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As summarized in the World Health Organization’s latest Global Status Report on
Alcohol, the pleasure of alcohol is indicated by the fact that, worldwide, just over two-
fifths of the population aged 15+ years drink alcohol; 2.3 billion people, consuming nearly
35 billion litres of pure ethanol a year, equivalent to just over three drinks (33 g of pure
ethanol) a day (see [1]).

The pain of alcohol is indicated in the collection of papers in this special issue: ethanol
in alcoholic beverages is toxic to human health, causing 7.1% of all deaths amongst those
aged less than 70 years (two million deaths a year), with the three top causes of death being
cirrhosis of the liver, road injuries, and tuberculosis [1]. In addition, through a combination
of brain damage due to consuming alcohol and genetic predisposition, some 4% of adults
experience what is termed alcohol dependence, a complex behavioural syndrome that has
at its core the inability to control alcohol consumption despite adverse social, occupational
or health consequences [2].

Ethanol:

• Is a teratogen [3];
• Is genotoxic and a carcinogen [4,5];
• Is hepatotoxic [6];
• Is neurotoxic to the brain [2];
• Causes injuries [7];
• Causes a range of cardiovascular diseases [8];
• Increases the risk of a range of communicable diseases, including HIV, TB, pneumonia,

and COVID-19 infection [9]; and
• May or may not increase the risk of overweight and obesity [10].

For most conditions, the dose–response curves increase from zero consumption up-
wards, with many curves being exponential [11]. The exception to this is that some alcohol
consumption protects some people against ischaemic diseases to some degree, with poten-
tial benefits occurring at about 1 drink every other day [8]; this is an hormetic effect to an
environmental agent characterized by a low dose beneficial effect and a high dose toxic
effect, that, for ethanol, may be a consequence of human ancestral exposure to naturally
occurring low levels of ethanol from ripe fruit [12]. On the other side, though, margins of
exposure analysis indicate that the present average daily consumption amongst drinkers
across the world (33 g of ethanol a day) exceeds typically accepted thresholds indicating
health risks for carcinogens by some 10,000 [5].

The question this supplement raises, is the pleasure worth the pain?
Governments and governmental organizations seem to consider that the pleasure

is worth the pain. As Stockwell and colleagues point out, it is possible to provide very
specific and detailed advice to governments regarding the public health consequences
of policy decisions in such concrete terms as how many people will become ill, injured
or die prematurely from alcohol-related reasons if policy X or Y is not introduced [13].
Yet, almost all countries fall far short of implementing effective public health policies to
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reduce the harm done by alcohol [13]. Further, despite alcohol being a carcinogen, [4,5],
at least in Europe, health warning labels are notable by their absence [14]. Additionally,
even for people who run into problems, including alcohol dependence, there seems a
lack of care and treatment. As Nutt and colleagues point out, it remains the case that,
to date, only three pharmacotherapies are licensed for alcohol dependence and only 9%
of such individuals receive such treatment [2]; there is simply no moral outrage from
non-governmental organizations.

The alcohol industry also seems to consider that the pleasure is worth the pain. Product
reformulation of existing products to contain less alcohol, and more extensive market
penetration of no and low alcohol products could lead to consumers drinking less ethanol
(see [15]). Yet, overall, there seem to be only very limited moves in this direction [15],
and the alcohol industry continues to counter the implementation of effective policies that
could reduce the harm done by alcohol [13].

Why is there a dissonance between what the science says about alcohol’s toxicity, and
the failure to prevent two million deaths a year amongst the under seventies and provide
adequate treatment to the 4% of adults who experience alcohol dependence? Stockwell
et al. [13] mention four reasons:

1. lack of public awareness of both need and the effectiveness of policies;
2. lack of government regulatory mechanisms to implement effective policies;
3. alcohol industry lobbying; and,
4. a failure from the public health community to promote specific and feasible actions as

opposed to general principles, e.g., ‘increased prices’ or ‘reduced affordability’.

What would be a litmus test of change that we take the pain of alcohol seriously?
The simple specific take of this editorial:
The alcohol industry places a warning label on its products: ALCOHOL CAUSES CANCER.
Such an (unlikely) action would:

1. Shame governments for failing to protect their citizens against a known carcinogen; and,
2. Demonstrate that the alcohol industry is serious in taking responsibility for its products.

Funding: No funding was received for writing this editorial.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The “drunken monkey” hypothesis posits that attraction to ethanol derives from an
evolutionary linkage among the sugars of ripe fruit, associated alcoholic fermentation by yeast,
and ensuing consumption by human ancestors. First proposed in 2000, this concept has received
increasing attention from the fields of animal sensory biology, primate foraging behavior, and
molecular evolution. We undertook a review of English language citations subsequent to publication
of the original paper and assessed research trends and future directions relative to natural dietary
ethanol exposure in primates and other animals. Two major empirical themes emerge: attraction to
and consumption of fermenting fruits (and nectar) by numerous vertebrates and invertebrates (e.g.,
Drosophila flies), and genomic evidence for natural selection consistent with sustained exposure to
dietary ethanol in diverse taxa (including hominids and the genus Homo) over tens of millions of years.
We also describe our current field studies in Uganda of ethanol content within fruits consumed by
free-ranging chimpanzees, which suggest chronic low-level exposure to this psychoactive molecule
in our closest living relatives.

Keywords: alcoholism; evolution; fermentation; frugivory; Homo; primate; yeast

1. Introduction

The argument of the “drunken monkey” hypothesis is that alcohol (and primarily
the ethanol molecule) is a low-level but routine component of the diet for all animals that
consume fruits and nectar [1,2]. In addition to providing a useful long-distance olfactory
cue to localize nutritional resources and to identify ripe and calorically rich fruits up close,
ethanol may also act as a feeding stimulant (as in modern humans, via the well-studied
aperitif effect; [3]). Humans first began intentional fermentation during the Meso-Neolithic
transitional period broadly coincident with the domestication of crops, and ethanol con-
sumption has correspondingly been viewed as a fairly recent phenomenon relative to the
origin of our species. However, dietary consumption of ethanol likely characterizes all fru-
givorous and nectarivorous animals, including primates and the hominoid lineage leading
to modern humans. Millions of years of interaction among flowering plants, fermentative
yeast, and numerous vertebrate lineages thus suggest a linkage between ethanol ingestion
and acquisition of nutritional reward. We also see in diverse animal taxa, as well as in
modern humans, substantial genetic variation in the ability to metabolize ethanol that is
consistent with natural selection to this end.

The natural role of ethanol in animal nutrition has been largely underestimated in
the zoological literature. For example, ethanol in ripe and fermenting fruits has been
proposed to be largely aversive to vertebrate consumers [4]. More recently, information
from behavioral, ecological, and genomic studies indicates an impressive commonality
of behavioral and physiological responses to ethanol, and in taxa ranging from fruit flies
to primates. The overarching concept that unites these studies is evolution, which can
sometimes provide novel insights into questions of human health and behavior [5,6]. Here,
we review advances in the field of comparative ethanol biology since the first publication

Nutrients 2021, 13, 2419. https://doi.org/10.3390/nu13072419 https://www.mdpi.com/journal/nutrients5
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of the “drunken monkey” hypothesis [1], and describe emerging themes in the 140 English
language citations to the original paper (Google Scholar; January 2001–April 2021). We also
provide preliminary information on ethanol content of fruits consumed in nature by our
nearest living relatives, the chimpanzees. Given that chimpanzees mostly eat ripe fruits
(e.g., up to 86% of the time; [7,8]), and that a comparable diet is thought to have pertained
to the earliest hominins [9–11], these data suggest that low-level ethanol ingestion was an
important feature of human nutrition over evolutionary time. Such ethanol consumption
via frugivory could, in turn, have resulted in physiological and sensory adaptations that,
today, yield hedonic reward following dietary exposure to this molecule [2]. Predictions of
the “drunken monkey” hypothesis and relevant empirical findings since 2000 are provided
in Table 1.

Table 1. Predictions of the “drunken monkey” hypothesis and supporting empirical evidence.

Prediction Supporting Evidence References

Ethanol occurs naturally at
low levels within many fruits

and nectars.

A variety of tropical fruits, as well as some
nectars, contain ethanol at low concentrations. [12–15]

Olfaction can be used to
localize and preferentially
select ethanol-containing

nutritional resources.

Fruits consumed by primates produce
numerous volatiles, including ethanol.

Olfactory abilities are well-developed in
primates, but have not been explicitly tested

relative to use in fruit localization or selection.

[16,17]

Ethanol at low concentrations
is not aversive to frugivores

and nectarivores.

Diverse vertebrates consume food items
containing low-concentration ethanol. [18–25]

Ethanol acts as a feeding
stimulant.

Modern humans increase caloric ingestion
following consumption of an aperitif. Effects of

dietary ethanol on ingestion rates for
free-ranging primates have not yet been

evaluated.

[3]

Genetic variation in the ability
to metabolize ethanol is

correlated with the extent of
dietary exposure.

Substantial variation in ADH tracks dietary
inclusion of fruit and nectar among mammals.

Ethanol catabolism was up-regulated in
African apes ~10 Mya ago, in parallel with

terrestrialization.

[26,27]

Hormetic advantage derives
from chronic consumption of

ethanol.

Mortality is reduced at low levels of ethanol
ingestion in modern humans and rodents, and

also in Drosophila flies exposed to
low-concentration ethanol vapor.

[28–33]

2. Vertebrate Responses to Naturally Occurring Ethanol

Sugars within ripe and over-ripe fruits serve as caloric motivation for consumption by
animals, primarily mammals and birds, that subsequently disperse the seeds. Ripe fruits
must be attractive to these consumers and must also present sufficient nutritional reward so
as to elicit consumption. However, the ubiquity of yeasts in natural environments indicates
the potential for fermentation prior to consumption by vertebrates [34,35]. Anaerobic
fermentation by yeasts and ethanol generation have been dated using molecular methods
to coincide with the origin of fleshy and sugar-rich fruits in the Cretaceous period [36]
and may specifically have evolved to inhibit activity of bacterial competitors within fruit
pulp [37]. Fruit decomposition can thus be viewed as a race in time between microbes and
dispersal agents, and correspondingly, there is selection on vertebrate sensory mechanisms
to facilitate rapid localization and consumption of these transient resources.

Fermentation of fruit crops is most pronounced in warm, humid environments such as
tropical rainforests, the habitat of most frugivorous primates today. For example, ripe palm
fruits (Astrocaryum standleyanum) contain ~0.6% ethanol within the pulp, but over-ripe

6



Nutrients 2021, 13, 2419

fruits have much higher levels, averaging 4.5% [12]. Substantial levels of ethanol within
pulp also characterize fruits in Southeast Asia over a range of ripening stages [13]. Animals
consuming these fruits will necessarily ingest ethanol at low concentrations. Given that
animal frugivores can consume 5%–10% of their body weight daily in ripe fruit, even the
aforementioned low concentrations will yield substantial chronic dosage. Floral nectars in
the tropics can also ferment and yield substantial ethanol concentrations. Wild tree shrews
and slow lorises feed from palm flowers (Eugeissona tristis) in Malaysia that contain signifi-
cant levels of ethanol within the nectar [14]. Although the animals never become overtly
inebriated, hair samples contain high levels of a secondary metabolite of ethanol (ethyl
glucuronide), consistent with high chronic exposure. Laboratory choice trials with two
species of nectar-feeding primates indicate increasing preference for higher-concentration
ethanol solutions [18] (see also [19] for analogous experiments with a primate frugivore).
Additionally, wild chimpanzees consume anthropogenically sourced fermentations of palm
sap within the tree canopy, at least at one site in West Africa [20]. Critically, the assertion
that ethanol is toxic and renders fruit unpalatable to vertebrates [4] has been empirically
falsified for mammalian dispersal agents [21].

In tropical rainforests, ripe fruit is a transient and spatially heterogeneous resource.
Olfactory plumes of ethanol provide, however, an honest signal of caloric availability to
potential consumers downwind. The olfactory sensitivity of primates to various alcohols,
including ethanol, is well-developed [16,17], but this sensory capacity has not been demon-
strated under field conditions. Adult fruit flies, however, use ethanol plumes to locate
suitable oviposition sites on ripe fruit. The study of ethanol responses in Drosophila now
represents a useful model system for understanding molecular pathways of inebriation
in humans [38]. Additionally, behavioral preferences by fruit flies for ethanol-containing
substrates are correlated with the ability to metabolize ethanol, suggesting a direct link
between metabolic capacity and sensory attraction [39]. Similarly, ethanol is not aversive
to fruit-feeding birds and bats [22,23] and is sometimes consumed at lethal levels [24,25].
In rodents, ethanol evokes neural hyperactivity in brain-feeding circuits, further support-
ing evolutionary associations between consumption of fermented substrates and caloric
gain [40]. Most importantly, a recent survey of wild primate diets [15] demonstrated the
widespread consumption of fruits in the late stages of fermentation (as assessed by human
observers). Because ethanol may be present within ripe fruits with no obvious external
signs of microbial activity, this study provides a conservative estimate of actual dietary
exposure; a quantitative assessment of ethanol concentrations within consumed fruits
across the entire spectrum of palatability is clearly now called for.

3. Evolutionary Consequences of Dietary Ethanol

If chronic dietary exposure to ethanol inevitably derives from frugivory (and from
nectarivory), then selection will favor the evolution of metabolic adaptations that maximize
physiological benefits but minimize costs of exposure. Higher concentrations of ethanol
may, by contrast, be stressful and cause harm. Such a nonlinear dose-response curve
is termed hormesis and is an evolutionary outcome that increases overall organismal
fitness given natural exposure to various compounds at low concentrations [41–43]. A key
prediction of the “drunken monkey” hypothesis, therefore, is that hormetic benefits will
pertain to animals at low, naturally occurring levels of ethanol exposure.

In support of this claim, longevity (as well as female fecundity) of fruit flies is in-
creased at low atmospheric concentrations of ethanol but decreases at zero exposure and at
higher concentrations [28–30]. Laboratory rodents similarly show decreased mortality at
intermediate levels of ethanol ingestion [31]. In humans, epidemiological studies suggest a
reduction in cardiovascular risk and overall mortality at low levels of ethanol consumption
relative either to abstinence or to higher levels of intake [32,33]. Consequences of chronic
ethanol ingestion for human reproductive fitness have not been evaluated, but we might
expect a similar outcome as with longevity. No current data address the hormetic effects of
ethanol on wild animals with variable levels of dietary availability, but logistically, such

7
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long-term measurements can be carried out in appropriate contexts (e.g., field-banded
tracking of individual hummingbirds through their lifespan at different sites with variable
extent of nectar fermentation).

Evolutionary arguments also predict that intra- and interspecific variation in the
ability to metabolize ethanol will correspond to its relative dietary inclusion. Alcohol
dehydrogenase (ADH) initially converts ethanol to acetaldehyde, which then is acted upon
by aldehyde dehydrogenase (ALDH) to yield acetate used for energy yield in oxidative
pathways. Both ADH and ALDH exist in a number of different allelic forms characterized
by varying catalytic efficiencies, which in Drosophila flies are well-known to correlate with
natural levels of environmental ethanol exposure [2,39]. Furthermore, in the lineage of great
apes that led to modern humans, there is a pronounced genetic signature demonstrating
comparable evolutionary responses to chronic dietary exposure to ethanol. Paleogenetic
reconstruction of alcohol dehydrogenase genes across the hominid phylogeny indicates a
dramatically enhanced catabolic capacity in one particular ADH (ADH4, as encoded by the
ADH7 allele), starting at about 10 Mya [26]. ADH4, although only one of multiple ADH
forms present in mammals, is found primarily in the mouth and digestive tract and thus
effects the “first pass” at the digestion of ethanol. This enzyme became dramatically better
at metabolizing ethanol following the phyletic split between the lineage leading to modern
orangutans and to the other great apes, including ourselves. It thus correlates well with
increasing terrestrialization among the African apes, possibly yielding greater access to
fermenting fruit crops on the ground, and thus resulting in increased ethanol within the
diet [26]. The same mutation also characterizes ADH4 of the Madagascan aye-aye, which
routinely feeds on nectar from flowers of an endemic palm. Although ethanol content is
not characterized for such flowers, studies with captive aye-ayes demonstrate a preference
for consumption of low-level ethanol within sugar solutions [18].

Moreover, a recent study [27] evaluated variation in ADH 4 across 79 mammal species;
multiple losses of function in ADH7 (i.e., pseudogenization) and relaxed selection on this
allele were found for those taxa with little or no presumed dietary exposure to ethanol (e.g.,
whales). Contrariwise, natural selection was apparently intensified on ADH7 for those
species specializing on either fruit or nectar [27]. Although the actual extent of dietary
ethanol consumption is not known for the study species, clearly the likelihood of its chronic
ingestion must be higher for frugivores and nectarivores. Quantitative specification of
ethanol exposure, in conjunction with assessment of genetic changes in the other ethanol-
metabolizing enzymes (e.g., ADH1, ADH2, and numerous ALDH polymorphisms) is now
called for to assess the overall evolutionary response to fermented nutritional substrates.

Hominoids (i.e., the lesser and greater apes) also exhibit an evolutionary loss of uricase
as a consequence of accumulating deleterious mutations in the corresponding gene (starting
~20 Mya; [44,45]). Modern humans correspondingly exhibit very high blood levels of uric
acid and show amplification of fat accumulation (and of the metabolic syndrome more
generally) given chronic fructose ingestion [46–48]. Ethanol consumption also stimulates
fructose production by the liver, as well as more widespread production of uric acid, with
both effects acting synergistically to increase overall fat storage [49,50]. The psychoactive
and hedonic properties of ethanol and fructose are also similar, facilitating addictive
responses to these naturally occurring compounds within fruit [51]. Such changes in both
the uricase gene and in genes directly involved in ethanol catabolism are consistent with
positive selection on dietary preference for fruit sugars and their fermentation products
and are possibly linked with sensory mechanisms facilitating their efficient consumption
and digestion.

In addition to aforementioned interspecific studies of ethanol metabolism, there is
also substantial intraspecific genetic variation in physiological responses to ethanol, at
least among modern human populations. In particular, slow-acting ALDH occurs at high
frequencies in East Asian humans, and yields toxic acetaldehyde buildup following the con-
sumption of ethanol [52,53]. Such variation, in turn, has been correlated with the propensity
towards alcoholism for certain populations. Rates of alcoholism, however constructed
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definitionally, tend to be much lower within East Asian populations, consistent with the
deterrent effects of elevated acetaldehyde [54,55]. Although genotype-by-environment
interactions are also likely to be involved, the interacting dynamics of ethanol catabolism
and accumulation of the acetaldehyde intermediate product are apparently protective
against excessive alcohol consumption [56].

Finally, multigenerational exposure to high levels of dietary ethanol can result in sig-
nificant changes to the gut microbiome, at least in laboratory rodents [57]. This intriguing
outcome, mediated either directly by ethanol or by its downstream metabolic products,
may also indicate systemic neural regulation of ingestion as influenced by endogenous gut
fauna. The role of the microbiome in mediating physiological and behavioral responses
to ethanol, either across the lifespan or in evolutionary time, has never been evaluated
for free-ranging vertebrates, but clearly is of adaptive relevance. As with aforementioned
molecular evolutionary studies of ADH and ALDH, comparative studies of the gut mi-
crobiome among frugivorous and nectarivorous species (and including birds as well as
mammals) would elucidate correlates of microbical community composition relative to
chronic ethanol ingestion and may indicate a role for selection in promoting higher rates of
ethanol consumption so as to increase energetic gain while feeding.

4. Natural Ethanol Exposure in Chimpanzees

Recent field studies of chimpanzee-consumed fruits in Uganda suggest a chronic low-
level ingestion of ethanol, albeit at sub-inebriating levels that are nonetheless consistent
with physiological consequences. The Ngogo population of Eastern chimpanzees (P.
troglodytes schweinfurthii) in Kibale National Park reside in a forest with a low density
of a high-output, asynchronously fruiting fig species (Ficus mucuso), which is consumed
preferentially more than any other fruit (i.e., 18%–34% of total feeding time; [58,59]). In
2019 and 2020, we determined ethanol concentrations for F. mucuso fruits as well as for a
diversity of other consumed fruit species. By visiting F. mucuso trees with chimpanzees
actively foraging in the canopy, we could collect ripe figs either immediately after they fell,
following disturbance or by rejection, or within an hour of having fallen (as evidenced
by wet latex at the stem). We also collected unripe F. mucuso during part of the field
season, which the chimpanzees eat during periods of food shortage. Collected figs were
frozen at the field station to arrest fermentation. We determined ethanol concentrations
within individual fruits using an infrared gas analyzer on homogenized pulp samples,
and also via ethanol vapor measurements in the headspace over pulp samples. Prior to
these measurements, for each fruit we also assessed its mass, puncture resistance, sugar
concentration, surface reflectance, and presence or absence of fig wasps, so as to correlate
quantitatively ethanol content with stages of ripeness, and to assess which factors most
influence microbial ethanol production. Data obtained to date indicate ethanol levels
within ripe figs ranging from negligible amounts to as high as several percent (weight of
ethanol/weight of fruit), consistent with values determined for other primate-consumed
fruits [12,13].

Levels of ethanol consumption are determined both by ingested food volume and by
intrinsic concentration. A typical daily consumption of ~6 kg of fruit at an ethanol content
of only 0.23% would correspond to ingestion of one standard drink (i.e., 14 g of ethanol in
the USA). Moreover, adult Eastern chimpanzees in the wild weigh substantially less than
humans (i.e., only 30–40 kg; [60]), suggesting a much higher body-mass specific exposure.
If consumed fruit were to contain 1% ethanol on average, then consuming 6 kg of fruit
daily would yield >4 standard drinks daily, and a much higher body-mass specific rate of
exposure. These preliminary calculations suggest that ethanol ingestion via frugivory is
non-trivial in wild chimpanzees, and can easily approach chronic exposure of physiological
relevance, if not of occasional inebriation.

Further assessment of dosage via dietary ingestion would require knowledge of rates
of ethanol absorption and catabolism in chimpanzees, which are not necessarily the same
as those in humans. Enzymatic activity relative to ethanol degradation is variable among
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mammalian taxa, and even among modern human populations [56,61,62]. Direct measure-
ment of blood-ethanol levels in free-ranging chimpanzees and other frugivores would be
informative in this regard. Nonetheless, chimpanzees may have evolved specific behav-
ioral and physiological responses to ethanol commensurate with its natural occurrence
within ripe and over-ripe fruit. Ripening in figs poses particular challenges to frugivores
in that overt and substantial color changes otherwise indicating suitability of fruits for
consumption are not present in this genus (Ficus: Moraceae). Both short-range olfactory
and tactile cues are thus more important in identifying ripe fruits, with reduced use of
visual cues [63]. Equally relevant to foraging outcomes are features of spatial and temporal
heterogeneity in fruit ripening and fermentation. For example, fruits growing within the
same tree may be vertically stratified, with fruits higher in the canopy being larger and
containing more sugars [64] and possibly higher ethanol content as well.

Moreover, fig wasps are the mutualistic tenants and obligate pollinators of figs and
may influence fermentation outcomes via different microbiota that they vector into fruits.
Fig wasp behavior and ecology are highly variable among species, as are the chemical and
structural features of different figs, which may, in turn, influence outcomes of microbial
colonization and growth. Finally, endogenous fermentation of sugars is likely to vary with
local climate, and in particular with average ambient temperatures. Lower elevations likely
yield fruits with higher ethanol concentrations, given faster yeast growth in hotter climates.
Our data for Ngogo (situated at 1400 m above sea level) likely represent conservative
values for fruit-ethanol concentrations relative to those within lowland tropical rainforests
where most frugivorous animals are found. Nonetheless, these preliminary measurements
suggest sustained exposure of our closest living relatives to dietary ethanol and establish
a methodological framework for further investigation into the natural consumption of
fermented fruits.

5. Conclusions

Behavioral responses to naturally occurring ethanol can be advantageous for many an-
imals, may be ancestral in primates, and have substantial implications for modern humans
relative to both benign consumption of alcohol and excessive levels of drinking. A number
of empirical questions can be posed to further assess the generality of these evolutionary ar-
guments. In natural ecosystems, how do animals localize fermenting nutritional resources,
and what are typical blood-ethanol levels within frugivores and nectarivores? Do the
hormetic effects of low-level ethanol consumption extend more generally to all species ex-
posed to this molecule over evolutionary time? Are there particular sensory mechanisms in
some species that predispose them to excessive ethanol ingestion under artificial conditions
of high supply? For example, ethanol evokes hyperactivity in the brain-feeding circuits
of rodents, consistent with a general role as an appetitive stimulant [40]. Fermentation by
yeasts of simple carbohydrate substrates is widespread in terrestrial environments, yet
the natural background of ethanol availability has been largely ignored by biologists and
clinicians alike, nutritional and health implications for modern humans notwithstanding.
We therefore encourage further studies of ethanol-seeking activities in the natural world,
as such behaviors (and their underlying genetic underpinnings) may yield novel insights
into contemporary human consumption and misuse of alcoholic beverages.
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Abstract: This study aimed to estimate the impact of alcohol use on mortality and health among
people 69 years of age and younger in 2016. A comparative risk assessment approach was utilized,
with population-attributable fractions being estimated by combining alcohol use data from the
Global Information System on Alcohol and Health with corresponding relative risk estimates from
meta-analyses. The mortality and health data were obtained from the Global Health Observatory.
Among people 69 years of age and younger in 2016, 2.0 million deaths and 117.2 million Disability
Adjusted Life Years (DALYs) lost were attributable to alcohol consumption, representing 7.1% and
5.5% of all deaths and DALYs lost in that year, respectively. The leading causes of the burden of
alcohol-attributable deaths were cirrhosis of the liver (457,000 deaths), road injuries (338,000 deaths),
and tuberculosis (190,000 deaths). The numbers of premature deaths per 100,000 people were highest
in Eastern Europe (155.8 deaths per 100,000), Central Europe (52.3 deaths per 100,000 people), and
Western sub-Saharan Africa (48.7 deaths per 100,000). A large portion of the burden of disease caused
by alcohol among people 69 years of age and younger is preventable through the implementation of
cost-effective alcohol policies such as increases in taxation.

Keywords: alcohol; burden of disease; death; disability; infectious diseases; non-communicable
diseases; injuries; global; policy

1. Introduction

Alcohol consumption is a leading risk factor for premature mortality and the burden
of disease worldwide. Research in developed and developing countries has found that
individuals of younger ages are disproportionately affected by alcohol [1–3]. For instance,
alcohol is estimated to be the leading risk factor for the burden of disease among people
15 to 49 years of age, followed by high body mass index, high blood pressure, and dietary
risks [3]. This population also has a large proportion of their expected lifespans remaining,
contributes relatively more to the economy, and plays important roles in caring for their
families [4].

In response to the burden of disease caused by alcohol, the World Health Organization
(WHO), through its Global strategy to reduce the harmful use of alcohol and its Global
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Action Plan for the prevention and control of NCDs (2013–2020), agreed at the 2010 World
Health Assembly to aim for a 10% relative reduction in harmful alcohol use by 2025 [5,6].
Furthermore, the WHO’s Sustainable Development Goals (SDG) 3.4 outlines a targeted one-
third reduction by 2030 of premature mortality (i.e., deaths among people 69 years of age
and younger) due to noncommunicable diseases, with reductions in alcohol-attributable
diseases being key to achieving this goal [7,8]. There is a distinct spectrum of alcohol-
attributable diseases and injuries which affect people 69 years of age and younger compared
to people 70 years of age and older. Therefore, it is necessary to characterize the disease-
specific health impacts of alcohol for the purposes of structuring disease-specific health
efforts, for example to inform cancer prevention programs [9].

Given the impact of alcohol consumption on premature mortality, the objective of this
study was to estimate the alcohol-attributable mortality and burden of disease globally
in 2016, and to examine variations in the alcohol-attributable burden over time, by global
burden of disease (GBD) region, age, and sex.

2. Materials and Methods

A comparative risk assessment methodology was utilized to estimate the burden of
disease attributable to alcohol use in 2016. These estimations were based on the theoretical
minimum risk exposure level (TMREL) of lifetime abstention. Lifetime abstention was uti-
lized as a TMREL based on historical precedent, and the observation that lifetime abstainers
may have the lowest risk of overall health loss [10]. The population-attributable fraction
(PAF) for alcohol use was estimated based on a Levin-based method which combines data
on alcohol exposure with corresponding relative risk (RR) estimates [11,12]. Information
regarding the methods utilized and the data sources can be found in the Supplemental
Material and in the paper by Shield et al. [1].

2.1. Relative Risk Estimates

Alcohol RR estimates for chronic disease outcomes (except from ischemic diseases)
were obtained from meta-analyses and based on average drinking (in grams per day) [13].
The lag time between alcohol use and disease occurrence was only modelled for cancer
(based on the estimate that there is a 10 year period between exposure and disease out-
comes [14]). Heavy episodic drinking (HED) was utilized in the modelling for the RRs for
ischemic diseases and injuries [1]. All RR estimates were reviewed and approved by the
WHO Technical Advisory Group on Alcohol and Drug Epidemiology. The sources of RR
estimates are outlined in Supplemental Material Table S1.

2.2. Mortality, Morbidity, and Population Data

Data on mortality, Years of Life Lost (YLL), morbidity measured using Years Lived
with Disability (YLD), age, sex, country, year, and by cause of mortality and/or morbidity
were obtained from the WHO’s Global Health Estimates [15]. The total burden of disease
was measured using Disability Adjusted Life Years (DALYs) lost. Estimates of premature
mortality were based on a cut off of deaths which occurred among people 69 years of age
and younger [4,16].

Alcoholic cardiomyopathy deaths, YLL, and YLD were estimated using the methods
of Manthey and colleagues [17] as they were not directly estimated in the WHO’s Global
Health Estimates. The WHO’s road traffic death database [18] was used to determine the
fractions of alcohol-attributable motor vehicle deaths which involved a driver and those
traffic deaths which involved people other than the driver.

Population data by age, sex, country, and year were obtained from the UN Population
Division [19]. Deaths, YLLs, YLDs, and DALYs lost were aggregated into five-year age
groups, beginning at 0 years until 84 years, followed by the category of 85 years and older;
alcohol PAFs were applied to these age groupings.

Data were aggregated by GBD region (see: http://ghdx.healthdata.org (accessed on
1 January 2021) for regional groupings) and by Human Development Index (HDI) region
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(see Figure S1 in the Supplementary Materials for HDI groupings). HDI categories were
obtained from the United Nations Development Programme [20]. The HDI is based on
having a long and healthy life (i.e., life expectancy at birth), being knowledgeable (i.e.,
expected years of schooling and mean years of schooling for adults 25 years of age and
older), and having a decent standard of living (i.e., Gross National Income per capita) [20].

The 95% uncertainty intervals (see Tables S2–S14 in Supplementary Materials) were
based on a set of 1000 simulations of all lowest level parameters (i.e., parameters sampled
from their respective error distributions). These parameters were then used to estimate
1000 simulated estimates of the alcohol-attributable burden of disease. From these simula-
tions, the 2.5th and 97.5th percentiles were utilized for the 95% uncertainty intervals.

Analyses were performed using the statistical software package R [21].

3. Results

In 2016, there were 2.0 million premature deaths and 117.2 million DALYs lost globally
due to alcohol use, representing 7.1% of all premature deaths and 5.5% of all DALYs lost
in that year (see Tables 1 and 2). In contrast, 3.2% of all deaths and 3.0% of all DALYs
lost among people 70 years of age and older were attributable to alcohol consumption.
An estimated 70.7% of all alcohol-attributable deaths and 89.2% of all alcohol-attributable
DALYs lost globally in 2016 were premature, i.e., among those 69 years of age and younger.
In comparison, 52.0% of all deaths and 81.8% of all DALYs lost globally in 2016 were
premature. The alcohol-attributable deaths and DALYs lost among those 69 years of
age and younger were greater among men (1.6 million deaths and 90.9 million DALYs
lost) compared to women (0.5 million deaths and 26.3 million DALYs lost). The largest
proportion of premature deaths that were attributable to alcohol occurred among people
30–39 years of age (13.3%) and 20–29 years of age (13.0%). See Tables S2 to S17 for data on
sex-specific alcohol-attributable deaths, YLL, YLD, and DALYs lost.

The leading causes of the burden of premature alcohol-attributable deaths were
cirrhosis of the liver (457,000 deaths), road injuries (338,000 deaths), and tuberculosis
(190,000 deaths) (see Figure 1). Road injuries and cirrhosis of the liver were the leading
causes of alcohol-attributable deaths among those aged 0 to 39 and 40 to 69 years of age,
respectively. The proportion of alcohol-attributable deaths due to road injuries decreased
with age from 100% of all alcohol-attributable deaths among those aged 0–14 years to
7.0% among those aged 60–69 years. The proportion of alcohol-attributable deaths due to
cirrhosis of the liver increased with age, peaking at 26.4% of all alcohol-attributable deaths
among those 50–59 years of age. The proportion of alcohol-attributable deaths due to
tuberculosis increased with age, peaking at 10.7% of all alcohol-attributable deaths among
those 40–49 years of age.
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Figure 1. Alcohol-attributable deaths and disability adjusted life years (DALYs) lost by age.

