, Wang C, Jia J, Zou Y, Hu K, Ge J, Sun
A (2016) Aldehyde dehydrogenase 2 deficiency blunts compensatory cardiac hypertrophy
through modulating Akt phosphorylation early after transverse aorta constriction in mice.
Biochim Biophys Acta 1862(9):1587-1593. https://doi.org/10.1016/j.bbadis.2016.05.019
Xiao Q, Weiner H, Crabb DW (1996) The mutation in the mitochondrial aldehyde dehy-
drogenase (ALDH?2) gene responsible for alcohol-induced flushing increases turnover of
the enzyme tetramers in a dominant fashion. J Clin Invest 98(9):2027-2032. https://doi.
org/10.1172/JCI1119007

Yamaguchi J, Hasegawa Y, Kawasaki M, Masui T, Kanoh T, Ishiguro N, Hamajima N
(2006) ALDH?2 polymorphisms and bone mineral density in an elderly Japanese population.
Osteoporos Int 17(6):908-913. https://doi.org/10.1007/s00198-006-0077-2

Yamanaka H, Kamatani N, Hakoda M, Terai C, Kawaguchi R, Kashiwazaki S (1994) Analysis
of the genotypes for aldehyde dehydrogenase 2 in Japanese patients with primary gout. Adv
Exp Med Biol 370:53-56

Yang X, Takeshita T, Hirata M, Sato S, Morimoto K (1999) Effects of alcohol intake and
low Km aldehyde dehydrogenase on hepatic function in a high hepatitis C virus-prevalent
Japanese island population. Alcohol Clin Exp Res 23(4):751-756

Yokoyama A, Muramatsu T, Ohmori T, Kumagai Y, Higuchi S, Ishii H (1997) Reliability of a
flushing questionnaire and the ethanol patch test in screening for inactive aldehyde dehydro-
genase-2 and alcohol-related cancer risk. Cancer Epidemiol Biomark Prev 6(12):1105-1107
Yokoyama A, Muramatsu T, Ohmori T, Yokoyama T, Okuyama K, Takahashi H, Hasegawa'Y,
Higuchi S, Maruyama K, Shirakura K, Ishii H (1998) Alcohol-related cancers and aldehyde
dehydrogenase-2 in Japanese alcoholics. Carcinogenesis 19(8):1383—-1387

Yokoyama A, Omori T, Yokoyama T, Tanaka Y, Mizukami T, Matsushita S, Higuchi S,
Takahashi H, Maruyama K, Ishii H, Hibi T (2005) Esophageal melanosis, an endoscopic
finding associated with squamous cell neoplasms of the upper aerodigestive tract, and inac-
tive aldehyde dehydrogenase-2 in alcoholic Japanese men. J Gastroenterol 40(7):676-684.
https://doi.org/10.1007/s00535-005-1610-3

Yokoyama A, Yokoyama T, Brooks PJ, Mizukami T, Matsui T, Kimura M, Matsushita S,
Higuchi S, Maruyama K (2014) Macrocytosis, macrocytic anemia, and genetic polymor-
phisms of alcohol dehydrogenase-1B and aldehyde dehydrogenase-2 in Japanese alcoholic
men. Alcohol Clin Exp Res 38(5):1237-1246. https://doi.org/10.1111/acer.12372
Yokoyama A, Yokoyama T, Mizukami T, Matsui T, Kimura M, Matsushita S, Higuchi S,
Maruyama K (2016) Alcohol dehydrogenase-1B (rs1229984) and aldehyde dehydrogenase-2
(rs671) genotypes and alcoholic ketosis are associated with the serum uric acid level in
Japanese alcoholic men. Alcohol Alcohol (Oxford, Oxfordshire) 51(3):268-274. https://doi.
org/10.1093/alcalc/agv123

Yokoyama T, Yokoyama A, Kato H, Tsujinaka T, Muto M, Omori T, Haneda T, Kumagai
Y, Igaki H, Yokoyama M, Watanabe H, Yoshimizu H (2003) Alcohol flushing, alcohol and
aldehyde dehydrogenase genotypes, and risk for esophageal squamous cell carcinoma in
Japanese men. Cancer Epidemiol Biomark Prev 12(11 Pt 1):1227-1233

Yoshida A, Hsu LC, Yasunami M (1991) Genetics of human alcohol-metabolizing enzymes.
Prog Nucleic Acid Res Mol Biol 40:255-287


https://doi.org/10.1038/jhh.2012.15
https://doi.org/10.1038/jhh.2012.15
https://doi.org/10.1523/JNEUROSCI.2262-17.2018
https://doi.org/10.1523/JNEUROSCI.2262-17.2018
https://doi.org/10.1016/j.bbadis.2016.05.019
https://doi.org/10.1172/JCI119007
https://doi.org/10.1172/JCI119007
https://doi.org/10.1007/s00198-006-0077-2
https://doi.org/10.1007/s00535-005-1610-3
https://doi.org/10.1111/acer.12372
https://doi.org/10.1093/alcalc/agv123
https://doi.org/10.1093/alcalc/agv123

The Bidirectional Effect of Defective ALDH?2 Polymorphism and Disease... 87

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Yoshida A, Shibuya A, Dave V, Nakayama M, Hayashi A (1990) Developmental changes
of aldehyde dehydrogenase isozymes in human livers: mitochondrial ALDH2 isozyme is
expressed in fetal livers. Experientia 46(7):747-750

Yoshida M, Tomitori H, Machi Y, Hagihara M, Higashi K, Goda H, Ohya T, Niitsu M,
Kashiwagi K, Igarashi K (2009) Acrolein toxicity: comparison with reactive oxygen species.
Biochem Biophys Res Commun 378(2):313-318. https://doi.org/10.1016/j.bbrc.2008.11.054
Yoshimasu K, Mure K, Hashimoto M, Takemura S, Tsuno K, Hayashida M, Kinoshita
K, Takeshita T, Miyashita K (2015) Genetic alcohol sensitivity regulated by ALDH2 and
ADHI1B polymorphisms as indicator of mental disorders in Japanese employees. Alcohol
Alcohol (Oxford, Oxfordshire) 50(1):39-45. https://doi.org/10.1093/alcalc/agu080
Yoshimasu K, Mure K, Hashimoto M, Takemura S, Tsuno K, Hayashida M, Kinoshita K,
Takeshita T, Miyashita K (2015) Genetic alcohol sensitivity regulated by ALDH2 and ADH1B
polymorphisms is strongly associated with depression and anxiety in Japanese employees.
Drug Alcohol Depend 147:130-136. https://doi.org/10.1016/j.drugalcdep.2014.11.034
Yoval-Sanchez B, Rodriguez-Zavala JS (2012) Differences in susceptibility to inactivation
of human aldehyde dehydrogenases by lipid peroxidation byproducts. Chem Res Toxicol
25(3):722-729. https://doi.org/10.1021/tx2005184

Yu HS, Oyama T, Isse T, Kitagawa K, Pham TT, Tanaka M, Kawamoto T (2010) Formation
of acetaldehyde-derived DNA adducts due to alcohol exposure. Chem Biol Interact 188
(3):367-375. doi:S0009-2797(10)00525-9 [pii] https://doi.org/10.1016/j.cbi.2010.08.005
Yu R, Lai Y, Hartwell HJ, Moeller BC, Doyle-Eisele M, Kracko D, Bodnar WM, Starr TB,
Swenberg JA (2015) Formation, accumulation, and hydrolysis of endogenous and exogenous
formaldehyde-induced DNA damage. Toxicol Sci 146(1):170-182. https://doi.org/10.1093/
toxsci/kfv079

Yu RL, Tan CH, Lu YC, Wu RM (2016) Aldehyde dehydrogenase 2 is associated with cogni-
tive functions in patients with Parkinson’s disease. Sci Rep 6:30424. https://doi.org/10.1038/
srep30424

Yu YH, Liao PR, Guo CJ, Chen CH, Mochly-Rosen D, Chuang LM (2016) PKC-ALDH2
pathway plays a novel role in adipocyte differentiation. PLoS One 11(8):e0161993. https://
doi.org/10.1371/journal.pone.0161993

Zhang CS, Hawley SA, Zong Y, Li M, Wang Z, Gray A, Ma T, Cui J, Feng JW, Zhu M,
Wu YQ, Li TY, Ye Z, Lin SY, Yin H, Piao HL, Hardie DG, Lin SC (2017) Fructose-1,6-
bisphosphate and aldolase mediate glucose sensing by AMPK. Nature 548(7665):112—-116.
https://doi.org/10.1038/nature23275

Zhang H, Gong DX, Zhang YJ, Li SJ, Hu S (2012) Effect of mitochondrial aldehyde dehydro-
genase-2 genotype on cardioprotection in patients with congenital heart disease. Eur Heart
J33(13):1606—-1614. https://doi.org/10.1093/eurheartj/ehs061

Zhang Y, Wang C, Zhou J, Sun A, Hueckstaedt LK, Ge J, Ren J (2017) Complex inhibi-
tion of autophagy by mitochondrial aldehyde dehydrogenase shortens lifespan and exacer-
bates cardiac aging. Biochim Biophys Acta 1863(8):1919-1932. https://doi.org/10.1016/j.
bbadis.2017.03.016

Zhou L, Ishizaki H, Spitzer M, Taylor KL, Temperley ND, Johnson SL, Brear P, Gautier P,
Zeng Z, Mitchell A, Narayan V, McNeil EM, Melton DW, Smith TK, Tyers M, Westwood
NJ, Patton EE (2012) ALDH2 mediates 5-nitrofuran activity in multiple species. Chem Biol
19(7):883-892. https://doi.org/10.1016/j.chembiol.2012.05.017

Zhu H, Sun A, Zhu H, Li Z, Huang Z, Zhang S, Ma X, Zou Y, Hu K, Ge J (2014) Aldehyde
dehydrogenase-2 is a host factor required for effective bone marrow mesenchymal stem
cell therapy. Arterioscler Thromb Vasc Biol 34(4):894-901. https://doi.org/10.1161/
ATVBAHA.114.303241


https://doi.org/10.1016/j.bbrc.2008.11.054
https://doi.org/10.1093/alcalc/agu080
https://doi.org/10.1016/j.drugalcdep.2014.11.034
https://doi.org/10.1021/tx2005184
https://doi.org/10.1016/j.cbi.2010.08.005
https://doi.org/10.1093/toxsci/kfv079
https://doi.org/10.1093/toxsci/kfv079
https://doi.org/10.1038/srep30424
https://doi.org/10.1038/srep30424
https://doi.org/10.1371/journal.pone.0161993
https://doi.org/10.1371/journal.pone.0161993
https://doi.org/10.1038/nature23275
https://doi.org/10.1093/eurheartj/ehs061
https://doi.org/10.1016/j.bbadis.2017.03.016
https://doi.org/10.1016/j.bbadis.2017.03.016
https://doi.org/10.1016/j.chembiol.2012.05.017
https://doi.org/10.1161/ATVBAHA.114.303241
https://doi.org/10.1161/ATVBAHA.114.303241
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Wenjia Li, Cheng Shen, Lei Yin, Junbo Ge, and Aijun Sun

1 Introduction

Heart failure (HF) is a structural or functional cardiac abnormal syndrome character-
ized with series of symptoms and signs such as breathlessness, fatigue, pulmonary
crackles, and peripheral edema. Being a terminal phase of most myocardial lesions,
HF has become a leading cause of mobility and mortality worldwide, associated with
heavy clinical burden and economic costs affecting over 23 million people [14]. There
is an increase to 5.5% with systolic dysfunction and an increase to 36.0% with dia-
stolic dysfunction in people 60 years or older [85]. The costs accompanied with heart
failure stand 2-3% of the total healthcare system expenditure in high-income coun-
tries and are expected to increase >2-fold in the next 2 decades [34].
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The pathological mechanisms of HF include hemodynamic abnormalities,
neuroendocrine cytokine system over-activation, bioenergetics defects, signal
transduction pathway dysfunction, and abnormal calcium homeostasis [54].
In addition, oxidative stress and inflammatory disorders also contribute to the
pathogenic process [58, 87]. HF is caused by multiple different etiologies; however,
all causes have final common pathways, at least in part, independent of the original
cause. Based on previous clinical trials of neurohormonal therapies, neurohormonal
activation plays a pivotal role in its pathophysiology [56, 57]. Any cardiovascular
diseases can cause cardiac injury; as a consequence, myocyte cells loss and the
remaining myocytes become eccentric hypertrophy. Followed by neurohormonal
activation, the left ventricle changes from elliptical to spherical and is characterized
by functional mitral regurgitation. Afterward, left ventricular remodeling occurs
with fibrosis and ventricular dilatation in which process myocardial oxygen con-
sumption increases and myocardial contraction efficiency reduces [10, 69]. As the
course progresses, concomitant renal dysfunction and gut congestion cause reduced
response to diuretics and inflammatory activation, leading to worse outcomes [58,
84]. Existing therapies including angiotensin-converting enzyme (ACE) inhibitors,
angiotensin receptor blockers (ARBs), f-blockers, mineralocorticoid receptor
antagonists, and advanced device therapies provide symptomatic and clinical ben-
efits; however, they do not completely solve the molecular abnormalities. Thus, it is
urgent to find other effective therapeutic targets.

Recently, energetic impairment in the pathophysiology and progression of HF
has caused lots of interest. Mitochondria accounts for 30% of the volume of
cardiomyocytes whose dysfunction has been recognized as the key link in the
development of heart failure [69]. Mitochondrial dysfunctions cover altered
utilization of metabolic substrates, increased formation of reactive oxygen species,
impaired mitochondrial electron transport chain activity, abnormal mitochondrial
dynamics, and altered ion homeostasis [4]. In view of the above evidences,
mitochondria appear to be the main target for direct improvement of cardiac
function. Acetaldehyde dehydrogenase 2 (ALDH?2) is firstly regarded as an alcohol
metabolism enzyme, which mainly distributed in the mitochondria. Increasing
evidences have supported its important cardioprotective role [44, 53, 61]. In the
following review, we will summarize its beneficial role and novel insights in heart
failure due to different etiologies, as well as the potential therapeutic measures.

2 Characteristics of ALDH?2

Acetaldehyde dehydrogenase (ALDH) is an enzyme superfamily responsible for the
catalytic oxidation of acetaldehyde to acetic acid both physiologically and
pathologically [38]. It has been identified 19 isozymes till now. ALDH2 is the most
active isozyme and its molecule form is a 56 kDa tetramer. The precursor protein of
ALDH2 encodes from chromosome 12, enters the mitochondria under the guidance
of the signal peptide, and cleaves off the signal peptide to locate in mitochondria
[28]. ALDH?2 is widely distributed in human liver, kidney, heart, lung, brain, and
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other tissues. It contains three domains including coenzyme-binding or NAD*-
binding domain, catalytic domain, and oligomerization domain [61]. ALDH2 also
processes three kinds of enzyme activities including dehydrogenase, esterase, and
reductase activities detoxifying aldehyde, 4-nitrophenyl acetate, and nitroglycerin,
respectively [55].

A total of 84 single nucleotide polymorphism (SNP) loci have been found on
human ALDH?2 gene [46]. The foremost is rs671 G > A mutation which presents in
exon 12 and results in amino acid substitutions of p.Glu504Lys [74]. The genotypes
of ALDH2 comprise wild homozygous (GG also known as ALDH?2 *1/*1), owning
normal catalytic activity of the enzyme; mutant heterozygous (GA also known as
ALDH?2 *1/*2), processing a decrease in enzyme catalytic activity with only 10%—
45% of the wild homozygous; and mutant homozygotes (AA type also known as
ALDH2 *2/*%2) having only 1%-5% enzyme catalytic activity of the wild
homozygous [15]. In general, the prevalence of the genetic polymorphism (ALDH2
*2/%2) is found in nearly 8% of world populations and 40% of East Asian popula-
tion [103].

3 Beneficial Role and Mechanisms of ALDH?2 in Heart
Failure

Experimental and clinical studies have proved that ALDH?2 plays a pivotal role in
heart failure via maintaining cellular homeostasis [13, 17]. Evidences from our
group and others have verified ALDH?2 is closely related to various etiologies of
heart failure, such as coronary artery disease (CAD) [80], hypertension [71],
alcoholism [73], and other susceptibilities [102, 106]. Next we will review the
pathological role and underlying mechanisms of ALDH2 involved in heart failure.

3.1 ALDH? and Ischemic Heart Failure

Numerous studies have shown that ALDH2 has cardioprotective effects in ischemic
with or without reperfusion myocardial injury. The expression of ALDH2 was
found decreased in infarction border zone [90]. Cardiac function deteriorated in
ALDH?2 knockout posts myocardial infarction (MI) mice as evidenced by increased
left ventricle (LV) cavity, LV end-diastolic pressure, and infarct size [8§0]. Meanwhile,
there were more apoptotic cells in the non-infarcted LV region as compared with
wild-type (WT) MI mice. In contrast, overexpression of ALDH2 in the heart could
alleviate these injures. Ma, et al. found that ALDH?2 induced autophagy during
ischemia and inhibited autophagy during reperfusion which reduced hypoxic and
reoxygenation cell death [53]. These data demonstrated that ALDH2 deficiency
aggravated mitochondrial dysfunction and increased cardiomyocyte apoptotic cell
death.
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DNA methylation is a process adding methyl groups to cytosine residues into
DNA sequences, which can prevent transcription factors from entering the gene
regulatory region, thereby inhibiting gene transcription [65]. Increasing studies
indicated that DNA methylation provided a potential molecular basis on energy
metabolism between environmental and genetic factors interaction and might
contribute to myocardial injury [40]. We also found DNA methylation at CpG sites
(CpGl1, CpG2, and CpG7) in the upstream sequence of ALDH2 promoter was
upregulated post MI. These abnormal hypermethylations at the CpG sites
downregulated ALDH2 enzyme activity and aggravated ischemic damages [90].
DNA methylation reflected the upstream mechanism of ALDH2 regulating cardiac
function after ischemia.

We also demonstrated the downstream mechanisms of ALDH?2 in protecting car-
diac from ischemic injures. ALDH?2 could increase the intracellular levels of 4-HNE,
which could exacerbate apoptosis by inhibition of HSP70, phosphorylation of JNK,
and activation of p53 [80]. 4-HNE is also a diffusible product of membrane lipid
peroxidation and relates to oxidative stress-induced cell death [70]. Mitochondrial-
derived ROS also attacked polyunsaturated fatty acids, leading to membrane lipid
peroxidation, thereby increasing reactive aldehydes [7, 8]. We demonstrated both
experimentally and clinically that ALDH2 was vital in regulating microenvironment
homeostasis. ALDH?2 could promote angiogenesis post chronic ischemia. ALDH2
deficiency inhibited tubelike construction formation of hypoxia endothelial cell
through HIF-1a/VEGF pathway, deteriorating perfusion recovery in ischemia tis-
sue, while overexpression of ALDH2 promoted angiogenesis. Furthermore, clinical
data suggested that the dysfunction of ALDH2 due to gene variant was an unfavor-
able factor for revascularization in patients with chronic total occlusion (CTO).
Therefore, targeting ALDH2 activity may be a potential therapeutic strategy for
chronic ischemic heart failure, and we have used this achievement to guide clinical
decision-making [49].

3.2 ALDH? and Stress-Induced Heart Failure

Endoplasmic reticulum (ER) stress refers to an increase in unfolded and misfolded
proteins in the ER that disrupts the homeostasis in response to cellular stressors,
such as heat, hypoxia, metabolic starvation, angiotensin II, and tumor necrosis
factor-a [29, 42]. Substantial evidences indicated ES stress as important target for
the treatment of cardiovascular disease, including ischemia/reperfusion injury,
atherosclerosis, cardiac hypertrophy, and heart failure [29, 82]. Our results suggested
that ALDH2 deficiency aggravated cardiac contractile dysfunction following
activation of ES stress, manifested as descend of ejection fraction and fractional
shortening. NADPH oxidase (p47phox subunit) increased in ALDH2 knockout
mice, suggesting that ALDH2 might regulate Akt signaling pathway through
p47phox NADPH oxidase-dependent manner against ER stress and ER stress-
induced apoptosis [47].
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Persistent pressure overload such as refractory hypertension is a significant risk
factor for heart failure and sudden death. Series of pathological cardiac remodeling
were characterized by increased myocardial cells, “fetal gene program” activation,
cytoskeletal reorganization, and irreversible systolic dysfunction [35, 51].
Autophagy is an important homeostatic pathway in degrading damaged proteins
and intracellular organelles [24]. It has been found to be involved in pressure-
induced heart failure [22]. Autophagy-related signaling pathways involved in
pressure overload included the classic AMPK-mTOR-autophagy, Beclin-1-
dependent pathway, Akt/mTOR/FoxO3a signal pathway, and PI3K/Akt signaling
[48, 89, 96, 98]. In early compensated cardiac hypertrophy after transverse aortic
constriction (TAC), autophagy played an adverse role with worse cardiac function
and severer mitochondria damage. In this process, ALDH2 acted through the
regulation of PI3K/PTEN/Akt signaling [95]. Besides, ALDH?2 deficiency further
inhibited autophagy during decompensated cardiac hypertrophy accompanied with
inactive Beclin-1-dependent autophagy signaling [71]. Therefore, autophagy works
in both early stage and late stage of ALDH?2 regulation in pressure-overload adaptive
response.

3.3 ALDH? and Alcoholic Heart Failure

Alcoholic cardiomyopathy is characterized by a dilated left ventricle and reduced
myocardial contractility due to a long-term history of heavy alcohol consumption.
It was estimated that about one-third of alcoholics suffered from varying degrees of
alcoholic cardiomyopathy and approximately half of them resulted in death within
4 years [43, 101]. Mitochondrial defects, cell death, heart rate variability, and
cardiac remodeling would eventually result in heart failure [31].

As early as the twentieth century, it was found about 50% of Asians had facial
flushing after drinking alcohol, and these individuals were tested having an inactive
form of mitochondrial ALDH?2 [88]. rs671 in ALDH2 gene was the most influential
genetic variant linked to alcohol consumption [83]. ALDH2 deficiency aggravated
alcoholic myocardiopathy by weakening acetaldehyde-biogenic amine condensation
products detoxification, breaking intracellular Ca?* homeostasis, increasing
apoptosis, upregulating autophagy, as well as impairing mitochondrial function [52,
66, 72,73, 101]. Besides, our study explored the role of ALDH?2 in low-to-moderate
alcohol consumption. On one hand, we confirmed the cardioprotective effects of
low-to-moderate alcohol consumption which manifested by elevated HDL-c levels
and upregulated HO-1 expression in the myocardium. However, the benefits were
disrupted when ALDH2 was deficient, possibly by activating ROS-dependent
apoptosis and RIP1/RIP3/MLKL-mediated necrosis [73]. A Guangzhou biobank
cohort study genotyped rs671 of ALDH2 in 4867 men. Diastolic blood pressure and
HDL cholesterol which associated with ALDH?2 variants were attenuated after
adjusting for alcohol use. The result suggested the apparent associations between
physical activity and alcohol use in ALDH?2 variants population [3]. Even moderate
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alcohol use was found associated with subclinical adverse effects with greater left
ventricle mass and more impaired diastolic functions in subjects carrying ALDH2
variants, especially among East Asians [36]. Individuals with inactive isoforms of
ALDH2 should be warned to avoid drinking alcohol, even for social or occupational
promotion.

3.4 ALDH? and Diabetes Mellitus-Related Heart Failure

The increasing morbidity and mortality of heart failure are related to the increase in
aging, obesity, and diabetes mellitus in a large part. The prognosis of heart failure in
patients with diabetes is much worse than that in patients without diabetes. The
early symptom of diabetic cardiomyopathy is diastolic dysfunction and can
gradually develop into systolic dysfunction. Metabolic disorder is an important
feature of diabetic cardiomyopathy, manifested as reduced glucose uptake and
increased fatty acid utilization accompanied by oxidative stress, inflammation,
cardiomyocyte apoptosis, and myocardial fibrosis [37]. Beyond these, mitochondrial
dysfunction, impaired mitochondrial and cardiomyocyte calcium handling,
endoplasmic reticulum stress, and reduced nitric oxide bioavailability were also
implicated in the development and progression of diabetic cardiomyopathy [39].

A genome-wide association study contained 12,720 participants found rs671
(ALDH2) was associated with metabolic syndrome (MetS) in Han Chinese. What’s
more, the effects of rs671 on metabolic components were significantly correlated
with drinking [108]. Previous studies showed that ALDH2 improved the contractile
function of advanced diabetic cardiomyopathy by regulating Ca** homeostasis and
autophagy [32, 104]. Our data found that ALDH2 deficiency impaired diastolic
function in early stage of diabetic cardiomyopathy, while cardiac contractile
function remained normal. In this stage, ALDH2 deficiency disrupted energy
metabolism with increased AMP/ATP and ADP/ATP and decreased PCr/ATP ratio,
which in turn induced activation of energy regulatory LKB1/AMPK pathway. The
progressive accumulation of phosphatidylcholine and phosphatidylinositol in heart
tissue induced metabolic homeostasis disequilibrium and led to deterioration of
diastolic function [20, 91].

3.5 ALDH? and Aging-Related Heart Failure

Aging is an irreversible biological process. In the cardiovascular area, age-depen-
dent increases include left ventricular hypertrophy, diastolic dysfunction, atrial
fibrillation, as well as vascular intimal thickening and vessel stiffness. Aging-related
cardiac dysfunction is characterized with loss of cardiac contractile reserve,
increased fibrosis and remodeling, impaired cardiomyocyte proteostasis, and loss of
autophagy [21, 50]. Heart failure can be regarded as an aging-related phenotype.
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Aging-associated cardiac pathological changes involve oxidative stress, short
telomere defect, mitochondrial damage, intracellular Ca?* mishandling, etc. [2, 99].

Numerous studies suggested ALDH2 participated in the process of aging and
age-related cardiovascular diseases [18, 106]; however, whether ALDH2 is
beneficial or detrimental is still controversial. Wu found that ALDH2 ablation led to
cardiac aging and sustained usage of Alda-1 (a specific activator of ALDH2)
abrogated the aging effect [94]. ALDH2 activity was discovered to be significantly
decreased in aged hearts which also demonstrated the benefits of activation of
ALDH2 on retarding the aging process. In the meantime, ALDH2 was also
discovered to exert age-dependent vasoprotective effects with decreased
mitochondrial ROS formation and oxidative mtDNA damage [92]. On the contrary,
our lab found ALDH2 overexpression such as using Alda-1 accentuated aging-
related cardiomyocyte. The dysfunction was characterized by increased contractile
dysfunction, oxidative stress, intracellular Ca’>* mishandling, and mitochondrial
injury [105]. Moreover, AMPK/Sirtl signaling cascades were found taken part in
ALDH2-accenuated cardiac aging [106]. In the light of the debates, further
epidemiological of different races or experimental studies will be needed to provide
more evidence about the effect of ALDH?2 in aging.

3.6 ALDH? and Drug-Induced Heart Failure

Several chemical agents and drugs could impair cardiac mitochondrial function via
destroying mitochondrial respiratory chain (e.g., uncoupling) or inhibiting
mitochondrial enzymes. The most common agents are anticancer drugs such as
anthracycline doxorubicin (DOX), cisplatin, and Trisenox; antiviral compound
azidothymidine (AZT zidovudine); and several oral antidiabetic drugs such as
Avandia [86].

The chemotherapy drug DOX is frequently found in inducing cardiotoxic. Left
ventricular systolic pressure would significantly reduce, and left ventricular end-
diastolic pressure would overtly increase after DOX treatment. ALDH?2 attenuated
this cardiotoxicity by inhibiting oxidative stress, decreasing the expression and
activity of NADPH oxidase 2, and reducing myocardial apoptosis. In addition,
DOX-induced myocardial dysfunction was severer with increased levels of 4-HNE
and autophagy in ALDH2 knockout mice. Besides, these symptoms could be
improved when ALDH?2 activity was restored, suggesting that inhibition of 4-HNE
and autophagy may be the possible mechanisms of ALDH2 against DOX-induced
cardiac dysfunction [79].

Oxidative stress-induced cardiomyocyte apoptosis is also a main part in the
pathogenesis of heart failure [59]. ROS production and accumulation caused
intracellular redox imbalance, leading to mitochondrial dysfunction and decreased
production of ATP [26]. We elucidated the relationship between ALDH?2 deficiency
and oxidative stress-induced apoptosis in an antimycin-induced heart failure model.
Inhibiting ALDH2 activity by daidzin increased intracellular ROS levels and
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apoptosis in which associated with the upregulated phosphorylation of ERK1/2,
JNK, and p38-MAPK [102]. Thus, these data suggested the beneficial role of
ALDH?2 in drug-induced heart failure.

4 ALDH2-Related Therapy

The following mediators have been reported mediating the cardiac dysfunction in
ALDH?2 deficiency: (1) ROS and toxic aldehydes [53]; (2) apoptosis pathways [80],
involving caspase 3, Bcl- 2; (3) oxidative stress signaling cascade [1], involving
MAP kinase cascades ERK1/2, SAPK/JNK, and p38 MAP kinase; and (4) autophagy
[1], involving Beclin-1 and AMPK-mTOR. The indispensable role of ALDH2 in the
pathogenesis of heart failure sheds light on the development of potential therapeutic
target of it (Fig. 1). Here we summarized activators of ALDH2 and several other
aspects which have already been proved to have therapeutic effects or just have a
therapeutic potential on heart failure.

4.1 ALDH?2 Activator

Alda-1, a small molecule activator of ALDH?2, is a potential new therapeutic candi-
date. Alda-1 was reported to exert its cardioprotective effect through reducing oxi-
dative stress, restoring calcium and CaMKII homeostasis, and detoxifying
O, induced reactive aldehydes to less reactive acids [16, 93]. It was also been
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Cardiac Stem Cell
* Protection Transplantation @

w “Soil”- Metabolism
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Cellular Survival

Fig. 1 A scheme depicting how ALDH?2 plays the protective role in heart failure. ALDH?2 protects
myocardium by maintaining myocardial cell survival and angiogenesis. At the same time, ALDH2
can determine the efficacy of stem cell transplantation by increasing the quality of seed stem cells
and metabolic microenvironment
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reported to ameliorate pulmonary vascular remodeling in pulmonary arterial hyper-
tension and inhibit atherosclerosis in apolipoprotein E-knockout mice [76, 97]. In
addition, it played a protective role in cardiac dysfunction induced by abnormal
glucose and lipid metabolism as well as DOX or 4-HNE-induced autophagic reduc-
tion and cell death [30, 79]. However, the efficiency of the activation by Alda-1 is
variant, for example, Alda-1 increases acetaldehyde oxidation in wild-type ALDH2
(ALDH2%*1) and East Asian variant of ALDH2 (ALDH2%*2) approximately 1.5- and
6-fold, respectively [6]. Thus, the patients undergoing pathological processes such
as cardiac ischemia with wild type or mutant ALDH2 might gain more benefits with
the treatment of pharmacologic enhancement of ALDH2 activity [16]. Belmont
conducted kinetic experiments to characterize Alda-1 on the properties of ALDH2
and found it was a complex behavior, where Alda-1 acted as inhibitor in low
concentrations of aldehyde and as an activator in high concentrations [5]. Moreover,
Alda-1 has exogenous and toxic characters. All factors should be taken into
consideration when considering Alda-1 as an exogenous stimulator of ALDH2,
including the working concentration, half-life period, continuity of stimulation,
toxic, and side effects.

Protein kinase C e (PKCe) has been found as another ALDH?2 activator via direct
phosphorylation. In vitro, phosphorylation of wild-type ALDH2 recombinant
protein was reported increased its enzymatic activity [16]. The enzymatic activity of
the phosphorylated ALDH2*2 is 270% of the non-phosphorylated ALDH2%2 [60].
Following phosphorylation by recombinant ePKC, there was an increase of 70% of
the ALDH2 activity. Similar to Alda-1, the effect of ePKC phosphorylation was
more pronounced on ALDH2*2 mutant enzyme. T185E, S279E, and T412E were
three common phosphomimetic mutations sites by eéPKC in the protection of
ALDH?2 against reactive aldehydes. Treatment with PKC activator upregulated
ALDH?2 activity, while applying PKC inhibitor had the opposite effect. Some study
demonstrated that PKCe-ALDH?2 interaction had disincentive effects in 4-HNE-
induced aberrant PPARYy regulation, which suggest that PKCe-ALDH?2 regulatory
axis may be a therapeutic target for treating metabolic syndrome [100].

