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Aldehyde dehydrogenase 2 (ALDH2) is an enzyme found in the mitochondrial
matrix that plays a central role in alcohol and aldehyde metabolism. A common
ALDH2 polymorphism in East Asians descent (called ALDH2*2 or E504K
missense variant, SNP ID: rs671), present in approximately 8% of the world’s
population, has been associated with a variety of diseases. Recent meta-
analyses support the relationship between this ALDH2 polymorphism and
Alzheimer's disease (AD). And AD-like pathology observed in ALDH2~/~ null mice
and ALDH2*2 overexpressing transgenic mice indicate that ALDH2 deficiency
plays an important role in the pathogenesis of AD. Recently, the worldwide
increase in alcohol consumption has drawn attention to the relationship
between heavy alcohol consumption and AD. Of potential clinical significance,
chronic administration of alcohol in ALDH2*2/*2 knock-in mice exacerbates the
pathogenesis of AD-like symptoms. Therefore, ALDH2 polymorphism and alcohol
consumption likely play an important role in the onset and progression of AD.
Here, we review the data on the relationship between ALDHZ2 polymorphism,
alcohol, and AD, and summarize what is currently known about the role of the
common ALDH2 inactivating mutation, ALDH2*2, and alcohol in the onset and
progression of AD.

Alzheimer's disease, ALDHZ2, alcohol, aldehyde, 4-hydroxynonenal, formaldehyde, Alda-1,
blood brain barrier

Introduction

The world population is aging, which is of particular concern because of increase in
the number of dementia patients (KKhan et al., 2020); one of 5 people over the age of 75
are expected to have Alzheimer’s disease (AD) (Hebert et al., 2013). Patients suffering from
dementia, a progressive neurodegenerative disease characterized by cognitive decline, have
difficulty living independently and require continuous support from family and healthcare
professionals (Lane et al., 2018; Scheltens et al., 2021). As a result, dementia has become a
serious problem that not only causes severe suffering to the patients, but also increases the
burden of care and medical costs (Wang et al., 2017).

First reported by Alois Alzheimer in 1907 (Alzheimer, 1907), AD is the leading
cause of dementia, accounting for 50-75% of all dementia cases (Lane et al, 2018).
The neuropathological features of AD include synapse loss, selective neuronal cell
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death, reduction of certain neurotransmitters, and deposition of
abnormal proteins inside and outside neurons (Masters et al.,
2015). Various factors have been implicated in the pathogenesis
of AD, including abnormal amyloid-p (AP) metabolism, tau
hyperphosphorylation, oxidative stress, and increases in reactive
glia and microglia, the nature of which remains largely unknown
(Wang et al., 2017).

Aldehyde dehydrogenase 2 (ALDH2), a member of the ALDH
multigene family, is an enzyme found in the mitochondrial matrix
that plays a central role in alcohol metabolism (Edenberg and
Foroud, 2013). It is involved not only in the metabolism of
acetaldehyde generated by alcohol consumption (Klyosov et al,
1996), but also in the metabolism of endogenous and exogenous
aldehydes, such as 4-hydroxynonenal (4-HNE), formaldehyde
(FA), and malondialdehyde (MDA) (Chen et al., 2019; Rodriguez-
Zavala et al., 2019; Dingler et al., 2020; Mu et al., 2021). A well-
characterized ALDH2 polymorphism, ALDH2*2, that results in
reduced or loss of ALDH?2 activity, has attracted attention for its
association with various diseases including alcohol flushing (Chen
C.H.etal, 2022), malignancy (Zhang and Fu, 2021), cardiovascular
disease (Chen et al., 2019), and liver disease (Zhang and Fu, 2021;
Seike et al., 2022), and evidence that it is also associated with AD
has recently been accumulating.

The effects of alcohol on the human health are clear, as
alcohol consumption results in 139 million disability-adjusted life
years worldwide (Meza et al., 2022). Despite regional differences,
global alcohol consumption is still increasing (Manthey et al,
2019), so is the alarming increase in some alcohol-related diseases
and causes of death, such as mental disorders, liver cirrhosis,
and cancer (Rumgay et al., 2021). Studies have shown that the
ALDH2 polymorphism, ALDH2*2, is protective against alcoholism
because it acts in a suppressive manner against excessive alcohol
intake due to the discomfort caused by drinking (Edenberg and
Foroud, 2013). However, more recent data show that among
excessive alcohol consumers, approximately 20% of people carried
the ALDH2 deficient polymorphism (Chen et al., 1999; Yokoyama
et al., 2002; Brooks et al., 2009). Therefore, the health effect of
alcohol consumption in carriers of ALDH2*2 gene cannot be
ignored.

The relationship between consumption
neurodegeneration has been studied for some time (Venkataraman
et al, 2017; Ledn et al,, 2021; Ramos et al.,, 2022), and chronic
and heavy alcohol consumption may accelerate brain aging

alcohol and

and increase the risk of dementia and AD (Ledn et al, 2021;
Visontay et al., 2021). What then is the role of alcohol in the
pathogenesis of AD under conditions of reduced ALDH2 activity?
We have previously shown that daily exposure of ALDH2*2/*2
knock-in mice (E504K missense) to ethanol causes mitochondrial
dysfunction, oxidative stress, and increased aldehyde load
in the brain (Joshi et al, 2019). In addition, increased AD-
related proteins AP, phosphorylation of neurofilament tau,
and neuroinflammation were also exacerbated in the brains
of ethanol-exposed ALDH2*2/*2 knock-in mice compared
to wild type (WT) mice (Joshi et al, 2019). If confirmed in
humans, these findings strongly suggest that chronic and excessive
ethanol consumption, especially among ALDH2*2 carriers, may
accelerate the progression and exacerbate the pathogenesis of
AD in humans. Recent studies showing that neurofilament light
chains, a marker of neuroaxonal injury, are more increased
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in alcohol dependence patients with the ALDH2 deficient
polymorphism provide more support for this hypothesis (Huang
etal., 2023).