3.1. Alcohol-Attributable Burden of Disease by Region

The numbers of premature alcohol-attributable deaths and DALYs lost per
100,000 people showed large variations globally (see Figures 2 and 3). The numbers
of premature alcohol-attributable deaths were highest in Eastern Europe (155.8 deaths per
100,000), Central Europe (52.3 deaths per 100,000 people), and Western sub-Saharan Africa
(48.7 deaths per 100,000). In 2016, the two leading contributors to alcohol-attributable
deaths among all regions were either cirrhosis of the liver or road injuries, except for three
regions: Asia Pacific with self-harm, Southern sub-Saharan Africa with tuberculosis, and
Eastern Europe with ischaemic heart disease being the largest contributors, respectively
(see Figure 3). The second largest contributors to alcohol-attributable deaths in Southern
sub-Saharan Africa and Eastern Europe were HIV/AIDS and alcohol use disorders, re-
spectively. Figure S2 outlines the burden of alcohol-attributable premature YLL and YLD
globally. Figure S3 outlines the burden of alcohol-attributable premature YLL and YLD by
GBD region.

20



Nutrients 2021, 13, 3145

 

Figure 2. Alcohol-attributable deaths and disability adjusted years of life lost globally in 2016 among people 0 to 69 years
of age.

3.2. Alcohol-Attributable Burden of Disease by Human Development Index

The burden of premature alcohol-attributable deaths and DALYs lost varied by HDI
region (see Figure 4). The number of alcohol-attributable deaths was highest in coun-
tries with a very high HDI (43.3 deaths and 2339.9 DALYs lost per 100,000), followed by
low HDI countries (33.7 deaths and 1966.1 DALYs lost per 100,000), high HDI countries
(26.8 deaths and 1502.3 DALYs lost per 100,000) and medium HDI countries (24.8 deaths
and 1392.5 DALYs lost per 100,000). The leading cause of death was cirrhosis of the liver
in very high HDI countries (8.2 deaths per 100,000), low HDI countries (7.4 deaths per
100,000), and medium HDI countries (6.6 deaths per 1,000,000), and was road injuries
in high HDI countries (5.9 deaths per 100,000). For DALYs lost, the leading contributor
to the premature alcohol-attributable burden of disease was alcohol use disorders for
very-high HDI countries (449.3 DALYs lost per 100,000), liver cirrhosis for medium HDI
countries (297.3 DALYs lost per 100,000 people), and road injuries for low HDI countries
(431.2 DALYs lost per 100,000 people) and high HDI countries (354.4 DALYs lost
per 100,000). Figure S4 outlines the burden of premature YLL and YLD by HDI region.
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Figure 3. Alcohol-attributable deaths and disability adjusted life years (DALYs) lost among people 0 to 70 years of age by
global burden of disease region.
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Figure 4. Alcohol-attributable deaths and disability adjusted life years (DALYs) lost among people 0 to 70 years of age by
human development index region.

4. Discussion

The results of this study indicate that alcohol-attributable deaths and health loss
occurred among people relatively young in age. The proportions of alcohol-attributable
deaths and DALYs lost that were premature were greater than the proportions of all-
cause deaths and DALYs lost that were considered premature. This indicates that al-
cohol use disproportionately affects the health of people who are younger in age. The
cause composition of the premature alcohol-attributable burden is unique when com-
pared to the burden among people 70 years of age and older, with cirrhosis of the liver,
road injuries, and tuberculosis being the primary contributors to this burden. Further-
more, regional and societal development-based variations in the magnitude of the pre-
mature alcohol-attributable burden of disease and the cause composition of this burden
were observed.

This study modelled both the detrimental and protective effects of alcohol consump-
tion on health. Specifically, alcohol consumed at low amounts, and not on HED occasions
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has a protective effect on diabetes, ischemic heart disease, and ischemic stroke [13]. This
study found that for the premature disease burden, the detrimental effects of alcohol at the
population level outweighed the protective effects. At the individual level, the net effect
of alcohol consumption on overall health is unknown; however, a recent modelling study
found no level of alcohol consumption that provided a net health benefit [10].

The premature burden of disease attributable to alcohol consumption was charac-
terized by tuberculosis, liver cirrhosis, and injuries. Liver cirrhosis is mainly linked to
the overall volume of drinking, while injuries attributable to alcohol are mostly related
to intoxication (i.e., binge alcohol consumption) [13]. Tuberculosis risk (i.e., the impact of
alcohol on the immune system) is related both to the overall volume of alcohol consumed
and binge drinking; however, due to the lack of studies, the impact of alcohol use on
tuberculosis was modelled based only on the overall volume of alcohol consumed [13].
Therefore, both overall volume of alcohol consumed and drinking to intoxication are factors
leading to the premature burden of disease attributable to alcohol consumption.

Tuberculosis remains an enormous public health concern globally, especially in low
and medium HDI countries [22]. The treatment of tuberculosis and the interaction between
HIV/AIDS and tuberculosis are key public health priorities [23]. Alcohol use is a key risk
factor for both diseases (Morojele et al., this issue), which if addressed can substantially
reduce the health burden of tuberculosis and HIV/AIDS. The burden of disease due to liver
cirrhosis was high in all HDI categories and in most GBD regions. The burden of alcoholic
liver cirrhosis is affected by multiple risk factors which interact with alcohol, including
hepatitis B and C infections, obesity, and socio-economic status [24]. The burden of alcohol-
related injuries is problematic as investment in preventing mortality from injury has fallen
behind other causes of death, such as HIV/AIDS and reproductive health [21]. Furthermore,
mental health concerns have been overlooked in terms of public health programming,
especially in young people [10] where injuries and neuropsychiatric conditions are greatly
impacted by alcohol consumption [22].

The burden of premature disease attributable to alcohol consumption was highest in
Eastern Europe, Central Europe, and Western sub-Saharan Africa. The Central and Eastern
Europe region have a high overall volume of alcohol consumption and a high prevalence
of HED [5,6]. Alcohol control policy measures, including increases in alcohol prices and
decreases in availability, have been implemented in the Eastern Europe region and have
resulted in marked downward shifts in mortality and the burden of disease [25]. The West-
ern sub-Saharan Africa region has a relatively low overall volume of alcohol consumption.
The burden of alcohol-attributable premature disease in this region was driven mainly by
infectious diseases, liver cirrhosis, and injuries. Cirrhosis-related deaths doubled in the
sub-Saharan Africa region between 1980 and 2010, with hepatitis B virus, hepatitis C virus,
and alcohol use being contributing factors to this increase [26]. Furthermore, treatment
of liver cirrhosis is unavailable in most parts of sub-Saharan Africa, due to a shortage of
hepatologists and gastroenterologists, interventional radiologists, hepatobiliary surgeons,
and pathologists [27].

4.1. Limitations

The methods used in this paper are limited by several factors. Firstly, estimates
of alcohol consumption came from surveys which are susceptible to numerous biases
which lead to an underestimation of alcohol use. Per capita consumption of alcohol is
utilized to estimate the volume of alcohol use among drinkers to avoid bias; however,
no correction exists for the prevalence of HED. This study did not fully account for the
interaction between alcohol use and other risk factors, such as smoking (increased risk of
cancer [28]), hepatitis B and C (increased risk of liver cirrhosis [29]), and obesity (increased
risk of liver cirrhosis [24,30]). Furthermore, the study did not account for the differential
alcohol RRs by socio-economic status. Furthermore, although depression has been shown
to be causally related to alcohol consumption, it was not included in the estimates of the
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alcohol-attributable burden of disease due to depression also causally increasing alcohol
consumption [13].

This study is also limited as deaths and health loss due to interpersonal harm are
based on the alcohol consumption of the person who experiences the harm and not the
alcohol consumption of the person who inflicts the harm. This is due to the relative risks
of injuries from assault being based on the person who experiences the harm and not
the person who is inflicting the harm [13]. Therefore, estimates of intentional harm are
likely underestimated for children and women who are often victims of alcohol-related
violence [31]. It is important to note that violence against women and children is a major
public health, social policy, and human rights concern that spans disciplines and geographical
boundaries [32–35]. Globally, domestic violence is one of the largest sources of non-fatal
injuries to women and children [36], resulting in avoidable inequities in health status, and
increases in the risk of mental health and physical conditions [37].

4.2. Health Policies

The health harms and inequities outlined in the paper should be considered in the
context of population-level interventions which can reduce the alcohol-attributable burden
of disease and are sustainable, scalable, and politically, economically, and technically
feasible [38]. Several alcohol interventions have been designated as “best buys” by the
WHO as they are more cost-effective than most other interventions designed for other
risk factors [39]. These include increases in taxation and restrictions on availability and
marketing. Other policies include WHO cost-effective “very good buys,” such as enactment
and enforcement of impaired-driving laws and blood-alcohol-concentration limits [39,40].

The need to intervene to reduce the burden of premature health loss attributable
to alcohol consumption can be viewed under the framework of utilitarian ageism. The
framework of utilitarian ageism, which is often observed in medical practice, states that
there should be prioritization of treatments and interventions for health loss among the
young (as the old have lived longer) [41,42].

Despite the majority of the burden of disease attributable to alcohol consumption
occurring among people 0 to 69 years of age, alcohol leads to a substantial burden of
disease among people 70 years of age and older. Interventions such as the WHO best buys
and very best buys should also be prioritized to reduce the burden among people 70 years
of age and older. Furthermore, these policies should apply equally to beer, wine, spirits,
and other alcoholic beverages as the harm caused by alcohol is based on ethanol content
regardless of whether the ethanol is consumed in the form of beer, wine, or spirits (with
the exception of alcohol poisonings which are caused predominately by the consumption
of spirits) [13].

5. Conclusions

Alcohol consumption remains a leading risk factor for the burden of disease, especially
among people younger in age. Given the high global alcohol-attributable burden of disease,
the development and implementation of cost-effective alcohol control policies can further
reduce in the near future the social, economic, and health burdens resulting from the use
of alcohol.
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Abstract: Alcohol use has been causally linked to more than 200 disease and injury conditions, as
defined by three-digit ICD-10 codes. The understanding of how alcohol use is related to these condi-
tions is essential to public health and policy research. Accordingly, this study presents a narrative
review of different dose–response relationships for alcohol use. Relative-risk (RR) functions were
obtained from various comparative risk assessments. Two main dimensions of alcohol consumption
are used to assess disease and injury risk: (1) volume of consumption, and (2) patterns of drinking,
operationalized via frequency of heavy drinking occasions. Lifetime abstention was used as the
reference group. Most dose–response relationships between alcohol and outcomes are monotonic,
but for diabetes type 2 and ischemic diseases, there are indications of a curvilinear relationship, where
light to moderate drinking is associated with lower risk compared with not drinking (i.e., RR < 1). In
general, women experience a greater increase in RR per gram of alcohol consumed than men. The
RR per gram of alcohol consumed was lower for people of older ages. RRs indicated that alcohol use
may interact synergistically with other risk factors, in particular with socioeconomic status and other
behavioural risk factors, such as smoking, obesity, or physical inactivity. The literature on the impact
of genetic constitution on dose–response curves is underdeveloped, but certain genetic variants are
linked to an increased RR per gram of alcohol consumed for some diseases. When developing alcohol
policy measures, including low-risk drinking guidelines, dose–response relationships must be taken
into consideration.

Keywords: alcohol; patterns of drinking; disease; mortality; dose response; monotonous; protective
effects; curvilinear; alcohol control policy

1. Introduction

Alcohol use has been causally linked to more than 200 disease and injury conditions
(based on three-digit ICD-10 codes; [1,2] and Table 1 below), indicating that alcohol use
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alone is a necessary cause or that it is a component cause (for an epidemiological definition
of causality see: [3]). Different dimensions of alcohol use causally lead to a modified risk
of disease and injury [4]. Average levels of drinking over time have been linked to many
chronic disease categories, such as cancer, gastrointestinal disease, and different categories
of heart disease [2]. Heavy drinking occasions are more linked to the more immediate
effects of alcohol use, such as unintentional and intentional injuries [5,6], but also affect the
risk for ischemic diseases [7], and infectious diseases (e.g., HIV, [2]). Accordingly, these
two dimensions of alcohol use are most often used in epidemiological studies to predict
disease and injury risk (the average level of consumption over time, and heavy episodic
drinking (HED)).

Table 1. Major disease categories causally related to alcohol and modelled in the last comparative risk assessments based on
WHO data [8], and their codes in the International Statistical Classification of Diseases and Related Health Problems (ICD).

Global Health Estimate 2015 Cause Category ICD-10 Coding

I. Communicable, maternal, perinatal and nutritional
conditions

A00–B99, D50–53, D64.9, E00–02, E40–46, E50–64, G00–04, G14, H65–66, J00–22,
N70–73, O00–99, P00–96, U04

A. Infectious and parasitic diseases A00–B99, G00–04, G14, N70–73, P37.3, P37.4
1 Tuberculosis A15–19, B90
3 HIV/AIDS B20–24

B. Respiratory infections H65–66, J00–22, P23, U04
1 Lower respiratory infections J09–22, P23, U04

II. Noncommunicable diseases
C00–97, D00–48, D55–64 (minus D64.9), D65–89, E03–07, E10–34, E65–88,
F01–99, G06–98 (minus G14), H00–61, H68–93, I00–99, J30–98, K00–92, L00–98,
M00–99, N00–64, N75–98, Q00–99, X41–42, X44, X45, R95

A. Malignant neoplasms C00–97
1 Mouth and oropharynx cancers C00–14

a. Lip and oral cavity C00–08
c. other pharyngeal cancers C09–10, C12–14

2 Oesophagus cancer C15
4 Colon and rectum cancers C18–21
5 Liver cancer C22
9 Breast cancer C50

19 Larynx cancer C32
C. Diabetes mellitus E10–14 (minus E10.2–10.29, E11.2–11.29, E12.2, E13.2–13.29, E14.2)
E. Mental and substance use disorders F04–99, G72.1, Q86.0, X41–42, X44, X45

4 Alcohol use disorders F10, G72.1, Q86.0, X45
F. Neurological conditions F01–03, G06–98 (minus G14, G72.1)

3 Epilepsy G40–41
H. Cardiovascular diseases I00–99

2 Hypertensive heart disease I10–15
3 Ischemic heart disease I20–25
4 Stroke I60–69

a. Ischemic stroke G45–46.8, I63–63.9, I65–66.9, I67.2–67.848, I69.3–69.4
b. Hemorrhagic stroke I60–62.9, I67.0–67.1, I69.0–69.298

5 Cardiomyopathy, myocarditis,
endocarditis I30–33, I38, I40, I42

J. Digestive diseases K20–92
2 Cirrhosis of the liver K70, K74
8 Pancreatitis K85–86

III. Injuries V01–Y89 (minus X41–42, X44, X45)
A. Unintentional injuries V01–X40, X43, X46–59, Y40–86, Y88, Y89

1 Road injury V01–04, V06, V09–80, V87, V89, V99
2 Poisonings X40, X43, X46–48, X49
3 Falls W00–19
4 Fire, heat and hot substances X00–19
5 Drowning W65–74
6 Exposure to mechanical forces W20–38, W40–43, W45, W46, W49–52, W75, W76
8 Other unintentional injuries Rest of V, W39, W44, W53–64, W77–99, X20–29, X50–59, Y40–86, Y88, Y89

B. Intentional injuries X60–Y09, Y35–36, Y870, Y871
1 Self-harm X60–84, Y870
2 Interpersonal violence X85–Y09, Y871

The dimensions of average volume of alcohol use and HED are not independent: all
people with chronic heavy drinking, such as many of those with alcohol use disorders
(but see [9,10]), engage in HED [11]. People who do not engage in chronic heavy drinking

30



Nutrients 2021, 13, 2652

can be separated in two categories: those who engage in HED and those who do not,
with different impacts on some disease and mortality outcomes [12]. For example, on
average, light drinking has been associated with cardio-protectivity compared to lifetime
abstention [13]; these effects disappear for light drinkers who also engage in HED [7].
Furthermore, the risk of unintentional injury depends on the blood alcohol concentration
and thus is highest in people who have engaged in a heavy drinking occasion prior to
sustaining their injury [5,6]. However, this dose–response relationship has been shown
to vary based on prior drinking experience. Thus, Gmel and colleagues [14] showed that
while people at all average drinking levels are at increased risk for alcohol-related injury,
those who normally drink lightly are at higher risk of injury compared to chronic heavy
drinkers after consuming the same quantity of alcohol. Similar results have been reported
in other studies [15].

It is important to know the exact dose–response relationships between alcohol use
and disease outcomes because alcohol control policy measures will in part depend on these
relationships [16]. For example, if most dose–response relationships are linear, population
measures to lower the population mean of alcohol use (=per capita consumption), such as
taxation increases or availability restrictions, are the most effective and appropriate mea-
sures (e.g., [17]). If the dose–response relationships are steep and exponential, measures for
heavy drinkers could potentially be the more effective and/or cost-effective strategy [16,18].
We will come back to these choices in the Discussion.

Given the numerous diseases which are causally related to alcohol consumption (see
Table 1 above), this contribution will systematically examine dose–response curves between
different average levels of alcohol use and disease outcomes with a focus on modification of
such curves by personal characteristics and/or the drinking context. Thus, this contribution
will explore the impact of heavy episodic drinking on dose–response curves, as well as if
these risks differ by factors such as sex, age, socio-economic status, genetic constitution,
and behavioural risk factors.

2. Materials and Methods

This paper is a narrative review of the relative risk (RR) functions between average
level of alcohol use and the occurrence of diseases and injuries [19], mainly based on
meta-analytically derived dose–response curves used for comparative risk assessments
(e.g., [8,20,21]). We used the meta-analyses reported by the latest WHO comparative risk
assessments and from the Global Burden of Disease Study as they are comprehensive,
evaluated by special committees, and continuously updated.

These dose–response curves usually compare the relative change in risk from a certain
level of average drinking against the risk of a lifetime abstainer (for the rationale, see [22]).
Lifetime abstention is selected as a comparison group, rather than abstention, as the people
constituting the latter group are comprised of lifetime abstainers and former drinkers,
and therefore have different risk levels (for further discussion, see [23,24]). In burden
calculations, the theoretical minimum risk exposure level for comparison, rather than
abstention, has traditionally been used (e.g., [21]) but, for the topic of this paper, this is not
relevant. Whenever possible, the relative-risk curves are sex-specific ([8,20]; for further
discussion, see below).

In risk factor epidemiology, in particular in comparative risk assessments, these dose–
response curves based on RR for different exposures are then applied to almost all countries,
taking into account the respective population distributions for drinking [25]. The only
exception is the Russian Federation and surrounding countries, where region-specific
dose–response curves are usually applied [26], because the same average level of drinking
has been found to be associated with higher risks of mortality and other harms [27]. This
procedure assumes that the dose–response curve is fairly stable, an assumption which will
be examined below.
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3. Results

3.1. Basic Typologies of Dose–Response Relationships

Threshold effects: Most risk curves can be described as continuous, but there is some
evidence for threshold effects related to alcohol use. Tuberculosis (TB) provides us with
an excellent example of this. In the original meta-analysis, Lönnroth and colleagues [28]
examined the relationship between different levels of alcohol consumption, and concluded
that all studies with alcohol use below a threshold of 40 g pure alcohol per day found no
significant relationship with incidence of active TB, whereas drinking above this threshold
resulted in about a three-fold higher risk. In this study, people with alcohol problems,
including use disorders, were classified as being above the threshold. A newer study on the
alcohol-TB dose–response relationship corroborated these results for people with alcohol
problems, but did not identify a threshold when they included only studies involving
individuals with an average volume of alcohol consumption [29]. In these studies, a dose–
response relationship was found, which can be explained by a monotonic increasing risk.
In the linear continuous meta-analysis which was identified as the best-fitting model, the
TB risk rose by about 2% per gram pure alcohol intake (95% CI: 0–3%), leading to the
following RR: at 25 g/day: 1.57 (95% CI: 1.10–2.23), at 50 g/day: 2.46 (95% CI: 1.21–4.98), at
75 g/day: 3.85 (95% CI: 1.33–11.11), and at 100 g/day: 6.03 (95% CI: 1.47–24.81).

In the current comparative risk analyses [8], there is only one threshold relationship
for the risk of HIV/AIDS. This model is not based on meta-analyses but on experimental
data, and the threshold of 48 g/day and 60 g/day is modelled based on reaching a minimal
blood alcohol level every day [2]. In sum, there is no good evidence for a real threshold
effect, but for one dose–response relationship, a conservative threshold was chosen. It was
recently decided that the risk for sexual transmitted diseases other than HIV/AIDS would
be modelled in the same manner in the next Global Status Report on Alcohol and Health
(based on [30]).

Monotonic dose–response relationships: Most dose–response relationships are mono-
tonic [11] if the comparisons are made with lifetime abstainers rather than with the com-
bined group of lifetime abstainers and former drinkers. This means that with increasing
average alcohol consumption, the risk for disease or mortality increases. In some instances,
a monotonic relationship means that the risk between levels of alcohol use and RR is best
modelled linearly, while in others there are exponential or flattening functions [11]. It
should be noted that as the RR functions are exponential, an exponential linear function
means that the underlying disease or mortality risk is exponential.

Exceptions seem to be ischemic disease and diabetes, which show curvilinear rela-
tionships, with light to moderate drinkers showing less risk than lifetime abstainers (for
details, see below).

Curvilinear dose–response relationships: A number of important disease and mortality
outcomes seem to show curvilinear relationships with the lowest risk at low to moderate
drinking levels: ischemic heart disease [7,13], ischemic stroke [31]; diabetes [32,33]. As for
ischemic disease, the protective effect seems to be mainly for acute outcomes, especially
acute myocardial infarction, and less so for chronic ischemic events [34]. The use of these
curvilinear dose–response relationships has received criticism, mainly because of their
underlying unclear comparison groups, resulting in either overestimating the protective
impact of alcohol or in artificially creating such an impact where there is in reality a
monotonous relationship (e.g., [35]). However, at least for ischemic disease categories,
there are plausible biological pathways for a protective effect from light to moderate
drinking [36,37], so the overall shape of the curve is likely curvilinear with some kind of
protective effect before the curve rises up again. However, the protective effect is likely
overestimated, especially if meta-analyses based on overall abstention is used; the more
former drinkers included, the higher the overestimation (for ischemic heart disease, a
meta-analysis estimated the RR of former drinkers for ischemic heart disease mortality;
1.25, 95% CI: 1.15–1.36; and 1.54, 95% CI: 1.17–2.03 for men and women, respectively [38]).
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Another controversial dose–response curve involves alcohol use and dementia. Most
reviews found a curvilinear relationship with a protective effect for light to moderate
drinking [39], even though heavy drinking is clearly detrimentally related to the incidence
of dementia, in particular early onset dementia [40].

A final consideration here concerns sex differences in curvilinear relationships: the
protective effect and the increase in risk after the nadir are more pronounced in women,
both for ischemic disease and diabetes (see risk curves in Appendix 1 of [8]). For more on
sex as a modifier, see Section 3.2.

3.2. Modifiers of Dose–Response Relationships

Sex: In all countries, men, on average, consume higher quantities of alcohol, and have
more heavy drinking occasions [41]. Accordingly, alcohol-attributable mortality or burden
of disease rates are higher in men [8,21]. However, the differences in health harms are
attenuated somewhat, as many RRs, especially for chronic diseases, are lower for men for
the same level of drinking. In the classical comparative risk assessment of English and
colleagues [42], a categorical approach was used with categories of <20 g/day, 20–40 g/day,
and >40 g/day for women, and <40 g/day, 40–60 g/day and >60g/day for men, and the
RRs were often estimated to be similar for the respective categories. Thus, in the analysis,
the RR for the first category of women with a midpoint of 10 g/day was the same as for
the first category of men with a midpoint of 30 g/day.

These early quantifications were corroborated by later meta-analyses, and for the
following conditions, higher RRs are currently seen for women: HIV, hypertensive heart
disease, ischemic heart disease, both stroke types, liver cirrhosis, and pancreatitis. For
instance, Figure 1 is based on the most recent comprehensive meta-analysis of Roerecke
and colleagues [43] and shows a much higher RR in women for liver cirrhosis at the same
level of drinking.

Figure 1. Relative risk for liver cirrhosis mortality as a function of mean alcohol consumption (based on [43]). RR: Relative
Risk; LC: liver cirrhosis; solid lines denote point estimates, dashed lines the 95% confidence intervals.
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It should be noted that the categorical analyses based on a larger number of studies
resulted in fewer exponential dose–response curves, but the women had higher risks for
the same amount of drinking. For instance, a consumption of 7 and more drinks per
day in women results in a RR of 24.6 (95% CI: 14.8–40.9), whereas the same amount of
average daily drinking in men was associated with a RR of 6.9 (95% CI: 1.1–45.0). These
differences are based on the fact that for dose–response relationships in the cohorts used in
medical epidemiology, there is often not a sufficient number of people included to estimate
dose–response curves for higher levels of average drinking, such as those seen in some
treatment samples (see Discussion below and [44]).

Before discussing other modifiers, it should be noted that, even now, more than
25 years after the first comparative risk assessment, there is still often not a sufficient
number of studies available to adequately separate risk curves between the sexes (see [8,20]
for an overview). Data scarcity is even more of a problem for other modifiers (see below
and the Discussion).

Age: There are biological and other reasons that dose–response curves for alcohol use
should change with age. However, the underlying literature is scarce. Ischemic disease
categories are an exception. Klatsky found an attenuation of risk based on age [45]. Based
on this, the dose–response curves for ischemic disease were modelled separately for three
age groups [46]. Figure 2 gives an example. As these curves also depend on the frequency
of HEDs (see above and [21]), different curves are provided. For people without any history
of HED, there are potential beneficial effects at up to 30 g/day average consumption, and
these effects are most pronounced in younger ages (see the curve in red versus the curves
in green or blue). For people with HED, the curve is flat until it reaches 30 g/day average
consumption (black line), with no beneficial or detrimental effects, irrespective of age. After
that threshold is reached, the curves are the same irrespective of any history of HED [46].

Figure 2. Relative risk for ischemic heart disease mortality as a function of mean alcohol consumption, heavy drinking
occasion status, and age for women assuming no heavy drinking occasions for light to moderate drinkers [46]. RR:
Relative Risk.
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Socioeconomic status and wealth (SES): Epidemiologic studies using a variety of indi-
cators for SES (education, income, professional status) have consistently shown that, for
the general population, morbidity and mortality risk increases as SES decreases [47–49].
Behavioural risk factors such as alcohol use and their social patterning have frequently
been proposed as factors mediating socioeconomic differences in health [50]. However,
there may also be an interaction between such risk factors and SES. Thus, there have been
some indications that the dose–response relationships are steeper at lower levels of SES.
For instance, the RR of alcohol consumption for those with HIV infections was consider-
ably higher for low SES compared to high SES [51]. In general, systematic reviews and
meta-analyses found some indication for an interaction between alcohol use and SES [52].
However, it is not clear if this interaction leading to more harm per litre of ethanol is due to
steeper risk curves or due to different drinking patterns or due to differences in reporting
(e.g., [53]). The steeper dose–response curves could be due to interactions with other risk
factors, such as smoking or BMI (see the discussion on the harm paradox [54]). Overall,
exploring this interaction and its possible underlying mechanisms should be a priority in
future research endeavours.

The same phenomena can be seen between countries: the harm per litre of alcohol
depends strongly on the economic wealth, or on the Human Development Index [55,56].
Analyses stratified by the Human Development Index reveal that a substantial part of
the variance for alcohol-attributable all-cause mortality stems from different causes of
death between countries. TB once again provides a good example, and has been called
the archetypical disease of poverty [57], as it is very much linked to crowding, and other
characteristics linked to economically poor environments [58]. Obviously, in rich countries,
alcohol consumption and it is effects on the immune system will not lead to TB that often,
as there are almost no people with active TB around to contract it from. Thus, the higher
risk for the same amount of alcohol can be explained by environmental variables, or
interactions with other risk factors, such as crowding. Shield and Rehm [55] provide the
list of diseases where various environmental factors play a large role: infectious diseases in
general (i.e., all sexually transmitted diseases, including HIV/AIDS, pneumonia) but also
liver cirrhosis (via the interaction with hepatitis B and C [59]), and road injuries show the
biggest differences in standardized mortality after consuming one litre of pure ethanol.

Genetic constitution: Variants of three genes encoding alcohol-metabolizing enzymes,
the aldehyde dehydrogenase gene ALDH2, and the two alcohol dehydrogenase genes,
ADH1B and ADH1C, have been associated with different risks for some alcohol-attributable
diseases. These variants are more prevalent in Japanese, Chinese, and other Asian popula-
tions [60]. Differences in the dose–response curves can be found in disease outcomes for
which acetaldehyde plays a role (flushing, most alcohol-attributable cancers [61]) and are
especially pronounced for oesophageal cancer [62], where acetaldehyde is one of the most
important underlying causal pathways [61,63,64].

4. Discussion

Before we discuss the findings in detail, we want to point out the limitations. Any
review is limited by the quality of its underlying literature. In this case, there are four main
limitations: First and foremost, the dose–response relationship for levels of alcohol use
depends to a considerable degree on the comparison group. Using the non-drinking group
for comparison, i.e., not separating between lifetime abstainers and former drinkers will
often lead to more pronounced curvilinear relationships which falsely indicate a beneficial
impact at light to moderate levels of drinking for conditions where such benefits do not exist.
The reason here is due to the inclusion of the so-called ‘sick quitters’, defined as people
who stopped drinking because of health problems [65]. This does not imply that there are
no curvilinear relationships between the level of alcohol use and disease and mortality
outcomes: as indicated above, there are known biological pathways for the beneficial
effects of light to moderate drinking on ischemic disease [36,66,67]. However, the ubiquity
of reports on the beneficial health effects from light to moderate drinking [68,69] is mainly
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due to this effect. Second, most of the risk curves are based on verbal reports of drinkers
regarding their consumption levels, thus potentially introducing some biases [44,70,71].
Even seemingly simple questions such as those regarding lifetime abstention may introduce
some biases [23]: in a nationally representative US survey with follow-up, more than half
(52.9%) of those who reported never having consumed any kind of alcoholic beverage in the
1992 survey had, in fact, reported drinking in previous surveys. Third, most meta-analyses
are based on a one-time measurement of alcohol only, with some follow-ups decades
later [44]. This assumes that this one-time measurement captures the level of drinking
before and after the measurement, and certainly creates regression dilution bias [72] (i.e.,
underestimation of the true relationship). Finally, in many cases risk curves are based
on a few studies from similar cultures. This certainly introduces bias, and also limits the
generalizability of our knowledge with respect to groups, defined by sex, age, or other
modifiers. Moreover, many of the medical cohorts were selected for their likelihood of
returning for follow-up, thus restricting groups with chronic heavy drinking patterns, such
as people with alcohol use disorders [73]. For risk curves, this means that the slopes found
within the variability of drinking of stable middle-class respondents are simply projected
onto slopes for more extreme drinking, where risk acceleration may plateau. This may also
create bias, especially for exponentially increasing slopes, and capping the relative risk at
values where we have sufficient underlying observations for alcohol exposure may be the
answer [74]. Alternatively, RR may be capped at the average risk level for people with
alcohol use disorders.

While the above limitations point to the need for more studies to fill in the research
gaps, the existing research clearly indicates several implications for alcohol policies, in-
cluding guidelines: First, as most dose–response curves are monotonous, the lower the
level of alcohol consumption overall, the better. While ischemic diseases and diabetes
may constitute exceptions, even based on current meta-analyses, it seems clear that less
consumption is better (i.e., between 10 and 20 g/day [34,75]), and the risk is sex-specific.
This means that most current low-risk drinking guidelines have thresholds which are too
high [75]. Second, as many of the dose–response curves are exponential, risk reduction is
greater for heavier drinkers compared to moderate drinkers, if both reduce their drinking
by the same number of drinks per day [18]. Empirical evidence suggests that this is best
achieved by moving the overall population mean downwards [56,76].

5. Conclusions

Dose–response relationships are crucial for determining the best medical recommen-
dations (such as low-risk drinking guidelines; [77]) and for creating effective alcohol
control policy measures. More research is necessary to better understand their variability
and determinants.
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Abstract: Approximately 4% of cancers worldwide are caused by alcohol consumption. Drinking
alcohol increases the risk of several cancer types, including cancers of the upper aerodigestive tract,
liver, colorectum, and breast. In this review, we summarise the epidemiological evidence on alcohol
and cancer risk and the mechanistic evidence of alcohol-mediated carcinogenesis. There are several
mechanistic pathways by which the consumption of alcohol, as ethanol, is known to cause cancer,
though some are still not fully understood. Ethanol’s metabolite acetaldehyde can cause DNA
damage and block DNA synthesis and repair, whilst both ethanol and acetaldehyde can disrupt DNA
methylation. Ethanol can also induce inflammation and oxidative stress leading to lipid peroxidation
and further DNA damage. One-carbon metabolism and folate levels are also impaired by ethanol.
Other known mechanisms are discussed. Further understanding of the carcinogenic properties of
alcohol and its metabolites will inform future research, but there is already a need for comprehensive
alcohol control and cancer prevention strategies to reduce the burden of cancer attributable to alcohol.

