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Aldehyde dehydrogenase 2 (ALDH2), a key enzyme for detoxifi-
cation the ethanol metabolite acetaldehyde, is recognized as a
promising therapeutic target to treat alcohol use disorders (AUDs).
Disulfiram, a potent ALDH2 inhibitor, is an approved drug for the
treatment of AUD but has clinical limitations due to its side effects.
This study aims to elucidate the relative contribution of different
organs in acetaldehyde clearance through ALDH2 by using global-
(Aldh2~'") and tissue-specific Aldh2-deficient mice, and to examine
whether liver-specific ALDH2 inhibition can prevent alcohol-seeking
behavior. Aldh2~'~ mice showed markedly higher acetaldehyde con-
centrations than wild-type (WT) mice after acute ethanol gavage. Ac-
etaldehyde levels in hepatocyte-specific Aldh2 knockout (Aldh2HeP~/~)
mice were significantly higher than those in WT mice post gavage,
but did not reach the levels observed in Aldh2~~ mice. Energy
expenditure and motility were dramatically dampened in Aldh2~/~
mice, but moderately decreased in Aldh2"*P~/~ mice compared to
controls. In the 2-bottle paradigm and the drinking-in-the-dark model,
Aldh2~'~ mice drank negligible volumes from ethanol-containing
bottles, whereas Aldh2"*P~/~ mice showed reduced alcohol preference
at high but not low alcohol concentrations. Glial cell- or neuron-
specific Aldh2 deficiency did not affect voluntary alcohol consump-
tion. Finally, specific liver Aldh2 knockdown via injection of shAldh2
markedly decreased alcohol preference. In conclusion, although the
liver is the major organ responsible for acetaldehyde metabolism, a
cumulative effect of ALDH2 from other organs likely also contributes
to systemic acetaldehyde clearance. Liver-targeted ALDH2 inhibition
can decrease heavy drinking without affecting moderate drinking,
providing molecular basis for hepatic ALDH2 targeting/editing for
the treatment of AUD.
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Excessive alcohol consumption is a leading risk factor for
global disease burden (1). Alarmingly, deaths due to alco-
holic cirrhosis have increased in recent years (2-4), thus highlighting
the need to prevent or treat alcohol use disorder (AUD) (5, 6).
Pharmaceutical approaches to treat AUD include naltrexone (7),
acamprosate (8), and disulfiram, an aldehyde dehydrogenase-2
(ALDH2) inhibitor (9-12). ALDH2 is a conserved detoxifying
mitochondrial enzyme, notably implicated in the metabolism of
aldehydes. Ingested alcohol is first metabolized into acetaldehyde
by alcohol dehydrogenase (ADH), then into acetate by ALDH2
(13, 14). Additionally, ALDH2 plays a key role in oxidizing lipid
peroxidation products generated under oxidative stress, such as
4-hydroxy-2-nonenal and malondialdehyde (15). An estimated 8%
of the world population, mainly of East Asian descent, harbor the
ALDH?2*2 allele which encodes for a nonfunctioning ALDH2
enzyme, resulting in acetaldehyde buildup in the blood and organs,
such as liver and brain, after alcohol consumption (14, 16-20). In
these individuals, acetaldehyde accumulation causes facial flush-
ing, and unpleasant feelings such as nausea, headaches, cardiac
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palpitations, and overall discomfort (13, 14, 16). Therefore,
ALDH2-deficient individuals are at lower risks of developing
AUD (13, 14). For these reasons, approaches that aim to specif-
ically and reversibly inhibit ALDH?2 activity are of great interest in
the treatment of AUD.

Therapies targeting ALDH?2 have been studied for decades.
Disulfiram (Antabuse), a potent ALDH2 inhibitor, has been
approved by the Food and Drug Administration for the treat-
ment of AUD; however, its use has been modest largely due to
poor efficacy because of compliance (9-12, 21). Disulfiram in-
duces general physical discomfort similar to that observed in
ALDH?2-deficient individuals upon alcohol consumption. Thus,
new methods are being developed to verify patients’ compliance
to the treatment (22). Disulfiram is also not specific to ALDH?2,
since it has been shown to also inhibit cytosolic ALDHI1 (23).
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aldehyde are primarily metabolized in the liver via the alcohol
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liver ALDH2 only partially contributes to acetaldehyde clear-
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Our results suggest that liver-specific ALDH2 inhibition may be
an effective strategy for the treatment of alcohol user disorder
with excessive drinking.

Author contributions: A.G., L.Z., and B.G. designed research; A.G., T.R., T.J., RJ.P,, E.H.,
S.-J.K.,, and L.Z. performed research; A.G., T.R,, T.J,, S.-J.K,, L.Z,, G.F.K,, and B.G. analyzed
data; A.G. and B.G. wrote the paper; and B.G. supervised the whole project.

The authors declare no competing interest.

This article is a PNAS Direct Submission. D.A.B. is a guest editor invited by the
Editorial Board.

Published under the PNAS license.

"Present address: Department of Hepatology/Gastroenterology, Charité University Med-
ical Center, 13353 Berlin, Germany.

