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Abstract

Asian Americans are one of the fastest-growing populations in the United
States. A relatively large subset of this population carries a unique loss-of-
function point mutation in aldehyde dehydrogenase 2 (ALDH2), ALDH2*2.
Found in approximately 560 million people of East Asian descent, ALDH2*2
reduces enzymatic activity by approximately 60% to 80% in heterozygotes.
Furthermore, this variant is associated with a higher risk for several diseases
affecting many organ systems, including a particularly high incidence relative
to the general population of esophageal cancer, myocardial infarction, and
osteoporosis. In this review, we discuss the pathophysiology associated with
the ALDH2*2 variant, describe why this variant needs to be considered when
selecting drug treatments, and suggest a personalized medicine approach for
Asian American carriers of this variant. We also discuss future clinical and
translational perspectives regarding ALDH2*2 research.
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INTRODUCTION

Asian Americans represent 28% of all foreign-born people in the United States (1). By 2035,
the US Census Bureau estimates the Asian American population will be close to 25 million
(2). Hospital data for Asian Americans suggest their outcomes appear poorer compared to
Caucasians; for example, Asian Americans have an increased risk for cardiac events during an
inpatient stay (3). However, because in most clinical data the term Asian in a hospital chart
describes any individual from the Asian subcontinent, it is hard for clinicians and scientists to
evaluate these data meaningfully, as many ethnic populations and genetic backgrounds exist.
One strategy could involve identifying Asian Americans by known genetic differences and
using this information to examine specific outcomes and implement strategies for this genetic
subpopulation to ultimately improve patient care. This is particularly relevant for common genetic
variants.

The point mutation in aldehyde dehydrogenase 2 (ALDH?2), identified as ALDH2*2, is the
most frequent variant in humans and is present in 8% of the world’s population, or approxi-
mately 560 million people. The ALDH2*2 variant is more common than other highly studied
human point mutations, including those leading to sickle cell anemia, cystic fibrosis, and glucose-
6-phosphate dehydrogenase. ALDH2*2 has an identifiable clinical phenotype involving facial
flushing and increased heart rate when alcohol is consumed. Importantly, ALDH2*2 affects hu-
man health beyond the response to alcohol and causes significant differences in outcome measures.
Consequently, clinicians should also consider which pharmacological agents are chosen to treat
Asian Americans with the ALDH2*2 variant.

In this review, we present findings regarding the possible clinical impact of the ALDH2*2
variant on the Asian American population. We include recommendations for clinicians and further
potential directions of research regarding the impact of this variant on health.

WORLD AND US DISTRIBUTION

Genetic studies suggest the ALDH2*2 variant originated from a Han Chinese founder in central
China and ultimately extended throughout many areas of East Asia. The Chinese Han-Changting
population has the highestincidence of this variant, at 65% (4). Although the ALDH2*2 variant was
initially genotyped in South American Indian tribes (5), a follow-up study refuted the conclusion
that the variant occurs in this population (6). Thus, this variant is likely limited to those of East
Asian descent.

According to the Centers for Disease Control, Asian Americans reside mainly in California,
New York, Texas, and Florida (Figure 1) (1). From 1820 to 1880, Chinese immigrants first arrived
in the United States from the Guangdong province of China. Over the past century, Han Chinese
have immigrated from Hong Kong, Taiwan, and mainland China, along with others immigrating
from Japan, Korea, and Vietnam. ALDH2*2 variant incidence in these ethnicities ranged from
28% to 54% (7), and most of these immigrants settled in California (8). In the San Francisco
Bay Area, the incidence of the ALDH2*2 variant among Chinese descendants is 48%, based on a
sample population genotyped in 2009 (7).

Other East Asian ethnicities in the United States may also carry the ALDH2*2 variant at a
lower frequency, including the Hmong natives of Laos (4) and a small percentage of Filipino and
Thai people (10). A small percentage of heterozygous ALDH2*2 genotypes has also been found
in a Mongolian Chinese population that is not traditionally considered to possess the variant gene

.
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Figure 1

Asian American population distribution in the United States (red) based upon Centers for Disease Control
and Prevention census information collected from 2000 to 2006. These data were modified to estimate the
geographic distribution of Asian Americans within the United States. Map and data are modified with
permission from Reference 9.

MOLECULAR BASIS FOR THE ALDH2*2 VARIANT

ALDH?2, one of 19 ALDHs, is critical in catalyzing the oxidation of toxic cellular aldehydes.
ALDH2 has the lowest K, for acetaldehyde at approximately 0.2 uM, making it the ALDH
isozyme with the highest affinity for that substrate (11, 12). Located on chromosome 12q24,
the ALDH?2 gene codes for a 517-amino acid polypeptide. Through an N-terminal 17-amino
acid targeting sequence, ALDH? enters the mitochondrial matrix; after the targeting sequence is
cleaved off, the mature 500-amino acid protein forms an active homotetramer (13).