Keywords: alcohol; acetaldehyde; oxidative stress; inflammation; one carbon metabolism; lipid
metabolism; DNA damage; cancer; carcinogenesis

1. Introduction

Approximately 4% of cancers worldwide are caused by alcohol consumption, equating
to more than 740,000 cases of cancer globally in 2020 [1]. The impact of alcohol consumption
on cancer burden differs by cancer type, and cancers of the oesophagus, liver, and breast
represent the most alcohol-attributable cases of cancer globally (Figure 1). Drinking alcohol
even at lower levels of intake can increase the risk of cancer and we previously estimated
that over 100,000 cases of cancer in 2020 were caused by light and moderate drinking of
the equivalent of around one or two alcoholic drinks per day [1]. Despite this, there is low
public awareness of the causal link between alcohol and cancer and alcohol use is growing
in several regions of the world [2,3].

More than 30 years ago, in 1988, the International Agency for Research on Cancer
(IARC) classified alcoholic beverages as a group 1 carcinogen, the most severe classifica-
tion [4]. The IARC Monographs program aims to classify cancerous agents according to the
strength of the available epidemiological and experimental evidence. Cancers of the oral
cavity, pharynx, larynx, oesophagus, and liver were first classified as being causally related
to the consumption of alcoholic beverages, and this was expanded to include cancers of
the colorectum and female breast in the later monographs on alcoholic beverages in 2010
and 2012, with a positive association observed for cancer of the pancreas [5,6].

The World Cancer Research Fund (WCRF) also conducts classification of physical and
dietary components and their potential cancerous effects as part of their Continuous Update
Project. The WCRF base their conclusions on the quality of epidemiological evidence and
carry out meta-analyses of the association with cancer risk. In the most recent report on Diet,
Nutrition, Physical Activity and Cancer, WCRF concluded that there was strong evidence
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that alcohol consumption increased the risk of cancers of the mouth, pharynx and larynx,
oesophagus (squamous cell carcinoma), liver, colorectum, and breast (postmenopausal),
with a probable increased risk of stomach cancer and premenopausal breast cancer [7].

Figure 1. Global number and proportion of cancer cases attributable to alcohol consumption according to cancer type.
Source of alcohol-attributable cases: Rumgay and colleagues [1].

In addition to associations from epidemiological studies, multiple mechanistic path-
ways through which alcohol can cause cancer have been proposed. In this review, we aim
to summarise the epidemiological evidence on alcohol and cancer risk and the mechanis-
tic evidence of alcohol-driven carcinogenesis. We searched the PubMed and Cochrane
databases for reviews, umbrella reviews, meta-analyses, and Mendelian randomisation
studies on total alcohol use and cancer risk and mechanisms of alcohol-related carcino-
genesis published up until June 2021. We also searched the WCRF’s Continuous Update
Project reports for meta-analyses on alcohol consumption and cancer risk.

2. Alcohol and Cancer Risk

The effects of alcohol consumption on cancer risk have been studied for many decades
and an association with alcohol has been observed for multiple cancer sites. Here, we
discuss evidence from large meta-analyses of observational studies and emerging evi-
dence from Mendelian randomisation studies. Figures 2 and 3 present the dose-response
relationships for the risk of cancer at several sites per 10 g/day increase in alcohol con-
sumption from the meta-analyses carried out in the WCRF Continuous Update Project [7],
and the risk of cancer at several sites according to three levels of alcohol intake [light (up
to 12.5 g/day), moderate (12.5 to 50 g/day), and heavy (more than 50 g/day)] from a
meta-analysis conducted by Bagnardi and colleagues [8], both with respect to the reference
category of alcohol non-drinkers.
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Figure 2. The dose-response relationship for the risk of cancer at different sites per 10 g/day increase in alcohol consumption.
Source of relative risk estimates: WCRF Continuous Update Project [7]. RR = Relative risk; CI = Confidence interval. *
Non-linear dose-response observed indicating threshold effect.

 

Figure 3. The dose-response relationship for the risk of cancer at different sites by three level of alcohol intake: light (up to
12.5 g/day), moderate (12.5 to 50 g/day), and heavy (more than 50 g/day). Source of relative risk estimates: Bagnardi and
colleagues [8]. RR = Relative risk; CI = Confidence interval.

2.1. Oral Cavity Pharyngeal and Laryngeal Cancers

Drinking alcohol increases the risk of cancers of the upper aerodigestive tract. Con-
sumption of 10 g alcohol per day was associated with a 15% increased risk of oral cavity
cancer (RR 1.15 (95% CI 1.09–1.22)) in the most recent WCRF Continuous Update Project [7].
Pharyngeal cancer risk was also increased (RR 1.13 (95% CI 1.05–1.21) per 10 g alcohol per
day) [7]. In Bagnardi and colleagues’ meta-analysis the RR of cancer of the oral cavity and
pharynx was increased from 1.13 (95% CI 1.00–1.26) for current light drinking (up to 12.5 g
alcohol per day) to 5.13 (95% CI 4.31–6.10) for heavy drinking (more than 50 g per day) [8].
Cancers of the larynx were also observed to have an increased RR (1.09 (95% CI 1.05–1.13)
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per 10 g alcohol per day) in the WCRF meta-analysis [7]. Bagnardi and colleagues found
significant increases in laryngeal cancer risk only in moderate and heavy drinking, with
RRs of 1.44 (95% CI 1.25–1.66) and 2.65 (95% CI 2.19–3.19), respectively [8].

2.2. Oesophageal Cancer

Drinking alcohol increases the risk of squamous cell carcinoma of the oesophagus
which is the most common histological subtype of oesophageal cancer globally, and con-
tributed the most cases of cancer in 2020 attributable to alcohol (189,700 cases) [1,9]. An
excess risk of oesophageal squamous cell carcinoma was found in the WCRF Continuous
Update Project (RR 1.25 [95% CI 1.12–1.41] per 10 g alcohol per day) [7], and in Bagnardi
and colleagues’ meta-analysis, the pooled RR estimates for light and heavy drinking were
1.26 (95% CI 1.06–1.50) and 4.95 (95% CI 3.86–6.34), respectively [8]. There were differences
in risk between geographic locations in both meta-analyses, with higher oesophageal squa-
mous cell carcinoma risk among drinkers in studies conducted in Asia than those in North
America or Europe. This observation possibly reflects the elevated risk of oesophageal
squamous cell carcinoma among carriers of the ALDH2*2 polymorphism of the gene that
codes the enzyme aldehyde dehydrogenase 2 (ALDH2) [10]. The ALDH2*2 variant allele is
more common in Eastern Asian populations and confers nearly four times the risk of oe-
sophageal cancer among drinkers compared with ALDH2*1 carriers [10]. For oesophageal
adenocarcinoma, the second most common histological subtype of oesophageal cancer, no
increased risk was observed in the WCRF meta-analysis (RR 1.00 (95% CI 0.98–1.02) per
10 g per day) but an inverse association was found for oesophageal adenocarcinoma and
gastric cardia cancer among light drinkers in the meta-analysis by Bagnardi and colleagues
(RR 0.86 (95% CI 0.76–0.98)) [7,8].

Cancers of the upper aerodigestive tract can also be characterised as having a more
than multiplicative increased risk when alcohol and tobacco are consumed together. This
synergistic effect has been observed in several studies; for example a pooled analysis of
11,200 head and neck cancer cases and 16,200 controls found a 14 times risk of head and
neck cancers among those who drank at least three alcoholic drinks per day and smoked
more than 20 cigarettes per day, compared with never drinkers who had never smoked [11].
For oesophageal squamous cell carcinoma, a cohort study in the Netherlands observed an
eight times risk among current smokers who drank 15 g alcohol or more per day, compared
with never smokers who consumed less than 5 g alcohol per day [12].

2.3. Colorectal Cancer

The meta-analysis conducted by WCRF found a 7% increased risk of colorectal cancer
(RR 1.07 (95% CI 1.05–1.08)) per 10 g alcohol per day [7]. WCRF also found some evidence
of a threshold effect around 20 g per day with a weaker association at lower intake levels [7].
The meta-analysis by Bagnardi and colleagues did not find an effect of alcohol on colorectal
cancer risk among light drinkers, but the RR increased to 1.17 (95% CI 1.11–1.24) for
moderate drinking, and 1.44 (95% CI 1.25–1.65) for heavy drinking [8]. Differences between
subsites were minimal, with the risk of colon cancer (RR 1.07 95% CI 1.05–1.09) similar
to rectal cancer (RR 1.08 95% CI 1.07–1.10) [7]. Alcohol might also increase the risk of
precancerous lesions in the colon, with a meta-analysis reporting a 27% increased risk of
colorectal adenoma (RR 1.27 (95% CI 1.17–1.37)) per 25 g alcohol per day [13].

2.4. Liver Cancer

The most common histological subtype of liver cancer is hepatocellular carcinoma
(HCC) and around 154,700 cases of HCC in 2020 were attributable to alcohol consump-
tion [1]. When restricted to HCC only, meta-analysis of WCRF sources resulted in a 14%
increased risk of HCC (RR 1.14 (95% CI 1.04–1.25)) per 10 g alcohol per day [7]. However, a
possible threshold effect was observed in the non-linear dose-response analysis by WCRF,
where less than 45 g alcohol per day did not significantly increase the risk of liver cancer.
This was similar to the findings of Bagnardi and colleagues where light or moderate drink-
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ing did not significantly increase liver cancer risk but risk among heavy drinkers doubled
(RR 2.07 (95% CI 1.66–2.58)) [8].

2.5. Breast Cancer

Female breast cancer is the most commonly diagnosed cancer globally and contributed
the third largest number of alcohol-attributable cases in 2020 (98,300 cases) [1,14]. The
WCRF found a 7% increased risk of breast cancer per 10 g alcohol per day (95% CI 1.05–
1.09) [7]. Whether there is a difference in breast cancer risk by menopausal status is unclear,
as risk of postmenopausal breast cancer overlapped with that of premenopausal breast
cancer in the WCRF meta-analysis (RR 1.09 (95% CI 1.07–1.12) versus RR 1.05 (95% CI 1.02–
1.08), respectively, per 10 g alcohol per day). It does, however, seem that risk of breast cancer
among drinkers might be specific to hormone receptor status; the WCRF meta-analysis
of postmenopausal women observed an excess risk of oestrogen-receptor-positive and
progesterone receptor-positive (ER+PR+) tumours (RR 1.06 (95% CI 1.03–1.09)) and ER+PR–

tumours (RR 1.12 (95% CI 1.01–1.24)) per 10 g alcohol per day, and no significant association
was observed for ER–PR– tumours (RR 1.02 95% CI 0.98–1.06) [7]. In a meta-analysis by
Sun and colleagues, current drinkers had an increased risk of all hormone receptor status
breast tumours compared with never drinkers, but RRs were higher for ER+PR+ tumours
(RR 1.40 95% CI 1.30–1.51) and ER+PR– tumours (RR 1.39 95% CI 1.12–1.71) than ER–PR–

tumours (RR 1.21 95% CI 1.02–1.43) [15].

2.6. Stomach Cancer

Alcohol consumption might increase the risk of stomach cancer. The linear dose-
response meta-analysis by WCRF resulted in a non-significant RR of 1.02 (95% CI 1.00–1.04)
per 10 g alcohol per day, but the non-linear dose-response analysis found an increase
in stomach cancer risk for intakes over 45 g alcohol per day [7]. The meta-analysis by
Bagnardi and colleagues observed a 21% increased risk in heavy drinking (RR 1.21 95% CI
1.07–1.36), and no significant increase in light or moderate drinking categories [8].

2.7. Pancreatic Cancer

The meta-analysis by WCRF did not find an increased risk of pancreatic cancer per
10 g alcohol per day (RR 1.00 (95% CI 0.99–1.01)) but there was a possible threshold effect
of increased risk for intakes of around 60 g per day (RR 1.17 (95% CI 1.05–1.29)) [7]. This
was a similar finding to the meta-analysis by Bagnardi and colleagues which found no
increased risk at light or moderate drinking but a significant RR of 1.19 (95% 1.11–1.28) for
heavy drinking [8].

2.8. Other Cancer Types

The association between alcohol drinking and risk of other cancer types has been stud-
ied but without sufficient evidence to be classified in the IARC monographs or WCRF Con-
tinuous Update Project. Positive associations have been reported in some meta-analyses;
for example, a 3% increase in lung cancer risk was observed per 10 g alcohol per day in
the WCRF meta-analysis based on 28 studies (RR 1.03 (95% CI 1.01–1.04)) after excluding
studies which did not control for smoking [7]. A positive association with lung cancer
was only found for heavy drinkers in Bagnardi and colleagues’ meta-analysis, but this
was probably due to residual confounding from smoking because alcohol use did not
increase the risk of lung cancer among non-smokers [8]. Little evidence of an association
between alcohol consumption and gallbladder cancer was found in the WCRF Continuous
Update Project, but Bagnardi and colleagues found an excess risk of gallbladder cancer
among heavy drinkers (RR 2.64 (95% CI 1.62–4.30)). WCRF found an elevated risk of
malignant melanoma per 10 g alcohol per day (RR 1.08 (95% CI 1.03–1.13)), but no effect
on basal cell carcinoma (RR 1.04 (95% CI 0.99–1.10)) or squamous cell carcinoma (RR 1.03
(95% CI 0.97–1.09)) risk [7]. An increased risk of prostate cancer was observed for light and
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moderate drinking in Bagnardi and colleagues’ meta-analysis but not in the dose-response
analysis of one drink per day by WCRF [7,8].

WCRF found an inverse association between alcohol consumption and kidney cancer
risk (RR 0.92 (95% CI 0.86–0.97) per 10 g per day) [7]. However, this association was
restricted to light and moderate drinking in Bagnardi and colleagues’ meta-analysis (RR
0.92 (95% CI 0.86–0.99) and 0.79 (95% CI 0.72–0.86), respectively) [8]. The same meta-
analysis also found significant inverse associations for the risk of thyroid cancer, Hodgkin
lymphoma and non-Hodgkin lymphoma [8].

2.9. Confirming the Causal Relation Reported in Observational Studies

Many observational studies have been conducted to identify and define the risks from
drinking alcohol and cancer development. Some limitations in these studies have been
identified, such as lack of sufficient adjustment of confounding factors, for example tobacco
smoking and alcohol consumption are both common risk factors for oral cavity cancer.
There are also concerns around reverse causality, with the reference categories of alcohol
non-drinkers possibly including former drinkers who still have an elevated risk of cancer.
There are other concerns over the accuracy of recording of alcohol exposure data where
bias may be incorporated through non-participation of heavy drinkers in health studies,
and under-reporting of alcohol consumption by the study subjects.

One method which might overcome some of the limitations in observational studies
is Mendelian randomisation (MR), which uses genetic variants to explore the causal rela-
tionship between exposure and disease outcome. Assuming that analyses are conducted
appropriately, due to the random distribution of these genetic variants at birth, MR studies
should be less prone to conventional confounding and reverse causality.

For oral and oropharyngeal cancer, an MR study using genetic data on 6000 oral or
oropharyngeal cancer cases and 6600 controls found a positive causal effect of alcohol
consumption independent of smoking [16]. The authors concluded that previous estimates
of the association between alcohol and oral and oropharyngeal cancer from observational
studies may have been underestimated [16]. Another MR study on UK Biobank data found
that drinking alcohol, especially above the UK’s low-risk guideline of up to 14 units per
week, was causally related with head and neck cancers, but not breast cancer [17]. A further
updated MR study using UK Biobank data did not find an association between alcohol
exposure and cancer of any site, though they noted limitations of a lack of precision in their
analyses due to low variance explained by the single nucleotide polymorphisms [18]. An
MR analysis by Ong and colleagues found no significant increase in breast cancer risk per
genetically predicted drink per day (odds ratio 1.00 (95% CI 0.93–1.08)) [19].

The future potential of MR studies is yet to be discovered but disclosing potential
sources of biases and confounding in observational studies is necessary to obtain robust
estimates of the causal relationship between alcohol consumption and cancer risk.

3. Mechanisms of Alcohol-Driven Carcinogenesis

Following epidemiological evidence of the link between alcohol use and risk of cancer
at multiple sites, several pathways have been investigated to explain the carcinogenic
effects of alcohol. Here, we discuss the key mechanisms linking alcohol consumption to
carcinogenesis, which are depicted in Figure 4.

3.1. Production of Acetaldehyde

Once consumed, alcohol is metabolised by enzymes including alcohol dehydroge-
nase (ADH), cytochrome P-450 2E1 (CYP2E1) and bacterial catalase, producing acetalde-
hyde [20]. Acetaldehyde is highly reactive towards DNA and has several carcinogenic and
genotoxic properties.

As it is highly reactive towards DNA, acetaldehyde may bind to DNA to form DNA
adducts which alter its physical shape and potentially block DNA synthesis and repair [21].
These DNA adducts are particularly genotoxic as they can induce DNA point mutations,
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double-strand breaks, sister chromatid exchanges, and structural changes to chromo-
somes [21,22]. The DNA adducts in question include N2-ethylidene-2′-deoxyguanosine,
N2-ethyl-2′-deoxyguanosine, N2-propano-2′-deoxyguanosine (PdG), and N2-etheno-2′-
deoxyguanosine [23]. The PdG adduct may form additional highly genotoxic structures
such as DNA-protein cross-links and DNA interstrand cross-links which may confer car-
cinogenesis [24]. As well as DNA-protein cross-links, acetaldehyde may also bind to
proteins directly causing structural and functional changes [21]; these proteins include
glutathione, a protein involved in reducing oxidative stress caused by alcohol, and enzymes
which contribute to DNA repair and methylation, among others.

Figure 4. A simplification of the pathways by which alcohol, as ethanol, might drive carcinogenesis. The enzymes alcohol
dehydrogenase (ADH), cytochrome P-450 2E1 (CYP2E1), and catalase metabolise ethanol to acetaldehyde; acetaldehyde
dehydrogenase (ALDH) enzymes then metabolise acetaldehyde to acetate but common polymorphisms can reduce ALDH
activity. Acetaldehyde forms DNA adducts causing mutations and blocking DNA synthesis and repair. Both ethanol
and acetaldehyde can disrupt DNA methylation by inhibiting S-adenosyl-L-methionine (SAMe) synthesis and DNA
methyltransferase (DNMT) activity, and ethanol can impair one-carbon metabolism. Cytochrome P-450 2E1 (CYP2E1)
activity produces reactive oxygen species (ROS) leading to lipid peroxidation, metastasis, angiogenesis, and further
formation of DNA adducts. Ethanol can also induce inflammation leading to production of ROS and their downstream
effects. Retinoid metabolism and the normal function of the immune system are both impaired by ethanol, while ethanol
may lead to increases in sex hormone levels, as well as dysbiosis of the microbiome and liver cirrhosis.

Both acetaldehyde and ethanol can impact DNA methylation which may lead to
changes in the expression of oncogenes and tumour-suppressor genes [21]. Acetaldehyde
can inhibit the activity of DNA methyltransferase (DNMT) which is essential for normal
DNA methylation; acetaldehyde can also reduce DNMT mRNA levels leading to less
production of DNMT [25]. Acetaldehyde and ethanol may also inhibit the synthesis of
S-adenosyl-L-methionine (SAMe) which is essential to DNA methylation [21].

Acetaldehyde is not the end-product of ethanol metabolism, however, as under normal
conditions, acetaldehyde dehydrogenase (ALDH) enzymes convert acetaldehyde to acetate.
The group of ALDH enzymes contains ALDH1A1, ALDH2, and ALDH1B1, with ALDH2
being responsible for the majority of acetaldehyde oxidation in the liver. A common
polymorphism of this enzyme is the ALDH2*2 variant allele which dramatically reduces the
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activity of ALDH2 [10]. It is estimated that between 28% and 45% of East-Asian populations
are carriers of the ALDH2*2 allele [10], while the proportion is considerably lower among
Caucasians. In carriers of this polymorphism, acetaldehyde is not metabolised quickly
enough, leading to an accumulation of acetaldehyde and thus the prolonged possibility to
exert its described genotoxic effects. Evidence shows that alcohol drinkers who carry the
ALDH2*2 variant allele have a substantially increased risk of cancers of the oesophagus
and the upper aerodigestive tract [10], thus implicating the effects of acetaldehyde not only
in the liver.

3.2. Induction of Oxidative Stress

Ethanol can also contribute to carcinogenesis through the induction of oxidative stress
which is recognised as a key determinant of disease initiation [26]. Oxidative stress can
be induced by activation of certain pathways which produce reactive oxygen species
(ROS) such as superoxide anion and hydrogen peroxide. One pathway by which ethanol
achieves this is through increased CYP2E1 activity which produces high quantities of
ROS whilst oxidising ethanol to acetaldehyde [27]. Heavy alcohol use has been shown to
increase CYP2E1 expression in the oesophagus [27]. Other sources of ROS during ethanol
metabolism include the mitochondrial respiratory chain and some cytosolic enzymes [28].

As ROS are highly reactive, their presence can lead to lipid peroxidation producing
aldehydes which can bind to DNA forming etheno-DNA adducts [29,30]. These ethe-DNA
adducts, namely 1,N6-ethenodeoxyadenosine and 3,N4-ethenodeoxycytidine, are highly
mutagenic as they lead to mutations in several genes involved in key cell cycle regulation
and tumour suppression [21]. Linhart and colleagues were able to demonstrate correlation
between the amount of CYP2E1 and etheno-DNA adducts in cell, animal, and human
tissue models, and highlighted their major importance in ethanol-mediated carcinogenesis
in the liver, colorectum, and oesophagus, as well as other tissues [30].

Presence of ROS can also lead to changes in cell cycle behaviour. ROS can act as
messengers in intracellular signalling pathways to activate the transcription factor nuclear
factor κB (NF-κB). ROS can further promote cell proliferation and metastasis by interfering
with mitogen-activated protein kinase signalling pathways and upregulating vascular
endothelial growth factor (VEGF) and monocyte chemotactic protein-1 (MCP-1) which
can stimulate angiogenesis [31]. In HCC tissue samples from alcohol drinkers, ROS accu-
mulation and increased synthesis of VEGF, MCP-1 and NF-κB were observed, indicating
alcohol-driven promotion and progression of HCC [32].

3.3. Increased Inflammation

Inflammation is a key pathway to cancer progression at several sites and is enhanced
by alcohol use. Chronic alcohol consumption can recruit specific white blood cells (mono-
cytes and macrophages) to the tumour microenvironment. These white blood cells produce
pro-inflammatory cytokines, such as tumour necrosis factor α (TNF-α) and the interleukins
IL-1, IL-6, and IL-8 [31,33], which activate oxidant-generating enzymes leading to down-
stream formation of ROS [30]. NF-κB is also activated by these cytokines, stimulating
further ROS-producing enzymes.

In addition to its involvement in downstream ROS-producing pathways, it is hy-
pothesised that IL-8 contributes to further accumulation of white blood cells (neutrophils,
specifically) in the liver leading to acute inflammation. Elevated IL-8 levels have been
found in patients with acute liver injury such as alcoholic hepatitis [34]. Additionally, the
cytokine IL-6 stimulates production of the anti-apoptotic protein Mcl-1, thus avoiding cell
death and exposing the cell to further DNA damage [35].

3.4. Disruption to One-Carbon Metabolism and Folate Absorption

There is mounting evidence that alcohol can negatively affect one-carbon metabolism
which is essential for DNA methylation and DNA synthesis [25]. Ethanol and acetaldehyde
can reduce the activity of enzymes involved in one-carbon metabolism that regulate DNA
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methylation, namely methionine synthase, methionine adenosyl transferase and DNMT,
thus dysregulating epigenetic patterns and resulting in DNA hypomethylation [20].

Lipotropic nutrients such as folate are key sources of the methyl groups necessary for
DNA methylation and influence the availability of SAMe, which is also essential to DNA
methylation [25]. Alcohol intake may deplete folate levels, or indeed be a cause of folate and
B vitamin deficiency if alcohol constitutes the majority of calories consumed, as observed
in malnourished alcoholics [21,26]. Folate deficiency affects the availability of nucleotides
needed for DNA synthesis leading to accumulation of deoxyuridine monophosphate which
is incorporated into new DNA molecules causing double-strand breaks and chromosomal
damage [25]. Interestingly, there is evidence that higher folate intake among alcohol
drinkers may attenuate the increased risk of liver cancer mortality compared with those
with low folate intake [36]. This attenuation was also observed for risk of postmenopausal
breast cancer among women who drink alcohol and have higher folate levels [37]. The
effect of alcohol on one-carbon metabolism and folate might also be important in colorectal
cancer development [20].

3.5. Altered Retinoid Metabolism

Retinoids are important regulators against carcinogenesis as they can induce cell
growth, cell differentiation, and apoptosis [31]. Alcohol can alter retinoid metabolism by
inhibiting the oxidation of vitamin A to retinoic acid [21]. Alcohol increases CYP2E1 activity
(Section 3.2) which also functions to metabolise retinoic acid resulting in the production of
toxic metabolites [21]. This increased toxicity of retinoids may explain the observation of
excess lung cancer risk in smokers who took β-carotene supplements and consumed 11 g
or more of ethanol per day in the α-tocopherol, β-carotene cancer prevention study (ATBC
trial) study [21].

Chronic alcohol consumption has been linked with decreased levels of retinoids in
the liver [21], and low levels of retinol in the blood have been linked with higher risk of
head and neck cancers [31]. Retinoids may also play a role in other signalling pathways
implicated in cancer development, such as oestrogen and breast cancer [31].

3.6. Changes to Oestrogen Regulation

Alcohol might interfere with oestrogen pathways by increasing hormone levels and
enhancing the activity of ERs, important in breast carcinogenesis [38]. Sex hormone levels
may be increased by alcohol through oxidative stress and through inhibition of the steroid
degradation enzymes sulfotransferase and 2-hydroxylase [39]. Heavy use of alcohol has
also been linked with increased circulating levels of oestrone and oestradiol as well as
dehydroepiandrosterone sulphate (DHEAS) [39]. DHEAS is metabolised to oestrogen by
aromatase, the activity of which is also increased in chronic alcohol consumers [40]. A
large cohort study found DHEAS levels 25% higher among women consuming at least
20 g alcohol per day compared with non-drinkers [41]. However, some of the associations
among alcohol drinking premenopausal women were limited to those taking oral contra-
ceptives [40]. Despite limited evidence of mediation of the association between alcohol
and breast cancer by individual sex hormones, a case-control study nested within EPIC
found that a hormonal signature reflecting lower levels of sex-hormone binding globulin
and higher levels of sex hormones mediated 24% of the association, suggesting that an
interplay of hormones may contribute to alcohol-mediated breast cancer development [42].

ERs are important transcription factors within cells and may provide the main path-
way by which alcohol promotes breast tumour growth [40]. Elevated concentrations of
oestrogen due to alcohol use may lead to increased transcriptional activity of ER (up to
15 times higher than normal activity), resulting in proliferation of ER+ cells [39].

3.7. Reduced Function of the Immune System

Alcohol has multiple negative effects on the host immune system. Firstly, alcohol can
disrupt the production of proteins such as perforin and granzymes A and B, which are
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necessary for natural killer (NK) cells to function in targeting and destroying potentially
cancerous cells [33]. Alcohol can block NK cells from being released from the bone mar-
row [31]. Alcohol can also activate NKT cells which are associated with liver injury and
hepatocyte apoptosis [33]. Additionally, alcohol may suppress T cell immune responses
therefore decreasing the anti-tumour regulation of the immune system.

With the immune system being compromised, alcohol consumption can exacerbate
damage from viral infections such as hepatitis C virus, which is common among chronic
alcoholic liver disease patients [43]. In addition, heavy episodic alcohol use might re-
duce the immune system’s defence against infection by disrupting the production of pro-
inflammatory cytokines and increasing the expression of anti-inflammatory cytokines [33].
This is contrary to the increased expression of pro-inflammatory cytokines due to chronic
alcohol exposure as discussed with other evidence on alcohol-induced inflammation
(Section 3.3).

3.8. Dysbiosis of the Microbiome

Microbiota in the oral cavity metabolise ethanol to acetaldehyde by the enzyme
catalase. However, these bacteria have limited capacity to break acetaldehyde down
further into its non-harmful compound acetate, thus the oral epithelia are further exposed
to acetaldehyde [21,44]. Acetaldehyde concentrations in the saliva of drinkers are between
10 and 100 times higher than in the blood; this is further doubled in smokers who drink
alcohol as tobacco smoke contains high levels of acetaldehyde [21].

Increased ethanol consumption can induce microbial dysbiosis and bacterial over-
growth in the intestine [20]. This heightened bacterial presence may compromise the
intestinal barrier resulting in ”gut leakiness” where the permeability of the intestinal
lumen is high enough such that bacterial products including lipopolysaccharides and
peptidoglycan move from the intestine into the blood [20,45]. Once in the blood these
bacterial products easily reach the liver where a variety of cells are activated (endothelial
cells, liver macrophages, stellate cells and hepatocytes) producing a chronic inflammatory
environment [33], which may confer an increased risk of liver cancer [46].

3.9. Liver Cirrhosis

Liver cirrhosis is a well-recognised pathway to hepatocellular carcinoma development
in heavy alcohol users and manifests as pre-neoplastic lesions in the liver [47]. Chronic
alcohol exposure is associated with reduced expression of the cytokine interferon-γ which is
an inhibitor of liver fibrosis [33]. Furthermore, ROS (Section 3.2) may trigger the production
of pro-fibrotic cytokines and collagen in liver cells [28].

3.10. Activation of Other Carcinogens

There is further hypothesis that alcohol consumption might activate the pathways of
other carcinogenic agents; this could occur through the alcohol-induced activity of CYP2E1
which may metabolise pro-carcinogens in tobacco smoke and industrial chemicals [21]. It
is also possible that ethanol might aid these carcinogens to penetrate cells, especially those
of the mucosa of the upper aerodigestive tract [21,48], where tobacco and alcohol have a
synergistic effect on the risk of cancer [11,12].

4. Conclusions

Alcohol and its metabolite acetaldehyde can drive cancer development through several
pathways. Many of these pathways are interlinked and show the complexity and breadth
of alcohol’s harmful potential. For example, inflammation can result in oxidative stress, but
inflammation is a reaction by the immune system which is itself compromised by alcohol
use. Furthermore, DNA damage can occur through exposure to acetaldehyde and ROS
which are both produced through CYP2E1 activity, with acetaldehyde also a product of
ADH activity. Other potential pathways have been proposed including the dysregulation
of carnitine metabolism [49]. We have only covered carcinogenesis in this review, but
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alcohol likely alters, through these pathways and others, other functions in the body which
render it more susceptible to other diseases and injuries, as discussed in other articles in
this Special Issue.

Alcohol consumption is a well-established risk factor for cancer and has been linked
to cancers of the oral cavity and pharynx, oesophagus, liver, colorectum and breast. While
studies have provided evidence on alcohol’s carcinogenic potential, further understanding
of alcohol’s pathways to cancer development will inform the direction of future research.
This information is useful to corroborate existing evidence, develop chemoprevention
strategies, and could improve cancer therapy, but there is already a wealth of evidence
to support the need for further alcohol control and cancer prevention efforts. We have
discussed evidence on mechanistic and epidemiological research in the field, and this
information must be used to decrease the burden of cancers, as well as other diseases and
injuries, attributable to alcohol.
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Abstract: Quantitative assessments of the health risk of the constituents of alcoholic beverages
including ethanol are reported in the literature, generally with hepatotoxic effects considered as
the endpoint. Risk assessment studies on minor compounds such as mycotoxins, metals, and other
contaminants are also available on carcinogenicity as the endpoint. This review seeks to highlight
population cancer risks due to alcohol consumption using the margin of exposure methodology.
The individual and cumulative health risk contribution of each component in alcoholic beverages is
highlighted. Overall, the results obtained consistently show that the ethanol contributes the bulk
of harmful effects of alcoholic beverages, while all other compounds only contribute in a minor
fashion (less than 1% compared to ethanol). Our data provide compelling evidence that policy should
be focused on reducing total alcohol intake (recorded and unrecorded), while measures on other
compounds should be only secondary to this goal.

Keywords: alcohol; risk assessment; hepatotoxicity; dose–response relationship; margin of exposure;
epidemiological methods

1. Introduction

The epidemiological association of alcoholic beverages with cancer remains a topic
that has continued to attract global attention for over a century with the first documented
cases, cancer of the esophagus, being reported in 1910 [1,2]. Later in 1988, the World Health
Organization (WHO)/International Agency for Research on Cancer (IARC) classified
“alcohol drinking” as carcinogenic to humans (group 1) after establishing a causal link
between alcohol use and malignancies of the oral pharynx, esophagus, and liver [1].
The promoters or causative factors in alcoholic beverages for developing carcinogenic
lesions are a matter of continuing debate among scientists. However, alcohol being a
multicomponent mixture, the potential contribution of each or all the compounds to
carcinogenesis should not be overlooked. These substances occur as residues, contaminants,
or even adulterants, in addition to being naturally occurring in either raw materials or
fermentation by-products.