4.2 MicroRNAs

MicroRNAs are a class of endogenous interfering RNAs whose primary function
are regulating the expression of genes. Evidences indicated that microRNAs could
participate in diverse pathophysiological processes of cardiovascular disease,
including hypertrophy, apoptosis, cardiac conduction, fibrosis, and angiogenesis
[25, 75]. MiR-34a has been elucidated in many cell lines and was found related to
apoptosis, energy metabolism, lipid metabolism, aging, and stem cell division [12,
33]. Bioinformatics analysis produced a protein-protein interaction network in
HepG2 cells and revealed that ALDH?2 was a potential target of miR-34a [19]. Our
study found that increased circulating miR-34a could decrease ALDH2 activity and
increase cardiomyocyte apoptosis post-MI injury [23]. Although miR-34a is not a
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cardiac-specific miRNA, the expression abundance of miR-34a in myocardium
ranks third in all tissues [9], and it is reasonable to regard miR-34a as a diagnostic
marker for MI. MiR-28 could also promote ischemia via inhibition of ALDH?2
expression in myocardium [45]. In addition, Shen predicted ALDH? as target genes
of miR-224 [72]. The target sites existed in 3’UTR of ALDH2 suggesting that miR-
224 downregulated the expressions of ALDH?2 and finally regulated target genes in
lipid metabolism. MicroRNAs might be new diagnostic indicators and therapeutic
targets for heart failure patients. But it requires further studies in large cohort to
assess the specificity and sensitivity of them.

4.3 Mesenchymal Stem Cell (MSC) Therapy

Mesenchymal stem cell (MSC) therapy is a promising approach in alleviating isch-
emic injury and promoting tissue regeneration [64]. A present meta-analysis includ-
ing 64 studies strongly supported the potential of MSCs therapy for ischemic stroke
[68]. Up to now, various strategies have been used to increase transplant effects in
ischemic diseases, including tissue engineering scaffolds, genetic modification, and
hypoxia-based pretreatment [27]; however, implanted cell dysplasia is still a prob-
lem [78]. Many factors could affect the efficiency including regenerative cell source,
injectable delivery vehicles, and microenvironmental signals [67, 77]. Our results
showed that host ALDH? affected the survival of transplanted MSCs. Protein array
analysis also revealed that ALDH27~ tissues expressed low levels of angiogenic
factors, including cysteine-rich angiogenic inducer 61, endoglin, epidermal growth
factor, fibroblast growth factor-1, angiopoietin-1, matrix metallopeptidase-3/-9, and
insulin-like growth factor binding protein, all of which could enhance the tolerance
of engrafted MSCs during vasculogenesis in hypoxia injury [107]. Thus, ALDH2
may be regarded as a homeostatic mediator of microenvironment by increasing
local capillary density and energy supply and decreasing oxidative stress after
ischemia.

4.4 ALDH Bright Cells

Autologous bone marrow-derived aldehyde dehydrogenase bright (ALDHbr) cells
isolated by flow sorting express high activity of ALDH [41]. They have been applied
in clinical practice to repair tissue damage and have been proven safe and efficient
in patients with chronic myocardial ischemia [62]. Our observations supported the
effective therapeutic effect of ALDHbr cells on ischemic myocardium; in addition,
we demonstrated ALDH2 as a key mediator in the process [81]. Weakened
glycolysis, mitochondrial respiratory abnormalities, and increased mitochondrial
ROS gave rise to the diminished therapeutic efficacy of ALDHbr cells in ALDH2
deficiency mice rather than oxidative phosphorylation impairment. The results gave
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us a hint that ALDH?2 activity was a pivotal precondition in the efficacy of ALDHbr
cell therapy; therefore individuals with loss of ALDH?2 function are unsuitable for
ALDHbr cell therapy. However, recently a clinical trial didn’t find significant
positive outcomes of ALDHbr cells in patients with peripheral artery disease [63].
Future investigational trial tests about cell therapy should be carried out to find new
anatomic and perfusion insights.

5 Conclusion

Just as Braunwald said, heart failure is the last battle of cardiovascular diseases [11].
It is urgent to find a novel prospective to illustrate the mechanism of heart failure
and to improve the prognosis. This review summarizes the roles of ALDH2 gene
polymorphisms and ALDH2 enzyme activity in heart failure induced by multiple
causes, such as ischemic injury, hypertension, alcohol, diabetes, and aging. Except
the controversial role of ALDH?2 in aging-related cardiac dysfunction, studies have
suggested a cardioprotective role of ALDH?2 to counteract cardiac dysfunction due
to different etiologies. Emerging evidences provided new insight in understanding
the epigenetic and transcriptional regulation of ALDH2 as well as the effect of
ALDH?2 in stem cell transplantation. Strategies aim to enhancing ALDH?2 activity or
expression, as well as improving mitochondrial function, will bring novel prospects
for the treatment of heart failure.
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Mitochondrial Aldehyde Dehydrogenase
in Myocardial Ischemic and Ischemia-
Reperfusion Injury

Jie Ding, Zheng Yang, Heng Ma, and Hao Zhang

Abstract Myocardial ischemia-reperfusion (IR) injury during acute myocardial
infarction or open-heart surgery would promote oxidative stress, leading to the
accumulation of reactive aldehydes that cause cardiac damage. It has been well
demonstrated that aldehyde dehydrogenase (ALDH)-2 is an important cardiopro-
tective enzyme for its central role in the detoxification of reactive aldehydes.
ALDH?2 activation by small molecule activators is a promising approach for cardio-
protection for myocardial IR injury.

1 Introduction

Coronary artery disease (CAD), also known as ischemia heart disease (IHD), is
referred to as the obstruction of coronary artery leading to the interruption of myo-
cardium blood supply [1]. The most obvious manifestation and consequence of
CAD is acute myocardial infarction (AMI), which results in leading cause of mor-
bidity and mortality worldwide [2]. The most effective treatment for reducing myo-
cardial infarction size is timely reperfusion. However, the reperfusion process then
triggers myocardial damage, cardiomyocyte death, and cardiac dysfunction, the
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so-called “ischemia-reperfusion injury” (IR injury) [3]. Unfortunately, there is no
effective therapy against IR injury that is currently available.

Open-heart surgery with cardiopulmonary bypass (CPB) is a standard procedure
for cardiac surgery. Myocardial IR injury is also unavoidable during cardiac arrest
under CPB, which is characterized by the sharp production of superoxide, reactive
oxygen species (ROS), and aldehyde accumulation [4, 5]. Although the hypother-
mia and cardioplegia infusion has become the routine approaches for protecting the
heart from IR injury [6], many patients still are at high risk for complications fol-
lowing cardiac surgery, which mainly present as severe myocardial injury and wors-
ened cardiac function [7].

It has been first reported by Mochly-Rosen’s group that mitochondrial aldehyde
dehydrogenase (ALDH)-2 has cardioprotective role in the onset and progression
during myocardial IR injury [2]. They found that activation of ALDH2 could reduce
ischemic cardiac damage. Using Alda- 1, a small molecule ALDH?2 activator, N-(1,3-
benzodioxol-5-ylmethyl)-2,6-dichlorobenzamide, prior to ischemia could reduce
infarct size. Thus, the potential role of ALDH2 activation to limit IR injury has
drawn broad attention recently.

2 Mitochondrial Aldehyde Dehydrogenase in Coronary
Artery Disease

CAD is a leading cause of death worldwide [8]. CAD includes a group of diseases,
such as stable angina, unstable angina, myocardial infarction (MI), and sudden car-
diac death [9], which involves the pathologic process of coronary arteries athero-
sclerosis. MI usually occurs without prodromes and clinical signs following with
severe complications, such as cardiac rupture and ventricular fibrillation. Despite
the advances in diagnosis and management of MI, the morbidity of MI is still high.
The most effective treatment for MI damage is timely reperfusion; however, IR
injury triggers the following: myocardial injury, cardiomyocyte death, and cardiac
dysfunction itself. ACE inhibitors, $-blockers, statins, and mineralocorticoid recep-
tor antagonists are widely used in post-MI management [10]; however, there are still
a number of patients that ultimately develop heart failure or other complications. An
amount of studies suggested the cardioprotective role of ALDH?2 in ischemia and/or
reperfusion injury. ALDH?2 activation or overexpression could attenuate myocardial
infarct size and restore cardiac function [11-14]. Thus, it is urgent to investigate the
cardioprotection in the ischemia-reperfusion injury.
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2.1 ALDH?2 Genetic Polymorphism and CAD

2.1.1 ALDH2 Genetic Polymorphism Related with Increased Risks
of CAD

ALDH2%*2 mutation with compromised ALDH?2 activity has been reported as an
independent risk factor of acute coronary syndrome in epidemiological research
[15]. Compared with ALDH2*1 carriers, ALDH2*2 carriers displayed a signifi-
cantly higher incidence of acute coronary syndrome and ST-segment elevation
myocardial infarction (STEMI) among Chinese male [16]. And an increased risk
linked with the development of acute coronary syndrome was found in a case con-
trol study in Korean male [17]. ALDH2*2 carriers showed elevated inflammatory
markers in response to acute myocardial infarction, like high C-sensitive protein,
hs-CRP, which indicated severe damages following ischemic injury [18].

Genetic susceptibility, environmental triggers, and their interactions play a cru-
cial role in the etiology of CAD [19, 20]. Alcohol consumption has been regarded
as a major risk factor in the development of CAD [21, 22]. The associations between
CAD and alcohol consumption show inconsistency in different distribution of
genetic polymorphisms in drinking-related enzymes, especially ALDH2 [23],
which has been considered to be the primary enzyme referring to acetaldehyde oxi-
dation [24]. The SNP (rs671) allele [i.e., with 504glu encoded by glutamine (G)] is
the most common form and is usually referred to as ALDH2*1, On the other hand,
the ALDH2%2 (504lys) allele denotes ALDH?2 mutation resulting in the expression
of inactive catalytic isozyme [25]. The variant 504lys allele with elevated blood
acetaldehyde levels after alcohol consumption is commonly present in decedents
from Northeast Asia [17]. High acetaldehyde concentration contributes the develop-
ment of CAD through a degraded detoxification of 4-hydroxy-2-nonenal (4-HNE)
and asymmetric dimethylarginine (ADMA) [26]. Recent studies also reported that
ALDH?2 Glu504lys polymorphism could be associated with increased risk of CAD
[17,27]. ALDH2 rs671 polymorphism related with increased risks of CAD has also
been reported [28].

2.1.2 ALDH2 Genetic Polymorphism Related with Drug Efficacy
Treating CAD

Another aspect relevant to CAD and ALDH?2 relates to nitroglycerin metabolism.
Nitroglycerin has been widely used as a vasodilator to treat ischemic and congestive
cardiac diseases, including angina pectoris, myocardial infarction, and heart failure
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[29, 30]. Chen et al. [31] demonstrated that ALDH?2 plays an essential role for the
bioconversion of nitroglycerin to NO, to achieve its vasodilating effects. However,
nitroglycerin is a potent inhibitor for ALDH2, and consecutive treatment of nitro-
glycerin will lead to insensitivity to the vasodilating effect in patients with CAD
[32]. Yet nitroglycerin use in East Asia for patients with acute myocardial infarction
and in congestive heart failure is very common. As expected, nitroglycerin is less
cardiovascular protective in East Asians carrying ALDH2%2 mutation compared
with those carriers with wild-type ALDH?2 [24, 33, 34].

2.2 Modified ALDH2 Activity Mouse Models in Myocardial
Ischemic Injury

ALDH2 is a tetrameric allosteric enzyme localized widely in organs including the
heart and plays a main role in ethanol metabolism through oxidation. Ethanol is
firstly catalyzed by alcohol dehydrogenase (ADH) to acetaldehyde, then catalyzed
to acetic acid by ALDH2. ALDH2 could also eliminate toxic aldehydes produced
during lipid peroxidation, like 4-hydroxy-2-nonenal (4-HNE) [35, 36].

Considering to its genetic polymorphism and enzymatic activity, ALDH2*1 is
referred to as wild-type genotype with full enzymatic activity. A common human
polymorphism ALDH2%2 is caused by a single nucleotide substitution, with gluta-
mate being transferred to lysine at amino acid 487 (E487K) to yield compromised
enzymatic activity [37]. ALDH2 enzymatic activity can be severely influenced by
this change in any of its subunits. Heterozygotes ALDH2*1/2 display only 30%—
40% of wild-type ALDH2 enzymatic activity, and the enzymatic activity of the
mutant homozygotes ALDH2%2/2 allele only has <1-4% of wild-type activity. Up
to 40% of the East Asian carry ALDH2*2 with compromised enzymatic activity. So
in order to recapitulate the human ALDH?2 phenotypes and relative diseases or
physiological reactions, transgenic animal models were generated.

It manifests defects in alcohol metabolism, accumulation of aldehydic adducts,
and susceptibility to myocardial IR injury [29]. Unlike ALDH2 knockout mice,
ALDH2#*2 transgenic mice keep some residual ALDH2 enzyme activity, and
ALDH2 activity can be reversed by correcting the structural defect [38]. ALDH2
overexpressing mice manifest augmented ALDH?2 enzymatic activity, which ame-
liorated deleterious effects of acetaldehyde, oxidative stress, and 4-HNE in various
organs [39-41]. ALDH2*2 knock-in mice was developed with the homologous
recombination of wild-type ALDH2 allele and E487K substituted ALDH?2 allele. In
vitro assays observed that, when activated by Alda-1, mouse ALDH2*2 recombina-
tion enzyme showed similar activation kinetics and potency with human, which is
considered as the best model for human ALDH2*2 mutation phenotype study [42].
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2.3 Possible Mechanisms of ALDH?2 Cardioprotection

The protective effects in myocardial IR injury are involved in many mechanisms.
The initial discovery by Mochly-Rosen’s group suggested that ALDH2 is a down-
stream player of protein kinase C type € (€PKC). There are several targets of ePKC,
including ROS production, mitochondrial KATP channel regulation, mitochondrial
permeability transition pore (MPTP) opening, etc. Accumulation of reactive alde-
hydes, 4-HNE, is a key process during IR injury; ePKC-mediating ALDH?2 activa-
tion increases detoxification of 4-HNE [43]. ROS generation, with its peroxide ions,
oxidize cell membranes and organelle lipids which lead to elevated reactive alde-
hydes. Reactive aldehydes, in turn, trigger augmented production of ROS. ALDH2
inhibits this malignant feedback by diminish reactive aldehydes, which provides a
more specific therapeutic targets in cardioprotection.

Apoptosis contributes cardiomyocytes loss during IR injury. JNK/c-Jun signaling
can be triggered by ROS through both intrinsic and extrinsic pathways. Cardiomyocytes
with ALDH?2 deficiency were found with accumulation of ROS, activation of JNK
signaling, and increased expression of c-Jun [44]. It was also reported that downregu-
lation of ALDH2 elevates 4-HNE, which inhibits HSP70 and triggers JNK/p53,
resulting in increased cardiomyocyte apoptosis [45]. During IR, autophagy is upregu-
lated; it can lead to loss of cardiomyocytes despite its myocardial protection effect
[46-48]. ALDH2 plays an important role in regulating IR-induced autophagy. It has
been found that, on the one hand, ALDH2 activates LKB1/AMPK/mTOR pathway
during ischemia phase. On the other hand, ALDH?2 suppresses excessive autophagy
via PTEN/Akt/mTOR pathway during reperfusion [49].

Lipid peroxidation is a consequence of increased oxidative stress induced by IR
injury [ 50]. Protein carbonylation by reactive carbonyl species (RCS) is irreversible
and irreparable modification which may changes the conformation of polypeptide
chain then partially or totally inactivates proteins. Myocardium protein carbonyl-
ation shows a time-dependent increase in ischemia and decrease in reperfusion.
Activating ALDH?2 by Alda-1 can eliminate RCS and improve the cardioprotection
effects [51].

2.4 ALDH?2 Protects the Heart Against Vulnerability
to Ischemic Injury

ALDH?2 protects the aging heart against ischemic injury. The free radical theory of
aging was put up by Denham Harman in 1956. Getting rid of mitochondrial oxygen
species increases life span, and it has been proved by many studies. Suppression of
mitochondrial lipid peroxidative aldehydes is considered to be one of the underlying
mechanisms [52, 53].
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The ability of ALDH2 to remove 4-HNE declines with aging. Thus, loss of
ALDH?2 activation plays an important role in impaired cardiac tolerance to ischemic
stress in aging. Recent research also found that ALDH?2 ablation induced both car-
bonyl stress and autophagy decline attribute to heart senescence. Our group found
that blunted SIRT1 activity due to carbonyl stress triggers chronic inflammation and
cell arrest [54].

Decreased SIRT1 also leads to impairment in autophagy flux. Both of these con-
tribute to age-related ischemic tolerance [55] [56].

Pain is not an isolated pathological process, it does impact on many organs.
ALDH?2 activation also provides a therapeutic strategy in pain, including peripheral
neuropathy pain and inflammatory pain. It has been reported that transient periph-
eral nociception precondition was observed as a cardioprotective phenomenon simi-
lar to ischemic preconditioning (IPC). Chronic pain is deemed a long-term malignant
stress with significant organ consequences. Epidemic study revealed high relevance
between chronic pain and cardiovascular disease [57]. Clinical observations showed
the increased mortality and morbidity of ischemic heart with chronic pain. Our
group observed that chronic pain increases carbonyl stress after IR injury. SIRT1
carbonyl modification by 4-HNE induces the block of LKB1-AMPK interaction,
consequently AMPK activation impairs. ALDH2 activation effectively prevents
SIRT1 carbonylation and reverses the interaction of LKB1-AMPK, denoting its
therapeutic promises in the management of chronic pain-related IR injury [58].

Diabetes mellitus is a metabolic disorder. The mortality and morbidity increases
in diabetic patients, and the heart failure happens after myocardial infarction among
diabetics is 2—3 times compared with nondiabetic patients [11]. Under diabetes con-
dition, basal oxidative stress increases; ischemic conditioning impair is impaired.
After IR injury, PI3K/Akt/GSK3-f signaling pathway and ERK1/2 phosphorylation
are inhibited. Decreased generation and release of nitric oxide and CGRP and dys-
function of KATP channels lead to elevated oxidative stress [3]. Research showed
that myocardial ALDH2 expression decreases with the progression of diabetes.
Activating ALDH2 can decrease the ratio of Bax/Bcl2, activates PI3K/Akt/GSK3-f
signaling pathway, and inhibits MPTP opening, which plays an antiapoptotic role in
diabetic IR injury [ 59].

3 Mitochondrial Aldehyde Dehydrogenase in Myocardial
Ischemia-Reperfusion (IR) Injury During Perioperative
Period of Cardiac Surgery

Evidence from animal studies has shown that ALDH2 activation during cardiople-
gic arrest enhances the cardioprotection against myocardial ischemia-reperfusion
injury. What’s more, a clinical research indicated that ALDH2*2 carriers with cya-
notic congenital heart disease were associated with an induced metabolic remodel-
ing phenotype and a compensatory myocardium glutathione (GSH) pool. When
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ALDH2 activity was impaired during open-heart surgery, this larger GSH pool
could lead to unexpectedly better cardioprotection. This may aid in the prediction of
cardioprotection outcomes and identification of individualized cardioprotective
strategies.

Furthermore, ALDH2 may participate in the respiratory homeostasis. Lung IR
injury often results in respiratory insufficiency following open-heart surgery such as
cardiopulmonary bypass procedures. Cellular and animal studies indicated that acti-
vation of ALDH?2 could attenuate lung IR injury, possibly through accelerating the
clearance of 4-hydroxy-2-nonenal in human pulmonary alveolar epithelial cells.

3.1 Activity of ALDH2 to Prevent Myocardial IR Injury
During Cardiac Surgery

During open-heart surgery, myocardial IR insult, caused by aortic cross-clamping
and removal of aortic cross-clamping, remains the most common cause of cardiac
morbidity and mortality despite major advances in cardiovascular medicine [60].
Therefore, it is of great importance to identify novel cardioprotective strategies to
minimize myocardial IR injury.

When performing open-heart surgery, the mismatch between cardiac oxygen
demand and supply will result in a myocardial oxidative stress state in which exces-
sive ROS are accumulated. Most biological ROS are highly reactive and short-lived;
thus, ROS-induced injury is restricted to their site of origin with limited signifi-
cance. However, toxic aldehydes generated from the peroxidation of unsaturated
lipids are abundant and more stable than ROS. Therefore, they are thought to be
secondary products that amplify and propagate ROS-initiated IR damage [4]. A
large amount of evidence has shown that these cytotoxic aldehydes play a deleteri-
ous role in the progression of IR injury [61]. Aldehydes can modify the proteasomes
and decline their peptidase activities [62]; they directly inhibit NADH-linked mito-
chondrial respiration following both cardiac ischemia and reperfusion [63]; the
activity of cardiac glycolytic enzymes can also be diminished by aldehydes follow-
ing ischemia and reperfusion [64]; and significant associations between aldehydes
and the onset of arrhythmias and heart failure have also been reported [65]. What’s
more, excessive aldehydes can damage cardiomyocytes and impair heart function
through disruption of actin-myosin interactions, enzymatic functions, calcium sen-
sitivity, and efficiency of cross-bridge cycling [66].

Cardioplegic solutions are used to alleviate IR injury during open-heart surgery.
Although well developed, cardioplegic solutions cannot completely block IR injury.
Histidine-tryptophan-ketoglutarate (HTK) solution is a widely used cardioprotec-
tive solution in open-heart surgery to alleviate ischemic damage [67]. Although it
contains antioxidants, HTK cannot block aldehyde formation completely, and no
specific agents are included in HTK solution to remove toxic aldehydes. Therefore,
aldehyde accumulation is inevitable during cardiopulmonary bypass surgery.
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Hypothermia is another powerful method used during open-heart surgery to
reduce IR injury, and ALDH2 is a bio-enzyme whose activity can be easily inhibited
by hypothermia. Previous studies have proved that during open-heart surgeries,
ALDH?2 activities can be inhibited to a very lower level after cardioplegia and isch-
emia under hypothermic conditions [68]. The inhibition of ALDH2 activity would
significantly impair the clearance of active aldehydes and result in excessive
aldehyde accumulation. On the other hand, aldehydes are both substrates for
ALDH2 and direct inhibitors of this enzyme [69], ALDH2 can also be inhibited by
aldehydes via adduct formation [70]. Therefore, excessive aldehydes in turn inhibit
ALDH?2 activity to form a vicious cycle in the hypothermic ischemic heart.

Evidence from animal studies [51] has shown that Alda-1 supplementation can
significantly improve the cardioprotection effect of cardioplegia solution under
hypothermic conditions, possibly through activation of ALDH2, to remove toxic
aldehydes, and in turn attenuated IR-induced elevation in creatine kinase isoenzyme
MB leakage and protein carbonyl formation. The Alda-1 addition also obtained
higher glutathione/oxidized glutathione ratios and alleviated IR-induced cardio-
myocyte contractile function impairment as evidenced by improved maximal veloc-
ity of pressure development and decline, left ventricular developed pressure, and
heart rate.

3.2 Effect of Gene Polymorphism of ALDH?2 in Myocardial IR
Injury During Cardiac Surgery

At least 540 million of the world population carry a common single nucleotide
polymorphism (rs671) in ALDH2 [71], where a glutamate at amino acid 504 is
replaced by a lysine (E504K) to form an ALDH?2 loss-of-function allele (ALDH2*2
allele) [37]. ALDH2*2 carriers display dramatically reduced ALDH?2 activities
[72]. Since ALDH2*#2 carriers exhibit impaired ALDH?2 activity in the detoxifica-
tion of reactive aldehydes, it is warranted that cardioprotective outcomes should be
reevaluated in these individuals.

However, Endo et al. [73] found that carrying an ALDH?2 loss-of-function allele
(ALDH2%*2 allele) also has cardioprotective effects. Using ALDH2*2 transgenic
mice, they found that myocardial oxidative stress increased the expression of AFT4
and 3-phosphoglycerate dehydrogenase (PHGDH) in ALDH2*2 transgenic hearts,
which further led to metabolic remodeling to produce more GSH. Thereby, the
increase in the intrinsic myocardial GSH pool made ALDH2%2 transgenic mice
have a greater tolerance to IR damage.

Our group [68] investigated the effect of the ALDH2%2 allele on human cardio-
protection after open-heart surgery. Young patients with congenital heart diseases
were selected, and we found that cyanosis inhibited ALDH?2 activity and led to
accumulation of aldehyde in ALDH2*2 carriers. This accumulation was associated
with greater expression of activating factor (ATF)-4 and larger myocardium GSH
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pools. Inhibited ALDH2 activity during surgery and lower intrinsic myocardium
GSH levels could result in more aldehydes accumulated in the heart of ALDH2%2
non-carriers, and these excessive toxic aldehydes in turn caused deleterious cas-
cades through ALDH?2 adducts formation on a variety of macromolecules to impair
heart function. Consequently, ALDH2*2 non-carriers exhibited poor tolerance to IR
injury caused by cardiopulmonary bypass and manifested worse clinical outcomes.

3.3 ALDH? Activation Attenuates Pulmonary IR Injury
During Cardiac Surgery

Lung IR injury is the most common cause of respiratory insufficiency after open-
heart surgery [74] and is inevitable during a cardiopulmonary bypass [75, 76].
Previous pulmonary protective strategies are effective but may not be sufficient to
prevent lung IR injury [77]. Complicated postoperative courses caused by LIRI are
not rare in clinical practice [74]. ALDH2 is abundantly expressed in the lung [78,
79].

A study about lung IR injury has demonstrated the potential protective effect of
ALDH2[ [80]. IR-induced pulmonary injury concomitantly induced aldehydes
accumulation in human pulmonary alveolar epithelial cells and lung tissues, but not
in human pulmonary microvascular endothelial cells. Moreover, Alda-1 pretreat-
ment significantly elevated ALDH?2 activity, increased surfactant-associated protein
C, and attenuated elevation of 4-hydroxy-2-nonenal, apoptosis, intercellular adhe-
sion molecule-1, inflammatory response, and the permeability of pulmonary alveo-
lar capillary barrier, thus alleviated injury.

4 Conclusion and Perspective

As discussed here, ALDH?2 is a well-known member of 19 different aldehyde dehy-
drogenases that are present in humans. Much of what we knew about ALDH2
stemmed from an interest in ethanol metabolism. However, an exciting body of
more recent research indicates that this enzyme provides an important shield from
oxidative stress and increased aldehydic load, thus contributing to better health.
Myocardial IR injury induced by CAD and CPB during open-heart surgery is asso-
ciated with increased aldehydic load.

In this review, we examined the evidence from animal studies and from human
epidemiological studies. We believe that aldehydes are major contributors to the
pathology of myocardial IR injury. ALDH2 is capable of attenuating myocardial IR
injury through acetaldehyde detoxification. Allelic variations of ALDH?2 show dif-
ferent relation with CAD. Several studies revealed ALDH2 cardioprotective role
using genetically modified ALDH2 models in cardiac remodeling and myocardial
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dysfunction. Therefore, ALDH2 possesses crucial therapeutic potential against
myocardial damage.

However, an intriguing mystery remains: How to explain the existence of wide-
spread ALDH2*2 mutation in East Asians? Why could a single monogenetic muta-
tion that occurred 2000-3000 years ago affect an estimated 8% of the human race?
Could there be a selective advantage for having the mutation? A few hypotheses
have been postulated, but none has been confirmed thus far [81].
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Association of East Asian Variant Aldehyde
Dehydrogenase 2 Genotype (ALDH?2%*2%)
with Coronary Spasm and Acute
Myocardial Infarction

Hirofumi Yasue, Yuji Mizuno, and Eisaku Harada

Abstract Coronary spasm plays an important role in the pathogenesis of ischemic
heart disease, including angina pectoris, acute myocardial infarction (AMI), silent
myocardial ischemia, and sudden death. The prevalence of coronary spasm is higher
among East Asians probably due to genetic as well as environmental factors.
ALDH2 eliminates toxic aldehydes including 4-hydroxy-2-nonenal (4-HNE)
derived from lipid peroxidation and acrolein in tobacco smoking as well as ethanol-
derived acetaldehyde and thereby protects tissues and cells from oxidative damage.
Deficient variant ALDH2*2 genotype is prevalent among East Asians and is a sig-
nificant risk factor for both coronary spasm and AMI through accumulation of toxic
aldehydes, thereby contributing to oxidative stress, endothelial damage, vasocon-
striction, and thrombosis. Toxic aldehydes are thus identified as risk factors to be
targeted for the treatment of coronary spasm and AMI.

Keywords Acute myocardial infarction (AMI) - Aldehyde dehydrogenase 2
(ALDH?2) - Coronary spasm - East Asians - Reactive oxygen species

Coronary (artery) spasm is defined as an abnormal contraction of an epicardial cor-
onary artery resulting in transient myocardial ischemia and plays an important role
in the pathogenesis of ischemic heart disease in general including angina pectoris,
silent myocardial ischemia, acute myocardial infarction (AMI), and sudden death
[21, 26]. Angina pectoris caused by coronary spasm is called as “coronary spastic
angina (CSA)” or “vasospastic angina (VSA)” and occurs most often from midnight
to early morning and is usually not induced by exercise in the daytime [2, 21, 76].
The attack of CSA is associated with either ST segment elevation or depression or
negative U wave on ECG and is rapidly relieved within minutes by sublingual
administration or oral sprays of nitroglycerin. Ca channel blockers (CCBs) but not
beta-blockers are the mainstay for the treatment and prevention of CSA.
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Coronary spasm is prevalent among East Asians including but is not in the
Western populations [2, 7, 19, 21, 76]. The survey on the prevalence of CSA at
multi-institutions in Japan showed that CSA was documented in 921 (40.9%) of the
2251 consecutive patients with angina pectoris who underwent coronary angiogra-
phy [75]. Thus, there seems to be a racial difference in the prevalence of coronary
spasm between East Asians (Japanese) and Caucasians [2, 7, 19, 21, 59, 76].

Alcohol (ethanol) flushing syndrome (AFS) including facial flushing, headache,
nausea, and palpitation in response to a small amount of alcohol intake is common
among East Asians but is almost absent in other populations [6, 34, 77]. Ethanol is
metabolized to acetaldehyde by alcohol dehydrogenase subunit beta (ADH1B) and
then to acetic acid by aldehyde dehydrogenase 2 (ALDH2) [6, 62]. There are poly-
morphisms in human ADHIB and ALDH? genes, and the carriers of variant ADHIB
or ADHIB*2 (Arg47His) genotypes have an enhanced enzymatic activity, while
those of variant ALDH2 or ALDH2*2 (Glu504Lys) genotype have a severely
reduced enzymatic activity [34, 77]. These genetic variants are commonly found in
East Asians but are rare in other populations [34, 77]. The carriers of these variant
genes manifest AFS on alcohol intake due to accumulation of acetaldehyde [9]. We
and others have shown that the attack of coronary spasm can be induced by alcohol
ingestion, particularly in those with AFS [63, 65, 70]. However, the relationships of
coronary spasm with ADHIB and ALDH?2 gene polymorphisms remained to be elu-
cidated, and we investigated the relationship of polymorphisms of ADHIB and
ALDH? with coronary spasm [44].