Mitochondrial ALDH2 is better known for its role in detoxifying and removing acetaldehyde,
a product of ethanol metabolism. However, ALDH?2 also metabolizes other reactive aldehydes,
including acrolein, malondialdehyde, and 4-hydroxynonenal (4-HNE). These aldehydes are either
environmental pollutants or are products of polyunsaturated fatty acid oxidation, including arachi-
donic acid. Aldehydes are reactive moieties that cause damage by increasing cellular aldehydic load
and altering cellular signaling, resulting in both DNA and protein damage by aldehydic adduct
formation. The biochemical aspects of these insults on cellular functions have been reviewed
extensively (14, 15).

The ALDH2*2 point mutation occurs at nucleotide 1459, where an adenine is substituted
for a guanine (rs671). The resultant change alters amino acid 487 of the mature protein, with
lysine substituted for glutamic acid (16). This single amino acid substitution disorders an alpha
helix structure, causing an allosteric disruption of the catalytic and coenzyme-binding sites. The
widespread structural instability of the ALDH2*2 mutant results in reduced ALDH2 activity (17).
When it forms a tetrameric complex with the wild-type ALDH2*1 enzyme, ALDH2*2 dominantly
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Figure 2

The molecular basis for the ALDH2*2 variant. The ALDH2*2 mutation is a single point mutation of
guanine (G) to adenine (A) at the first base pair of codon 487, resulting in an amino acid change from
glutamic acid (Glu, E) to lysine (Lys, K). At physiological pH, glutamic acid is predominantly negatively
charged, whereas lysine is largely positively charged. The mutation inhibits the normal formation of an
integral alpha helix near the dimer-dimer interface of each monomer (b/ue in left structure, 7ed in right
structure). If a tetramer contains just one K subunit, the activity of that tetramer drops by 52%. Enzymatic
activity decreases substantially as the ratio of K monomers to normal E monomers increases, dropping to 4%
in tetramers composed entirely of K monomers. The potential monomer combinations that occur in a
heterozygote reduce enzymatic activity by 60% to 80% compared to the wild type.

inhibits catalysis and increases ALDH?2 enzyme turnover. Depending on the number of ALDH2*2
monomers present in a tetramer, the activity compared to an ALDH2*1 enzyme tetramer can be
reduced from 48% to as little as 4% (Figure 2) (18). For heterozygous ALDH2*1/*2 individuals,
the possible combinations reduce overall ALDH?2 enzymatic activity by 60% to 80% compared to
those of wild-type homozygous ALDH2*1/*1 individuals. Following decades of research involving
this single point mutation and its widespread effects, many techniques have been developed to
determine an individual’s ALDH?2 genotype.

SCREENING STRATEGIES FOR ALDH2*2

Testing for the ALDH2*2 genotype is quite feasible. A rapid genotyping method was recently
described that can return results in less than 2 h at the cost of approximately $0.50 per test (19).

Gross et al.
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Figure 3

Questionnaire to predict ALDH2*2 genotype in Asian Americans. A two-step questionnaire predicted with
90% sensitivity and 88% specificity in East Asian Japanese cancer-free men whether a person was either
homozygous for ALDH2*1 or heterozygous or homozygous for ALDH2*2. Current flushing and former
flushing are indicative of people who are either homozygous or heterozygous for the ALDH2*2 variant (20).

Alternatively, a two-question screening tool predicted the ALDH2*2 variant with 90% sensitivity
and 88% specificity in a general population of Japanese men (Figure 3) (20); this questionnaire
could be used in locations with minimal genotyping resources. Screening by an ethanol patch
test may be useful for specific pathologies such as alcohol-induced asthma (21). However, when
compared to the questionnaire, the sensitivity and specificity of the ethanol patch test were much
lower, and the test may perhaps be the least useful screening method for the ALDH2*2 variant
(22).

IMPACT ON HUMAN HEALTH

Although ALDH?2*2 is classically known for its effect on limiting alcohol consumption and pro-
tection from developing alcoholism, this variant has only recently been recognized as having a
major impact on human health and disease. Here we focus on clinical and translational studies
that investigate what impact the ALDH2*2 variant may have on human health (Figure 4).
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Some potential effects of the ALDH2*2 variant on human health. Patients with the ALDH2*2 mutation are
at risk for a wide range of health concerns. In particular, clear associative risks with the ALDH2*2 variant
exist for esophageal cancer, myocardial infarction, and osteoporosis.

Behavior

In addition to catalyzing acetaldehyde metabolism, ALDH2 converts aldehyde metabolites of
amine neurotransmitters, including dopamine, norepinephrine, and serotonin, to less reactive
forms (15). The ability of ALDH2 to affect behavior is believed to stem from this catalysis, as
many behavioral deficits are linked to inefficient metabolism of aldehyde-derived neurotransmitter
products. These include psychiatric disorders, addiction, cogitative disorders, Parkinson’s disease,
and pain.

Psychiatric and personality disorders. Initial evidence suggests that ALDH2*2 may lead to a
higher incidence of borderline personality and panic disorders among female alcoholics (23). Fur-
thermore, higher novelty-seeking and lower harm-avoidance scores were noted among ALDH2*2
alcoholics compared to ALDH2*1 alcoholics (24). Heroin-dependent ALDH2*2 individuals also
had higher risk-taking scores compared to controls with the same genotype (25). Another study
suggested that ALDH2*2 may protect against developing bipolar disorder (26).