About 540 million people, of East Asians ancestry, have
markedly reduced ALDH2 activity due to a missense mutation
in its gene. This indicates that approximately 8% of the world’s
population is more vulnerable and susceptible to exposure to
toxic acetaldehyde (Brooks et al., 2009). So, will increased global
alcohol consumption (Manthey et al., 2019), along with a large
ALDH?2 polymorphic drinking population, spur an increase in
dementia patients? Clarification of this issue could lead to a better
understanding of modifiable risk factors for AD. Understand the
modifiable risk factors that contribute to the progression of AD
pathology together with effective ALDH2 deficiency education
campaign may lead to a reduction in the future increase in
the number of AD patients. Therefore, it is necessary to piece
together fragmentary information, such as the relationship between
ALDH?2 inactivity and AD and the relationship between alcohol
consumption and AD, to understand their influence on the
pathogenesis of AD.

Epidemiological data on ALDH2
polymorphism and Alzheimer's
disease

A cross-sectional community-based study of 690 Koreans aged
65 years and older showed no association between ALDH2*2 and
AD (Kim et al., 2004). Another study of 510 Koreans aged 65 years
or older observed for 2.4 years also found no significant association
between ALDH2*2 and incidence of dementia, AD, or cognitive
decline (Shin et al., 2005).

In contrast, genotype frequencies of the ALDH2*2 allele were
significantly higher in 447 Japanese AD patients compared with
an equal number of sex-, age-, and region-matched non-affected
subjects (Ohta et al., 2004). In an analysis of data from 1949 Chinese
individuals aged 90 years and older, the ALDH2*2 polymorphism
was associated with cognitive dysfunction (Jin et al., 2021). In
the Japanese cohort, the frequency of ALDH2*2 was significantly
increased in AD subjects compared to the target group, with an
odds ratio of 1.41 (Ueno et al., 2022). That study also performed a
meta-analysis (1,824 cases, 4,300 controls) including six additional
previous case-control studies in Asians (Kamino et al., 2000; Wang
etal., 2008; Zhou et al., 2010; Komatsu et al., 2014; Ma and Lu, 2016;
Wu Y. Y. etal, 2021) and found that the ALDH2*2 allele was a risk
for AD, with an odds ratio of 1.38 (Ueno et al., 2022).

Natural history of mice with reduced
ALDH?2 activity

Animal models that mimic AD express some of the pathological
features of human AD (Akhtar et al, 2022). ALDH2™/~ null
mice showed progressive cognitive dysfunction from around 3.5-
4 months, with AD-like pathological changes, including increased
4-HNE protein adducts in the hippocampus (D’Souza et al., 2015)
and cortex (Knopp et al., 2020), AB deposition in the brain, tau
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phosphorylation, increased activated caspase, and defective cAMP-
response element binding protein (CREB) signaling (D’Souza et al.,
2015; Luo et al, 2016; Knopp et al, 2020). In ALDH2™/~ null
mice, compared to WT mice, a marked decrease in apical and basal
dendritic length, dendritic complexity, and spine density of dorsal
hippocampal CA1 pyramidal cells began to be observed around
6 months and was maintained through the age of 12 months.
This neuronal degeneration was associated with oxidative stress
(Mehder et al.,, 2020, 2021). The progressive age-related decline
in hippocampus-dependent working and spatial memory in
ALDH2~/~ null mice from around 3.5-4 months (D’Souza et al.,
2015) was associated with a decrease in synaptic proteins which
were important for learning and memory in the hippocampus
(Knopp et al., 2020; Figure 1A).

In transgenic (Tg) mice overexpressing ALDH2*2 (ALDH2*2
OE), aging was accompanied by increased deposition of 4-HNE in
the brain, decreased pyramidal cells, increased glial cell activation,
and at 12-18 months, tau phosphorylation and learning memory
deficits became apparent in the hippocampus (Ohsawa et al., 2008;
Figure 1B). In ALDH2*2 OE mice, it took longer for pathological
changes to develop compared to ALDH2™/~ null mice (D’Souza
et al., 2015). Furthermore, in mice where the ALDH2*2 E504K
missense mutation was knocked-in (ALDH2*2/*2 KI), increased
mitochondrial reactive oxygen species (ROS), AB accumulation,
and caspase 3 activation at 6 months was observed (These mice
are not included in the Figure 1B because of incomplete data)
(Joshi et al,, 2019). These three mouse models, two mimicking the
mutations in human with residual ALDH2 activity of about 2-5%,
and the other - with complete absence of ALDH2, show that a
reduction in ALDH2 activity alone can mimic AD-like pathology,
indicating the importance of reduced ALDH2 activity in AD.

