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Asian flushing presents opportunities for disease prevention
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The aldehyde dehydrogenases are a family of detoxifying en-
zymes that oxidize aldehydes to carboxylic acids. ALDH1 and
ALDH2 are the most important enzymes for aldehyde oxida-
tion, and both are tetrameric enzymes composed of 54 kD
subunits. These enzymes are found in many tissues of the
body but are at the highest concentration in the liver. The
overall reaction catalyzed by the aldehyde dehydrogenases is
the following: R-CHO +NAD+ + H2O→R-COOH +NADH
+ H+. The reaction is NAD(P)+-dependent. The aldehyde en-
ters the enzyme’s active site through a channel located outside
of the enzyme. A sulfur atom from a cysteine in the active site
attacks the carbonyl carbon of the aldehyde. The hydrogen is
kicked off as a hydride and in turn attacks NAD(P)+ to make
NAD(P)H. The enzyme’s active site then undergoes an iso-
morphic change whereby the NAD(P)H is moved, allowing a
water molecule to access the substrate. A glutamate primes the
water in the active site and the water conducts a nucleophilic
attack on the carbonyl carbon, kicking off the sulfur.

The human genome has 19 ALDH genes. However, one
ALDH emerges as a particularly important enzyme in a vari-
ety of human conditions. This ALDH is ALDH2, located in
the mitochondrial matrix. Much is known about ALDH2’s
role in ethanol metabolism [1]. Less appreciated is the fact
that ALDH2 dysfunctionmay contribute to a variety of human
diseases including heart disease, neurodegenerative disorders,
stroke, cancer, and diabetes mellitus. An ALDH2 inactivating
mutation (termed ALDH2*2; Glu504Lys) is the most com-
mon single point mutation in humans. Epidemiological

studies suggest a correlation between this inactivating muta-
tion and increased propensity for human diseases. The allele is
found in as many as ∼35–45 % of East Asians, namely
Chinese, Japanese, Korean, and Taiwanese peoples [2]. The
ALDH2*2 carriers have a lower ALDH2 enzymatic activity.
The relative deficiency is responsible for facial flushing, head-
aches, nausea, dizziness, and cardiac palpitations after alcohol
consumption. The ALDH2*2 polymorphism also contributes
to variation in efficacy of sublingual nitroglycerin [3]. For
allele carriers, the symptoms are a convenient “stopping sig-
nal” after alcohol ingestion. Thus, far, disulfiram is the only
United States Food and Drug Administration (FDA)-ap-
proved drug that effectively targets ALDH2. Disulfiram and
its metabolites irreversibly inactivate catalytic Cys302 in
ALDH2 by carbamylation in the enzyme’s substrate site [4].

However, the relevance of ALDH2 extends far beyond
alcohol or its abuse. ALDH2 has rapidly emerged as a crucial
enzyme involved in protecting the heart from oxidative stress
[5]. The cardioprotective effects of ALDH2 have also been
highlighted by epidemiological studies, demonstrating that
individuals with ALDH2*2 are more susceptible to cardiac
diseases [6]. The generalized role of ALDH2 in human chron-
ic disease has also been verified in animal studies and human
pathological findings. The conditions include particularly
Parkinson’s disease and Alzheimer’s dementia [1]. However,
relevant to this discussion is a connection between ALDH2
and diabetes mellitus. Since Asian countries are predicted to
make up 60 % of the world’s diabetic population in the near
future, the identification of ALDH2*2 as a risk factor for type
2 diabetes mellitus is a highly significant observation.

How the association between ALDH2 and type 2 diabetes
was identified is interesting. Clinicians observed that chlor-
propamide, a sulfonyl urea drug used to treat type 2 diabetes,
was observed to elicit facial flushing in patients [7].
Chlorpropamide inhibits ALDH, suggesting the possible link
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between ALDH and diabetes. Furthermore, persons enjoying
more than 20 drinks per week commonly develop insulin re-
sistance; those harboring ALDH2*2 require far fewer drinks
per week [8]. Earlier studies have shown that transgenic mice
overexpressing of ALDH2, are protected from streptozotocin-
induced diabetic cardiomyopathy. In this setting of diabetic
complications, Alda-1, an ALDH2 activator, was able to re-
capture the protective effect against high glucose-induced mi-
tochondr ia l damage and cont rac t i le funct ion in
cardiomyocytes [9].