Addiction. After consuming alcohol, homozygotes and heterozygotes for the ALDH2*2 variant
accumulate high acetaldehyde blood levels. Because of the subsequent unpleasant effects, alco-
holism occurrence is reduced in ALDH2*2 individuals (27). A genome-wide association study
(GWAS) of Japanese people found ALDH?2 had the strongest association with drinking behavior
(28). A similar association was also found in the Han Chinese population, with the association
clustered around the ALDH2 gene location on chromosome 12q24 (29).

Chinese migration to San Francisco and New York in the early 1900s introduced opium and
opium dens into Asian American and American culture. Interestingly, the tendency for Asians to
use opium may be associated with the ALDH2*2 mutation. Genotyping of 250 heroin-dependent
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Han Chinese patients in Taiwan revealed that 60.8% were either ALDH2*1/*2 or ALDH2*2/*2,
10.2% higher than in population controls (30).

Cognitive disorders. Compared to wild-type mice, transgenic mice overexpressing ALDH2*2
exhibit increased neurodegeneration and impaired visual recognition memory and task learning,
with age-dependent exacerbation of these behavioral deficits (31). Thus, human ALDH2*2 carriers
may have a higher risk of cognitive impairment and decline, dementia, and Alzheimer’s disease by
accumulating aldehyde-induced damage to brain cells.

Most initial studies in humans focused on how the ALDH2*2 variant affects Alzheimer’s dis-
ease. An initial case-control study in Japan suggested people with an ALDH2*1/*2 or ALDH2*2/*2
genotype had a greater tendency to develop late-onset Alzheimer’s disease (32). These findings
were supported by a follow-up case-control study of Chinese patients (33). However, a Korean
study failed to show an association between ALDH2*2 and Alzheimer’s disease (34). The conflict-
ing findings suggest additional genetic differences in apolipoprotein E or environmental exposures
to neurotoxins, for example, may contribute to the phenotype associated with ALDH2*2.

Parkinson’s disease. ALDHI1AI and ALDH?2 are the ALDH enzymes most highly expressed in
the substantia nigra. An ALDH1A1 and ALDH2 double knockout mouse exhibited a Parkinson’s-
like phenotype, suggesting the importance of ALDH enzymes in protecting neurons in the sub-
stantia nigra from cellular damage (35). Furthermore, a recent clinical investigation using patients
enrolled in the Parkinson’s, Genes & Environment Study showed that exposure to pesticides
that inhibit ALDH increase Parkinson’s disease risk by 2- to 6-fold (36). Although rs671 single
nucleotide polymorphism (SNP) incidence was too low to study, the haplotypes that increased
Parkinson’s disease risk 2-5-fold in patients who had been exposed to pesticides all possessed an
ALDH?2 minor allele variant rs737280 (36) that reduces ALDH2 enzymatic activity (37).

Pain. Asians are more responsive to painful stimuli compared to other ethnicities (38-40). Ex-
ogenous administration of acetaldehyde or 4-HNE in rodents produces pain-like behavior (41,
42). Thus, a deficiency in ALDH2 enzymatic activity could be a possible genetic basis for the
increased pain sensitivity seen in Asians.

Recently, our group discovered that ALDH2*1/*2 knock-in mice, which have 20% of the
ALDH2 activity compared to wild-type littermates, exhibited a more profound response when
subjected to acute inflammatory pain models (43). Nociception was tightly correlated with ALDH2
activity at the site of insult (R?* = 0.90). ALDH2*2/*1 knock-in mice also accumulated more toxic
aldehydes such as 4-HNE compared to wild-type mice. Although further studies are needed in hu-
mans, these rodent studies provide evidence that the ALDH2*2 variant contributes to nociception,
providing a potential genetic basis for the differences in pain behavior observed in humans.

Endocrine Disease

Evidence suggests ALDH?2 also impacts endocrine diseases including diabetes and osteoporosis.
These findings are described below.

Diabetes. The ALDH2*2 variant may modify blood glucose control, affecting the development
of noninsulin-dependent diabetes mellitus. Individuals with the ALDH2*2 variant who consume
alcohol have higher hemoglobin A1C values compared to those with the ALDH2*1/*1 enzyme
(44). In Han Chinese patients with coronary artery disease, the ALDH2*2 variant is a potential
risk factor for diabetes in females (45).
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Osteoporosis. Among a cohort of Japanese, a genetic screen identified ALDH2*2 as being asso-
ciated with an increased osteoporosis risk (46). People homozygous for ALDH2*2 had a higher
morbidity rate, with a 3.33 odds ratio, compared with ALDH2*1 individuals. Females with osteo-
porosis had an even higher morbidity rate, with a 4.31 odds ratio.

Cardiovascular Disease

As discussed below, an increased incidence of myocardial infarction and coronary artery disease
is strongly associated with the ALDH2*2 variant. Recent research has suggested associations
between the enzyme and stroke.

