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Abstract.
Background: Late-onset Alzheimer’s disease (LOAD) is a complex disease in which neuroinflammation plays an important
pathophysiological role, and exposure to neurotoxic substrates such as aldehydes may contribute. Blood mRNA expression
levels of neuroinflammation-related genes appear to be potential biological markers of LOAD. A relationship between ALDH2
and LOAD has been suggested.
Objective: Our objective was to examine blood ALDH2 expression in Japanese LOAD patients, conduct a genetic association
study, and add new studies to an extended meta-analysis of the Asian population.
Methods: A blood expression study (45 AD subjects, 54 controls) in which total RNA was isolated from whole peripheral
blood samples and ALDH2 expression measured was conducted. In addition, a genetic association study (271 AD subjects,
492 controls) using genomic DNA from whole peripheral blood samples was conducted. Finally, a meta-analysis examined
the relationship between ALDH2∗2 frequency and the risk of LOAD.
Results: ALDH2 mRNA expression was significantly higher in LOAD than in controls, and also higher in men with LOAD
than in women with LOAD (p = 0.043). The genotypes in the two classified groups and the allele frequency were significantly
different between AD and control subjects. The meta-analysis showed a significant difference in the ALDH2∗2 allele, with
an increased AD risk (OR = 1.38; 95% CI = 1.02–1.85; p = 0.0348, I2 = 81.1%).
Conclusion: There was a significant increase in blood ALDH2 expression, and a genetic association with ALDH2∗2 in
LOAD. ALDH2 may have significant roles in the pathogenesis of LOAD in the Asian population.
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INTRODUCTION

Late-onset Alzheimer’s disease (LOAD) is a com-
plex disease affected by multiple genetic factors
including APOE [1, 2], environmental factors such as
lifestyle, and comorbidities [3]. Neuroinflammation
is one of the important factors in the pathophysiology
of LOAD [4], and exposure to neurotoxic substrates
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such as aldehydes may contribute to Alzheimer’s dis-
ease (AD)-associated pathologies [5]. Several studies
have reported that blood mRNA expression levels of
neuroinflammation-related genes were potential bio-
logical markers of LOAD [6–9].

Currently, extensive research has reported that
mitochondrial dysfunction may be associated with
various AD pathologies [10]. The aldehyde dehydro-
genase (ALDH) superfamily plays a crucial role in
several biological processes including development
and detoxification pathways in the organism [11].
ALDH2, a gene that codes a protein localized in mito-
chondria, is crucial in the oxidative metabolism of
toxic aldehydes in the brain, such as catecholamin-
ergic metabolites 3,4-Dihydroxyphenylacetaldehyde
(DOPAL) and 3,4-dihydroxyphenylglycolaldehyde
(DOPEGAL) [12]. ALDH2 also protects against
oxidative stress, such as that caused by the prin-
cipal product of the lipid peroxidation process,
4-hydroxy-2-nonenal (4-HNE) [12]. Animal stud-
ies also suggested that ALDH2 was associated with
age-dependent memory impairment and AD-like
pathological changes [13, 14].

The rs671(A) allele of the ALDH2 gene causes
the substitution of glutamate (Glu) to lysine (Lys)
at codon 487 and inactivates ALDH2 enzyme [15].
The G allele and A allele are shown as ALDH2∗1
and ALDH2∗2, respectively. Thus, the genotype
was shown as having three types, 1/1, 1/2, and
2/2. The A allele is very rare in Caucasians and
widely prevalent in Asian populations [16]. ALHD2
is also a mitochondrial enzyme involved in the
metabolism of acetaldehyde, a metabolite of ethanol.
Deficiency of the ALDH2 enzyme due to ALDH2∗2
has been reported to elevate ROS upon ethanol
intake, increasing the risk of cytotoxicity and AD-
related pathologies [5]. Kamino et al. showed that
ALDH2∗2 was associated with the development of
LOAD in the Japanese population [17]. The recent
meta-analysis including five studies (1,057 LOAD
and 1,136 healthy controls from Asian populations)
showed no significant association between ALDH2∗2
and LOAD overall, but men with ALDH2∗2 had a
higher risk of LOAD [18]. Unfortunately, this meta-
analysis is now outdated, and several large-scale
genetic association studies of ALDH2∗2 in the Asian
population have been conducted since then.