1 Association of ALDH2%*2 with Coronary Spasm

There was no significant difference in genotype distribution for ADHIB* between
the CSA and non-CSA group, and a large majority of the study patients had variant
ADHIB*2 genotypes in both groups (95.0%) (Table 1). There was however a sig-
nificant difference in genotype distribution of ALDH?2 between the CSA and non-
CSA group (P < 0.001) with the frequency of variant ALDH2*2 allele being 32.1%
in the CSA patient group and 15.6% in the non-CSA patient group (Table 1). The
frequencies of CSA and AFS were significantly higher in the variant ALDH2*2 car-
riers than the wild homozygote ALDH2*] *] carriers (P < 0.001, P <0.0001, respec-
tively) (Fig. la and b). AFS was significantly associated with both CSA and
ALDH2*2 ((P < 0.001, P < 0.0001, respectively) and had 95.5% sensitivity and
73.7% specificity for ALDH2*2. The multivariable logistic regression analyses for
the predictors of CSA after adjusting for age, gender, tobacco smoking, and other
coronary risk factors revealed that ALDH2*2 genotype and smoking were signifi-
cant predictors of CSA (OR = 3.61, P < 0.001 and OR = 2.32, P = 0.024, respec-

tively) (Table 2).
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Table 1 Frequency distribution of the genotypes for ADHIB and ALDH?2

CSA (n=112) Control (n =90) P Value
ADHIB gene
ADHI1B*1/*1, n (%) 5(4.5) 5(5.6) 0.722
ADHIB*1/%2,1n (%) 42 (37.5) 37 (41.1) 0.601
ADH1B*2/%2, n (%) 65 (58.0) 48 (53.3) 0.503
ALDH? gene
ALDH2*1/*1,n (%) 50 (44.6) 64 (71.1) <0.001
ALDH2*1/%2, n (%) 52 (46.2) 24 (26.7) 0.004
ALDH?2*2/%2, n (%) 10 (8.9) 2(2.2) 0.088

ADH 1B indicates alcohol dehydrogenase 1 beta; ALDH?2, aldehyde dehydrogenase 2; *1/*1, wild
homozygote; *1/%2, variant heterozygote; *2/%2, variant homozygote; and CSA, coronary spastic
angina. (Reproduced with permission from Ref. [44])
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Fig.1 Comparison of frequency of coronary spastic angina (CSA) and alcohol flushing syndrome
by ALDH?2 genotype group. The frequencies of CSA (a) and alcohol flushing response (b) were
both significantly higher in the variant genotype ALDH2*2 group vs the wild genotype ALDH2*1/%1
group. ALDH? indicates aldehyde dehydrogenase 2 and CSA, coronary spastic angina. (Reproduced
with permission from Ref. [44])

Clinical Implications

Epicardial coronary arteries are not only the predilection sites for atherosclerosis
but also constrict and relax via various mechanisms, altering vascular tone. Under
certain pathological conditions, however, coronary constriction may become so
severe as to cause total or near-total occlusion or severe diffuse constriction of an
entire coronary artery and contribute to symptoms manifesting as CSA or VSA [41].
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Table 2 The multivariable logistic regression analysis for CSA

OR Std. Err z p>lzl 95% CI
Age 1.342 0.435 0.91 0.363 0.712 2.532
Gender (male) 1.845 0.744 1.52 0.129 0.837 4.066
ALDH?2 *2 3.607 1.205 3.84 0.000 1.874 6.943
Smoking 2.320 0.859 2.27 0.023 1.123 4.794
HDL-C 0.860 0.283 —-0.46 0.648 0.452 1.639
Uric acid 1.271 0.170 1.79 0.074 0.977 1.652

ALDH?2*2 indicates aldehyde dehydrogenase 2 variant genotype; CI, confidence interval; CSA,
coronary spastic angina; HDL-C, high-density lipoprotein cholesterol; OR, odds ratio; and Std.
Err, Standard Error. (Reproduced with permission from Ref. [44])

ALDH?2 is a 517 amino acid polypeptide encoded by a nuclear gene located at
chromosome 12q24 and plays a crucial role in metabolizing not only ethanol-
derived acetaldehyde but also endogenous toxic aldehydes such as 4-HNE derived
from lipid peroxidation and environmental aldehydes such as acrolein in tobacco
smoking. ALDH2*2 with a substitution of glutamate to lysine at position 504
(Glu504Lys) is present in 30-50% of East Asians but is virtually absent in other
populations of the world. This polymorphism exerts a dominant negative effect over
wild-type homozygote ALDH2*1/%1, with heterozygote ALDH2*1/*2 showing a
severely reduced and homozygote ALDH2*2/*2 negligible ALDH2 activity [9, 33].
The carriers of ALDH?2*2 thus manifest the characteristic AFS caused by accumula-
tion of ethanol-derived acetaldehyde.

The present study reveals that ALDH2*2 genotype is the most significant risk
factors for CSA on the multiple logistic regression analysis. The study thus shows
that ALDH2*2 specifically present among East Asians is significantly associated
with CSA as well as AFS and may thereby explain at least partially why CSA is
prevalent among East Asians. Seki and his coworkers also reported the almost simi-
lar findings [63]. The previous studies reported that CSA was also associated with
the genetic polymorphisms of endothelial nitric oxide synthase [54], paraoxonase
[20], NADH/NADPH oxidase p22 phox, stromelysin-1, interleukin-6 [51], or
phospholipase—0 1 [53] as well as environmental factors such as tobacco smoking
[31, 76]. It is thus likely that ALDH2*2 may not be an indispensable player in the
development of CSA. However, ALDH2*2 genotype is unique in that it is specifi-
cally prevalent in East Asians among whom CSA is also prevalent. ALDH2*2 was
highly significantly associated with AFS in line with the previous studies [34, 77]
and may thus be useful as a convenient marker for ALDH2*2 in the absence of
genotyping [44, 77].

Biological lipid membranes exposed to reactive oxygen species (ROS) (lipid per-
oxidation) generate numerous reactive aldehydes which are more stable and diffuse
greater distances than ROS and thereby propagate oxidative damage [18, 64].
ALDH?2 eliminates toxic aldehydes such as 4-hydroxy-2-nonenal (4-HNE) and
malondialdehyde (MDA) derived from lipid peroxidation under oxidative stress as
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well as alcohol-derived acetaldehyde and protects thereby tissues and cells from
oxidative damage [6, 18, 40, 64].

Tobacco smoking is the only established environmental risk factor for CSA as
shown in this study as well as previous studies [21, 49, 76]. A variety of toxic alde-
hydes as well as various oxidants are present in tobacco smoking [28, 29, 42, 52],
and tobacco smoking also generates endogenous aldehydes including 4-HNE by
lipid peroxidation [61]. It is therefore likely that tobacco smoking interacts with
ALDH2%*2 and exacerbates the risk for CSA by accumulating toxic aldehydes.
Indeed, tobacco smoking synergistically amplifies the ALDH2*2 risk for CSA more
than the additive or multiplicative effects of each considered separately [46].
Conversely, tobacco smoking in turn impairs ALDH?2 activity and thereby further
increases reactive aldehydes, leading to vicious cycle [42, 45, 46]. Smoking rate is
higher among East Asians compared to Westerns [72]. Our study therefore identifies
deficient ALDH2 activity and hence increased reactive aldehydes as causative risk
factors to be targeted and intervened for the treatment and prevention of CSA [44—
46]. Indeed, reactive aldehydes such as 4-HNE cause vascular damage including
endothelial dysfunction, smooth muscle proliferation, low-grade inflammation, oxi-
dative stress, and thrombogenity, all of which have been shown to be associated with
CSA [21, 76].

ALDH2 also plays a key role in the bioactivation of nitroglycerin widely used for
the treatment of ischemic heart disease [10, 56]. However, continued administration
of nitroglycerin leads to the tolerance or even cardiac events through inactivation of
ALDH?2 enzyme and increased ROS [10]. Accordingly, the carriers of ALDH2*2
genotypes are less responsive to nitroglycerin and are more susceptible to nitroglyc-
erin tolerance, ROS [4, 33, 39, 47], and cardiac events [27, 68]. Thus, new drugs
which enhance the activity of ALDH?2 are needed for the treatment of CSA, particu-
larly in the patients with ALDH2%*2 [4, 5, 6].

2 Association of ALDH?2*2 with AMI

ALDH?2*2 genotypes are reported to be a risk factor for AMI in East Asians includ-
ing Japanese, Chinese, and Koreans [12, 13, 23, 36, 48, 49, 67, 73, 74]. Takeuchi
and coworkers recently identified the genetic locus of ALDH2%*2 (rs671) as the
strongest predictor for AMI on a genome-wide association study (GWAS) in
Japanese [69]. Coronary spasm is demonstrated in AMI patients [24, 71], and
ALDH?2*2 genotype is a significant risk factor for CSA and acute coronary syn-
drome [44, 74]. We therefore examined the relationship between AMI and ALDH2*2
genotype.
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2.1 Prevalence of ALDH2*2 in AMI Patients

We examined the frequency of ALDH2*2 in the 202 Japanese patients with acute ST
segment elevation myocardial infarction (156 men and 46 women with a mean age
of 67.3 £ 12.0) who underwent successful primary PCI with stent implantation
within 12 hours after symptoms [45, 46]. The frequencies of ALDH2*1/*1,
ALDH2*1/*2, and ALDH2*2/*2 genotypes were 49.0%, 42.6%, and 8.4%, respec-
tively. Accordingly, the frequency of ALDH2%*2 allele was 37.7% in the AMI
patients, which is definitively higher as compared with that of the general popula-
tion in Japan 24.3% in Tokyo, Japan) [34]. Thus, the findings indicate that ALDH2*2
is significantly associated with AMI (OR = 1.88-1.98, P < 0.001) in agreement with
those of previous reports [12, 13, 23, 36, 48, 49, 67, 73, 74]. Accordingly, 51.0%
(103/202) or more than half of the AMI patients had variant ALDH2*2. Because the
genotype is assigned randomly at conception independently of the possible con-
founding factors [32], the finding implies that ALDH2*2 is causally associated with
AMI and identified deficient ALDH2 activity and hence increased reactive alde-
hydes as a causative risk factor for AMI as well as for CSA [44—46].

2.2 Association of ALDH2*2 with Coronary Spasm in AMI
Patients

There were no differences in the clinical features including age, gender, coronary
risk factors, and other variables between the ALDH2*2 group and the ALDH2*1/*1
group, except the higher frequencies of AFS and CSA (P < 0.001 and P = 0.001,
respectively) and the lower prevalence of alcohol habit (P < 0.001) in the ALDH2*2
group than the ALDH2*1/*] group. Thus, ALDH2*2 was significantly associated
with CSA and AFS (P < 0.001, respectively) also in AMI patients.

2.3 Mpyocardial Ischemia/Reperfusion Injury in AMI Patients
with ALDH2%2

The plasma levels of peak CPK were significantly higher (P = 0.002) (Fig. 2), and
those of LDH, cTnT, and B-type natriuretic peptide (BNP) tended to be higher and
left ventricular ejection fraction (LVEF) to be lower in the ALDH2*2 than the
ALDH?2*]/*1 group. This suggested that myocardial ischemia/reperfusion injury
was more severe in the AMI patients with ALDH2 *2 than in those with ALDH2*1/*].
Accordingly, ALDH2*2 is not only a risk factor for AMI but also aggravates the
severity of ischemia/reperfusion injury in AMI patients. These findings are in line
with those of the previous studies showing that ALDH?2 protects against myocardial
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Fig. 2 Comparison of the (IU/L) P=0.002
levels of maximum CPK 4000 —
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dehydrogenase 2; AFS, E 2000

alcohol flush syndrome;
CS, coronary spasm.
(Reproduced with 1000
permission from Ref. [45])
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ischemia/reperfusion injury by removing toxic aldehydes in the experimental AMI
animal models [5, 14, 22, 38, 58, 66]. However, the number of study patients in our
study was small, and further studies involving larger sample size are required to
confirm this finding.

2.4 Clinical Implications

AMI is assumed to be triggered by plaque rupture or erosion resulting in coronary
thrombotic occlusion [1, 37]. The present study revealed that ALDH2*2 was caus-
ally associated with CSA in patients with AMI. CSA is associated with increased
reactive oxygen species (ROS), endothelial impairment, and thrombogenicity [11,
21,43, 50, 57, 76]. Accordingly, it is likely that coronary spasm may trigger plaque
rupture or erosion and eventually lead to coronary occlusion, resulting in AMI, par-
ticularly in those with ALDH2*2. It is also to be noted that the episodes of CSA
have a circadian variation with a peak incidence in the early morning, which corre-
sponds to that of AMI [25, 76].

Timely reperfusion by direct PCI is mandatory to salvage ischemic myocardium
from infarction, but reperfusion per se paradoxically contributes to myocardial
injury [5, 14, 16, 17]. Toxic aldehydes such as 4-HNE are abundantly released in
association with myocardial ischemia/reperfusion, and ALDH2 activity protects
against the injury by eliminating toxic aldehydes in experimental models [22, 38,
66]. In the present study, the peak plasma CPK levels were significantly higher, and
those of LDH, cTnT, and BNP tended to be higher and LVEF lower in the patients
with ALDH2*2 than in those with ALDH2*1/*]. These findings suggest that the
carriers of variant ALDH2*2 suffer more severe myocardial ischemia/reperfusion
injury after AMI as compared to those of wild ALDH2*[/*]. It is intriguing in this
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connection to note that the in-hospital mortality rate for AMI is the highest in Japan
among the developed countries of the OECD member nations [55] and that the
adjusted in-hospital mortality rates for AMI are higher in Asian-Americans than
White Americans [60]. There is a recent report that ALDH2*2 could predict a worse
prognosis of acute coronary syndrome [58]. Calcium channel blockers are the main-
stay in the treatment of CSA at present [21, 76]. The results of our study thus sug-
gest that calcium channel blockers also should be considered for the treatment of
post-AMI patients with ALDH2*2.

3 Conclusions

Deficient variant ALDH2*2 genotype is prevalent among East Asians and is a risk
factor for both coronary spasm and AMI. ALDH?2 eliminates not only alcohol-
derived acetaldehyde but also other toxic aldehydes including 4-HNE derived from
lipid peroxidation and acrolein in tobacco smoking and thereby protects tissues and
cells from oxidative damage. Reactive aldehydes cause vascular damage including
endothelial dysfunction, oxidative stress, low-grade inflammation, smooth muscle
proliferation, and thrombogenicity, all of which are associated with coronary spasm.
Bursts of toxic aldehydes are released on myocardial ischemia/reperfusion in
patients with AMI, contributing to oxidative myocardial injury. Accordingly, isch-
emia/reperfusion injury is more severe in AMI patients with ALDH2*2, and hence
toxic aldehydes are identified as the risk factors to be targeted and intervened for the
treatment and prevention of coronary spasm and AMI (Fig. 3).

4 Perspective

No effective therapy currently exists for reducing ischemia/reperfusion injury in
AMI patients except ischemic post- and remote conditionings, which reduce infarct
size [14, 17] and are enhanced by ALDH?2 activity in the animal models [8]. It is to
be noted in this connection that volatile anesthetics such as isoflurane or sevoflu-
rane, which have been widely used in clinical practice, have a protective effect on
ischemia/reperfusion injury through enhancing ALDH?2 activity in animal studies
and cardiac surgery [30, 31]. Alpha-lipoic acid also is reported to protect the heart
from ischemia/reperfusion injury through ALDH?2 activation [15, 35]. Novel activa-
tor of ALDH2, Alda-1, enhanced the activity of ALDH?2 and effectively restored the
activity of ALDH2*2 to wild-type levels in animal models [5, 6,22, 38]. Accordingly,
it is expected that these classes of drug or ALDH2 activators may serve as a novel
treatment for AMI particularly in those with ALDH2*2 in the future. The underlying
mechanisms of coronary spasm involved in AMI remain to be further elucidated.
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Fig. 3 Association of variant ALDH2*2 with coronary spasm and acute myocardial infarction.
Variant ALDH2*2 with deficient ALDH2 activity leads to increased reactive aldehydes such as
4-HNE associated with increased reactive oxygen species. Increased reactive aldehydes and reac-
tive oxygen species cause coronary artery injury, which may lead to coronary spasm and acute
myocardial infarction. Carriers of variant ALDH2*2 also have increased acetaldehyde due to defi-
cient ALDH2 activity on alcohol intake and may thereby suffer from alcohol flushing syndrome.

(Reproduced with permission from Ref. [45])
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Aldehyde Dehydrogenases Genetic
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Abstract Obesity is multifactorial and complex. Remarkable progress has been
made recently in search for polygenic obesity through genome-wide association
study (GWAS), but biology of polygenic effects on obesity is largely poor. This
review summarizes the available evidence and provides an overview of the links
between ALDH? variants and adiposity, which were firstly and mainly derived from
studies of polygenic obesity and also indirectly investigated by using cell lines and
mice. The genetic association studies have observed consistent associations of
ALDH? variants with obesity-related traits including BMI, waist circumference
(WC), waist-to-hip ratio (WHR), and visceral fat accumulation. In consideration of
ALDH? variants with enzyme activity and alcohol consumption behavior in physi-
ological mechanism studies, we proposed a model by which the physiological and
behavioral consequences of alcohol consumption serve as an intermediary process
between polymorphisms in ALDH?2 and obesity.

Keywords ALDH?2 - Obesity - BMI - Central obesity - Variant

Abbreviations

4-HNE  4-hydroxykenals

ADH alcohol dehydrogenase
ALDHs  aldehyde dehydrogenases
BMI body mass index

FADE FAt Distribution and diseasE

C. Hu ()

Shanghai Diabetes Institute, Shanghai Key Laboratory of Diabetes Mellitus,
Shanghai Clinical Center for Diabetes, Shanghai Jiao Tong University Affiliated Sixth
People’s Hospital, Shanghai, China

Institute for Metabolic Diseases, Shanghai Jiao Tong University Affiliated Sixth People’s
Hospital South Campus, Shanghai, China
e-mail: alfredhc @sjtu.edu.cn

© Springer Nature Singapore Pte Ltd. 2019 135
J. Ren et al. (eds.), Aldehyde Dehydrogenases, Advances in Experimental
Medicine and Biology 1193, https://doi.org/10.1007/978-981-13-6260-6_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-6260-6_8&domain=pdf
mailto:alfredhc@sjtu.edu.cn

136 C.Hu

GABA  y-aminobutyric acid
GWAS genome-wide association studies

IDF International Diabetes Federation

PPAR-y  peroxisome proliferator-activated receptor y
ROS reactive oxygen species

SFA subcutaneous fat area

SGWAS  Shanghai Genome-Wide Association Studies
VFA visceral fat area

wC waist circumference

WHO World Health Organization
WHR waist-to-hip ratio

1 Introduction

Obesity, defined as an excessive fat accumulation, has increased at an alarming pace
around the world. For the years 2013-2014, more than one-third (37.7%) of US
adults have obesity, and the number is projected to 51% in 2030 [1]. Not only that,
obesity is also a major heath concern in developing countries, where almost two in
three of the world’s people live with obesity. The rate of obesity has tripled since
1980 in the Middle East, the Pacific Islands, and China [2]. Obesity-related diseases
such as type 2 diabetes, stroke, coronary heart disease, and some cancers have been
the leading cause of disability and death. Clinically, overweight and obesity are
quantified through the surrogate measure of body mass index (BMI), calculated as
weight divided by the square of height. Individuals with a BMI of >28 kg/m? are
considered obese and those with a BMI of 25 kg/m? to 29.9 kg/m? considered over-
weight according to World Health Organization (WHO) criteria [3]. The given BMI
values indicate a higher percentage of body fat and metabolic disease risk for Asian
populations than European populations; therefore, some Asian countries have
revised the definition of obesity to adjust for ethnic differences [4]. In China, over-
weight and obesity are, respectively, identified as 24 kg/m?’< BMI <28 kg/m? and
BMI >28 kg/m? [5]. Central obesity (also known as visceral, android, apple-shaped
or upper body obesity, abdominal obesity) can be clinically assessed by waist
circumference (WC) which is highly associated with intra-abdominal fat.
International Diabetes Federation (IDF) consensus defined central obesity in
Europeans as a WC of >94 cm in males and > 80 cm in females. Lower WC cutoffs
are proposed for some ethnic groups (e.g., Chinese, Southeast Asians) [6]. Some
indices corresponding to fat distribution, including waist-to-hip ratio (WHR), vis-
ceral fat are also used to assess central obesity.

Obesity is a product of the interaction between genetic factors and lifestyle risk
factors (like smoking, drinking, lack of physical activity, sedentary, and Western
diet). Even though surrounded by “obesogenic environment,” a certain number of
individuals could maintain their weight, suggesting genetic factors play a critical
role in regulation of obesity. The advent of genome technology innovation (e.g.,
microarray and sequencing) has allowed far more detailed investigation of genetic



Aldehyde Dehydrogenases Genetic Polymorphism and Obesity: From Genomics... 137

factors than previously known. Approximately 150 variants linked to obesity (e.g.,
BMI, WC, and WHR) have been identified through genome-wide association stud-
ies (GWAS) [7-24]. To be frustrated, little is known about the underlying mecha-
nism by which those surprisingly high numbers of obesity-related variants imposed
risk to obesity or body fat distribution. The interpretation of genomics to clinical
care and public health is not enough, which requires the knowledge of genetic basis
for obesity and interactions with health behaviors. Population research on the gene-
environment interaction, which means that the sensitivity to environmental influ-
ences is regulated modulated by genetic factors, was still lacking.

The p.Glu504Lys (c.1510G>A, rs671) ALDH2 missense variant is among
numerous variants linked to obesity which reached the genome-wide significance.
Aldehyde dehydrogenase 2 encoded by ALDH? is well known for most efficient
enzyme of alcohol oxidation in the liver and other organs. Since alcohol consump-
tion is also a public health concern, we focused on aldehyde dehydrogenases
(ALDHs) genetic polymorphisms in this review and elucidated a genetic link to a
common behavior and health.

2 Aldehyde Dehydrogenases

Human aldehyde dehydrogenases superfamily is a group of oxidizing enzymes
responsible for the metabolism of endogenous and exogenous aldehydes. There are
19 functional isoforms with a wide range of tissue distribution, and some of them
display specific subscapular compartments [25, 26]. Amino acid sequence similari-
ties are about 40% between families and 60% or higher between the subfamilies.
While some aldehydes functioned by ALDHs play key roles in normal physiologi-
cal processes including vision, embryonic development, and neurotransmission,
most of aldehydes can lead to cytotoxic damage. In this case, ALDHs are regarded
as detoxification enzymes and serve as an important shield from the cytotoxic dam-
age of aldehydes by converting them to their respective carboxylic acids.
Mitochondrial ALDH2 emerges as a particularly important enzyme for the oxi-
dation of acetaldehyde in vivo, an immediate metabolite of alcohol. Alcohol-
detoxifying pathway, specifically, consists of two-step enzymatic reaction. The first
step is catalyzed by enzyme alcohol dehydrogenase (ADH), which converts alcohol
to acetaldehyde. The second step is mainly catalyzed by ALDH2, dehydrogenating
acetaldehyde into acetate to keep low levels of circulating acetaldehyde under nor-
mal condition. Any abnormal endogenous (i.e., mutations or liver disease) and
exogenous (i.e., drugs) conditions which influence the enzyme activity could lead to
the accumulation of acetaldehyde, manifested by a variety of unpleasant effects
such as alcohol-flushing responses, nausea, vomiting, hypotension, or rapid heart
rate. These unpleasant effects may prevent individuals from consuming more alco-
hol. Besides, it can also serve to remove lipid peroxidation-derived aldehydes and
other reactive aldehydes to protect from the damage of excessive oxidative stress.
Compelling evidence indicates that ALDH2 is a key mediator of endogenous cyto-
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protection against ischemia injury [27, 28], gastrointestinal cancers [29, 30], late-
onset Alzheimer’s disease [31, 32], and a variety of human diseases.

The importance of ALDH?2 proteins in physiological or pathological processes
might be best evidenced by the associations between ALDH?2 functional variants
and distinct disease phenotypes in humans. The p.Glu504Lys (c.1510G>A, rs671)
ALDH? is the most common single point mutation in humans. This single point
mutation occurs 35-45% among East Asians (approximately 560 million) but very
rare in European populations [33]. The ALDH2*2 (termed A allele) carriers have a
lower ALDH?2 enzymatic activity. ALDH2*1/%2 heterozygotes are expected to have
dramatically lower than 50% of the wild-type’s enzymatic activity and ALDH2*2/*2
homozygotes have <1—-4% of the wild-type activity. Several large meta-analyses
identified that carriers of the highly active ALDH2*] allele (or G allele) had an
increased risk of alcoholism. rs886205 is another variant in the promoter region of
ALDH? gene and was linked to ALDH2 activity through changing transcriptional
activity in European populations.

3 The Associations Between Obesity and ALDH?2 Variants

3.1 What’s for the GWAS of Obesity?

Multiple measurements including BMI, WC, WHR, and visceral fat area (VFA) are
applied to quantify the degree of obesity. BMI, is a simple but standard measure-
ment for overall obesity. Great advances in identification of variants linked to obe-
sity can be largely attributed to the strategy of GWAS. The attempts to identify
BMI-related variants are considered to facilitate some patterns of discovery for neu-
ronal regulation in overall obesity [12, 16]. WC and WHR are considered as simple
and commonly used markers for central obesity. Besides, other indices correspond-
ing to fat distribution imaged by MRI or CT technology are superior to WC and
WHR in terms of distinguishing between visceral fat and abdominal subcutaneous
fat. The important thing for the central obesity-related variants has proven vital to
elucidate the signals either shared with overall obesity or specific to central
obesity.

3.2 The Link Between Obesity and ALDH2 Variants

The involvement of ALDH? in obesity and fat distribution was first suggested by
GWAS in East Asian populations. So far, a total of three large-scale GWAS analyses
and one replication study were performed among East Asian populations (as shown
in Table 1) [21, 22, 34, 35]. The first GWAS analysis, published in Nature Genetics
in 2009, uncovered a novel locus rs2074356 affecting WHR that reached
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genome-wide significance in Korean populations (8842 and 7861 samples in stages
1 and 2, respectively) [34]. This locus is mapped to chromosome 12q24 in the 24th
intron of the C/20rf51 and in moderate linkage disequilibrium with the rs671 at
ALDH? in East Asian populations (1> = 0.58 in JPT and CHB). Then, two enlarged
GWAS of obesity among East Asian populations were performed. The latter GWAS
was conducted by Wen et al. to test the association of BMI with 2.5 million geno-
typed or imputed SNPs in Asian population in 2014 [21]. The significant associa-
tions of the two related SNPs in 12q24 region (rs671 at ALDH?2, rs12229654 at
MYL2, r* = 0.58) with BMI has been primarily identified in a population of 86,757
individuals and replicated in an independent sample of 11,233 and 23,454 individu-
als, respectively. The carriers of G allele (namely, highly active ALDH2*] allele)
conferred higher BMI compared with non-carriers. There was substantial overlap-
ping between overall obesity and central obesity and previously reported locus near
ALDH? for WHR was not adjusted for BMI. Therefore, Wen et al. conducted a new
round of meta-analyses to test the associations of WC and WHR with 2.5 million
SNPs among individuals of East Asian ancestry in 2016 (n = 53,052 and 48,312 for
WC and WHR, respectively) [22]. They confirmed the effects of rs671 in ALDH?2 on
WC and WHR before or after adjusting for BMI. Even though WC and WHR are
considered good markers for central obesity, they cannot distinguish between vis-
ceral fat and abdominal subcutaneous fat directly. The genetic study for more accu-
rate proxy of central obesity may reveal novel variants that are not necessarily
discovered when WC and WHR are used as the outcomes. The study by Wang et al.
in 2016, consisted of 2958 subjects in FAt Distribution and diseasE (FADE) cohort
from Chinese Han populations with refined visceral fat area (VFA) and subcutane-
ous fat area (SFA) imaged by MRI, explored whether ALDH?2 variants directly
imposed effects on visceral fat or subcutaneous fat deposit [35]. They demonstrated
that rs671 at ALDH?2 was associated with visceral fat accumulation specifically. The
carriers of G allele (highly active ALDH2*] allele) confers more visceral fat accu-
mulation compared with non-carriers. All of studies mentioned above indicated that
ALDH? variants have substantial influence on obesity, especially for visceral fat
accumulation.

3.3 Subgroup Analysis Stratified by Alcohol Composition

rs671 in ALDH?2 was previously demonstrated a robust association with alcohol
consumption in genetic and functional studies. To evaluate the underlying effect of
alcohol consumption on the association between ALDH?2 variants and obesity-
related traits, the subgroup analyses were conducted but produced inconsistent
results (as shown in Table 2). Two studies mentioned above by Wen et al. mainly
involved a total of 6918 Chinese individuals with data of alcohol consumption avail-
able from Shanghai Genome-Wide Association Studies (SGWAS). The information
about alcohol consumption was collected using a standard questionnaire. The asso-
ciation of rs671 with BMI was mainly observed among nondrinkers in SGWAS
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cohort, suggesting an antagonistic effect of alcohol consumption on the ALDH?2-
BMI association. Nonetheless, WC-increasing effect or WHR-increasing effect
conferred by rs671 G allele failed to be replicated among drinkers or nondrinkers
separately. In FADE cohort, Wang et al. had access to individual data of alcohol
consumption among a total of 2937 Chinese Han individuals. Drinkers were defined
if subjects had ever consumed alcohol in their lifetime including chance drinkers
(less than three times in every week) and regular drinkers (equal or more than three
times in every week), whereas nondrinkers were those who never drank in their
lifetime. The effects of rs671 on BMI, WC, and WHR with or without adjustment of
BMI were mainly observed among drinkers. More importantly, the effect of ALDH2
rs671 on VFA and VFA/SFA was also observed among drinkers, indicating associa-
tion of rs671 with obesity-related traits mediated by alcohol consumption. Wang
et al. also conducted subgroup analysis which draws a distinction between chance
drinkers and regular drinkers to strengthen their findings. The results showed that
the nominal associations of ALDH?2 variant with WC and VFA after adjustment of
BMI were restricted to regular drinkers specifically but did not observe associations
in chance drinkers. The mixed results between SGWAS and FADE study might be
explained by the difference in study design. Although the definition of alcohol con-
sumption in SGWAS and FADE study was approximately similar, the proportion of
alcohol consumption was different (drinkers vs nondrinkers = 1:13 in SGWAS and
2:3 in FADE study). The possibility that BMI- or WC- or WHR-increasing effects
conferred by rs671 G allele were not observed because of small sample size of
drinkers in SGWAS cannot be excluded (Table 3).

3.4 Gender Difference

Generally, males have more visceral fat deposit, whereas females have more subcu-
taneous fat deposit before menopause. Taking into account this heterogeneity in fat
distribution in both genders, the subgroup analyses in males and females were per-
formed separately. The results showed more pronounced associations in males than
in females, and there is evident heterogeneity in both gender for obesity-related
traits (Table 4). Additionally, Wang et al. also tested sex difference among drinkers
and nondrinkers separately. The nominal associations between the ALDH?2 variant
and visceral fat accumulation were restricted to male drinkers specifically, and the
effects of rs671 in ALDH?2 on VFA and SFA revealed a borderline sex-related sig-
nificance among overall drinkers. Note that the male to female ratio was not bal-
anced between drinkers and nondrinkers, that is, both of SGWAS and FADE study
have more male drinkers than female drinkers. We believe that the statistical power
of rs671 with central obesity-related traits in female drinkers was inadequate due to
the relatively small sample size of female drinkers. The studies with comparable
amount of males and females regarding to alcohol consumption to test whether
alcohol consumption affect obesity or visceral fat accumulation in a sex-dependent
manner are warranted.
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3.5 Ethnicity

Varied ancestry populations differed in fat distribution and underlying genetic back-
ground [36, 37]. For a given amount of BMI, Asian populations seem to be prone to
the accumulation of visceral fat compared to European populations [38]. An indis-
putable fact is that large-scale obesity GWAS that include Asian and other non-
European populations are more likely to provide insight into different genetic
architectures and identify evidence for specific causal genes [19, 20]. 12q24 region
is polymorphic only in East Asians, and it is still unknown to what extent ALDH?2
gene contributed to the risk of visceral fat accumulation among East Asian popula-
tions exactly.

4 A Possible Model for ALDH2-Induced Obesity

The ALDH?2 gene encodes the mitochondrial ALDH?2, a critical enzyme not only for
ethanol oxidation during alcohol ingestion but also for several endogenous alde-
hydes such as propionaldehyde, butyraldehyde, and 4-hydroxykenals (4-HNE)
originated from mitochondrial production of reactive oxygen species (ROS).
Therefore, two plausible mechanisms have been postulated for the link between
ALDH?2 variants and obesity including ethanol/acetaldehyde metabolism and
endogenous bioactive aldehyde metabolism.

4.1 Proposed Mechanism One: Ethanol/Acetaldehyde
Metabolism

ALDH? encodes a functionally ALDH enzyme subunit that leads to impaired the
removal of acetaldehyde, a toxic byproduct of ethanol metabolism. The A allele
(also ALDH?2*2 allele), common in 30-50% of individuals of northeast Asian
descent, is associated with a significantly reduced likelihood of heavy drinking and
alcohol dependence due to a unpleasant symptoms like flushing, tachycardia, and
nausea. The physiological and behavioral consequences of alcohol consumption
serve as an intermediary process between ALDH?2 genetics and obesity. In other
words, rs671 in ALDH?2 may influence the obesity and visceral fat accumulation by
affecting alcohol consumption behavior, with A allele carriers having lower BMI
and visceral fat depots due to lower alcohol consumption. A similar conclusion was
drawn from a Mendelian randomization analysis among Korean population regard-
ing rs671 in ALDH? as an instrumental variable, which indicated the marked posi-
tive effects of alcohol intake (as indexed by the absence of alcohol flushing and the
ALDH? 15671 GG genotype) on blood pressure [39].
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Recent evidence indicated that excess drinking was consistently associated with
weight gain or increased waist circumference, whereas light-to-moderate alcohol
consumption is not linked to adiposity gain [40—42]. Further, Molenaar et al. [43]
reported that intake of large amounts of alcohol was associated with decrease of
subcutaneous adiposity in females and increase of visceral adiposity in males from
Framingham Offspring Study. A common trend appears to be that it is multifactorial
and involves cross talk among various organs and tissues.