Cardiac ischemia. A Japanese study of 342 men with a myocardial infarction and 1,820 cardiac
disease—free men identified a 1.56 higher odds ratio for myocardial infarction in those homozygous
for the ALDH2*2 variant (47). This finding was further supported by studies in Korean and
Han Chinese populations (48, 49). A GWAS in Japanese men also found the ALDH2*2 variant
increased the risk of coronary artery disease and myocardial infarction (50). A recent meta-analysis
of nine case-control studies further supported the hypothesis that the ALDH2*2 variant increases
patients’ odds ratios for coronary artery disease and myocardial infarction (51).

Remote ischemic conditioning, consisting of brief ischemic periods followed by repertfusion,
reduces both cardiac troponin release and all-cause mortality after cardiac bypass surgery (52).
Although the remote conditioning mechanism is not entirely clear, remote pharmacological ac-
tivation of epsilon protein kinase C, an upstream mediator ALDH?2 activator (53), can reduce
myocardial infarct size by remote conditioning in rodents (54). Thus, the ALDH2*2 variant, with
reduced enzymatic activity, may mitigate the remote ischemic conditioning benefits during cardiac
bypass surgery. People with the ALDH2*2 variant showed reductions in forearm blood flow re-
sponse to acetylcholine after remote preconditioning followed by ischemia-reperfusion that were
less than those seen in people with the ALDH2*1/*1 genotype (55).

Unexpectedly, a prospective cohort study of ALDH2*2-variant Han Chinese children 6—
17 months old undergoing cardiac bypass surgery for tetralogy of Fallot repair had less troponin
release, needed less inotropic support, and had shorter hospital stays compared to ALDH2*1 chil-
dren. Biopsies of myocardial tissue in children with cyanotic heart disease, including tetralogy of
Fallot, transposition of the great arteries, and double outlet right ventricle, showed less ALDH?2
activity for either the wild type or ALDH2*2 variant compared to noncyanotic controls. The
ALDH2*2 variant may require compensatory measures to improve outcomes when cyanosis is
present at birth (56).

Stroke. One animal model commonly used in stroke research is the stroke-prone spontaneously
hypertensive rat. Interestingly, these rodents have approximately 30% less ALDH2 protein ex-
pression compared to the spontaneously hypertensive rat strain (57). Furthermore, in rodent
models of stroke, increasing ALDH?2 activity by the small molecule Alda-1 improved reactive
aldehyde clearance and reduced cerebral infarct size (57, 58). These findings suggest ALDH? is
an important mediator in reducing cellular damage from a stroke.

In a Finnish population study, investigators noted a 2.33-fold increased risk of stroke for men
consuming alcohol who reported more than one hangover annually (59). Because people with
the ALDH?2*2 variant limit or abstain from alcohol use because of the side effects such as facial
flushing and increased heart rate, the variant may protect them against alcohol-induced stroke.
A study in Japanese men reported those with the ALDH2*2 variant had fewer multiple lacunar
infarcts compared to ALDH2*1 individuals (60). The ALDH2*2 variant also associates with other
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factors that may contribute to a stroke, including hypertension and alcohol-induced increases in
triglyceride levels (61, 62). Interestingly, a case report demonstrated two heterozygous ALDH2*2
individuals had a stroke hours after excessive alcohol consumption, perhaps because of rapid
aldehyde accumulation (63). Further supporting this hypothesis, a study of 51 ischemic stroke
patients showed elevated plasma 4-HNE levels when measured at either 3 days or 6 months after
a stroke compared to 30 matched healthy patients (57).

Lung Disease

Many inhaled aldehydes, including perfumes and pollutants from smoke, smog, and chemicals,
are detoxified by ALDH?2 present in the lung. ALDH?2 is also important in stem cell-induced
self-renewal of epithelium in human airways (64). As discussed below, the ALDH2*2 variant may
also influence outcomes related to reactive airway disease and lung cancer.

Reactive airway disease. ALDH? likely influences asthma and chronic obstructive pulmonary
disease development or disease progression because aldehydes such as malondialdehyde and
acrolein are significantly higher in exhaled breath and sputum compared to healthy nonsmokers
(65). Compared to the Asian ALDH2*1/*1 genotype, Asian patients with an ALDH2*2 variant
have a greater tendency to trigger an asthma exacerbation after alcohol consumption. Moreover,
when alcohol triggered an asthma reaction, blood acetaldehyde levels were twice as high compared
to when alcohol did not trigger asthma (66). This suggests that alcohol consumption and the re-
sulting higher levels of acetaldehyde in Asian Americans with ALDH2*2 may be an unrecognized
trigger for asthma attacks in patients. Furthermore, researchers have yet to determine whether
ALDH2*2 is an independent risk factor for asthma regardless of alcohol consumption.

Lung cancer. The risk of lung cancer may be directly linked to environmental exposures to
aldehydes, including acetaldehyde and acrolein derived from cigarette smoke. A case-control study
of 718 patients with lung cancer in Japan identified an association between a history of smoking
more than 15 packs per year and a higher risk of lung cancer for those with the homozygous
ALDH2*2 mutation compared to patients with the ALDH2*1/*1 genotype (67). Furthermore,
9.75% of the patients were homozygous for ALDH2*2, which exceeds the prevalence of the
homozygous ALDH2*2 variant at 4.20% for the study’s general population (7).