2Present address: INSERM Lipid Nutrition Cancer (LNC), University of Burgundy and
Franche-Comté, 21000 Dijon, France.

3Present addresses: Department of Biochemistry, College of Natural Sciences, Kangwon

National University, 24341 Chuncheon, Republic of Korea; and Kangwon Institute of
Inclusive Technology, Kangwon National University, 24341 Chuncheon, Republic of
Korea.

“To whom correspondence may be addressed. Email: bgao@mail.nih.gov.

This article contains supporting information online at https:/www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1908137116/-/DCSupplemental.

First published December 2, 2019.

www.pnas.org/cgi/doi/10.1073/pnas.1908137116


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1908137116&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:bgao@mail.nih.gov
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908137116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908137116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1908137116

Thus, development of more-specific ALDH?2 inhibitors may be a
better strategy for the treatment of AUD (24-26).

The liver is regarded as the main organ responsible for ac-
etaldehyde clearance via its high levels of ALDH2 in hepato-
cytes (27). Liver drug targeting is not challenging, and
numerous technologies have proven their efficacy in delivering
drugs specifically to hepatocytes, notably, by targeting the
asialoglycoprotein receptor, by using viral systems or apolipo-
proteins (28). Cytochrome P450 enzymes, despite generating
toxic drug metabolites in some instances, may also metabolize
drug precursors, thus releasing the effective drug locally in the
liver (29). Taken together, it is reasonable to speculate that a
therapeutic agent aimed at specifically targeting liver ALDH2
could be used as a treatment for AUD while having limited
systemic side effects. However, the ALDH2 enzyme is also
expressed by numerous organs other than the liver, but whether
ALDH2 in these organs also contributes to acetaldehyde
clearance and whether specific blockade of ALDH?2 in the liver
can efficiently decrease alcohol drinking remain unknown.

In this study, we generated several strains of cell-specific
Aldh2-deficient mice and aimed to determine the contribution of
ALDH?2 from different organs to acetaldehyde metabolism. We
also evaluated the relevance of a liver-targeted approach for
Aldh2 knockdown by using an adenoviral vector. By using these
mouse models in the 2-bottle paradigm and the drinking in the
dark (DID) binge-like model, we were able to conclude that the
liver is the major but not the sole organ responsible for acetal-
dehyde metabolism. In addition, our data also reveal that an
approach aiming to target liver ALDH?2 expression can decrease
heavy alcohol drinking.

Results

The Liver Is the Major but Not Sole Organ Responsible for Acetaldehyde
Metabolism. It is known that ALDH?2 is expressed in numerous
organs (14); however, the relative importance of organ-specific
ALDH?2 activity in acetaldehyde metabolism has not been in-
vestigated. Numerous organs from wild-type (WT) C57BL/6N
mice were assessed for ALDH2 expression by Western blot. While
the liver exhibited the strongest ALDH?2 expression, several other
organs also expressed significant ALDH?2 protein levels, including
intestine, lungs, white and brown adipose tissues, brain, and spleen
(Fig. 14). This widespread ALDH2 expression was further
confirmed by measuring ALDH2 enzymatic activity in these or-
gans, with the highest activity in the liver (4/dh2 global knockout
[Aldh277] livers were used as a negative control) (Fig. 1B).
These data indicate that ALDH2 activity is not limited to the
liver, and that other organs harbor a significant ALDH2 activity
and might also be of importance in clearing acetaldehyde in
the body.

To dissect the relative role of major ALDH2-expressing organs,
we generated tissue-specific Aldh2-deficient mice, as depicted in ST
Appendix, Fig. S1. Tissue-specific ALDH2 protein deficiency was
verified by Western blot and revealed successful tissue-targeted
Aldh2 ablation as shown in Fig. 24. For example, ALDH2 pro-
tein was detected at high levels in the liver from Aldh2-expressing
WT mice but was barely detected in the liver from hepatocyte-
specific Aldh2 knockout (4Idh2"°P~~) mice, suggesting that Aldh2
was completely deleted in the liver of Aldh2"P~'~ mice (Fig. 24).
Hepatocyte Aldh2 deletion was further demonstrated by an almost
complete loss of hepatic ALDH2 enzymatic activity in Aldh2"P~~
mice compared to their Aldh2-floxed control (Aldh2™) littermates
(Fig. 2B). Note that the residual ALDH?2 activity that was still
detected in the liver of Aldh2"*P~~ mice (Fig. 2B) was probably
derived from nonparenchymal cells in the liver.