Therefore, we examined blood ALDH2 expression
in Japanese LOAD patients. Then, a genetic associa-
tion study was conducted using our Japanese cohort,
and new studies were added to the extended meta-
analysis of the Asian population.

Table 1
Demographic data and clinical characteristics of control and

LOAD subjects for the gene expression study

Control (n = 54) LOAD (n = 45) p

Male, n (%) 18 (33.3) 15 (33.3)
Female, n (%) 36 (66.7) 30 (66.7) 0.948
Age, years 77.1 ± 5.57 77.3 ± 4.39 0.848
Diabetes mellitus (n) – 6
MMSE score – 19.0 ± 3.90
NPI score – 12.31 ± 18.3
ADAS score – 19.12 ± 8.66
CDR score – 1.42 ± 0.64

Sex; χ2 test, age; Student’s t test. Data are given as mean ± SD
unless indicated otherwise. There were no differences in the sex
and age between control and LOAD subjects (sex 0.948 χ2 test;
age 0.848 Student’s t-test).

METHODS

Re-analysis of our transcriptome data using an
AD mouse model (3xTg-AD)

We used our transcriptome data to reanalyze the
Aldh2 mRNA levels in the AD mouse model (3xTg-
AD) and control mice. Detailed methods were shown
in our published paper [19]. In brief, mRNA was
extracted from the blood and hippocampus of 3xTg-
AD and control mice at different ages (at 12 and
52 weeks of age) and used for microarray analy-
sis. The animal experiments were approved by the
Animal Experiment Committee of Ehime University
(#28–25) and were performed in accordance with the
Guidelines for Animal Experiments at Ehime Univer-
sity. The microarray data were deposited in the GEO
database (accession number GSE144459). From this
database, we re-analyzed the Aldh2 mRNA levels.

Subjects for the blood expression study

Demographic data for each group of participants
are shown in Table 1. A total of 45 AD sub-
jects who visited Ehime University Hospital [mean
age ± standard deviation (SD) = 77.31 ± 4.39 years]
were diagnosed and classified as having probable AD
dementia according to the criteria of the National
Institute on Aging and the Alzheimer’s Association
[20]. The control participants were 54 elderly indi-
viduals [mean age ± SD = 77.1 ± 5.57 years] without
cognitive impairment, psychiatric signs, or a his-
tory of neuropsychiatric diseases as determined by
at least two certified psychiatrists based on clinical
interviews.
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Table 2
Demographic data and clinical characteristics of control and

LOAD subjects for genetic association study

Control (n = 492) LOAD (n = 271) p

Male, n (%) 149 (30.3) 74 (27.3)
Female, n (%) 343 (69.7) 197 (72.7) 0.387
Age, y 80.8 ± 5.84 81.6 ± 6.41 0.078

Sex; χ2 test, age; Student’s t test. Data are given as mean ± SD
unless indicated otherwise. There were no differences in sex and
age between control and LOAD subjects (sex 0.387 χ2 test; age
0.078 Student’s t-test).

Subjects for the genetic association study

Demographic data for each group of participants
are shown in Table 2. A total of 271 AD sub-
jects (74 males and 197 females, mean age ± SD =
81.6 ± 6.41 years) who visited Ehime University
Hospital, Saiseikai Saijo Hospital, Kuroda Hospi-
tal, Maajiro Kujira Rehabilitation Hospital, Heisei
Hospital, Japan Community Health Care Organiza-
tion Uwajima Hospital, Matsukaze Hospital, Nomura
Hospital, or Zaidan Niihama Hospital, Ehime, Japan,
from December 2013 to May 2015 were enrolled.
AD subjects were diagnosed and classified as having
probable AD dementia according to the criteria of
the National Institute on Aging and the Alzheimer’s
Association [20]. The control participants were 492
elderly individuals (149 males and 343 females,
mean age ± SD = 80.8 ± 5.84 years) without cogni-
tive impairment, psychiatric signs, or a history of
neuropsychiatric diseases as determined by at least
two certified psychiatrists based on clinical inter-
views.