Oral and Gastrointestinal Cancer

Acetaldehyde is recognized by the International Agency for Research on Cancer as a known Group
I human carcinogen (68). People with the ALDH2*2 variant who are exposed to both alcohol and
cigarettes are at the highest risk for developing cancer (69). Interestingly, the reported activities
of ALDH2 in the digestive tract show the lowest activity at the esophagus and the highest change
in the ratio of alcohol dehydrogenase (ADH) to ALDH?2 activity (Table 1). The activity ratios
may suggest why patients with the ALDH2*2 variant have a clear risk for esophageal cancer.

Upper digestive tract. An initial study in alcoholic Japanese males showed the ALDH2*2 geno-
type was 4.1 times more frequent in the esophageal cancer group compared to the alcoholic males in
the study without esophageal cancer. Additionally, although these data are from a small study, the
ALDH2*2 heterozygotes had an odds ratio of 7.6 in alcoholics and 12.1 in nonalcoholics to develop
esophageal cancer (70). The effect is also only specific to East Asians, as a recent Dutch Caucasian
patient study showed no association between the Caucasian ALDH2*1/*1 and cancer (71).
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Table 1 ALDH2 activity reported in various human gastrointestinal tissues®

ALDH2 activity Calculated Estimated Estimated
(milliunit/g human ADH:ALDH2*1/*1 ADH:ALDH2*1/*2 ADH:ALDH2*2/*2
Tissue tissue) activity ratio activity ratio activity ratio
Esophagus® 29.9 20.0 50.6 505.9
Stomach 132.0 1.8 4.5 45.1
Pancreas 213.0 0.3 0.8 7.5
Liver 1,060.0 2.7 6.8 68.4
Colon 40.2 4.6 11.4 113.8
Rectum 41.8 7.3 18.2 182.4

Abbreviations: ADH, alcohol dehydrogenase; ALDH2, aldehyde dehydrogenase 2.

*The table is based on values presented in Reference 78. ADH:ALDH2*1/*2 ratios were calculated assuming a 60% reduction in ALDH2 activity
compared to ALDH2*1 and a 96% reduction in ALDH2*2/*2 activity.

bThe lowest activity for ALDH?2 and highest activity ratio for ADH:ALDH2 were found in the esophagus, suggesting acetaldehyde buildup in the
digestive tract is highest in the esophagus.

Fanconi anemia: a

disease associated with
a mutation in one of
15 proteins mediating

DNA repair
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In 2011, a meta-analysis of four cohort studies and nine case-control studies confirmed a strong
association between alcohol consumption and increased esophageal cancer risk in the ALDH2*2
population (72). For East Asians, four factors increase esophageal cancer risk: (#) a history of
smoking cigarettes, (b) a history of drinking alcohol, (¢) the presence of the ALDH2*2 mutation,
or (d) the presence of a mutation in alcohol dehydrogenase (ADH1B, rs1229984) that causes a
rapid conversion of alcohol to acetaldehyde. When all four risk factors are present, the odds ratio
of developing esophageal cancer is a staggering 189 (69).

Gastrointestinal and associated organs. Unlike the clear association with esophageal cancer,
conflicting results have made it difficult to determine if an association exists between ALDH2*2
and other gastrointestinal cancers. Stomach cancer development among individuals with the
ALDH2*2 variant may depend highly on smoking and drinking habits (73, 74). For pancre-
atic cancers, ALDH2*2 males—but not females—have a higher risk compared to case controls
(75). Another study suggested that both alcohol and the ALDH2*2 variant may contribute to
an increased risk for pancreatic cancer (76). No association between liver cancer and ALDH2*2
alone was initially reported (70); however, a risk may be associated with hepatitis C infection (77).
Conflicting results have also been found for colon cancer (78, 79).

Fanconi Anemia

Acetaldehyde-induced DNA damage in Fanconi anemia animal models, particularly in the
hematopoietic system, was recently described (80, 81) and reviewed (15). In 2013, the associa-
tion between the ALDH2*2 genotype and Fanconi anemia symptom severity was examined in
64 Japanese patients. Heterozygotes or homozygotes for ALDH2*2 with Fanconi anemia devel-
oped bone marrow failure more quickly and had a higher frequency of kidney, cardiovascular, and
skeletal malformations (82).

Dermatitis

Case reports describe dermatitis or skin irritation after alcohol application for people of Asian
descent, with a possible link to the ALDH2*2 variant (83, 84). Whether ethanol exposure causes
contact dermatitis, particularly for homozygous ALDH2*2 individuals, is important to consider.
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In addition to a potential for alcohol-induced dermatitis, repeated ethanol hand washing can also
raise peak blood acetaldehyde levels to 0.5 mg/L 30 min after multiple ethanol hand washes (in in-
dividuals presumed to be ALDH2*1/*1, although no genotyping was performed) (85). Researchers
should also consider how hand washing with ethanol affects blood acetaldehyde levels, particularly
in ALDH2*2/*2 individuals.