Ethanol, the principal component of alcoholic beverages, is classified as a human
carcinogen (group 1) by IARC. Other than ethanol, other IARC-classified carcinogenic com-
pounds such as acetaldehyde, formaldehyde, acrylamide, aflatoxins, ochratoxin A, arsenic,
lead, cadmium, ethyl carbamate, furan, safrole, 4-methylimidazole, N-nitrosodimethylamine
(NDMA), 3-Monochloropropane-1,2-diol (3-MCPD), and benzene have occurred in alco-
holic beverages. The contribution of these compounds to cancer is either synergistic or
independent of each other. Understanding the contribution of each component is important
in disentangling the mechanisms of carcinogenicity due to alcohol and ultimately aids in
alcohol control policies. Nevertheless, epidemiological research has reported that only
ethanol achieves the requisite threshold to explain the carcinogenic risk of alcoholic bever-
ages. This review seeks to highlight population cancer risks due to alcohol consumption
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using the margin of exposure (MOE) approach with emphasis on the cancer-risk contri-
bution of individual components of alcoholic beverages. This review identifies ethanol
as the main oncogenic component in alcoholic beverages and lays emphasis on the need
for policy geared towards the reduction in drinking per se and not target on other minor
carcinogens that may require strict implementation of industry best practices, i.e., as low
as reasonably achievable (ALARA) guidelines and good manufacturing practices.

2. The Margin of Exposure Method and Its Application to Alcoholic Beverages

Despite there being other methods for evaluating the health risks associated with
alcohol intake, the margin of exposure (MOE) method is recommended for comparing the
risks of different alcoholic beverage components [1]. MOE compares exposure levels to a
toxicological threshold. The toxicological thresholds are derived from the dose–response
evaluations for both carcinogens and non-carcinogens.

The ratio between the benchmark dose’s lower one-sided confidence limit (BMDL) and
predicted human consumption/exposure of the same substance is known as the margin of
exposure. MOE is typically used to compare the health risks of various chemicals and, as a
result, to prioritize risk management efforts. The lower the MOE, the greater the risk to
people; typically, a value of less than 10,000 is used to indicate health risk.

The benchmark dose (BMD) is the dose of a chemical that, based on the dose–response
modeling, causes a specified change in the response rate (benchmark response) of an
undesirable impact compared to the background. The benchmark response is typically sug-
gested to be set near the lower limit of what can be measured (e.g., for animal experiment
in the 1–10% range). BMD–response modeling results can then be used with exposure data
to create a MOE for quantitative risk assessment. No observed effect level (NOEL) or no
observed adverse effect level (NOAEL) values can be used as surrogate thresholds where
BMDL values are unavailable in the literature. Consequently, the MOEs can be determined
by dividing the NO(A)EL by estimated human intake [1].

The human intakes for each beverage group (i.e., beer, wine, spirits, and unrecorded
alcohol) for various drinking scenarios (e.g., low risk drinking and heavy drinking) can be
based on drinking guidelines such as the Canadian ones, which consider 13.6 g of pure
alcohol a standard drink [1]. MOEs for average and maximum contamination with the
various substances can also be determined for both drinking scenarios to give a range for
average and worst-case contamination scenarios [1].

The most recent detailed IARC reviews were suggested to be used to select compounds
and their levels in alcoholic beverages. For the established and probable human carcinogens,
toxicological endpoints and BMD are primarily based on literature data [1]. Suitable
risk assessment studies, including endpoints and dose–response modeling results, were
typically identified in monographs published by national and international risk assessment
bodies such as the United States Environmental Protection Agency (US EPA), the World
Health Organization International Programme on Chemical Safety (WHO-IPCS), the Joint
FAO/WHO Expert Committee on Food Additives (JECFA), and the European Food Safety
Authority (EFSA). Data from peer-reviewed scientific research can be used for compounds
without accessible monographs or those with missing data on dose–response modeling
findings [1].

3. Occurrence of Carcinogenic Compounds in Alcoholic Beverages

Ethanol and acetaldehyde (ethanal), both categorized by IARC as group 1 carcinogens,
are the primary carcinogens occurring in alcoholic beverages accounting for approximately
5.5% of all cancer cases worldwide [3]. Although the inherent cancer risk of alcoholic bever-
ages parallels consumption volumes, even light alcohol drinking has been associated with
cancer with ethanol and acetaldehyde being central to the pathogenicity. At the molecular
level, ethanol and acetaldehyde are postulated to cause cancer in similar mechanistic fash-
ion, since acetaldehyde, a genotoxic compound, is a metabolite of ethanol resulting from
the alcohol dehydrogenase or CYP 450 E1 pathways. Since ethanol and acetaldehyde have

56



Nutrients 2021, 13, 3785

similar carcinogenesis mechanisms, the computation of cancer risk can be be undertaken
cumulatively. Additionally, ethanol plays a promoting role in oncogenesis by solvating
other carcinogens [1].

Besides metabolism, acetaldehyde occurs naturally, albeit in small amounts in alco-
holic beverages with the highest contents reported to be in fortified wines (118 mg/L)
and some spirit drinks (66 mg/L) [4]. Additionally, acetaldehyde occurs at high levels in
certain unrecorded alcohols [5]. The average daily acetaldehyde exposure from alcoholic
beverages has been calculated to be 0.112 mg/kg body weight, with a MOE of 498 [5].

IARC has classified formaldehyde (methanal), a naturally occurring substance found
in various plants, mainly fruits and vegetables, and animal products such as meat, dairy
products, and fish [1], as a group 1 carcinogen [6]. Formaldehyde is a carcinogen linked to
the development of leukemia and naso-pharyngeal cancer in humans. Alcoholic beverages
contain a substantial quantity of formaldehyde [7]. In a sampling of 500 beverages including
wine, beer, spirits, and unrecorded alcohol, lower formaldehyde contamination (1.8 percent)
was found, which was however more than the WHO IPCS permissible concentrations [7].
To surpass the daily US EPA reference dose (RfD) of 0.2 mg/kg bodyweight [8], a person
weighing 60 kg would need to partake daily 800 mL of alcohol containing 14.37 mg/L
formaldehyde. Even in the worst-case scenario, this level of exposure is exceedingly
unlikely.

Acrylamide, considered by IARC as probably carcinogenic, may produce cancer
through its metabolite, glycidamide, that forms DNA adducts [9]. Nevertheless, there
are only a few reports on the occurrence of acrylamide in alcoholic beverages with
one study reporting acrylamide levels of 22 μg/kg [10]. The group 2B carcinogen, 3-
monochloropropane-1,2-diol, is a heat-induced contaminant resulting from the thermal
processing of malt [11]. In experimental animals, 3-MCPD causes renal tubule adeno-
carcinomas. Although 3-MCPD is detected in some dark specialty malts used for beer
production [11–13], it only occurs in low levels in most beers. It typically ranges from
<10 μg/L to 14 μg/L [14,15].

IARC has classified the mycotoxins, aflatoxin B1 and ochratoxin A, found in some
alcoholic beverages as carcinogenic to humans (group 1) and possibly carcinogenic to
humans (group 2B), respectively [16]. Aflatoxin B1, as well as other aflatoxins (B2, G1, and
G2), is a naturally occurring toxin in barley, corn, and sorghum malts that enters beer due to
the use of contaminated cereals [17–19]. The occurrence of aflatoxins is climate-related with
aflatoxins thriving in warm climates, especially in the tropics. Indeed, higher contamination
of beer is reported to be in warm climatic countries such as South Africa, India, Mexico, and
Kenya, among others [19,20]. Aflatoxin B1 has been found in the greatest concentrations
(up to 6.8 μg/L) in artisanal beers from Kenya [20,21]. Similarly, ochratoxin A (OTA) occurs
as a contaminant in grapes and in raw materials for beer, such as barley, malt, or cereal
derivatives. Unlike aflatoxin B1, OTA is partially detoxified during fermentation [22], and
its concentration remains unchanged in wine for one year [23].

Among heavy metals, arsenic, cadmium, and lead are possibly the ones of carcinogenic
concern. The IARC classifies metalloid arsenic and inorganic arsenic compounds as group
1 carcinogens [24]. Lung, skin, liver, kidney, prostate, and urinary bladder malignancies
have all been linked to inorganic arsenic compounds [24]. The reported levels of arsenic
in beer are 0–102.4 μg/L [24], while those in spirits and wines are 0–27 and 0–14.6 μg/L,
respectively [25]. The IARC designated cadmium as a group 1 carcinogenic agent because
it causes cancers of the lungs, kidneys, and prostate [26]. According to an EFSA report [25],
the amount of arsenic in various beverages varies. Fortified and liqueur wines had a
Cd concentration of 0.5 μg/L, whereas liqueur had a level of 6.0 μg/L. The average
concentration of Cd in wines and beers is 1.2 and 1.8 μg/L, respectively [25]. Organic
lead compounds are “not classifiable as to their carcinogenicity to humans” (group 3) [27],
whereas inorganic lead and lead compounds are “probably carcinogenic” (group 2A) [28].
The concentrations of lead vary across alcohol types. The average content of Pb in wines
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is 29 μg/kg with no significant differences in the amounts between the red and white
varieties. Beer and beer-like beverages contain 12 μg/kg Pb on average [29].

Benzene, a heat-induced contaminant, is classified as a group I carcinogen, and it
arises in alcoholic beverages. Benzene is a genotoxic compound that targets pluripotent
hematopoietic stem cells leading to a raft of chromosomal aberrations [30]. The compound
can occur in soft beverages that contain benzoic acid (a preservative) [31–33] or in beers
manufactured with benzene-contaminated industrial carbon dioxide [34,35].

Furan, a group 2B carcinogen [36], is touted to intercalate with DNA via its cytochrome
P-450-mediated metabolite, cis-2-butene-1,4-dial [37,38] leading to carcinogenesis. Furan
has been found in beer samples at amounts as high as 28 μg/kg. Lower furan concentrations
have been reported in wines and liqueurs, 6.5 and 28 μg/kg, respectively [39].

In 2015, IARC classified the controversial herbicide glyphosate as “probably car-
cinogenic to humans” based on some evidence in humans due to a correlation with
non-Hodgkin lymphoma and significant evidence for glyphosate’s carcinogenicity in
experimental animals [40]. In 2013, Nagatomi et al. observed that glyphosate content in
15 commercial canned beers from Japan was below the limit of quantitation (10 μg/L) [41].
From a risk assessment standpoint, these observed amounts are unlikely to cause harm.

Ethyl carbamate, a probable human carcinogen (group 2A) [42], has been found
in small concentrations in wines and beers (in μg/L) [43] and in larger proportions
in stone-fruit spirits (in mg/L) [43]. Another group 2A carcinogenic compound, N-
nitrosodimethylamine (NDMA), is hepatotoxic [27]. Ethanol through its solvation effect
or via alteration of cellular metabolism and suppression of DNA repair, enhances the
carcinogenicity of NDMA [44]. NDMA in alcoholic beverages can arise from the manufac-
turing processes or from storage. During the production process, N-nitroso compounds
can emerge by activities such as when malt is directly heated or when polluted water is
used, or when foods and beverages are stored [45,46]. In a follow-up screening of German
beers conducted between 1992 and 2006, NDMA was found in 29 malt samples (43%) and
81 beer samples (7%), with only 4% of the beer samples (n = 1242) having concentrations
above the technical threshold value [47].

Pulegone, a component of essential oil-containing plants of the mint family, is found
in mint-flavored alcoholic beverages [48]. Pulegone has been linked to liver and bladder
cancer in animal models, prompting the IARC to classify it as probably carcinogenic to
humans (group 2B) [48]. Despite being recognized as a potential carcinogen, occurrence
data on pulegone are still scanty with only the National Toxicology Programme (NTP)
reporting a mean value of 10.5 μg/L [49].

Safrole, a substituted benzodioxole, is a genotoxic agent that naturally occurs in
several spices such as sweet basil, black pepper, cinnamon nutmeg, mace, cinnamon, and
aniseed. Moreover, safrole occurs in food and beverages that are flavored with it. The
IARC categorizes safrole as “possibly carcinogenic to humans” (group 2B) [27]. Since
safrole occurs in cola drinks [50], it has the potential to occur in alcoholic beverages [51]
especially admixtures of cola and alcohol. On average, humans consume 0.3 mg of safrole
per day, with the 97.5th percentile consuming 0.5 mg. The presence of possibly carcinogenic
compounds in alcoholic beverages is summarized in Table 1.

Table 1. Summary of the occurrence of potentially carcinogenic compounds in alcoholic beverages
(reprinted with modifications with permission from Springer Nature, Archives of Toxicology, Pflaum
et al. [1], copyright 2016).

Agent
(IARC Group a) Beverage Type

Concentration
Reference

Average Maximum

Acetaldehyde in alcoholic
beverages

(1)

Beer 9 mg/L 63 mg/L

[4]Spirit 66 mg/L 1159 mg/L

Wine 34 mg/L 211 mg/L
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Table 1. Cont.

Agent
(IARC Group a) Beverage Type

Concentration
Reference

Average Maximum

Acrylamide b

(2A)
Beer 0–72 μg/kg 363 μg/kg [15,52]

Aflatoxins
(1)

Commercial beer 0.002 μg/L 0.230 μg/L [17]

Artisanal beer 3.5 μg/L 6.8 μg/L [20]

Arsenic
(1)

Beer 0 μg/L 102.4 μg/L

[1]Spirit 13 μg/L 27 μg/L

Wine 13 μg/L 27 μg/L

Benzene (1) Beer 10 μg/L 20 μg/L [1]

Cadmium (1)

Beer 0.9 μg/L 14.3 μg/L

[1]Spirits 6 μg/L 40 μg/L

Wine 1.0 μg/L 30 μg/L

Ethanol (1) Varies 2% vol. 80% vol. [1]

Ethyl carbamate (2A)

Beer 0 μg/kg 33 μg/kg

[53]
Spirits 93 μg/kg 6730

Stone spirits 744 μg/kg 22,000 μg/kg

Wine 5 μg/kg 180 μg/kg

Formaldehyde
(1)

Beer 0 mg/L 0 mg/L

[8]Spirits 0.50 mg/L 14.37 mg/L

Wine 0.13 mg/L 1.15 mg/L

Furan (2B) Beer 3.3 μg/kg 28 μg/kg [39]

Glyphosate c (2A) Beer 0–30 μg/L [1]

Lead compounds,
inorganic (2A)

Beer 2 μg/L 15 μg/L [54]

Spirits 31 μg/L 600 μg/L [1]

Wine 57 μg/L 236 μg/L [55]

MCPD d (2B) Beer 0–14 μg/kg [12]

4-Methylimidazole e (2B)
Beere 9 μg/L 28 μg/L [56]

Spirit 0 μg/L 0.014 μg/L [57]

NMDA (2A) Beer 0.1 μg/kg 1.3 μg/kg [1]

Ochratoxin A (2B)
Beer 0.05 μg/L 1.5 μg/L

[1]
Wine 0.23 μg/L 7.0 μg/L

Pulegone f (2B) 10.5 mg/kg 100 mg/kg [49,58]

Safrole (2B)
Liqueurs,

aperitifs, and
bitters

ND 6.6 mg/L [51]

Abbreviations: MCPD—3-Monochloropropane-1,2-diol, NMDA—N-Nitrosodimethylamine, ND—below the limit
of quantitation. a Only compounds present in alcoholic beverages that fall under IARC groups 1 (carcinogenic
to humans), 2A (probably carcinogenic to humans), and 2B (possibly carcinogenic to humans) were included in
this list. b There are few studies on acrylamide in alcoholic beverages. Most samples examined had levels that
were below the detection limit. A single sample of wheat beer had a level of 72 μg/kg, while craft beers found
in Poland and the Czech Republic had 363 μg/kg [52]. c Except for the “worst-case” scenario, upper level of
30 μg/L [59] was used, since there is a dearth of systematic data on the occurrence glyphosate in beer. d There
was limited research on the presence of 3-MCPD in alcoholic beverages. As a result, the upper limit was set at
less than 10 μg/L from a study on beers [12]. e Caramelized alcoholic beverages. f Studies on the occurrence
of pulegone in alcoholic beverages are scanty. Thus, 10.5 mg/kg [49] and 100 mg/kg [58] were utilized as the
minimum and maximum amounts of pulegone, respectively, in alcohol products.
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4. Comparative Risk Assessment of Compounds in Alcoholic Beverages

The presence of a carcinogenic compound in an alcoholic beverage does not directly
impute an inherent risk of consumers of the drink. However, the quantitative risk assess-
ment serves to ascribe harm due to a compound if it exceeds the toxicological threshold.
The margin of exposure (MOE) methodology as described in the literature is applicable to
conduct a comparative risk assessment for compounds in alcoholic beverages [1,5,60–62].
Where human data were unavailable, animal data were used instead for risk assessment.
Moreover, non-cancer endpoints were chosen for substances such as Pb where there was no
dose–response modeling data for cancer effects available. However, non-cancer endpoints
may be more sensitive than cancer endpoints. Additionally, the most sensitive endpoint
was chosen if dose–response data for several organ sites were available. Table 2 lists the
toxicological endpoints and points of departure used in dose–response modeling and risk
assessment.

Table 2. Dose–response modeling for potential human carcinogens occurring in alcoholic beverages (reprinted with
permission from Springer Nature, Archives of Toxicology, Pflaum et al. [1] copyright 2016).

Carcinogenic Agent Modeling Toxicological Endpoint Animal Model
Route/Mode of

Exposure

BMDL a

(mg/kg bw/Day) Reference

Acetaldehyde Animal tumors [60] Male rats Oral 56 [60]

Acrylamide Harderian gland tumors [63] Mice Oral 0.18 [64]

Aflatoxin B1 Cancer of the lungs in humans [65] NA Food 0.00087 [66]

Arsenic Cancer of the lungs in humans [67] NA Water BMDL0.5: 0.003 [68]

Benzene Human lymphocyte count [69] NA Inhalation
extrapolated to oral 1.2 b [70]

Cadmium Human studies [70] NA Food NOAEL: 0.01 c [70]

Ethanol Hepatocellular adenoma or carcinoma [71] Rats Oral 700 [72,73]

Ethyl carbamate Bronchiolar alveolar carcinoma [74] Mice Oral 0.3 [73]

Formaldehyde
The aerodigestive tract, comprising the oral

and gastrointestinal mucosa, undergoes
histological alterations [75]

Rats Oral NOEL: 15 c [76]

Furan Adenomas and carcinomas of the liver [77] Female mice Oral 0.96 [78]

Glyphosate b There are no dose–response data for the
cancer outcome NOAEL: 50 [79]

Lead Human cardiovascular effects [29] NA Diet BMDL10: 0015 d [80]

3-MCPD Hyperplasia of the tubules of the kidneys e

[81] Rats Oral 0.27 [82]

4-Methylimidazole Lung cancer
[83] Mice Oral NOAEL: 80 c [84]

N-Nitrosodimethylamine Hepatocellular carcinoma [85] Oral 0.029 [86,87]

Ochratoxin A Renal adeno-carcinoma [88] Male rats Oral 0.025 [89]

Pulegone Urinary bladder tumors [90] Rats Oral LOAEL: 20 c [49]

Safrole Hepatic tumors [91] Mice Oral 3 f [92,93]

NA—not applicable. a For an x % occurrence of health effect, BMDLx is the lower one-sided confidence limit of the benchmark dose
(BMD). b Inhalation exposure was used as the original endpoint. Route-to-route extrapolation was used to calculate the BMDL for oral
exposure [69]. c The no effect level (NOEL), no observed adverse effect level (NOAEL), or lowest observed adverse effect level (LOAEL)
were utilized because no appropriate BMD modeling for exposure through the mouth has been documented. d Overall exposure to lead is
determined in blood, and the figures are based on that. The BMDL that was employed was determined based on dietary exposure [29].
e Renal tubular hyperplasia, rather than renal tubule adenoma or cancer, was a more sensitive endpoint. f This was a conservative minimal
concentration based on the literature’s BMDL10 range of “about 3–29 mg/kg bw/day” for safrole [91].

For daily consumption of four standard alcoholic drinks, MOEs were calculated for
the average and worst-case scenarios. For ethanol, the lowest MOE was achieved (0.8).
Inorganic lead and arsenic showed MOEs ranging from 10 to 300, while acetaldehyde,
cadmium, ethyl carbamate, and pulegone had MOEs ranging from 1000 to 10,000. Safrole,
ochratoxin A, NDMA, 4-methylimidazole, 3-MCPD, glyphosate, furan, formaldehyde,
and acrylamide had average MOEs exceeding 10,000 even in these extreme contexts such
as binge drinking (Figure 1). However, the MOE for aflatoxin B1 from Kenyan artisanal
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beer that was significantly tainted ranged from 15 to 58 with a mean of 36. As a result,
ethanol is the most significant carcinogen found in alcoholic beverages, with a clear dose–
response relationship. Other contaminants (lead, arsenic, ethyl carbamate, acetaldehyde)
may pose risks below those tolerated for food contaminants, but from a cost-effectiveness
standpoint, the focus should be on reducing alcohol consumption in general rather than
on mitigative actions for some contaminants that contribute only a small (if any) portion
of the total health risk. This review again highlights the fact that ethanol remains the
compound with the highest carcinogenic potential that is present in alcoholic beverages.
This finding is consistent with other studies reported in the literature [1,21,60,62]. Aflatoxin
B1 also emerged as a compound of interest in unrecorded artisanal beers that clearly
requires attention in the warm climatic countries where the consumption of such beers is
prevalent [20,21]. Figure 1 shows the comparative MOEs for carcinogens.

Figure 1. Comparative MOEs for IARC-classified carcinogens in alcoholic beverages (reprinted with permission from
Springer Nature, Archives of Toxicology, Pflaum et al. [1], copyright 2016).

5. Overall Toxic Effects of Alcoholic Beverages

According to studies, no amount of alcohol use promotes health [94]. Alcohol con-
sumption significantly contributes to death, disability, and ill health worldwide [94–96].
Alcohol is the sixth most common cause of mortality and disability-adjusted life years
(DALYs) in both men and women, accounting for 22% of female fatalities and 68% of male
deaths [94]. There is a link between harmful alcohol consumption and various mental and
behavioral illnesses, as well as other non-communicable diseases such as tuberculosis and
HIV/AIDS and injuries. Injuries constitute the greatest negative consequence of alcohol
consumption after cancer. Cardiovascular disease accounts for 15% of alcohol-attributable
morbidity, while liver cirrhosis accounts for 13% of all alcohol-attributable deaths [97].
Besides the health risks, irresponsible alcohol use results in social and economic losses for
consumers and the community as a whole [98,99].

6. Conclusions

Despite there being other methods for evaluating the health risks associated with
alcohol intake, the margin of exposure method is recommended for comparing the risks
of different alcoholic beverage components. From this review, ethanol remains the most
prominent carcinogen in alcoholic beverages, according to quantitative comparative risk
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assessment. Therefore, the reduction in alcohol intake ought to be prioritized in combating
harm due to alcoholic beverages [100]. Since the dose–response relationship holds for
alcohol harm, reduction in alcoholic strength would be beneficial in minimizing the harmful
effects of alcohol [101]. For illustration, drinking four bottles of 5.5 percent vol. ethanol
beer generates a MOE of 0.5, whereas drinking the same volume of light beer (1.5 percent
vol. ethanol) yields a substantially greater MOE of 1.9 [1]. Moreover, consumers may not be
typically able to discriminate different alcohol strengths in beer and, thus, may not ingest
more volumes to compensate for the lower alcoholic strength beer [102,103].

Other carcinogens besides ethanol require mitigative steps as well, which may require
strict adoption of industry best practices such as keeping contaminants/components as
low as can reasonably be achieved (ALARA). We urge the relevant regulatory authorities
to implement the available mitigative measures to protect consumers from potentially
carcinogenic substances.
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Abstract: Alcohol works on the brain to produce its desired effects, e.g., sociability and intoxication,
and hence the brain is an important organ for exploring subsequent harms. These come in many
different forms such as the consequences of damage during intoxication, e.g., from falls and fights,
damage from withdrawal, damage from the toxicity of alcohol and its metabolites and altered brain
structure and function with implications for behavioral processes such as craving and addiction. On
top of that are peripheral factors that compound brain damage such as poor diet, vitamin deficiencies
leading to Wernicke-Korsakoff syndrome. Prenatal alcohol exposure can also have a profound impact
on brain development and lead to irremediable changes of fetal alcohol syndrome. This chapter briefly
reviews aspects of these with a particular focus on recent brain imaging results. Cardiovascular effects
of alcohol that lead to brain pathology are not covered as they are dealt with elsewhere in the volume.

Keywords: alcohol; brain; addiction; alcoholism

Terminology describing alcohol consumption has varied over the years but generally
drinking at a level causing mental and/or physical ill health is referred to as harmful
(ICD-10/11) or abuse (DSM-IV). Alcohol dependence or addiction or alcoholism is a
complex behavioral syndrome that has at its core the inability to control consumption
despite adverse social, occupational or health consequences (ICD-10/11; DSM-IV). More
recently DSM-5 criteria use the term alcohol use disorder (AUD) as a continuum with
mild equivalent to abuse and moderate-severe equivalent to dependence [1]. Whilst most
social drinkers remain in control of their engagement with alcohol, a small but significant
minority transition to dependence. Alcoholism is a global public health emergency with
the World Health Organization estimating prevalence of 4% and is associated with c.
3 million deaths annually [2]. There is a high rate of relapse; around 80% of dependent
individuals relapse within a year with current available therapies [3]. Current adjunctive
pharmacotherapies have only mild-moderate effects on alcohol consumption and relapse
prevention [4,5] and no there are no rescue medications available to counteract the adverse
effects of intoxication [6]. Neuroimaging studies have revolutionized our understanding
of brain neurochemistry and function in response to chronic alcohol consumption and
dependence, but so far, this has not led to huge improvements in treatment availability
or efficacy. In order to improve treatment outcomes, a detailed understanding of the
neurobiological mechanisms responsible for vulnerability, relapse and successful recovery
and the identification of novel biomarkers to develop more efficacious therapeutic targets
are warranted.

1. Structural and Volumetric Changes

1.1. Structural Alterations in Adults

The link between alcohol use and cerebral atrophy goes back decades, with early
findings coming from post-mortem investigations [7] and subsequent in vivo examinations
of gross morphology using computerized tomography (CT) [8–10]. The emergence of
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magnetic resonance imaging (MRI) brought vast improvements to image resolution and
allowed for differentiation of brain tissue. Whilst the early CT scans pointed towards
ventricular enlargement and widening of cortical sulci, MRI studies have provided a wealth
of evidence towards distinct differences in grey and white matter associated with chronic
alcohol use [11]. Grey matter volume loss is commonly observed in alcohol dependence
and effects are widespread across cortical and subcortical regions [12,13], though meta-
analytic efforts have pointed specifically towards volume loss in the prefrontal cortex,
cingulate cortex, insula, and striatum in particular [14–16]. A meta-regression analysis
further showed that the impact on grey matter was linked to lifetime alcohol consumption
and duration of alcohol dependence [16]. Macrostructural differences can also be observed
in white matter volume [17] but more importantly there are noticeable differences in
microstructure [18], most notably in the corpus callosum, highlighting potential disruption
to myelination and axonal integrity. It should be noted that the impact of alcohol on the
cerebellar structure has been relatively understudied and most MRI research has focused
on cortical and subcortical structures. The cerebellum is known to be affected in alcohol
dependence, even more so in those with additional neurological complications such as
Wernicke-Korsakoff syndrome, and studies have found a loss of cerebellar volume that
further increases with age [19].

Reductions in brain volume are not necessarily irreversible and early CT studies
had already shown that brain volume appears to partially recover with abstinence from
alcohol [20,21]. Longitudinal MRI studies further showed that changes to volume follow a
non-linear pattern with greater increases occurring in the early stages of abstinence [22–24].
Furthermore, reducing alcohol consumption to an average of 20 drinks per month rather
than abstaining completely was sufficient to produce increases in brain volume compared
with those who returned to patterns of heavy drinking that matched pre-treatment levels
(consuming an average of 155 drinks per month) [25]. Though evidence in white matter
is limited, it does suggest a similar pattern of recovery with abstinence exists [26,27]. An
interesting finding from longitudinal MRI studies has been that people prone to future
relapses are distinguishable from those able to abstain [28–31], suggesting there might be
biological differences that play a role in treatment progression.

There is a longstanding notion that alcohol has an interactive effect on the biological
aging processes, whereby the brains of alcohol dependent individuals resemble those of
chronologically older individuals who do not have alcohol dependence [32]. Imaging
studies have long found that the loss of grey matter volume as well as the disturbances
to white matter microstructure typically seen in alcohol dependence are exacerbated
with age [10,27,33–38]. This phenomenon has also been investigated using the brain age
paradigm, an approach that investigates healthy brain aging by estimating chronological
age from neuroimaging data and examines the difference between an individual’s predicted
and actual age [39]. One study found that individuals with alcohol dependence showed
a difference of up to 11.7 years between their chronological and predicted biological age
based on their grey matter volume [33]. Crucially, the difference showed a linear increase
with age and was at its greatest in old age which further offers support to the notion of a
greater vulnerability to the effects of alcohol in later life.

Low levels of alcohol consumption have historically been viewed as harmless or
even beneficial due to its potentially favorable effects on cardiovascular health [40], as
described in more detail elsewhere in this special issue. It has been suggested a similar
J- or U-shaped relationship exists with brain structure, but only a few MRI studies have
found support for this assumption [41–43]. More recent large-scale studies of the general
population have in fact shown negative linear associations between alcohol consumption
and brain structure, showing widespread reductions in grey and white matter volume as
well as white matter microstructure and cortical thickness [44–47]. Taken together, these
studies highlight that there is no protective effect of light drinking (e.g., 1–<7 drinks per
week) over abstinence and in fact show, similar to alcohol dependence though to a lesser
degree, that any level of alcohol consumption can affect brain volume and white matter
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microstructure. It should be noted that these are cross-sectional association studies, and it
is not possible to infer causality or estimate the impact of alcohol on the brain over time.
Furthermore, only a small proportion of the variance in brain structure is explained by
alcohol consumption [44,46]. A study on brain age further found that only those who
drank daily or almost daily showed a difference between chronological and predicted brain
age, and there were no differences in those who drank less frequently or abstained from
alcohol [48]. This suggests that whilst low levels of alcohol consumption may affect brain
structure, this may not negatively impact healthy brain aging. An important caveat to
the generalizability is the relatively small amount of large-scale imaging datasets and the
findings discussed here primarily relate to the UK BioBank dataset [44,46–48].

1.2. Structural Alterations in Adolescents

Alcohol use is typically initiated during adolescence, and studies have found that
alcohol can impact neurodevelopmental trajectories during this period. Typical brain
maturation can be characterized as a loss in grey matter density due to synaptic pruning
alongside ongoing growth of white matter volume that reflects increased myelination to
strengthen surviving connections [49]. In adolescents who engage in heavy and binge
drinking, as defined by the National Institute on Alcohol Abuse and Alcoholism [50], there
is a greater decrease in grey matter volume along with an attenuated increase of white
matter volume as well as disturbances in white matter microstructure in comparison to non-
drinkers [51]. These effects are found in prefrontal, cingulate, and temporal regions as well
as the corpus callosum and may reflect an acceleration of typical age-related developmental
processes similar to what we have described in adults with alcohol dependence. Less is
known about the dose-response mechanism, though it has been suggested moderate
drinking lies somewhere intermediate [52,53]. This would again imply that the impact
of alcohol consumption on brain structure is not limited to heavy alcohol consumption.
However, it has been noted there are differences in brain structure that predate alcohol
initiation and may predispose individuals to heavy alcohol use. Structural precursors
have mostly been found in the prefrontal cortex and fronto-limbic white matter and show
considerable overlap with structural differences found in individuals with a family history
of alcohol dependence [54]. Nevertheless, there are studies that have suggested differences
are not solely attributable to familial risk [55,56], and more research is needed to better
understand these risk factors.