All participants were unrelated, of Japanese ori-
gin, and provided written, informed consent using
forms that were approved by the institutional ethics
committees of each hospital and of Ehime University
Hospital (31-K8, 1901009, and 2109001).

Blood sample preparation for the expression study

Total RNA was isolated from whole peripheral
blood samples using PaxGene Blood RNA Systems
tubes (BD, Tokyo, Japan) according to the stan-
dard protocol. The RNA concentration and purity
were measured with a NanoDrop-1000 (Thermo
Fisher Scientific, Yokohama, Japan), and the 260/280
ratio was between 1.8 and 2.0. RNA (1.0 �g)
was used to synthesize cDNA with the High-
Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA). Real-time quan-
titative reverse transcription-PCR was performed

using the StepOnePlus Real-Time PCR System
(Applied Biosystems). Specific TaqMan probes
were Hs01007998 m1 (Applied Biosystems) for
ALDH2 and Hs.PT.39a.22214836 (IDT) for GAPDH.
GAPDH was used as a housekeeping gene because
previous studies, including ours, consistently iden-
tified GAPDH as a suitable housekeeping gene for
blood gene expression analysis using the Paxgene
blood RNA system [21–24]. The final volume of reac-
tions was 10 �L with TaqMan Universal Master Mix
(Applied Biosystems). The expression levels were
examined in triplicate. The ��Ct method was used
to determine relative expression levels using StepOne
software (Applied Biosystems).

Blood sample preparation for the genetic
association study

For genotyping, genomic DNA (gDNA) was
obtained from whole peripheral blood samples col-
lected in potassium EDTA tubes and extracted using
the QIAamp DNA Blood Mini Kit (Qiagen, Tokyo,
Japan) according to the standard protocol. PCR
was performed with 10.0 ng gDNA, 2.5 �L of the
2 × TaqMan genotyping Master Mix (Thermo Fisher
Scientific), 0.125 �L of the 20 × TaqMan Assay mix,
and 2.375 �L of nuclease-free water. A specific Taq-
Man probe for the SNP analysis was selected for
ALDH2 rs671, assay ID: C 11703892 10 (TaqMan
Assays, Applied Biosystems). Cycling conditions
were as follows: denaturation at 95◦C for 10 min, fol-
lowed by 50 cycles of 95◦C for 15 s, and 60◦C for
1 min.

Meta-analysis methods

Data were collected from PubMed, the Cochrane
Library, ClinicalTrials.gov, and MEDLINE. The fol-
lowing keywords were used for the search: ‘aldehyde
dehydrogenase 2’ and ‘Alzheimer’s disease’. Pub-
lished studies to examine the association between
ALDH2 and LOAD were carefully selected by two
independent investigators (J.I. and M.U.). Inclusion
criteria were as follows: 1) investigated the associ-
ation of ALDH2∗2 and LOAD risk; 2) case-control
studies; 3) sufficient information for genotype counts
for calculating the odds ratio (OR) and its correspond-
ing 95% CI. Studies not meeting the above criteria
were excluded.

Seventy potential studies were selected through
searching and 67 studies were excluded due to not
meeting the inclusion criteria. A total of seven poten-
tially relevant case-control studies were identified,
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Fig. 1. The flow diagram of the literature search. Six studies and
this study were included for meta-analysis.

but one paper was excluded because the paper did not
show the number of the ALDH2∗2 allele [25]. Among
six studies, five were identical to the preceding meta-
analysis [18] and one was newly added [26]. Thus,
six studies and the present study were included for
meta-analysis (Fig. 1). The meta-analysis examined
the relationship between the frequency of ALDH2∗2
and the risk of LOAD. Odds ratios (ORs) and their
95% confidence intervals (95% CIs) were estimated
for 1/1 versus the other carriers (1/2 and 2/2). To com-
bine individual study results, the meta-analysis was
conducted using EZR [27].

