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下戸遺伝子 ALDH2H. Li et al.

Figure 1 The geographic distribution of ALDH2∗504Lys allele frequency. The grey scale refers to the interpolated allele frequency
and correspondences are on the right, e.g. 0.12 means an allele frequency of 12% in the region. The open red triangles represent the
locations of the population samples. The encircling black lines are the 0.12 and 0.24 frequency borders. A similar format is used in
Figure 2 and Figure 3.

because present Altaic populations have a low frequency of
the allele. The merging of these Altaic populations could have
decreased the proportion of ALDH2∗504Lys in the Central
Chinese populations. On the other hand, some as yet un-
known protective effects of ALDH2∗504Lys against diseases
might also have contributed to the increased frequency of this
allele in Southern Chinese. Since migrations to South China
resulted from wars, the refugees may have been subjected to
considerable stress and a selective advantage could have had
great impact. We can speculate that the ALDH2∗504Lys het-
erozygotes had an advantage because they tended to drink less
alcohol or had some other advantage (Chen et al., 1999). The
recent appreciation of other metabolic/pharmacologic roles
for ALDH2 (Li et al., 2006; Larson et al., 2007; Chen et al.,

2008) suggest that if selective factors are responsible for the
high ALDH2∗2 frequency in East Asia, their nature may be
unrelated to the current association with esophageal cancer
or ethanol metabolism. Alternative hypotheses of increased
resistance to some disease organisms (Goldman & Enoch,
1990; Yokoyama et al., 2001; Oota et al., 2004; Yokoyama &
Omori, 2005; Yang et al., 2007; Li et al., 2008) would also
explain a clear advantage to heterozygotes. However, statis-
tically positive selection on ALDH2∗504Lys cannot be de-
tected using the extended haplotype test (Sabeti et al., 2007)
as very low levels of recombination exist in the genomic re-
gion of ALDH2 locus (Oota et al., 2004). Other methods
suggest positive selection on ALDH2∗504Lys (Long et al.,
2006).
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Alcohol use and burden for 195 countries and territories, 
1990–2016: a systematic analysis for the Global Burden of 
Disease Study 2016
GBD 2016 Alcohol Collaborators*

Summary
Background Alcohol use is a leading risk factor for death and disability, but its overall association with health remains 
complex given the possible protective effects of moderate alcohol consumption on some conditions. With our 
comprehensive approach to health accounting within the Global Burden of Diseases, Injuries, and Risk Factors Study 
2016, we generated improved estimates of alcohol use and alcohol-attributable deaths and disability-adjusted life-
years (DALYs) for 195 locations from 1990 to 2016, for both sexes and for 5-year age groups between the ages of 
15 years and 95 years and older. 

Methods Using 694 data sources of individual and population-level alcohol consumption, along with 592 prospective 
and retrospective studies on the risk of alcohol use, we produced estimates of the prevalence of current drinking, 
abstention, the distribution of alcohol consumption among current drinkers in standard drinks daily (defined as 10 g 
of pure ethyl alcohol), and alcohol-attributable deaths and DALYs. We made several methodological improvements 
compared with previous estimates: first, we adjusted alcohol sales estimates to take into account tourist and 
unrecorded consumption; second, we did a new meta-analysis of relative risks for 23 health outcomes associated with 
alcohol use; and third, we developed a new method to quantify the level of alcohol consumption that minimises the 
overall risk to individual health. 

Findings Globally, alcohol use was the seventh leading risk factor for both deaths and DALYs in 2016, accounting for 
2·2% (95% uncertainty interval [UI] 1·5–3·0) of age-standardised female deaths and 6·8% (5·8–8·0) of age-
standardised male deaths. Among the population aged 15–49 years, alcohol use was the leading risk factor globally in 
2016, with 3·8% (95% UI 3·2–4·3) of female deaths and 12·2% (10·8–13·6) of male deaths attributable to alcohol 
use. For the population aged 15–49 years, female attributable DALYs were 2·3% (95% UI 2·0–2·6) and male 
attributable DALYs were 8·9% (7·8–9·9). The three leading causes of attributable deaths in this age group were 
tuberculosis (1·4% [95% UI 1·0–1·7] of total deaths), road injuries (1·2% [0·7–1·9]), and self-harm (1·1% [0·6–1·5]). 
For populations aged 50 years and older, cancers accounted for a large proportion of total alcohol-attributable deaths 
in 2016, constituting 27·1% (95% UI 21·2–33·3) of total alcohol-attributable female deaths and 18·9% (15·3–22·6) of 
male deaths. The level of alcohol consumption that minimised harm across health outcomes was zero (95% UI 0·0–0·8) 
standard drinks per week.

Interpretation Alcohol use is a leading risk factor for global disease burden and causes substantial health loss. We 
found that the risk of all-cause mortality, and of cancers specifically, rises with increasing levels of consumption, and 
the level of consumption that minimises health loss is zero. These results suggest that alcohol control policies might 
need to be revised worldwide, refocusing on efforts to lower overall population-level consumption. 

Funding Bill & Melinda Gates Foundation. 

Copyright © 2018 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license. 