Previous studies reported that Aldh2~~ mice have a damp-
ened acetaldehyde clearance after acetaldehyde injection (20).
To test whether this acetaldehyde accumulation is mainly caused
by an impaired liver ALDH?2 activity, Aldh2~'~ and tissue-
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specific Aldh2-deficient mice were euthanized 1 h or 3 h after
a single dose of 5 g/kg ethanol gavage. Blood was collected for
ethanol and acetaldehyde measurement by gas chromatography
followed by mass spectrometry (GC-MS). All mice that received
an ethanol gavage had comparable ethanol levels in the serum;
thus ethanol levels were not impacted by ALDH2 activity or
strain differences (Fig. 2C). In addition, serum levels of acet-
aldehyde were comparable between C57BL/6N (as WT control
for Aldh2~'~ mice) and Aldh"" mice (as WT littermate control
for tissue-specific Aldh2-specific mice) (Fig. 2D). Aldh2~/~
mice showed markedly higher acetaldehyde concentrations
than WT mice one and 3 h after gavage. Note that acetalde-
hyde levels in Aldh2H°P~'~ mice were significantly higher than
those in WT mice 1 and 3 h post gavage but did not elevate to
the concentrations observed in Aldh2™'~ mice, reaching an in-
termediate level between WT and Aldh2~'~ mice instead (Fl%
2D). At 3 h postgavage, acetaldehyde levels in Aldh2™P~'~
mice were approximately half of the levels in Aldh2™'~ mice
(Fig. 2D). These data suggest that the liver is only partially
responsible for acetaldehyde metabolism and that other organs
play a role in circulating acetaldehyde clearance. Indeed, adi-
pose tissue-specific AIdh2KO (Aldh2*"P°~/~) mice had slightly
but significantly higher circulating levels of acetaldehyde com-
pared to WT mice, at 3 h postgavage but not 1 h postgavage (Fig.
2D), suggesting that ALDH?2 activity in the adipose tissue also
partially contributes to acetaldehyde clearance in vivo. In con-
trast, intestinal epithelial cell-specific AIdh2KO (Aldh2"™C~/)
and myeloid-specific Aldh2KO mice (Aldh2™*~~) did not show
any significantly increased acetaldehyde concentrations compared
to the WT control group (SI Appendix, Fig. S2 A-C).

Aldh2"*P~'~ Mice Have Lower Serum Alanine Aminotransferase Levels
but Slightly Higher Levels of Hepatic Cc/2 and Ifng Messenger RNAs
after Chronic-Plus-Binge Ethanol Challenge Compared to Their
Littermate Controls. We have previously demonstrated that ac-
etaldehyde accumulation in Aldh2~'~ mice was associated with
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Fig. 1. Mouse ALDH2 protein expression and enzyme activity are wide-

spread in the organism. To evaluate ALDH2 expression distribution in the
organism, major organs from naive C57BL/6N mice were collected. (A)
ALDH2 protein expression was evaluated by Western blot, and beta-actin
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as
loading controls. (B) ALDH2 enzymatic activity was measured on fresh tissue
homogenates and is represented as the relative mean + SEM. Relative
ALDH2 activity was compared to liver (n = 3 to 6 per organ). Liver samples
from Aldh2~"~ mice were used as blank negative controls. BAT, brown adi-
pose tissue; WAT, white adipose tissue; ND, not detectable.
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Fig. 2. Organ-specific ALDH2 deficiency reveals a potent but not exclusive role of the liver in acetaldehyde clearance. (A) Tissue-specific ALDH2 protein
deletion was confirmed at the protein level by Western blot analysis. Beta-actin and GAPDH were used as loading controls. (B) Relative liver
ALDH2 enzymatic activity was measured in Aldh2™~, Aldh2"P~'~, and their WT control mice. Liver samples from Aldh2~~ mice were used as blank
negative controls. Mice were given a single oral ethanol gavage (5 g/kg), then (C) ethanol and (D) acetaldehyde serum concentrations were measured by
GC-MS at the indicated time points. ND, not detectable. Data are represented as mean + SEM (n = 3 to 12). *P < 0.05, **P < 0.01, ***P < 0.005, unpaired

Student’s t test (in B) and 1-way ANOVA (in C and D).

lower serum alanine aminotransferase (ALT) activity but
stronger liver inflammation in the chronic-plus-binge model
(30). To evaluate whether liver ALDH?2 activity was respon-
sible for this phenotype, Aldh2"°P~'~ mice were subjected to
the chronic-plus-binge model, and liver inflammation was
assessed. As shown in SI Appendix, Fig. S34, no differences
were observed in body weight gain. However, serum ALT
activity was lower in Aldh2"°P~/= compared to Aldh2"" litter-
mates (SI Appendix, Fig. S3B), suggesting that liver-specific
Aldh2 deficiency ameliorates alcohol-induced liver injury. Circu-
lating neutrophil numbers were also lower in Aldh2"P~~ mice (SI
Appendix, Fig. S3C). Furthermore, F4/80 and myeloperoxidase
staining analyses did not show significant differences in
macrophage and neutrophil accumulation, respectively, be-
tween Aldh2" and Aldh2PP~~ mice (SI Appendix, Fig. S3D), whereas
gqRT-PCR analyses revealed that expression of some inflammation-
associated genes (such as Ccl2, Ifng) was higher in Aldh2"*P~/~
than in Aldh2"" mice (SI Appendix, Fig. S3E). Collectively,
compared to Aldh2"" littermates, Aldh2"™°P~'~ mice had re-
duced liver injury (as shown by serum ALT levels) but
slightly increased liver inflammation, which is similar to the
phenotypes observed in Aldh2~'~ mice, but to a much lesser
extent (30).