Acceleration of AD pathology due to
decreased ALDH2 activity in mice

Double transgenic (APP/ALDH2*2 OE) mice from a cross
between Tg2576 mice expressing a mutant form of human amyloid
precursor protein (APP) and DAL mice over expressing the mutant
form of ALDH2 (ALDH2*2 OE) showed cognitive dysfunction
already at 3 months, accelerated gliosis from 6 months, tau
phosphorylation from around 9 months, and A accumulation
beginning around 6 months that increased significantly after
12 months (Kanamaru et al, 2015). Pathological changes
in APP/ALDH2*2 OE mice were observed earlier and were
significantly more pronounced compared to APP mice (Kanamaru
et al., 2015), which showed cognitive dysfunction from 6 months
(Westerman et al., 2002), A accumulation from 9 to 12 months
(Kawarabayashi et al, 2001), no tau phosphorylation (Bilkei-
Gorzo, 2014), and no astrocyte activation (Kanamaru et al., 2015;
Figures 1C, D). These results indicate an earlier onset of memory
impairment and accelerated AD-like pathology in APP/ALDH2*2
OE mice with reduced activity of ALDH2 than in APP mice
(Kanamaru et al, 2015). In addition, overexpressing wildtype
(active) ALDH2 in APP/PS1 mice (ALDH2 OE/APP/PS1) reduced
cognitive dysfunction compared to APP/PS1 mice. This indicates
that increased activity of ALDH2 can counteract the pathogenesis
of AD (Zhu et al., 2022).
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Relationship between oxidative
stress and the pathogenesis of AD in
mice

The above animal models suggest that decreased ALDH2
activity increases the pathogenesis of AD and promotes its
progression in predisposed individuals (Figure 1) and that
increased ALDH2 activity can reduce this pathogenesis. What
molecular mechanisms underlie this phenomenon? ALDH2 is
an important enzyme responsible for the metabolism of both
endogenous and exogenous toxic aldehydes, including 4-HNE,
MDA, acetaldehyde and FA (Teng et al., 2001; Chen et al,, 2016;
Dingler et al., 2020; Li T. et al., 2021; Mu et al.,, 2021; Kou et al.,
2022), and decreased ALDH2 activity is associated with increased
vulnerability to oxidative stress (Ohsawa et al., 2003). Indeed,
oxidative damage has been reported to precede the appearance of
AP groups and neurofibrillary tangles in AD patients and different
AD animal models (Pratico et al., 2001; Resende et al., 2008),
indicating that oxidative stress is an important change that occurs
early in AD disease (Keller et al., 2005; Butterfield et al., 2006;
Pratico, 2008; Padurariu et al., 2013). In ALDH2~/~ null mice
(D’Souza et al., 2015; Knopp et al., 2020; Mehder et al., 2021) and
ALDH2*2 OE Tg mice (Ohsawa et al., 2008), 4-HNE in the brain
is found to be increased early and prior to AD-like symptoms
(Figures 1A, B). Therefore, it is necessary to understand the role
of toxic aldehydes, such as 4-HNE, acetaldehyde and FA, and
decreased ALDH2 activity on AD.

Effect of 4-HNE on the pathogenesis
of AD in humans and mice

4-HNE is elevated in ventricular fluid (Lovell et al., 1997) and
brain (Sayre et al., 1997; Markesbery and Lovell, 1998; Williams
et al., 2006; Fukuda et al., 2009; Reed et al., 2009) of AD patients.
4-HNE is also increased in the brain tissue of ALDH2~/~ null mice
(D’Souza et al., 2015; Knopp et al., 2020; Mehder et al., 2021) and
ALDH2*2 OE Tg mice (Ohsawa et al., 2008; Figures 1A, B) and in
ALDH2*2/*2 KI mice (Joshi et al., 2019). 4-HNE levels in the brain
are also increased in senescence accelerated mice P8 (SAMPS),
an aging phenotype characterized by memory impairment and
behavioral changes (Grinan-Ferré et al., 2016), and in 5XFAD mice,
an early-onset transgenic mouse model of AD (Grindn-Ferré et al.,
2016; Shin et al., 2020). Interestingly, ALDH2 expression is lower
in the hippocampus of SAMPS8 at 2 and 9 months relative to age-
matched control strain, SAMRI1 (Grifian-Ferré et al., 2016), and in
the brain of 5XFAD mice at 8 months (Grinan-Ferré et al., 2016)
relative to age-matched WT mice. These data indicate that 4-HNE
is increased in the context of AD and that one of the reasons for this
may be the reduced ALDH2 activity.

The toxicity of 4-HNE is due to changes in cellular function
secondary to its ability to readily react with various cellular
components with nucleophilic thiol (-SH), amino (-NH2) groups
and deoxyguanosine residues, such as deoxyribonucleic acid
(DNA) and proteins (Huang et al., 2010; Perluigi et al., 2012;
Dalleau et al, 2013). Redox proteomic studies have identified
proteins involved in metabolism, cell signaling, pH regulation,

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1223977
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Seike et al.

10.3389/fnagi.2023.1223977

A AB deposition, pTau, Casp-3
ALDH2- 4-HNE
Cognitive impairmen Synaptophysin pCREB
0 3 6 9 12 " Month
B pTau
ALDH2*2 OE 4-HNE Activation of astrocytes
ﬁ Neurodegeneration
ognitive impairment
0 3 6 9 12 15~ Month
Cc
APP Cognitive impairment AB deposition
Tau Activation of astrocytes
0 3 6 9 12 15 Month
D
Activation of astrocytes
*
APPINDHZZOE o
Cognitive impairment
0 3 6 9 12 15 Month
FIGURE 1
Schematic representation of behavior cellular and molecular changes associated with AD-like symptoms in mice. (A) Natural history of factors
involved in the pathogenesis of Alzheimer's disease (AD) in ALDH2~/~ mice. (B) Natural history of factors involved in the pathogenesis of AD in
ALDH2*2 overexpressing (OE) transgenic mice. (C) Natural history of factors involved in the pathogenesis of mice expressing AD-associated amyloid
precursor protein (APP). (D) Natural history of factors involved in the pathogenesis of mice expressing APP, and overexpressing ALDH2*2. 4-HNE,
4-hydroxynon-enal; AB, amyloid B; pTau, phosphorylated tau; Casp-3, Caspase 3; pCREB, phosphorylated cyclic-AMP response element binding
protein.

neuronal communication, antioxidation and detoxification,
neurotransmitter regulation, tau phosphorylation and regulation
of APP processing in the context of AD and neurodegeneration
(Perluigi et al., 2009; Sultana et al., 2013; Di Domenico et al., 2017),
and thus indicating that oxidative modifications by 4-HNE likely
play an important role in the pathogenesis of AD.