Introduction 
Alcohol use has a complex association with health. 
Researchers have recognised alcohol use as a leading risk 
factor for disease burden, and studies link its consumption 
to 60 acute and chronic diseases.1–3 Additionally, some 
research suggests that low levels of alcohol consumption 
can have a protective effect on ischaemic heart disease, 
diabetes, and several other outcomes.4–6 This finding 
remains an open question, and recent studies have 
challenged this view by use of mendelian randomisation 
and meta-analyses.7–10 

Determination of harm due to alcohol use is com-
plicated further by the multiple mechanisms through 
which alcohol use affects health: through cumulative 
consumption leading to adverse effects on organs and 
tissues; by acute intoxication leading to injuries or 
poisoning; and by dependent drinking leading to 
impairments and potentially self-harm or violence. These 
effects are also influenced by an individual’s consumption 
volume and pattern of drinking.2 Measuring the health 
effects of alcohol use requires careful consideration of all 
these factors. 
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minimum relative risk of 0·86 (0·80–0·96) for men and 
0·82 (0·72–0·95) for women, occurring at 0·83 standard 
drinks daily for men and 0·92 standard drinks daily for 
women. We found no significant difference in relative 
risk curves for ischaemic heart disease or diabetes 
when estimating the curves by age. For all other out-
comes, including all cancers, we found that relative risk 
monotonically increased with alcohol consumption 
(appendix 2, pp 57–146).

In estimating the weighted relative risk curve, we 
found that consuming zero (95% UI 0·0–0·8) standard 
drinks daily minimised the overall risk of all health 
loss (figure 5). The risk rose monotonically with 
increasing amounts of daily drinking. This weighted 
relative risk curve took into account the protective effects 
of alcohol use associated with ischaemic heart disease 
and diabetes in females. However, these protective 
effects were offset by the risks associated with cancers, 
which in creased monotonically with consumption. In a 
sensitivity analysis, where we explored how the weighted 
relative risk curve changed on the basis of the choice of 
weights for various health outcomes, the curve changed 
signifi cantly only in settings where diabetes and 
ischaemic heart disease comprised more than 60% of 
total deaths in a population.

Discussion
In 2016, alcohol use led to 2·8 million deaths and was the 
leading risk factor for premature death and disability 
among people aged 15–49 years, with nearly 9% of all 
attributable DALYs for men and more than 2% for 
women. Our findings indicate that alcohol use was 
associated with far more health loss for males than for 
females, with the attributable burden for men around 
three times higher than that for women in 2016. By 
evaluating all associated relative risks for alcohol use, we 
found that consuming zero standard drinks daily 
minimises the overall risk to health. 

Previous research has analysed all-cause risk due to 
alcohol use by either investigating all-cause risk in 
particular cohorts and survey series, or through meta-
analyses of those studies.26,27 Past findings subsequently 
suggested a persistent protective effect for some low or 
moderate levels of alcohol consumption on all-cause 

mortality. However, these studies were limited by 
small sample sizes, inadequate control for confounders, 
and non-optimal choices of a reference category for 
calculating relative risks. More recent research, which 
has used methodologies such as mendelian randomis-
ation, pooling cohort studies, and multivariable adjusted 
meta-analyses, increasingly shows either a non-signifi-
cant or no protective effect of drinking on all-cause 
mortality or cardiovascular outcomes.7,14,28 Our results on 
the weighted attributable risk are consistent with this 
body of work. Taken together, these findings emphasise 
that alcohol use, regardless of amount, leads to health 
loss across populations. Although we found some 
protective effects for ischaemic heart disease and 
diabetes among women, these effects were offset when 
overall health risks were considered—especially because 
of the strong association between alcohol consump-
tion and the risk of cancer, injuries, and communic-
able disease. These findings stress the importance of 
assessing how alcohol use affects population health 
across the lifespan.

Evaluating attributable burden across SDI quintiles 
revealed the magnitude by which outcomes of alcohol 
use differ and how total attributable burden relates to 
increasing SDI. Our results indicate that alcohol use and 
its harmful effects on health could become an increasing 
challenge amid gains in SDI. Given that most low and 
low-to-middle SDI settings currently have lower average 
alcohol consumption than high-to-middle SDI settings, 
it is crucial for decision makers and government agencies 
to enact or maintain strong alcohol control policies today 
to prevent the potential for rising alcohol use in the 
future. Effective policies now could yield substantial 
population health benefits for years to come.

Figure 4: Relative risk curves for selected conditions by number of standard 
drinks consumed daily 
(A) Relative risk curves for breast cancer, ischaemic heart disease, diabetes, 
and tuberculosis for females. (B) Relative risk curves for lip and oral cavity cancer, 
ischaemic heart disease, diabetes, and tuberculosis for males. Points are relative 
risk estimates from studies. The vertical and horizontal bars capture the 
uncertainty in each study, related to the sample size and number of drinks 
consumed by individuals in the study. The black line represents the estimated 
relative risk for each condition at each level of consumption. The shaded green 
areas represent the 95% uncertainty interval associated with the estimated 
relative risk. The dotted line is a reference line for a relative risk of 1. The relative 
risk curves for all other health outcomes associated with alcohol use are 
presented in appendix 2 (pp 57–146).

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1·0

Re
la

tiv
e r

isk

Standard drinks daily

1·5

2·0

2·5

3·0

3·5

4·0

4·5

Figure 5: Weighted relative risk of alcohol for all attributable causes, by 
standard drinks consumed per day 
Age-standardised weights determined by the DALY rate in 2016, for both sexes. 
The dotted line is a reference line for a relative risk of 1. DALY=disability-adjusted 
life-year.

相
対
リ
ス
ク

１日摂取量 (g エタノール）
10 50 100 150

Articles

www.thelancet.com   Vol 392   September 22, 2018 1015

Alcohol use and burden for 195 countries and territories, 
1990–2016: a systematic analysis for the Global Burden of 
Disease Study 2016
GBD 2016 Alcohol Collaborators*

Summary
Background Alcohol use is a leading risk factor for death and disability, but its overall association with health remains 
complex given the possible protective effects of moderate alcohol consumption on some conditions. With our 
comprehensive approach to health accounting within the Global Burden of Diseases, Injuries, and Risk Factors Study 
2016, we generated improved estimates of alcohol use and alcohol-attributable deaths and disability-adjusted life-
years (DALYs) for 195 locations from 1990 to 2016, for both sexes and for 5-year age groups between the ages of 
15 years and 95 years and older. 