Aldh2"P~'~ and Aldh2~'~ Mice Have Comparable Levels of Hepatic
and Systemic Inflammatory Responses after Acute Ethanol Gavage.
Next, we evaluated the effects of acute ethanol gavage on liver
and systemic inflammation. Our results revealed that acute
ethanol gavage slightly up-regulated hepatic expression of some
inflammation-associated genes, but no statistical differences were
found between Aldh2"°P~~ and Aldh2~~ mice (SI Appendix, Fig.
S4A4). Hepatic expression of Tnfa and Ifng trended lower for in
Aldh2™"~ mice than in Aldh25°P~~ mice, but it did not reach sta-
tistical difference. Similarly, acute ethanol gavage slightly elevated
serum levels of several proinflammatory cytokines with simi-
lar elevation between Aldh2™P~~ and Aldh2™~~ mice (SI Appen-
dix, Fig. S4B). These data suggest that the differences in drinking
behavior between Aldh2"P~'~ and Aldh2™'~ mice (see below) were
likely due to the differences in acetaldehyde levels rather than due
to the differences in inflammation, although inflammation is
known to modulate alcohol drinking behavior (31).
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Global Deletion of the Aldh2 Gene Severely Impairs Energy Expenditure
and Motility in Mice after Alcohol Binging, whereas Hepatocyte-Specific
Deletion of the Aldh2 Gene only Has Modest Effects on Metabolic
Parameters. Since the liver remained the organ with the most
prominent role in acetaldehyde clearance, we used Aldh2" (used
as WT control), Aldh2"P~~, and Aldh2~~ mice for the following
experiments. These mice received an acute ethanol gavage and
were individually housed for indirect metabolic rate measure-
ments. In this experimental approach, ethanol gavage induced a
marked reduction in ambulatory activity, energy expenditure, re-
spiratory quotient, heat production, and carbohydrate oxidation
but, at the same time, an increased fat oxidation for the first night
compared to vehicle control in Aldh2™ mice (Fig. 3). These results
highlight the expected consequences of an alcohol binge, such as
limited physical activity and reduced food intake. These parame-
ters progressively reached normal trends within the second night.
In contrast, Aldh2~'~ mice exhibited dramatically altered metabolic
rates and ambulatory movements until the third night following
ethanol intake, most likely due to the accumulation of acetalde-
hyde in the body. Notably, after receiving an oral gavage of eth-
anol, Aldh2"°P~/~ mice also showed significantly reduced
metabolic rates and activity for the first night postgavage compared
to Aldh2"™ mice, but these effects remained moderate (Fig. 3).
These results are consistent with the differences we observed above
in terms of acetaldehyde levels in the respective mouse strains. Of
note is that, despite differences in circulating acetaldehyde levels,
Aldh229P°~'~ mice did not show any difference in terms of
metabolic or ambulatory parameters, compared to Aldh2" mice
(SI Appendix, Fig. S5 A-F).

Hepatocyte-Specific Deletion of the Aldh2 Gene Decreases Excessive
but Not Moderate Alcohol Drinking Preference. Acetaldehyde
buildup is classically designated as the cause for general physical
discomfort in ALDH?2-deficient individuals, often discouraging
them from consuming alcoholic beverages. Based on the differ-
ences we observed in acetaldehyde concentrations and metabolic
parameters in Aldh2"°P~/~ mice, we next asked whether targeting
hepatocyte ALDH2 enzyme would be sufficient to decrease
voluntary alcohol drinking. For this purpose, mice were sub-
jected to a 2-bottle choice paradigm in which they were simulta-
neously offered 2 bottles, one of which contained regular drinking
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Fig. 3. Global and hepatocyte-specific Aldh2 deficiency leads to severe and moderate inhibition, respectively, of metabolic rates. WT control or liver or global
Aldh2-deficient mice received a single dose of 5 g/kg ethanol gavage and were placed in metabolic cages for indirect and noninvasive measurement of
metabolic rates. The following parameters were evaluated: (A) ambulatory movements, (B) total energy expenditure, (C) carbohydrate oxidation, (D) fat
oxidation, (E) respiratory quotient, and (F) heat production. In each panel, the red asterisk and line indicate the time at which oral gavage was performed.
Yellow and blue bars represent the 12-h periods when the lights were on or off, respectively, in the animal holding room. Data are represented as mean +

SEM (n = 3 to 4 mice per group).