The molecular mechanisms by which 4-HNE is involved in the
pathogenesis of AD are summarized in Figure 2A. The reduced
DNA binding ability of histones and altered chromatin structure
due to oxidative modification of 4-HNE increases the vulnerability
of DNA to oxidation in the brains of AD patients (Drake et al.,
2004) and may affect transcription, thus leading to accelerated
aging and neurodegeneration (Bohr, 2002). 4-HNE leads to
dysfunction of glucose and glutamate transporters, mitochondrial
dysfunction, and reduced adenosine triphosphate (ATP) levels, and
is involved in synaptic degeneration (Keller et al., 1997). Decrease
in neuronal Na™/K*ATPase activity and increase in intracellular
free calcium concentration by 4-HNE results in increased neuronal
vulnerability (Mark et al., 1997). In addition, 4-HNE-induced
lysosomal membrane disruption by cleavage of heat shock protein
70.1 is involved in neuronal degeneration (Yamashima et al., 2020,
2022, 2023). Decreased activity of choline acetyltransferase by 4-
HNE has been implicated in memory impairment (Bruce-Keller
et al, 1998). 4-HNE enhances the production of AP through
increased activity of y-secretase (Gwon et al, 2012) and B-
secretase (Tamagno et al., 2002, 2005), and also forms an adduct
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with neprilysin, an amyloid-degrading enzyme, reducing enzyme
activity and AP turnover (Wang et al, 2003). Finally, changes
in AP disposition through increased AP formation (Liu et al,
2008), aggregation (Chen et al., 2006; Siegel et al., 2007), decreased
catabolism (Wang et al., 2009), and clearance (Shringarpure et al,
2000; Owen et al.,, 2010) are mediated by 4-HNE.

Effect of formaldehyde on the
pathogenesis of AD

FA is elevated in the brains (He et al, 2010; Tong et al,
2011) and urine (Chen F. et al., 2022) of AD patients, in the
brains of aged rats (Tong et al., 2013b), APP/PS1 mice (Yue et al.,
2019) that expresses APP and a mutant human presenilin 1 (Lok
et al, 2013), and in ALDH2~/~ null mice (Tan et al., 2018; Ai
et al., 2019). Administration of FA to adult rats mimicked age-
related memory decline in aging rats (Tong et al., 2013a; Tan
et al., 2018). Administration of an inhibitor (Daidzin) of ALDH2
to rats increased hippocampal FA levels (Tong et al, 2013b).
The accumulation of FA in the brain of ALDH2™/~ null mice
was associated with hyperglycemia and cognitive impairment (Tan
et al,, 2018). Together, these results suggest that the accumulation
of FA in the brain leads to cognitive dysfunction, and that reduced
ALDH?2 activity is involved in the accumulation of FA in the brain.
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FIGURE 2
(A) Summary of the effects of 4-hydroxynonenal (4-HNE) in the pathogenesis of Alzheimer's disease (AD). (B) Summary of the effects of
formaldehyde in the pathogenesis of AD. Hsp 70.1, heat shock protein 70.1; LMP, lysosomal membrane permeabilization; A, amyloid 8; ChAT,
choline acetyltransferase; ROS, reactive oxygen species; ATP, adenosine triphosphate; NMDAR, N-methyl-D-aspartate receptor.

The possible molecular mechanisms by which FA is involved
in the pathogenesis of AD are summarized in Figure 2B. FA
may contribute to age-related cognitive decline by impairing
DNA methyltransferase function (Tong et al, 2015), causing
an imbalance (Miller et al., 2010) between DNA methylation
and demethylation, a critical step in memory formation (Tong
et al, 2013a; Li T. et al, 2021). FA acts synergistically with
AP to promote ROS generation by enhancing calcium influx, it
inhibits cyclooxygenase activity, and decreases ATP production,
the amount of coenzyme Q10 in mitochondria, resulting in
neuronal cell death (Kou et al., 2022). FA also reduces acetylcholine
levels by inhibiting choline acetyltransferase (Zhang et al., 2019).
N-methyl-D-aspartate receptors (NMDAR), which are composed
of NRI1 and NR2 or NR3 subunits, play an important role in
learning and memory as well as excitatory neurotransmission and
synaptic plasticity (Shimizu et al., 2000). Significant reductions
in NRI and NR2 expression have been observed in the
hippocampus of aging rats (Clayton and Browning, 2001; Clayton
et al, 2002; Mesches et al, 2004) and in AD patients (Hynd
et al,, 2004; Amada et al, 2005). FA has been reported to be
involved in learning and memory control by inactivating NMDAR
via NR1/NR2B, thereby suppressing hippocampal long-term
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potentiation (Tong et al., 2013b; Ai et al., 2019). Excess FA induces
hyperphosphorylation of tau (Lu et al., 2013) and misfolding of
tau protein via glycogen synthase kinase-3p (GSK-3p) (Elyaman
et al., 2002), an important tau kinase, to form spherical amyloid-
like aggregates with high cytotoxicity (Nie et al., 2007a,b). FA is a
very reactive cross-linking agent in AP aggregation that promotes
the formation of AB dimers, oligomers, and fibrils by cross-linking
K28 (lysine, K) residues in the p-turn of the A monomer (Chen
et al., 2006; Kou et al., 2022). The accumulation of Af in APP/PS1
mice is accompanied by a progressive increase in cortical FA levels,
suggesting that FA may promote A accumulation (Yue et al,
2019).