Methods Using 694 data sources of individual and population-level alcohol consumption, along with 592 prospective 
and retrospective studies on the risk of alcohol use, we produced estimates of the prevalence of current drinking, 
abstention, the distribution of alcohol consumption among current drinkers in standard drinks daily (defined as 10 g 
of pure ethyl alcohol), and alcohol-attributable deaths and DALYs. We made several methodological improvements 
compared with previous estimates: first, we adjusted alcohol sales estimates to take into account tourist and 
unrecorded consumption; second, we did a new meta-analysis of relative risks for 23 health outcomes associated with 
alcohol use; and third, we developed a new method to quantify the level of alcohol consumption that minimises the 
overall risk to individual health. 

Findings Globally, alcohol use was the seventh leading risk factor for both deaths and DALYs in 2016, accounting for 
2·2% (95% uncertainty interval [UI] 1·5–3·0) of age-standardised female deaths and 6·8% (5·8–8·0) of age-
standardised male deaths. Among the population aged 15–49 years, alcohol use was the leading risk factor globally in 
2016, with 3·8% (95% UI 3·2–4·3) of female deaths and 12·2% (10·8–13·6) of male deaths attributable to alcohol 
use. For the population aged 15–49 years, female attributable DALYs were 2·3% (95% UI 2·0–2·6) and male 
attributable DALYs were 8·9% (7·8–9·9). The three leading causes of attributable deaths in this age group were 
tuberculosis (1·4% [95% UI 1·0–1·7] of total deaths), road injuries (1·2% [0·7–1·9]), and self-harm (1·1% [0·6–1·5]). 
For populations aged 50 years and older, cancers accounted for a large proportion of total alcohol-attributable deaths 
in 2016, constituting 27·1% (95% UI 21·2–33·3) of total alcohol-attributable female deaths and 18·9% (15·3–22·6) of 
male deaths. The level of alcohol consumption that minimised harm across health outcomes was zero (95% UI 0·0–0·8) 
standard drinks per week.

Interpretation Alcohol use is a leading risk factor for global disease burden and causes substantial health loss. We 
found that the risk of all-cause mortality, and of cancers specifically, rises with increasing levels of consumption, and 
the level of consumption that minimises health loss is zero. These results suggest that alcohol control policies might 
need to be revised worldwide, refocusing on efforts to lower overall population-level consumption. 

Funding Bill & Melinda Gates Foundation. 

Copyright © 2018 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license. 

Introduction 
Alcohol use has a complex association with health. 
Researchers have recognised alcohol use as a leading risk 
factor for disease burden, and studies link its consumption 
to 60 acute and chronic diseases.1–3 Additionally, some 
research suggests that low levels of alcohol consumption 
can have a protective effect on ischaemic heart disease, 
diabetes, and several other outcomes.4–6 This finding 
remains an open question, and recent studies have 
challenged this view by use of mendelian randomisation 
and meta-analyses.7–10 

Determination of harm due to alcohol use is com-
plicated further by the multiple mechanisms through 
which alcohol use affects health: through cumulative 
consumption leading to adverse effects on organs and 
tissues; by acute intoxication leading to injuries or 
poisoning; and by dependent drinking leading to 
impairments and potentially self-harm or violence. These 
effects are also influenced by an individual’s consumption 
volume and pattern of drinking.2 Measuring the health 
effects of alcohol use requires careful consideration of all 
these factors. 

Lancet 2018; 392: 1015–35

Published Online 
August 23, 2018 
http://dx.doi.org/10.1016/ 
S0140-6736(18)31310-2

This online publication has been 
corrected. The corrected version 
first appeared at thelancet.com 
on September 27, 2018

See Comment page 987

*Collaborators listed at the end 
of the Article

Correspondence to:  
Prof Emmanuela Gakidou, 
Institute for Health Metrics and 
Evaluation, University of 
Washington, Seattle, WA 98121, 
USA 
gakidou@uw.edu

Articles

www.thelancet.com   Vol 392   September 22, 2018 1015

Alcohol use and burden for 195 countries and territories, 
1990–2016: a systematic analysis for the Global Burden of 
Disease Study 2016
GBD 2016 Alcohol Collaborators*

Summary
Background Alcohol use is a leading risk factor for death and disability, but its overall association with health remains 
complex given the possible protective effects of moderate alcohol consumption on some conditions. With our 
comprehensive approach to health accounting within the Global Burden of Diseases, Injuries, and Risk Factors Study 
2016, we generated improved estimates of alcohol use and alcohol-attributable deaths and disability-adjusted life-
years (DALYs) for 195 locations from 1990 to 2016, for both sexes and for 5-year age groups between the ages of 
15 years and 95 years and older. 

Methods Using 694 data sources of individual and population-level alcohol consumption, along with 592 prospective 
and retrospective studies on the risk of alcohol use, we produced estimates of the prevalence of current drinking, 
abstention, the distribution of alcohol consumption among current drinkers in standard drinks daily (defined as 10 g 
of pure ethyl alcohol), and alcohol-attributable deaths and DALYs. We made several methodological improvements 
compared with previous estimates: first, we adjusted alcohol sales estimates to take into account tourist and 
unrecorded consumption; second, we did a new meta-analysis of relative risks for 23 health outcomes associated with 
alcohol use; and third, we developed a new method to quantify the level of alcohol consumption that minimises the 
overall risk to individual health. 