1.3. Pre-Natal Alcohol Exposure

A far more severe disruption to neurodevelopment comes from prenatal exposure
to alcohol—collectively known as fetal alcohol spectrum disorders (FASD)—which can
encompass cognitive deficiencies, neurobehavioral disorders, growth retardation, craniofa-
cial dysmorphism, and deficits to the central nervous system including brain malforma-
tions [57]. Early case studies highlighted striking morphological anomalies, most notably
thinning of the corpus callosum and enlargement of ventricles, but subsequent radiological
investigations have highlighted there is considerable variability in the impact of FASD
on brain development [58]. Quantitative analyses of brain macrostructure in FASD have
repeatedly found lower grey and white matter volume along with increased thickness
and density of cortical grey matter [59]. Crucially, findings have found no morphological
differences in the occipital lobe, suggesting that not all brain structures are affected equally.
Brain phenotypes of FASD have consistently been recapitulated in animal models and
highlight the modulating role of timing and alcohol exposure [60]. Taken together, it is clear
that the teratogenic effects of alcohol on brain structure are widespread and can be seen
across the spectrum of FASD. However, understanding the link between these structural
alterations and other parameters of FASD remains an ongoing challenge.
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1.4. Conclusion

In summary, MRI studies have offered invaluable insight into the effects of alcohol
and have typically found a loss of volume and reduced myelination throughout the brain.
The findings described here fit the notion that alcohol affects healthy brain aging and
this effect becomes more pronounced with higher levels of consumption. It also suggests
that there may be a greater vulnerability to the effects of alcohol on brain health with old
age. The impact of alcohol can be observed early on, moderate to heavy drinking during
adolescence leads to observable differences to non-drinkers, but this is further confounded
by risk factors to unhealthy drinking patterns and alcohol dependence. However, though
MRI research will be important in advancing our understanding of the impact of alcohol
on the brain we cannot infer harm solely from alterations to brain structure.

2. Neurotoxic Properties of Alcohol

2.1. Thiamine Deficiency

Thiamine, also known as Vitamin B1, is an essential cofactor that is critical for nerve
function. It is required for the functioning of several enzymes responsible for carbohydrate
and lipid metabolism and the generation of several essential molecules including nucleic
acids and neurotransmitters [61,62]. The human body is incapable of producing thiamine
itself and therefore it must be derived solely from diet. Thiamine deficiency predominantly
occurs as a result of malnutrition, and in most western countries is most commonly (90%)
associated with alcoholism [63]. Over time, thiamine deficiency can result in nerve damage,
leading to alcoholic neuropathy.

Much of the calorific intake of individuals with alcoholism comes from their con-
sumption of alcoholic beverages, which are generally low in nutrient content. Vitamin
supplementation in alcoholic beverages can play a role in mitigation of these deficiencies,
e.g., some Danish beer brands contain vitamins (B6 in addition to thiamine) to ‘normalize’
blood thiamine levels in those with alcoholic neuropathy [64]. However, individuals with
alcoholism require levels of thiamine supplementation much higher than that required from
the average diet, so control of dietary intake alone is not the whole story [61]. In addition
to thiamine deficiency AUD is associated with other malnutrition and other micronutrient
deficiencies which are comprehensively reviewed by McLean et al. [65].

Alcohol use can also cause thiamine deficiency by disrupting absorption in the gas-
trointestinal tract. Alcohol damages the mucosa of the gut and reduces intestinal thiamine
transport. Studies in both humans and rodents have demonstrated that thiamine is trans-
ported via an active sodium independent transporter and therefore requires both energy and
a normal pH level [66–68], both of which are reduced in alcoholism. Additionally, thiamine
absorption can further be depleted by diarrhoea or vomiting which are common occurrences
in alcoholism. It is also important to note that thiamine absorption in the gut can be altered
by several genetic variants that affect thiamine transport and metabolism [69].

Alcohol also hinders the ability of cells to utilize the thiamine. Thiamine requires
phosphorylation by thiamine pyrophosphokinase to be converted to its active co-enzyme
form. Thiamine pyrophosphokinase is inhibited by alcohol, which also increases the rate
of thiamine metabolism [63]. This phosphorylation step requires magnesium as a cofactor,
which is also depleted in alcoholism [70]. Cumulatively, alcoholism leads to thiamine
deficiency via the reduction of intake, uptake, and utilization.

Chronic thiamine deficiency ultimately leads to neurotoxicity. As previously men-
tioned, thiamine is an essential cofactor required for the synthesis and function of several
essential enzymes. One of these enzymes is transketolase which is required for glucose
breakdown via the pentose phosphate pathway. This pathway produces several essential
products. The first is Ribose-5-Phosphate which is required for the synthesis of nucleic acids
and other complex sugars. The second is nicotinamide adenine dinucleotide phosphate
(NADPH) which is required in the assembly of coenzymes, steroids, fatty acids, amino
acids, neurotransmitters, and glutathione [61]. The reduction in production of these factors
in addition to thiamine deficiency interrupts the cells’ defense mechanisms, notably the
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ability to reduce reactive oxygen species (ROS), leading to cellular damage. This damage
then triggers apoptosis (cell death). Another mechanism by which thiamine deficiency
leads to cytotoxicity is by affecting carbohydrate metabolism leading to the reduction of
the enzyme α-Ketoglutarate Dehydrogenase, leading to mitochondrial damage, which in
turn induces necrosis [61].

The brain is the most energy-utilizing organ in the body, necessitating a constant
supply of energy to function. Without the breakdown of glucose and the subsequent
production of essential molecules, thiamine deficiency leads to brain dysfunction and
degeneration. The most extreme outcome of alcohol-induced thiamine deficiency-related
neurotoxicity is the development of Wernicke–Korsakoff Syndrome (WKS). WKS refers
to the closely associated conditions of Wernicke’s encephalopathy (WE) and Korsakoff’s
Psychosis (KP). WE is an acute, but reversable condition characterized by confusion,
oculomotor disturbances and ataxia [61]. However, these are all rarely seen together so a
high index of clinical suspicion should be maintained. WE is caused by thiamine deficiency
induced energy deficits and glutamate increases leading to cytotoxicity [63]. WE can
develop into non-reversable brain damage (KP) relating to behavior abnormalities and
memory impairments.

Both WE and KP are well characterized disorders associated with a distinct clinical
and neuropathological presentation. More broadly neurological structural and functional
consequences of alcoholism are called alcohol-related brain damage (ARBD). Reduced
cognitive functioning is prevalent in between 50% and 80% of individuals with AD [71].
These deficits are often transient [72] and are not normally as severe as those observed in
patients with WE or KP [73], but instead it has been hypothesized that ARBD may evolve
to KP via progressive brain damage and associated cognitive impairment [74]. Despite
individual variations in severity, it is well established that thiamine deficiency leads to
neurotoxicity with negative consequences for cognitive functioning.

2.2. Neurotoxicity of Acetaldehyde

Alcohol is metabolized to acetaldehyde, via the action of alcohol dehydrogenase
(ADH), CYP2E1 and catalase. Acetaldehyde is known to be toxic active metabolite, it is im-
plicated in; the induction of alcoholic cardiomyopathy [75], the development of cancers [76]
and to have some neurobehavioral effects [77]. During intoxication the production of ac-
etaldehyde can cause flushing, increased heart rate, dry mouth, nausea and headache [78].
Notably, Acetaldehyde contributes to toxic effects of chronic alcohol on the brain leading
to neuronal degeneration [79]. Acetaldehyde induces cell damage and cytotoxicity by
inducing DNA malfunction and protein adducts [78]. Additionally, this protein adduct
formation can also induce an immune response which can further damage tissues.

2.3. Alcohol and Neuroinflammation

In addition to thiamine-deficiency and acetaldehyde related toxicity, alcohol can also
cause damage via peripheral and neuro-inflammatory mechanisms. Studies in rodents
have demonstrated that alcohol stimulates intestinal inflammation by irritating the stomach
and gut, causing the release of the nuclear protein high-mobility group box 1 (HMGB1),
which subsequently activate Toll-like receptor 4 (TLR4) and makes the gut “leaky” [80].
This makes alcohol and endotoxins more likely to cross the lining of the gut and travel
via the circulation to the liver. Further alcohol metabolism and increases in bacteria cause
the liver to produce inflammatory factors such as pro-inflammatory cytokines [81]. This
cumulatively increases levels of circulating pro-inflammatory cytokines which can cross
the blood brain barrier (BBB) and cause inflammation in the brain [82].

Alcohol also induces neuroinflammation via alterations in neurotransmitter levels.
Alcohol is known to increase glutamate levels via the inhibition of the N-methyl-D-aspartate
(NMDA) receptor [83] and its cellular action on glutamatergic neurons [84]. Elevated levels
of glutamate in a rodent binge drinking model are associated with increased microglial
activation in the hippocampus [85]. In addition, alcohol also activates the body’s main stress
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response system, the hypothalamic–pituitary–adrenal (HPA) axis. When activated, the HPA
axis results in the release of corticotropin-releasing hormone (CRH), which acts to suppress
peripheral inflammation but increases neuroinflammation via a complex regulation of
NK-cells, [81] and by potentiating NF-κB activation in the rodent prefrontal cortex [86].
This combination of increased glutamate and CRH levels enhance the ability of alcohol to
induce neuroinflammation and cause subsequent tissue damage.

Alcohol can also directly induce neuroinflammation via the activation of resident
neuro-immune cells (microglia and astrocytes). Microglia respond to pathogens, tissue
damage, cell death and degeneration. They can respond in a pro- or anti- inflammatory
way and depending on the type of activation will produce neurotoxic or neuroprotective
mediators [81]. Once activated, alterations in microglial gene expression can potentially
lead to increases in inflammatory mediators such as cytokines, glutamate and reactive
oxygen species (ROS). These mediators are associated with microglial-dependent neuronal
loss [87]. Microglial activation is characterized not only by changes in gene expression, but
also by characteristic changes in morphology. Microglia normally survey the brain tissue in
a ramified shape with several projecting processes, however once activated the processes
shrink and thicken, and the cells gradually become ameboid in shape [88]. Chronic alcohol
consumption can therefore cause the de-regulation of microglial activation. This in turn
can lead to degeneration of brain tissue and is likely associated with brain volume loss [46],
as covered in Section 1.

Alcohol is thought to activate microglia partially via TLR4 receptors, indeed TLR4
deficiency protected against alcohol induced glial activation and neurotoxicity in a rodent
model of chronic alcohol consumption [89]. Several studies have investigated the effect
of alcohol administration on microglia. Analysis of post-mortem brains of patients with
Alcohol Use Disorder showed in increase in microglial markers (Iba1 and GluT5) compared
with controls [82]. Binge alcohol administration in adolescent rats established microglial
proliferation and morphological changes [90]. However, the activation was described
as only partial due to the lack of alteration alcohol had on levels of MHC-II or TNF-α
expression. Conversely, microglial activation and neurodegeneration were clearly shown
in rats exposed to intermittent alcohol treatment [91]. Indeed two-photon microscopy has
been used to demonstrate the rapid response of microglia to even single acute alcohol
exposure [92]. Microglial activation has also been investigated in response to heavy session
intermittent drinking in rodents [93]. It has been suggested that peripheral inflammation
could be caused by stimulation of systemic monocytes and macrophages or by causing
gastrointestinal mucosal injury [93]. This innate response was linked to the perpetuation
of the immune cascade via microglial activation which produces neuroinflammation [94]
this, in turn has been shown to affect cognitive function [93]. Initial transcriptome studies
indicated that alcohol increased levels of TSPO (18 kDa translocator protein, that is upregu-
lated in activated microglia). These findings were supported by PET studies performed
in baboons [95]. However, when TSPO binding was analyzed using PET in alcohol de-
pendent individuals and individuals undergoing detoxification these findings were not
replicated [96,97]. Cumulatively, this evidence suggests that alcohol is clearly an activator
of microglia, and as previously described upregulation of microglial activation can result
in neurotoxicity. However, the extent of alcohol induced microglial activation may well be
dependent on the extent and pattern of alcohol exposure.

2.4. Conclusion

In summary, alcohol can contribute to neurotoxicity via thiamine deficiency, metabolite
toxicity and neuroinflammation. Alcohol reduces the uptake and metabolism of thiamine,
the essential co-factor without which glucose breakdown and the production of essential
molecules cannot occur. This leads to neurotoxicity and can lead to the development
of conditions of WE and KP. The metabolism of alcohol itself can also lead directly to
neurotoxicity as the metabolite acetaldehyde is toxic and can lead to neurodegeneration.
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Finally, alcohol can lead to neurotoxicity via the induction of both the central and peripheral
immune system, causing damaging levels of inflammation.

3. Functional Brain Changes

In addition to structural alterations, evidence suggests that chronic exposure to alcohol
can lead to functional dysregulation of key brain systems that control behaviour such as
reward processing, impulse control and emotional regulation. This likely contributes to
the pathophysiology of alcohol misuse and addiction. In recent years, functional magnetic
resonance imaging (fMRI) has been used to probe these pathways via blood oxygen
level dependent (BOLD) signal in the brain both at rest and during the performance of
neurocognitive tasks in an MRI scanner.

3.1. Reward Processing

The reward system is in part controlled by the dopaminergic mesolimbic pathway.
Originating in the ventral tegmental area. (VTA), dopaminergic projections extend through
the striatum and prefrontal regions of the brain. The reward system is responsible for
goal-directed behavior by means of reinforcement and responds to conventional rewards
such as food and money, as well as all known drugs of abuse. Drugs of abuse, including
alcohol, interact with and influence this system and several fMRI paradigms have been
developed to probe such effects. One of the most commonly used to probe non-drug related
reward sensitivity is the monetary incentive delay (MID) task [98], whereas to measure
drug-related reward, cue-reactivity tasks are usually employed [99]. Most commonly these
tasks consist of presenting the individual with static or video imagery of a ‘cue’, typically
drug or related paraphernalia, however, smell and taste can also be used.

In response to alcohol-related cues, abstinent alcohol-dependent individuals demon-
strate an increased BOLD signal in reward-related fronto-striatal brain regions compared
with healthy controls, notably prefrontal cortex, ventral striatum (VS), orbitofrontal cortex
(OFC) and anterior cingulate cortex (ACC), which is often associated with increased crav-
ing [99]. In contrast, a blunted BOLD response to anticipation of non-drug rewards has
been observed in the VS and dorsal striatum (DS) [100]. Together, these findings suggest
that in alcohol dependence the reward system attributes excess salience to alcohol-related
stimuli while simultaneously responding less to conventional rewards.

Interestingly, evidence suggests that dysregulation of the reward system in abstinent
alcohol-dependent individuals can be ameliorated by pharmacological intervention. For
example, naltrexone, a μ-opioid receptor antagonist, can attenuate the increased BOLD
response to alcohol-related cues in the putamen and reduce risk of relapse [101].

Alcohol-related functional differences in the brain are not exclusively observed
in dependent individuals. When comparing the neural response of light (consuming
~0.4 drinks per day) and heavy (consuming ~5 drinks per day) drinkers to alcohol cues,
light drinkers have been found to have a higher BOLD signal in VS, while heavy drinkers
show an increased BOLD signal in DS [102]. The DS response in the heavy drinkers sug-
gests the initiation of a shift from experimental to compulsive alcohol use during which a
shift in neural processing is thought to occur from VS to DS control [103]. However, such
cross-sectional studies are unable to establish whether such differences are prodromal or
consequential of alcohol exposure. A recent longitudinal study in adolescents showed that
blunted BOLD response to non-drug reward was predictive of subsequent problematic
alcohol use [104]. Similarly, college students who transitioned from moderate (consuming
less than 30 drinks per month) to heavy (consuming more than 30 drinks per month)
alcohol consumption exhibited hyperactivity in the striatum, OFC, ACC and insula in
response to alcohol-related cues compared with those whose alcohol consumption did not
alter over time [105]. These results suggests that certain functional differences in reward
processing may predate problematic alcohol consumption.
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3.2. Impulsivity

Impulsivity, a term used to describe a lack of inhibitory control characterized by
reckless behavior in the absence of premeditation, has multiple domains including choice,
trait, and response inhibition [106]. Increased impulsivity is thought to be a determinant
and a consequence of alcohol use [107]. At the behavioral level, alcohol intoxication has
been shown to increase risky behaviors such as risky driving, criminal behavior, and sexual
promiscuity [108], whilst trait impulsivity has often been found to be increased in alcohol
dependent individuals [109].

To probe impulsiveness through fMRI, response inhibition tasks are commonly used,
such as the Go/no-go (GNG) task and Stop Signal Task (SST). Several longitudinal studies
have probed response inhibition in adolescent drinkers. Such studies have found that
adolescents who later transitioned into heavy drinking had lower BOLD activation at
baseline and increased activation in frontal regions when subsequently drinking heavily
compared with continuous non-drinkers [110,111]. This supports the role of impaired
response inhibition as a risk factor rather than a consequence of alcohol consumption.

Choice impulsivity, the tendency to make choices that lead to suboptimal, immediate
or risky outcomes is often measured using a delay discounting task to assess an individual’s
preference for a smaller, immediate reward compared with a larger, delayed reward [112].
The literature regarding the effects of alcohol on choice impulsivity is varied with findings
that alcohol (0.7 g of alcohol/kg body weight) consumption decreased choice impulsivity
in non-dependent drinkers [113], whereas another found alcohol (0.2–0.8 g of alcohol/kg
body weight) intoxication increased choice impulsivity [114]. Individuals who scored
higher in trait impulsivity measures exhibited greater choice impulsivity than their lower
trait impulsive counterparts [115].

3.3. Emotional Regulation

Altered emotional processing has been found both during alcohol intoxication and
dependence and appears to worsen as consumption increases. At the behavioral level,
binge drinkers, as defined by scoring in the top third of the Alcohol Use Questionnaire
(AUQ), report reduced positive mood and alcohol dependent individuals are more likely
to interpret disgusted faces as angry faces and demonstrate a bias for fear recognition in
facial expressions when fearful faces are morphed with happy, surprised, sad, disgusted or
angry faces [116].

The brain mechanisms of emotional regulation can be measured using imagery tasks
where participants are shown either faces expressing emotions or evocative/aversive
images designed to evoke emotional responses. In heavy drinkers, who consume more
than 15 drinks a week, a blunted BOLD response to fearful faces in the amygdala, a region
of the brain involved in fear conditioning and stress responses, has been found to be
associated with drinking level in the previous 3 months and higher scores on an obsessive-
compulsive drinking scale [117]. These findings suggest that acute intoxication diminishes
one’s ability to process emotional information accurately and that this may be perpetuated
with heavy alcohol consumption.

3.4. Resting State Functional Connectivity

Resting state functional connectivity (RSFC) is a technique that quantifies connections
between brain regions based on temporal correlation of BOLD signal change. In a recent UK
BioBank study of 25,378 individuals, increased within-network connectivity was identified
within the default mode network (DMN) in those with higher alcohol consumption [46].
The DMN is believed to be involved in the processing of self-awareness, negative emotions,
and rumination, so increased connectivity within this network may infer a decreased respon-
siveness to external incentives and increased rumination towards alcohol-related cues [118].

Interestingly, in abstinent alcohol-dependent individuals, RSFC was increased be-
tween the amygdala and the substantia nigra/VTA and associated with increased lifetime
exposure to alcohol [119]. Such differences in abstinent individuals can suggest a pathologi-
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cal change in brain function after chronic exposure to alcohol or a mechanism for successful
abstinence. The latter proposal is corroborated by Beck at al., 2012 [120] who found that
hyperconnectivity between these regions during a cue reactivity task was associated with
successful maintenance of abstinence.

3.5. Conclusion

fMRI studies have allowed us to identify the effects of alcohol use and dependence
on brain function as well as vulnerability to heavy use. Typically, exposure to alcohol
sensitizes the reward system to alcohol related cues, interferes with the processing of
non-drug reward, increases impulsivity, and disrupts emotional regulation. However,
the findings discussed here also highlight the variability of individual differences in the
presence and magnitude of such neurocognitive deficits which may be driven by exposure,
trait factors or abstinence. Finally, an important caveat to much of the present evidence
is the generalizability of small cohort cross-sectional studies. To better characterize brain
function and behavior following exposure to alcohol both acute and chronic, as well
as improve treatment outcome and reduce risk of relapse, it is imperative that large-
scale studies with longitudinal designs are conducted. This information is critical for
development of alcohol regulation and abuse prevention.

4. Neurochemical Dysfunction in Alcoholism

Neuroimaging studies have also dramatically advanced our understanding of the brain’s
response to alcohol and the neurochemical basis of alcohol dependence. Positron emission
tomography (PET) and single photon emission computed tomography (SPECT) use radio-
tracers that bind specifically to key receptors of interest, to quantify receptor location and
availability. Neurotransmitter release can also be indirectly quantified using PET, through
measurement of the amount of tracer that is ‘displaced’ from the receptor when endogenous
neurotransmitter is released in response to a pharmacological (or other) challenge. Such
techniques have been instrumental in the investigation of key neurotransmitter systems and
identification of molecular dysfunction in the human brain. The use of PET to study the effects
of chronic alcohol consumption has advanced our understanding of reward mechanisms,
neuroadaptations resulting from chronic use that led to tolerance and withdrawal and has
identified key regions and circuits implicated in loss of control and motivation to drink. This
section summarizes PET studies that investigate the key neurotransmitter systems and review
the evidence in case-control studies (summarized in Table 1).

Table 1. Strength of evidence to show direction of effects on receptor radioligand binding in human PET imaging studies in
alcohol dependence.

Receptor system Striatal D2/3 Midbrain D3 Extrastriatal D2/3 GABA-A μ-opioid CB1 SERT mGluR5

Strength of
evidence

Thickness of arrow indicates the relative strength of evidence of research in the receptor system as assessed by the author based on studies
reported in the chapter.

4.1. Dopamine

The dopamine system has been the most extensively studied neurotransmitter sys-
tem in addiction and several targets in both pre- and post-synaptic locations have been
evaluated for their respective roles in alcoholism. Dopamine receptor number (availability)
and dopamine release can both be measured, in receptor availability and neurotransmitter
challenge PET studies, respectively. In studies investigating receptor availability, the key
target to date has been the dopamine D2 receptor in the striatum, primarily using the an-
tagonist radiotracer [11C]Raclopride which binds selectively to both D2 and D3 dopamine
receptors (hereafter referred to as DRD2/3). Data from 7 studies with 105 alcohol depen-
dent individuals and 113 healthy controls were compared in a meta-analysis, revealing an
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overall reduction in DRD2/3 availability in the alcohol dependent group with an effect size
of −0.78 (95% CI, −1.21, −0.35, p < 0.001) [121]. Lower DRD2/3 receptors in alcoholism
in turn has been associated with decreased metabolic activity in prefrontal brain regions
necessary for cognitive control and executive functioning, as assessed with the radiotracer
[18F]Fluorodeoxyglucose (FDG) [122]. This could explain the vulnerability of such indi-
viduals to both compulsive and impulsive drinking, due to disrupted self-regulation [123].
Combined PET/fMRI studies have indicated that reduced striatal DRD2/3 availability was
associated with greater frontal BOLD reactivity to alcohol-induced cues [124] indicating
a relationship with reward processing. Moreover, the severity of clinical impairment has
been shown to correlate with cortical hypometabolism as measured with FDG PET in
alcoholism [125], providing several potential functional implications for D2 and/or D3
receptor loss.

Using other dopaminergic tracers, reduced levels of DRD2/3 availability and dopamine
synthesis capacity, as measured by [18F]DMFP and [18F]DOPA, respectively, have been
showed to be associated with increased craving and relapse [126], suggesting these re-
ceptors have prognostic value and may represent a target for drug development through
upregulation of dopamine receptor function or dopaminergic transmission. To support
such hypotheses, Rominger et al. identified that DRD2/3 receptor numbers, as assessed
with [18F]Fallypride, recovered by 30% in individuals who successfully abstained from
alcohol at one year, to a level comparable with healthy controls [127], whereas in those that
relapsed the DRD2/3 receptor levels did not change. [18F]Fallypride has additional utility
as it can quantify extra-striatal DRD2/3 receptors due to its very high affinity. Accordingly,
studies have found lower DRD2/3 availability amongst alcohol dependent individuals
in brain regions outside the striatum, such as the thalamus, insular cortex, hippocampus,
and temporal cortex in comparison to matched healthy controls [123], although two other
studies found no such difference in temporal [128] or frontal binding [129] using this tracer.

The development of novel radiotracers with greater specificity for the dopamine D3
receptor allowed characterization of this subtype which has been shown in preclinical
models to regulate alcohol consumption. Notably, no difference in binding in the ventral
striatum or caudate or putamen was found, however, there was a significantly higher
D3 receptor availability in the hypothalamus that was linked to higher lifetime use of
alcohol [130]. Preclinical imaging has identified D3 receptor antagonism as a plausible
therapeutic target to ameliorate alcoholism and its potential efficacy as an intervention is
currently under investigation using fMRI [131] and combined PET/MR techniques [132].

PET studies using dopamine-sensitive tracers such as [11C]Raclopride have success-
fully been employed to detect changes in dopamine release, demonstrating that dopamin-
ergic deficits exist in alcoholism. For example, amphetamine-induced striatal dopamine
release was found to be blunted in alcohol dependence relative to controls [133], high-
lighting a lower release potential which may explain the reward-deficiency phenomena
associated with addiction described earlier.

Dopaminergic function following chronic alcohol consumption has been extensively
investigated with several targets for potential therapeutics being discovered. Whilst
promising early clinical work has identified some novel pharmacological targets that could
be used to treat alcohol dependent individuals, further large-scale studies are required to
validate their use and further exploration of dopaminergic dysregulation is warranted to
better characterize the extent of pathology induced by alcoholism.

4.2. GABA

GABA is the brain’s main inhibitory neurotransmitter and alcohol acutely enhances
GABAergic neurotransmission [134]. A host of in-vivo PET imaging studies have observed
an association between alcoholism and lower GABA-A receptors in the cortex (medial
prefrontal, OFC, parietal, temporal, and ACC) and the cerebellum [135–138]. These studies
have found lower radiotracer binding of between 6–20% using non-subtype selective
GABA-A receptor tracers [11C]Flumazenil PET and [123I]Iomazenil SPECT imaging in
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alcohol dependence relative to controls. More recently, the alpha-5 subunit selective
PET tracer [11C]Ro15-4513 identified lower availability of this subunit in the nucleus
accumbens (NAc) and hippocampus in abstinent alcohol dependent individuals when
compared with matched controls [138]. A functional [18F]FDG PET study investigating the
differential effects of a benzodiazepine challenge on cerebellar metabolism indicating that
dysregulation of GABA-A receptor may serve as a predisposing trait to alcoholism rather
than as a result of chronic alcohol consumption: cerebellar hypo-metabolism was evident in
those with a positive family history of alcohol dependence compared with family negative
history individuals [139].

4.3. Opioids

The opioid system is acutely involved in the reinforcing effects of alcohol. The μ-
opioid receptor (MOR) binds β-endorphins and enkephalins which, in turn, increase
dopamine release in the NAc [140]. [11C]Carfentanil is a PET tracer that can be used to
define MOR receptor availability and is also sensitive to endogenous endorphin release.
Endorphin release in the NAc and OFC was measured in light versus heavy drinkers
through displacement of [11C]Carfentanil following acute alcohol consumption of an
alcoholic drink. Changes in OFC binding correlated significantly with problematic drinking
and subjective high in heavy drinkers but not in controls [141]. In abstinent alcohol
dependent individuals a greater MOR availability in the ventral striatum, as measured by
[11C]Carfentanil, compared with healthy controls was correlated with a greater craving for
alcohol [142]. Increased MOR binding could be due to higher receptor levels or reduced
release of endogenous endorphins. It was later postulated that greater [11C]Carfentanil
binding could be related to reduced β-endorphins in alcoholism. Post-mortem studies have
noted a 23–51% reduction in MOR binding [143] in alcohol dependent individuals when
compared with controls. Reduced MOR binding in post-mortem tissue could be interpreted
as a neuroadaptive response to alcohol-induced release of endogenous β-endorphins
in patients with severe alcohol dependence and could explain why naltrexone remains
relatively ineffective in this subpopulation [140]. Preclinical data suggests that nalmefene
counters alcohol-induced dysregulations of the MOR/endorphin and the KOR/dynorphin
system [141]. Drugs that antagonize these receptors, including the licensed drug naltrexone
have been found to attenuate alcohol seeking in rats and have been shown to clinically
reduce alcohol consumption [144].

4.4. Other Neurochemical Systems

The endocannabinoid system is implicated in modulating alcohol rewards [145].
Although limited in scope, one small PET study using [18F]FMPEP-d2 reported increased
cannabinoid CB1 receptor in alcohol dependence in early withdrawal [146]. A more long-
term PET study found that alcohol dependence is associated with widespread reduction of
cannabinoid CB1 receptor binding in the human brain and this reduction persists at least
2–4 weeks into abstinence. The correlation of reduced binding with years of alcohol abuse
suggests an involvement of CB1 receptors in alcohol dependence in humans [147].

PET studies investigating the serotonin system in alcohol dependence are very limited
in number, and so a consensus opinion on their importance has not been reached. Studies
have focused on the serotonin transporter (SERT) using [11C] DASB, revealing mixed
results with some [148,149] reporting increased levels of SERT whereas others have found
no difference or reduced levels of SERT [150].

Only recently have radiotracers specific for characterizing excitatory glutamate recep-
tors been developed. Early findings indicate impaired mGluR5 signaling to be involved in
compulsive alcohol consumption [151]. These effects are found to be reversible following
28 days of abstinence and so can be viewed as a target to aid withdrawal [152].
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4.5. Conclusion

The dopamine, GABA and opioid systems are by far the most researched using PET
and SPECT imaging techniques to measure neurochemical dysfunction in alcohol depen-
dence, due to the availability of selective radiolabeled tracers for the targets of DRD2/3,
GABA-A and MOR receptors, respectively. Well validated tracers for other targets such as
those in the serotonergic system do exist, but their use in alcohol dependent individuals is
not well characterized. Studies using novel radioligands to assess other receptor targets and
neurochemical systems including the endocannabinoid and glutamatergic systems is less
advanced, but a few selective tracers do exist. It must be acknowledged that PET/SPECT
is somewhat limited as a technique because of its radioactivity meaning that young people
and repeat scanning cannot be carried out. Nevertheless, PET/SPECT imaging is still the
only way to directly image neurotransmitter receptors and neurotransmitter release (when
sensitive tracers are available) in the living human brain. Further studies are required to
elucidate receptor changes in response to alcohol consumption and dependence across all
known neurotransmitter systems.

5. Summary

Chronic alcohol consumption is thought to contribute directly to neurotoxicity via thi-
amine deficiency, metabolite toxicity and neuroinflammation, leading to the development
of serious conditions of WE and KP, and the acceleration of neurodegeneration more gener-
ally. In addition, neuroimaging of the brain in response to alcohol dependence has found
important structural, functional, and neurochemical differences compared with healthy
brains which have shone light on possible chronic effects of alcohol consumption, revealed
potential vulnerability markers which may be of clinical relevance, identified prognostic
biomarkers associated with relapse and recovery and identified possible biomarkers for
drug development. The picture is complex with modulation of brain systems by alcohol
differing according to the time course of the disorder, the severity and quantity of alcohol
used and with an important role for family history in which genetics also plays a role. The
sometimes-contradictory findings could also be related to differences in duration of alcohol
abstinence and different characteristics of patients being assessed. Another consideration
for PET and fMRI imaging studies in alcohol dependence in general is its association with
significant cortical grey matter loss, such that in theory, certain reductions observed in
receptor availability or changes in BOLD response may in part be explained by changes
in brain volume. Further effort is required to determine the interaction between cortical
atrophy and the observed functional and/or neurochemical changes.

There is evidence of gender- and sex-related differences in consumption of alcohol as
well as its effects on the brain [153]. However, neuroimaging studies on the effects of alcohol
use and dependence have either excluded women or shown low female enrolment [154].
Consideration of gender- and sex-related effects has also been limited, in part due to a
lack of power [154]. Rates of alcohol dependence have increased drastically in women and
many of the harmful health effects are more severe and occur more rapidly in women [155].
This underscores the need to examine sex- and gender-related alterations on brain function
and structure in alcohol use; improving our understanding of these effects may enable
tailoring of pharmacotherapeutic treatments to improve outcomes.