Possible improvement of cognitive
dysfunction through activation of
ALDHZ2

As discussed above, decreased ALDH2 activity is involved
in the pathogenesis of AD via various pathways associated with
aldehyde accumulation and regardless of the cause of pathogenesis,
increased activity of ALDH2 appears to correlate with amelioration
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of the pathogenesis. For example, elevated level of homocysteine
is an independent risk factor for AD (Seshadri et al, 2002
/an Dam and Van Gool, 2009; Hu et al, 2016) and exposure
of homocysteine to hippocampus of rats, induces learning and
memory impairment (Zhang et al., 2009; Li et al., 2014). However,
hydrogen sulfide, which induced an increase in ALDH?2 expression,
reduced the accumulation of reactive aldehydes in the brain and
improved cognitive impairment in these rats (Li et al, 2017).
Another example is the correlation between elevated FA and AD
pathology in 3XFAD mice as compared to control mice with aging.
This elevation in FA levels was associated with reduced ALDH2
activity in the brain, and activation of ALDH2 with Alda-1, a small
molecule enzyme activator (Chen et al., 2008), significantly reduced
brain FA levels and improved neurological dysfunction (Tao et al.,
2022). Similarly, overexpression of the ALDH2 gene significantly
improved cognitive function in APP/PS1 AD mice (Yang et al,
2021) and reduced hyperglycemia and improved cognitive function
by reducing FA in a mouse model of diabetes (Tan et al., 2018).
Rat hippocampal neurons overexpressing ALDH2 by gene transfer
showed resistance to 4-HNE-induced neurite damage, decreased
caspase-3 protein expression, decreased ROS levels, and decreased
disruption of mitochondrial transmembrane potentials (Bai and
Mei, 2011).

Further studies showed that treatment with Alda-1, which
activates ALDH2 (Chen et al.,, 2008), reduced the AP-induced
increase in 4-HNE, mitochondrial dysfunction, and decreased
ATP in HT22 cells (Yang et al, 2021). Treatment of mouse
microglial BV2 cells or mouse neuronal cells (Neuro-2a) with
hydrogen peroxide to increase oxidative stress, resulted in increased
FA, decreased ALDH2 activity, and increased pro-apoptotic
protein, B-cell lymphoma-2-associated X (BAX), and all of these
were ameliorated by treatment with Alda-1 (Tao et al, 2022).
Furthermore, increased aldehydic load, oxidative stress, reduced
ATP levels and increased mitochondrial dysfunction seen in
fibroblasts of an AD patient that also has an ALDH2*2 mutation
or overexpression of ALDH2*2 in fibroblasts derived from AD
patients with ApoE e4 allele relative to healthy subjects, were
all reduced following treatment with Alda-1 (Joshi et al., 2019).
Taken together, these data suggest that activation of ALDH2
is neuroprotective and may prevent cognitive dysfunction and
that having reduced ALDH2 activity may render the brain more
vulnerable to cognitive function decline.

Epidemiological data of Alzheimer's
disease and alcohol exposure

A meta-analysis of 14,646 AD patients (Anstey et al., 2009)
and a systematic review of 45 studies on the epidemiology of
alcohol consumption and risk of dementia or cognitive decline
(Ilomaki et al.,, 2015) indicated that the risk of AD was reduced
in light to moderate drinkers compared to non-drinkers. However,
a number of studies, as reviewed below, have shown that alcohol
consumption, especially heavy amounts, is a risk for dementia.
An observational study conducted in the United Kingdom (UK)
over a 30-year period revealed that moderate or higher alcohol
consumption increased the risk of developing hippocampal atrophy
(Topiwala et al., 2017). An analysis of 13,342 individuals aged 40 to
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73 years using UK Biobank data showed that alcohol consumption
exceeding 1 drink per day was associated with a significant
cognitive decline (Piumatti et al.,, 2018). Another analysis of 397
dementia cases from a UK study involving 9,087 participants aged
35-55 years with an average of 23-year follow ups showed that
alcohol consumption of 14 drinks or more per week was a risk for
dementia (Sabia et al., 2018). In 2019, an observational study of
3,021 older United States adults with a median age of 78 years and
a median follow-up of 6 years showed that drinking more than 14
drinks per week was associated with lower cognitive scores (Iloch
et al., 2019). A cohort study of 19,887 middle-aged and older U.S.
adults with a mean age of 61.8 years in 2020 reported that heavy
drinking was associated with risk of dementia. However, drinking
10-14 drinks per week resulted in better cognitive function (Zhang
et al., 2020). As for wine, it was reported that mild to moderate
consumption of wine reduced the risk of cognitive decline, but
excessive consumption increased the risk of dementia due to direct
neurotoxic effects (Reale et al, 2020). Based on these results,
excessive alcohol consumption (>21 drinks/week) was recognized
as a new risk factor for dementia (Livingston et al., 2020).