Findings Globally, alcohol use was the seventh leading risk factor for both deaths and DALYs in 2016, accounting for 
2·2% (95% uncertainty interval [UI] 1·5–3·0) of age-standardised female deaths and 6·8% (5·8–8·0) of age-
standardised male deaths. Among the population aged 15–49 years, alcohol use was the leading risk factor globally in 
2016, with 3·8% (95% UI 3·2–4·3) of female deaths and 12·2% (10·8–13·6) of male deaths attributable to alcohol 
use. For the population aged 15–49 years, female attributable DALYs were 2·3% (95% UI 2·0–2·6) and male 
attributable DALYs were 8·9% (7·8–9·9). The three leading causes of attributable deaths in this age group were 
tuberculosis (1·4% [95% UI 1·0–1·7] of total deaths), road injuries (1·2% [0·7–1·9]), and self-harm (1·1% [0·6–1·5]). 
For populations aged 50 years and older, cancers accounted for a large proportion of total alcohol-attributable deaths 
in 2016, constituting 27·1% (95% UI 21·2–33·3) of total alcohol-attributable female deaths and 18·9% (15·3–22·6) of 
male deaths. The level of alcohol consumption that minimised harm across health outcomes was zero (95% UI 0·0–0·8) 
standard drinks per week.

Interpretation Alcohol use is a leading risk factor for global disease burden and causes substantial health loss. We 
found that the risk of all-cause mortality, and of cancers specifically, rises with increasing levels of consumption, and 
the level of consumption that minimises health loss is zero. These results suggest that alcohol control policies might 
need to be revised worldwide, refocusing on efforts to lower overall population-level consumption. 

Funding Bill & Melinda Gates Foundation. 
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Introduction 
Alcohol use has a complex association with health. 
Researchers have recognised alcohol use as a leading risk 
factor for disease burden, and studies link its consumption 
to 60 acute and chronic diseases.1–3 Additionally, some 
research suggests that low levels of alcohol consumption 
can have a protective effect on ischaemic heart disease, 
diabetes, and several other outcomes.4–6 This finding 
remains an open question, and recent studies have 
challenged this view by use of mendelian randomisation 
and meta-analyses.7–10 

Determination of harm due to alcohol use is com-
plicated further by the multiple mechanisms through 
which alcohol use affects health: through cumulative 
consumption leading to adverse effects on organs and 
tissues; by acute intoxication leading to injuries or 
poisoning; and by dependent drinking leading to 
impairments and potentially self-harm or violence. These 
effects are also influenced by an individual’s consumption 
volume and pattern of drinking.2 Measuring the health 
effects of alcohol use requires careful consideration of all 
these factors. 
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Alcohol and endogenous aldehydes damage 
chromosomes and mutate stem cells
Juan I. Garaycoechea1, Gerry P. Crossan1, Frédéric Langevin1, Lee Mulderrig1, Sandra Louzada2, Fentang Yang2, 
Guillaume Guilbaud1, Naomi Park2, Sophie Roerink2, Serena Nik-Zainal2, Michael R. Stratton2 & Ketan J. Patel1,3

The consumption of alcohol contributes to global mortality and  cancer 
development1. Most of the toxic effects of alcohol are probably caused 
by its oxidation product acetaldehyde, which is highly reactive towards 
DNA2. The enzyme aldehyde dehydrogenase 2 (ALDH2)  prevents 
acetal dehyde accumulation by oxidizing it efficiently to acetate, but 
around 540 million people carry a polymorphism in ALDH2 that 
encodes a dominant-negative variant of the enzyme3. Alcohol con-
sumption in these individuals induces an aversive reaction and predis-
poses them to oesophageal cancer4. Nevertheless, ALDH2 deficiency 
is surprisingly well tolerated in humans. This could be because of the 
additional tier of protection provided by FANCD2, a DNA-crosslink-
repair protein. In fact, genetic inactivation of Aldh2 and Fancd2 in 
mice leads to cancer and a profound haematopoietic phenotype5,6. 
In humans, deficiency in DNA-crosslink repair causes the inherited 
illness Fanconi anaemia, a devastating condition that leads to abnormal 
develop ment, bone-marrow failure and cancer7. Acetaldehyde geno-
toxicity is likely to contribute to this phenotype, as Japanese children 
who are afflicted with Fanconi anaemia and carry the ALDH2 poly-
morphism display earlier-onset bone marrow failure8. Together, these 
data suggest that endogenous aldehydes are a ubiquitous source of DNA 
damage that impairs blood production.

It is likely that some of this damage occurs in haematopoietic stem 
cells (HSCs), which are responsible for lifelong blood production. HSC 
attrition is a feature of ageing, and mutagenesis in the remaining HSCs 
promotes dysfunctional haematopoiesis and leukaemia. Moreover, both 
humans and mice that lack DNA repair factors are prone to HSC loss, 
and in some cases, bone marrow failure9,10. HSCs employ DNA repair 
and respond to damage in a distinct manner compared to later pro-
genitors11,12. While these observations point to a fundamental role for 
DNA repair in HSCs, recent work has highlighted that the response to 
replication stress maintains HSC function and integrity13. However, 
there is a key gap in our knowledge regarding the identity of the endog-
enous factors that damage DNA and lead to replication stress. Here 
we show that alcohol-derived and endogenous aldehydes damage the 
genomes of haematopoietic cells, and we characterize the surveillance 

and repair mechanisms that counteract this. We also establish a method 
that allows us to determine the mutational landscape of individual 
HSCs, and in doing so, provide new insight into the p53 response in 
mutagenized stem cells.