In food, the energy content is derived from macronutrients (carbohydrate, fat,
protein, and alcohol). Both of carbohydrate and protein provide 4 kcal per gram and
fat provides 9 kcal per gram. Alcohol is a calorically dense substance and produces
7.1 keal (29 kJ) per gram [44], which should theoretically play a critical role in
energy balance. The findings about the effects of alcohol-derived energy on body
mass and fat deposit are debatable. A line of evidence indicates that alcohol-derived
calorie consumption seems to supplement food-derived energy [45, 46], and indi-
viduals with excessive drinking appear to increase adiposity indices among varied
populations [47-50]. A diet recall study in 951 healthy males from Koreans, which
recorded the dietary intake of energy from food and alcohol, showed that total
energy intake increased with higher alcohol consumption and further observed that
there was an increase in visceral fat accumulation with either decrease or no change
in subcutaneous fat accumulation [51]. Another study, however, found that chronic
and moderate alcohol intake was likely to lead to a decrease in macronutrients
intake to compensate for ethanol calories [52]. A certain number of studies have
examined the short-term effect of alcohol consumption on appetite control and feed-
ing behavior. In these studies, alcohol may amplify individuals’ perception of appe-
tite in response to food stimuli but fail to produce sufficient signals on satiety or
enhance the rewarding effects [53—55]. Besides, several neurotransmitters including
y-aminobutyric acid (GABA), opioid and dopaminergic system were considered to
be vital for motivational effect of alcohol on stimulation of appetite [56, 57].
Genomic-based evidence showed that compared to individuals with the GG geno-
type (ALDH2*[/*] homozygotes), those with the inactive A allele (ALDH2%*2)
reported greater negative alcohol expectancies, and lower risk of alcohol abuse,
indicating that differences in alcohol metabolism were reported to influence how
drinking events are experienced, interpreted, and stored in memory in central ner-
vous system [58].

Abundance of data showed that higher amounts of daily alcohol intake were
positively associated with visceral adiposity [43, 59, 60]. The correlation between
alcohol intake and fat distribution was likely mediated by plasma androgens at least
in part or fatty liver, which can result in hepatic insulin resistance and subsequent
weight gain. Several studies, however, have been rather inconsistent, reporting no
association between alcohol consumption and visceral fat [61, 62]. Genomic-based
evidence indicated that ALDH?2 variants strongly correlated with obesity, especially
for visceral fat accumulation. Further studies are required to validate the association
and get understanding of the mechanism process of ALDH2 which manifested as
visceral adiposity.



150 C.Hu

Moreover, increasing studies showed that excess alcohol consumption were
often associated with chronic systemic inflammation status and high circulating
proinflammatory cytokine levels [63—65] as well as high circulating cortisol levels
[66, 67]. Alcohol intake may enhance cortisol secretion which changed the pattern
of fat distribution, together with an increase in abdominal and hepatic fat deposition
and subcutaneous adiposity lipolysis [66].

Obesity is a combination of genetic and environmental factors. These factors
may act independently or they may interact with each other. Gene-environment
interaction, in a statistical sense, refers to a situation in which the impacts of genes
depend on the environment or the impacts of the environment depend on genotype
[68]. For example, a study found that GNB3 variation interacts with physical activ-
ity to influence obesity. They reported that carriers of 825 T allele in physical active
group had a 20% lower prevalence of obesity for each additional T allele, while
those with the same genotype who were not physically active had a 23% greater
prevalence of obesity [69]. The integration of gene-environment information is cru-
cial to move genomic discoveries in obesity to actual behavioral interventions or
medications that reduce the burden of obesity. Previous genomic-based evidence
indicated the association of ALDH?2 variants with obesity-related indices, which
were mediated with alcohol consumption. However, the knowledge on how ALDH?2
and environment interact at a biological level is crucial in fully understanding the
processes of obesity or visceral fat accumulation but remains unclear currently.
Research on the advance of a wide range of biological responses (e.g., energy
intake, appetite control, systemic inflammation, or some hormones) after alcohol
consumption in the internal environment among individuals with certain genotype
is needed.

4.2 Proposed Mechanism Two: Endogenous Bioactive
Aldehyde Metabolism

In the body, several degradation reactions are known to form endogenous acetalde-
hyde during the oxidative stress, many of which are highly reactive and toxic. Apart
from alcohol metabolism, ALDH?2 is also responsible for oxidizing several bioac-
tive aldehydes (i.e., propionaldehyde, butyraldehyde, and 4-HNE). It is suggested
that ALDH2 could protect against oxidative stress-related diseases such as athero-
sclerosis, tumors, diabetes, and acute lung injury and pulmonary arterial hyperten-
sion [70-72]. Recent evidence indicated that reactive oxygen species (ROS) balance
was required for the physiology adipocyte function and differentiation. Yu et al.
reported that ALDH?2 overexpression or ALDH2 agonist Aldal was correlated with
adipocyte differentiation, mediated by signaling pathways downstream of peroxi-
some proliferator-activated receptor (PPAR)-y [72]. As oxidative stress is consoli-
dated in obesity complications such as cardiomyopathy, Wang et al. reported that
ALDH2 can help preserve high-fat diet-induced obesity cardiomyopathy through a



Aldehyde Dehydrogenases Genetic Polymorphism and Obesity: From Genomics... 151

mechanism related to modulation of autophagy and SUV39H-Sirtl-dependent
PGC-1a deacetylation [73].

5 Ways Ahead and Conclusions

Great advance has been made through GWAS in different ethnic groups for the
discovery the susceptibility of obesity. Findings of this research in large-scale
population-based studies have proven significant to advancing our knowledge of the
pathways by which obesity development is modulated. Currently, evidence on
quantifying the role of gene-environment interactions in the development of obesity,
which are crucial for clinical or public health practice, is still lacking. Along this
review, we illustrated the available evidence on ALDH?2 variants and obesity and
then proposed a model by which the physiological and behavioral consequences of
alcohol consumption are considered to be an intermediary process between ALDH2
genetics and obesity. This integration of ALDH?2 variants and environment or per-
sonal behavior is of great value: (1) shedding new light on the role of aldehyde
dehydrogenases in biology process in humans, (2) improving the integration of cur-
rently uncertain data on alcohol consumption in etiology of obesity, and (3) regarded
as an important way to understand the functional diversity of the numerous genetic
polymorphisms for obesity and any other serious, chronic pathologies and ulti-
mately to improve population health.

However, to explore the interpretation of genetic findings to environmental fac-
tors for obesity or fat distribution is currently in the early stage, and much of that
should be validated. First, to obtain the better assessments of gene-environment
interactions, alcohol type as well as consumption pattern including frequency and
amount of alcohol intake should be taken into account in quantitative models.
Measurement of environmental factors including behavioral and lifestyle factors
appears to be less certain and complete rather than measurement of the genomics in
epidemiological studies. Therefore, the advances in genomics on intervention and
management of obesity will depend on the reliability of evidence obtained from
epidemiological studies. Second, whether alcohol-derived metabolites per se or
other endogenous reactive dehydrates play a key role in regulation of obesity should
be studied since the cytoprotection of ALDH?2 is considered to be a prominent func-
tion for a variety of human diseases. Another concern is that the usefulness of
ALDH2-variants findings should be determined through longitudinal studies or
intervention studies. Such longitudinal studies in which ALDH?2 variants could be of
predictive value or serve as markers to identify individuals who are at high risk of
obesity are warranted. Additional research on behavioral interventions targeted to
subgroups with varied genotypes is needed to understand behavioral responses to
genetic information. For instance, researchers might as well examine whether health
guidance based on genetic testing would be more beneficial in framing behavior of
certain genotype subgroup.
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Aldehyde Dehydrogenase (ALDH) 2
in Diabetic Heart Diseases

Srikar Munukutla, Guodong Pan, and Suresh S. Palaniyandi

Abstract A major pathophysiological mechanism behind the development of dia-
betic heart diseases is oxidative stress mediated by toxic reactive aldehydes such as
4-hydroxynonenal (4HNE). Aldehyde dehydrogenase (ALDH) 2 is a mitochondrial
enzyme that has been found to detoxify these deleterious aldehydes and thereby
mitigate cardiac damage. Furthermore, its protective role in cellular signaling
reverses aberrations caused by hyperglycemia, thereby protecting cardiac function.
This chapter assesses the role of ALDH2 in diabetic heart diseases by examining
preclinical studies where ALDH2 activity is perturbed in both decreased and
increased directions. In doing so, issues in improving ALDH2 activity in select
human populations are elucidated, and further research directions are discussed.

1 Introduction

The development of diabetes mellitus (DM) is rooted in either insulin depletion
(type 1) or insulin insensitivity (type 2). Pathophysiological alterations in DM
including dysregulation of energy (glucose, amino acid, and fatty acid) metabolism,
insulin resistance, oxidative stress, as well as inflammation lead to diverse compli-
cations thus resulting in end-organ damage to the heart, kidney, liver, and eyes [17].
Particularly, DM is especially implicated in the pathogeneses of various heart dis-
eases, which include chronic conditions such as atherosclerosis [3] and congestive
heart failure (CHF) [56] as well as acute events such as myocardial infarction (MI)
and unstable angina [15]. Moreover, cardiovascular diseases (CVD) such as
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cerebrovascular disease, peripheral vascular disease, and coronary heart disease
(CHD) are all considerable contributors to mortality in those afflicted with DM
[57]. Furthermore, a unique development is diabetic cardiomyopathy, which itself
creates cardiac functional and structural aberrations when other comorbidities such
as CHD and contributive conditions like dyslipidemia and hypertension are not
present [27]. Taken altogether, these diabetic heart diseases are detrimental to the
health of those afflicted. The American Heart Association (AHA) reports that dia-
betics (as opposed to nondiabetics) have a two- to four-fold increase in risk of death
from cardiac complications [1]. In fact, 68% of deaths in diabetic patients who are
at least 65 years of age were associated with CVD alone [1].

There are a variety of mechanisms integral to the pathogenesis of diabetic com-
plications; however, reactive oxygen species (ROS)-mediated oxidative stress is a
particularly key component [26]. In normal conditions, ROS is needed to sustain
homeostatic cellular signaling, as well as instigate antioxidant responses to stress
[26]. However, when ROS levels become excessive, as present in diabetes, deleteri-
ous consequences result [26]. In DM, increased and sustained levels of ROS trigger
direct consequences to mitochondrial integrity and cellular signaling [26].
Furthermore, increase in ROS also triggers excessive generation of reactive alde-
hydes and carbonyl compounds [8]. Normally, aldehydes are ubiquitously gener-
ated in routine cellular metabolic processes, which include carbohydrate and lipid
metabolism [8]. However, the accumulation of particularly harmful aldehydes such
as 4-hydroxynonenal (4HNE), malondialdehyde (MDA), and acrolein is deleterious
in diabetic tissues [26]. In particular, the reactivity of 4HNE, generated by lipid
peroxidation, is of major concern in the pathogenesis of diabetic complications and
especially in DM-related heart diseases [47]. The toxic effects are reduced by the
detoxification of reactive aldehydes via enzyme systems such as aldehyde dehydro-
genase (ALDH) [68]. In this chapter, we will discuss the role of ALDH2 in diabetic
heart diseases. Initially, we will outline 4HNE and its role in inducing cardiac dam-
age during DM. After elaborating on the functions of myocardial ALDH2, the con-
sequences of low ALDH?2 activity, especially in unique patient populations, will be
detailed. Subsequently, the benefits of augmenting ADH2 activity will also be
reported. Finally, future research directions regarding new treatments as well as the
repurposing of old ones will be outlined.

2 4HNE-Mediated Aldehydic Stress in Diabetic Heart
Diseases

The diverse etiopathogeneses of diabetic heart diseases are representative of the
various determinants — including genetics, lifestyle, and comorbidities — that are
unique to each patient and disease type. However, as oxidative stress is a significant
and unifying mediator of the development of these heart diseases, we strategized to
target this pathophysiological mechanism. In oxidative stress-mediated effects, we
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Fig. 1 In diabetes mellitus (DM), hyperglycemia-induced oxidative stress mediated by reactive
oxygen species (ROS) results in the accumulation of toxic aldehydes such as 4-hydroxynonenal
(4HNE). In the diabetic heart, toxic aldehyde production may impair myocardial function and
contribute to both acute and chronic cardiac diseases. Interestingly, these cardiac conditions alone
may also induce increases in aldehyde generation and stress

particularly focus on the deleterious role of aldehydic stress, derived significantly
from 4HNE accumulation (Fig. 1).

4HNE adduction in the diabetic heart has been known to induce endothelial cell
dysfunction [73] as well as cardiomyocyte hypertrophy [48]. Specifically, 4HNE
creates adducts with significant intracellular enzymes like 26S proteasome [8, 16],
succinate dehydrogenase (SDH) [33], and glyceraldehyde 3-phosphate dehydroge-
nase [8, 72], thereby restricting their function in the myocardium. As 4HNE-
modified proteins accumulate due to low ALDH2 enzymatic activity, 4HNE
exacerbates this condition by damaging cardiac mitochondria structurally and func-
tionally [8]. 4HNE mediates increased mitochondrial pore opening, thereby reduc-
ing the structural stability of mitochondria [8, 32].

3 ALDH?2 in Myocardium and Cardiac Metabolism

3.1 Mitigation of Oxidative Stress

The existence of NAD(P)+-reliant ALDH enzymes is significant in many flora and
fauna [68]. Particularly, in the human genome, this family of enzymes encoded by
19 genes plays a key role in the body’s ability to combat aldehydic stress [68]. As
ROS production instigates toxic aldehyde generation and accumulation of 4HNE-
like aldehydes can cause ROS production, a detrimental cycle sets in [65]. Thus,
ALDH enzymes are essential in oxidizing the reactive aldehydes to nonreactive
carboxylic acids, prevent damage to key intracellular macromolecules, and avert the
pathogeneses of various diseases [68]. In this chapter, ALDH2 is discussed with
respect to its role in salvaging the myocardium from DM-induced oxidative stress.
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It should be noted, however, that other machineries such as aldose reductase [28]
and glutathiones [68] are also involved in the detoxification of aldehydes and there-
fore myocardial protection.

In the myocardium, ALDH?2 prevents the formation of toxic protein adducts by
neutralizing aldehydes such as 4HNE [43]. Furthermore, it is also involved in key
signaling pathways that regulate cardiac metabolism [23, 24, 31, 83]. We outline
two such circumstances below with respect to the diabetic heart.

3.2 Cardiomyocyte Function

A key signaling role of ALDH2 involves peroxisome proliferator-activated
receptor-y coactivator (PGC-1a) (Fig. 2) [24]. Diabetes-associated insulin resis-
tance promotes increased levels of acetylated PGC-1a, a coactivator that plays a key
role in oxidative phosphorylation, biosynthesis of mitochondria, and cardiac devel-
opment [24, 39]. When acetylated PGC-1a accumulates to an elevated state, regula-
tion of intracellular Ca’* is impaired, ROS levels are markedly increased, and
cardiac contractility is damaged [24]. In response, mitochondrial ALDH2 encour-
ages PGC-1a deacetylation by Sirt3, a deacetylating enzyme [24]. A report by Kong
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Fig. 2 In DM-related heart diseases, acetylated peroxisome proliferator-activated receptor-y
coactivator (PGC-1a) levels are elevated, which can lead to cardiomyocyte dysfunction. Aldehyde
dehydrogenase (ALDH?2) uses Sirt3 as a mediator to deacetylate PGC-1a. Additionally, PGC-1a
increases the expression of Sirt3 by activating the estrogen-related receptor (ERRE) binding ele-
ment on Sirt3 promoter. This cross talk is vital as Sirt3 is involved in the generation of antioxidant
enzymes such as SOD2 and GPx1 as well as biosynthesis of mitochondria
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et al. demonstrated that PGC-1a utilized Sirt3 as a key mediator in regulating
metabolism in the mitochondria [31]. PGC-1« increased the expression of Sirt3 by
binding to and activating the estrogen-related receptor binding element (ERRE) on
Sirt3 promoter [31]. Subsequently, Sirt3 production elevated generation of SOD2
and GPx1, the enzymes that inactivate ROS [31]. Additionally, not only did Sirt3 aid
PGC-1a in mitigating ROS generation; it was also directly involved in biosynthesis
of mitochondria as well [31]. Therefore the cross talk between PGC-1a and Sirt3,
which is vitally mediated by ALDH2, is essential in mitigating a cascade of mito-
chondrial and cardiac damage in DM [24, 31].

3.3 Autophagy Regulation

5’ adenosine monophosphate-activated protein kinase (AMPK) is another important
regulatory molecule that is involved in cardiac metabolism, autophagy, and contrac-
tility (Fig. 3) [23]. Guo et al. reported that in DM-associated hyperglycemia, phos-
phorylation of AMPK is lowered, thereby damaging cardiac function and particularly
impairing autophagy, a homeostatic cellular clearing process [23]. Due to the inac-
tivity of AMPK, activity of Unc-51-like kinase (ULK1), a key signaling molecule
used to commence autophagy, is also diminished [23]. Furthermore, another signal-
ing molecule involved in autophagy is forkhead box class O 3a (Foxo3a), whose
phosphorylation and activation in DM also prevent the occurrence of autophagy
[23]. Taken altogether, as AMPK and ULKI activity is stymied while Foxo3a activ-
ity is increased, these adjustments impair autophagy in cardiomyocytes, contribut-
ing to impairment in intracellular Ca®>* management, cell death, and cardiac
functional aberrations [23]. However, though the mechanism is still unclear, ALDH2
increased the phosphorylation of AMPK and ULK1 while favoring Foxo3a dephos-
phorylation [23]. Therefore, the interventional role of ALDH2 in cellular signaling
involving the activation of AMPK1 and ULK1 as well as the inactivation of Foxo3a
is important for the occurrence of autophagy and maintenance of cardiac homeosta-
sis in the diabetic myocardium [23].

3.4 Energy Metabolism

Current research has not demonstrated a direct role of ALDH2 in the regulation of
glucose metabolism, an important factor in diabetes and its complications. However,
altered glucose metabolism due to DM has been demonstrated in ALDH2-deficient
knockout mice [78]. Wang et al. reported in these ALDH2-deficient mice, induction
of DM led to elevated adenosine monophosphate/adenosine triphosphate (AMP/
ATP) and adenosine diphosphate/adenosine triphosphate (ADP/ATP) ratios as well
reduced phosphocreatine (PCr)/ATP ratio, all indices of hampered energy
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Fig. 3 In DM-related heart diseases, phosphorylation of 5" adenosine monophosphate-activated
protein kinase (AMPK) is decreased, which also leads to inactivation of Unc-51-like kinase
(ULK1). Furthermore, forkhead box class O 3a (Foxo3a) phosphorylation is increased. Together,
these DM-induced alterations prevent the homeostatic process of autophagy, which then leads to
cardiac damage. ALDH?2 increases both the phosphorylation of AMPK and ULK1 and promotes
Foxo3a dephosphorylation, which allows for proper induction of autophagy

metabolism. Furthermore, in both DM and ALDH?2 deficiencies, lowered hypoxan-
thine and inosine as well as elevated glycocholic acid were present, indicative of
perturbed glucose metabolism [78]. In another abnormal metabolic state such as
myocardial ischemia, ALDH?2 deficiency has been shown to modify glucose metab-
olism [14, 70]. Endo et al. reported that in ischemia, pentose phosphate shunt activ-
ity was markedly increased in the presence of low ALDH2 activity [14]. Specifically,
metabolomic analysis revealed that pentose phosphate shunt metabolites such as
ribose 5-phosphate and 6-phosphogluconate as well as other relevant amino acids in
the pathway such as homocysteine, glycine, and cystathionine were increased in the
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presence of low ALDH?2 activity [14]. Furthermore, a heightened ratio of NADPH
to NADP+ further supported these findings [14]. Further investigation is needed to
elucidate the precise involvement of ALDH2 in glucose metabolism in DM.

4 Low ALDH2 Activity in Diabetic Cardiac Complications

Numerous studies have investigated the consequences of low ALDH2 activity. This
section entails studies that used a variety of methods to inhibit ALDH2 such as
pharmacological inhibition, siRNA transfection, mutation, and knockout mouse
models. Furthermore, human studies will be discussed, with respect to both those
suffering from the ALDH2*2 mutation and diabetic patients without the mutation.
Particularly, in polymorphic diabetic patients, the potential toxicity from alcohol
consumption will also be examined.

4.1 ALDH? Deficiency in Animal Models
4.1.1 Pharmacological Inhibition

By binding to sulfhydryl groups, daidzin reversibly inhibits ALDH2 function [29].
In hyperglycemic conditions with daidzin induction, oxidative stress is increased,
and mitochondrial membrane potential is decreased, leading to the mishandling of
Ca?* as well as lowering of ATP levels [76]. Eventually, myocardial damage occurs,
and cardiac contractility is adversely affected [76]. Disulfiram, another inhibitor of
ALDH?2, operates by creating permanent adducts on a key cysteine (namely,
Cys302) [41]. Due to this adduction, disulfiram irreversibly inhibits the active site
on ALDH2 [41]. Compared to counterpart cells under normal equimolar conditions,
HOC2 cardiomyocytes under high glucose conditions exhibited lowered ALDH2
activity with disulfiram treatment [60]. In the presence of normal conditions (no
hyperglycemia), disulfiram alone stimulated increased levels of ROS [60]. Also, in
hyperglycemic conditions, disulfiram potentiated the lowering of mitochondrial
membrane potential, which eventually leads to apoptosis [60]. Pan et al. reported
that H9C2 cardiomyocytes treated with disulfiram and high glucose experienced
more than a 4.5-fold increase in apoptosis compared to those treated with high glu-
cose alone [60]. Taken altogether, ALDH?2 inhibition not only leads to increased
mitochondrial deterioration by itself; it potentiates cell injury and apoptosis in
hyperglycemic conditions [60, 76]. Finally, other ALDH2 inhibitors such as cya-
nimide [25] and CVT-1026 [9] are available; however, their effects on ALDH2 in
diabetic conditions have not been elucidated.
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4.1.2 siRNA Transfection

siRNA transfection against ALDH2 mRNA results in the targeted lessening of
ALDH?2 expression specifically and thus its activity [10]. Liao et al. demonstrated
that with transfection and subsequent reduction in ALDH?2 activity, ER stress is
significantly heightened after prior induction of stress [40]. As this increased stress
adversely affected proper protein folding and development in the ER, serious com-
plications resulted such as decreases in cardiac fractional shortening and ejection
fraction, both indices of impaired cardiac contractility [40]. Furthermore, ALDH2
siRNA transfection has also been shown to increase both mitochondrial dysfunction
and cardiomyocyte apoptosis [49].

4.1.3 Knockout

In diabetic ALDH2 knockout mice, key metabolic alterations resulted in the exacer-
bation of diastolic dysfunction, which is normally also found in DM [78]. Wang
et al. demonstrated that ALDH2 deficiency potentiated the inability of the diabetic
myocardium to utilize glucose [78]. Also, reserved energy, as denoted by the ratio
between phosphocreatine and ATP, was lowered in ALDH2-deficient diabetic mice
[78]. Furthermore, after acute events such as ischemia and reperfusion, ALDH?2
knockout mice displayed exacerbated endothelial dysfunction as well as elevated
ROS levels, both evidences of worsened cardiac stress [9]. Finally, Shen et al. also
revealed increased cardiac impairment caused by transverse aortic constriction
(TAC) (aka pressure overload dysfunction) in mice that were ALDH2 null [67].
Mitochondrial injury and reduced autophagy due to loss of ALDH2 activity were
key alterations that caused this cardiac dysfunction [67]. These studies using the
knockout strategy established a definitive role of ALDH2 in cardiac metabolism
particularly in diabetes, ischemia, and heart failure.

4.1.4 Mutation

The E487K mutation, an ALDH2*2 point mutation in humans, results in the modi-
fication of Glu*” to Lys*7, leading to low ALDH2 enzymatic activity [82]. Globally,
around 8% of people suffer from impaired ALDH2 activity as a result of this muta-
tion [82]. In order to replicate the mutation in experimental animals, Mochly-
Rosen’s group used pPNT, a mutagenic genetic vector, to modify the ALDH2 gene
fragment and create the required point mutation [82]. Eventually, this gene frag-
ment is incorporated into a larger plasmid and then implanted into embryonic stem
cells [82]. Finally, these embryonic cells are used to impregnate mice and eventually
result in ALDH2*2 knock-in mutant mice [82]. Thus, these ALDH2*2 knock-in
mutant mice can be used as a clinically relevant model to study the effect of
ALDH2#*2. These mice display significantly lowered ALDH?2 activity and exhibit
increased oxidative stress due to elevated 4HNE levels [see Table 2 in [9]]. However,
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in contrast, Endo et al. have demonstrated that these mutant mice may become
accustomed to the increased stress, in part due to a key metabolic change, i.e., the
overexpression of the glutathione synthesis pathway [14]. This discrepancy needs to
be studied further as to whether it is due to the method of knock-in mice generation,
diet/housing conditions, time period of experiment, and so on. Recently, Pan et al.
demonstrated that ALDH2*2 mutant mice with high-fat diet-induced type 2 diabe-
tes exhibited the heart failure with preserved ejection fraction (HFpEF) phenotype
with preserved systolic function [61]. But when subjected to exercise stress, they
displayed systolic functional impairments in % ejection fraction and % fractional
shortening in conscious echocardiography [61]. Similar to ALDH2*2 mice, diabetic
patients with ALDH2*2 mutation show preserved systolic cardiac function but dia-
stolic cardiac dysfunction [61]. Thus cardiac research involving ALDH2*2 mutant
diabetic mice will provide further insight into the pathophysiology of diabetic heart
diseases in ALDH2*2 carriers.

5 Increasing ALDH2 Activity Rescues Diabetic Cardiac
Complications

5.1 Overexpression

Whole-body overexpression of ALDH?2 is performed in mice models using chicken
-actin promoter [83]. In the diabetic heart, ALDH?2 overexpression mitigated key
pathophysiological changes [23, 83]. Guo et al. reported increased cardiomyocyte
size and reduced autophagy in diabetic heart [23]. Also, DM increased relengthen-
ing time and hypertrophy while lowering cardiomyocyte shortening, leading to con-
tractile impairment and structural cardiac damage [23]. All of these alterations were
ameliorated by whole-body overexpression of ALDH2 perhaps due to ALDH2-
mediated phosphorylation of ULK1 and AMPK as well as dephosphorylation of
FOXO3a [23]. Furthermore, Zhang et al. reported that ALDH2 overexpression
reduced mitochondrial injury and apoptosis associated with DM in heart tissue [83].
They also demonstrated that deleterious diabetic cardiomyopathy-associated
changes in cardiac architecture and function such as increased end-diastolic diam-
eter and end-systolic diameter, lowered thickness in LV wall, and reduced cardiac
contractility were all mitigated by ALDH?2 overexpression [83]. Zhang et al. attrib-
uted these improvements to the role of ALDH2 in mitigating DM-induced decrease
of PGC-1a and mitochondrial uncoupling protein 2 (UCP-2) [83]. Furthermore,
DM-related deteriorations in membrane potential of mitochondria as well as activ-
ity of aconitase, a key Krebs cycle enzyme that is especially vulnerable to ROS,
were also ameliorated by ALDH?2 [83]. Possible cell signaling pathways in which
ALDH2 is participating in to induce these improvements include Foxo3a inactiva-
tion, as well as activation of both glycogen synthase kinase 3 beta (GSK3p) and
protein kinase B (Akt) [83]. During DM, these signaling molecules are damaged
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due to oxidative stress, leading to cardiomyocyte dysfunction and overall cardiac
damage [83].

Finally, other benefits conferred by increased ALDH2 whole-body expression
include lowered fibrosis in the myocardium and reduced mishandling of intracellu-
lar Ca?* [12]. Further research is needed to understand the specific mechanisms by
which ALDH?2 elicits these improvements.

Cell-specific ALDH2 overexpression in the case of diabetic heart complications
has not been studied. Further studies using specific cardiomyocyte promoters such
as alpha-myosin heavy chain (a-MHC) and cardiac troponin T promoter (cTnT), as
well as Tie-2 promoters for endothelial cells, will be valuable in understanding the
exact mechanism by which ALDH?2 activity affects cardiac diabetic pathology at the
specific cardiac cell type level.

5.2 Pharmacological Activation

Alda-1, an agonist and allosteric activator of ALDH2, improves and restores enzy-
matic capability [64]. In ALDH2*2 mutants, Alda-1 roughly restored almost com-
plete ALDH2 activity [64]. A number of studies have reported that pharmacological
activation via Alda-1 attenuated cardiac damage in the diabetic condition [18, 20,
23, 59]. According to Pan et al., after ischemia and reperfusion in diabetic ALDH2%2
mice, Alda-1 administration both attenuated damage to mitochondrial oxidative
phosphorylation by elevating the presence of complex V and lowered 4HNE gen-
eration [59]. Other benefits conferred by Alda-1 included lowered infarct size as
well as elevated left ventricular pressure in ALDH2*2 mutant diabetic mice [59].
Gomes et al. echoed these benefits in the ischemic condition in their work [18].
They demonstrated that in MI-induced heart failure, Alda-1 diminished aldehyde
levels, lowered oxidative stress, and altogether ameliorated mitochondrial injury
[18]. In addition, Guo et al. reported that under hyperglycemic conditions, Alda-1
promoted autophagy by preventing both a DM-induced decline in AMPK phos-
phorylation as well as increase in FOXO3a phosphorylation, therefore preventing
damage to cardiomyocytes [23]. Furthermore, Gu et al. has shown that Alda-1 atten-
uation of lowered ALDH?2 activity improved function of cardiac fibroblasts [20]. In
high glucose conditions, Alda-1 stymied oxidative stress by lowering 4HNE and
ROS production [20]. Furthermore, collagen I and III production was decreased,
thereby contributing to lowered cardiac fibrosis [20]. Fibroblast proliferation and
apoptosis were also mitigated by Alda-1 induction [20]. Alda-1 is the first promis-
ing pharmacological agent which can activate both wild-type and mutant ALDH2
[64]. Future studies focusing on its long-term effects with different doses and routes
would benefit its candidacy for human use.
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5.3 Other Strategies to Improve ALDH?2 Activity
in the Diabetic Heart

Alpha-lipoic acid, a phytochemical antioxidant, has been shown to increase ALDH2
activity [38]. In doing so, Lee et al. demonstrated that intravenous alpha-lipoic acid
administration restored AMPK phosphorylation and thereby mitigated oxidative
stress and receptor for advanced glycation end products (RAGE) production per-
haps via ALDH?2, as well as diminished cardiac fibrosis in diabetic rat hearts [34].

Additional methods to aid ALDH2 activity can undertake an indirect approach.
Upstream and downstream molecules, such as PKCe and PGC-1a, respectively, are
directly involved in ALDH?2 activation and activity. Therefore, targeting their sig-
naling cascades may yield beneficial effects. In fact, Chen et al. has shown during
ischemia, an agonist-induced PKCe activation elevated ALDH2 function and
decreased infarct volume [7]. Additionally, Malhotra et al. has demonstrated that
agonist-mediated PKCe activation localized in the heart can mitigate DM-induced
ventricular dysfunction [46]. Although studies have yet to utilize PGC-1a activation
to specifically increase ALDH?2 activity, research has demonstrated improving
PGC-1a activity via a plasmid expression vector in DM can mitigate both ROS
generation and mitochondrial damage [22]. Thus, targeting close signaling partners
of ALDH2 can both improve ALDH?2 activity and preserve the integrity of cell sig-
naling in the diabetic heart.