In addition, several recent dose-response meta-analyses have
shown that alcohol intake of 27.5 g/day (about two alcoholic
beverages) or more is associated with an increased risk of
progression to dementia in people with mild cognitive impairment
(Lao et al., 2021), moderate drinking of less than 11 g/day (Ran
et al,, 2021) or 12.5 g/day (Xu et al., 2017) was associated with a
reduced risk of dementia, and excessive drinking of 38 g/day or
more was associated with an increased risk (Xu et al., 2017). In
a 2023 report from South Korea analyzing 100,292 people with a
diagnosis of dementia and 6.3 years of follow-up among 3,933,382
people with a mean age of 55 years, alcohol consumption of
30 g/day or more was also associated with an increased risk of
dementia (Jeon et al.,, 2023; Table 1). Unfortunately, the status of
ALDH2 genotyping of these studies is unknown.

In relation to alcohol use disorder (AUD), an analysis of 57,353
early-onset dementia patients in a French population showed that
56.6% were associated with alcohol-related brain damage or AUD
(Schwarzinger et al., 2018). Analyses of 129,182 patients with AUD
in the United States (Zhang et al., 2022) and 13,568 patients with
dementia in Western Austria (Zilkens et al., 2014) similarly showed
that AUD is a risk for AD (Zhang et al., 2022).

Alcohol consumption is generally considered a modifiable risk
factor for dementia, but results in the literature are not entirely
consistent (Wiegmann et al., 2020). The dependence of drinking
behavior on sociocultural context and the involvement of health-
related factors complicates the analysis for drinking (Livingston
et al., 2020). However, the effects of chronic heavy drinking on
brain are clear (Visontay et al., 2021), demonstrating that excessive
drinking causes alcohol-related brain damage.

Effect of alcohol on Alzheimer's
disease and neurodegeneration

In support of these epidemiological data, in vitro and animal
studies also showed alcohol concentration-dependent toxic effects
of AP (Figure 3A). Low concentrations of alcohol (0.02-0.08%)
inhibited calcium-sensitive activation of cytosolic phospholipase
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TABLE 1 Relationship between alcohol consumption and risk of dementia.

10.3389/fnagi.2023.1223977

References Number of subjects Pure alcohol equivalent Standard drink Risk of
(gram/day) (1 drink = 14 gram pure dementia
alcohol/day)

Ran et al., 2021 131777 11> 0.8 drink> 1
(meta-analysis of 16 studies)

Xuetal, 2017 70150 12.5> 0.9 drink> 1
(meta-analysis of 10 studies)

Lao etal., 2021 4244 27.5< 2.0 drink < M
(meta-analysis of 6 studies)

Jeon et al., 2023 3933382 30< 2.1 drink < 1
(retrospective cohort study)

Xuetal, 2017 70150 38< 2.7 drink < 4
(meta-analysis of 10 studies)

>means “less than.” <means “more than.” Drink equivalents are rounded to the nearest 0.1.
*Increased risk of progression of dementia in patients with mild cognitive impairment.

A2 induced by AP and a-synuclein (related to synaptic damage)
(Bate and Williams, 2011). Low concentrations of alcohol (10 mM),
equivalent to low to moderate alcohol drinking disrupted the
salt bridge between Asp23 and Lys28, which is required for
amyloid dimerization, and inhibited AB formation (Ormefio
et al,, 2013). The amyloid pore/channel hypothesis suggests that
low concentration of alcohol could inhibit amyloid aggregation,
thereby prevented increased calcium concentrations in neurons,
and neuronal degeneration, and may explain some of the protective
effects from consumption of low amounts of alcoholic beverages
(Parodi et al., 2015). Thus, alcohol consumption at low or moderate
concentrations may have a protective effect on AP toxicity to
neurons (Bate and Williams, 2011; Ormeno et al,, 2013; Peng
et al,, 2020) (These observations, however, were not made in
the context of ALDH2 deficiency.) On the other hand, excessive
amounts of alcohol lead to increased BACE1 activity with increased
expression of presenilin and nicastrin, which are involved in the
production of AB, and APP (Kim et al,, 2011). In addition, excessive
amounts of alcohol are also responsible for an increase in total tau
due to decreased phosphorylation of proteins associated with the
mTOR/AKT pathway (Hoffman et al,, 2019; Kamal et al,, 2020),
increased expression of cyclin-dependent kinase 5 (Rajgopal and
Vemuri, 2001) and GSK3 (Hoffman et al., 2019) that are involved
in tau hyperphosphorylation.

Excessive alcohol consumption may be involved in the
decline of brain functions and accelerated neurodegeneration
(Venkataraman et al, 2017; Leén et al., 2021; Ramos et al.,
2022; Figure 3B). Excessive chronic alcohol consumption leads to
neuroinflammation and degeneration via impaired mitochondrial
energy production/dynamics (Leon et al,, 2021) and glutamatergic
excitotoxicity (Kamal et al., 2020) as well as microglial activation
(Crews et al., 2017; Venkataraman et al., 2017; Asatryan et al,
2018; Ramos et al., 2022) through Toll-like receptors (TLRs), nod-
like receptor family pyrin domain containing 3 inflammasomes,
cytokines, and purinergic P2X receptors. Microglial activation leads
to elevated peripheral macrophage infiltration, elevated immune
mediators, elevated cytokine chemokine release and extracellular
vesicles, which are associated with neurodegeneration and synapse
loss (Ramos et al, 2022). TRL4 signaling by alcohol and AP
fibril may also play an important role in microglial activation
(Venkataraman et al., 2017). Similar to the involvement of
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immune cells in lifestyle diseases such as non-alcoholic fatty liver
disease (Seike et al., 2020, 2021), immune abnormalities also
play an important role in AD, since alcohol appears to modify
the pathogenesis of AD via immune dysfunction (Wu K. M.
et al., 2021). Chronic alcohol consumption induces glutamatergic
excitotoxicity by producing elevated glucocorticoid and glutamate
concentrations. This glucocorticoid-induced increase in NMDAR
and its subunits, NR2A and NR2B, leads to calcium influx
into neurons, forming BAX pores on mitochondria, releasing
cytochrome ¢ and inducing neuronal cell apoptotic death (Kamal
et al., 2020).