Ethanol stimulates homologous recombination repair
Aldh2−/−Fancd2−/− mice develop severe HSC attrition, causing spon-
taneous bone marrow failure, which can also be induced by exposing 
these mice to ethanol5,6. This genetic interaction suggests that in the 
absence of aldehyde catabolism (such as in Aldh2−/− mice), DNA repair 
is engaged to maintain blood homeostasis. To test this theory, we set out 
to monitor DNA repair activity in vivo. The Fanconi anaemia pathway 
repairs DNA crosslinks by using a replication-coupled excision mecha-
nism that is completed by homologous recombination14,15. We therefore 
used a method to visualize sister-chromatid exchange (SCE) events in 
bone marrow cells of living mice; these represent recombination repair 
transactions coupled to replication (Fig. 1a). The number of SCE events 
is elevated 2.3-fold in Aldh2−/− mice, indicating that recombination 
repair is stimulated in response to endogenous aldehydes (Fig. 1b, c).  
Moreover, a single exposure to alcohol causes a fourfold increase 
in SCE events in Aldh2−/− mice (Fig. 1b, c, Extended Data Fig. 1a),  
suggesting that physiological acetaldehyde accumulation in blood cells 
is not sufficient to inactivate the homologous recombination repair 
 factor BRCA216. Fancd2−/− mice do not show a similar induction 
 following exposure to ethanol; therefore, detoxification is the primary 
mechanism that prevents DNA damage by aldehydes and alcohol. 
Finally, the number of SCE events in Aldh2−/−Fancd2−/− mice is indis-
tinguishable from that in Aldh2−/− mice, showing that homologous 
recombination repair occurs despite inactivation of FANCD2 (Fig. 1c, 
Extended Data Fig. 1b).

The repair of aldehyde-induced DNA damage is therefore not 
 limited to the Fanconi anaemia crosslink-repair pathway. As the 
recombination machinery is essential for mouse development, we used 
the isogenic chicken B-cell line DT40, which has been used to define 
the involvement of homologous recombination in crosslink repair14. 

Haematopoietic stem cells renew blood. Accumulation of DNA damage in these cells promotes their decline, while 
misrepair of this damage initiates malignancies. Here we describe the features and mutational landscape of DNA 
damage caused by acetaldehyde, an endogenous and alcohol-derived metabolite. This damage results in DNA double-
stranded breaks that, despite stimulating recombination repair, also cause chromosome rearrangements. We combined 
transplantation of single haematopoietic stem cells with whole-genome sequencing to show that this damage occurs 
in stem cells, leading to deletions and rearrangements that are indicative of microhomology-mediated end-joining 
repair. Moreover, deletion of p53 completely rescues the survival of aldehyde-stressed and mutated haematopoietic 
stem cells, but does not change the pattern or the intensity of genome instability within individual stem cells. These 
findings characterize the mutation of the stem-cell genome by an alcohol-derived and endogenous source of DNA damage. 
Furthermore, we identify how the choice of DNA-repair pathway and a stringent p53 response limit the transmission of 
aldehyde-induced mutations in stem cells.
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The consumption of alcohol contributes to global mortality and  cancer 
development1. Most of the toxic effects of alcohol are probably caused 
by its oxidation product acetaldehyde, which is highly reactive towards 
DNA2. The enzyme aldehyde dehydrogenase 2 (ALDH2)  prevents 
acetal dehyde accumulation by oxidizing it efficiently to acetate, but 
around 540 million people carry a polymorphism in ALDH2 that 
encodes a dominant-negative variant of the enzyme3. Alcohol con-
sumption in these individuals induces an aversive reaction and predis-
poses them to oesophageal cancer4. Nevertheless, ALDH2 deficiency 
is surprisingly well tolerated in humans. This could be because of the 
additional tier of protection provided by FANCD2, a DNA-crosslink-
repair protein. In fact, genetic inactivation of Aldh2 and Fancd2 in 
mice leads to cancer and a profound haematopoietic phenotype5,6. 
In humans, deficiency in DNA-crosslink repair causes the inherited 
illness Fanconi anaemia, a devastating condition that leads to abnormal 
develop ment, bone-marrow failure and cancer7. Acetaldehyde geno-
toxicity is likely to contribute to this phenotype, as Japanese children 
who are afflicted with Fanconi anaemia and carry the ALDH2 poly-
morphism display earlier-onset bone marrow failure8. Together, these 
data suggest that endogenous aldehydes are a ubiquitous source of DNA 
damage that impairs blood production.

It is likely that some of this damage occurs in haematopoietic stem 
cells (HSCs), which are responsible for lifelong blood production. HSC 
attrition is a feature of ageing, and mutagenesis in the remaining HSCs 
promotes dysfunctional haematopoiesis and leukaemia. Moreover, both 
humans and mice that lack DNA repair factors are prone to HSC loss, 
and in some cases, bone marrow failure9,10. HSCs employ DNA repair 
and respond to damage in a distinct manner compared to later pro-
genitors11,12. While these observations point to a fundamental role for 
DNA repair in HSCs, recent work has highlighted that the response to 
replication stress maintains HSC function and integrity13. However, 
there is a key gap in our knowledge regarding the identity of the endog-
enous factors that damage DNA and lead to replication stress. Here 
we show that alcohol-derived and endogenous aldehydes damage the 
genomes of haematopoietic cells, and we characterize the surveillance 

and repair mechanisms that counteract this. We also establish a method 
that allows us to determine the mutational landscape of individual 
HSCs, and in doing so, provide new insight into the p53 response in 
mutagenized stem cells.