Statistical analysis

Statistical analysis was performed using SPSS
Statistics version 22.0 (IBM Corp., Tokyo, Japan).
For analysis of the effects of ALDH2 alleles on each
parameter, these alleles were divided into two groups
(1/1 versus 1/2 and 2/2) [17]. ALDH2 mRNA expres-
sion levels and the participants’ age were compared
between AD and controls using Student’s t-test or the
Mann-Whitney U test after the Shapiro-Wilk test. Sex
differences and distributions of ALDH2 alleles were
compared with the χ2 test. Statistical significance was
defined at the 95% level (p = 0.05). Meta-analysis
and power calculations were performed using EZR
(Saitama Medical Center, Jichi Medical University,
Saitama, Japan) [27].

RESULTS

Gene expression study in AD mouse model
(3xTg-AD)

Re-analysis of our transcriptome data using the AD
mouse model (3xTg-AD) shows that Aldh2 mRNA
expression in blood is increased with age in wild-
type mice (ANOVA p < 0.01, Dunnett’s multiple

Fig. 2. Re-analysis of our transcriptome data using the AD mouse
model (3xTg-AD). Aldh2 mRNA expression in blood is increased
with age in wild-type mice (ANOVA p < 0.01, Dunnett’s multiple
comparison test: C12 versus C52 p < 0.01) and that in the hip-
pocampus is significantly elevated in 3xTg-AD mice (ANOVA
p < 0.001, Dunnett’s multiple comparison test: C12 versus AD12
p < 0.01 and C12 versus AD12 p < 0.0001). Lines are at means with
95% CI [19]. AD12, AD mouse at 12 weeks of age; AD52, AD
mouse at 52 weeks of age; C12, control mouse at 12 weeks of age;
C52, control mouse at 52 weeks of age.

comparison test: C12 versus C52 p < 0.01) and that
in the hippocampus is significantly elevated in 3xTg-
AD mice (ANOVA p < 0.001, Dunnett’s multiple
comparison test: C12 versus AD12 p < 0.01 and C12
versus AD12 p < 0.0001) (Fig. 2).

Gene expression study

The ALDH2 mRNA expression level was sig-
nificantly higher in subjects with LOAD than in
controls (Fig. 2). ALDH2 mRNA expression lev-
els were significantly higher in men with LOAD
than in women with LOAD (men 1.51 ± 0.43 ver-
sus women 1.28 ± 0.31, Student’s t-test: p = 0.043).
ALDH2 mRNA expression levels were not asso-
ciated with the number of ALDH2∗2 (r = 0.158
p = 0.307) or other clinical factors (presence of dia-
betes mellitus: r = –0.004 p = 0.987, Mini-Mental
State Examination (MMSE): r = –0.11 p = 0.942,
Neuropsychiatric inventory (NPI): r = –0.106 p =
0.497, Alzheimer’s Disease Assessment Scale
(ADAS): r = 0.237 p = 0.184, Clinical Dementia
Rating (CDR): r = –0.018 p = 0.911). The num-
ber of ALDH2∗2 was not correlated with clinical
factors (presence of diabetes mellitus: r = –0.224
p = 0.330, MMSE: r = –0.086 p = 0.578, NPI: r =
–0.152 p = 0.337, ADAS: r = 0.076 p = 0.681, CDR:
r = –0.030 p = 0.851).

Genetic association study

LOAD and control subjects did not differ in sex
or age. The distributions of ALDH2 and rs671 are
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Table 3
Genotype and allele frequencies of the ALDH2 gene in patients with LOAD and control subjects

Genotypes 1/1 1/2 2/2 p Allele 1 2 p
N (%) frequencies N (%)

LOAD (n = 271) 142 (52.4) 112 (41.3) 17 (6.3) 0.015 LOAD 396 (73.1) 146 (26.9) 0.044
Control (n = 492) 299 (60.8) 175 (35.6) 18 (3.7) Control 773 (78.6) 211 (21.4)

Differences in the ratio for each genotype and allele frequency between LOAD and control were significant according to the χ2 test.