water while the other one contained increasing concentrations of
alcohol. Body weights and total daily drinking volumes remained
constant in all groups (SI Appendix, Fig. S6 A and B, respectively).
Alcohol preference and consumption in Aldh2™ (used as WT
controls for Aldh2"P~~ mice) progressively increased as the
concentration of alcohol increased in the bottle up to 9% vol/vol,
then decreased as the ethanol concentration increased (Fig. 4 A-C).
C57BL/6N mice (used as WT controls for Aldh2~'~ mice)
showed similar results to WT Aldh2" mice as described in Fig. 4.
In contrast, alcohol preference was much lower in the Aldh27/~
mice, starting with the lowest concentrations (3%) used in this
experiment. Notably, Aldh2"*P~~ mice trended lower for alcohol
intake than their Aldh2" control mice when exposed to ethanol
concentrations of 6% and 9%, although it did not reach statistical
difference. When exposed to higher concentrations (12 to 21%
ethanol), 4/dh2"P~~ mice decreased their ethanol preference
more rapidly than Aldh2™ littermates but less obviously than
Aldh2™~ mice. Fig. 4C shows that absolute alcohol intake by WT
mice reached a maximum of 6.4 + 0.8 g-d™'-/kg™" and remained
steady until the end of the experiment, while Aldh2~'~ had a much
lower alcohol intake. Consistent with ethanol preference, the al-
cohol intake tended to be lower in Aldh2"P~~ mice than in
Aldh2"™ mice up to 9% ethanol in drinking water, but it did not
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reach statistical difference, and then was progressively reduced to
the levels of Aldh2™~ mice, at 15%, 18%, and 21% concentra-
tions. This result is also highlighted by the cumulated area under
the ethanol intake curve in Fig. 4C, and further argues in favor of
an intermediate ethanol preference in Aldh2"P~'~ mice. The
difference in ethanol preference between WT and Aldh2~"~ mice
was not attributable to different sweet or bitter taste preference
(81 Appendix, Fig. S7). Moreover, despite higher serum acetalde-
hyde levels after ethanol gavage, ethanol preference and intake in
Aldh2”9P°~/= mice was similar to that of Aldh2™ mice (SI Ap-
pendix, Fig. S8 A-F).

Global or Hepatocyte-Specific Deletion of the Aldh2 Gene Decreases
Binge Drinking Behavior but to a Lesser Extent in Mice with Hepatic
Aldh2 Deletion. The above data suggest that dampening liver
ALDH?2 expression is efficient to prevent excessive alcohol con-
sumption, but not chronic low-dose alcohol drinking. In order to
evaluate the consequences of liver ALDH?2 inhibition in binge-like
drinking behavior, mice were then subjected to the DID model. In
this model, Aldh2~~ mice had an alcohol intake of about half that
of WT mice, while Aldh2"°P~~ mice showed an intermediate value
of alcohol intake as illustrated in Fig. 4D. Notably, WT control,
Aldh27'=, and Aldh2"°P~'~ mice drank higher quantities of ethanol

PNAS | December 17,2019 | vol. 116 | no.51 | 25977

NEUROSCIENCE


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908137116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908137116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908137116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908137116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908137116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1908137116/-/DCSupplemental

A 100 Alcohol preference (2-bottle) A1|50h°| preference (2-bottle)
(] 3% % %
E 754 g ) Sk %
S : 1.0
£ 507 2
= ©
£ < 0.5
< 251 <
x
0 0.0
B 150, Alcohol consumption (2-bottle) Alcohol consumption (2-bottle)
E sk %
oo o % % % * %%k
~ — —
3 100 4 210
2 o
= 2
H £
2 50 g 05
£ o
=3
©°
Z 0 0.0
C 15 Alcohol intake (2-bottle) 1 Mcohol intake (2-bottle)
_ * %k
z *kk P
2 S0 jododod fudodod
B 101 21
= g
o B
[
® 54 3 05
5 &
>
<
0 T T T T @ Y 0.0 S x <
0 3 6 9 12 15 18 21 Q & &
Alcohol percentage \g“ﬁ'@’w < \g\“\'
= AldhZ! =X= Aldh2%- e
=@= B6N 1O+ Aldh2/-
D Alcohol intake (DID)
2
15 W Aldh2/
[ Aldh2ter-/-
W Aldh2/-

0.5

Average (g/h/kg BW)

o

Fig. 4. Hepatocyte-specific Aldh2 deficiency decreases excessive, but not
light-to-moderate, alcohol drinking preference and binge-like drinking
behavior in mice. (A-C) (Left) Mice were subjected to a 2-bottle choice
paradigm, and consumption of regular drinking water and ethanol-
containing water were measured daily. (A) Alcohol preference is repre-
sented as the percentage drank from the alcohol-containing bottle rela-
tive to cumulated water and alcohol drinking volumes. (B) Volumes drank
from the alcohol-containing bottle per day per gram body weight. (C)
Absolute alcohol intake per day per gram body weight. (Right) For all
measurements in A—C, the relative area under the curve. (D) A DID was
used to study binge-like drinking behavior of Aldh2f, Aldh2"eP~/-, B6N,
and Aldh2~'~ mice. Data are represented as mean + SEM (n = 5 to 7 mice
per group). *P < 0.05, ***P < 0.005, 1-way ANOVA.

in the DID model than in the 2-bottle choice paradigm. Taken
together, these findings further demonstrate that targeting liver
ALDH?2 enzyme might lead to a reduction in the high-dose alcohol
drinking behavior.