Alcohol is also involved in indirect neuroinflammation by
increasing the expression of inflammatory cytokines, endothelial
prostaglandins and inducible nitric oxide synthase, in part
through thiamine deficiency, small intestine and liver changes,
withdrawal symptoms and traumatic brain injury (Venkataraman
et al., 2017; Figure 3B). Based on these studies, alcohol-induced
neuroinflammation may play an important role in the pathogenesis
of AD, since alcohol can cause neuroinflammation in AD
(Venkataraman et al., 2017; Leon et al., 2021; Diaz et al., 2022;
Ramos et al., 2022).

Effect of alcohol on blood brain
barrier

The blood brain barrier (BBB) is formed by endothelial cells
and the pericytes and astrocytes that surround them between the
blood and the central nervous system and plays an important
role in maintaining homeostasis of brain structure and function
(Obermeier et al., 2013). Various dysfunctions of the BBB in AD
are thought to be involved (Sweeney et al, 2018; Andjelkovic
et al., 2023). The intricate structure of BBB makes it susceptible to
dysfunction (Banks, 2016), and excess alcohol exposure is one of the
factors that reduces BBB stability. The presence or absence of BBB
dysfunction in the pathogenesis of alcohol and AD is important in
considering the effects of peripheral AB on the brain, immune cell
infiltration, and involvement of fluid factors in the brain.

Intraperitoneal (Eisele et al., 2010) and intravenous (Morales
et al,, 2020) administration of AB-containing brain extracts from
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(A) The role of alcohol at different levels of drinking in neurodegeneration. (B) Direct and indirect role of excessive alcohol consumption in
neurodegeneration. PLA2, phospholipase A2; Ap, amyloid p; BACE-1, beta-site amyloid precursor protein cleaving enzyme-1; APP, amyloid precursor

aged APP Tg mice to young allogeneic mice resulted in deposition
of AP in the meninges and brain. And C57BL/6] mice genetically
modified to synthesize human AB only in the liver have been
reported to have increased plasma and brain AB (Lam et al,
2021). On the other hand, intraperitoneal administration of *C-
isotope-labeled brain extracts from mice expressing human AP
to APP Tg mice resulted in long-term detection of injected Af
in liver and lymphoid tissue but not in brain (Brackhan et al,
2022). It remains unclear what effect peripheral A has on AB
deposition in the brain. However, it is common to observe
in patients with dementia a mixed pathology with multiple
brain lesions (Schneider et al., 2007), and AD patients often
experience multiple "hits" which are thought to contribute to a
more rapid cognitive decline toward dementia (Zhu et al., 2004;
Chakrabarti et al., 2015). It appears likely that alcohol-induced BBB
impairment could be one of these hits, and indeed, chronic alcohol
consumption has been reported to directly decrease BBB stability
and increase the influx of inflammatory mediators into the brain
parenchyma (Singh et al., 2007; Pimentel et al., 2020; Ramos et al.,
2022).

Analysis of postmortem samples from alcoholics without liver
cirrhosis or nutritional deficiencies showed that the expressions
of the tight junction (TJ) protein, claudin-5, and the basement
membrane protein, collagen-IV, were significantly reduced in the
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dorsolateral prefrontal cortex, resulting in reduced BBB integrity
(Rubio-Araiz et al,, 2017). This observation may be related to
increased activity of matrix metallopeptidase 9, which is capable of
degrading extracellular matrix components and is associated with
impaired basement membrane, and impaired angiogenesis (Abdul
Muneer et al., 2012; Rubio-Araiz et al.,, 2017). It has also been
reported that alcohol-induced downregulation of transient receptor
potential melastatin-subfamily member 7 expression caused BBB
dysfunction as a result of loss of endothelial cell integrity (Chang
etal,, 2018; Figure 4A). In vitro studies using primary human brain
microvascular endothelial cells also showed that alcohol-induced
oxidative stress led to activation of myosin light chain (MLC)
kinase, phosphorylation of MLC and TJ proteins, decreased BBB
integrity, and accelerated monocyte migration through the BBB
(Haorah et al., 2005).

Effect of ALDHZ2 inactivity and
alcohol on blood brain barrier

A role of ALDH2 in BBB integrity has also been suggested.
ALDH2 is involved in oxidative and reductive reactions in vascular
endothelial cells (Nannelli et al., 2020) and reduced ALDH2 activity
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is associated with the acquisition of an early aging phenotype
of endothelial cells (Nannelli et al., 2018), atherosclerosis (Cai
et al, 2023), and coronary artery disease (Xu et al., 2011; Yasue
etal, 2019). Reduced ALDH2 activity increases 4-HNE-medicated
reduction of anti-angiogenesis (Roy and Palaniyandi, 2020) and
migration (Roy et al., 2020) in mouse coronary endothelial cells
and is involved in 4-HNE-induced endothelial dysfunction and
mitochondrial dysfunction in human umbilical vein endothelial
cells (Nannelli et al., 2018; Figure 4B).

Although ethanol has a dose-dependent protective effect
against endothelial cell senescence by activating ALDH?2, decreased
ALDH?2 activity in endothelial cells impairs this protection by
ethanol (Xue etal, 2018, 2019). Furthermore, studies using induced
pluripotent stem cell-derived endothelial cells demonstrated that
even minimal amounts of alcohol impair vascular endothelial
function in the presence of ALDH2*2 (Guo et al., 2023).