Fig. 3. Relative ALDH2 mRNA expression levels in AD and con-
trol subjects. The mean expression level is significantly higher in
AD subjects (1.35 ± 0.36) than in control subjects (1.19 ± 0.38)
(Student’s t-test, p = 0.030). Lines are at means with 95% CI.

shown in Table 3. The genotypes in the two clas-
sified groups and the allele frequency in AD were
significantly different from those of control subjects
(genotypes, p = 0.015; allele frequencies, p = 0.044).

Meta-analysis

Seven case-control studies using Asian popula-
tions were included in the meta-analysis, which
consisted of 1,824 cases and 4,300 controls. The
association between the number of ALDH2∗2 and
AD was tested by estimating the ORs for 1/1 versus
1/2 + 2/2 carriers. There was a significant difference
in the ALDH2∗2 allele, with an increased AD risk
under both random and fixed models (OR = 1.38;
95% CI = 1.02–1.85; p = 0.0348, I2 = 81.1%) (Fig. 3).
Although statistical analysis for publication bias
could not be done due to the small sample size, the
funnel plots seemed not to have a significant bias
(Supplementary Figure 1).

DISCUSSION

There were three major findings in this study. First,
this was the first study to show elevated blood ALDH2

Fig. 4. Relative ALDH2 mRNA expression levels in male and
female LOAD. The mean expression level is significantly higher in
male LOAD subjects (1.51 ± 0.43) than in female LOAD subjects
(1.28 ± 0.31) (Student’s t-test: p = 0.043). Lines are at means with
95% CI.

mRNA expression in LOAD. This result was consis-
tent with the re-analysis of our transcriptome study
using an AD mouse model (3xTg-AD) showing that
ALDH2 mRNA expression in blood was increased
with age in WT mice, and that in the hippocam-
pus, it was significantly elevated in both young and
old 3xTg-AD mice (Fig. 2) [19]. ALDH2∗2 geno-
types did not alter the ALDH2 mRNA expression
in our study, which is consistent with the previous
studies showing that this SNP did not change rela-
tive ALDH mRNA levels in genetically engineered
knock-in mice that express the human ALDH2∗1
(wild-type allele) or ALDH2∗2 gene (mutant allele)
but reduced the ALDH enzyme activity [28]. ALDH2
is a nuclear gene, but it is transported and functions
in the mitochondrial matrix [29]. Mitochondria are
well known to be impaired from the early stage of
LOAD [30–34]. ALDH2 is involved in metabolizing
aldehydes [35, 36] such as acetaldehyde, 4-HNE, 3,4-
dihydroxyphenylacetaldehyde (DOPAL, MAO prod-
uct of dopamine), and 3,4-dihydroxyphenylglyco-
aldehyde (PDPEGAL, MAO product of nore-
pinephrine), which accumulates in AD patients’
brains from the early stage [37–39]. Because ALDH2
activity is known to protect neurons against neuro-
toxicity induced by toxic aldehydes during oxidative
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Fig. 5. Forest plots for the meta-analysis in the Asian population. Pooled ORs and 95% CIs were examined for 1/1 versus 1/2 + 2/2. Both
fixed effect and random effects models showed significantly higher odds ratios for ALDH2∗2 in LOAD.

stress and plays a role in neurodegenerative condi-
tions such as AD [40, 41], elevated blood ALDH2
expression may be associated with a protective
response to toxic aldehydes in mitochondria. We
found that ALDH2 mRNA expression levels were
significantly higher in men with LOAD than in
women with LOAD. This may be related to the
sex differences in alcohol consumption because it is
reported that drinking behavior in Japanese elderly
men was significantly higher than that in women and
ALDH2∗2 was a major factor associated with drink-
ing behavior [42]. Moreover, regardless of ALDH2∗2
genotype, ALDH2 mRNA in peripheral blood of
healthy young Japanese volunteers increased follow-
ing ethanol ingestion [43]. These studies indicate that
alcohol consumption should be included as a covari-
ate in a future study on ALDH2 gene expression and
association.