Glial Cell- or Neuron-Specific Deletion of the Aldh2 Gene Does Not
Affect Alcohol Drinking Preference. Several studies reported that
ALDH?2 expression was detected in the brain (32). To determine
whether brain ALDH2 affects voluntary alcohol consumption,
we generated glial cell- (4/dh2°"P~/7) and neuron-specific
(Aldh2°*™22~"=) Aldh2-deficient mice. Our data reveal that both
strains of Aldh29™P~/~ and Aldh2“*™**~/~ mice did not show any
differences with WT mice in voluntary alcohol consumption in
the 2-bottle paradigm (Fig. 5).

Knockdown of Hepatic Aldh2 Gene by Short Hairpin RNA Decreases
Excessive Drinking Behavior. To evaluate the therapeutic potential
of liver ALDH2 inhibition for the treatment of AUD, we tested
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whether knockdown of liver Aldh2 gene is also effective in de-
creasing voluntary alcohol drinking. For this purpose, we knocked
down hepatic Aldh2 expression by infecting mice with an adeno-
virus encoding a short hairpin sequence directed against Aldh2 and
subsequently performed the 2-bottle choice test on these mice. An
adenovirus encoding for a scrambled short hairpin RNA (shRNA)
was used as control. For each experiment, Western blot analysis on
liver homogenates revealed that the shRNA designed to silence
Aldh2 gene expression via RNA interference (shAIdh2) adenovirus
repressed liver ALDH2 expression by 40 to 70% (SI Appendix, Fig.
S9 A-C). We successfully infected a majority of hepatocytes, as
shown by a widespread green fluorescent protein (GFP) staining
(GFP was included in the expression vector) in scramble and
shAIldh2 adenovirus-injected mice (SI Appendix, Fig. S9D). Firstly,
we evaluated whether liver-targeted Aldh2 knockdown could alter
mouse alcohol preference from low concentration. For this pur-
pose, naive mice with shAIldh2 injection were subjected to the
2-bottle preference experiment. Alcohol preference was identical
at 3% ethanol in the drinking water, but liver ALDH2 impairment
reduced voluntary alcohol intake when alcohol concentration
reached 6% (Fig. 64). In a separate group of mice, shAldh2 ad-
enovirus was injected when the mice were exposed to 9% ethanol
in the drinking water (Fig. 6B). The reduction in ALDH2 ex-
pression was sufficient to partially decrease ethanol preference and
ethanol intake in shAldh2 adenovirus-treated mice compared to
scrambled shRNA adenovirus-treated mice (Fig. 6B). Lastly, in a
third group of mice, Aldh2 shRNA adenoviruses also markedly
repressed alcohol drinking with 18% or 21% ethanol in the
drinking water (Fig. 6C).

Discussion

An unexpected finding reported in this study is that the liver
(hepatocytes) is responsible for only approximately half of
circulating acetaldehyde clearance after alcohol intake. It is
generally accepted that ethanol metabolism via ADH and
acetaldehyde metabolism via ALDH2 mainly occur in the liver
(hepatocytes) (27). However, ALDH2 expression was also de-
tected in multiple organs other than the liver (32, 33), and
whether ALDH?2 in these organs also contributes to circulating
acetaldehyde clearance had not been investigated. In the current
study, we found that ALDH2 protein expression and activity
were detected in a variety of organs with the highest levels in the
liver. By measuring acetaldehyde levels in organ-specific Aldh2-
deficient mice, we demonstrate that the liver is accountable for
only approximately half of circulating acetaldehyde clearance
in mice that received a single dose of ethanol by gavage. This
partial contribution in Aldh2"*P~~ mice was not due to incom-
plete Aldh2 deletion, because ALDH2 protein levels and activity
were almost completely depleted in the liver of Aldh2"eP~'=
mice. In agreement with the partial contribution of the liver
ALDH?2 to acetaldehyde clearance, liver-specific Aldh2 deletion
only modestly attenuated energy expenditure and motility in
mice after acute alcohol drinking compared to the dramatic at-
tenuation observed in global Aldh2~'~ mice. This was a surprising
result that contrasts with the classical view that the liver is the
major if not sole organ responsible for ethanol and its metabolite
acetaldehyde metabolism (27). This unexpected result could be
explained by widespread ALDH2 expression in multiple organs
other than the liver. However, which organ or organs are re-
sponsible for the remnant acetaldehyde clearance activity ob-
served in Aldh2%°P~'~ mice remains unclear, and we believe that
cumulative ALDH2 activity in multiple organs is likely involved.
First, ALDH?2 protein expression and activity were detected in
many organs other than the liver. Second, by testing 3 additional
strains of tissue-specific Aldh2 knockout mice, we found that
Aldh2*%P°~'~ mice had ~1.7-fold higher levels of acetaldehyde
than their WT mice 3 h, but not 1 h, after acute ethanol gavage.
These data suggest that adipose tissue partially contributes to
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Fig. 5. Forebrain neuron or glial cell targeted Aldh2 deficiency does not affect alcohol drinking preference. Forebrain neuron- (Aldh2°®™<22~-) and glial cell-
specific (Aldh2¢™P~~) Aldh2-deficient mice were subjected to the 2-bottle paradigm. (A and D) Alcohol preference and (B, C, E, and F) alcohol intake were
evaluated in Aldh2%™<22~~ and Aldh2%2P~"~ mice, respectively. Data are represented as mean + SEM (n = 5 mice per group), unpaired Student’s t test (in Cand F).