Ethanol stimulates homologous recombination repair
Aldh2−/−Fancd2−/− mice develop severe HSC attrition, causing spon-
taneous bone marrow failure, which can also be induced by exposing 
these mice to ethanol5,6. This genetic interaction suggests that in the 
absence of aldehyde catabolism (such as in Aldh2−/− mice), DNA repair 
is engaged to maintain blood homeostasis. To test this theory, we set out 
to monitor DNA repair activity in vivo. The Fanconi anaemia pathway 
repairs DNA crosslinks by using a replication-coupled excision mecha-
nism that is completed by homologous recombination14,15. We therefore 
used a method to visualize sister-chromatid exchange (SCE) events in 
bone marrow cells of living mice; these represent recombination repair 
transactions coupled to replication (Fig. 1a). The number of SCE events 
is elevated 2.3-fold in Aldh2−/− mice, indicating that recombination 
repair is stimulated in response to endogenous aldehydes (Fig. 1b, c).  
Moreover, a single exposure to alcohol causes a fourfold increase 
in SCE events in Aldh2−/− mice (Fig. 1b, c, Extended Data Fig. 1a),  
suggesting that physiological acetaldehyde accumulation in blood cells 
is not sufficient to inactivate the homologous recombination repair 
 factor BRCA216. Fancd2−/− mice do not show a similar induction 
 following exposure to ethanol; therefore, detoxification is the primary 
mechanism that prevents DNA damage by aldehydes and alcohol. 
Finally, the number of SCE events in Aldh2−/−Fancd2−/− mice is indis-
tinguishable from that in Aldh2−/− mice, showing that homologous 
recombination repair occurs despite inactivation of FANCD2 (Fig. 1c, 
Extended Data Fig. 1b).

The repair of aldehyde-induced DNA damage is therefore not 
 limited to the Fanconi anaemia crosslink-repair pathway. As the 
recombination machinery is essential for mouse development, we used 
the isogenic chicken B-cell line DT40, which has been used to define 
the involvement of homologous recombination in crosslink repair14. 

Haematopoietic stem cells renew blood. Accumulation of DNA damage in these cells promotes their decline, while 
misrepair of this damage initiates malignancies. Here we describe the features and mutational landscape of DNA 
damage caused by acetaldehyde, an endogenous and alcohol-derived metabolite. This damage results in DNA double-
stranded breaks that, despite stimulating recombination repair, also cause chromosome rearrangements. We combined 
transplantation of single haematopoietic stem cells with whole-genome sequencing to show that this damage occurs 
in stem cells, leading to deletions and rearrangements that are indicative of microhomology-mediated end-joining 
repair. Moreover, deletion of p53 completely rescues the survival of aldehyde-stressed and mutated haematopoietic 
stem cells, but does not change the pattern or the intensity of genome instability within individual stem cells. These 
findings characterize the mutation of the stem-cell genome by an alcohol-derived and endogenous source of DNA damage. 
Furthermore, we identify how the choice of DNA-repair pathway and a stringent p53 response limit the transmission of 
aldehyde-induced mutations in stem cells.
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DT40 cells carrying disruptions of key homologous recombination 
genes show hypersensitivity to acetaldehyde (Fig. 1d, e), in a similar 
way to cells lacking the Fanconi anaemia gene FANCC. To test the rela-
tionship between the Fanconi anaemia and homologous recombination 
pathways, we analysed the sensitivity of cells deficient in both FANCC 
and XRCC2. These cells showed the same sensitivity to cisplatin as the 
 single knockout cells (Fig. 1f), but were much more sensitive to acetal-
dehyde (Fig. 1g), indicating that homologous recombination repair 
confers additional acetaldehyde resistance beyond that provided by 
Fanconi anaemia crosslink repair. In summary, detoxification provides 
the dominant protection mechanism against endogenous aldehydes; 
however, when aldehydes damage DNA, cells use both DNA-crosslink 
and homologous recombination repair.

FANCD2 prevents alcohol-induced genomic instability
The active DNA recombination in bone marrow cells indicates that 
even in the absence of FANCD2, there is an alternative repair response 
to both endogenous and ethanol-derived aldehydes. However, our 
 previous work has shown that Aldh2−/−Fancd2−/− mice lose the  ability 
to maintain blood production5,6. To determine whether this is due to 
the accumulation of damaged DNA, we examined  haematopoietic 
cells for evidence of broken chromosomes. One marker of genetic 
instability is the formation of micronuclei, which are formed from 
lagging or broken chromosomes. Micronuclei are easily quantified 
in normochromic erythrocytes (NCEs) in vivo, because they persist 
following enucleation (Fig. 2a, Extended Data Fig. 1c). There is a  
significant increase in the proportion of NCEs with micronuclei in 

Figure 1 | Ethanol induces potent homologous recombination in vivo.  
a, Treatment of mice with BrdU for differential labelling of sister 
chromatids of bone marrow cells in vivo. Some mice were also treated 
with ethanol, a precursor of acetaldehyde. IP, intraperitoneal injection; 
BM, bone marrow. b, Representative images of bone-marrow metaphase 
spreads (n, number of SCEs per metaphase). c, Number of SCEs in 

the bone marrow of Aldh2−/−Fancd2−/− and control mice (triplicate 
experiments, 25 metaphases per mouse, n =  75; P calculated by two-sided 
Mann–Whitney test; data shown as mean and s.e.m.). NS, not significant. 
d–g, Clonogenic survival of DT40 DNA-repair mutants (triplicate 
experiments; data shown as mean and s.e.m.).
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Figure 2 | Spontaneous and ethanol-induced genomic instability 
in Aldh2−/−Fancd2−/− mice. a, Quantification of micronucleated 
normochromic erythrocytes (Mn-NCE, CD71− PI+) by flow cytometry.  
b, Percentage of micronucleated normochromic erythrocytes (P calculated 
by two-sided Mann–Whitney test; data shown as mean and s.e.m.; n =  28, 
28, 25 and 37 mice, left to right). c, Percentage of abnormal metaphases 
in bone marrow cells (P calculated by one-sided Fisher’s exact test; data 
shown as mean and s.e.m.; three mice per genotype, 30 metaphases per 
mouse). d, A Aldh2−/−Fancd2−/− metaphase, showing two translocations, 
see Extended Data Fig. 1f–i for the complete list of aberrations. e, Types of  