Together, these results indicate that reduced ALDH2 activity
leads to endothelial dysfunction, which is exacerbated by
ethanol exposure. Although their involvement in the context
of AD has not yet been directly determined, endothelial
dysfunction due to reduced ALDH2 activity and its exacerbation
by ethanol likely contribute to the pathogenesis of AD
(Figure 4C).

Role of ALDH2*2 and alcohol in the
pathogenesis of AD

Our laboratory has previously shown that fibroblasts
from AD patients with ALDH2*2 mutation or with ApoE e4
allele overexpressing ALDH2"2 exhibit increased aldehydic
load, oxidative stress, and mitochondrial dysfunction when
compared to fibroblasts from healthy individuals, and that ethanol
exposure further aggravated these dysfunctions (Joshi et al., 2019).
Mitochondrial dysfunction, oxidative stress, and elevated brain
aldehyde levels were also observed in ethanol-exposed WT mice,
but these changes were more pronounced in ALDH2*2/*2 KI
mice. The increased aldehydic load in WT mice treated with
lg/kg/day ethanol for 11 weeks and the subsequent aldehydic
adducts on mitochondrial proteins results in mitochondrial
dysfunction, and the reduced ALDH2 activity in ALDH2*2/*2
KI mice further exacerbates this mechanism by reducing the
clearance of toxic aldehydes. We found that chronic ethanol
exposure resulted in increased the levels of the AD-related protein
AP and neuroinflammation in the brains of ALDH2*2/*2 KI mice
compared to WT mice (Joshi et al., 2019). Importantly, all these
pathological processes are reversed by Alda-1 treatment suggested
that reduced activity of ALDH2 has a major role in mitochondrial
dysfunction and in AD pathology in AD patient-derived cells
and in mouse models (Joshi et al, 2019). These data indicate
increased vulnerability of neurons to oxidative stress by alcohol in
the presence of inactive, ALDH2*2, enzyme relative to functional
ALDH2 and thus suggest that alcohol consumption may exacerbate
the pathogenesis of AD patients in carriers of ALDH2*2. Thus,
as depicted in Figure 5, we can now link data on the relationship
between ALDH2 polymorphisms and AD risk, oxidative stress and
AD, aldehydes and AD, alcohol and BBB integrity, and ALDH2
and BBB integrity, as shown in Figures 2A, 3, 4A, B. Importantly,
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a more detailed mechanistic hypothesis of the contribution of
alcohol consumption to the pathological progression of AD in the
reduction of ALDH2 activity emerges (Figure 5). We highlighted
the role of 4-HNE accumulation in this mechanism, but recognize
that other pathways, yet to be identified, may also contribute to
the negative impact of alcohol consumption in patients at risk for
AD.

Clearly, the effects of alcohol on AD are related to the amount,
pattern, frequency and the type of the alcohol consumed, the
nutritional status of the individual, and the genotype of the
individual (Peng et al., 2020). A study of AD patients from
Taiwan found no relationship between ALDH2 polymorphisms,
alcohol consumption, and AD (Wu Y. Y. et al., 2021). But
caution should be exercised in interpreting the results, as the study
relied only self-reported alcohol use and made no mention of
the amount of alcohol consumed. Since the ALDH2*2 mutation
causes a 5-fold increase in acetaldehyde after moderate alcohol
drinking compared to wild-type ALDH2 (Yokoyama et al., 2008),
and increased acetaldehyde levels last much longer (Chen et al,
2009), the effects of ethanol consumption on the human body
cannot be ignored, especially in ALDH2*2 individuals. It is
likely that this elevated aldehyde toxicity may be a contributor
to the pathogenesis of AD. It is therefore important that
future large-scale epidemiological studies that include alcohol
consumption data should be conducted to clarify the roles of
ALDH?2 polymorphism and whether a smaller amount of alcohol
consumption can contribute to AD in individuals carrying the
ALDH2*2 variant.

Also of interest may be the role of ALDHI1AI in AD, an enzyme
involved in alcohol-induced facial flushing, alcohol sensitivity and
dependence in Caucasians (Yoshida et al., 1989; Spence et al., 2003),
and in acetaldehyde detoxification (Marchitti et al., 2008). Recently,
the relationship between ALDH1A1l and AD has been reported
(Nikhil et al., 2019; Li X. et al., 2021; Tandon et al., 2023). Both
epidemiological studies in AD patients, determining ALDHI1A1
genotype and alcohol consumption, and mechanistic studies in
mice with such mutations will allow a better assessment of the
potential risk of alcohol consumptions for AD development in
subjects with ALDH1A1 insufficiency.

Conclusion

Epidemiological studies of AD patients and analyses of
ALDH™/~ null mice, ALDH2*2 OE Tg mice (Figure 1) and
ALDH2*2/*2 KI mice, all suggest that ALDH2 dysfunction may
be a risk factor for AD, and that ethanol-induced aldehyde
accumulation and its toxicity due to decreased ALDH2 activity
may be a factor in AD pathogenesis. Ethanol exposure, which
increases mitochondrial dysfunction, neuroinflammation and
neurodegeneration and causes BBB disruption, exacerbates AD-
like pathology in ALDH2*2/*2 KI mice. Therefore, a detailed
large-scale epidemiological evaluation of how alcohol consumption
and ALDH?2 genotype affect AD and AD progression is needed.
Since alcohol consumption is a modifiable lifestyle choice, clear
understanding of ALDH2, alcohol consumption and AD onset
and progression may help to reduce the number of AD patients,
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especially in the approximately 8% of the world population with
ALDH2*2 polymorphism.
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