6 Future Directions

6.1 iPSCs Approach to Increase the Effectiveness of ALDH2
in Diabetic Heart Research

The induced pluripotent stem cells (iPSCs) approach is meant to investigate solely
the genetic contributions to disease etiology, without considerations for epigenetics
involved [54]. In the case of patient populations such as ALDH2*2 East Asians,
iPSCs research can model the clinical situation and provide novel insights into the
pathophysiology of diabetic heart diseases at the cellular level [4]. Although current
research using iPSCs in this population is limited, the feasibility and significance of
this method have been validated [4]. iPSC cardiomyocytes from participants with
the ALDH2*2 mutation were obtained and subsequently treated with Alda-1 [13].
The Alda-1 treatment group displayed increased cellular viability [13]. Since dia-
betic patients die of CVD, we can use iPSC-induced cardiac cells and study poten-
tial disease mechanisms. Thus we propose to determine the severity of heart diseases
by using the iPSC approach and thereby address how the ALDH2*2 mutation in
each cardiac cell type affects its function and the overall pathogenesis (Fig. 4).
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Fig. 4 Future research should focus on using induced pluripotent stem cells (IPSCs) to model
diabetic heart pathophysiology, repurposing existing cardiac drugs to find novel ways to improve
ALDH?2 activity, as well as incorporating personalized/precision medicine to provide a holistic
approach into the treatment of DM-related heart diseases, especially in unique patient
populations

6.2 Repurposing Existing Cardiac Drugs to Activate ALDH?2

Methods to activate and increase ALDH?2 activity can involve the detoxification of
4HNE, which can also inhibit ALDH2 function (Fig. 4) [11]. Carvedilol, a beta-
blocker and antioxidant-like drug used in diabetic heart failure as well as hyperten-
sion, has been shown to significantly lower the presence of 4HNE in the heart [55].
Testing the 4HNE-reducing efficacy of carvedilol in ALDH2*2 mutant diabetic
patients is warranted. Candesartan, an angiotensin II receptor blocker (ARB) used
to treat hypertension and heart failure, functions by elevating levels of antioxidant
glutathiones as well as lowering levels of MDA [62]. Prioritizing the modifications
of other such antioxidant-promoting drugs that can increase ALDH2 activity is a
clinical necessity. Next, captopril, an angiotensin-converting enzyme (ACE) inhibi-
tor normally used to treat high blood pressure, has been shown to reduce ROS [58].
Therefore, by mitigating ROS levels, it could potentially lead to a reduction in toxic
aldehydes [58]. Additionally, telmisartan, an ARB as well as advanced glycation
end-product (AGE) inhibitor used to treat hypertension, has been shown to scav-
enge ROS as well as mitigate oxidative stress [81]. Also, in a recent study, we found
empagliflozin, a SGLT?2 inhibitor, reduced 4HNE levels in the diabetic heart and
improved cardiac function (manuscript in revision). Finally, another approach could
be to use these drugs as prototypes and subsequently perform in silico structure-
activity modeling using computerized methods in order to identify a suitable com-
pound with increased ALDH?2 activity. Thus, this drug could potentially be used in
diabetic patients with multiple cardiac ailments and metabolic conditions.
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7 Clinical Aspects

7.1 ALDH?2 Deficiency and Cardiac Impairments in Human
Patients

The E487K point mutation, which results in the ALDH2*2 allele, has been studied
in East Asians. This mutation decreases ALDH2 activity and is associated with
increased incidence of DM as well as myocardial stress [9]. Furthermore, for acute
coronary syndrome (ACS), the mutation is considered as a unique precipitating fac-
tor in East Asians [9, 80]. More recent investigations have also implicated ALDH2*2
with increased incidence of coronary spastic angina [51], hypertension [44], isch-
emic stroke [71], and MI [79]. Since diabetic patients would have underlying oxida-
tive stress in their hearts, they are more vulnerable to developing severe injury
during ischemic events compared to nondiabetic patients. More notably, mutant
diabetic patients would experience an even exacerbated state.

Problematically, these ALDH2*2 patients face a unique situation in the emer-
gency treatment for myocardial ischemic diseases [9]. Nitroglycerin is a sublingual
pill given during cardiac ischemic events for quick relief from spasm/ischemia [45].
It functions by inducing the release of nitric oxide (NO), a key vasodilator molecule,
in which ALDH?2 aids in the production of an intermediate molecule that is directly
involved in NO generation [30]. Although tolerance to nitroglycerin happens natu-
rally and gradually with use, patients with the ALDH2*2 mutation exhibit height-
ened resistance [45]. In fact, a number of studies have shown that in comparison to
normal nonmutant patients who have taken nitroglycerin, ALDH2*2 East Asian
counterparts demonstrated significant decrease in vasodilation [9, 21, 37]. When
nitroglycerine dose is increased in the presence of low ALDH2 activity, infarct size
after MI is increased [7] possibly due to heightened ROS generation. Thus, we
anticipate ALDH2*2 mutant diabetic patients to be further disadvantaged as they
are prone to ischemic events with DM-induced cellular stress.

Finally, even without the ALDH2*2 mutation, there is evidence of reduced
ALDH?2 activity in the presence of DM [76, 77]. This is perhaps due to increased
4HNE or other oxidative metabolites, which might affect ALDH?2 activity or lower
expression levels. While the pathophysiology of this condition is yet unclear, further
studies may help elucidate this presentation.

7.2 Alcohol Consumption in Different Polymorphic Diabetic
Patients

In the East Asian population, numerous studies have associated excessive consump-
tion of alcohol with increased incidence of DM in groups such as Koreans [36],
Chinese [42], and Japanese [66]. Particularly in ALDH2-deficient Asians in these
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regions, coexistent DM and heavy alcohol consumption may have synergistically
harmful effects [74].

Peng et al. have reported that in ALDH2*2 mutant East Asians, even minimal
alcohol consumption induced acetaldehyde buildup and contributed to facial flush-
ing [63]. Alarmingly, the prevalence of this phenomenon termed “Asian Flush” in
East Asian populations may be ~40% [35]. Other symptoms include palpitations,
nausea/vomiting, as well as tachycardia [75]. In some cases, these aforementioned
symptoms may dissuade East Asians from consuming alcohol [75]. For this reason,
disulfiram is used as an anti-abuse medication for alcoholics in the general popula-
tion too [69]. However, if alcohol consumption persists in ALDH2*2 carriers, severe
consequences may result [6]. It has been a long-standing belief that alcohol con-
sumption is beneficial to diabetic patients; however, we summarized that it could be
detrimental to multiple organs such as the heart, liver, and kidney in both general
and ALDH2*2 mutant diabetic patients [53].

7.3  Personalized/Precision Medicine Approach for Unique
Patient Populations Such as East Asians with ALDH2%*2
Mutation

For more than 500 million people globally who have the ALDH2*2 allele, clinical
care necessitates personalized/precision medicine [19, 50]. Genotyping East Asians
for the mutation will aid healthcare providers in offering the most precise treatment
[19]. Several commercial toolkits in the market already offer this service; however,
little is advertised about the benefits of early ALDH2*2 detection [19]. Other meth-
ods to detect this mutation include clinical options such as an ethanol patch test,
flushing questionnaire [5], and a diagnostic ethanol breath test [2]. As the East Asian
population increases, healthcare providers should target a diverse set of mediums —
including reliable online sources — in order to educate and empower this growing
body of people (Fig. 4) [19].

In clinical situations, physicians need to be cognizant of unique considerations in
the treatment of ALDH2*2 mutant patients with cardiac afflictions. The administra-
tion of nitroglycerin post MI in East Asian patient populations is of special concern
[50]. The ALDH2*2 allele creates tolerance toward nitroglycerin and initiates a
stymied response [50]. In fact, there is a 40% decline in efficacy of vasodilation
induced by nitroglycerin in relevant patients [45, 50]. Also, clinicians should be
aware that East Asians with ALDH2%*2 display high incidences of unique forms of
MI, such as ST-segment elevation myocardial infarction (STEMI) [52]. Thus, East
Asians afflicted with diabetes and cardiac diseases should particularly be screened
for the mutation in order to be provided the most effective personalized care. As
healthcare technology can support the ability to manage longitudinal care, one-time
identification of the ALDH2*2 mutation may be indispensable for the entirety of a
patient’s lifetime medical history. Finally, in ALDH2*2 patients who consume
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alcohol, preventative surveillance for esophageal cancer should be a mandatory part
of care [19]. Especially in patients who also smoke and report a family history of
this cancer, screening is imperative and can be life-saving [19].

As DM is a long-standing disease, it is a hassle for patients to regulate their blood
glucose levels. After a few decades, the complications of DM set in, affecting qual-
ity of life for many patients, especially ALDH2*2 mutant diabetic patients or non-
mutant patients with low cardiac ALDH?2 activity. Thus, by using the precision
medicine approach, a selective drug that can both control blood sugar level and
increase ALDH2 activity is ideal. Through this method, perhaps we can decrease
the severity of diabetic complications in general patients and especially more so in
ALDH2%2 mutant patients.

8 Conclusion

In this chapter we summarized how ALDH2, a key mitochondrial enzyme, detoxi-
fies 4HNE and participates in a host of metabolic and cell signaling processes in the
myocardium. DM lowers ALDH?2 activity, which promotes aldehydic stress and
impairs cellular signaling, both of which cause detrimental cardiac damage.
Especially in ALDH2*2 mutant East Asians, the consequences of low ALDH?2
activity may be severe. Complicating the situation are heavy drinking patterns,
which may potentiate aldehydic stress. In animal models, increasing ALDH2 activ-
ity through overexpression and pharmacological activation has demonstrated
improvements in cardiac function. Thus, activation of ALDH?2 is a viable strategy in
patients too. Continued research, however, should explore novel ways to activate
ALDH2. Furthermore, in the clinical situation, more efforts are needed to diagnose
aldehyde toxicity, which is elusive even now. As we approach a new age of person-
alized medicine, healthcare should also adapt to the unique considerations required
in the treatment of ALDH2*2 mutant diabetic patients or other diabetic patients
with low ALDH?2 activity. Finally, comorbidities of DM that alter ALDH?2 activity
should be taken into consideration for the diagnosis and treatment of diabetic heart
diseases.
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Feng Xu, Yingmei Zhang, Jun Ren, and Yuguo Chen

Abstract Sepsis, defined as life-threatening tissue damage and organ dysfunction
caused by a dysregulated host response to infection, is a critical disease which
imposes global health burden. Sepsis-induced organ dysfunction, including circula-
tory and cardiac dysfunction, hepatic dysfunction, renal dysfunction, etc., contrib-
utes to high mortality and long-term disability of sepsis patients. Altered
inflammatory response, ROS and reactive aldehyde stress, mitochondrial dysfunc-
tion, and programmed cell death pathways (necrosis, apoptosis, and autophagy)
have been demonstrated to play crucial roles in septic organ dysfunction.
Unfortunately, except for infection control and supportive therapies, no specific
therapy exists for sepsis. New specific therapeutic targets are highly warranted.
Emerging studies suggested a role of potential therapeutic target of ALDH2, a tetra-
meric enzyme located in mitochondria to detoxify aldehydes, in septic organ
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dysfunction. In this article, we will review the presentations and pathophysiology of
septic organ dysfunction, as well as summarize and discuss the recent insights
regarding ALDH?2 in sepsis.

Keywords Sepsis - Organ dysfunction - ALDH2 - Mechanisms

1 Introduction

Sepsis, defined as life-threatening tissue damage and organ dysfunction caused by a
dysregulated host response to infection (Sepsis-3) [1], is clinically manifested as
systemic inflammatory response syndrome (SIRS). Sepsis is a critical medical issue
imposing a global health burden. Recently, a WHO resolution has been adopted to
call for recognizing sepsis as a global health priority [2]. Based on the available data
of hospital-treated sepsis from high-income countries, there are 31.5 million sepsis
cases with 5.3 million deaths per year, which may be highly underestimated because
of the lack of data from low- and middle-income countries [3]. Owing to an aging
population and increasing concomitant factors such as diabetes mellitus, surgical
intervention, renal disease, and congestive heart failure, the incidence of sepsis is
expected to be rising. Moreover, long-term physical, psychological, and cognitive
disabilities are common in sepsis survivors. Infection control and supportive thera-
pies remain main therapeutic strategies for sepsis, including use of antibiotics, elim-
ination of infectious sources, intravenous fluids for resuscitation, and vasopressors
for low blood pressure, which are far from sufficient. With the evolution of our
knowledge for sepsis, new specific therapeutic targets are highly warranted.

2 Sepsis-Induced Organ Dysfunction

2.1 Circulatory Alterations

Sepsis-induced circulatory alterations are vital for organ dysfunction. Hypovolemia
is a main pathological change during the initial period of circulatory dysfunction,
which further leads to impaired peripheral perfusion, disturbed microcirculation,
and organ injury [4]. Within this period, timely resuscitation is effective to reverse
hypovolemia, which is crucial to improve the prognosis of sepsis patients [4, 5].
With progression, more complicated macro- and micro-circulatory disorders appear,
for example, vasomotor dysfunction [6, 7], endothelial dysfunction [8, 9], and
microthrombus formation [10], making hypovolemia persistent and irreversible.
Hypotension, resulting not only from hypovolemia but also vasodilation and cardiac
injury, is the most accessible parameter to predict circulatory dysfunction in sepsis,
but not always parallel with hypovolemia [11]. gSOFA score (range, 0-3 points,
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with 1 point each for systolic hypotension [<100 mm Hg], tachypnea [>22/min], or
altered mentation) [11] is a quick tool to assess organ failure in sepsis, which
includes hypotension as one of the three indicators. When sepsis-induced cardiomy-
opathy and vascular hyporesponsiveness appear, fluid resuscitation and vasopres-
sors become insufficient to reverse hypotension in the “cold shock™ period [12].

Microcirculatory system, which is embedded in the organs and tissues, is an
important constitution of the circulatory system. Disturbance of microcirculation
results in compromised tissue or organ perfusion, low oxygenation, high capillary
permeability, and macrohemodynamic alterations [13]. Microvascular reactivity
can be assessed by near-infrared spectroscopy (NIRS)-derived techniques in the
clinical setting [14, 15]. However, effective treatment of microvascular dysfunction
is still lacking, making it a thorny problem in sepsis [13]. Understanding the mecha-
nism of microcirculatory disorder in sepsis is important for identification of poten-
tial therapeutic target (Fig. 1).

2.2 Cardiac Dysfunction

Cardiac dysfunction commonly develops in patients with severe sepsis and is termed
“septic cardiomyopathy” with an incidence rate of approximately 60% [16]. Septic
cardiomyopathy is characterized by the presence of left ventricular dilation with
normal or low filling pressures and decreased ejection fraction [17-19]. Although it
is reversible, efficacious treatment is still lacking. When septic cardiomyopathy
presents, the mortality rate of sepsis overtly rises [20]. A number of pathophysiolog-
ical mechanisms have been proposed for septic cardiomyopathy, including:

Endothelial .
Leakage dysfunction Vasomotor disorder

Vasodilation

* Capillary permeability

» Tissue or organ blood perfusion,
» Tissue or organ oxygenation,

* Hemodynamic change

Fig. 1 Microcirculatory disorder in sepsis
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1. Myocardial depressive factors such as endotoxins [21], cytokines [21], nitric
oxide (NO) [17], extracellular histones [22, 23], and high-mobility group protein
B (HMGB) [24]

2. Microcirculatory dysfunction, which leads to vascular leakage, myocardial
edema, and disturbed myocardial blood perfusion [25]

3. Mitochondrial dysfunction, which leads to energy depletion and increased pro-
duction of reactive oxygen and nitrogen species (ROS and RNS) [26-28]

4. Calcium handling disorder, which results from decreased density of calcium
L-type channels, blunted myofilament calcium sensitivity, and enhanced calcium
leak from the endoplasmic reticulum (ER) [29, 30]

5. Myofibrillar dysfunction, referring to impaired electromechanical coupling at
the myofibrillar level [29]

6. Abnormal adrenergic response with elevated catecholamine release and over-
stimulation of the sympathetic nerve which could have deleterious cardiac effects
(31]

However, whether p-adrenergic blockade therapy is beneficial to reduce the mor-
tality of sepsis is still debatable [32-34] (Fig. 2).

2.3 Hepatic Dysfunction

The liver plays a crucial role in the regulation of immune response in sepsis.
Consisting of hepatocytes, Kupffer cells, and hepatic stellate cells, with abundant
blood supply, the liver works as a lymphoid organ to defense against microorgan-
isms invasion by eliminating antigens transported in the blood stream and recruiting
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Fig. 2 Mechanisms related to septic cardiomyopathy
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mediators to initiate immune response [35-37]. At the same time, anti-inflammatory
mediators including IL-10, TGF-f, arginase-1, inducible nitric oxide synthase
(INOS), and regulatory T cells are activated [35]. However, excessive microorgan-
isms may break the immune homeostasis, leading to overwhelming inflammation.

The liver also serves as a main target for sepsis-induced injury, resulting in cho-
lestasis, hepatocellular injury, and increased levels of bilirubin or transaminases
[35, 36]. Septic liver injury leads to compromised microorganism clearance and
expression of anti-inflammatory mediators [38]. In addition, there is increasing pro-
grammed cell death including necroptosis and pyroptosis in the liver during sepsis
which promotes inflammation prominently [39].

2.4 Renal Dysfunction

Sepsis-induced acute kidney injury (AKI) presents clinically as oliguria, reduced
GFR, and increased serum creatinine [40]. The histologic footprint of AKI is char-
acterized by non-specific, patchy areas of tubular cell vacuolization and remarkable
apoptosis or necrosis [41]. Renal ischemia, due to macrohemodynamic changes and
heterogeneous distortion of microvascular flow, contributes to renal dysfunction in
sepsis [42, 43]. However, with normal or even higher renal blood flow, sepsis-
induced AKI still develops, indicating the existence of other potential underlying
mechanisms such as inflammation, oxidative stress, microvascular dysfunction,
tubular endothelial dysfunction, and mitochondrial injury [42, 43].

3 Pathophysiology of Sepsis

3.1 Inflammatory Response

Specific components within the outer membrane of invasive microorganisms, such
as lipopolysaccharide (LPS) in the Gram-negative bacteria and lipoteichoic acid in
the Gram-positive bacteria, lead to direct cellular damage and immune response as
pathogen-associated molecular patterns (PAMPs) [44]. Meanwhile, the cellular
damage causes release of host-derived alarm molecules, termed damage-associated
molecular patterns (DAMPs), such as high-mobility group box-1 protein (HMGB-
1), heat shock proteins (HSPs), and plasma mitochondrial DNA [45-47]. The
PAMPs and DAMPs are then recognized by pattern recognition receptors (PRRs),
such as Toll-like receptors (TLRs), Nod-like receptors (NLRs), C-type lectin recep-
tors (CLRs), and RIG-I-like receptors (RLRs), which transduce signals to initiate
innate immune responses and prime antigen-specific adaptive immunity [48, 49].
For example, TLRs can act through the myeloid differentiation factor 88 (MyD88)-
dependent or MyD88-independent pathways, which then trigger activation of
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nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and mitogen-
associated protein kinase (MAPK) or NF-xB and interferon (IFN) regulatory factors
(IRFs), respectively [40]. Appropriate amount of inflammation is essential for
pathogen defense. However, uncontrolled inflammation called ‘“cytokine storm”
happens in sepsis, as a result of the positive feedback of cytokines and immune
cells, which finally results in excessive inflammation [50]. Additional mechanisms,
like proinflammatory RIP kinase 1-dependent necrosis, also play important roles in
excessive inflammation [51]. Meanwhile, anti-inflammatory responses occur, such
as the release of anti-inflammatory cytokines IL-10 and IL-4 [49] (Fig. 3). With the
development of sepsis, the normal function and cellular homeostasis of immune
cells are disturbed, causing immune suppression [52, 53]. In recent years, “immu-
noparalysis” in sepsis has been identified, which is more fatal than overwhelming
proinflammatory status.

3.2 Free Radicals and Reactive Aldehydes

In response to inflammation, increased free radicals are produced, as a result of the
accumulation of electrons leaked out from disturbed respiratory electron chain in
mitochondria, including reactive oxygen species (ROS), namely, superoxide (O,"),
hydrogen peroxide (H,0,), and hydroxyl radical (-OH), as well as reactive nitrogen

%l&a —  Cellular injury

PAMPs DAMPs
(LPS, lipoteichoic acid, etc) (HMGB1, HSPs, etc)

PRRs
(TLRs, NLRs, CLRs, RLRs)

AN

Excessive inflammation Immune suppression
Pro-inflammatory cytokines Anti-inflammatory cytokines
Necrosis Impaired function of immune cells

Fig. 3 Initiation of immune response in sepsis. Abbreviations: PAMPs, pathogen-associated
molecular patterns; DAMPs, damage-associated molecular patterns; PRRs, pattern recognition
receptors; HMGB1, high-mobility group box-1 protein; HSPs, heat shock proteins; TLRs, Toll-
like receptors; NLRs, Nod-like receptors; CLRs, C-type lectin receptors; RLRs, RIG-I-like recep-
tors; LPS, lipopolysaccharide
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Fig. 4 Generation of ROS, RNS, and reactive aldehydes in sepsis

species (RNS) like nitric oxide (NO) and peroxynitrite (ONOO~) [54, 55]. The
highly instable ROS and RNS lead to lipid peroxidation on plasma and mitochon-
dria membranes, and further generate excessive endogenous reactive aldehydes
including aldehyde, 4-hydroxy-2-nonenal (4-HNE), malondialdehyde (MDA), and
acrolein with various half-life, toxicity, and chemical properties [56] (Fig. 4). On
one hand, ROS and RNS play key roles in the initiation of immune defense of mac-
rophagocytes [57-59]. On the other hand, they participate in cell death signaling
and inflammatory signaling pathways, for example, apoptotic pathway and NF-kB
pathway, causing cell injury and death [57, 58]. Reactive aldehydes may act as sec-
ond messengers of free radicals, covalently binding with proteins, DNA, and lipids,
contributing to the structural and functional changes, and ultimately resulting in
cytotoxic effects [60]. Recent studies have demonstrated proinflammatory roles of
reactive aldehyde-modified proteins [61-63].

3.3 Mitochondrial Dysfunction

During sepsis, mitochondrial injury occurs, including loss of mtDNA integrity,
increased production of free radicals, and altered mitochondrial membrane potential
(MMP) [64], which further causes organ dysfunction. Mitochondrial structures,
including mtDNA, cytochrome c, cardiolipin, ROS, and RNS, are abruptly released
in sepsis, which can be recognized as danger-associated molecular patterns
(DAMPs) to promote inflammation [64, 65]. It was reported that, accumulation of
damaged mitochondria in macrophages caused overactivation of Nod-like receptor
family pyrin domain-containing 3 (NLRP3) inflammasome, which initiated inflam-
matory response [66]. Mitochondria-selective autophagy, termed mitophagy, can
prevent hyperinflammation by degradation of damaged mitochondria [67].
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3.4 Necrosis

Necrosis is regarded as a pathological process and non-programmed cell death in
the past. In recent years, emerging evidences suggest necrosis as a “molecularly
controlled regulated form” of cell death and may be a normal physiological process,
which contains necroptosis and ferroptosis [68]. Necrosis is characterized by rapid
loss of membrane integrity and release of cytosolic constituents to the extracellular
space [68], which provokes an inflammatory response by DAMPs, such as HMGB1
[69]. In sepsis, necrosis can be triggered by virulence factors released by pathogens,
as well as components of the immune system (e.g., activated natural killer cells,
macrophages, cytokines) [70]. Necrosis-induced inflammation is an adaptive
response, which may play roles in pathogen defense and tissue repair; however,
uncontrolled excessive inflammatory responses cause tissue damage [71].

3.5 Apoptosis

Apoptosis is a form of programmed cell death morphologically characterized by
cytoplasmic shrinkage, chromatin condensation, blebbing of the plasma membrane,
and shedding of apoptotic bodies [72]. It can be triggered by intrinsic factors (cyto-
chrome ¢, BAX/BAK, BID, APAF1, and Caspase 9) or extrinsic factors (RIPK1,
FADD, and Caspase 8), which then activate Caspase 3 and Caspase 7, eventually
leading to formation of apoptotic bodies [72—74]. Apoptosis is often stated as immu-
nologically silent [75]. In fact, apoptosis suppresses inflammation by causing deple-
tion of immune cells (macrophages, dendritic cells, etc.) and stimulating
macrophages to generate anti-inflammatory cytokine such as IL-10 or TGF-f9 [76].
On the other hand, excessive formation of apoptosis bodies or failed clearance of
them by macrophages can cause secondary necrosis, resulting in inflammatory
responses [77, 78]. Apoptosis and necrosis can occur simultaneously, which are
triggered by the same signaling pathways, such as cytochrome c and caspases [79],
by modulating of which, it is possible to switch between apoptosis and necrosis.

3.6 Autophagy

Autophagy is also a form of programmed cell death to maintain cellular homeosta-
sis, characterized by the formation of double-membraned autophagosomes and
autolysosomes. Autophagy is responsible for degradation and recycling of dysfunc-
tional cytoplasmic constituents [80]. Three protein complexes have been suggested
to play key roles in the initiation and development of autophagy, including the
ULK1 complex (ULKI, FIP200, ATG13, and ATG101), the PI3KC3 complex
(Beclin-1, VPS34, VPS15, and ATG14L), and the ATG16L1 complex (ATG16L1,



The Role of ALDH?2 in Sepsis and the To-Be-Discovered Mechanisms 183

ATGS, and ATG12) [80]. Although the importance of autophagy in numerous path-
ological conditions has been demonstrated [81-85], the role of autophagy in sepsis
is still poorly understood.

In infectious diseases, autophagic process has been reported to take part in alter-
ing phagocytosis, antigen presentation, and differentiation of immune cells to main-
tain immune homeostasis [86]. Intracellular pathogens can be trapped and degraded
by autophagosomes, causing suppression of microbial replication [87, 88].
Autophagy can increase the expression of MHC II molecules to enhance the antigen
presentation of dendritic cells [89, 90]. Several studies [91, 92] demonstrated an
essential role of autophagy in monocyte differentiation, which is necessary for the
initiation of immune response. On the contrary, autophagy also presents anti-
inflammatory effects, especially in the hyper-inflammatory situation to avoid exces-
sive inflammatory by interfering the NF-kB pathway [93], as well as the formation
of NLRP3 inflammasome by clearance of damaged, ROS-generating mitochondria
[67,94].

In sepsis, several mechanisms have been recognized to regulate autophagy.
Signaling molecules, e.g., circulating histones [95], MAPK [96], TLRs [97], or
PI3K [97], participate in the initiation of autophagy. The crosstalk between apopto-
sis and autophagy maintains certain levels of the two processes and eventually
determines cell survival or death [73, 98]. It is noteworthy that, in the late stage of
sepsis, the autophagic flux is declined significantly, which may relate to immune
suppression [53].

4 ALDH?2 in Sepsis

4.1 Introduction of ALDH2

Aldehyde dehydrogenases (ALDHs) are a family of enzymes (19 genes have been
identified in human) that play essential roles in detoxification of exogenous and
endogenous aldehydes, as well as a variety of physiological and pathological pro-
cesses [99]. ALDHs are divided into three classes, which are class 1 (cytosolic),
class 2 (mitochondrial), and class 3 (in specific tissues, like tumors) [100]. Aldehyde
dehydrogenase 2 (ALDH2), a tetrameric enzyme with the molecular weight as
54 kDa located in mitochondria, is the most important enzyme to detoxify alde-
hydes, which is also known to play significant roles in a number of pathological
conditions including myocardial ischemia-reperfusion injury, diabetic cardiomy-
opathy, atherosclerosis, alcoholic cardiomyopathy/liver injury, ischemic stroke, etc.
[101-107] (Fig. 5). Genetic polymorphism of ALDH?2 exists in humans with the
mutant ALDH2*2 allele as opposed to the ALDH2*] wild-type allele. The preva-
lence of the ALDH?2*2 is nearly 40% in Asian population [108]. ALDH?2 activity is
severely compromised if ALDH?2 is encoded by the ALDHI*2 or ALDH2*2 geno-
type [109].
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Fig. 5 The role of ALDH?2 in various diseases

4.2 ALDH? and Inflammatory Response in Sepsis

Most studies mentioned above didn’t fully explore the direct effect of ALDH2 on
inflammation. Regarded as an antioxidative agent and an autophagy modulator, we
seldom consider the possible role of ALDH? in inflammation. Interestingly, we and
Hu JF [110] et al. detected altered level of inflammatory markers in ALDH?2 trans-
genic mice or ALDH2-selective inhibitor-treated mice compared with wildtype or
untreated mice in sepsis. Expanding the spectrum of research fields, ALDH2 was
also reported to regulate inflammatory response in atherosclerotic plaque [105],
alcoholic liver tissue [111], and myocardial in diabetes [112]. We summarized sev-
eral possible mechanisms concerning the inflammation regulatory effect of ALDH2
as follows.

Firstly, the crosstalk between ROS and inflammation. In sepsis, ROS can directly
cause endothelial cell dysfunction, resulting in increased vascular permeability.
Beyond that, ROS was reported to enhance the inflammatory response via the regu-
lation of NF-kB pathway [55], which thus deteriorated sepsis, forming a positive
feedback cycle.

Secondly, autophagy and inflammation. As mentioned above, autophagy initiates
early after the onset of sepsis and plays essential roles in pathogen defense, mono-
cyte differentiation, and antigen presentation. In 2004, Nakagawa et al. reported that
autophagy had pathogen-killing potential, which was supported by a number of
reports afterward [113]. Autophagy also presents to be an anti-inflammation
machinery, as well as an immunosuppressive effect at the late stage of sepsis.
Remarkably, autophagy had strong potential to ameliorate immunosuppressive
condition. Numerous studies demonstrated a significant role of ALDH2 on regulat-
ing autophagy in different murine models [101, 114-117].
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Thirdly, the direct interaction with inflammatory markers. In 2015, Setoh and
colleagues performed a genome-wide association study (GWAS) and a two-staged
replication study of serum o-1 antitrypsin (AAT) levels in 9359 Japanese healthy
individuals to identify genetic loci affecting AAT levels [118]. They found four loci,
in which rs671 in ALDH?2 on chromosome 12 showed the strongest association
beyond the GWAS significant level (GLM P = 3.4¢)107'"). AAT is an acute-phase
inflammation marker, controlling inflammation by inhibiting proteases like the neu-
trophil elastase [119]. AAT deficiency population is prone to develop inflammation
in the lung, with an elevated risk of early-onset chronic obstructive pulmonary dis-
ease (COPD) [119]. Recent studies have revealed a novel function of AAT including
apoptosis [120], autophagy [121], cellular senescence [122], and lipid metabolism
[123]. These findings helped to reveal a likely role for ALDH2 in inflammatory
response and immunity.

4.3 ALDH? and Sepsis-Induced Organ Dysfunction

A number of work have noted a role for ALDH2 in sepsis. Chen and coworkers
studied liver injury in cecal ligation and puncture (CLP) sepsis model by examining
the proteomic alteration of hepatic mitochondria under septic condition [124].
These investigators identified three sites (MP1, MP2, MP3) as potential variants for
ALDH2. They suggested that MP1 and MP2 were related to the active form of
ALDH2, while MP3 is the inactive form. Although the expression of ALDH2 was
not changed obviously, the enzyme activity assay showed that the activity of ALDH2
was decreased slightly during early sepsis, whereas decreased significantly in late
sepsis, consistent with the change of MP1, MP2, and MP3. Moreover, the disturbed
posttranslational phosphorylation of ALDH2 in sepsis also contributed to the
decreased enzymatic activity. With heat shock pretreatment, the activity of
ALDH?2 in sepsis was preserved, especially in the late phase. We know that ALDH2
presents in most tissues, particularly more in the liver. This study showed that in the
protein level, ALDH2 was the most significantly disturbed protein in mitochondria
under septic condition, revealing a vital role of ALDH2 in sepsis.

In another independent study, Hu and associates studied cardiac injury in sepsis
using a lipopolysaccharide (LPS) rat model [125]. They found the beneficial effect
of ALDH2 in LPS-induced sepsis model. The expression of ALDH?2 in LPS-induced
sepsis model was unchanged, although the enzymatic activity was reduced. When
treated with Alda-1 to trigger ALDH2 activity, septic cardiac dysfunction was
improved. In the sepsis model, opening of MPTP and iNOS activation was observed.
Alda-1 treatment preserved the opening of MPTP, and the selective inhibition of
iNOS partially reversed the LPS-induced decrease of ALDH2 activity, which sug-
gested possible mechanisms of the protective effect of Alda-1, as well as decreased
ALDH2 activity in sepsis. Interested in the same model, our group conducted it in
FVB and ALDH?2 transgenic mice. We found the same story of the protective effect
of ALDH2 in sepsis and further revealed the underlying mechanisms focusing on
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cellular homeostasis, including ER stress, autophagy, and inflammation. We
observed excessive ER stress and autophagy levels in the sepsis model, which were
significantly alleviated in the ALDH2 transgenic mice. We also tried to detect the
inflammatory factors, finding decreased cytokine levels in ALDH2 transgenic septic
mice compared to FVB septic mice[126].

Hu and colleagues recently explored the effect of ALDH2 on the kidney in CLP-
induced sepsis rat model [110]. In this model, renal injury was accompanied by the
reduction of renal ALDH2 expression. Selective inhibition of ALDH?2 aggravated
renal injury, associated with the burst of reactive oxygen species and inflammatory
reaction.