The fact that aldehydes are toxic has been known for a long
time. The molecules diffuse through cell membranes, form
adducts with macromolecules including proteins, DNA, and
lipids. Such aldehyde adduction disrupts the function of these
macromolecules. With diminished ALDH activity, the disrup-
tion is enhanced. Furthermore, increased oxidative stress
causes a build-up of toxic aldehydes such as 4-
hydroxynonenal (4-HNE) that promote cell death. 4-HNE is
an α,β-unsaturated hydroxyl alkenal that is produced by lipid
peroxidation. 4-HNE has three reactive groups, namely an
aldehyde, a double bond at carbon 2, and a hydroxy group
at carbon 4. ALDH2 metabolizes toxic aldehydes such as 4-
HNE [10].

In this issue of J Mol Med, Wang et al. show that ALDH2
deficiency disturbs energy metabolism and diastolic cardiac
function in diabetic mice [11]. The authors relied on ALDH2
gene-deleted mice, compared to normal littermates. The mice
were then subjected to streptozotocin or sham injection,
forming four groups. At 4 weeks, there were no significant
changes observed in myocardial histology or ultrastructure.
Nevertheless, functional studies revealed that although systol-
ic function was maintained, diastolic function was impaired.
When the authors examined energy metabolism in their mice,

they found that energy metabolism was impaired in diabetic
ALDH2 −/− mice compared to the other groups. The authors
next observed that diabetes-induced oxidative stress and
AMP-activated protein kinase (AMPK) phosphorylation were
increased. A detailed metabolomics analysis indicated that
diabetic ALDH2 −/− mice had dysregulated glucose homeo-
stasis, purine nucleotide metabolism, and activation of endog-
enous protective responses. Various phospholipid metabolites
suggested that phospholipid metabolism was perturbed.
Interestingly, 4-HNE expression was increased in diabetic
ALDH2−/− mice. Finally, riboflavin, carnitine, L-tyrosine,
arachidonic acid, and phospholipid level changes suggested
that the diabetes risk in these mice was increased.

Next, the authors recruited 118 subjects with type 2 diabe-
tes from a population-based cohort [11]. Within these subjects
they were able to compare ALDH2*2, Glu504Lys, (GG), and
ALDH2 (GA-AA). Not sufficient (AA) subjects were avail-
able to allow a separate analysis for homozygous AA persons.
In this small association study, the authors found that the (GA-
AA) alleles were associated with impaired diastolic but not
systolic cardiac function.

Although, perhaps protected from excess alcohol consump-
tion, the findings suggest that ALDH2*2 could be unhealthy,
particularly in the type 2 diabetes-prone environment.
However, help could be on the way. Chen et al. have developed
ALDH activators termed Aldas [5]. Alda-1 [N-(1,3-
benzodioxol-5-ylmethyl)-2,6-dichlorobenzamide, MW 324] is
an agonist that enhances the catalytic activity ofALDH2 in vitro
and in vivo. Alda-1 increases the catalytic activity of ALDH2*2
homozygotic enzyme by 11-fold and brings the activity of the
heterozygous enzyme to wild-type levels [5]. Co-crystal struc-
tures of Alda-1 with wild-type ALDH2 and Alda-1 with the
E487K mutant ALDH2 demonstrated that Alda-1 binds at the

Fig. 1 Alda-1, an allosteric
agonist of ALDH2, corrects the
structural defect in the ALDH2*2
mutant present in 8 % of the
human population (from Chen
et al. [1] with permission). Upper
panel shows a stick presentation
with the structure of Alda-1 in the
catalytic tunnel. The critical
amino acids are highlighted.
Lower panel shows crystal
structure of wild-type ALDH2
and mutant ALDH2*2.
ALDH2*2 is restored when
bound with Alda-1
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entrance of the catalytic tunnel in close proximity toCys302 and
Glu286, which are critical to its substrate catalysis (Fig. 1) [12].

Alda-1 and analogs are a remarkable development given the
broad scope of diseases, including cardiovascular, metabolic,
neurodegenerative, musculoskeletal, and malignant diseases
that are influenced by this single example of an ALDH. There
are 18 other family members perhaps also of medical impor-
tance. These enzymes represent a shield from oxidative stress
and aldehydic loads.While the ALDH2*2mutation is regarded
as being of relatively minor importance, the data presented here
suggest that “Asian flushing” could have much greater conse-
quences than believed. Whether or not ALDH2 activators such
as Alda-1 will slow down the progression of human diseases or
play apreventative rolewill requiremuchexperimental andclin-
ical work. Nevertheless, the topic raises a marked potential for
pharmaceutical development. Finally, Alda-1 could enable our
Asian friends with ALDH2*2 to raise their glasses; therefore,
skål!!!

Respectfully,
Friedrich C. Luft
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