acetaldehyde metabolism, but this contribution does not ex-
plain the remaining acetaldehyde clearance activity observed
in Aldh2"°P~'~ mice. Although Aldh2*%P°~'~ mice had higher
serum acetaldehyde levels than WT mice after acute ethanol
gavage, both groups had comparable levels of energy expen-
diture and motility, and alcohol drinking preference. These
results may suggest that adipocyte ALDH?2 contributes to the
metabolism of high levels of acetaldehyde occurring after
acute ethanol gavage, but not low levels of acetaldehyde oc-
curring during alcohol preference or DID experiments. Fi-
nally, it is also possible that many other organs, such as heart
and lung, may also play a role in acetaldehyde clearance,
contributing to the cumulative effect of ALDH2 from multiple
organs in metabolizing acetaldehyde. This hypothesis will re-
quire further studies.

The second important finding from this study is that, although
the liver only contributes to approximately half of acetaldehyde
clearance, knockdown of Aldh2 in the liver may still have ther-
apeutic potential for the treatment of AUD, because such an
approach is sufficient to prevent excessive drinking preference
and binge-like drinking behavior, as demonstrated in the current
study. Systemic ALDH?2 inhibition by disulfiram presents several
drawbacks that must be considered in a clinical setting, especially
in patients suffering from liver diseases and multiorgan pathol-
ogy (9-12). Indeed, ALDH2 has been shown to play a protective
role in ameliorating oxidative stress and tissue injury in multiple
organs. For example, ALDH?2 in the brain was shown to be in-
volved in dopamine metabolism by reducing aldehyde accumu-
lation and neurodegeneration induced by oxidative stress (34—
36). Alda-1, a potent ALDH?2 agonist that can restore ALDH2
activity in ALDH2*2 individuals, was shown to protect intestine,
lung, and heart from oxidative stress and ischemia/reperfusion
injury (37-41). All these data suggest that global inhibition of
ALDH?2 may not only decrease alcohol consumption but also
have off-target effects. Indeed, investigators have been searching
for ALDH?2 inhibitors that may have fewer side effects compared
to disulfiram. For example, CVT-10216, a highly selective re-
versible ALDH2 inhibitor, was synthesized based on the co-
crystal structure of ALDH2 and daidzin (26). Intraperitoneal
injection of CVT-10216 dose-dependently increased circulating
acetaldehyde levels, reduced alcohol intake in the 2-bottle par-
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adigm, and reduced alcohol self-administration, without affect-
ing locomotor activity or food intake (26). Alternatively, specific
inhibition of liver ALDH2 may be another promising strategy for
the treatment of AUD, because deletion of the Aldh2 in the liver
produced much less inhibition on ambulatory activity and meta-
bolic rates than global deletion of the Aldh2 gene, while still ef-
fectively preventing excessive alcohol seeking behavior. These data
indicate that targeting liver ALDH?2 may generate fewer off-target
effects (e.g., discomfort) than a nonspecific approach such as
global deletion of ALDH? or using disulfiram. Importantly, liver-
specific Aldh2 deletion moderately reduced alcohol-induced liver
injury but slightly increased liver inflammation, which is similar to
the phenotypes observed in Aldh2~'~ mice, but to a much lesser
extent (30). These data suggest that a liver-targeted ALDH2
therapy likely has fewer detrimental effects for the liver than the
global inhibition of ALDH2.

Generally, alcohol abstinence is the recommended treatment
for AUD. However, because of the sociocultural factors encour-
aging alcohol consumption, total abstinence may not always be an
attainable goal. Thus, it appears that limiting excessive but not low
to moderate alcohol drinking might represent an alternative ap-
proach to limiting serious adverse consequences of AUD. Thus,
targeting liver ALDH2, rather than globally inhibiting its activity,
may have reduced side effects but still prevent heavy drinking. In
addition, due to the liver’s unique architecture, it is feasible to do
gene targeting/editing hepatic ALDH2, which may open promising
avenues for AUD treatment.