5 Insights

The beneficial roles of ALDH?2 in different septic organ injuries and several impor-
tant mechanisms have been demonstrated. However, more studies are still needed,
especially the studies concerning multi-organ dysfunction, and the underlying
mechanisms. Immunoparalysis in the late phase is vital, and whether ALDH2 plays
any role is still unknown. Enhanced vascular permeability, leading to microvascular
dysfunction, plays an important role to initiate the septic injury. Considering oxida-
tive stress is detrimental for cellular homeostasis, ALDH2 might influence vascular
permeability. In conclusion, ALDH2 is a promising therapeutic target for sepsis;
however, more studies are urgently needed.
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ALDH2 and Stroke: A Systematic Review
of the Evidence

Check for
updates

Haixia Xu, Yingmei Zhang, and Jun Ren

Abstract Cerebral stroke is one of the leading causes of mortality and disability world-
wide. The prevalence of cerebral stroke is the result of the synergistic effect of genetic
susceptibility and numerous vascular risk factors, including hypertension, diabetes,
excessive alcohol intake, obesity, and dyslipidemia. Mitochondrial aldehyde dehydro-
genase (ALDH?2) is a vital enzyme metabolizing various acetaldehyde and toxic alde-
hydes. The ALDH2 enzymatic activity is severely decreased in the individuals with
ALDH?2*2 gene mutation, especially in East Asians. Increasing epidemiological sur-
veys have revealed that ALDH?2 genetic polymorphism is closely associated with the
increasing incidence of cardiovascular risk factors and cerebral stroke. Evidence from
experimental studies has also suggested that ALDH2 facilitates the clearance of reac-
tive aldehydes and reduces the size of cerebral infarct. Therefore, targeting ALDH2
may represent a promising avenue for protection against stroke injury. This review will
mainly focus on clinical and epidemiological evidence and the underlying molecular
mechanisms involved in the protective effect of ALDH?2 in stroke-related injury.

Keywords ALDH?2 - Cerebral stroke - Gene polymorphism

1 Introduction

Stroke is an acute cerebrovascular disease characterized by cerebral blood circulatory
disorders with prominent functional or structural damage of brain tissues caused by
cerebral vascular occlusion [25]. It is reported that over 15 million new stroke patients

H. Xu
Department of Cardiology and Shanghai Institute of Cardiovascular Diseases,
Zhongshan Hospital, Fudan University, Shanghai, People’s Republic of China

Y. Zhang - J. Ren (D<)
Department of Cardiology, Shanghai Institute of Cardiovascular Diseases, Zhongshan
Hospital, Fudan University, Shanghai, China

Center for Cardiovascular Research and Alternative Medicine, University of Wyoming
College of Health Sciences, Laramie, WY, USA
e-mail: ren.jun@zs-hospital.sh.cn

© Springer Nature Singapore Pte Ltd. 2019 195
J. Ren et al. (eds.), Aldehyde Dehydrogenases, Advances in Experimental
Medicine and Biology 1193, https://doi.org/10.1007/978-981-13-6260-6_11


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-6260-6_11&domain=pdf
mailto:ren.jun@zs-hospital.sh.cn

196 H. Xu et al.

are diagnosed per year with five million mortality or permanent disability cases [33].
Cerebral stroke leads to paralysis, aphasia, dementia, and even death, significantly
compromising the quality of life for stroke patients, and imposes a heavy burden on
families and society. Stroke can generally be divided into two categories, ischemic
and hemorrhagic, with ischemic stroke accounting for nearly 87% of all stroke cases
[54]. As stroke is a complicate disease where genetic factors interact with environ-
mental factors, exploring its susceptibility genes can help screen high-risk groups and
elucidate various causes of the disease. In addition, a better understanding of the sus-
ceptible genes should offer clinical value to predict events related to the development
of ischemic stroke, so that effective preventive measures may be taken [17, 54, 75].

The aldehyde dehydrogenase 2 (ALDH2) family is an important detoxification
enzyme with potent effect to remove acetaldehyde, a toxic product of ethanol oxida-
tion in the liver [93]. Mitochondrial ALDH2 is well-known for its role in alcohol
metabolism. However, ALDH2 also removes and detoxifies other toxic reactive
aldehydes, such as malondialdehyde (MDA), 4-hydroxy-2-nonenal (4-HNE), and
acrolein. A number of independent research groups have examined the underlying
mechanisms of ALDH?2 in stroke. In this review, we will summarize the current
epidemiological evidence and contemporary molecular mechanisms behind the pro-
tective function of ALDH?2 in stroke-related injury, if any. More importantly, trans-
lational potential of ALDH2 in the management of cerebral stroke is reviewed as a
new therapeutic strategy.

2 ALDH2

2.1 Structure and Distribution

Aldehyde dehydrogenase (ALDH) is a rather large superfamily, which is responsi-
ble for detoxification of a spectrum of biogenic and xenogenic aldehydes through its
NAD(P)+-dependent enzymes [32]. These enzymes are commonly involved in
mediating various cellular functions, including differentiation, proliferation, growth,
and survival. ALDH also exhibits substrate specificity and responds to oxidize a
battery of highly reactive aldehydes including 4-HNE and MDA. Human genomics
work has revealed that a total of 19 functional ALDH genes expressed in multiple
tissues with unique substrate specificity and the prominent functional ALDHs con-
tain ALDH1, ALDH2, ALDH3, and ALDH4. ALDH?2 is predominantly located in
the mitochondria compared with the other three isozymes (ALDH1, ALDH3, and
ALDH4) which are located in cytoplasm. ALDH enzymes play an important role in
its dehydrogenase capacity of converting aldehyde into acetic acid with a lower
Michaelis constant (Km) for aldehyde [53].

Mitochondrial ALDH2, encoded by a nuclear gene locus on chromosome
12q24.2, consists of 517 amino acids. It plays the role as a homo-tetramer with the
molecular mass of 56 kDa [70]. The structure of ALDH2 displays active tetramers
with a dimer of two identical subunits with three domains: the NAD-binding, cata-
Iytic, and oligomerization domains. Only two catalytic sites on each tetramer
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complex with an asymmetric structure function to govern the ALDH2 enzyme
activity. The protein is transported into the mitochondrial matrix with its N-terminus
mitochondrial targeting sequence and cleaved inside mitochondria to complete the
folding and maturation of the ALDH2 enzyme [4]. Moreover, ALDH?2 also plays the
role of reductase activity and esterase activity [40].

ALDH?2 is abundantly expressed in the liver, lung, heart, and brain, organs that
require high mitochondrial content and high-energy metabolism [65]. The most
essential role of ALDH?2 is ethanol detoxification, involving two active enzymatic
steps. Firstly, ethanol is converted to acetaldehyde by alcohol dehydrogenase
(ADH). Acetaldehyde is roughly 10 times for toxic than ethanol, thus making the
ethanol metabolism extremely critical for alcoholic organ injury. Secondly, acetal-
dehyde is diffused across the biological membranes and is circulated in the blood
where it is deoxidized into acetic acid by ALDH?2 [8]. Moreover, ALDH2 also par-
ticipates in metabolizing several other aromatic and polycyclic aldehydes and some
short-chain aliphatic aldehydes generated from lipid peroxidation, such as MDA
and 4-HNE [9]. It is well-known the toxic 4-HNE is associated to mitochondrial
membrane integrity and apoptosis, which might promote aging and risk of some
neurodegenerative disease. Therefore, clearance of these harmful bio-products by
way of ALDH2 is critical for maintaining cellular homeostasis [38, 57].

2.2 ALDH? Gene Polymorphism

Genetically, ALDH2 gene comprises 13 exons. Exon 12 contains a single nucleo-
tide polymorphism (rs671). As a result of rs671 polymorphism, a guanine (G) sub-
stituted into adenine (A) and a codon GAA subsequently changes into AAA [12].
The resultant change alters the 487th amino acid of the protein with lysine (Lys)
substituted for glutamic acid (Glu) and causes an allosteric disruption of catalytic
sites with an abnormal o-helix structure. Therefore, ALDH?2 gene exists in two
forms of alleles: the wild-type ALDH2*] and mutant ALDH2*2 allelic variant. A
partial variant subunit encoded by the latter allele dramatically decreases the enzyme
activity. The wild-type ALDH2, encoded by the ALDH2*1/*1, exhibits a tenfold
reduced catalytic constant (kcat) and a 200-fold increase in the Km for NAD+ [46].
Compared with wild-type ALDH2 carriers, individuals with heterozygous
ALDH?2*]/%2 exhibit overtly reduced activity, whereas individuals with ALDH2*2/%2
genotype have a ALDH2-deficient phenotype with almost nil enzyme activity [46].
In addition to the rs671 polymorphism, there are other candidate SNPs existing for
ALDH2, namely, rs886205, rs2238152, rs441, rs4646778, rs7296651, etc [80].

It is well-known that ALDH? plays a critical role in the ethanol metabolism. Due
to the overtly decreased ALDH2 enzyme activity, individuals carrying the
ALDH?2*2/%2 variant are susceptible to the accumulation of aldehyde and other oxi-
dation products in blood circulation after alcohol consumption. This accumulation
results in release of vasoactive substances from mast cells, resulting in vasodilation
and associated pathophysiological phenotypes, such as facial flushing, palpitation,
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headache, nausea, sweating, dysphagia, and low blood pressure. Notably, mutation
of ALDH2 compromises its protective effect. Moreover, another variation, the
His47Arg polymorphism, would also affect an individual’s drinking habit indepen-
dently of Glu504Lys mutation [56].

Previous studies have demonstrated differences in the distribution of ALDH2
alleles in different races [23, 94]. Approximately 560 million populations in the
world have the ALDH2 *2 mutation. It is far more prevalent among the Asians (about
30-50%), such as Chinese, Japanese, and South Korean, than the White (<5%),
including Caucasoids, Papua New Guineans, Australian Aborigines, and Negroids
[43]. Statistically, this might be the most common human enzymopathy, which is
identified as “Asian flush” after alcohol consumption. It still remains elusive why
the Glu504Lys polymorphism is common in the East Asian population. Certain
hypothesis presumed that hepatitis B virus infection probably contributed to the
evolution of the ALDH?2 mutation in Southeast China, which was postulated to trace
back to 2000-3000 years ago [47, 50]. However, the exact causative factors and
mechanisms behind the geographical variation of ALDH?2 polymorphism still need
further investigation.

2.3 Contribution to Diseases

ALDH2*2 variant plays an essential role in limiting excessive alcohol consumption
and protecting from alcoholism. This mutant variant has recently been found to be
associated with prevalence of various human diseases. Previous studies have
revealed that individuals with the ALDH2*2 allelic variant have a higher prevalence
of coronary artery disease, myocardial infarction, hypertension, esophageal cancer,
and osteoporosis [8, 15, 30, 68, 91]. Other diseases, such as Parkinson’s disease,
Alzheimer’s disease, Fanconi anemia, diabetes, addiction, and dermatitis, may also
be associated to this mutation [6, 21, 86, 89]. Moreover, the ALDH2*2 variant also
causes altered responses to some common drugs, such as nitroglycerin, 5-nitrofuran,
and acyclovir [27].

3 ALDH?2 and Stroke

The pathogenesis of cerebral stroke is complicated. Epidemiological studies have
identified common risk factors of cerebral stroke worldwide, mainly including
hypertension, diabetes, smoking, obesity, excessive drinking, dyslipidemia, etc. [3].
However, cerebral stroke occurs even in the absence of these risk factors, which
suggests the function of genetic factors in the occurrence of stroke. Therefore, it is
believed that the occurrence of cerebral stroke is the result of synergistic effect of
genetic susceptibility and environmental factors [54]. Furthermore, ALDH2*2 vari-
ant along with other cardiovascular risk factors collaboratively contributes to the
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increased prevalence of stroke development. Among various risk factors reported,
hypertension, diabetes, and alcohol-related dyslipidemia seem to possess the most
profound impact on the risk of stroke development [27].

3.1 ALDH? Gene Polymorphism and Stroke

Several studies have analyzed the association between ALDH2*2 allele and isch-
emic stroke. Nagasawa and associates once revealed that there was no close associa-
tion between the ALDH2 gene polymorphism and the occurrence of lacunar
infarction among Japanese, but the ALDH2*]/*] genotype was obviously associ-
ated with the development of multiple lacunar infarcts [60]. Moreover, another
case-control study conducted in Taiwanese demonstrated that the ALDH2*2/%2
allele might be an independent risk factor for cerebral stroke in male Taiwanese, but
not in female Taiwanese. Furthermore, ALDH?2 gene polymorphism in male popu-
lation with cerebral stroke was not associated to other conventional risk factors,
vascular stenosis, ischemic stroke subtypes, and outcomes [81]. Another prospec-
tive cohort study of Koreans also demonstrated a tight association between ALDH2
polymorphism and cerebral stroke in male population, but not in female patients
[78]. While Li et al. recently reported that ALHD2%2 allele was an important risk
factor for cerebral ischemia infarction in the Chinese female patients [odds ratio
(OR) =2.207,95% CI 1.416-3.439], while the influence of ALDH2*2/*2 genotype
on cerebral infarction in the male patients was not significant [44].

However, in another study of Han Chinese population, no difference was noted
in the distribution of the rs671 genetic variations, but two novel ALDH2 tSNPs-
rs886205 and rs7296651 were identified as being related to ischemic stroke suscep-
tibility [80]. Another study also confirmed the genotype of rs10744777 and rs886205
modified the risk of ischemic stroke in Chinese males [11]. In addition, a meta-
analysis of genome-wide association study (GWAS) has revealed a close relation-
ship between ALDH2 genetic variants and ischemic stroke among Asian decedents
[35]. Most recently, a two-stage GWAS including 16,851 stroke patients showed the
12924 locus near ALDH?2 was associated with all cerebral ischemic stroke, but not
specific subtype [63]. An interesting clinical trial was carried out to assess the prog-
nosis in patients with acute cerebral infarction for a short term of 90-day follow-up.
It showed ALDH?2 Glu504Lys was an independent risk factor for collateral circula-
tion and negatively predicted the outcomes [69]. Together, ALDH?2 has a close asso-
ciation with stroke, which might differ depending on race or ethnicity. Its genetic
polymorphism may be an independent risk factor and a negative predictor for cere-
bral stroke.
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3.2 ALDH? and Hypertension

Hypertension is an extremely important risk factor for cerebral stroke. Previous
studies have demonstrated that the ALDH2*2 allele was associated with the patho-
physiology of hypertension. A meta-analysis including 19,608 subjects found that
ALDH?2%*2 was the most crucial SNP related to the blood pressure variation in East
Asians [35]. Another study carried out in East Asians also revealed that individuals
with ALDH?2*2 allele were more prone to risk of hypertension compared with those
without ALDH2*2 allele after a follow-up period of over 5 years. Further analysis
found that the risk of ALDH2%2 allele variant is greater for alcohol drinkers than
nondrinkers, which provided more evidence for the relationship between ALDH2*2
mutation and alcohol consumption on the risk of hypertension [7, 55]. Considering
that ALDH?2 encodes the crucial enzyme involved in ethanol metabolism, its effect
on blood pressure is tightly associated with alcohol intake. However, individuals
with ALDH2*2 mutation tend to limit or even abstain from alcohol intake due to the
adverse effects such as facial flushing and palpitation; therefore this variant may
protect these individuals against excessive alcohol-induced cerebral stroke [71].
Several other studies also found that ALDH2*2 allele was an important risk factor
of elevated systolic blood pressure for male drinkers [61, 84]. Another meta-analysis
of evaluating the association between the ALDH2 gene polymorphism and hyper-
tension revealed that people with the ALDH2*1/*] genotype after average alcohol
intake of 25 g/day had significantly higher systolic and diastolic blood pressure than
those with the ALDH2%*2/*2 genotype [10]. In conclusion, these epidemiologic
studies have provided the compelling evidence to highlight the association between
ALDH?2 genotype and alcohol consumption on the occurrence of hypertension.

Experimental studies have also confirmed the relationship between ALDH2
mutation and hypertension prevalence in the setting of cerebral stroke. The levels of
ALDH?2 protein is dramatically lower (by approximately 30%) in spontaneously
hypertensive rats [28]. In addition, Alda-1 increased the activity of ALDH2 in these
rodent models of stroke and decreased the accumulation of numerous reactive alde-
hydes. Accordingly, pathological indices including cerebral infarct volume, neuro-
logical scores, and mortality were significantly improved in these stroke rats [19,
28].

3.3 ALDH? and Alcohol Intake

The association between alcohol intake and cerebral stroke was extensively evalu-
ated. Multiple epidemiological studies revealed that the association between alco-
hol and ischemic stroke follows a J-shaped curve, which suggested that the
individuals with small to moderate alcohol intake have a lower risk of ischemic
stroke compared to those with nonalcohol intake, while people with heavy alcohol
consumption have a higher risk of ischemic stroke [41, 55]. Berger and coworkers
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also found that the risk of ischemic stroke in the male physicians with light to mod-
erate alcohol intake (up to one drink per day) decreased approximately 20% com-
pared with those who had less than one drink per week during a follow-up period of
12.2 years [2]. Furthermore, an interesting case report confirmed two patients with
heterozygous ALDH2*2 suffered from sudden cerebral stroke several hours after
excessive ethanol consumption. The inactivity of ALDH2 enzyme and amounts of
aldehyde accumulation might be the underlying reason [39]. Wang also confirmed
the above results and found the overexpression of ALDH?2 could show protective
effect during the ischemic stroke [88].

On the other hand, there is also some evidence to imply that moderate alcohol
intake could protect against the prevalence of ischemic stroke, but is not associated
to hemorrhagic stroke [41]. Previous study has revealed that heavy alcohol intake
could dramatically increase the risk of hemorrhagic stroke [99]. A large-scale meta-
analysis suggested that more than 60 g/d of alcohol intake (four to five drinks) was
an essential risk factor of hemorrhagic stroke compared with nondrinkers [odds
ratio (OR) = 2.18, 95% CI, 1.48-3.20] [73]. Another meta-analysis found that light
to moderate ethanol intake (<150 g/week) is not associated with subarachnoid hem-
orrhage (SAH), while heavy alcohol consumption significantly increased the risk of
SAH [18].

3.4 ALDH? and Diabetes Mellitus

In addition to the mentioned risk factors of hypertension and heavy alcohol intake,
diabetes mellitus is also a considerable risk factor for cerebral stroke. Suzuki and
colleagues found the Japanese subjects with a diabetic mother were about 1.5 times
higher risk of the development of type 2 diabetes mellitus in the inactive ALDH2
group compared with the individuals in the active ALDH2 group [83]. Another fol-
low-up study revealed that the incidence of having a diabetes mother in those indi-
viduals with an ALDH2*2 mutation was five times than those with wild-type
ALDH?2 [82]. Interestingly, the ALDH2 polymorphism was found to be associated
with increased risk of type 2 diabetes in females with coronary heart disease, but not
males [90]. These findings may indicate the ALDH2*2 gene variation probably
leads to the mitochondrial dysfunction and subsequently contribute to diabetic prev-
alence in the offspring of female diabetic patients. Another independent Japanese
study revealed that ALDH?2 polymorphism is related to different levels of fasting
blood glucose in men with alcohol consumption [92]. In addition, preclinical stud-
ies in animal models also revealed the ALDH?2 protein participated in the onset and
progression of diabetic pathology [87, 97]. Both ALDH2 overexpression in trans-
genic mice and activation of ALDH2 by Alda-1 alleviated streptozotocin-induced
diabetic cardiomyopathy [97].

Similar to hypertension, moderate alcohol intake appears to possess beneficial
effect on glucose metabolism, including fasting blood glucose, hemoglobin Alc, and
insulin resistance [55]. Population with ALDH2*2 variant have higher hemoglobin
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Alc values compared to those with ALDH2*] allele following alcohol consumption
[27, 59]. A recent meta-analysis including 15 cohort studies with 12-year follow-up
reported a U-shaped relationship between alcohol intake and type 2 diabetes melli-
tus [36]. All these findings have indicated an association between ALDH?2 and dia-
betes, and more in-depth work is warranted to further explore the underlying
mechanism for ALDH2-offered effect in diabetes mellitus.

3.5 ALDH? and Dyslipidemia

The ALDH2*2 genotype mutation also associates with other risk factors contribut-
ing to the prevalence of stroke, such as dyslipidemia. A meta-analysis reveals the
relationship between ALDH2*2 allele and HDL-C serum concentration in the East
Asian population, and the association is stronger in nondrinkers than in drinkers, in
male than in female, and in Japanese than in Chinese, the underlying pathogenesis
still unknown [31]. Kazuhiko et al. also reported a considerably higher level of
hyper-LDL-cholesterolemia in individuals with the ALDH2*2 genotype mutation
after adjusting several variables such as drinking status [37]. As reported in the
above studies, serum levels of triglycerides were also significantly associated with
ALDH?2 rs671 polymorphism in individuals with alcohol intake [85].

4 Molecular Mechanisms

Numerous work was carried out to explore the association between ALDH2 and
coronary heart disease [24, 51, 67, 79]. Given the similarities existing in molecular
mechanisms between myocardial infarction and stroke, the role of ALDH2 in the
prevalence of cerebral stroke has also been further explored [8, 58, 68]. In addition
to the inflammatory mechanism, oxidative stress is one of the most crucial mecha-
nisms contributing to the ischemic stroke. During the development of cerebral
stroke, a majority of aldehydes generated from the lipid peroxidation. Reactive
aldehydes can extend the damage caused by reactive oxygen species, including
4-HNE, MDA, 1-palmitoyl-2-oxovaleroyl phosphatidyl choline (POVPC), and so
on. ALDH?2 protein is capable of detoxifying these reactive aldehydes. It has been
demonstrated in the previous studies that expression of 4-HNE protein elevated in
the ischemic cerebral cortex in mice within 2 h of stroke induction [64]. In addition,
the higher levels of plasma 4-HNE were also found in the genetic stroke-prone rats
(stroke-prone spontaneously hypertensive rats) and another stroke rats with middle
cerebral artery occlusion (MCAO) [42]. Furthermore, the findings suggested that
the cerebral infarct area enlarged, ROS/MPA levels increased, and GSH/GSSG ratio
reduced after intravenous inject of 4-HNE, which indicated oxidative stress in cere-
bral tissue was significantly increased [42]. It is also confirmed that impaired
ALDH?2 function in the patients with ALDH2*2 allele caused higher levels of MDA
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and 4-HNE and induced apoptosis by sustained JNK activation [16]. Furthermore,
with the collaborate presence of 4-HNE toxicity in PC12 cells, ALDH2 overexpres-
sion could increase neuronal survival [13]. In addition, brain damage area and neu-
ronal cell death were significantly decreased in ALDH2 transgenic mice with
12 weeks of alcohol consumption [72].

The activity of ALDH2 may be regulated bidirectionally. Endogenous protein
kinase C-epsilon (PKCe) can enhance the activity of ALDH2 [5], and the exogenous
agent, daidzin, can inhibit its activity [49]. Studies have revealed that moderate
ethanol administration could alleviate brain tissue injuries in the MCAO rats by the
activation of ALDH2 and PKCe, as a molecule upstream of ALDH2, which may be
the underline mechanism of cerebral protective effects with moderate ethanol
administration [28]. Furthermore, another research showed Alda-1, as an ALDH2
activator, improved outcomes of myocardial infarction, cerebral stroke, and pain in
animal models [27]. Accumulating evidence suggests that Alda-1 also creates a pro-
tective effect on maintaining enzymatic activity of the ALDH2 protein in those with
ALDH?2*2 mutation. As shown in rodent animal models of cerebral stroke, Alda-1
increased ALDH?2 activity, elevated reactive aldehyde clearance, and reduced cere-
bral infarct volume [19, 28]. Alda-1 administration also could inhibit expression of
AQP4 protein, then improve brain edema, and reduce neurological damage through
increasing ALDH?2 activity [45]. In a nutshell, ALDH2 is a critical mediator in pro-
tecting cellular damage from ischemia stroke, and increasing its activity may offer
a new perspective on the treatment of cerebral stroke.

ALDH?2 confers its protective effects in alcohol detoxification by the regulation
of some signaling pathways, such as Akt and AMPK [34]. It was reported that
ALDH2 activation or overexpression provides cardiac protection through the bal-
ance between Akt and AMPK. Furthermore, the downstream substrates including
mTOR, STAT3, Notchl, PP2A, and PP2C related to autophagy and apoptosis were
involved in the mentioned mechanism [20, 22]. Other researches also mentioned
that in ALDH2-mediated cardiac protection, Akt and AMPK could modulate tran-
scription factor Foxo3 phosphorylation at the sites of Thr32 and Ser413 and subse-
quently occurred apoptosis and mitochondrial dysfunction [34, 52, 98]. In addition,
chronic alcohol consumption induced myocardial hypertrophy and contractile
defects in ALDH2 transgenic mice, which is associated with the phosphorylation of
ASK-1, GSK-3f3, GATA4, and CREB [14]. These signaling pathways mentioned
above predominated in cardioprotection, and the role of ALDH?2 in stroke needs
further exploration.

More recent studies revealed that pharmacologically and genetically improved
ALDH?2 enzymatic activation improves cardiac contractile function probably via
regulation of autophagy [29, 72, 95]. It was also demonstrated that increasing
ALDH2 protein activity exerted protective effect in spinal cord ischemia-reperfusion
damage by inhibiting apoptosis [48]. While apoptosis has been a better described
mechanism in the neuronal damage of ischemic stroke [96], autophagy is also a
process worthy of more attention and exploration. Autophagy plays a vital role on
turnover of intracellular organelles and focuses on ischemic stroke in recent studies
[76]. Moderate autophagy is neuroprotective [74, 77], whereas excessive autophagy
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is harmful and neurotoxic [1, 26]. Consistently, ALDH2 offers its protective effects
in ischemia-reperfusion injury through Akt- and AMPK-mTOR signaling cascades
[51]. Up-to-date, much remains unclear for the role of ALDH2 in mitochondrial
function and autophagy in ischemia stroke, and further research is needed.

Some findings in recent studies suggested that ALDH2 might play a role by
influencing inflammation factors. One vitro study revealed that ALDH2 can inhibit
inflammatory molecules of MCP-1 and ICAM-1 and regulate JNK and p38 MAPK
and subsequently NF-kB and AP-1 signaling pathways [66]. Another study has
depicted that the administration of endothelial progenitor cells (EPCs) with low
ALDH2 activity into experimental rats with acute cerebral infarction promoted the
migration and accumulation of EPCs into the infarct tissue and induced alleviation
of brain infarction. Furthermore, EPCs with low ALDH2 activity were regulated in
the accumulation into the infarct area through the stromal cell-derived factor-1
(SDF-1) and CXC chemokine receptor 4 (CXCR4) signaling pathway [62].

5 Conclusion

Mitochondrial ALDH2 enzyme fulfills a crucial role in both alcohol and nonalco-
holic metabolism through removing and detoxifying numerous toxic aldehydes and
peroxides including acetaldehyde, 4-HNE, and MDA. The unique protective effects
of ALDH?2 in ischemia stroke possess useful clinical impact, in particular in those
individuals with ALDH2 polymorphism. As a beneficial factor for cardiovascular
homeostasis, ALDH2 polymorphism is not only independent of the prevalence of
cerebral stroke but also associated with other vascular risk factors including hyper-
tension, diabetes, alcohol intake, and dyslipidemia. In addition to the widespread
epidemiological evidence, ALDH2 protein also participates in stroke protection
through alleviation of oxidative stress, regulation of autophagy, mitochondrial func-
tion, and inflammation through various signaling pathways. Nowadays, enhancing
ALDH2 enzymatic activity using the specific ALDH2 activator Alda-1 provides
new insights for stroke treatment. Moreover, precision medicine development pro-
motes the approach focusing on the population for the ALDH2*2 genetic variant
and will improve the care and health of people.
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Abstract Aldehyde dehydrogenase 2 (ALDH2) is an important member of the
functional aldehyde dehydrogenases (ALDHs) family in human beings, playing a
fundamental role in the detoxification of acetaldehyde and other aldehydes. In
recent years, a number of researches have given attention to the association between
ALDH?2 and atherosclerosis, which provided insights on targeting ALDH?2 for ther-
apeutic intervention of atherosclerosis. In this review, these inspiring studies will be
discussed, and the clinical implications and concerns will be expounded.
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LDL-C Low-density lipoprotein cholesterol
MDA Malondialdehyde

MI Myocardial infarction

1 Introduction

Throughout life span, living beings are exposed to numerous damaging agents, both
endogenously and ectogenicly. In consequence, enzymes responsible for detoxify-
ing toxic agents are indispensable for metabolism. Among the enzymes, the alde-
hyde dehydrogenases (ALDHs) family has attracted great interest in recent years,
due to its fundamental role in detoxifying aldehydes. Among the 19 ALDHs genes,
aldehyde dehydrogenase 2 (ALDH2) is considered as the most important isoen-
zyme member in human pathophysiological situations and complications. Recently,
the role of ALDH2 in combating cardiovascular diseases and the process of aging
has been elucidated, making ALDH?2 a promising target for cardiovascular and
aging-related diseases.

Atherosclerosis is the main pathophysiological situation which eventually leads
to cardiovascular disease (CVD) [1, 2]. The pathogenesis of atherosclerosis is char-
acterized with the process that fatty streaks gradually develop into atheroma and
characteristic atherosclerotic plaques and finally evolve into stenosis or even occlu-
sion inside the coronary arteries, leading to the major or fatal cardiovascular events
[3]. To this day, atherosclerotic cardiovascular disease (ASCVD) is still a global
health and economical burden [4, 5], triggering off the unfailing search for new
therapeutic targets [6]. Recently, growing evidence supports a possible association
between the function of ALDH?2 and the progression of atherosclerosis. In the fol-
lowing mini-review, we mainly focus on the latest studies about the regulatory func-
tions of ALDH?2 in atherosclerosis.

2 ALDH2: An Enzyme for the Detoxification of Biogenic
and Xenogenic Aldehydes

2.1 ALDHs Family

Over the years, the ALDHs gene superfamily is well known for its role in the detoxi-
fication of aldehydes, preventing the accumulation of detrimental aldehydes derived
from both endogenous production and exogenous exposures [7]. Having an ancient
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origin, the ALDHs could be found from bacteria and yeasts to plants and animals
[8]. Although the major function of ALDHs is aldehyde oxidation, recent literatures
uncovered the multiple properties of ALDHs, including catalytic, binding, antioxi-
dant, structural, and regulatory functions [9]. There are totally 19 functional ALDHs
genes, with different tissue expressions and substrate specificities. Here, we mainly
focus on the latest studies on ALDH2.

2.2 Cellular Location and Biological Functions of ALDH?2

The human ALDH2 gene is located on chromosome 12q24, coding a 517-amino
acid polypeptide. The mature ALDH?2 protein is located in the mitochondria, serv-
ing as the most efficient ALDH isozyme with the lowest K, for acetaldehyde [10,
11]. ALDH?2 is one of the total 19 functional ALDH genes in humans, playing a
fundamental role in the detoxification of acetaldehyde (mainly derived from ethanol
metabolism) in various tissues and cell types. In addition to acetaldehyde, ALDH2
is also involved in the detoxification of other aldehydes including malondialdehyde
(MDA) and 4-hydroxy-2-nonenal (4-HNE) [12]. Although ALDH2 protein is best
known for its critical function in alcohol metabolism which mainly occurs in the
liver, its greater role in other organs and pathologies have been revealed in recent
years [13, 14], such as diabetes mellitus, cancer, neurodegenerative diseases, and
cardiovascular diseases [15-19].

2.3 Evidence of ALDH?2 in Cardioprotection

It is of interest to note that ALDH2 activity is associated with cardioprotection. The
best evidence of ALDH2 in cardioprotection comes from the epidemiological data
that ALDH?2*2 mutation could be considered as an independent risk factor for acute
coronary syndrome. A large population of East Asians carry an ALDH?2 variant,
ALDH2#2, resulting in a unique loss of function in ALDH2 enzyme, exhibiting
significantly lowered dehydrogenase, esterase, and nitroglycerin enzymatic activi-
ties [20, 21]. In a clinical trial based on 202 Japanese patients, it was manifested that
patients with polymorphism of ALDH2*2 had higher frequencies of coronary
spasm and more severe myocardial injury [22]. Moreover, another piece of clinical
study revealed that patients with the ALDH2*2 genotype suffered from higher post-
operative oxidative stress levels and poorer clinical prognosis after coronary artery
bypass grafting (CABG) [23].

For animal models, the beneficial role of ALDH2 in cardioprotection is best
illustrated in alcohol-related myocardial injuries, as ALDH2 serving as an enzyme
for detoxifying ethanol metabolite. A large body of studies have demonstrated the
beneficial effects of ALDH2 in alleviating alcoholic cardiomyopathy [24-26].



214 S. Ma and F. Cao

Furthermore, the cardioprotection function of ALDH2 in myocardial ischemia-
reperfusion injury (I/R injury) was revealed and gained considerable attention in
recent years [16, 27, 28]. As the popularity of ALDH2 in the field of cardiovascular
diseases arises, its role in the regulation of atherosclerosis gradually gains increas-
ing attention.

3 Targeting ALDH2 in Atherosclerosis

Atherosclerosis is an aging and age-related disease. Recent researches from both
animal and human evidence have implicated the potential function of ALDH?2 in
regulating the process of aging, suggesting that the elevated ALDH?2 activity may
depict a new picture for atherosclerosis prevention and treatment. In the following
review, we mainly focus on the new findings of the potential benefits of ALDH2
regulation in atherosclerosis, which might shed light on new therapeutic targets of
atherosclerosis treatment under clinical settings.