chromosomal aberrations (90 metaphases per genotype). f, Treatment  
of mice with ethanol to assess genomic instability with the micronucleus 
assay (g) or M-FISH karyotyping (h). g, Percentage of micronucleated 
reticulocytes (Mn-Ret, CD71+ PI+) after ethanol treatment. P calculated 
by two-sided Mann–Whitney test; data shown as mean and s.e.m.; n =  29, 
15, 25, 15, 20, 10, 28 and 9 mice, left to right. h, Abnormal metaphases 
in bone marrow cells after ethanol treatment. P calculated by one-sided 
Fisher’s exact test; data shown as mean and s.e.m.; 3 mice per genotype,  
30 metaphases per mouse.
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DT40 cells carrying disruptions of key homologous recombination 
genes show hypersensitivity to acetaldehyde (Fig. 1d, e), in a similar 
way to cells lacking the Fanconi anaemia gene FANCC. To test the rela-
tionship between the Fanconi anaemia and homologous recombination 
pathways, we analysed the sensitivity of cells deficient in both FANCC 
and XRCC2. These cells showed the same sensitivity to cisplatin as the 
 single knockout cells (Fig. 1f), but were much more sensitive to acetal-
dehyde (Fig. 1g), indicating that homologous recombination repair 
confers additional acetaldehyde resistance beyond that provided by 
Fanconi anaemia crosslink repair. In summary, detoxification provides 
the dominant protection mechanism against endogenous aldehydes; 
however, when aldehydes damage DNA, cells use both DNA-crosslink 
and homologous recombination repair.

FANCD2 prevents alcohol-induced genomic instability
The active DNA recombination in bone marrow cells indicates that 
even in the absence of FANCD2, there is an alternative repair response 
to both endogenous and ethanol-derived aldehydes. However, our 
 previous work has shown that Aldh2−/−Fancd2−/− mice lose the  ability 
to maintain blood production5,6. To determine whether this is due to 
the accumulation of damaged DNA, we examined  haematopoietic 
cells for evidence of broken chromosomes. One marker of genetic 
instability is the formation of micronuclei, which are formed from 
lagging or broken chromosomes. Micronuclei are easily quantified 
in normochromic erythrocytes (NCEs) in vivo, because they persist 
following enucleation (Fig. 2a, Extended Data Fig. 1c). There is a  
significant increase in the proportion of NCEs with micronuclei in 

Figure 1 | Ethanol induces potent homologous recombination in vivo.  
a, Treatment of mice with BrdU for differential labelling of sister 
chromatids of bone marrow cells in vivo. Some mice were also treated 
with ethanol, a precursor of acetaldehyde. IP, intraperitoneal injection; 
BM, bone marrow. b, Representative images of bone-marrow metaphase 
spreads (n, number of SCEs per metaphase). c, Number of SCEs in 

the bone marrow of Aldh2−/−Fancd2−/− and control mice (triplicate 
experiments, 25 metaphases per mouse, n =  75; P calculated by two-sided 
Mann–Whitney test; data shown as mean and s.e.m.). NS, not significant. 
d–g, Clonogenic survival of DT40 DNA-repair mutants (triplicate 
experiments; data shown as mean and s.e.m.).

Wild type

W
ild

 ty
pe

Fancd2–/–

Fa
nc

d2
–/–

a

12 h,
± Ethanol, 12 h

+ Ethanol

BrdU pellet 

Harvest
BM cells

30 min

Colchicine IP

Aldh2–/–

Aldh2
–/–

b

d

Aldh2–/– Fancd2–/–

W
ild

 ty
pe

Fa
nc

d2
–/–

Aldh2
–/–

Aldh2
–/–

   

Fan
cd

2
–/–

Aldh2
–/–

   

Fan
cd

2
–/–

Aldh2–/– + ethanol 

e

g
Wild type + ethanol

0

10

20

30

c
40

S
C

Es
 p

er
 m

et
ap

ha
se

0 2 4 6 8
0.01

1

0.10

10

100

0.01

1

0.10

10

100

0.01

1

0.10

10

100

DT40

0 2 4 6 8

0 2 4 6 8

0 0.5 1.0 1.5 2.0
1

10

f 100
DT40

∆PALB2

∆FANCC
∆BRCA2

DT40

DT40

∆XRCC2
∆FANCC

∆FANCC/
∆XRCC2

∆XRCC2

∆FANCC
∆FANCC/
∆XRCC2

Acetaldehyde (mM) Acetaldehyde (mM)

Acetaldehyde (mM)

∆XRCC2
∆XRCC3
∆RAD51C
∆RAD51D
∆RAD51B

∆FANCC

S
ur

vi
va

l (
%

)

Cisplatin (μM)

S
ur

vi
va

l (
%

)
S

ur
vi

va
l (

%
)

S
ur

vi
va

l (
%

)

NS (P = 0.9067)

(n = 4)

(n = 21)

(n = 6)

(n = 7)

(n = 2)

(n = 6)

P < 0.0001

P < 0.0001

P < 0.0001
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provide the first whole-genome sequences obtained from single stem 
cells propagated in vivo. These stem cell genomes show that endoge-
nous aldehydes induce a tapestry of inter-chromosomal changes that 
are mediated by mutagenic end-joining of DNA DSBs.