Furthermore, radiation dermatitis appears in approximately 85% of patients receiving radia-
tion therapy for cancer treatment (86). Research on an animal model demonstrated that increas-
ing ALDH2 activity with a selective ALDH2 activator, Alda-1, significantly reduced radiation
dermatitis (87).

DRUG CONSIDERATIONS FOR PEOPLE WITH
THE ALDH2*2 VARIANT

An excellent review regarding ALDH inhibitors was recently published (88). As discussed below,
ALDH? contributes a critical role in the metabolism of nitroglycerin, acyclovir, and 5-nitrofuran.
Many natural products, environmental exposures, and perhaps acetaminophen also alter ALDH?2
activity. The ALDH2 enzyme may also determine methotrexate toxicity (89). Here we discuss
why the ALDH2*2 variant should be considered when selecting drug treatments.

Nitroglycerin

ALDH2 converts glyceryl trinitrate (nitroglycerin) to nitric oxide through an esterase-mediated
mechanism requiring Cys302 at the enzymatic catalytic core (90, 91). Subjects with an
ALDH2*1/*2 genotype compared to the ALDH2*1/*1 genotype had 33% less vasodilation, as
assessed by forearm blood flow, when nitroglycerin was infused at 1 pg/min (92). The human
ALDH?2*2 variant has a catalytic efficiency 10-fold less for nitroglycerin compared to wild-type
ALDH?2 (93). ALDH?2 also contributes to the nitroglycerin tolerance mechanism (94).

Nitroglycerin is commonly used intraoperatively for vasodilation and during an acute myo-
cardial infarction. During an acute hypertensive stroke, the England-based Rapid Intervention
with Glyceryl trinitrate in Hypertensive Stroke (RIGHT) clinical trial showed improved func-
tional outcome when a nitroglycerin infusion was given to reduce blood pressure en route to
the hospital (95). However, researchers need to examine whether nitroglycerin administration
is beneficial during ischemia for patients with the ALDH2*2 variant; it may be detrimental, as
shown by a rodent myocardial ischemia study (96). The conversion of either isosorbide mononi-
trate or isosorbide dinitrate to nitric oxide does not appear to require ALDH2 (97), providing an
alternative treatment to nitroglycerin in ALDH2-deficient subjects.

Acyclovir

Acyclovir is primarily eliminated by renal excretion. However, approximately 8.5-14.1% of
the drug is metabolized by ADH to acyclovir aldehyde, which in turn is metabolized through
ALDH to 9-carboxymethoxymethylguanine (CMMG) (98, 99). With impaired renal function,
acyclovir renal elimination is limited, and the drug is primarily metabolized. When 1,000 mg
of the acyclovir prodrug valaciclovir was given orally in Japanese patients with end-stage renal
disease, the acyclovir half-life was significantly altered by the ALDH2 genotype; patients with
an ALDH2*2/*2 genotype had a prolonged half-life 8.6 h longer on average than those with an
ALDH2*1/*1 genotype (26.7 h versus 18.1 h). These data suggest that metabolism of acyclovir
and valaciclovir is mediated by ALDH?2 (100).
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5-Nitrofuran

Nifurtimox, or 5-nitrofuran, is a treatment used for Chagas disease and African sleeping sickness
to cause trypanosome-induced cellular death. However, 5-nitrofuran has considerable human
toxicity (101). Interestingly, S-nitrofuran directly binds to and dose-dependently inhibits human
ALDH2 activity, suggesting 5-nitrofuran prodrug activation depends on ALDH2 in humans (102).
Zebra fish and yeast model systems have also been used to show ALDH2 inhibition reduces 5-
nitrofuran toxicity (102). Because 5-nitrofuran is being investigated for treating medulloblastoma
and neuroblastoma (103), further studies will be needed to investigate whether this drug is effective
in treating these diseases in patients with the ALDH2*2 variant.

Acetaminophen

Acetaminophen is the most commonly used antipyretic and analgesic in the world. When me-
tabolized, acetaminophen produces several metabolites, including the electrophile N-acetyl-p-
benzoquinonimine (NAPQI), which is hepatotoxic when acetaminophen is used in excess. The
acetaminophen interaction with ALDH?2 was identified by peptide sequencing using an affinity-
purified pull-down assay (104). More recently, acetaminophen (0.5 mM) decreased ALDH2 en-
zymatic activity in a dose-dependent manner from 0.2 to 1.0 mM (from 8.3% to 31%) (105).
ALDH?2 activity was reduced in mice by 75% 1 h after acetaminophen administration (350 mg/kg
intraperitoneal), an inhibition that persisted for 4 h after drug administration (106). This leads to
the question of whether acetaminophen administration may be detrimental to preserving tissue
following ischemic injury, particularly in patients with the ALDH2*2 variant.

Natural Products

Many natural products affect ALDH2-mediated enzymatic activity. Products including citral,
present in lemon and lime; daidzin, found in the kudzu plant (Japanese arrowroot); gossypol;
areca nuts; and betel nuts and leaves have been reported to alter ALDH?2 enzymatic activity to
varying degrees (44).