3.1 Molecular Mechanisms and Pathways of ALDH?2
in Regulating Atherosclerosis

In recent years, the anti-atherosclerotic effects of ALDH2 activation have been
reported by several groups based on the evidence from both animal study and human
data. In the work by Stachowicz A and his colleagues, they applied the ALDH2
activator Alda-1 in apolipoprotein E knockout (apoE~~) mice. They observed the
decrease of atherosclerotic lesions (using both en face and cross-sectional meth-
ods). However, no changes in plasma lipid profile, inflammatory markers, and
plaque composition within the lesions were observed, as well as markers of anti-
oxidative defense, apoptosis, mitogenesis, and autophagy. Their work reported the
anti-atherosclerotic functions of ALDH2 activation without uncovering the underly-
ing mechanisms [29]. Similarly, Lapenna D et al. revealed that the degree of
patients’ atherosclerosis severity was correlated inversely with plaque ALDH2
enzymatic activities, indicating the latent association between ALDH2 activity and
atherosclerosis progression [30]. However, these reports lacked mechanism analy-
sis. The research work by Yang MY et al. went further. With the clinical data of 248
patients with CVD, they found out that ALDH2 gene polymorphism is strongly
related with the severity of atherosclerosis and stenosis. Moreover, using an in vitro
model of atherosclerosis, they demonstrated that ALDH2 activation by Alda-1
markedly attenuated that endoplasmic reticulum (ER) stress and apoptosis in vascu-
lar smooth muscle cells, which might contribute to the inhibition of atherosclerotic
progression [31]. Furthermore, using an in vitro human umbilical vein endothelial
cells (HUVECSs) model, Pan C et al. documented that decreased ALDH2 activity
resulted in elevated inflammatory responses, while increased ALDH2 activity
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triggered contrary effects, which was mediated by NF-xB signaling pathways [32].
These findings collectively suggested that ALDH2 could influence the atheroscle-
rotic lesion vulnerability and development via directly regulating plaque cell func-
tion, metabolism, and inflammatory responses.

In addition to this direct function of ALDH?2 in atherosclerotic plaques, indirect
mechanisms were also demonstrated. To our knowledge, serum lipid profile, includ-
ing the low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein
cholesterol (HDL-C) levels, plays a vital role in the progression of atherosclerosis
[6, 33-35]. Results of the meta-analysis by Hao P et al. indicated an association of
ALDH2*2 allele and low HDL-C level among East Asians, suggesting that ALDH2
might influence atherosclerotic progression via regulating serum lipid profile [36].

Furthermore, plentiful clinical studies have documented the association of ele-
vated blood pressure in the progression of atherosclerosis, indicating that blood
pressure control might be a rational approach to the regulation of atherosclerotic
process [37, 38]. High blood pressure itself adversely contributes to the pathogen-
esis of atherosclerosis, as well as to the morbidity and mortality of ASCVD. In view
of these fundamental findings, it is interesting to notice the role of ALDH?2 in blood
pressure development, which might in consequence affect the progression of ath-
erosclerosis. A Japanese cohort study revealed the association of ALDH2 genotype
with the presence of hypertension, confirming the influence of the ALDH2 enzyme
on blood pressure [39]. This association was further confirmed in a prospective
Chinese cohort [40]. In addition to these clinical trials, experimental animal studies
further provided evidence and insights into how ALDH2 regulates blood pressure.
By definition, this regulation is multifaceted. On one hand, ALDH?2 played a key
role in determining the level of circulating acetaldehyde, which has been docu-
mented to alter blood pressure in several animal studies [41-43]. On the other hand,
ALDH2 has also been shown to influence the bio-activation of nitroglycerin, which
markedly affected vascular smooth muscle cell relaxation and blood pressure level
[44-46]. These findings indicated the role of ALDH2 activity in blood pressure
regulation, which in turn influenced the pathogenesis and clinical prognosis of
atherosclerosis.

Atherosclerosis is a complicated pathologic situation with complex mechanisms,
including elevated circulated levels of lipoprotein cholesterol, chronic inflammatory
responses, and increased oxidative stress and mitochondrial dysfunctions in arterial
wall cells. Up to now, the association between ALDH?2 and these pathologic
mechanisms is far from well elucidated. These unsolved questions, doubtlessly,
need further exploration.

3.2 Clinical Implications and Concerns

For clinical purposes, the elevation of ALDH?2 activity could be realized by the
application of different pharmacological agents, depending on the ALDH2 geno-
type. For instance, Alda-1, a classical ALDH2 agonist, has been demonstrated to
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augment ALDH?2 enzymatic activity in several animal models [47—49]. Interestingly,
precision medicine approach was also developed specially for ALDH2*2 mutant
patients. Using a ALDH2*2 mutant mouse model which could mimic the ALDH2*2
phenotype carriers, Pan G et al. demonstrated that empagliflozin (EMP) ameliorated
diabetic cardiomyopathy by decreasing 4-HNE protein adducts, indicating EMP
might serve as an substitutive ALDH?2 activator for ALDH2*2 patients [50]. These
inspiring findings implied the feasibility of ALDH2 activation for therapeutic
purposes.

Even though the aforementioned findings based on both animal studies and clini-
cal data shed light on the therapeutic potential of ALDH2 manipulation in athero-
sclerosis prevention and treatment, controversies still exist. Firstly, the
anti-atherosclerotic effects of ALDH?2 are still being questioned. For instance, Xu F
et al. revealed that ALDH2 gene mutation was not related to the atherosclerosis
severity among Han Chinese, which was contradictory with previous clinical find-
ings that ALDH?2 genotypes of 1#2 and 2*2 were independent risk factors for myo-
cardial infarction (MI) [51]. Secondly, the signaling pathway of ALDH?2 is still
unclear and needs further investigation. In the recent work by Jun R et al., who is
one of the leading researchers in ALDH2 field, they revealed that ALDH2 enzyme
accentuated the myocardial remodeling and dysfunction in aging, mainly via sup-
pressing myocardial autophagy the JNK-Bcl-2 and IKKB-AMPK-dependent signal-
ing pathway in an experimental animal model [52]. In another piece of their work,
they proposed that the AMPK/Sirt]-mediated mitochondria-associated mechanism
was also involved in the regulatory function of ALDH2 in aging-related myocardial
remodeling and contractile dysfunction [53]. Similarly, Dassanayaka S et al.
recently reported that ALDH?2 overexpression augments pressure overload-induced
cardiac dysfunction, suggesting that decreased ALDH?2 activity may be an adaptive
response to certain cardiac pathologies [54]. In contrary, Guo Y et al. revealed that
ALDH?2 significantly attenuated myocardial dysfunction possibly through an
AMPK-dependent regulation of autophagy, implying the beneficial effects of
ALDH?2 upregulation [55]. Other signaling pathways were also revealed, as Li C
et al. reported that ALDH?2 may effectively attenuate myocardial remodeling and
contractile dysfunction through regulating the JNK/AP-1 and IRS-1/Akt signaling
pathways, protecting cardiac function from lipotoxic cardiomyopathy [17]. These
important experimental findings, together with the works of other research groups,
indicated the complexity of ALDH2 function, which hinders the application of
ALDH?2 activation in atherosclerosis under clinical settings.

4 Concluding Remarks

Herein, we reviewed the recent findings regarding the association between ALDH2
and atherosclerosis, which provides insights on the ALDH?2 as a novel target for
therapeutic intervention of atherosclerosis. The listed results are inspiring, espe-
cially for the recent work, which provides both clinical and laboratory evidence that
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ALDH?2 functions in the inhibition of atherosclerotic progression [31]. However,
for eventual clinical application, concerns and controversies still exist. On one hand,
more strong evidence is needed to prove the crucial benefits of ALDH2 activation in
atherosclerosis prevention and treatment. On the other hand, the mechanism analy-
sis needs further exploration and elucidation. Collectively, the manipulation of
ALDH2 activity may shed light on new therapeutic targets of atherosclerosis
treatment.
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ALDH2 and Cancer Therapy

Li-Shun Wang and Zhao-Xia Wu

Abstract Aldehyde dehydrogenase 2 (ALDH2) is a member of ALDH family.
ALDHI1 has been widely recognized for its roles in carcinogenesis and cancer ther-
apy; however, investigation for ALDH?2 in cancer is seldom mentioned. The ALDH2
point mutation ALDH2*2 is the most frequent human gene variant, and it is present
in approximately 560 million East Asians. ALDH2*2 demonstrates its effect on
alcohol consumption limiting and alcoholism developing protection, and this vari-
ant is recently found to have an important impact on human health. This chapter
focuses on its potential effect on cancer therapy, especially for chemotherapeutics
with anthracyclines.

1 Introduction

Aldehyde dehydrogenase 2 (ALDH?2) belongs to the aldehyde dehydrogenase fam-
ily of enzymes. ALDH]1 has been recognized for its roles in carcinogenesis and
cancer therapy [1]; however, ALDH2 is well known for its effect on alcohol con-
sumption limiting and alcoholism developing protection. Intriguingly, this gene has
recently been revealed to have an important impact on pathogenesis and therapeu-
tics [2]. Notably, the point mutation in ALDH?2 identified as ALDH2*2, which lost
90% its enzyme activity, is the most frequent human gene variant, and it is found in
8% of the world’s population, and approximately 560 million East Asians present
this variant [3].

ALDH?2 has a major contribution in oxidizing endogenous aldehydic products
arising from lipid peroxidation under oxidative stress, and these accumulations,
such as 4-hydroxy-2-nonenal (4-HNE) and malondialdehyde, are thought to con-
tribute to many diseases [4]. For example, ALDH?2 has demonstrated to be a crucial
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enzyme in protecting the heart from oxidative stress via depletion of 4-HNE [5].
ALDH?2 dysfunction may be involved in a broad spectrum of human diseases such
as cardiovascular diseases, diabetes, Fanconi anemia, pain, osteoporosis, as well as
cancer [6].

A close connection between the variant ALDH2*2 and many kinds of cancer had
been revealed [7]. A prognostic analysis showed that patients with aldehyde dehy-
drogenase 2 (ALDH?2) variants had a shorter time to first recurrence in bladder
cancer patients [8]. On the other hand, the metabolism of ROS and 4-HNE is thought
to be deeply involved in cell death of cancer cells, and thus ALDH?2 is proposed to
have effect on the cancer therapy. In this chapter, we have collected these interesting
clinical and translational studies on ALDH?2 variant and cancer therapy (Table 1).

2 ALDH2 and Melphalan

High-dose chemotherapy in combination with stem cell transplantation has been a
major breakthrough in multiple myeloma treatment, and high-dose melphalan pres-
ents a central component in the treatment of patients under the age of 65. Dumontet
et al. showed the overall survival time of high-dose melphalan-treated multiple
myeloma individuals in ALDH?2 rs886205 vs other genotype as 3628 and 2572 days
(P =0.01), respectively [9]. These results indicate that the detection of mutation of
this gene will contribute to the treatment and prognosis of this disease. Notably, this
melphalan-related SNP is rs886205 instead of re671 the most common one in
ALDH?2 gene.

3 ALDH?2 and Cisplatin

ALDH?2 plays a major role in detoxifying acetaldehydes and ROS derived from
ethanol metabolism [4]. Cisplatin, which can induce cytotoxicity partly by invoking
reactive oxygen species (ROS) and DNA damaging, is a first-line chemotherapeutic
agents for many solid tumors and [10]. Mice with ALDH2*1/%2 mutation demon-
strate even higher ROS production under cisplatin treatment, which indicate that
cisplatin usage in the cancer patients should be adjusted based on their ALDH2
variant to reduce serious side effects [11].

4 ALDH2 and Microtubule Inhibitors

Microtubule inhibitors comprise two categories: the microtubule-stabilizing drugs,
such as Taxol and docetaxel, and the microtubule-destabilizing drugs, such as vincris-
tine and vinorelbine. Microtubule inhibitors are one of the most important
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Table 1 ALDH2 and cancer therapy
Genotype Subjects | Cancer Treatment Phenotype Reference(s)
ALDH2 Patients | Multiple High-dose Increases the [9]
RS886205 myeloma melphalan survival time in
patients receiving
HDM
Knockdown of | Cell lines | Human lung | Taxol and Enhances the [15]
ALDH2 cancer vincristine sensitivity to taxol
and vincristine
Overexpression | Cell lines | Human Doxorubicin Increase the drug [19]
of ALDH2 leukemia resistance to
and lung doxorubicin
cancer
Knockdown of | Cell lines | Human clear | Doxorubicin Enhances the [15]
ALDH2 cell renal sensitivity to
cell doxorubicin
carcinoma
ADHIB*2, Patients | Esophageal | Surgery and/or | Increases [26]
ALDH2*1/¥2 cancer chemoradiation | susceptibility to
Macrocytic anemia
and leukocytopenia
ALDH2*1/¥2 | Knock-in Cisplatin High sensitivity and | [11]
mice cytotoxicity
ALDH2 Mice Doxorubicin Accentuates cardiac | [6](d)
knockout contractile and
autophagic
anomalies
ALDH2 Mice Improve cardiac
overexpression function and
suppress autophagy
Agonist Alda-1 | Mice Doxorubicin Attenuates [22]
cardiotoxicity by
inhibiting oxidative
stress, NOX2
expression and
reducing
myocardial
apoptosis
Antagonist Mice Doxorubicin Aggravate
Daidzin cardiotoxicity
Oxidative stress,
NOX2 expression
and myocardial
apoptosis
ALDH2 Mice Doxorubicin Rescue against [23]

transgenic mice

doxorubicin cardiac
toxicity through a
TRPV 1-mediated
protection of
mitochondrial
integrity
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chemotherapeutic agents for various cancers. However, drug resistance is always the
barrier of these drugs to treat cancers effectively, even that some of the key mecha-
nisms of resistance to microtubule inhibitors have been identified [ 12—14]. Intriguingly,
Wang NN et al. [15] have found that microtubule inhibitor resistance in cancer cells
can be reversed by disulfiram/copper via suppressing ALDH2 expression, which
reveals a novel target to overcome the drug resistance of microtubule inhibitor.

5 ALDH2 and Doxorubicin

Anthracyclines, mainly consisting of daunorubicin (DAU), doxorubicin (DOX),
epirubicin (EPI), and idarubicin (4-demethoxydaunorubicin, IDA), have been the
most effective chemotherapeutics ever introduced to clinic. They still remain an
essential component of modern chemotherapy regimens for a broad spectrum of
human cancers, including leukemia, lymphoma, breast, bladder, and thyroid carci-
noma, despite the advent of targeted therapy [16]. However, the potential of anthra-
cyclines is severely limited by their severe cardiotoxicity of a dose-dependent
cardiomyopathy, which irreversibly develops to congestive heart failure [17]. The
molecular mechanisms by which anthracyclines cause cell death or cardiotoxicity
are largely unknown and remain to be deeply investigated [18].

5.1 ALDH? and the Cytotoxicity of Doxorubicin in Cancer

ALDH?2 has been found to regulate the cytotoxicity of doxorubicin in cancer cells.
Overexpression of ALDH2 in leukemia cell and lung cancer cell has demonstrated
to promote cell proliferation and clone-forming ability and increase drug resistance
to doxorubicin [19]. Wang LS et al. [20] found that von Hippel-Lindau (VHL)-
deficient ccRCC cells show higher sensitivity to anthracyclines than VHL-proficient
cells in vivo or in vitro. Intriguingly, hypoxia-inducible factors (HIF-as), as the
major substrates of VHL, don’t contribute to the increased anthracycline cytotoxic-
ity. Next, by comparative proteomics and following with RNAIi or overexpression
verification in ccRCC cells, ALDH2 is found to be transcriptionally regulated by
VHL, which is independent on its E3 ubiquitin ligase activity. The VHL deficiency
and thus ALDH2 suppression contribute to enhanced anthracycline cytotoxicity. As
reported, hepatocyte nuclear factor 4o (HNF-4a) is a transcription factor for ALDH2
[21], and by Chip and luciferase activity analysis, the data indicated that VHL regu-
lates ALDH2 expression through directly binding the site of —130 bp to —160 bp on
the promoter to activate the transcription of HNF-4a. Furthermore, HNF-4o medi-
ates the anthracycline cytotoxicity in ¢ccRCC via transcriptional regulation of
ALDH2. These results indicate ALDH?2 regulates the sensitivity to anthracyclines
(Fig. 1). In consideration that the inactive variant of ALDH2 presents in 40% of East
Asian populations, it is of great interest to explore the effect of ALDH?2 on anthra-
cyclines in other cancers.
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VHL" — HNF-40.— ALDH2

|

ROS ——4-HNE

Doxorubicin l

DNAdamage —— p53 —— Apoptosis

Fig. 1 Schematic diagram depicting proposed mechanism for higher sensitivity to doxorubicin in
VHL-deficient ccRCC cells. It is proposed that VHL deficiency inactivates transcription of HNF-4
alpha, which decreases the expression of ALDH2. As a result, the HNE accumulates and induces
the DNA damage to apoptosis. VHL, von Hippel-Lindau; HNF-4, hepatocyte nuclear factor 4
alpha; DOX, doxorubicin; ROS, reactive oxygen species; ccRCC, clear cell renal cell carcinoma

5.2 ALDH?2? and the Cardiotoxicity of Doxorubicin in Cancer
Chemotherapy

Cardiotoxicity is the major life-threatening side effect encountered in clinical can-
cer chemotherapy with anthracyclines. Recently, the effect ALDH2 on cytotoxicity
of anthracyclines in cardiac cells has been documented by several groups. ALDH2
knockout mice have demonstrated further aggravated doxorubicin-induced myocar-
dial cellular toxicity, while ALDH2-transfected mice have demonstrated amelio-
rated toxicity through detoxification of 4-HNE!*Y. Consistently, the doxorubicin
plus ALDH2 inhibitor daidzin is also found to have aggravated cardiotoxicity, while
doxorubicin plus ALDH2 agonist Alda-1 would partially or completely reduce the
cardiotoxicity [22]. Furthermore, Ge et al. have found that doxorubicin cardiotoxic-
ity could be reduced by ALDH2 through a transient receptor potential channel
vanilloid 1-mediated mechanism in ALDH2 transgenic mice [23]. These data indi-
cate that the DOX-induced cardiomyocyte dysfunction is regulated by ALDH2.

6 ALDH2 and Dermatitis in Cancer Radiation Therapy

Radiation therapy is one of major therapeutics for cancer. Unfortunately it has to
face a debilitating clinical problem of radiation-induced dermatitis, which is a pos-
sible outcome of too high levels of radiation exposure. Intriguingly, delayed onset of
radiation dermatitis and substantially reduced symptoms have been found in a clini-
cally relevant model of radiation-induced dermatitis when the allosteric agonist,
Alda-1, is used to activate ALDH2 enzyme and significantly reduce
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4-hydroxynonenal adduct accumulation. However, Alda-1 has no radioprotection
for tumors in mice; instead, Alda-1 increases the sensitivity to radiation therapy
[24]. These results indicate that ALDH?2 is a potential a novel target for the treatment
of radiation dermatitis and increase the sensitivity of radiotherapy to cancer cells.

7 ALDH2 and Alcohol Consumption in Cancer Therapy

Chemotherapy always induces nausea and vomiting, which significantly affect the
life quality and treatment compliance of cancer patients. Alcohol consumption dem-
onstrates an inverse correlation with chemotherapy-induced nausea and vomiting.
And thus alcohol consumption is frequently seen in cancer patients to relieve their
suffering from cancer. Recently, the correlations of alcohol consumption, ALDH2
variant, and chemotherapy-induced nausea and vomiting have been investigated in
81 Japanese breast cancer individuals under adjuvant chemotherapy containing
high-emetic drugs. The ALDH2*1/*2 patients who habitually consumed alcohol
had less vomiting after chemotherapy even without anti-emetics, which indi-
cated the important role of ALDH?2 variant [25].

However, the inactivation of ALDH?2 is also thought to increase susceptibility to
macrocytic anemia and leukocytopenia in alcoholics. Another study in Japan esoph-
ageal cancer patients indicated that mean values of hemoglobin and hematocrit
were the lowest, and those of mean corpuscular volume were markedly the highest
in the group with combination of alcohol dehydrogenase-1B (ADH1B*2 allele) and
inactive heterozygous aldehyde dehydrogenase-2 (ALDH2*1/%2) when they drink
alcohol. And they return to normal, remaining the significant intergroup differences,
after abstinence. Under alcohol admission, this group has lowest mean leukocyte
count. This group has highest frequencies of MCV, hemoglobin levels, hemoglobin
levels, and leukocytopenia [26].

8 Conclusion and Perspective

The differences of human ALDH2 genotype, such as the ALDH2 rs671, present in
East Asian people widely, which suggest a personalized medicine based on an
ALDH?2 genotype may shed light on the individual health by evaluation of potential
disease risk and medication efficacy. A seamless clinical and translational effort
needs clinicians and scientists with common interest to join together, which could
maximize the health and wellness of the population.

On the other hand, ALDH2, even in high abundance, stands behind the other
genes and is occupied by nothing but alcohol metabolism at most times. In fact, the
biological roles of ALDH2 are largely underestimated previously. Very recently,
ALDH2 began to demonstrate its great biological roles under the given certain con-
dition. For example, ALDH?2 is found to play important roles in aplastic anemia and
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leukemia when it is knock out in combination with Fanconi gene [27]. In addition,
animal models with specific variants, such as the transgenic knock-in mouse for
ALDH2%2, have been created [4], which can verify the observations from the clinic.

Additionally, Alda-1, the small molecule restoring enzymatic activity to the
ALDH2*2 enzyme, has the potential to reverse some pathophysiology in the
ALDH2%2 population [5]. Such agonist could be used to prevent or modify ALDH2-
related diseases. In addition, CRISPR-Cas9, as a useful gene editing method, will
be potential to apply to correct ALDH2 mutation, restore the normal functions of
ALDH2, and thus lower the cancer risk [7].

In summary, more and more attentions have been attracted to the biological,
medical, and chemical research of ALDH2. We believe that ALDH2 has the poten-
tial to play important roles in cancer screening, diagnosis, therapeutics, and progno-
sis in the near future.
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ALDH?2 Polymorphism and Ethanol
Consumption: A Genetic-Environmental
Interaction in Carcinogenesis
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Mingjie Yang, Yingmei Zhang, and Jun Ren

Abstract Aldehyde dehydrogenase 2 (ALDH?2) is a key enzyme in the detoxifica-
tion of toxic aldehydes, especially acetaldehyde, which is commonly considered as
a carcinogen. ALDH2 mutation and impaired enzymatic activity will cause acetal-
dehyde accumulation and thus participate in the development of cancers. It deserves
more attention since around 40% of East Asian population carry the inactive ALDH2
allele. Moreover, the risk for cancers will be even higher when ALDH2 mutation
combined with heavy alcohol consumption, suggesting a genetic-environmental
interaction in carcinogenesis. This may provide us with a potential target for cancer
prevention and treatment.

Keywords ALDH2 mutation - Alcohol consumption - Cancer risk - Neoplasm

1 ALDH2 Polymorphism and Enzymatic Activity

Aldehyde dehydrogenase 2 (ALDH?2) is one of 19 members of aldehyde dehydro-
genase family in human, which is encoded by ALDH?2 gene on chromosome 12 and
located in mitochondrial matrix. Structurally, it is a tetrameric enzyme composed of
517 amino acids. The most common genetic mutation is G1510A, which means
substituting glutamate with lysine at position 504 (known as Glu504Lys, E504K,
rs671, or Glu487Lys, E487K before). The wild-type allele 504Glu is noted as
ALDH2*1 and the mutated allele 504Lys as ALDH2%2.
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ALDH?2 and alcohol dehydrogenase (ADH) are two major enzymes involved in
ethanol metabolism in the liver. Ethanol was first catalyzed to acetaldehyde by ADH
and then oxidized into acetic acid by ALDH2. Aside from acetaldehyde, ALDH2
also participates in the oxidation of other aldehydes including 4-hydroxy-2-nonenal
(4-HNE). Besides, it is also involved in the conversion of nitroglycerin, which
means turning glyceryl trinitrate into 1,2-glyceryl dinitrate [26].

Due to its important role in ethanol metabolism, ALDH2 and ADH polymor-
phism inevitably affect its enzymatic activity and can be either pathogenic or pro-
tective to human health, which is depicted in Table 1. Epidemiological studies show
that up to 40% of East Asian populations are carrying heterozygous ALDH2*1/*2
genotype, which only have 30-40% enzymatic capacity as compared to Caucasians
with ALDH2*1/*1 genotype [18]. Therefore, they are more prone to alcoholic com-

Table 1 Part of single nucleotide variants of ALDH2 and ADH1B genes

Clinical 1000G
Variant ID Location Gene Molecular consequences significance MAF
1s886205 111,766,623 | ALDH2 | 2KB upstream variant A =0.4912
rs4767939 111,769,091 | ALDH?2 | Intron variant G=0.4197
rs4767944 111,771,537 | ALDH2 | Intron variant T=0.1619
rs2238151 111,774,029 | ALDH?2 | Intron variant T=0.3013
rs2238152 111,776,655 | ALDH2 | Intron variant T =0.2017
rs7312055 111,782,373 | ALDH2 | Intron variant A =0.0891
rs4648328 111,784,984 | ALDH2 | Intron variant T =0.2003
rs7311852 111,787,500 | ALDH2 | Intron variant G =0.0202
rs10849970 | 111,788,629 | ALDH2 | Intron variant A =0.1625
rs440 111,790,910 | ALDH2 | Intron variant C=0.1987
rsd41 111,791,045 | ALDH2 | Intron variant C=0.2021
rs4646776 111,792,215 | ALDH?2 | Intron variant C=0.0353
rs4646777 111,792,232 | ALDH2 | Intron variant A=0.1977
rs10744777 | 111,795,214 | ALDH?2 | Intron variant T =0.2969
rs968529 111,796,564 | ALDH2 | Intron variant T =0.0302
rs671 111,803,962 | ALDH2 | Missense variant Pathogenic A =0.0357

[19]
rs2158029 111,804,401 | ALDH2 | Intron variant A=0.1841
rs16941667 | 111,806,609 | ALDH2 | Intron variant T=0.0713
rs11066028 | 111,807,366 | ALDH2 | Intron variant A =0.3728
rs16941669 | 111,807,833 | ALDH2 | Intron variant G =0.1250
rs7296651 111,809,150 | ALDH2 | Intron variant C=0.4978
1s2066702 99,307,860 | ADH1B | Missense variant Protective A =0.0531

[23]
1s7673353 99,309,919 | ADHI1B | Intron variant T =0.0533
rs10033960 | 99,310,185 | ADHIB | Intron variant A =0.3650
rs17028834 99,311,443 | ADHIB | Intron variant C=0.0423
rs1229985 99,311,721 | ADHI1B | Intron variant G =0.0333
rs6850217 99,312,463 | ADHIB | Intron variant T=0.1739
rs1789882 99,313,896 | ADHIB | Synonymous variant A =0.1703

(continued)
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Clinical 1000G
Variant ID | Location Gene Molecular consequences significance | MAF
rs2018417 99,313,983 | ADHIB | Synonymous variant A =0.0190
1$28626993 99,314,037 | ADHIB | Synonymous variant A =0.0220
rs1789883 99,315,218 | ADHI1B | Intron variant A =0.0236
rs1693457 99,315,605 | ADHIB | Intron variant C=0.1733
1s2066701 99,317,256 | ADHI1B | Intron variant A =0.3672
rs2075633 99,317,841 | ADHIB | Intron variant C=0.30674
rs4147536 99,317,955 | ADHIB | Intron variant A =0.2594
rs1229984 99,318,162 | ADHIB | Synonymous variant, Protective [7] | T=0.1585
missense variant
rs1229983 99,318,845 | ADHIB | Synonymous variant, 5 C=0.0343
prime UTR variant
rs1235416 99,319,764 | ADHIB | Intron variant T =0.0236
rs1353621 99,320,418 | ADHI1B | Intron variant C=0.1589
rs698 99,339,632 | ADHIC | Noncoding transcript Protective C=0.2143
variant, missense variant [13]
rs1693482 99,342,808 | ADH1C | Intron variant, missense Protective T=0.2143
variant
rs283413 99,347,033 | ADHIC | Synonymous variant, Risk factor A =0.0072
noncoding transcript
variant, nonsense
rs932546861 | 99,347,033 | ADHIC | Noncoding transcript Risk factor

variant, nonsense,
frameshift variant

According to https://www.ncbi.nlm.nih.gov/variation/view/

plications such as facial flushing, headaches, nausea, and cardiac palpitations after

drinking alcohol, because of high acetaldehyde concentration in blood.

Studies have shown ALDH2 dysfunction is correlated with different kinds of
diseases, including cardiovascular and cerebrovascular diseases, diabetes mellitus,
neurodegenerative diseases, and cancers [4]. As chronic alcohol consumption is
considered a risk factor for neoplasms, ALDH?2 deficiency will inevitably affect the
development of cancers, especially those in the esophagus, stomach, colorectum,
and liver. A meta-analysis which included 16,774 patients and 32,060 controls
showed people with ALDH?2 rs671 mutation were at 20% higher risk for developing
cancers, compared to those with wild-type alleles (Odds ratio/OR = 1.20, 95%
Confidence interval/CI: 1.03-1.39) [3].

2 ALDH?2 Polymorphism and Upper Aerodigestive Track
Cancers

A study showed that ALDH2 rs671 mutation increases 39% risk for carcinogenesis
in upper aerodigestive track (UADT), including oral cavity, oropharynx, hypophar-
ynx, larynx, and esophagus (95% CI, 1.11-1.73) [3]. A case-control study including
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585 patients and 1170 matched controls in Japan also confirmed that ALDH2
504Lys allele increased the risk of UADT cancers, especially among those heavy
drinkers (drink >46 g/d and >5 days/week). The ORs for heavy drinkers with or
without 504Lys allele were 14.41 and 1.59 compared to non-drinkers [17]. This
may suggest that ALDH2 polymorphism affects the development of UADT cancers
due to its role in ethanol metabolism.

Esophageal cancer ranks first in the morbidity and mortality among upper aerodi-
gestive cancers [2], which deserves special attention. ALDH2 rs671 mutation carri-
ers were at 7—12 times higher risk for esophageal cancer, whether they were drinkers
or not [12]. Another case-control study that followed 102 patients and 241 controls
from Aichi Cancer Center suggested that the OR for esophageal cancer in ALDH2
504Lys allele carriers was 3.43 compared to wild-type controls (95% CI, 1.74—-6.75)
after adjusting the age, sex, smoking, and drinking conditions [14].

Further studies show the susceptibility for esophageal cancer significantly
increases if these mutation carriers drink heavily. In the Aichi study, the OR for
heavy drinkers with ALDH2 504Lys was 6.84 (95% CI, 2.39-19.6), much higher
than the average risk [14]. In a similar case-control study with 858 patients and
1081 controls in China, those moderate or heavy drinkers with ALDH?2 rs671 muta-
tion were at 64% higher risk for esophageal cancer (95% CI, 1.12-2.40), while not
the same case in light or non-drinkers [22]. Another Chinese cohort study also
reached the same conclusion. Impaired ALDH2 enzymatic activity was positively
associated with esophageal cancer risk among those daily drinkers, but not in light
drinkers [25]. All of these studies show a strong interaction between ALDH2 poly-
morphism and ethanol consumption in developing esophageal cancer.

Apart from alcohol, cigarette is also another important source of acetaldehyde.
Smoking together with heavy drinking made things even worse for those ALDH2
504Lys carriers, with OR 50.1 for esophageal squamous cell carcinoma relative to
those wild-type non-smokers and non-drinkers [16]. A Japanese genome-wide study
including 1070 patients and 2836 controls revealed that ALDH2 504Lys mutation,
drinking, and smoking were all independent risk factors for esophageal cell carci-
noma, with ORs 1.66, 1.92, and 1.79, respectively. However, the risk was 190-folds
higher if these risk factors combined [6]. It suggests that genetic and environmental
risk factors are closely interacted during carcinogenesis.

3 ALDH?2 Polymorphism and Gastric Cancer

The incidence and mortality of stomach cancer ranks high among different types of
cancers worldwide, especially in Eastern Asia like Japan, Korea, and China [2, 21].
Therefore, studies have been carried out in these countries on the relationship of
alcohol consumption and ALDH?2 polymorphism in developing gastric cancer.
Chinese researchers found ALDH2%2/*2 mutation significantly raised the risk of
stomach cancer in comparison with wild-type controls [5]. A Japanese case-control
study including 697 cases and 1372 controls also showed the ORs for Glu/Lys and
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Lys/Lys genotypes are 1.40 (95% CI, 1.11-1.76) and 1.73 (95% CI, 1.12-2.68),
relative to Glu/Glu carriers. The risk was even higher among heavy drinkers with
mutation (OR = 3.93; 95% CI, 1.99-5.79) compared to non-drinkers without muta-
tion [15]. Other studies in Japan also suggested ALDH2 504Lys mutation elevated
the risk of gastric cancer under heavy ethanol ingestion [8, 10]. A Korean study
including 445 older patients and 370 controls showed that heavy drinkers with
ALDH2*1/*2 genotype were 4 times easier to develop gastric cancer, relative to
those without rs671 mutation (OR = 4.26; 95% CI, 1.10-16.47), while the risk
didn’t increase in those drank less [20].