Another important area for further research is to determine whether alterations in
brain structure, brain function and receptor availability in alcohol dependent individuals
occur as a direct result of alcohol toxicity or whether they represent vulnerability factors for
the onset, development or persistence of problematic or dependent drinking, or whether
both contribute to the observed changes. Larger prospective studies and those with a
longitudinal design are needed to better understand trait markers that may exist prior to
the development of addiction and how they may change across the whole trajectory of
the disorder to assess causality, and to stratify and target patients most at risk. Continued
efforts to identify suitable biological targets to reduce craving, withdrawal, increase cogni-
tion and maintain abstinence for those affected are warranted because despite 30 years of
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neuroimaging and the huge advances in technologies to understand the brain basis of alco-
hol use disorder, it remains the case that, to date, only three pharmacotherapies are licensed
for alcohol dependence and only 9% of such individuals receive such treatment [156].
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112. Kirby, K.N.; Maraković, N.N. Delay-discounting probabilistic rewards: Rates decrease as amounts increase. Psychon. Bull. Rev.
1996, 3, 100–104. [CrossRef] [PubMed]

113. Ortner, C.N.; MacDonald, T.K.; Olmstead, M.C. Alcohol intoxication reduces impulsivity in the delay-discounting paradigm.
Alcohol Alcohol. 2003, 38, 151–156. [CrossRef]

114. Dougherty, D.M.; Marsh-Richard, D.M.; Hatzis, E.S.; Nouvion, S.O.; Mathias, C.W. A test of alcohol dose effects on multiple
behavioral measures of impulsivity. Drug Alcohol Depend. 2008, 96, 111–120. [CrossRef]

115. McCarthy, D.M.; Niculete, M.E.; Treloar, H.R.; Morris, D.H.; Bartholow, B.D. Acute alcohol effects on impulsivity: Associations
with drinking and driving behavior. Addiction 2012, 107, 2109–2114. [CrossRef] [PubMed]

116. Herman, A.M.; Duka, T. Facets of impulsivity and alcohol use: What role do emotions play? Neurosci. Biobehav. Rev. 2019, 106,
202–216. [CrossRef] [PubMed]

117. Gowin, J.L.; Vatsalya, V.; Westman, J.G.; Schwandt, M.L.; Bartlett, S.; Heilig, M.; Momenan, R.; Ramchandani, V.A. The effect of
varenicline on the neural processing of fearful faces and the subjective effects of alcohol in heavy drinkers. Alcohol. Clin. Exp. Res.
2016, 40, 979–987. [CrossRef] [PubMed]

118. Zhang, R.; Volkow, N.D. Brain default-mode network dysfunction in addiction. Neuroimage 2019, 200, 313–331. [CrossRef]
[PubMed]

119. Orban, C.; McGonigle, J.; Flechais, R.S.; Paterson, L.M.; Elliott, R.; Erritzoe, D.; Ersche, K.D.; Murphy, A.; Nestor, L.J.; Passetti, F.
Chronic alcohol exposure differentially modulates structural and functional properties of amygdala: A cross-sectional study.
Addict. Biol. 2021, 26, e12980. [CrossRef]

120. Beck, A.; Wüstenberg, T.; Genauck, A.; Wrase, J.; Schlagenhauf, F.; Smolka, M.N.; Mann, K.; Heinz, A. Effect of brain structure,
brain function, and brain connectivity on relapse in alcohol-dependent patients. Arch. Gen. Psychiatry 2012, 69, 842–852. [CrossRef]

121. Erritzoe, D.; Zafar, R.; Nutt, D. Meta-analysis and systematic review of the dopamine DRD2/3 receptors in Addiction. Manuscript
in prep.

122. Volkow, N.D.; Wang, G.-J.; Telang, F.; Fowler, J.S.; Logan, J.; Jayne, M.; Ma, Y.; Pradhan, K.; Wong, C. Profound decreases in
dopamine release in striatum in detoxified alcoholics: Possible orbitofrontal involvement. J. Neurosci. 2007, 27, 12700–12706.
[CrossRef] [PubMed]

123. Volkow, N.D.; Wiers, C.E.; Shokri-Kojori, E.; Tomasi, D.; Wang, G.-J.; Baler, R. Neurochemical and metabolic effects of acute
and chronic alcohol in the human brain: Studies with positron emission tomography. Neuropharmacology 2017, 122, 175–188.
[CrossRef]

124. Heinz, A.; Siessmeier, T.; Wrase, J.; Hermann, D.; Klein, S.; Grüsser-Sinopoli, S.M.; Flor, H.; Braus, D.F.; Buchholz, H.G.; Gründer,
G. Correlation between dopamine D2 receptors in the ventral striatum and central processing of alcohol cues and craving. Am. J.
Psychiatry 2004, 161, 1783–1789. [CrossRef]

125. Gilman, S.; Adams, K.M.; Johnson-Greene, D.; Koeppe, R.A.; Junck, L.; Kluin, K.J.; Martorello, S.; Heumann, M.; Hill, E. Effects of
disulfiram on positron emission tomography and neuropsychological studies in severe chronic alcoholism. Alcohol. Clin. Exp. Res.
1996, 20, 1456–1461. [CrossRef] [PubMed]

126. Heinz, A.; Siessmeier, T.; Wrase, J.; Buchholz, H.G.; Gründer, G.; Kumakura, Y.; Cumming, P.; Schreckenberger, M.; Smolka, M.N.;
Rösch, F. Correlation of alcohol craving with striatal dopamine synthesis capacity and D2/3 receptor availability: A combined
[18F] DOPA and [18F] DMFP PET study in detoxified alcoholic patients. Am. J. Psychiatry 2005, 162, 1515–1520. [CrossRef]

127. Rominger, A.; Cumming, P.; Xiong, G.; Koller, G.; Böning, G.; Wulff, M.; Zwergal, A.; Förster, S.; Reilhac, A.; Munk, O. [18F]
fallypride PET measurement of striatal and extrastriatal dopamine D2/3 receptor availability in recently abstinent alcoholics.
Addict. Biol. 2012, 17, 490–503. [CrossRef] [PubMed]

128. Repo, E.; Kuikka, J.T.; Bergström, K.A.; Karhu, J.; Hiltunen, J.; Tiihonen, J.; Kuikka, J. Dopamine transporter and D2-receptor
density in late-onset alcoholism. Psychopharmacology 1999, 147, 314–318. [CrossRef]

129. Narendran, R.; Mason, N.S.; Paris, J.; Himes, M.L.; Douaihy, A.B.; Frankle, W.G. Decreased prefrontal cortical dopamine
transmission in alcoholism. Am. J. Psychiatry 2014, 171, 881–888. [CrossRef] [PubMed]

83



Nutrients 2021, 13, 3938

130. Erritzoe, D.; Tziortzi, A.; Bargiela, D.; Colasanti, A.; Searle, G.E.; Gunn, R.N.; Beaver, J.D.; Waldman, A.; Nutt, D.J.; Bani, M.
In vivo imaging of cerebral dopamine D3 receptors in alcoholism. Neuropsychopharmacology 2014, 39, 1703–1712. [CrossRef]

131. Murphy, A.; Nestor, L.J.; McGonigle, J.; Paterson, L.; Boyapati, V.; Ersche, K.D.; Flechais, R.; Kuchibatla, S.; Metastasio, A.; Orban,
C. Acute D3 antagonist GSK598809 selectively enhances neural response during monetary reward anticipation in drug and
alcohol dependence. Neuropsychopharmacology 2017, 42, 1049–1057. [CrossRef] [PubMed]

132. Zafar, R.; Wall, M.; Erritzoe, D.; Nutt, D. Role of D3 Receptor antagonism in alcohol dependence: A combined PET/MRI
investigation. Manuscript in prep.

133. Martinez, D.; Gil, R.; Slifstein, M.; Hwang, D.-R.; Huang, Y.; Perez, A.; Kegeles, L.; Talbot, P.; Evans, S.; Krystal, J. Alcohol dependence
is associated with blunted dopamine transmission in the ventral striatum. Biol. Psychiatry 2005, 58, 779–786. [CrossRef]

134. Begleiter, H.; Porjesz, B. What is inherited in the predisposition toward alcoholism? A proposed model. Alcohol. Clin. Exp. Res.
1999, 23, 1125–1135. [CrossRef] [PubMed]

135. Abi-Dargham, A.; Krystal, J.H.; Anjilvel, S.; Scanley, B.E.; Zoghbi, S.; Baldwin, R.M.; Rajeevan, N.; Ellis, S.; Petrakis, I.L.; Seibyl, J.P.
Alterations of benzodiazepine receptors in type II alcoholic subjects measured with SPECT and [123I] iomazenil. Am. J. Psychiatry
1998, 155, 1550–1555. [CrossRef]

136. Lingford-Hughes, A.R.; Acton, P.; Gacinovic, S.; Suckling, J.; Busatto, G.; Boddington, S.; Bullmore, E.; Woodruff, P.; Costa, D.;
Pilowsky, L. Reduced levels of GABA-benzodiazepine receptor in alcohol dependency in the absence of grey matter atrophy. Br. J.
Psychiatry 1998, 173, 116–122. [CrossRef] [PubMed]

137. Lingford-Hughes, A.; Wilson, S.; Cunningham, V.J.; Feeney, A.; Stevenson, B.; Brooks, D.; Nutt, D.J. GABA-benzodiazepine
receptor function in alcohol dependence: A combined 11 C-flumazenil PET and pharmacodynamic study. Psychopharmacology
2005, 180, 595–606. [CrossRef]

138. Lingford-Hughes, A.; Reid, A.G.; Myers, J.; Feeney, A.; Hammers, A.; Taylor, L.G.; Rosso, L.; Turkheimer, F.; Brooks, D.J.; Grasby,
P. A [11C] Ro15 4513 PET study suggests that alcohol dependence in man is associated with reduced α5 benzodiazepine receptors
in limbic regions. J. Psychopharmacol. 2012, 26, 273–281. [CrossRef] [PubMed]

139. Volkow, N.D.; Wang, G.J.; Begleiter, H.; Hitzemann, R.; Pappas, N.; Burr, G.; Pascani, K.; Wong, C.; Fowler, J.S.; Wolf, A.P. Regional
brain metabolic response to lorazepam in subjects at risk for alcoholism. Alcohol. Clin. Exp. Res. 1995, 19, 510–516. [CrossRef] [PubMed]

140. Weerts, E.M.; Wand, G.S.; Kuwabara, H.; Munro, C.A.; Dannals, R.F.; Hilton, J.; Frost, J.J.; McCaul, M.E. Positron emission
tomography imaging of mu-and delta-opioid receptor binding in alcohol-dependent and healthy control subjects. Alcohol. Clin.
Exp. Res. 2011, 35, 2162–2173. [CrossRef]

141. Mitchell, J.M.; O’Neil, J.P.; Janabi, M.; Marks, S.M.; Jagust, W.J.; Fields, H.L. Alcohol consumption induces endogenous opioid
release in the human orbitofrontal cortex and nucleus accumbens. Sci. Transl. Med. 2012, 4, 116ra116. [CrossRef] [PubMed]

142. Heinz, A.; Reimold, M.; Wrase, J.; Hermann, D.; Croissant, B.; Mundle, G.; Dohmen, B.M.; Braus, D.H.; Schumann, G.; Machulla,
H.-J. Correlation of stable elevations in striatal μ-opioid receptor availability in detoxified alcoholic patients with alcohol craving:
A positron emission tomography study using carbon 11–labeled carfentanil. Arch. Gen. Psychiatry 2005, 62, 57–64. [CrossRef]

143. Hermann, D.; Hirth, N.; Reimold, M.; Batra, A.; Smolka, M.N.; Hoffmann, S.; Kiefer, F.; Noori, H.R.; Sommer, W.H.; Reischl, G.
Low μ-opioid receptor status in alcohol dependence identified by combined positron emission tomography and post-mortem
brain analysis. Neuropsychopharmacology 2017, 42, 606–614. [CrossRef]

144. Mann, K.; Torup, L.; Sørensen, P.; Gual, A.; Swift, R.; Walker, B.; van den Brink, W. Nalmefene for the management of alcohol de-
pendence: Review on its pharmacology, mechanism of action and meta-analysis on its clinical efficacy. Eur. Neuropsychopharmacol.
2016, 26, 1941–1949. [CrossRef]

145. Parsons, L.H.; Hurd, Y.L. Endocannabinoid signalling in reward and addiction. Nat. Rev. Neurosci. 2015, 16, 579–594. [CrossRef]
[PubMed]

146. Neumeister, A.; Normandin, M.D.; Murrough, J.W.; Henry, S.; Bailey, C.R.; Luckenbaugh, D.A.; Tuit, K.; Zheng, M.Q.; Galatzer-
Levy, I.R.; Sinha, R. Positron emission tomography shows elevated cannabinoid CB 1 receptor binding in men with alcohol
dependence. Alcohol. Clin. Exp. Res. 2012, 36, 2104–2109. [CrossRef]

147. Hirvonen, J.; Zanotti-Fregonara, P.; Umhau, J.C.; George, D.T.; Rallis-Frutos, D.; Lyoo, C.H.; Li, C.-T.; Hines, C.S.; Sun, H.;
Terry, G.E. Reduced cannabinoid CB 1 receptor binding in alcohol dependence measured with positron emission tomography.
Mol. Psychiatry 2013, 18, 916–921. [CrossRef]

148. Brown, A.K.; George, D.T.; Fujita, M.; Liow, J.S.; Ichise, M.; Hibbeln, J.; Ghose, S.; Sangare, J.; Hommer, D.; Innis, R.B. PET [11C]
DASB imaging of serotonin transporters in patients with alcoholism. Alcohol. Clin. Exp. Res. 2007, 31, 28–32. [CrossRef] [PubMed]

149. Szabo, Z.; Owonikoko, T.; Peyrot, M.; Varga, J.; Mathews, W.B.; Ravert, H.T.; Dannals, R.F.; Wand, G. Positron emission
tomography imaging of the serotonin transporter in subjects with a history of alcoholism. Biol. Psychiatry 2004, 55, 766–771.
[CrossRef] [PubMed]

150. Martinez, D.; Slifstein, M.; Gil, R.; Hwang, D.-R.; Huang, Y.; Perez, A.; Frankle, W.G.; Laruelle, M.; Krystal, J.; Abi-Dargham, A.
Positron emission tomography imaging of the serotonin transporter and 5-HT1A receptor in alcohol dependence. Biol. Psychiatry
2009, 65, 175–180. [CrossRef] [PubMed]

151. Kumar, J.; Ismail, Z.; Hatta, N.H.; Baharuddin, N.; Hapidin, H.; Get Bee, Y.-T.; Yap, E.; Pakri Mohamed, R.M. Alcohol addiction-
metabotropic glutamate receptor subtype 5 and its Ligands: How They All Come Together? Curr. Drug Targets 2018, 19, 907–915.
[CrossRef] [PubMed]

84



Nutrients 2021, 13, 3938

152. Akkus, F.; Mihov, Y.; Treyer, V.; Ametamey, S.M.; Johayem, A.; Senn, S.; Rösner, S.; Buck, A.; Hasler, G. Metabotropic glutamate
receptor 5 binding in male patients with alcohol use disorder. Transl. Psychiatry 2018, 8, 1–8. [CrossRef]

153. Erol, A.; Karpyak, V.M. Sex and gender-related differences in alcohol use and its consequences: Contemporary knowledge and
future research considerations. Drug Alcohol Depend. 2015, 156, 1–13. [CrossRef]

154. Verplaetse, T.L.; Cosgrove, K.P.; Tanabe, J.; McKee, S.A. Sex/gender differences in brain function and structure in alcohol use:
A narrative review of neuroimaging findings over the last 10 years. J. Neurosci. Res. 2021, 99, 309–323. [CrossRef]

155. McCaul, M.E.; Roach, D.; Hasin, D.S.; Weisner, C.; Chang, G.; Sinha, R. Alcohol and women: A brief overview. Alcohol. Clin. Exp.
Res. 2019, 43, 774. [CrossRef]

156. Fairbanks, J.; Umbreit, A.; Kolla, B.P.; Karpyak, V.M.; Schneekloth, T.D.; Loukianova, L.L.; Sinha, S. Evidence-based pharma-
cotherapies for alcohol use disorder: Clinical pearls. In Mayo Clinic Proceedings; Elsevier: Amsterdam, The Netherlands, 2020;
pp. 1964–1977.

85





nutrients

Review

Alcohol’s Impact on the Fetus

Svetlana Popova 1,2,3,4,*, Danijela Dozet 1,4, Kevin Shield 1,2, Jürgen Rehm 1,2,4,5,6,7 and Larry Burd 8

Citation: Popova, S.; Dozet, D.;

Shield, K.; Rehm, J.; Burd, L.

Alcohol’s Impact on the Fetus.

Nutrients 2021, 13, 3452. https://

doi.org/10.3390/nu13103452

Academic Editor: Peter Anderson

Received: 9 August 2021

Accepted: 27 September 2021

Published: 29 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute for Mental Health Policy Research, Centre for Addiction and Mental Health,
33 Ursula Franklin Street, Toronto, ON M5S 2S1, Canada; danijela.dozet@camh.ca (D.D.);
kevin.shield@camh.ca (K.S.); jtrehm@gmail.com (J.R.)

2 Dalla Lana School of Public Health, University of Toronto, 155 College Street, Toronto, ON M5T 3M7, Canada
3 Factor-Inwentash Faculty of Social Work, University of Toronto, 246 Bloor Street W,

Toronto, ON M5S 1V4, Canada
4 Institute of Medical Science, Faculty of Medicine, Medical Sciences Building, University of Toronto,

1 King’s College Circle, Toronto, ON M5S 1A8, Canada
5 Institute of Clinical Psychology and Psychotherapy & Center of Clinical Epidemiology and Longitudinal

Studies, Technische Universität Dresden, Chemnitzer Street 46, 01187 Dresden, Germany
6 Department of Psychiatry, University of Toronto, 250 College Street, Toronto, ON M5T 1R8, Canada
7 Department of International Health Projects, Institute for Leadership and Health Management,

I.M. Sechenov First Moscow State Medical University, Trubetskaya Street, 8, b. 2, 119992 Moscow, Russia
8 Department of Pediatrics, University of North Dakota School of Medicine and Health Sciences,

1301 N Columbia Rd., Grand Forks, ND 58202, USA; larry.burd@ndus.edu
* Correspondence: lana.popova@camh.ca; Tel.: +1-(416)-535-8501 (ext. 34558)

Abstract: Background: Alcohol is a teratogen and prenatal exposure may adversely impact the
developing fetus, increasing risk for negative outcomes, including Fetal Alcohol Spectrum Disorder
(FASD). Global trends of increasing alcohol use among women of childbearing age due to economic
development, changing gender roles, increased availability of alcohol, peer pressure and social ac-
ceptability of women’s alcohol use may put an increasing number of pregnancies at risk for prenatal
alcohol exposure (PAE). This risk has been exacerbated by the ongoing COVID-19 pandemic in some
countries. Method: This literature review presents an overview on the epidemiology of alcohol use
among childbearing age and pregnant women and FASD by World Health Organization regions;
impact of PAE on fetal health, including FASD; associated comorbidities; and social outcomes. Re-
sults/Conclusion: The impact of alcohol on fetal health and social outcomes later in life is enormous,
placing a huge economic burden on countries. Prevention of prenatal alcohol exposure and early
identification of affected individuals should be a global public health priority.

Keywords: alcohol; fetal; fetal alcohol spectrum disorder; morbidity; mortality; pregnancy

1. Introduction

Alcohol consumption can harm not only the person consuming alcohol, but also to
their family, friends and community. Alcohol use during pregnancy is one of the examples
of “harm to others”—to the developing fetus. Alcohol has been a well-established teratogen
for many years and may adversely impact the developing fetus, increasing risk for many
adverse outcomes, including Fetal Alcohol Spectrum Disorder (FASD).

Alcohol use is increasing at an alarming rate among women globally, particularly
among women of childbearing age (15–49 years) and pregnant women [1–5]. Alcohol
consumption has increased in terms of the prevalence of current drinkers [4], and in the
volume and frequency of drinking among drinkers [5], as well as the lowering of the
age of initiation for alcohol use [3]. Though a global assessment of alcohol use among
pregnant women during the pandemic has yet to be conducted, there is some evidence
to suggest that the COVID-19 pandemic has been associated with increased alcohol use
among women of childbearing age in some countries [6–8]. Higher than usual rates of
alcohol use, combined with unplanned pregnancies, places many pregnancies at increased
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risk of alcohol exposure and therefore, many infants at risk of harm [9]. Changes to
substance use during the pandemic may be mediated by mental health status; for example,
pregnant women’s psychological distress in the United States was predictive of the number
of substances they used [10], whereas a Canadian study found no such association [11].
This article will overview epidemiology of alcohol use among childbearing and pregnant
women, FASD in general and special sub-populations as well as the impact of alcohol on
the fetus.

1.1. Alcohol Use among Childbearing-Aged Women

Based on data from the World Health Organization’s (WHO) 2018 Global Information
System on Alcohol and Health [4], global adult per capita consumption of alcohol (APC)
among women of childbearing age was estimated to be 2.3 L in 2016. Worldwide, APC
among women of childbearing age varies, ranging from as low as 0.1 L in the Eastern
Mediterranean Region to as high as 4.6 L in the European Region. Countries with high-
income economies reported the greatest APC (4.5 L), followed by upper-middle-income
economies (2.7 L), lower-middle-income economies (1.5 L), and low-income economies
(1.2 L) (see Table 1).

Table 1. Adult per capita consumption and the prevalence of current drinking, former drinking, lifetime abstention, and heavy episodic
drinking among women of childbearing age (15 to 49 years of age) in 2016.

Regions
Per Capita

Consumption (Litres)

Prevalence (%)

Current
Drinking

Former
Drinking

Lifetime
Abstention

Heavy Episodic
Drinking

Global 2.3 32.1 56.7 11.3 8.7

WHO regions

African 2.1 21.7 69.4 9.0 7.6

America 3.1 42.9 25.0 32.0 10.5

Eastern Mediterranean 0.1 1.3 97.8 0.9 0.1

European 4.6 53.9 30.3 15.9 18.7

South-East Asia 1.4 22.5 70.5 7.0 5.2

Western Pacific 2.8 42.7 49.6 7.6 10.7

World Bank regions

Low-income economies 1.2 17.4 73.8 8.8 5.5

Lower-middle-income economies 1.5 20.6 71.3 8.1 5.0

Upper-middle-income economies 2.7 37.6 50.7 11.8 10.4

High-income economies 4.5 60.7 18.4 20.9 17.3

Source: The Global Information System on Alcohol and Health [12].

Globally, in 2016, 32.1% of women of childbearing age consumed alcohol. The preva-
lence of current drinking among childbearing-aged women was lowest in the Eastern
Mediterranean Region (1.3%) and highest in the European Region (53.9%) [4].

Worldwide, approximately 8.7% of women of childbearing age engaged in heavy
episodic drinking (HED), defined as consuming at least 60 g of pure alcohol on at least
one occasion in the past 30 days [4]. The definition of what constitutes a standard drink
varies: in the United States, a standard drink contains 14 g of pure alcohol, but in Europe, a
standard drink contains approximately 10 g of alcohol.

Among women of childbearing age who drink, the prevalence of HED was lowest in the
Eastern Mediterranean Region (0.1%) and highest in the European Region (18.7%). Among
childbearing-aged women who drink, the prevalence of HED was highest in countries with
high-income economies (60.7% and 17.3%, respectively), followed by upper-middle-income
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economies (37.6% and 10.4%, respectively), lower-middle-income economies (20.6% and 5.0%,
respectively), and low-income economies (17.4% and 5.5%, respectively).

The ratio of men’s APC to women’s APC in 2016 was estimated to be 4.6 globally;
highest in the Eastern Mediterranean Region (10.8) and lowest in the European Region (3.8).
Assuming a prospective trend of convergence of gendered alcohol use [13], consumption
by women is expected to continue to increase in those regions where currently there exists
a large discrepancy in the amount of alcohol consumed by men versus women.

1.2. Alcohol Use during Pregnancy

Many countries provide information to healthcare practitioners and the public re-
garding the detrimental effects of alcohol consumption during pregnancy, often in the
form of clinical guidelines. Examples include guidelines produced by Australia [14], Den-
mark [15], Canada [16], France [17], the United States [18], and the WHO’s 2014 guidelines
for the management of substance use during pregnancy [19]. Currently, no level of alco-
hol exposure during pregnancy is known to be safe [20], as even relatively low levels of
alcohol use can substantially increase the risk of FASD [21]. Despite these public health
efforts, approximately 10% of women worldwide continue to consume alcohol during
pregnancy [22,23].

The WHO European Region (EUR) was estimated to have the highest prevalence of
alcohol use during pregnancy (25.2%) [22] (see Table 2). This is not surprising; according
to the latest Global Status Report on Alcohol and Health [4], the European Region ranked
highest in nearly all major alcohol indicators, including prevalence of consumption, levels
of consumption, rates of alcohol use, HED, and Alcohol Use Disorders (AUDs).

Table 2. Global prevalence of any amount of alcohol use and binge drinking (4 or more drinks on a single occasion)
during pregnancy, and of FAS and FASD among the general population, by WHO Region in 2012, and corresponding 95%
confidence intervals.

Region
Alcohol Use

(Any Amount) during Pregnancy (%) a
Binge Drinking during

Pregnancy (%) b
FAS

(per 10,000)
FASD

(per 10,000) c

Globally 9.8
(8.9, 11.1) - 9.4

(9.4, 23.3)
77.3

(49.0, 116.1)

WHO Regions

African 10.0
(8.5, 11.8)

0.1
(0.1, 6.1)

8.9
(8.9, 21.5)

78.3
(53.6, 107.1)

America 11.2
(9.4, 12.6)

0.1
(0.1, 5.6)

11.0
(11.0, 24.0)

87.9
(63.7, 132.4)

Eastern Mediterranean 0.2
(0.1, 0.9) - 0.2

(0.2, 0.9)
1.3

(0.9, 4.5)

European 25.2
(21.6, 29.6)

0.0
(0.0, 5.3)

24.7
(24.7, 54.2)

198.2
(140.9, 280.0)

South-East Asia 1.8
(0.9, 5.1) - 1.3

(1.3, 8.1)
14.1

(6.4, 53.1)

Western Pacific 8.6
(4.5, 11.6)

0.0
(0.0, 3.5)

7.7
(7.7, 19.4)

67.4
(45.4, 116.6)

Source: Popova et al., 2017 [23]. a The prevalence of any amount of alcohol use during pregnancy is inclusive of the prevalence of
binge drinking during pregnancy. b It was not possible to estimate the prevalence of binge drinking during pregnancy for the Eastern-
Mediterranean or South-East Asia Regions due to a lack of available data for countries in these regions; therefore, the global prevalence
could not be estimated. c The prevalence of FASD includes the prevalence of FAS. © Canadian Science Publishing.

Additionally, the five countries with the highest prevalence of alcohol use among
pregnant women were in the European Region: Ireland (60.4%), Belarus (46.6%), Denmark
(45.8%), the United Kingdom (41.3%), and Russia (36.5%) [22,23]. Among these five coun-
tries alone, there are an annual 902,180 prenatally alcohol-exposed births, 69,395 of which
have FASD. In total, there are approximately 1,249,110 cases with FASD among those aged
0–18 years in these five countries alone (see Table 3).
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Table 3. Estimated annual number of cases of FASD in the five countries (Ireland, Belarus, Denmark, the United Kingdom,
and Russia) reporting the highest prevalence of alcohol use during pregnancy in the world in 2016.

Country
Estimated Number of
Cases with PAE (%) *

Annual Births
(Prenatally Alcohol

Exposed Births)

Annual Number of
Cases with FASD *

Number of Cases with
FASD from Birth up

to Age 18

Ireland 60.4 55,959 (33,799) 2599 46,782

Belarus 46.6 107,930 (50,295) 3868 69,624

Denmark 45.8 61,167 (28,014) 2154 38,772

United Kingdom 41.3 640,370 (264,472) 20,344 366,192

Russia 36.5 1,440,000 (525,600) 40,430 727,775

Total cases with FASD 2,305,426 (902,180) 69,395 1,249,110

* Based on the assumption that one in every 13 alcohol-exposed pregnancies will result in FASD in any given year [22–24].

The lowest prevalence of alcohol use during pregnancy was estimated to be in the
Eastern-Mediterranean Region (50 times lower than the global average) followed by the
South-East Asia Region (five times lower than the global average); in these regions, a
large proportion of the population abstains from alcohol use, especially within the female
population [19].

In addition to high rates of alcohol consumption during pregnancy, in 40% of the
countries examined, over one-quarter of pregnant women who consumed alcohol engaged
in binge drinking [23,24]. This is alarming, as binge drinking is the most detrimental pattern
of drinking during pregnancy and increases the risk of FASD. The highest prevalence of
binge drinking during pregnancy was estimated to be in the African Region (3.1%), while
the lowest prevalence of binge drinking during pregnancy was estimated to be in the
Western-Pacific Region (1.8%) (see Table 2).

Among women who drank any amount of alcohol during pregnancy, the proportion
who engaged in binge drinking was estimated to range from 10.7% in the European
Region to 31.0% in the African Region [23]. The five countries with the highest estimated
prevalence of binge drinking during pregnancy were Paraguay (13.9%), Moldova (10.6%),
Ireland (10.5%), Lithuania (10.5%), and the Czech Republic (9.4%) [23].

These estimates are representative of the general populations of the respective coun-
tries; however, prevalence rates of alcohol use during pregnancy have been reported to be
much higher among some sub-populations. For example, among pregnant Inuit women
in northern Quebec (Canada), alcohol use was reported to be 60.5%, which is more than
ten times higher than the estimate (10%) for the general population of pregnant women in
Canada [25].

2. Effects of Alcohol Use on Fetus

Alcohol is a teratogen that can readily cross the placenta, resulting in damage to the
developing embryo and fetus. Studies (both animal and clinical) have demonstrated that
ethanol diffuses through the placenta and distributes rapidly into the fetal compartment,
accumulating in the amniotic fluid [26]. This reservoir causes greater fetal exposure
to ethanol and is intensified by fetal swallowing, caused by the fetal kidneys excreting
xenobiotics into the amniotic fluid, which is then swallowed by the fetus [27]. Alcohol has a
prolonged effect on the fetus due to amniotic accumulation, reduced concentrations of fetal
metabolic enzymes, and reduced elimination, which results in damage to the developing
embryo and fetus.

The identification of the range of adverse outcomes from prenatal exposure to alcohol
is still an emerging field. Thus far, fetal exposure to alcohol is an established risk factor
for a number of adverse outcomes, including stillbirth [28], spontaneous abortion [29],
premature birth [30–32], intrauterine growth retardation [32,33], low birthweight [32,34]
and FASD [35].
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Cellular responses resulting from prenatal exposure to the teratogen alcohol is an area
of considerable interest to a wide range of researchers and clinicians. Currently, alcohol is
known to be teratogenic for all organ systems of the developing fetus [36]. Alcohol seems
to be especially harmful to the developing nervous system. Some of these mechanisms,
include increased oxidative stress to the central nervous system (CNS) [37], impaired angio-
genesis and neurogenesis that occurs during brain development in utero [38], increased cell
death in various brain structures [39], as well as disruptions to the endocrine system [40],
to gene expressions [41] and to prostaglandin synthesis [42]. Prenatal alcohol exposure
dysregulates amino acid homeostasis and induces excitatory neurotoxicity, increasing
taurine levels as a neuroprotective response [43].

PAE is generally associated with reduced overall brain volume in exposed individuals,
which can be observed at birth and later in life. Specifically, individuals with PAE may have
reduced gray and white matter in the cerebrum and cerebellum, and reduced gray matter
in brain structures including the amygdala, hippocampus, putamen, caudate, thalamus and
pallidum [44]. Poorer cognitive and behavioural outcomes are associated with larger brain
volume decreases from PAE; however, rates of brain volume growth are similar in early
childhood and there are abnormal brain-behaviour connections displayed in children with
PAE, suggesting there is a well-defined, long window of opportunity for intervention [45].
The asymmetry of the cerebral cortex thickness throughout development is preserved in
individuals with PAE despite their thinner cortex and reduced globally reduced volume,
suggesting that typical brain developmental patterns do occur in individuals with PAE
and that deficits in cognitive performance are more related to the teratogenic exposure in
utero [44].

In addition to the substantial cognitive, neurological, and behavioural deficits resulting
from damage to the central nervous system, PAE can also lead to organ defects found in
the liver, kidney, and heart, as well as disruptions in the gastrointestinal and endocrine
systems [46,47]. Consistent and high levels of alcohol intake on a daily basis during
pregnancy are associated with significant fetal impairments in gross and fine motor function
observed in childhood [48]. It is theorized that PAE programs the fetal HPA axis to have
increased tone, affecting stress response and regulation during baseline and stressful
conditions throughout life [40]. This increased tone may be linked to increased reactivity
in adverse life events and may represent an increased vulnerability to depression, as
HPA dysregulation is commonly found in individuals with depression [49]. There is
also preliminary evidence to suggest that PAE can adversely impact immune function
later in life as a result of changes in cytokines and lymphocytes that are related to atopic
allergy and infection outcomes [50]. While more research is needed in this area, this early
finding is important given the relationship between stress reactivity and immune function,
suggesting that individuals with PAE are even more susceptible to various comorbidities.

Outcomes from alcohol exposure are modified by a large number of effect modi-
fiers, which include timing and amount of alcohol consumption (dose-dependent), mater-
nal/fetal polysubstance exposure (smoking, other drugs, prescription medications (both
prescribed and diverted), nutritional deficiencies, exposure to environmental stressors (e.g.,
domestic violence, poverty, homelessness), comorbid mental disorders (e.g., depression,
anxiety), and peer pressure from friends, families and especially partners’ substance use
patterns during pregnancy [51–53]. Some patterns of co-exposure are observed to be more
detrimental, especially drinking alcohol and nicotine or cannabis exposure [54–56]. It has
been shown that prenatal exposures to alcohol and nicotine are more potent influences on
developing fetal brain structures than cocaine [57].