Environmental Exposures

Aldehydes such as acrolein and acetaldehyde are present in frequently encountered environmen-
tal toxins, including cigarette smoke, pesticides, biofuels, and exhaust from motorized vehicles.
ALDH?2 has the highest catalytic efficiency for acetaldehyde, acrolein, and 4-HNE compared to
other ALDH enzymes (107). For individuals with the ALDH2*2 variant, exposure to environ-
mental aldehydes could lead to a higher risk of developing various pathologies relative to wild-type
individuals.

Pesticides. Recently, 26 pesticides were screened for their effects on ALDH enzyme activity using
substantia nigra neurons from newborn rats (36). Five pesticides—captan, folpet, thiram, ziram,
and benomyl—resulted in atleast a 15% reduction in ALDH activity compared to baseline values
(36). Although the inhibition of ALDH activity and not specific ALDH? activity was measured,
potentially underestimating the pesticide inhibitory effect, data regarding benomyl support an
irreversible ALDH?2 inhibition in mice (108).

Solvents. Many glycol ether—based solvents are commonly used in items such as paints, cosmetics,
sunscreens, and dyes. Most glycol compounds, once ingested, absorbed, or inhaled, convert ether
to an acetaldehyde. Glycol ether exposure may reduce sperm count in men (109). Knockout
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ALDH?2 mice are more protected from ethylene glycol monoethyl ether-induced sperm toxicity
compared to wild-type mice (110). Thus, the ALDH2*2 variant may protect against the effects of
some types of organic solvents.

However, chronic exposure to ethyl tertiary-butyl ether (ETBE), a common gasoline additive,
may be more damaging for people with the ALDH2*2 variant. Because metabolism by cytochrome
P450 enzymes oxidizes ETBE to tertiary-butyl alcohol and acetaldehyde, chronic exposure may
lead to acetaldehyde accumulation. In an ALDH2*2 knockout mouse, chronic exposure to ETBE
resulted in lower sperm motility and more frequent DNA damage compared to wild-type mice
(111). These data suggest chronic exposure to certain organic solvents may lead to pathophysiology
related to acetaldehyde accumulation. Additionally, methyl tertiary-butyl ether and tertiary-amyl
methyl ether are both oxidized to an alcohol and formaldehyde.

A CLINICAL AND TRANSLATIONAL VISION

Clearly, the ALDH2*2 variant is not benign. Considering the increasing number of Asian Ameri-
cans of East Asian descent in the United States, implementing a personalized approach to medicine
based on an ALDH2*2 genotype will improve health by categorizing potential disease risk and
medication efficacy. A plan consisting of preventative care through education and counseling,
medical surveillance and management, and translation of basic and clinical research into new
practices may improve outcomes for this large population (Figure 5).

Community awareness In-person consultation Surveillance

Information on:
Alcohol and tobacco use
Disease risk

Prescription drugs

For monitoring:
Esophageal cancer
Myocardial infarction
Osteoporosis

Questionnaire
Genotyping
Follow-up counseling

Procedural considerations Clinical research Translétw‘nal science
Studies involving:

Pain
Ischemia-reperfusion
injury

Nitroglycerin use

STRIDE GWAS Rats

Alcohol use

Biomarkers Alda-1

Figure 5

A personalized medicine plan for Asian Americans with the ALDH2*2 variant. The goal is to create a focus on preventative care,
surveillance, and management while incorporating a clinical-translational approach for further research. Preventative care should focus
on raising community and physician awareness in addition to implementing one-to-one patient counseling. Surveillance measures such
as screening for high-risk diseases should occur, and awareness when physicians perform surgical procedures for those with the
ALDH2*2 variant should be stressed. Additional scientific studies are needed that use translational research tools with platforms like
the Stanford Translational Research Integrated Database Environment (STRIDE), biomarkers, and additional genome-wide
association studies (GWAS), particularly for Asian Americans. In addition, translational basic science studies are needed in relevant
models, such as the ALDH2*2 knock-in mouse, and of how chemical compounds, including Alda-1, mechanistically modify disease.
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Preventative Care

Measures to reduce environmental exposure risk for the ALDH2*2 population should involve
education of the community and healthcare providers. Community awareness can be created
through outreach programs by distributing information through medical websites, social media,
and brochures in many languages. Physician education is also needed to effectively relay informa-
tion to patients and adapt treatments to suit patients with reduced ALDH?2 activity.

Physicians can use the two-part questionnaire to generate a discussion regarding the ALDH2*2
variant during an annual physical exam (Figure 3). If the ALDH2*2 variant is suspected, genotyp-
ing and counseling should be offered. Physicians can then identify individuals with the ALDH2*2
variant, particularly among low-incidence ethnicities in which the variant is less known. For pa-
tients with the ALDH2*2 variant, physicians should conduct a more detailed family history of
diseases commonly associated with the variant. Medications that may interact with the ALDH2*2
variant can be reviewed and changed if possible. Physicians should also consider initiating a dis-
cussion regarding alcohol-based hand sanitizers, sunscreen, and mouthwash (83). The physical
exam should also focus in particular on identifying specific diseases that are more common among
those with the ALDH2*2 variant.