Second, there was a significant association be-
tween ALDH2∗2 and the development of LOAD
in the present Japanese cohort. The frequencies of
ALDH2∗2 were significantly increased in subjects
with LOAD compared to those of control sub-
jects. The odds ratio was 1.41, which is consistent
with the preceding study using another Japanese
cohort [17]. The variant from G to A in exon12
of ALDH2 (ALDH2∗2) causes very low levels of
mitochondrial aldehyde dehydrogenase activity [44].
ALDH2-KO mice showed decreased cognitive func-
tion [13], and Alda-1, which activates the ALDH2
enzyme, improved the pathological and clinical out-
come in the AD mouse model [45].

Third, the present comprehensive meta-analysis
combining seven genetic studies also showed a
significant association between ALDH2∗2 and the
development of LOAD in the Asian population. This
is the first meta-analysis to establish a significant

association between ALDH2∗2 and LOAD in the
Asian population. Although none of the recent
genome wide association studies using Caucasian
samples [46] or Asian samples [47, 48] detected
genome-wide significance of the ALDH2 gene, this
analysis suggested that ALDH2∗2 has some role
in the pathogenesis of LOAD in the Asian popula-
tion. Interestingly, a recent genome-wide associated
study in a Han Chinese population showed that
ALDH2∗2 was associated with serum uric acid by
affecting alcohol consumption [49]. Similarly, the
role of ALDH2∗2 in the pathogenesis of LOAD may
be affected by alcohol consumption and sex effects,
which may have made it difficult for past genome-
wide association studies to confirm the significance
of the ALDH2 gene.

There are some limitations in this study. The power
analysis using EZR revealed the minimum number
of AD and controls required for our gene expres-
sion analysis were 77 and 92, respectively. Thus,
our results for gene expression analysis may not
have adequate power. Due to the low power, the
negative findings in this study cannot be interpreted
as showing no associations. Elevated blood ALDH2
mRNA expression in LOAD subjects may arise from
other factors such as glucose [50, 51]. Although the
presence of diabetes mellitus did not affect ALDH2
mRNA expression in the present study, the effects of
other comorbidities need to be examined. A receiver
operating characteristic curve using ALDH2 mRNA
levels for diagnosis of LOAD revealed that the
area under the curve was 0.623. This was relatively
small, so this biomarker alone was insufficient for
proper diagnosis. Combination with other biomark-
ers may increase the sensitivity and specificity [19,
22]. In addition, the effect of alcohol consumption,
which may affect the gene expression of ALDH2
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and the development of LOAD, was not examined.
This study included only studies from East Asia,
because ALDH2∗2 is very rare in other populations.
Therefore, in the future, larger studies from various
regions in the world are needed. Furthermore, other
approaches, such as epigenetic analysis and func-
tional analysis of mitochondria, may be useful for
demonstration of the involvement of ALDH2 in the
pathophysiology of LOAD. ALDH2 protein levels
and enzyme activity should be measured in a future
study because increased mRNA levels are not neces-
sarily indicative of increased protein levels [52].

Conclusion

There was a significant increase in blood ALDH2
expression and a genetic association with ALDH2∗2
in LOAD. ALDH2 may have significant roles in the
pathogenesis of LOAD in the Asian population.

ACKNOWLEDGMENTS

The authors would like to thank Ms. Chiemi Onishi
for technical assistance. This study was supported
by the Japan Agency for Medical Research and
Development (JP20dk0207025 and JP20dk0307076)
and JSPS KAKENHI Grant Numbers 18H02752,
18K07564, 20K07971, and 20K16628.

Authors’ disclosures available online (https://
www.j-alz.com/manuscript-disclosures/21-5627r2).

SUPPLEMENTARY MATERIAL

The supplementary material is available in the
electronic version of this article: https://dx.doi.org/
10.3233/JAD-215627.

REFERENCES

[1] Liu H, Lutz M, Luo S, Alzheimer’s Disease Neuroimag-
ing Initiative (2021) Association between polygenic risk
score and the progression from mild cognitive impairment
to Alzheimer’s disease. J Alzheimers Dis 84, 1323-1335.

[2] Wightman DP, Jansen IE, Savage JE, Shadrin AA, Bahrami
S, Holland D, Rongve A, Børte S, Winsvold BS, Drange
OK, Martinsen AE, Skogholt AH, Willer C, Bråthen G,
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