Materials and Methods

Mice. The study was approved by the National Institute on Alcohol Abuse and
Alcoholism’s Animal Care and Use Committee. Mice had free access to food
and water unless otherwise specified and were housed in a 12-h light/dark
cycle. Aldh2™"~ mice on a C57BL/6N background were described previously
(30, 42). The Aldh2"f mice were generated by activating the Aldh2 gene in
Aldh2tm12EUCOMMWST mice, by crossing of Aldh2tm!aEUCOMMWET yice (kindly
provided by K. J. Patel, Molecular Research Council [MRC] Laboratory of
Molecular Biology, Cambridge, United Kingdom) (43) with homozygous
FLPcR mice (Jax Laboratory, Bar Harbor, ME), which express Flippase (flip)
in the germline cells as described previously (44). Tissue-specific Aldh2
knockout mice were generated via crossing Aldh2”f mice with several
strains of Cre transgenic mice from the Jackson Laboratory, including
B6.Cg-Tg(Alb-cre)21Mgn/J (stock #003574), B6;FVB-Tg(Adipog-cre)1Evdr/)
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Fig. 6. Hepatocyte-specific knockdown of Aldh2 decreases excessive alcohol
preference in mice. (A) Naive mice were injected with scrambled shRNA or
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intake were calculated. (B and C) (Lower) Mice were subjected to the 2-bottle
paradigm with increasing ethanol concentration up to (B) 9% or (C) 18%,
before being injected with scramble shRNA or shAldh2 adenovirus. Briefly,
mice were given free choice between water or ethanol-containing water at the
indicated concentrations (for 4 d each). Adenoviruses were then injected when
ethanol concentration reached (B) 9% or (C) 18% in their drinking water. Mice
were continuously kept on the 2-bottle choice test. (Upper) For each experi-
ment, the experimental outline indicating the percentage of alcohol (vol/ivol) in
the drinking water; 1 w, 1 wk. Data are represented as mean + SEM (n = 5 to
8 mice per group). *P < 0.05, ***P < 0.005, unpaired Student'’s t test.

(stock #010803), B6.Cg-Tg(Vil1-cre)997Gum/J (stock #004586), B6.129P2-
Lyz2tm1(cre)lfo/) (stock #004781), B6.Cg-Tg(Gfap-cre)73.12Mvs/J (stock
#012886), and B6.Cg-Tg(Camk2a-cre) T29-1Stl/J (stock #005359). The newly
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generated liver (Aldh2""eP~-), adipose tissue (Aldh2°9P°~7), intestinal epithelial
cell (Aldh2'5-), myeloid cell (Aldh2™¥e~-), and glial cell- (Aldh2°%P~") and
neuron-specific (Aldh2<°™%3~~) Aldh2-deficient mice were then used in this study.

Assessment of Tissue-Specific Aldh2 Deletion. Tissue-specific Aldh2 dele-
tion was confirmed at the protein levels by Western blot as described in
SI Appendix.

ALDH2 Enzymatic Activity Assay. Fresh tissue lysates were prepared with
a Dounce homogenizer in cold phosphate-buffered saline, and ALDH2
enzymatic activity was measured using the Mitochondrial Aldehyde
Dehydrogenase (ALDH2) Activity Assay Kit (Abcam) following manufacturer’s
instructions.

Acute Ethanol Gavage. Mice received an oral gavage of 5 g/kg ethanol pre-
pared in mouse usual drinking water. Mice were kept on a heating pad
throughout the experiment to prevent hypothermia.

Serum Sample Extraction Procedure and GC-MS Analysis. Serum ethanol and
acetaldehyde levels were measured 1 h or 3 h after 5 g/kg ethanol gavage by
GC-MS. Further details are available in S/ Appendix.

Indirect Measurement of Metabolic Parameters. Indirect metabolic rate
measurements were performed on an Oxymax Metabolic Cage System
(Columbus Instruments) in a dedicated animal holding room to limit noise and
disturbance in the surroundings. The Oxymax System is a noninvasive setup
that directly records respiratory exchange ratio (O, and CO,), as well as
mouse physical activity measured by infrared beams and detectors. Mice
were individually housed and, after habituation, received a single 5 g/kg
ethanol gavage, 2.5 h before lights were turned off in the procedure room.
Cages remained unopened during the measurements.

The 2-Bottle Choice Paradigm. Mice were individually housed and given free
access to 2 water bottles. Following 1 wk of habituation, mice were given free
choice between 2 bottles, one of which contained regular drinking water
while the other one contained drinking water with increasing alcohol con-
centrations (3%, 6%, 9%, 12%, 15%, 18%, and 21% vol/vol) for 4 d each.
Drinking volumes were measured daily, and bottle positions were inter-
changed to prevent learned preference.

Liver-Specific Aldh2 Knockdown. Type 5 replication-deficient adenovirus
encoding for GFP and a short hairpin sequence designed to target mouse
Aldh2 (Ad-GFP-U6-mALDH2-shRNA; Vector Biolabs) was injected in B6N
mice via tail vein, at a dose of 10° plaque-forming unit (PFU) at the in-
dicated times. Control adenovirus containing a scramble sequence was
similarly injected in control mice (Ad-GFP-U6-scrmb-shRNA; Vector Biolabs).
Drinking volumes have been recorded various days after adenovirus injections
to allow for efficient gene knockdown.

Statistical Analysis. The data are expressed as means + SEM. Statistical sig-
nificance was determined by a 2-tailed Student t test, or 1-way ANOVA
followed by a Tukey’s multiple comparison test, as indicated (GraphPad
Prism; GraphPad Software Inc.). Results were considered significantly dif-
ferent for p < 0.05.

Additional methods are available in S/ Appendix.

Data Availability. All data and protocols are described in the manuscript or
SI Appendix.
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