Surveillance and Management

Clinicians should outline guidelines for monitoring ALDH2*2 patients for disease development,
particularly for esophageal cancer, coronary artery disease, and osteoporosis. For example, esoph-
agogastroduodenoscopy should be used routinely for esophageal cancer screening, particularly for
patients with additional risk factors. These screening recommendations could mirror the present
guidelines established for colon cancer screening, which increases surveillance measures once a
positive family history is identified (112).

Forsurgical or procedural interventions, genotyping Asian Americans for the ALDH2*2 variant
may eventually become standard of care. Because nitroglycerin is often emergently used intraop-
eratively to treat myocardial ischemia, for uterine relaxation after delivery of a child, and to reduce
blood pressure after a hypertensive stroke, the potential efficacy should be determined before the
treatment is administered. Patients also receive alcohol injections during procedures such as septal
ablation for hypertrophic obstructive cardiomyopathy, embolization surgeries, and neurolysis for
pain control. The acetaldehyde syndrome previously described for patients with ALDH2*2 un-
dergoing a celiac plexus block with alcohol (113) highlights the importance of identifying patients
at risk for this response.

A Clinical-Translational Approach

A seamless clinical and translational effort, housed under one center, could maximize the health and
wellness of the Asian American population by joining together clinicians and scientists who share
a common interest in improving Asian American health. Animal models with specific variants seen
in the Asian American population, such as the transgenic knock-in mouse for ALDH2*2 our group
has created (15), can be used to test observations witnessed in the clinic. Additionally, the small
molecule Alda-1, which creates a molecular patch restoring enzymatic activity to the ALDH2*2
enzyme, could reverse many of the effects responsible for pathophysiology in the ALDH2*2
population (53). Agents such as Alda-1 could be used to both prevent disease and modify existing
disease in subjects with ALDH2*2.

Additional clinical treatments and biomarkers are also needed. Preventative treatments, such
as using cysteine tablets to scavenge aldehydes and potentially reduce aldehydic load in the oral

Gross et al.



cavity and saliva, require further clinical study (114). The development of sensitive biomarkers,
such as for breath testing (115) or erythrocyte aldehydic adduct formation (116), may function
to further stratify disease and assess disease-modifying therapeutics. Defining, identifying, and
treating unique genetic polymorphisms such as ALDH2*2 that exist at high frequencies among
Asian Americans will ultimately improve the care and health of this population.

SUMMARY POINTS

1. Asian Americans are one of the fastest-growing populations in the United States and
will consist of 25 million people by 2035. However, their diverse ethnic populations and
genetic backgrounds make it difficult to implement a personalized medicine treatment
strategy.

2. Approximately 560 million people in the world of East Asian descent have a genetic
variant in ALDH? called ALDH2*2 that reduces enzymatic activity. This phenotype is
commonly identified as Asian flush after alcohol consumption.

3. People with the ALDH2*2 genetic variant clearly have a higher associative risk for dis-
eases such as esophageal cancer, coronary artery disease, myocardial infarction, and osteo-
porosis. Other health problems, including addiction, Alzheimer’s disease, pain, diabetes,
stroke, Fanconi anemia, and dermatitis, may also be associated with the variant.

4. The ALDH2*2 variant causes altered responses to commonly used drugs, including nitro-
glycerin, acyclovir, and 5-nitrofuran. Physicians may need to reconsider drug selections
for this particular patient population.

5. An ALDH?2 activator, Alda-1, improves outcomes in animal models of myocardial in-
farction, stroke, radiation dermatitis, and pain. Alda-1 also creates a molecular patch
restoring enzymatic activity to the ALDH2*2 enzyme and has tremendous therapeutic
potential.

6. A personalized medicine approach based on genotyping Asian Americans for the
ALDH2*2 genetic variant should be implemented and will ultimately improve the care
and health of this large population.

FUTURE ISSUES
1. As many behavioral associations exist for the ALDH2*2 variant, how does ALDH2*2

affect human behavior?

2. What role does the ALDH2*2 variant play in cardiac disease, particularly regarding
remote conditioning and in general outcomes after cardiac bypass surgery and myocardial
infarction in adults and children?

3. How do blood acetaldehyde levels change, and what dermatological reactions occur,
in homozygous ALDH2*2 individuals after using ethanol-based hand sanitizers or
mouthwash?

4. Is nitroglycerin use during acute ischemic events such as myocardial infarction or stroke
less effective or detrimental for patients with the ALDH2*2 variant?
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. Isacute renal toxicity associated with acyclovir in ALDH2*2-variant patients with normal

renal function?

. Given the common use of acetaminophen, does this drug alter the activity of the

ALDH?2*2 variant? Do the variant’s structural differences alter the drug’s ability to inhibit
ALDH2?

. How does environmental exposure to aldehydes such as pesticides, solvents, cigarette

smoke, and air pollution alter the risk of developing or accelerating disease processes in
people with the ALDH2*2 variant?

. What biomarkers and surveillance measures can be developed to successfully monitor

aldehydic load to prevent, identify, and monitor treatment strategies for diseases caused
by aldehyde accumulation?
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