A growing body of evidence supports epigenetic etiology in the development of FASD
due to ethanol-related changes in gene expression (without changes in the DNA sequence),
particularly from 3 to 8 weeks of gestation [58]. The timing and pattern of prenatal alcohol
exposure affects the alcohol-induced alterations; for example, binge drinking in the first
trimester can affect cell proliferation, whereas cell migration/differentiation is affected
in the second, and cellular networking is affected by binges in the third trimester [59].
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Exposure to alcohol can affect biochemical reactions in the methionine–homocysteine
cycle which is linked to epigenetic changes including abnormal DNA methylation [58]
and induces oxidative stress which leads to DNA damage [60] affecting a fetus’s cell
proliferation and differentiation. Interestingly, chronic paternal alcohol use is associated
with epigenetic dysregulation in neonates as well [61]. Furthermore, rodent studies have
found that prenatal alcohol exposure affects gene transcription in adolescence [62].

2.1. Fetal Alcohol Spectrum Disorder

The most dramatic manifestation of PAE is Fetal Alcohol Spectrum Disorder (FASD).
FASD describes a wide range of effects, these are broadly clustered into three categories:
(1) cognitive impairments including central nervous system damage, congenital anomalies,
prenatal or postnatal growth restrictions; (2) characteristic dysmorphic facial features; and
(3) deficits in cognitive, behavioral, emotional, and adaptive functioning. Since the first
description of FAS by Jones and Smith in 1973 [63,64], the terminology and the diagnostic
guidelines have changed numerous times. Depending on the classification system, FASD
includes several alcohol-related diagnoses, such as Fetal Alcohol Syndrome (FAS), partial
FAS (pFAS), alcohol-related neurodevelopmental disorder (ARND), and Alcohol-Related
Birth Defects (ARBD) [65,66]. The Canadian framework utilizes a single designation
of FASD as a diagnostic term, with the specification of the presence or absence of the
characteristic sentinel facial features [67]. In addition, the category of neurodevelopmental
disorder associated with prenatal alcohol exposure (ND-PAE) is included in the Diagnostic
and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5; [68]). Although the
criteria for FASD diagnoses have been described thoroughly, the diagnosis of FASD remains
challenging, and the specific assessment techniques used to make the definitive diagnosis
are still debated, especially for ARND. It is important to note that FASD captures only a
modest proportion of damage to the developing fetus from alcohol exposure, so not every
child with PAE will be diagnosed with FASD [22].

The risk of developing FASD is related to the patterns (the quantity, frequency, du-
ration) of alcohol consumption, as well as other factors. It has been well documented
in both animal and human studies that larger quantities of PAE and sustained drinking
throughout all trimesters of pregnancy result in greater physical and cognitive deficits, and
the appearance of facial features in FAS [69]. Binge drinking is associated with the highest
risk of fetal damage [52]. However, many studies show that low and moderate drinking
during pregnancy is also associated with fetal damage [20,21].

Research studies show that many other risk factors can also influence development
of FASD, which include a smaller body profile of mother (height, weight, and body mass
index [BMI]), maternal age, low socioeconomic status and smoking [52], a poor nutritional
status (deficit of riboflavin, calcium, and zinc; [70], genetic polymorphisms [71,72], and
paternal alcohol consumption [73].

Several categories of biomarkers of PAE and FASD have been proposed. These
include biomarkers demonstrating adverse outcomes for Fetal Alcohol Syndrome includ-
ing anatomical markers (e.g., facial abnormalities; micrognathia); biomarkers of neuro-
logical impairments (e.g., reduced memory retention), developmental biomarkers (e.g.,
delayed motor learning) and neurobehavioral biomarkers (e.g., deficits in executive func-
tioning) [74]. For example, lower serum concentrations of insulin growth factors IGF-I
and IGF-II have been found to be a reliable biomarker of prenatal alcohol exposure in
children [75]. Certain imaging studies are proposed to be biomarkers for brain differences
associated with FASD, including the use of computerized tomography, magnetic resonance
imaging and positron emission tomography [74]. In addition, a number of biomarkers for
PAE present at birth are available based on meconium and cord blood [74,76,77].

FASD has a very broad phenotype and is further complicated by high rates of co-
morbidity. More than 400 disease conditions, spanning across 18 of 22 chapters of the
ICD-10 have been reported to co-occur in people diagnosed with FASD [36]. The most
prevalent conditions that occur in individuals with FASD are found within the International
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Statistical Classification of Diseases (ICD-10) chapters of “Congenital malformations, de-
formities, and chromosomal abnormalities” (43%) and “Mental and behavioral disorders”
(18%) [78]. Some comorbid conditions that are highly prevalent among people with FASD
include abnormal results of function studies of the peripheral nervous system and special
senses, conduct disorder, chronic serous otitis media, receptive and expressive language
disorders, and visual, developmental, cognitive, mental, and behavioral impairments, with
prevalence estimates of these conditions ranging from 50% to 91% [36]. FASD, as indicated
by the sheer number of conditions found to co-occur in this population, is a multifaceted
spectrum of disorders, affecting multiple organs and systems.

The complexity and chronicity of FASD affects both the affected individual and
their family. In many cases, people with FASD require lifelong support from a wide
range of support services, including health care, social assistance, and remedial education.
Accordingly, it has been shown that FASD has a substantial economic impact on any
society [79–81]. In Canada, the annual cost attributable to FASD was estimated to be
between CAD1.3 billion and CAD2.3 billion [81]. In North America, the lifetime cost for a
complex case of FASD has been estimated to be more than CAD1 million [82]. Individuals
from all socio-economic and ethnic backgrounds are affected by FASD [83]. The deficits
expressed by individuals with FASD vary broadly in severity and type. Moreover, FASD
is intergenerational and familial. Children with an affected sibling are at a higher risk of
having FASD [84].

2.2. Changes over the Lifespan of People with Fetal Alcohol Spectrum Disorder

The neurodevelopmental impairments associated with PAE resulting in FASD lead to
other disabilities later in life. These disabilities include, but are not limited to, academic
failure, substance abuse, mental health problems, frequent contact with law enforcement,
and inability to live independently and obtain and/or maintain employment—all of which
have lifelong implications [69]. These generally are referred to as secondary disabilities,
which increase the demands and costs on existing service systems. This includes the health
care system with increased demand for services [85], educational systems with need for
special services for these children and adolescents, corrections systems beginning in early
adolescence and extending across adult life, mental health systems across the lifespan,
social services and child protection services and developmental disabilities.

2.3. Prevalence of Fetal Alcohol Spectrum Disorder

Globally, the prevalence rates of FASD among the general population were estimated
to be 77.3 per 10,000 people [22,86].The prevalence of FASD in the general population was
estimated to be highest in the European Region, at 198.2 per 10,000 people, and lowest in
the Eastern Mediterranean Region, at 1.3 per 10,000 people (Table 2; [22,86]), respectively.
These estimates are in line with the above-reported prevalence of alcohol use during
pregnancy. The five countries with highest prevalence of FASD per 1,000 were South Africa
(111.1), Croatia (53.3), Ireland (47.5), Italy (45.0), and Belarus (36.6) [86]. The five countries
with the lowest prevalence of FASD (<0.1 per 1,000) were Oman, United Arab Emirates,
Saudi Arabia, Qatar, and Kuwait [86].

Recent multi-site active case ascertainment studies in the United States have estimated
the prevalence of FASD to be 5% among students in grade one [21,87–89]. In Canada, the
population-based prevalence of FASD among elementary school children was estimated
to be between 2% and 3% [90]. These studies found that nearly all of these students in
the United States and all of these students in Canada had not been previously diagnosed
with FASD.

The prevalence of FASD in the Western Cape Province of South Africa, a region
known for wine production and a high prevalence of binge drinking among women of
childbearing age, has been reported to be 135.1 to 207.5 per 1000 (13.5–20.8%) among first
grade students—one of the highest FASD prevalence rates in the world [91].
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A systematic review and meta-analysis revealed that FASD prevalence is much higher
in certain sub-populations such as children in care, correctional, or special education
programs, specialized clinical populations, and Aboriginal populations, compared to the
general population [83]. For example, compared to the general population, the prevalence
of FASD among children in care was 32 times higher in the United States and 40 times
higher in Chile, the prevalence of FASD among adults in the Canadian correctional system
was 19 times higher, and the prevalence of FASD among special education populations in
Chile was over 10 times higher [83].

FASD prevalence rates reported in individual studies are extremely alarming. For
instance, the prevalence of FASD was 62% among children with intellectual disabilities in
care in Chile [92], over 52% among adoptees from Eastern Europe [93], and approximately
40% among children residing in orphanages in Lithuania [94]. The highest prevalence
estimates of Fetal Alcohol Syndrome (FAS), which ranged between 46% and 68%, were
reported in Russian orphanages for children with developmental abnormalities [95]. Ad-
ditionally, the prevalence of FASD among youth in correctional services was over 23% in
Canada [96], and over 14% among psychiatric care populations in the United States [97].

These findings demonstrate the large service and cost burdens of FASD across various
systems of care and reflect a substantial global health problem [81]. It is important to
provide caregiver education, diagnosis-informed interventions, lifelong services and long-
term risk reduction to individuals with FASD to reduce the prevalence of secondary
disabilities. Appropriate interventions, as well as diagnostic and support services, must be
available to individuals with FASD from an early age in order to decrease their chances of
becoming involved with the legal system, whether as a victim or as an offender. FASD is a
huge risk factor for incarceration. It was estimated based on available findings that, on any
given day in a specific year, children and adolescents with FASD are 19 times more likely
to be incarcerated compared to children and adolescents without FASD [98]. Lastly, high
prevalence rates of FASD among special education and specialized clinical populations are
not surprising given that individuals with FASD are at an increased risk of having learning
difficulties and mental health problems, and of experiencing developmental delays [36].

2.4. Fetal Alcohol Spectrum Disorder: Global Implications

Globally, there are 130 million live births each year. In 2016, 32.1% of women of child-
bearing age globally consumed alcohol in the past year [4] and 10% of women consumed al-
cohol during pregnancy [22]. These data demonstrate that every year, 13,000,000 pregnancies
are alcohol-exposed in the world. Based on a crude estimate of exposure outcomes from
a meta-analysis, an estimated one in every 13 alcohol-exposed pregnancies will result in
FASD in one specific year [24]. This broad estimate suggests that out of the 13 million
alcohol-exposed pregnancies, 1 million of these pregnancies will result in a baby born
with FASD. To put this in perspective, this results in 2739 new cases of FASD each day, or
114 every hour, or 2 per minute. The cumulative impact is astonishing. Globally, the num-
ber of children with FASD aged from birth through 18 years of age is 18,000,000. We have
previously noted that only a small number of individuals with FASD have been diagnosed:
perhaps only one of every 800 to 1000 cases [99]. FASD is especially underdiagnosed in
certain age groups, as tens of millions of adults and elderly people remain undiagnosed.

These are conservative estimates. Since a large portion of pregnancies globally are
unplanned (44%) [100], many of the 32% of women of childbearing age who already
consume alcohol are at risk of having an alcohol-exposed pregnancy in the early stages,
before pregnancy recognition typically occurs. Alcohol use during pregnancy is also widely
underreported [101,102] so the number of pregnancies with prenatal alcohol exposure (PAE)
could be much higher. This would also increase the estimated number of births of children
with FASD.

In addition, the number of comorbid disorders found to co-occur in individuals with
FASD may also account for the lower prevalence estimates of FASD (i.e., underdiagnoses),
likely due to the shadowing that might occur by the other disease conditions. Often,
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clinicians diagnose the immediate condition that has brought the individual in to seek
medical treatment (e.g., problems with concentration), rather than taking into consideration
the potential associations and underlying causes of the condition or illness (e.g., PAE).

2.5. Fetal Alcohol Spectrum Disorder and Mortality

One of the main neglected manifestations of FASD is premature mortality. The majority
of people who may have met the diagnostic criteria for FASD die before they get a chance
to be diagnosed. Deaths from stillbirth, sudden infant death syndrome and infectious
illness are examples [103–105].

People diagnosed with FASD have a five-fold increase in risk for a premature death
compared to people without FASD [105]. Since this risk is familial, their siblings similarly
have a higher risk of mortality, irrespective of FASD diagnosis [106]. Having children with
FASD is an important risk factor in maternal mortality [107,108]. In one case–control study
in North Dakota (United States), mothers of children with FASD had a 44.82-fold increase
in mortality risk compared to control mothers of the same age [108]. Among the deaths of
birth mothers of children with FASD, 87% were among women under the age of 50 years,
and among the causes of death for these cases, 67% was attributed to cancer, accidents, or
classified as alcohol-related [108].

2.6. Fetal Alcohol Spectrum Disorder and Parenting

The complexity of parenting is increased for parents of children with FASD due to
multiple issues, including sleep and eating disorders, fine and gross motor delays, toileting,
speech and language disorders, need for medication(s), ongoing travel (often years) for
therapies, learning and behavior impairments at school, and unavailability of childcare for
children with complex behavioral impairments as well as of respite care services [109–112].
The complexity of parenting increases during adolescence, as young adult life with FASD
may be especially complex. Early recognition of FASD and early emphasis on prevention of
these problems and secondary disabilities are seen to be most useful in decreasing demands
on parents [109].

3. Treatment Options

To date, there is no known treatment to reverse alcohol-induced damage to the fe-
tus; however, many animal and human research studies have explored treatment options
to reverse or prevent the mechanisms of alcohol teratogenicity on fetus [113]. For in-
stance, animal studies have demonstrated ethanol-induced oxidative stress reduction by
administering vitamins C and E [114–117], astaxanthin [117,118], curcumin [119,120] and
resveratrol [121,122]. Doses of Vitamin E were found to reduce and even prevent Pukinje
cell loss in rats [123,124], and when paired with beta carotene, doses of Vitamin C can
also reduce or ameliorate hippocampal cell loss [124,125]. In zebrafish embryos, doses of
Vitamin A were found to reverse small eye and body length defects, but were unable to
reverse heart edema and other physical anomalies following PAE [124,126,127]. It was also
shown that zinc can decrease physical abnormalities when administered at the time of
ethanol exposure in mice [124,128,129]. Administering food supplements with folic acid,
selenium, DHA, L-glutamine, boricacid, and choline [124,130] to pregnant women with
risk of developing a child with FASD, also demonstrated that it can reduce the severity of
ethanol-induced toxicity [124,131]. Recent studies show that low maternal iron reserves
during pregnancy are associated with more prevalent FASD features where there is PAE;
this is especially important as women of reproductive age who are heavy users of alcohol
tend to have low iron stores [132]. Furthermore, while there is a breadth of evidence
using animal models, clinical trials are needed to study interventions and supplementation
options for humans [117].
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4. Limitations

The current review has several strengths, including an overview of the most up-to-date
epidemiological data on alcohol use in pregnancy and FASD in conjunction with what is
known about the effects of alcohol on the fetus, including individual and population-level
impacts. These data must be understood in light of several existing limitations, however.
First and foremost, alcohol use during pregnancy is underreported and in addition, FASD
is largely undiagnosed. Some countries may not have available data on alcohol use during
pregnancy (e.g., countries not included in WHO Member States) and though the global
estimate is 10%, this varies widely across countries. Furthermore, studies on maternal
alcohol consumption are often not based on representative sampling strategies, and often
do not include data on alcohol use patterns, pregnancy planning, or timing of pregnancy
recognition. The current review presents meta-analytic estimates of FASD prevalence in
general and sub-populations based on active case ascertainment (ACA) studies, which are
the gold standard; however, case definitions and diagnostic criteria for FASD vary widely
across studies and in different countries.

5. Conclusions

The detrimental effects of alcohol on a fetus leading to preventable chronic disabilities
should be recognized and addressed as a global public health issue. The increasing
incidence and prevalence of PAE and FASD at alarming rates is a public health exigency
which demands strategic and timely interventions for both pregnant and childbearing-
aged women who consume alcohol, and for their offspring who may be at risk of PAE.
Prevention initiatives aimed at reducing alcohol use prior to and during pregnancy should
be implemented worldwide.

There must be recognition that FASD is not restricted solely to disadvantaged groups,
but rather that it may occur throughout society, regardless of socio-economic status, ed-
ucation, or ethnicity [90]. Therefore, efforts must be made to better educate the general
population (adult women and men, children, and teenagers) about the risks of alcohol use
(especially binge drinking and frequent drinking) during pregnancy.

Appropriate screening for alcohol use in all women of childbearing age, in combi-
nation with health promotion before conception, contraceptive counselling, brief inter-
ventions, and referrals to substance abuse programs where appropriate, should become a
routine standard of care. Research has shown that easy access to substance use programs
utilizing effective treatment of identified cases of alcohol dependence or AUDs among
pregnant women could reduce the risk of PAE and having children with FASD [133,134].
Collaborative research projects and maternal health promotion programs (e.g., the Women-
Infant-Child (WIC) program or the Parent Child Assistance Program (PCAP)) can be
funded to help identify mothers who are drinking during pregnancy and therefore infants
and young children with PAE who are at risk for FASD. Such programs have been shown
to be cost-effective, and similarly, it has been estimated that preventing one case of FASD
incurs only 3% of the costs it would require to provide support services to individuals with
FASD [135].

Screening for PAE could lead to close monitoring of a child’s development, facilitate
early diagnosis, and the implementation of timely interventions, if necessary. It would
also prevent the occurrence of secondary disabilities later in life and the occurrence and/or
recurrence of prenatal and postnatal alcohol exposure within families at risk for FASD.
Improved access to FASD diagnosis also is an opportunity to identify mothers who not only
have maternal risk factors for FASD but also have children with FASD. This is a priority
population for the prevention of alcohol exposure in future pregnancies. Among people
diagnosed with FASD, specific efforts must be made to prevent school failure, victimization,
incarceration, and the development of substance use disorders. Effective and consistent
execution of universal screening can assist all countries in the development of surveillance
systems to monitor the prevalence of alcohol use during pregnancy and of FASD, over
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time, in order to identify vulnerable populations, develop resources, and evaluate the
effectiveness of prevention strategies.

To conclude, the negative health outcomes of alcohol exposure on the fetus, including
FASD, are preventable and the most effective measure is to completely avoid consuming
any type of alcohol during the entire pregnancy and while trying to become pregnant. All
countries should implement effective and cost-effective population-based policy options
that aim to reduce alcohol use among populations, including women of childbearing age
and pregnant women [136,137], which ultimately will decrease the incidence of FASD and
other negative health outcomes of children and their mothers.
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Abstract: Alcohol consumption has been shown to have complex, and sometimes paradoxical, asso-
ciations with cardiovascular diseases (CVDs). Several hundred epidemiological studies on this topic
have been published in recent decades. In this narrative review, the epidemiological evidence will be
examined for the associations between alcohol consumption, including average alcohol consumption,
drinking patterns, and alcohol use disorders, and CVDs, including ischaemic heart disease, stroke,
hypertension, atrial fibrillation, cardiomyopathy, and heart failure. Methodological shortcomings,
such as exposure classification and measurement, reference groups, and confounding variables (mea-
sured or unmeasured) are discussed. Based on systematic reviews and meta-analyses, the evidence
seems to indicate non-linear relationships with many CVDs. Large-scale longitudinal epidemiological
studies with multiple detailed exposure and outcome measurements, and the extensive assessment of
genetic and confounding variables, are necessary to elucidate these associations further. Conflicting
associations depending on the exposure measurement and CVD outcome are hard to reconcile, and
make clinical and public health recommendations difficult. Furthermore, the impact of alcohol on
other health outcomes needs to be taken into account. For people who drink alcohol, the less alcohol
consumed the better.

Keywords: alcohol drinking; binge drinking; cardiovascular diseases; ischaemic heart disease;
hypertension; stroke; review

1. Introduction

Alcohol is one of the most important risk factors for disease and mortality globally [1].
The relationship between alcohol consumption and cardiovascular diseases (CVDs) is
complex, and hundreds if not thousands of individual research reports have been published.
Due to the potential beneficial effects of alcohol consumption on some CVD outcomes, the
relationship between alcohol consumption and CVDs, in particular ischaemic heart disease
(IHD), is controversial and highly debated [2–7].

Diseases under the umbrella of CVDs are differential in their aetiology. Therefore,
based on major reviews and meta-analyses, this review is divided into the major CVD
sub-categories: IHD, ischaemic stroke (IS), haemorrhagic stroke (HS), hypertension, atrial
fibrillation (AF), cardiomyopathy, and heart failure.

Alcohol consumption is multi-dimensional, and there is no agreement in the literature
on how to label different levels of alcohol consumption. What is considered low, moderate,
and heavy alcohol consumption varies widely. Even the amount of alcohol in a ‘standard’
drink varies considerably [8]. For example, in the UK, one standard unit is 8 g pure alcohol
(half a pint); in the US, it is 14 g per standard drink; and in Canada, it is 13.6 g. Episodic
heavy drinking, sometimes called ‘binge’ drinking, is not consistently defined [9–12]. In
the US, episodic heavy drinking occasions are defined as alcohol consumption that brings
the blood alcohol concentration to at least 0.08% (or 0.08 g of alcohol per deciliter), corre-
sponding to ≥5 US standard drinks per occasion in men and ≥4 standard drinks in women,
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in about 2 h [13]. Accordingly, in this narrative review, in order to standardize the exposure,
alcohol intake is referred to in grams of pure alcohol based on reported conversion factors.
The following search terms were used in Medline and Embase: (cardiovascular diseases
or cardiac diseases or stroke or heart diseases or heart failure or cardiac myopathy or
cardiac arrhythmia or hypertensive heart disease or hypertension or high blood pressure
or elevated blood pressure or resistant hypertension).mp AND (alcohol consumption.mp.
or exp alcohol consumption) AND (systematic reviews and meta-analysis).mp.

2. Ischaemic Heart Disease

Alcohol consumption and IHD are both highly prevalent in high-income countries.
Many systematic reviews and meta-analyses [5,14–20] and numerous individual studies
have been published in recent decades on the relationship between alcohol consumption
and IHD, or myocardial infarction, the main subcategory of IHD. This relationship and
its implications remain controversial due to a lack of long-term randomized controlled
trials with CVD endpoints. Most meta-analyses of epidemiological data on the topic have
found a J-shaped or sometimes inverse relationship between average alcohol consumption
and IHD, with lifetime abstainers showing a higher risk compared to current ‘moderate’
drinkers (various amounts of alcohol are used to define these drinking groups), and then
an uptake of the risk curve to similar or higher risks compared to those seen for heavier
drinkers. Oftentimes, whether or not a J-curve or an inverse or U-shaped relationship is
observed depends on the range of alcohol consumption reported in an individual study
and the specific IHD endpoint considered (fatal or non-fatal).

The J-shaped risk relationship has been found in both sexes and for IHD morbidity
and mortality [16,21]. In a meta-analysis comprising 957,684 participants and 38,627 events,
a J-shaped curve in relation to lifetime abstainers was observed in women for both fatal and
non-fatal IHD outcomes, and an inverse relationship was observed in men with non-fatal
IHD events [16]. Using only studies fully stratified by sex and endpoint, the nadir was
found at 32 g per day for IHD mortality in men, 69 g per day for IHD morbidity in men,
11 g per day for IHD mortality in women, and 14 g per day for IHD morbidity in women.
The evidence suggests that the type of alcoholic beverage does not play a role in the shape
of the relationship. A meta-analysis [22] of fatal or non-fatal CVD events showed that a
J-shaped association was observed for the consumption of wine, an inverse relationship for
beer consumption, and a negative association for spirits.

IHD mortality among men who drink 60 or more g of pure alcohol on average per
day has been found to be similar to that of lifetime abstainers [18]. Among women, such
drinking levels are rarely observed in typical epidemiological studies. The risk from alcohol
consumption is typically higher in women for the same amount of alcohol consumption
compared to men, due to body fat distribution, body size, and alcohol solubility [23–25].
Nevertheless, both men and women with alcohol use disorders, who oftentimes, but not
always, drink very heavily, have been associated with some of the highest mortality risks
for IHD (RR = 1.62; 95% CI: 1.34 to 1.95 in men; RR = 2.09; 95% CI: 1.28 to 3.41 in women
compared to the general population) [17].

Due to the large heterogeneity observed in meta-analyses of alcohol consumption and
CVD outcomes, it is clear that not all drinking is associated with a lower risk for IHD. For
example, data from Russia consistently show a detrimental association with IHD outcomes;
however, it should be noted that the most prevalent drinking pattern in Russia at the time
of these studies was infrequent heavy drinking rather than low amounts more frequently.
Both drinking patterns would result in the same magnitude of average alcohol intake over
the week [26,27].

Perhaps the most compelling observational evidence for a beneficial association
between average alcohol consumption and IHD comes from an individual-participant
analysis of nearly 600,000 current drinkers of the Emerging Risk Factors Collaboration,
EPIC-CVD, and the UK Biobank cohorts [28]. In an inverse relationship, the hazard ratio
for an increase in 100 g pure alcohol per week in comparison to >0 to <50 g per week was
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0.94 (95% CI: 0.91–0.97) for myocardial infarction (14,539 events). However, except for
myocardial infarction, the risk (per 100 g per week increase in consumption) for stroke
(HR = 1.14, 1.10–1.17), coronary disease other than myocardial infarction (1.06, 1.00–1.11),
heart failure (1.09, 1.03–1.15), and fatal hypertensive disease (1.24, 1.15–1.33) increased
in a linear fashion. The shape of the relationship between average alcohol consumption
and myocardial infarction was J-shaped for fatal myocardial infarction (2748 events) and
non-fatal coronary disease excluding myocardial infarction (6000 events), and inverse for
non-fatal myocardial infarction (11,706 events). The data point for the highest consumption
was 300 g per week, which translates to about 25 standard drinks of 12 g each per week, or
3.57 standard drinks per day on average. The analyses were adjusted for age, sex, smoking,
and history of diabetes. Due to the strong association with MI, the nadir (i.e., the lowest
risk) for overall CVD events (39,018 events) was at an alcohol consumption level of 100 g
per week.

The threat of unmeasured confounding variables and other sources of bias [7] is not
unique to the alcohol–IHD relationship. Early on, the sick-quitter hypothesis [29] was
widely thought to be the cause of the J-shaped curve reported in many studies. Meta-
analyses have shown that former drinkers are associated with a higher risk for IHD
mortality than lifetime or long-term abstainers (RR = 1.25; 95% CI: 1.15–1.36) [30]. No
association was found for both sexes for IHD morbidity. The sick-quitter hypothesis has
been systematically evaluated, and meta-analyses have shown that even when lifetime
abstainers are the reference group, thereby eliminating the sick-quitter effect, or, in other
words, former drinking bias, a lower risk for people reporting alcohol consumption up to
30 g per day without irregular heavy drinking episodes remained [5].

Aside from the issue of reference groups, heavy episodic drinking, i.e., drinking about
five standard drinks for men and four for women on one occasion or within two hours
based on some definitions [13], seems to be an effect modifier for the relationship between
average alcohol consumption and IHD. A meta-analysis [5] found an RR = 1.75 (95% CI:
1.36–2.25) for people who drink up to 30 g on average per day, but who actually have
a drinking pattern characterized by less frequent drinking and mostly heavy drinking
episodes compared to drinkers without such a drinking pattern. This increased risk seems
to negate any lower risk for IHD found in people who drink up to 30 g on average per day
without heavy drinking episodes. Thus, the risk was similar for lifetime abstainers and
people who consume alcohol mostly in heavy drinking episodes. However, the concept of
heavy episodic drinking, at least regarding the CVD effects of alcohol consumption, is not
clearly defined, and different studies use different thresholds for heavy episodic drinking.
These vary from three drinks per drinking day to six or even eight drinks per drinking
day [31,32]. For an overview of mechanisms, please see [33,34].

Adjustment for possible confounders, some of which may lie in the pathway of CVD
development and could be considered mediators, remains an issue in alcohol epidemi-
ology [35]. An analysis of individual-level data from eight cohort studies showed that
adjustment for age; year of baseline; smoking; body mass index; education; physical activ-
ity; energy intake; intake of polyunsaturated fat, monounsaturated fat, saturated fat, fiber,
and cholesterol; and study design did not explain the J-shaped association [36].

A J-shaped or inverse association has also been reported in patients with CVD. In a
meta-analysis of 11 cohorts published in 2014, an inverse risk relationship between average
alcohol consumption and IHD in patients with hypertension was reported [37]. Similar
associations have been reported among people with diabetes and non-fatal myocardial
infarction [38–42]. A recent large-scale study from the UK reported a J-curve for most CVD
outcomes in patients with CVD [43].

The pathways by which alcohol consumption may exert a beneficial effect on ischaemic
diseases are not well understood. In the absence of long-term randomized controlled
trials on CVD endpoints, 44 intervention studies on surrogate biomarkers for CVD were
summarized in a meta-analysis in 2011 [44]. The results showed a substantial dose–response
relationship for high-density lipoprotein-C with (in comparison to no alcohol consumption):
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mean difference: 0.072 mmol per L (95% CI: 0.024–0.119) for 12.5–29.9 g per day; mean
difference: 0.103 mmol per L (95% CI: 0.065–0.141) for 30–60 g per day; mean difference:
0.141 mmol per L (95% CI: 0.042–0.240) for >60 g per day. The effect on fibrinogen levels
was −0.20 g per L (95% CI: −0.29 to −0.11), and for Adiponectin, 0.56 mg per L (95% CI:
0.39–0.72). Alcohol consumption did not substantially change the levels of total cholesterol,
low density lipoprotein cholesterol, triglycerides, Lp(a) lipoprotein, C-reactive protein,
interleukin 6, or tumour necrosis factor α. Analyses stratified by type of alcoholic beverage
were similar to analyses of all alcoholic beverages combined.

Due to the limitations of typical epidemiological studies, other types of study design,
such as Mendelian randomization studies using an instrumental variable approach, sought
to answer questions about the causality of the lower risk of low-level alcohol drinkers.
However, the use of such an approach [45,46], which depends on several assumptions that
are not easily met in a complex relationship, such as between alcohol consumption patterns
and CVD risk, is highly debated [47–50].

3. Hypertension

Several meta-analyses have been published over the last two decades that summarize
the relationship between average alcohol consumption and incidence of hypertension [51,52,54–58].
While older reviews (e.g., [54,58]) found a small but significantly lower risk in women who
reported very small amounts of alcohol intake, more recent meta-analyses with more data
did not find such an association. In particular, in a meta-analysis of 361,254 participants
from 20 cohort studies (125,907 men and 235,347 women) with 90,160 incident cases of
hypertension, the risk compared to abstainers was elevated for any amount of alcohol
consumption in men, and in women, there was no increased risk for up to 24 g per day
(RR = 0.94; 95% CI: 0.88–1.01), with an increased risk beyond this level of consumption [57].
The risk to former drinkers was similar to lifetime abstainers (RR = 1.03; 95% CI: 0.89–1.20).
Among men, the risk increased to 1.68 (95% CI: 1.31–2.14) for drinking 60 g per day on
average. No such data were available for women. The difference in risk for up to 24 g
per day for women compared to men was significant (RR = 0.79; 95% CI: 0.67–0.93). One
possible explanation for this difference could be more detrimental drinking patterns among
men, which typically includes more binge drinking episodes. Heavy episodic drinking
elevates blood pressure and, subsequentially, the risk for hypertension [73,74].

The relationship between alcohol consumption and blood pressure and hyperten-
sion has to be seen as causal and reversible, with experimental evidence showing that
a reduction in alcohol consumption leads to a reduction in both systolic and diastolic
blood pressure in a dose–response relationship with effects of clinical importance [75]. The
reduction in systolic blood pressure is sizable with a mean difference of −5.50 mmHg
(95% CI: −6.70 to −4.30) for people who drink 72 g per day on average and reduce their
consumption by about 50%. There was no discernible difference for drinkers of up to
24 g per day in comparison to abstainers; however, data were sparse. For a discussion of
mechanisms, please see [74,76].

4. Stroke

There are two major stroke subtypes with differing aetiologies: IS (based on ischaemic
disease processes) and HS (based on haemorrhagic processes, i.e., bleeding processes). Due
to higher prevalence, IS typically drives investigations of total stroke. With similarities in
aetiology, one would expect IS to show a similar relationship with alcohol consumption in
comparison to IHD. Indeed, several earlier [52,60] and more recent [59,62] meta-analyses
have shown that the association between average alcohol consumption and IS follows a
J-curve. In a meta-analysis of 27 prospective cohort studies with 3824 IS cases (2216 men
and 1608 women) compared to abstainers, the risk for IS was below one for up to 24 g per
day on average (RR = 0.90 (95% CI: 0.85–0.95) for <12 g; RR = 0.92 (95% CI: 0.87–0.97) for
12–24 g per day), and increased for alcohol consumption >24 g per day [59]. In contrast,
the analysis of the Emerging Risk Factors Collaboration, EPIC-CVD, and the UK Biobank
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cohorts [28] showed an increased risk for both fatal and non-fatal total stroke based on
average alcohol consumption.

The risk for intracerebral and subarachnoid HS increased with every drink, and the
consumption of >48 g per day resulted in an RR = 1.67 (95% CI: 1.25–2.23) for intracerebral
stroke and 1.82 (95% CI: 1.18–2.82) for subarachnoid HS [59,61].

Several studies have reported an elevated risk for both IS and HS from heavy episodic
drinking [77–79]. One study showed that the risk increased with a higher frequency of
heavy episodic drinking [78]. Alcohol consumption is also a trigger for stroke events. The
higher the alcohol consumption within 24 h or one week, the higher the risk for IS or
HS [53,80].