A p53 response removes aldehyde-damaged HSCs
Strikingly, most Aldh2−/−Fancd2−/− HSCs failed to engraft (Fig. 4b). It 
is possible that HSCs that carry heavy DNA-damage burdens are elimi-
nated, and selection pressure favours the survival of less damaged stem 
cells. It was therefore important to determine the mechanism of HSC 
loss in Aldh2−/−Fancd2−/− mice, and if attenuated, it would be impor-
tant to determine the mutagenic consequences. The p53 protein regu-
lates the cellular response to DNA damage and, when activated, induces 
restorative processes or apoptosis. We found that Aldh2−/−Fancd2−/− 
haematopoietic stem and progenitor cells (HSPCs) accumulated p53 
and cleaved caspase-3, indicating that endogenous-aldehyde stress 
 activates the p53 response (Extended Data Fig. 6a–c). Furthermore, we 
found that genetic ablation of p53 partially suppressed the acetaldehyde 
hypersensitivity of Fancd2-deficient splenic B cells and granulocyte/
macrophage colony forming units (Extended Data Fig. 6d, e).

We therefore generated Aldh2−/−Fancd2−/−Trp53−/− triple-knock-
out mice. The severe HSC depletion of Aldh2−/−Fancd2−/− mice was 
completely rescued in the triple knockouts (Fig. 6a, b). In addition, 
the triple-knockout stem cells were functional, as the mice showed 
a complete rescue in the frequency of ST-HSCs upon bone-marrow 
transplantation (Extended Data Fig. 6f). Moreover, p53 deficiency fully 
restored the blood cytopenias of untreated Aldh2−/−Fancd2−/− mice 
and made these mice more resistant to alcohol exposure (Extended 
Data Fig. 7). Notably, Trp53 deletion did not rescue the embryonic 
lethality of Aldh2−/−Fancd2−/− embryos (in Aldh2−/− mothers), sug-
gesting that a different checkpoint might mediate developmental failure 
(Supplementary Information Table 2).

We reasoned that the rescue of haematopoiesis in Aldh2−/− 
Fancd2−/−Trp53−/− mice must be occurring at the cost of genome 
integrity. Although the level of micronucleated NCEs in the blood 
of Aldh2−/−Fancd2−/−Trp53−/− mice appeared similar to that of 
Aldh2−/−Fancd2−/− mice (Extended Data Fig. 8a), we noticed a 
significant (P =  0.0034) increase in chromosome rearrangements 
in Aldh2−/−Fancd2−/−Trp53−/− mice, as seen by M-FISH anal-
ysis of total bone marrow cells (Fig. 6c, Extended Data Fig. 8). 
However, neither of these analyses tell us whether genome stability 
is similarly compromised in Aldh2−/−Fancd2−/−Trp53−/− HSCs. 
We therefore performed transplantation of single HSCs com-
bined with whole-genome sequencing, as described earlier, and 
observed that p53 deficiency partially rescued the engraftment 
defect of Aldh2−/−Fancd2−/− HSCs (Fig. 6d). Surprisingly, the 
genomes of Aldh2−/−Fancd2−/−Trp53−/− stem cells did not carry a 
greater mutation burden compared to those of Aldh2−/−Fancd2−/− 
HSCs (Fig. 6e, f ). Indel and rearrangement calls were validated 
by targeted deep sequencing and PCR, respectively (Extended 
Data Figs 9, 10 and Methods). One plausible explanation for the 
lack of increased mutagene sis in Aldh2−/−Fancd2−/−Trp53−/− 
HSCs is the  possibility that the very small number of HSCs in 
Aldh2−/−Fancd2−/− mice might have undergone more replicative 
cycles, thereby accruing a larger number of mutations. To address 
this, we quantified the frequency of ‘clock’ mutations (C to T at 
CpG sites), but this analysis showed no significant difference 
between Aldh2−/−Fancd2−/− and Aldh2−/−Fancd2−/−Trp53−/− 
HSCs (Fig. 6f). These results indicate that aldehyde-induced DNA 
damage induces p53 leading to HSC attrition, which is inconsistent 
with p53 being a negative regulator of Fanconi anaemia repair, as 
recently reported27. However, while Trp53 deletion completely res-
cues HSC depletion, this does not occur at the expense of genome 
stability in blood stem cells.
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Ethanol facilitates socially evoked memory recall in
mice by recruiting pain-sensitive anterior cingulate
cortical neurons
Tetsuya Sakaguchi1, Satoshi Iwasaki1, Mami Okada1, Kazuki Okamoto1 & Yuji Ikegaya 1,2

Alcohol is a traditional social-bonding reinforcer; however, the neural mechanism underlying

ethanol-driven social behaviors remains elusive. Here, we report that ethanol facilitates

observational fear response. Observer mice exhibited stronger defensive immobility while

observing cagemates that received repetitive foot shocks if the observer mice had experi-

enced a brief priming foot shock. This enhancement was associated with an observation-

induced recruitment of subsets of anterior cingulate cortex (ACC) neurons in the observer

mouse that were responsive to its own pain. The vicariously activated ACC neurons projected

their axons preferentially to the basolateral amygdala. Ethanol shifted the ACC neuronal

balance toward inhibition, facilitated the preferential ACC neuronal recruitment during

observation, and enhanced observational fear response, independent of an oxytocin signaling

pathway. Furthermore, ethanol enhanced socially evoked fear response in autism model mice.
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(1 mA, 1 s) 300 s after placement in the chamber and received three additional
shocks of the same intensity every 60 s. They were returned to the home cage 60 s
after the last shock. The animals were replaced in the same chamber 2 and 24 h
later, and their movements were video-recorded for 5 min. Immobility time was
calculated as described above.

Data analysis. The Shapiro–Wilk test was used to confirm the normality of data
distributions. The Student t test, paired t test, Mann–Whitney U test, and t-based
bootstrap test were used for comparisons between two groups. One-way analysis of
variance, Kruskal–Wallis test and t-based bootstrap test were used for comparisons
among more than two independent groups. Statistical significance was set at P < 0.05.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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飲み会

命を削ってまでして
参加者と心の絆を強める会

＝

相手を選ぶ必要ありそう
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２２世紀の　不都合な真実
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これはまた次回にでも…
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