These studies suggest that the amount of ethanol consumption must be consid-
ered when considering the relationship between ALDH?2 polymorphism and suscep-
tibility of stomach cancer.

4 ALDH?2 Polymorphism and Colorectal Cancer

In a case-control study of 440 cases and 800 controls in Southwest China, the OR
of developing colorectal cancer was 1.86 (95% CI, 1.12-3.09) for those ALDH2
504Lys/Lys carriers compared to Glu/Glu genotypes. If the amount of alcohol con-
sumption is taken into consideration, the OR of heavy drinkers turned out to be 7.17
(95% Cl, 2.01-25.53) [24].

However, the conclusion is absolutely different according to several meta-
analysis. In a study comprising 2909 patients and 4903 controls, the cancer risk
decreased in those with ALDH2 504Lys mutation compared with wild-type controls
(OR = 0.81, 95% CI = 0.68-0.98) [27]. Another meta-analysis including 1664
patients and 2777 controls showed a similar conclusion, and the ORs for
ALDH2*1/%2 and ALDH2*#2/*2 are 0.85 and 0.95 relative to wild-type alleles [28].
Further expanded study is required to clarify the relationship of ALDH2 rs671 poly-
morphism and colorectal cancer risk.

5 ALDH?2 Polymorphism and Hepatocellular Carcinoma

Heavy and persistent alcohol consumption contributes to liver cirrhosis, even with-
out hepatitis B virus (HBV) or hepatitis C virus (HCV) infection. A Japanese study
comprising 67 patients and matched controls suggested ALDH2 rs671 mutation was
an independent risk factor for carcinogenesis in the liver [1].

A research group from China also detected decreased level of ALDH?2 in human
hepatocellular carcinoma (HCC) tissues, with a poorer prognosis. Defective ALDH2
enzyme led to accumulation of acetaldehyde and activated AMP-activated protein
kinase (AMPK) pathway through a redox-dependent mechanism [9]. ALDH2
E504K-mutated mice showed more severe DNA damage in hepatocytes and
were more prone to develop HCC if treated with a chemical carcinogen [11]. Since
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the liver is the most important organ where acetaldehyde is detoxicated by ALDH2,
the enzyme is considered protective in the development and migration of hepatocel-
lular carcinoma.

6 Conclusion

Most human studies have suggested ALDH2 504Lys allele disturbs ethanol metabo-
lism and thus increases the risk of carcinogenesis, particularly in the heavy drinkers.
Obviously, the genetic risk factor ALDH2 mutation and environmental risk factor
alcohol consumption are closely interacted in this pathological process. The linkage
is acetaldehyde, a carcinogen causing DNA damage. Studies showed ALDH2 level
increased in the wild-type mice to eliminate acetaldehyde upon drinking. However,
in ALDH2 knockout mice with alcohol feeding, acetaldehyde-derived DNA dam-
age deteriorated as represented by the elevation of N(2)-ethyl-2’-deoxyguanosine in
the esophagus, stomach, and liver [4].

Therefore, ALDH2 is regarded not only as a novel biological marker for predict-
ing and assessing cancer risks but a potential therapeutic target for cancers espe-
cially in the esophagus and stomach. In the East Asian population with impaired
ALDH?2 enzyme, ALDH2 activators may help reduce the toxicity of acetaldehyde
after alcohol drinking, thus reducing the risk for developing neoplasms.

However, most researches concentrate on the role of ALDH2 enzyme in gastro-
intestinal cancers and hepatic carcinoma, and little attention has been paid to other
cancers. Lung cancer is commonly considered as smoking-related, and cigarette is
another important source of acetaldehyde. A Japanese case-control study showed
impaired ALDH?2 enzyme increased cumulative smoking dose and the incidence of
lung cancer [25]. Another case-control study revealed that ALDH2 504Glu/Lys
raised the bladder cancer risk compared to wild-type alleles (OR = 2.03; 95% CI,
1.14-3.62), but for drinkers only [26].

Due to the extremely high mutation rate in East Asian population, it is of great
significance to clarify the relationship between ADLH2 polymorphism and carcino-
genesis, and far more efforts are needed from bench to bedside.
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Aldehyde Dehydrogenase 2 (ALDH2)
and Aging: Is There a Sensible Link?

Ne Natalie Wu and Jun Ren

Abstract Aging is a complex irreversible biological process associated with
increased prevalence of chronic disease and high healthcare burden. Several theo-
ries have been proposed for the biology of aging including free radical accumula-
tion, DNA damage, apoptosis, telomere shortening, autophagy failure, and disturbed
autonomic response. Aging is also closely associated with progressive deterioration
of cardiovascular and neurological functions. Linkage, genome-wide association
(GWAYS), and next-generation sequencing analysis have confirmed a number of sus-
ceptibility loci for aging, in particular, Alzheimer’s disease. Recent evidence from
our group and others also revealed a tie between genetic mutation of mitochondrial
aldehyde dehydrogenase (ALDH?2) and life span as well as cardiovascular aging.
ALDH2 represents the single most gene with the greatest number of human genetic
polymorphism and is deemed an important enzyme for detoxification of reactive
aldehydes. Here, we will briefly review the tie between ALDH2 and cardiovascular
aging process. While recent work on ALDH?2 research has broadened the patho-
genic mechanisms of ALDH?2 mutation or deficiency, therapeutic potential targeting
ALDH2 in the elderly still remains debatable.
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1 Introduction

Aging is an inevitable biological process, characterized by age-dependent progres-
sive deterioration of cellular and organismal function, onset of multiple diseases,
and ultimately increased mortality [1]. With the prolonged human life expectancy
over the past century, the elderly population (>65 years of age) is steadily rising and
is estimated to be at ~22% by 2050 as opposed to 10% in 2000 [2]. Searching for
ways to improve the health span or healthy aging in particular management of
aging-associated diseases (e.g., cancer, diabetes mellitus, heart failure, vascular
stiffness and dysfunction) has become a burning issue worldwide to reduce health-
care cost with the aging population [3-5]. Accumulating evidence has depicted a
close association between aging and genetic or epigenetic alterations [6, 7]. A num-
ber of (>20) susceptibility loci have been identified using genome-wide association
(GWAS) analysis for the increased prevalence of aging-associated comorbidities
such as Alzheimer’s disease [8]. A number of theories have been proposed for the
biology of aging including telomere shortening, cellular senescence, mitochondrial
dysfunction, defective autophagy, and the most classical one being the oxidative
stress theory [9]. Aging is a process determined by a combined effect of the com-
plex cellular and molecular signaling networks interacting with environmental fac-
tors. Modulation of oxidative stress is considered as a critical mechanism in
maintaining cellular homeostasis and the biology of aging process [10]. Declines in
the capacity of resistance against exogenous harm and recycling of cellular compo-
nents are hallmarks in the aging process. With the “wear and tear” aspects of aging
on individual’s well-being, a better understanding of the mechanism behind the
aging process should provide promising targets for therapeutics against aging-
related diseases and moreover life span extension. Recent evidence from our group
and others has suggested a unique role for mitochondrial acetaldehyde dehydroge-
nase 2 (ALDH2), a detoxification enzyme in ethanol metabolism, in health and
disease prevalence [11-15]. Moreover, ALDH2 rs671 mutation (ALDH2%2) repre-
sents the single most common point mutation in human among all human genomes.
In recent years, the linkage between this single point mutation and risk for aging-
related diseases was indicated from epidemiological studies along with experimen-
tal findings, attracting much interest in the mechanism behind ALDH?2 and aging or
aging complications. While some reports revealed a protective role for ALDH2
through detoxifying oxidative stress-induced lipid-derived aldehyde products [16],
we and others found surprising unfavorable effects of ALDH?2 in life span and car-
diac aging. Data from our own lab found ALDH?2 overexpression accentuated myo-
cardial dysfunction through the JNK-Bcl-2 and mTOR signaling cascades in aging
[15]. These discrepancies have raised an issue of whether ALDH?2 genetic mutation
may impact human aging process.
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2 ALDH2

2.1 Characteristics of ALDH?2

Aldehyde dehydrogenase (ALDH) is a detoxifying enzyme superfamily known as a
catalyst for oxidation of endogenous and exogenous aldehydes and aldehyde deriva-
tives. Up to date, 19 members of isozymes have been identified, among which
ALDH?2 is the most active one consisting of 517 amino acid to form 4 56-kDa sub-
units, each containing 3 domains [17]. Encoded by a nuclear gene on chromosome
12q24, ALDH?2 is located in mitochondria and is widely distributed in the liver,
kidney, heart, lung, brain, and other tissues. ALDH2 is responsible for catalytic
oxidation of aldehydes and lipid peroxidation-produced alkenols, such as
4-hydroxynonenal (4-HNE) and malondialdehyde (MDA) [11]. A total of 84 single
nucleotide polymorphism loci have been found on human ALDH?2 gene, most are
rs671 G > A mutations which present in exon 12 and result in amino acid substitu-
tions of Glu504Lys [18]. The ALDH2 genotypes include wild homozygous GG
(ALDH2*1/*1), owning normal catalytic activity of the enzyme, mutant heterozy-
gous GA (ALDH2*1/*2), expected to possess approximately 10%—-45% enzymatic
activity of wild-type homozygous. Mutant homozygotes AA (ALDH2 *2/*2), on
the other hand, display only 1-5% the wild-type enzyme catalytic activity [19]. This
deactivation mutant is present in nearly 8% of world populations and approximately
40% of the East Asian population. Further scrutiny in ALDH2 and its mutants have
revealed a broader scope of pathologies implicated in human health and aging [17,
20]. Earlier findings from our group and others have demonstrated a protective role
of ALDH2 in coronary artery diseases [21, 22], cancer [23, 24], metabolic disorder
[25], and neurodegeneration diseases [26] in both clinical and experimental set-
tings. Paradoxically, recent finding from our lab revealed that ALDH?2 overexpres-
sion accelerated aging-associated myocardial dysfunction [27], which provoked
further research into the intrinsic mechanisms.

2.2 Bioengineered Animal Models of ALDH?2

A number of technological advances have offered promising leads toward address-
ing the specific role and mechanism of ALDH?2 in the overall human health and
prevalence of diseases. Mammalian models such as mice are most genetic proxim-
ity to humans with feasible access to gene knockout/in and could be utilized to
recapitulate the diverse phenotypes [17]. Up to date, murine models of ALDH2
exhibit different ALDH2 genotype and express different enzyme activity, such as
ALDH?2 knockout mice, ALDH2*2 or ALDH2-overexpressing (transgenic) mice
controlled by EF1a and chicken p-actin promoters, and ALDH2 mutation knock-in
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mice. Available pharmacological tools that activate or inhibit ALDH2 enzyme such
as Alda-1 and Benomyl make it possible to decipher the rationale of ALDH2 manip-
ulation to be harnessed therapeutically [23].

3 Aging

During the aging process, almost all biochemical processes that underpin intricate
cellular functions remarkably decline with time [28]. Excessive fluctuations in
physiological factors perturb homeostasis and increase vulnerability to major
human pathologies. More than 70% of people over 65 have at least two or more
forms of concurrent chronic diseases [29]. About half of human deaths are attrib-
uted to chronic aging-associated diseases (AADs) [30], most prominently cardio-
vascular diseases, metabolic disorder, chronic obstructive pulmonary disease
(COPD), neurodegeneration diseases, stroke, and cancer [31]. Aging is defined as a
slowly progressive decline of fitness and adaptation, which is determined by the
balance between pro-aging and antiaging systems [32]. Both parallel forces (such as
DNA reparation systems, quality control of proteins [33], cellular senescence [34]),
and opposite forces (such as mutations, oxidation stress [35], hypoxia, mitochon-
drial dysfunction, nutrition deficiency [36]) were defined in existing theories of
aging. Over the past several decades, these theories have received validations from
various emerging experimental evidences [37]. Given the multifactorial nature of
aging, how each influencing factor acts in concert and how they interact to contrib-
ute to the aging process still remain somewhat elusive.

3.1 Oxidative Stress

Among various theories and hypotheses for aging, the “oxidative stress/free radical
theory” represents perhaps the most classical and well-perceived theory that high-
lights the toxic role of accumulation of reactive oxygen species (ROS) in aging
process. ROS can be generated in oxidative phosphorylation (OXPHOS) in mito-
chondrial and arise dramatically under pathological state such as ionizing radiation
and aging. Reduction-oxidation (redox) disequilibrium occurs when excrescent
ROS accumulate beyond the capacity of scavenging. The term “oxidative stress”
was first coined half a century ago to elucidate the potential detrimental impact of
oxidization reactivity on cellular functions [38]. Traditional hypothesis persists,
while recent findings invite nuanced explication that appreciate ROS as signaling
molecules when produced at a controlled level to alleviate the cellular stress [39].
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Experimental findings from our own laboratory and others have depicted
increased oxidative stress in aged animals using sensitive biomarkers of peroxida-
tion and oxidative stress [27, 40]. Oxidative stress is known to independently con-
tribute to increased all-cause mortality according to population-based cohort studies
[41]. Conversely, various molecules with antioxidant capacity have shown beneficial
effects in maintaining cellular functions and longevity through reducing oxidative
stress [42]. There is a considerable evidence that large amounts of ROS promote
aging through oxidative damage on vital intracellular content [43], including chronic
impairment on mitochondrial DNA and clonal extension of the mutations which
lead to fatal energy deficiency [44].

3.2 Mitochondrial Dysfunction in Aging

A drastic decline in mitochondrial function and presence of abundant mitochondrial
DNA (mtDNA) mutations or deficiency has been documented in aged mammalian
species including aged tissue from human [45]. Given that mitochondria lie at the
crossroad of the global metabolic homeostasis, dysfunctional mitochondria may
impinge whole organismal function [46] and may predispose individuals to aging-
related comorbidities [47]. According to the oxidative stress theory, enhanced ROS
stress as a result of deficient mitochondrial oxidative phosphorylation (OXPHOS)
contributes to aging. In turn, amplified oxidative stress could accelerate decay of
mitochondria [48]. However, the initial trigger for declined mitochondrial integrity
and function remains elusive.

Over the past decades, much insights have emerged gaining the intrinsic mecha-
nisms behind aging-associated mitochondrial deterioration. Sirtuins, which belong
to a family of conserved nicotinamide adenine dinucleotide (NAD*)-dependent his-
tone deacetylates, play pivotal roles in longevity and survival [49]. Peroxisome
proliferator-activated receptor y coactivator 1-o (PGCl-a) is a key regulator of
mitochondrial biogenesis depending on nuclear-mitochondrial communication.
SIRT1 counters starvation by deacetylating PGCl-a to induce gluconeogenesis
[50]. Age-dependent decline of nuclear NAD* reduces SIRT1 deacetylate activity,
resulting in the attenuated PGC1-a activity [51]. Further studies found that reduced
SIRT1 function is causally associated with the mitochondrial decline through down-
regulating the expression of a nucleus gene which encodes mitochondrial transcrip-
tion factor A (TFAM). This process is mediated by the accumulation of
hypoxia-inducible factor 1a (HIFla) and cMyc [52]. AMP-activated protein kinase
(AMPK) may promote the SIRT1 activity through increasing NAD* in response to
elevated AMP/ATP or ADP/ATP ratios in the face of nutrient restriction. AMPK
activation extends life span in animal models [53], and a dampened AMPK activity
was noticed in the aging process [54, 55].
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3.3 Autophagy and Aging

Autophagy is a catabolism process that targeted cellular constituents are seques-
tered by a structure called autophagosome before being delivered to the lysosomes
for degradation to maintain cellular homeostasis [56]. Constitutive autophagy hap-
pens at basal level, while adaptive autophagy is simulated under stress conditions
[57]. A bidirectional linkage between autophagy and aging-related pathologies has
been revealed [58]. Autophagy alters with age; meanwhile, deficient autophagy
contributes to diverse aging-related diseases, including cardiovascular diseases
[59], metabolic disorder [58], cancer [60], neurodegeneration [61], and so on. In
addition, long-lived Caenorhabditis elegans mutants exhibit an increased level of
autophagy [62]. Autophagy may have complex, dual effects on the pathological
aging process such as ischemia/reperfusion damage. Too much or too little autoph-
agy may produce an unfavorable biological effect. Moderate autophagy induced by
a temporary ischemia and mild oxidative stress serves as a protective process against
adversity, while severe I/R may elicit excessive autophagy, which accelerates cell
death and impairs organs [16].

A set of gene, known as autophagy-related genes (ATGs), drive autophagy [63].
It is believed that autophagy virtually communicates with signaling networks for
metabolism, cellular survival, and cell cycle regulation [64]. A number of metabo-
lism pathways converge to a nexus point termed mammalian target of rapamycin
(mTOR), a serine/threonine-protein kinase. mTOR suppresses autophagy in starva-
tion through inhibiting unc-51-like autophagy activating kinase-1 (ULK1) and the
Beclin-1-VPS34 complexes [46]. Rapamycin inhibits mTOR, therefore triggering
autophagy initiation [65]. Besides, endoplasmic reticulum (ER) stress modulates
autophagy through a stress stimuli-sensitive molecular, c-Jun N-terminal kinase
(JNK) [63]. In addition, SIRT1 may activate nuclear LC3 (microtubule-associated
protein 1 light chain 3) and FoxO1 through deacetylation, which were both neces-
sary and sufficient for restoring autophagy flux [13].

4 The Janus Faces of ALDH2 in Cardiac Aging?

By the year of 2035, more than 130 million (45.1%) adults in the USA are antici-
pated to have some forms of cardiovascular diseases (CVD), and the economic bur-
den due to CVD is expected to reach $1.1 trillion in 2035 [66]. As mentioned earlier,
aging is an independent risk factor for CVD and weighs most commonly in
employed risk scores [67]. Cardiovascular morbidity increases yearly as societies
age [68]. CVD still ranks first in the causes of death in America. More than half of
the mortality are related to CVD striking individuals over 65 [69]. Unraveling the
molecular pathways of aging-related myocardial dysfunction and the promising
therapeutic targets attracted much attention.
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Fig. 1 Myocardial ultrastructure in 24-month-old WT and ALDH?2 transgenic mice using trans-
mission electron microscopy (x 4000). Scale bar = 1 pm. Myofilament alignment is distorted in
both groups with mitochondrial volume likely enlarged in ALDH2-old group (possibly due to
decreased mitochondrial autophagy)

Previously, a number of studies have demonstrated the distinct impacts of
ALDH?2 on the pathogenesis in cardiovascular diseases, while few focused on the
aging heart. To this end, our laboratory conducted a series of studies. Young
(4-5-month-old) and old (26-28-month-old) wild-type and ALDH2-overexpressing
transgene mice were examined. We found that ALDH2 augmented aging-related
pathological cardiac hypertrophy but not fibrosis. Increased contractile dysfunction,
reactive oxygen species (ROS), apoptosis, mitochondrial injury, and intracellular
Ca?* handling in the aged mice were exaggerated by ALDH2, while no such effect
was observed in the young group [27]. Figure 1 displays representative ultrastruc-
tural images of myocardium from old WT and ALDH?2 transgenic mice, suggesting
lack of protection for ALDH?2 against cardiac aging and perhaps a rise in mitochon-
drial volume (which may be due to decreased mitophagy). In addition, ALDH2
overexpression shortened life span by 7.7% in mice without notable variation in
aging-related changes of plasma profiles.

However and paradoxically, Wu and associates reported that ALDH2 knockout
mice exhibited an accelerated age-related heart dysfunction and a shortened life
span along with retarded autophagy flux, which can be abrogated by sustained treat-
ment of Alda-1. ALDH2 activity was decreased in aged (22-month-old) mice, lead-
ing to a heavier aldehydic load as characterized by 4-HNE accumulation. ALDH2
activation in aged mice (22-month-old) by Alda-1-ameliorated autophagy flux
through activating SIRT1 via reducing carbonylation [13]. SIRT1 is found to be
definitely necessary in restoring autophagy flux. Besides, experiments carried out
by Wenzel and colleagues showed a similar damage to vascular function in middle-
aged (6-month-old) ALDH2~~ mice as old (12-month-old) ALDH2~~ mice, indi-
cating a likely protective role of ALDH2 in vascular aging [70]. Mitochondrial ROS
production and oxidative mtDNA damage observed in aged mice were parallel to
endothelial dysfunction, suggesting that this protection may be related to the anti-
oxidant effects of ALDH2.
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Fig. 2 Signaling mechanism in ALDH2-accentuated suppression of autophagy. (1) ALDH2 pro-
motes aging-related activation of Akt, which inhibits the initiation of autophagy through phos-
phorylation of FoxO and activation of mTOR. (2) ALDH2 promotes suppression of AMPK in
aging, leading to reduced activity of SIRT1 and activated mTOR; (3) Diminished SIRT1 leads to a
reduced deacetylation of FoxO, thus inhibiting autophagolysosome formation. (4) Upregulated
mTOR suppresses autophagy through negatively regulating ULK complex. (5) ALDH2 and aging
reduce phosphorylation of JNK and Bcl-2, which suppress autophagy through dampened dissocia-
tion of Bcl-2 and Beclinl. (6) Both ALDH2 and SIRT1 depend on NAD*, and thus ALDH2 may
compete with SIRT1 for NAD+

These seeming discrepancies invited deeper insights. Our data further revealed
that aging significantly suppresses AMPK phosphorylation and downregulates the
levels of SIRT1 and several pivotal mitochondrial proteins (PGC-1a and UCP-2).
These alternations are exaggerated by ALDH2. Besides, autophagy promotes sur-
vival under harmful conditions and plays a key role in maintaining cardiac homeo-
stasis. Compromised autophagy in the aging heart [71] showed an association with
heart failure and aging [56]. We have clarified that ALDH2 and aging jointly sup-
pressed autophagy and autophagy flux permissively through both JNK-Bcl-2- and
AMPK-mTOR-dependent pathway [15]. A scheme is provided summarizing
ALDH2-offered regulation of cell signaling pathways (Fig. 2).

Moreover, we analyzed the genetic polymorphism in those who have a family
history of longevity (with a life span over 90 years). Interestingly, it seems that lon-
gevity favors the ALDH2*1/*%2 (G/A) mutation most (32.8% vs 20.9%) and the
frequency of G/G is much lower in the longevity group (65.7%), compared with the
control group (77.6%). We next examined the genotype distribution in 411 individu-
als with normal life span (<90 years). The frequency of G/A and A/A added up to
32.85%, while the G/G genotype was 67.15% in the normal age group [27].
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Examination on left ventricle systolic function suggests a much better cardiac per-
formance in aged ALDH2 mutants. Moreover, a subdued cardiac remodeling was
noticed in the GA/AA group. Another candidate gene research in Koreans con-
firmed that the rs671 (A) allele of the ALDH?2 gene was associated with longevity
only in men (P = 0.008) [72]. Although Mizuno’s group revealed a linkage between
ALDH2%2 mutation and coronary spastic angina [73, 74], coronary spasm is caused
by a combination of multiple triggers, thus whether this result causally associated
with aging seems unclear.

Although the precise mechanism of action behind the discrepant findings in
ALDH?2 and aging still remain unclear, some explanations may be considered in
addition to disparity in experimental condition and animal models. Logically, both
overexpressed and insufficient ALDH2 may be harmful in some pathological condi-
tions. Emerging evidence supported the supposition. As mentioned above, loss of
ALDH?2 may exaggerate aging. Dassanayaka and colleagues found that following
treatment of 12 weeks of transverse aortic constriction (TAC), ALDH?2 overexpres-
sion mice exhibited larger hearts and lower capillary density than the wild-type
[75]. In line with the favor of natural selection for the G/A genotype which repre-
sents less active but not inactive ALDH2, these studies collectively suggested that a
“moderate” level of ALDH2 is needed to induce favorable effects. Furthermore,
both ALDH2 and SIRT1 depend on NAD* as a cofactor. This creates a natural
“competition” for NAD* between the two and more crucial molecules. As a result,
ALDH2 may display unfavorable effects on other processes dependent on the NAD*
availability. Thus the specific effect of ALDH2 in aging may be determined by the
level of NAD*, which remains to be confirmed by more evidence. According to the
findings from our lab and others, the ALDH2-induced restoration of autophagy flux
required activated SIRT1. When NAD" is insufficient, ALDH?2 overexpression will
grab scanty NAD*, which is also desperately needed for SIRTI. In addition, we
found that ALDH2 markedly enhanced the suppression of AMPK in aging, which
in turn reduced the activity the SIRT1. Diminished SIRT1 leads to a reduced deacet-
ylation of FoxO, which turns out to hamper autophagy. Consequently, the potential
protective effect of ALDH2 may fail to work or even be reversed due to the damage
on other NAD"-dependent metabolism pathways in the shortage of NAD". Last but
not least, ALDH2 enhanced the aging-related activation of Akt, a serine/threonine-
protein kinase which inhibits autophagy through phosphorylation of FoxO.

5 Role of ALDH2 in Other Aging-Related Diseases

5.1 Neurodegeneration

Although systemic diseases take up a large proportion of health, the brain is the
arbiter of death preceded by a progressive deterioration of cognitive and motor
function which occurs during aging [76]. Pervasive mutations caused by pathologi-
cal conditions along with inherent risk-associated genotypes work together in the
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development of multiple neurodegenerative disorders [77]. Alzheimer’s disease and
Parkinson disease are typical neurodegenerative diseases raising escalating concern
in aging society.

D’Souza and colleagues noted an endothelial dysfunction and brain atrophy
along with an age-related increase of amyloid-f, p-tau, and caspases in ALDH2~/~
mice. ALDH27~ mice also exhibit notable age-related memory deficits. Taken
together, ALDH?2 deficiency accelerated age-dependent neurodegeneration [78].
Ohsawa found that ALDH2 deficiency deteriorated cognitive and memory impair-
ment and even caused a loss of life span. The median and maximal life span of mice
with ALDH2*2-expressing neurons were significantly shorter than that of non-
transgenic control mice. At 1 year, 1.5 year after birth, 20%, 77.8% of ALDH2*2
mice showed notable neurodegeneration, whereas non-transgenic control mice
averted this deterioration [79].

However, epidemiology studies provided equivocal evidence for these benefits.
Early statistics from a Japanese sample showed the possible linkage between
ALDH2%2 mutation and the risk of Alzheimer’s disease (AD). They found a higher
frequency of the ALDH2+2 in AD patients (27.5-28.0%) than in controls (19.9-
22.7%). A study of 690 Koreans aged 65 and over showed no significant association
between ALDH2%2 and cognitive outcomes [80]. Several considerations for this
conflict should be proposed: (1) possibly different clinical diagnostic criteria and
accuracy; (2) the lower frequency of ALDH2*2 in the Korean study (15.7%) com-
pared to that of Japanese (23.6-34.7%), which may obscure the potential associa-
tion; and (3) sample representativeness and different demographic characteristics,
such as education level. Thus prospective studies are warranted to clarify the issue.

In addition, another research carried out on 584 Parkinson disease (PD) patients
and 582 controls in Han Chinese population indicated ALDH?2 rs4767944 (T < C)
(p = 0.002), but not rs441 and rs671, were associated with Parkinson disease [26].
PD patients presented higher frequency of CC and CT (15.8%, 54.1%) than the
controls (10.7%, 51.7%). Further analysis found that the frequency of C allele is
much higher in the PD patients (36.5%) compared to the controls (42.8%), which
provided a novel ALDH?2 variation associated with PD.

5.2 Cancer

Aging acts as an independent risk factor for cancer. Cancer is formed as a result of
the accumulation of genetic mutations that either inhibit the activity of tumor sup-
pressor genes or activate oncogenes [30]. Accumulating evidence has indicated that
tumor might be regulated by similar pathways which modulate energy balance [37].
For example, Hou and associates noticed lower ALDH2 levels in tumor tissues, with
a more pronounced decrease in tissues with increased invasive and migratory capac-
ity. ALDH2 activation inhibited migration and invasion both in vivo and in vitro.
Moreover, these investigators found that ALDH2 adjusted the redox status through
increased phosphorylation of AMPK, which ultimately suppressed metastasis of
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HCC cells [81]. In an analysis of ALDH2, polymorphisms found a significant posi-
tive direct effect and a protective indirect effect of the ALDH2 rs671 (A) allele
against gastric cancer together with ALDH2-alcohol drinking interaction. In the
following mediation analysis, they found ALDH2*2 mutation independently
increased the risk for gastric cancer [82]. In addition, Jin and colleagues reported
that ALDH2*2 knock-in mice presented decreased ALDH?2 activity and increased
DNA damage response in hepatocytes, pronounced liver injury, and accelerated
hepatocellular carcinoma (HCC). The ALDH2*2 mutation rate in human 43 HCC
samples was close to that of a normal liver. However, this sample size is relatively
small to draw a solid conclusion [83].

5.3 Metabolic Disease

The hormonal secretory patterns and the sensitivity to regulatory signals altered
with aging, featured by the disequilibrium of glucose, calcium, and sex hormonal
homeostasis, which leads to a cluster of age-related metabolic disorders like obe-
sity, hypertension, type 2 diabetes mellitus, and osteoporosis. [84] Both physiologi-
cal and pathological process of metabolism are under the control of insulin-like
growth factor 1 (IGF1) signaling pathway and the AMPK-SIRT1 pathway [30].
Traditionally, the alternations in hormone activity of the elderly are considered det-
rimental due to age-related decline in organ functions and may increase the chronic
disease prevalence. However, some of these changes may be a beneficial adaptation
to aging [84].

Glucose homeostasis is maintained through a set of procedures including glu-
cose ingestion, absorption, utilization, and production under subtle control of insu-
lin. Alternations due to aging perturb this balance, resulting in increased fasting
plasma glucose and distorted insulin secretion. Type 2 diabetes mellitus without
proper treatment triggers various forms of diabetic complications, including cardio-
vascular diseases, retinopathy, kidney failure, amputations, etc. Wang and col-
leagues showed that ALDH?2 deficiency deteriorated diastolic function in the early
stage of diabetic cardiomyopathy through activation of the AMPK-LKB1 pathway
in response to increased AMP/ATP and ADP/ATP and decreased PCr/ATP ratio.
They noticed perturbations of glucose homeostasis and an accumulation of lipid
peroxidative product (4-HNE) in ALDH2 knockout mice [85]. In a multistage
genome-wide association study (GWAS) involving 12,720 Han Chinese partici-
pants from China, interaction of ALDH?2 rs671 mutation and alcohol consumption
was found to be associated with metabolic syndrome. However, the association
between ALDH2*2 and obesity was partly independent of alcohol intake [25].

A loss of bone mass owing to an imbalance between formation and resorption
leads to osteoporosis [86]. By 2020, approximately 12.3 million individuals in the
USA at the age of 50 or older are expected to suffer from osteoporosis [87]. In a
study from Japan, Hoshi and coworkers found that ALDH2*2 (rs671) promoted
osteoporosis due to impaired osteoblastogenesis. The ALDH2*2 transgenic mice
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exhibited an increased blood acetaldehyde and accumulation of 4-HNE and upregu-
lated the expression of peroxisome proliferator-activated receptor gamma (PPARY),
a transcription factor that promotes adipogenesis and inhibits osteoblastogenesis.
Antioxidant treatment could significantly reverse this process [7]. A cohort study in
Japanese showed that individuals with homozygous ALDH2*2 had a higher mor-
bidity rate of osteoporosis compared with ALDH2:x1 individuals. Interestingly,
females presented a more conspicuous result (OR: 4.31) [88].

5.4 Conclusion

Given the inevitable nature of aging, individual bears a witness to progressively
declined cellular and organ functions with time. Emerging insights into the cellular
and molecular mechanisms underlying aging- and age-related diseases are antici-
pated to expand health span. This review summarizes the effects of different ALDH2
enzyme activity in aging-related pathologies and genetic polymorphism distribution
of ALDH2 in these diseases. Interestingly, the seemingly controversial role of
ALDH?2 in aging-related cardiac dysfunction virtually revealed several interacted
pathways which regulate the process of aging. Predispositions and inducements
such as increased oxidative stress trigger damage on cellular component during
aging. A series of adaptive or survival program are designed to battle against aging,
including autophagy as depicted in the schematic diagram (Fig. 2). Numerous stud-
ies have demonstrated a pivotal role of ALDH?2 in this network, while the significant
protective effects of ALDH?2 still require some essential molecules; some of them
has been consolidated such as SIRT1 (with NAD* possibly contributing to such
beneficial process). Furthermore, other measures to regulate ALDH2 activity and
autophagy potentially provide an innovated method for early intervention and treat-
ment to aging-related conditions.
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