5. AF and Cardiomyopathy

Several meta-analyses have investigated the risk of AF in relation to alcohol con-
sumption [63–66]. In a meta-analysis of seven cohort studies with 12,554 cases of AF, in
comparison to non-drinkers, the risk for AF was elevated in all drinking groups, even
when heavy episodic drinkers were excluded from the analysis. The pooled linear risk
increase was 1.08 (95% CI: 1.06–1.10) for each 12 g per day increase in average alcohol
consumption. More recently, using data from 249,496 participants, a meta-analysis con-
cluded that there was no increase in risk for AF for consumption of 6–7 drinks (10–12 g
per drink) per week [63]. Another large cohort study of 403,281 participants from the UK
Biobank with 21,312 incident cases of AF reported a J-shaped relationship for average
alcohol consumption, with people drinking 56 g per week or less having the lowest risk
in comparison to lifetime abstainers [67]. A beverage-specific analysis showed that the
J-shaped curve was found in wine drinkers, but not in beer or spirit drinkers [67]. A recent
randomized controlled trial indicates that a reduction in drinking is associated with a lower
recurrence of AF [81].

While the exact amounts remain unknown, alcohol consumption (either regular or
irregular), can cause, aside from hypertension, structural damage to the heart muscle
and arrythmias [68]. Cardiomyopathy, which is characterized by ventricle dilatation,
hypertrophy, and dysfunction, can be caused by alcohol consumption and its metabolites,
both of which have a direct toxic effect on the heart muscles [68]. A quantification of
a potential dose–response relationship has not been possible to date; however, it seems
that the consumption of >80 g per day leads to a substantially increased risk [69]. Few
studies have been conducted among women, for which less alcohol consumption per
day and a short duration of such consumption over several years have a similar effect
compared to men. It has been estimated that 1–40% of alcohol use disorder patients have
cardiomyopathy, or, conversely, that 23–47% of patients with dilated cardiomyopathy have,
in fact, alcoholic cardiomyopathy [69].

6. Heart Failure

CVD categories, such as IHD, hypertension, and cardiomyopathy, increase the risk
of heart failure. Three meta-analyses largely came to similar conclusions [70–72]. In
the most recent meta-analysis published in 2018, which consisted of 355,804 participants
with 13,738 cases of HF based on 13 cohort studies, it was shown that the dose–response
relationship between alcohol consumption and HF was curvilinear [71]. Compared to
non-drinkers, the risk for 1–84 g per week, 85–168 g per week, 168–336 g per week, and
>336 g per week were RR = 0.86 (95% CI: 0.81–0.90), 0.88 (0.77–1.01), 0.91 (0.80–1.04), and
1.16 (0.92–1.47), respectively. Based on eight studies, the meta-analysis concluded that
former drinkers are at a higher risk for AF compared to lifetime abstainers (RR = 1.22;
95% CI: 1.11–1.33) [71]. Due to data limitations, the role of sex and other potential effect
modifiers remains unclear.
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7. Conclusions

Epidemiological studies indicate a complex relationship between various dimensions
of alcohol consumption (i.e., life course drinking patterns) and CVD outcomes. Indeed,
substantial heterogeneity is evident. Most epidemiological studies to date have relied on
a single measurement of alcohol intake at baseline. It is assumed that the self-reported
drinking levels, preferably including drinking patterns, remains the same before and after
the baseline measurement. For many people this is clearly not the case, and even lifetime
abstainers are hard to identify [82].

Does some alcohol consumption protect some people against ischaemic diseases to
some degree? Epidemiological data, as outlined in this review, suggest that this is the case
(Table 1). For example, a J-shaped relationship emerges for average alcohol consumption
and IHD and IS. On the other hand, the relationship with incident hypertension, which is a
potent risk factor for most if not all CVDs, is quite different between men and women, with
an increased risk for any amount of alcohol consumption in men. While potential sources
of bias, such as the reference group, i.e., separating lifetime abstainers, former drinkers,
and heavy episodic drinkers, have been systematically investigated for the relationship
between alcohol and IHD, their impact on other CVD outcomes remains less clear. While
there is a lack of large-scale randomized studies on the long-term effect of alcohol con-
sumption on various CVD endpoints, short-term clinical trial data indicate a sizable effect
of alcohol consumption on HDL-C and fibrinogen. However, the heterogeneity found in
epidemiological studies points to more than just biological differences. Socioeconomic
status, for example, might influence the impact of alcohol on CVD [83]. More research is
necessary to advance knowledge on this topic.

Table 1. Shape of the relation between alcohol consumption and CVD categories based on current evidence syntheses.

CVD Category Shape of the Relationship Meta-Analyses and Systematic Reviews

Ischaemic heart disease J-shaped, modified by episodic heavy drinking [5,14–22,28,30,37,43,44,51–53]

Hypertension
Any consumption detrimental in men,
detrimental beyond 24 g in women; reduction in
drinkers >24 g/day lowers blood pressure

[51,52,54–58]

Stroke

Ischaemic stroke: J-shaped, possibly modified by
episodic heavy drinkingHaemorrhagic stroke:
detrimental, possibly modified by episodic
heavy drinking

[21,28,51,52,59–62]

Atrial fibrillation Detrimental beyond 60 g/week [63–67]

Cardiomyopathy Consumption of >80 g/day leads to a
substantially increased risk [68,69]

Heart failure J-shaped [63,70–72]

It should also be noted that due to the limitations of alcohol-epidemiological studies,
the beneficial associations tend to be overestimated. Furthermore, potential beneficial
effects of non-heavy alcohol consumption on CVD endpoints, as described in this review,
have already been observed at very low levels, such as 100 g pure alcohol per week, which,
at the lower end, translates to about 1 drink every other day. As such, most drinkers
should drink less. Recommending drinking as a primary or secondary prevention measure
for CVDs, which comes up occasionally in the literature, should be discouraged due to
the substantial risks of any alcohol consumption for many health outcomes. Alcohol is a
carcinogen, neuro-toxin, hepato-toxin, and psychoactive drug.
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Abstract: The body of knowledge on alcohol use and communicable diseases has been growing in
recent years. Using a narrative review approach, this paper discusses alcohol’s role in the acquisition
of and treatment outcomes from four different communicable diseases: these include three conditions
included in comparative risk assessments to date—Human Immunodeficiency Virus (HIV)/AIDS,
tuberculosis (TB), and lower respiratory infections/pneumonia—as well as Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) because of its recent and rapid ascension as a global health
concern. Alcohol-attributable TB, HIV, and pneumonia combined were responsible for approximately
360,000 deaths and 13 million disability-adjusted life years lost (DALYs) in 2016, with alcohol-
attributable TB deaths and DALYs predominating. There is strong evidence that alcohol is associated
with increased incidence of and poorer treatment outcomes from HIV, TB, and pneumonia, via both
behavioral and biological mechanisms. Preliminary studies suggest that heavy drinkers and those
with alcohol use disorders are at increased risk of COVID-19 infection and severe illness. Aside from
HIV research, limited research exists that can guide interventions for addressing alcohol-attributable
TB and pneumonia or COVID-19. Implementation of effective individual-level interventions and
alcohol control policies as a means of reducing the burden of communicable diseases is recommended.

Keywords: alcohol; communicable diseases; infectious diseases; HIV; tuberculosis; pneumonia;
severe acute respiratory syndrome coronavirus 2

1. Introduction

Alcohol consumption was recognized as a risk factor for infectious lung diseases, such
as pneumonia, as early as 1785, in Benjamin Rush’s seminal work on the effects of spirits on
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the human body and mind [1]. However, the first global comparative risk assessment on
alcohol use as a risk factor for disease burden and mortality, conducted in the last decade of
the last century [2], did not include any effects of alcohol consumption on infectious disease.
The impact of alcohol use on infectious disease outcomes only entered comparative risk
assessments in the Global Burden of Disease Study and the World Health Organization’s
(WHO) Global Status Reports after 2010 (starting with [3]; for an overview of the reasoning
to include it, see [4,5]).

We can only speculate as to why the strong association between alcohol use and
infectious disease was overlooked in global risk assessments for such a long time. This
oversight is all the more astonishing as the association is readily apparent in research
and practice, for instance, by the high prevalence of people with alcohol use disorders
(AUDs) in tuberculosis treatment [6]; or by the strong associations between alcohol use and
HIV/AIDS in surveys or other empirical studies [7–12]. However, these associations were
not judged to be necessarily causal, even when alcohol use was related to the incidence
of HIV infection [13,14]. Another likely reason is that the impact of alcohol use was
indirect, via behavioral and biological pathways which were impacted by many social
and other factors, making it difficult to identify alcohol use as a necessary element in a
multi-component process of causation [15].

For example, the impact of alcohol on HIV/AIDS is mainly mediated by the impact of
alcohol use on decision-making, resulting in riskier sexual behaviors [16] and lower adher-
ence to virus suppression therapies [17–20], which results in higher transmission of HIV
and other sexually transmitted diseases [21–23]. It took strong experimental methodology
to ascertain that the widely recognized associations between alcohol and HIV/AIDS had
substantial causal components (for more details, see [16,17]). For other infectious disease
outcomes, such as tuberculosis (TB), the toxic effects of heavy alcohol consumption on the
immune system render the host more susceptible to TB disease, which is again an indirect
effect ([24,25]; for systematic overviews on all mechanisms, see [6,26]).

Given the plethora of multi-component causal pathways involving alcohol and in-
fectious diseases and the complexities required to elucidate them, additional evidence
is likely to continue to emerge regarding the causal impact of alcohol use on infectious
diseases. For example, there is an association between alcohol and other sexually transmit-
ted infections [27], and the causal mechanism for the impact of alcohol on HIV infection
seems to also apply to these other sexually transmitted infections [5]. However, the present
review will be restricted to conditions that have been included in global comparative risk
assessments to date (HIV/AIDS, tuberculosis, pneumonia) with one exception, COVID-19
infection, which has been included because of its recent and rapid ascension as a global
health concern, even though it occurred after the last global comparative risk assessment
was performed. All sections on disease outcomes discuss both behavioral and biologi-
cal risk factors and are split into sections regarding incidence (Does alcohol use cause
new infections with the disease?) and impact upon the course (How does alcohol use
impact the course of disease?), and all sections also discuss different dimensions of alcohol
consumption, in particular, irregular and heavy drinking occasions.

2. Alcohol and the Risk of Human Immunodeficiency Virus (HIV) and Acquired
Immune Deficiency Syndrome (AIDS)

HIV persists as a global health issue. In 2020, there were an estimated 37.6 million
people living with HIV, including 1.5 million newly infected individuals and 690,000 who
died from AIDS-related illnesses [28]. Alcohol has been identified as a driver of this
epidemic, facilitating HIV acquisition/transmission and disease progression through both
behavioral and biological means.
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2.1. Alcohol and HIV Acquisition/Transmission
2.1.1. Behavioral Mechanisms

Most HIV seroconversions result from sexual activity [29], and alcohol has been
associated with a diminished likelihood of engagement in the behaviors necessary to
prevent sexually based HIV acquisition/transmission. Consuming alcohol in sexual con-
texts can result in alcohol myopia [30], which entails an alcohol-induced constraint in
cognitive capacity that causes a focus on risk-impelling cues (e.g., sexual arousal) and
a disregard of risk-inhibiting cues (e.g., the prospect of HIV acquisition/transmission),
thereby increasing the likelihood of condomless sex. This mechanism and corresponding
alcohol–condomless sex association have been supported through a number of reviews and
meta-analyses [7–12,14,31] as well as through controlled experiments that have provided
evidence for the causal nature of this link [16,17,32–34].

More recently, HIV prevention efforts have emphasized biomedical approaches, which
include HIV Pre-Exposure Prophylaxis (PrEP)—a medication taken daily by those living
without HIV to prevent HIV acquisition [35,36]; and Treatment as Prevention (TasP)—
which involves people living with HIV taking antiretroviral therapy (ART) to achieve viral
suppression, thereby eliminating the possibility of viral transmission [21–23]. Despite their
biomedical basis, these approaches are directly reliant on a behavior, namely adherence,
which has been shown to be negatively associated with alcohol use [18–20,37–41]. A variety
of underlying mechanisms for this association have been proposed, which, for the sake
of conciseness, are presented below under “Alcohol and HIV Disease Progression”. It is
possible that long-acting formulations of PrEP and ART may be particularly well suited
for HIV prevention in alcohol users because those formulations diminish the adherence
burden. This hypothesis needs to be evaluated in future research.

2.1.2. Biological Mechanisms

Alcohol use can facilitate HIV acquisition/transmission by (1) decreasing host immune
efficiencies among those living without HIV and (2) increasing viral replication among
people living with HIV. Regarding the former, alcohol disrupts the physiology of the liver,
causing a disturbance to non-specific innate and adaptive immune responses [42–45]. Both
acute and chronic alcohol consumption can suppress the production of lymphocytes and
cytokines [46–50], inhibit T-lymphocyte proliferation [51], and decrease or inhibit the pro-
duction of CD4+ and CD8+ T-cells and natural killer cells [52,53], which, taken together,
can result in immunodeficiency and autoimmunity, and increase host susceptibility to
HIV infection [25,54,55]. These effects can be further exacerbated by liver diseases such as
liver fibrosis and cirrhosis observed among those who chronically abuse alcohol [25,54–59].
Among people living with HIV, moderate to heavy alcohol consumption has been signifi-
cantly associated with changes in vaginal flora, increased proinflammatory cytokines, and
genital tract inflammation, which increase HIV shedding and replication, and, in turn, the
likelihood of HIV transmission [60–63].

2.2. Alcohol Use and HIV Disease Progression
2.2.1. Behavioral Mechanisms

The successful treatment of HIV, which entails achieving viral suppression to halt
disease progression, relies on enacting the behaviorally underpinned steps of the HIV
care continuum that include HIV testing, linkage, and retention in HIV care, and ART
initiation and adherence. Alcohol use has been associated with poor outcomes at all steps
of the continuum [37,64–69], and some evidence suggestive of the causal role of alcohol
use, particularly with respect to adherence, has been yielded [17–20]. Alcohol-HIV care
continuum associations can result from a range of mechanisms, including alcohol-related
stigmatization that prevents alcohol users from accessing HIV testing and care [70,71],
and alcohol-derived diminished cognitive functioning that poses a challenge for ongoing
adherence and clinic attendance [72,73]. Among individuals who are alcohol-dependent,
the syndrome of dependence may shift priorities towards obtaining and consuming alcohol
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and away from health, self-care, and other concerns [70]. Finally, specific to ART adherence,
some alcohol-consuming people living with HIV consciously and intentionally decide not
to take their doses due to factors including the possession of beliefs surrounding toxic
alcohol–ART interactions [74].

2.2.2. Biological Mechanisms

The role of alcohol in HIV disease progression is manifested through its effects on
host liver and immunomodulation, resulting in increased activation of CD4+ T-cells and
its subsequent depletion at mucosal sites [63], as well as inhibition and abnormalities
of T and B lymphocytes and natural killer cells [31,75,76], all of which are necessary for
the containment of HIV pathogens. Alcohol may also enhance HIV viral replication by
increasing or altering the HIV-binding CXCR4 coreceptor [77,78]. Accordingly, among ART-
naïve individuals, heavy drinking (vs. lower consumption) has been linked to higher CD8
cell counts and lower CD4 cell counts [79–81], and among those taking ART, it has been
associated with reduced CD4 cell counts and higher log HIV RNA, even after controlling
for adherence and age [80,82–84]. Relevant to this latter group, some ART medications
are metabolized by the Cytochrome P450 enzyme pathway in the liver, which may be
induced or inhibited by acute or chronic alcohol consumption [63,85,86]. This can affect the
pharmacokinetics of some ART medications, resulting in either an increase or decrease of
the available drug in plasma and causing drug toxicity or suboptimal control of the virus,
respectively [63]. The effect of alcohol on ART can be further exacerbated by comorbidities,
including drug dependence and Hepatitis C coinfection [17,63,87–89].

2.3. Addressing the Intersection of Alcohol Use and HIV

Alcohol use is closely intertwined with the persistent HIV epidemic. HIV prevention-
and treatment-related outcomes can be improved by addressing alcohol use through
behavioral [90], pharmacological [91], and policy/structural-level interventions [92,93].
Tailoring and targeting these interventions to meet the unique needs of diverse populations
affected by HIV may further enhance their effectiveness and help reduce the global HIV
burden [94].

3. Alcohol Use and the Risk of Tuberculosis

Tuberculosis (TB) is the leading cause of infectious death globally, surpassing HIV/AIDS
and among the top 10 causes of death worldwide [95]. In 2019, 10 million people became ill
with tuberculosis, and 1.4 million people died [95]. TB is caused by Mycobacterium tuberculosis,
transmitted when affected individuals cough droplet nuclei containing the bacteria into
the air, which is subsequently inhaled by others, causing latent infection and pulmonary
and extrapulmonary disease. The WHO estimates that one-third of the global population is
latently infected. Alcohol use is among the top modifiable risk factors for tuberculosis, with
AUDs prevalent in 30% of patients with TB and 11.4% (9.3–13%) of TB mortality attributable
to alcohol [95,96].

3.1. Behavioral Mechanisms

Alcohol use is well established as a risk factor for incident TB [6,97], responsible
for 17% of incident TB globally [98]. Data suggest that alcohol use is associated with a
35% increased risk for developing active TB [98], while a systematic review of 21 studies
demonstrated that only heavy alcohol use (defined as >40 g ethanol daily) or AUD provided
a pooled risk of 3.50 (95% CI: 2.01–5.93) [6,99]. The mechanisms for the increased risk are not
clearly delineated but are likely attributable to both biological and behavioral factors, the
latter facilitated by close contact in crowded congregate settings [6,26]. Alcohol consumed
in the context of social interactions, such as bars [6,26,99], has facilitated transmission and
outbreaks of TB in institutionalized or service settings, including prisons [100] and among
homeless populations [101] have been well documented.
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Alcohol use is also an established risk factor for poor TB outcomes overall, including
treatment failure, loss to follow up, and mortality for both drug-susceptible and drug-
resistant TB [102]. This is predominantly attributed to behavioral mechanisms, notably
poor adherence to TB treatment and poor retention in TB care [102–104]. Outcomes are
worse with common comorbid conditions, including HIV, hepatitis C, substance use, and
smoking [105–108]. Recognized limitations in studies assessing the relationship between
alcohol and TB include poorly quantified alcohol consumption, a lack of alcohol standards
across countries, and a lack of data on optimal screening for alcohol use among those
receiving TB treatment.

Increased TB treatment failure and death independent of loss to follow-up suggests
alcohol-related biological factors [102], with a novel study underway to gauge the role of
alcohol use on outcomes controlling for adherence [109]. Interventions to reduce the impact
of alcohol use on TB outcomes are scarce though emerging evidence suggests screening
and intervention are feasible and promising to improve treatment completion and clinical
outcomes [56,110–116].

Less is known about the role of alcohol in TB preventive therapy. Until recently,
the only regimen available for prevention was 6–12 months of isoniazid with rare but
recognized hepatic toxicity that can be exacerbated by alcohol use [117–121]. The balance
between the benefits of preventing TB, with its individual and public health implications,
against the risk of individual toxicity is currently being explored, considering the potential
lower risk associated with shorter course regimens [122,123]. Data are needed to guide
optimal screening and thresholds for alcohol use that halt TB preventive therapy; strategies
to improve TB preventive therapy completion in the setting of alcohol use are being
evaluated [124,125].

3.2. Biological Mechanisms

Pathophysiologically, data suggest multiple targets of alcohol use, including direct im-
pairment of cell-mediated immunity [126], direct impact on the upper respiratory tract [127],
indirect impact on adaptive immunity [128], and malnutrition [129,130], as pathways for
increased susceptibility to TB.

Alcohol use complicates TB treatment for drug-susceptible and drug-resistant TB [102]. Fre-
quent coinfection with hepatitis C and/or HIV increases the risk of hepatotoxicity [121,131,132].
Interactions between alcohol and anti-tuberculous medications are well established. Isoniazid,
rifampin, and pyrazinamide, core agents of the first-line TB treatment regimen, uncommonly
(~1–3%) cause hepatitis, which can be dose-related and reversible with cessation of the medi-
cations or may be due to hypersensitivity reaction [133]. Data are emerging on newer agents
now available for drug-resistant TB [134]. In patients taking TB treatment who are at increased
risk of hepatotoxicity, such as those with alcohol use or liver disease, closer monitoring is
recommended, and non-hepatotoxic TB agents may be substituted.

3.3. Addressing the Intersection of Alcohol Use and TB

Alcohol use increases the risk of incident tuberculosis disease and risk of poor out-
comes, primarily through behavioral mechanisms [98,99]. Data suggest alcohol use also
impairs cell-mediated and adaptive immunity, though work remains to elucidate these
mechanisms [126,127]. Additionally, there is a paucity of data on the thresholds for alcohol
use that portend risk, implementation of screening and addressing alcohol use within TB
programs, and the alcohol-related risk for latent TB and latent TB treatment. Emerging
data suggest promising interventions that can improve TB outcomes.

4. Alcohol Use and the Risk of Lower Respiratory Infections (Pneumonia)

Pneumonia is the most important category of lower respiratory infections. Its most
common type is bacterial pneumonia caused by the Streptococcus pneumoniae, but other
forms may be viral or, rarely, caused by fungi or parasites [135]. In 2019, lower respi-
ratory infections, the main category usually estimated in international statistics, caused
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about 2.5 million deaths globally (point estimate: 2,493,000; 95% confidence interval (CI):
2,268,000–2,736,000) and about 97 million disability years of life lost (DALYs; point estimate:
97,190,000; 95% CI: 84,871,000–113,083,000; all data are based on the 2019 Global Burden
of Disease Study [136]. More than 80% of the lower respiratory infection deaths [136] and
more than 90% of the DALYs lost were in low- and middle-income countries (LMIC) [136],
with a clear gradient in age-adjusted rates by wealth: the higher the economic wealth,
the lower the rate of lower respiratory infections. In total, 3.2% (95% CI: 1.6–6.0%) of the
deaths and 1.8% of the DALYs (95% CI: (1.0–3.3%)) due to lower respiratory infections
were attributable to alcohol, meaning they would not have occurred in a world without
alcohol [137].

Alcohol use both impacts the etiology and the course of lower respiratory infections,
most importantly in community-acquired infections. As with most infections, lower respi-
ratory infections are more highly prevalent in crowded environments often inhabited by
poor people. Additionally, within countries, pneumonia is associated with socioeconomic
status, an indicator of wealth: the higher the socioeconomic status, the lower the prevalence
of lower respiratory infections [138]. Alcohol contributes to these inequalities ([139,140]),
especially via heavy drinking occasions [141]. Of course, factors other than crowding and
alcohol use, which are associated with wealth at the individual and societal levels, also
contribute to lower respiratory infection rates, such as tobacco smoking, undernutrition,
indoor air pollution, and insufficient access to health care [96]. Most of these risk factors
are known to interact with alcohol use [142].

The main impact of alcohol use on lower respiratory infections seems to be via the
innate and the adaptive immune system [24,53,143–145]. There are a number of pathways
leading to the weakening of various aspects of the immune system, with the key immune
cells involved in combating pulmonary conditions being neutrophils, lymphocytes, alveolar
macrophages, and the cells responsible for innate immune responses [44,55,145–149]. In
addition, alcohol use is causally linked to more than 200 disease and injury outcomes
(such as various types of cancer, stroke, liver cirrhosis, or traffic injury) which weaken the
immune system and increase the risk for lower respiratory infections [138].

Although a number of studies on pathways have been conducted among people with
AUDs, two dose–response meta-analyses found an almost linearly increasing risk with
increasing average consumption of alcohol [150,151]. These two meta-analyses estimated
that an average increase of one drink per day was associated with an increased risk of 8%
(95% CI 6–9%) and 6% (95% CI 1–11%). As people with AUDs tend to have the highest
average consumption [152], risk for lower respiratory infections is highest in this group. For,
instance, in a cohort study of more than 12 million French hospital patients, the relative risk
for hospitalization for pneumococcal pneumonia in patients with an AUD was 3.71 (95%
3.60–3.83; [153]). Other studies have found similar and higher risks [154–156].

The same mechanisms which lead to the incidence of lower respiratory infections also
worsen its course. Clearly, the living conditions and behaviors, as well as alcohol-induced
compromised immunity, hinder the healing process for people with lower respiratory
infections [157]. Abstinence or at least an absence of heavy drinking occasions should
thus be the norm during such infections, bearing in mind that for some people with AUD,
abruptly abstaining may lead to alcohol withdrawal syndrome, which in itself may have
severely negative effects [158].

5. Alcohol Use and the Risk of COVID-19

The ongoing global pandemic of coronavirus disease 2019 (COVID-19) is caused by the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Following the first cases
in China late in 2019, which soon spread to other countries, the WHO declared it a Public
Health Emergency of International Concern on 30 January 2020, and later—based on more
than 118,000 cases in 114 countries and 4291 deaths—a pandemic on 11 March 2020 [159].
To date, on 10 July 2021, the estimates are that there have been more than 187 million
COVID-19 infections and more than 4 million deaths [160], which are widely considered to
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be conservative estimates, as only direct cases with ascertainment are included (for a total
estimate, see [161]). Alcohol use may play a role in both the incidence and the course of the
disease [162], with both behavioral and biological pathways.

5.1. Behavioral Pathways

COVID-19–alcohol behavioral pathways hinge on the social drift hypotheses—the
phenomenon that alcohol problems, especially in heavy drinkers and people with AUDs,
are associated with long-term negative effects on the place of residence, involving an
elevated likelihood of moving into or remaining in disadvantaged neighborhoods [163,164].
These environments hinder physical distancing and have been established as risk factors
for COVID-19 infections and poor outcomes [165]. Independent of characteristics of
disadvantaged neighborhoods, alcohol consumption has been shown to narrow physical
distancing [166].

5.2. Biological Pathways

COVID-19 has only recently emerged as a pathogen, so there is less comprehensive
and systematic knowledge about its relationship with alcohol use than there is for more
established pathogens. The pathophysiology of COVID-19 is complex [167] but can be
conceptually simplified as:

(1) COVID-19 travels from the upper respiratory tract (highest transmission risk) to the
lower respiratory tract (highest disease risk), causing pneumonia;

(2) COVID-19 initiates innate and adaptive immune responses that are often maladaptive,
leading to ineffective pathogen eradication combined with inflammation that causes
host tissue damage;

(3) Damage is concentrated not at the alveolus (i.e., the interface of air–blood oxygen
exchange), as is typical of pneumonia, but instead at epithelial cells (i.e., cells lining
the lower respiratory tract) and endothelial cells (i.e., cells lining blood vessels);

(4) Endothelial damage occurs not only in the lungs but also systematically, leading
to vasculitis (i.e., damaged small blood vessels) and thrombosis (i.e., blood clots),
potentially causing multi-organ failure.

Accordingly, alcohol use may impact COVID-19 by facilitating some or all of these
steps. Heavy alcohol consumption is a well-known risk factor for aspiration pneumonia,
so it is likely that alcohol, if consumed heavily, leads to increased aspiration of the upper
respiratory tract COVID-19 to the lower respiratory tract.

Heavy alcohol use weakens the innate and adaptive immune systems [168,169]. The
processes have been described in other sections and are summarised in [126,128]. A recent
network meta-analysis [170] explored the potential effects of alcohol use on inflammation,
based on the fact that many COVID-19 patients present with fever in the early phase, with
some progressing to a hyperinflammatory phase. This network meta-analysis demon-
strated that alcohol exposure might augment COVID-19-induced inflammation by altering
the activity of key inflammatory mediators (augmenting inflammatory effects and inhibit-
ing the activity of anti-inflammatory mediators, including the glucocorticoid receptor).
Finally, a large study showed genetically informative putative causal effects of alcohol use
on worsening the course of COVID-19 [171]. However, the last study has not undergone
peer review as of yet.

Finally, chronic heavy use of alcohol leads to frailty, arterial hypertension, and liver
and other organ damage, rendering people more susceptible to COVID-related complica-
tions. Susceptibility to COVID is also enhanced if alcohol leads to obesity or co-occurring
infectious diseases or arterial hypertension [172–175]. Pathways involving obesity, a known
independent risk factor for COVID-19 [176], have received research interest, both from
theoretical [177] and empirical perspectives [173].
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5.3. Association with Alcohol Use or Heavy Alcohol Use/AUDs

Studies on the association between alcohol use and the incidence and severity of
COVID-19 have yielded mixed results. While some studies have found associations, in
particular for heavy drinkers [178–180] or people with AUDs [181], other studies have
demonstrated that alcohol use per se was not necessarily associated with the incidence
of COVID-19 or with a more severe course of the disease [182–184]. This is in line with
the postulated pathways described above, which mainly report effects for heavy drinking
and/or in people with AUDs (see also [185–187]).

6. Interventions for Preventing Transmission and Improving Treatment Outcomes of
Alcohol-Attributable Diseases

The evidence reviewed above suggests that alcohol is a clear risk factor for the inci-
dence of and poor treatment outcomes from HIV, TB, and pneumonia, with the evidence
regarding its effects on COVID-19 still emerging. Alcohol-attributable TB, HIV, and pneu-
monia combined were responsible for approximately 360,000 deaths and 14 million DALYs
in 2016 (Table 1), and alcohol-attributable TB deaths and DALYs far exceeded alcohol-
attributable lower respiratory infection and HIV deaths and DALYs [137]. Given the
observed role of alcohol use in these diseases, reductions in alcohol consumption should
lead to reduced incidence of and improved disease outcomes, including fewer deaths,
among those with these illnesses. Feasible and effective alcohol-reduction interventions
must be prioritized, but how best to intervene has not been fully delineated. We discuss
individual-level interventions followed by structural interventions (or alcohol control
measures) that may prevent transmission and improve treatment outcomes of alcohol-
attributable communicable diseases.

Table 1. Alcohol-attributable communicable diseases: 2016 estimates [137].

Deaths (Thousands) DALYs (Millions)

Tuberculosis 236.3 (74.6–456.6) 9.9 (3.2–18.6)
HIV/AIDS 30.4 (22.8–56.7) 1.7 (1.2–3.1)

Lower respiratory infections 95.2 (48.5–177.6) 2.3 (1.3–4.3)

6.1. Reducing the Incidence of Communicable Diseases

Individual-level approaches focusing on alcohol reduction in order to reduce the
incidence of pneumonia and TB are relatively rare, whereas more studies focused on
alcohol use reduction for preventing HIV transmission have been conducted. Within a
systematic review of studies of interventions for reducing the incidence of TB, no studies
that examined alcohol-reduction interventions for reducing the incidence of TB were
found [188].

Similarly, despite the role of alcohol use in increasing the risk of pneumonia acqui-
sition, alcohol use reduction seems to be missing as part of a number of texts providing
recommendations for the prevention of pneumonia (e.g., [189,190]). On the other hand,
one of the main preventative measures for pneumonia is vaccination, and commentators
have recommended vaccinating individuals with an AUD in order to prevent (re-)infection
with pneumonia [158]. Others (e.g., [191]) have suggested that clinicians should identify
individuals who are at high risk of developing pneumonia as potential candidates for
pneumonia vaccinations due to their possession of risk factors, including alcohol use,
smoking, older age, and lower socioeconomic status, among a few others [191].

In terms of HIV, a number of systematic reviews of alcohol–HIV reduction inter-
ventions [8,192,193], mostly conducted in clinic or treatment settings, have shown that
behavioral interventions can reduce alcohol use in sexual contexts and alcohol consumption
among individuals at risk of alcohol-related HIV acquisition. A systematic review [8] of
alcohol–HIV interventions targeting both alcohol and sexual risk behavior reduction among
STI clinic and substance use treatment patients in Russia showed evidence of effectiveness
in increasing condom use. Interventions in other settings, such as bars and communities,
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may also be ideal and feasible (e.g., [194–196]) but have yielded mixed results [194,195].
Secondary prevention, which entails TasP (discussed below), with high adherence to ART
to bring about viral suppression, is particularly important yet problematic in people living
with HIV who drink alcohol [94].

6.2. Improving Treatment Outcomes

Since alcohol use complicates the treatment of many communicable diseases, integra-
tion of alcohol use reduction counseling or screening and brief interventions into TB [197],
HIV [94], or pneumonia [150] treatment services has been recommended. Similarly, screen-
ing for TB [197] or HIV among people with AUDs has also been recommended, as has the
co-location of services [94]. However, the evidence base regarding the effectiveness of such
approaches for all communicable disease categories of interest in the current report is fairly
limited.

A few primary studies that have evaluated the efficacy of individual-level alcohol
reduction interventions for improving TB treatment outcomes [56,114,116,198] have yielded
disappointing results. In Russia, Shin et al. [198] found no differences between the TB and
alcohol use outcomes of new TB patients with AUDs who received: (1) a brief counseling
intervention (BCI) and treatment as usual; (2) naltrexone combined with brief behavioral
compliance enhancement counseling (BBCET) (naltrexone adherence counseling); (3) BCI
and naltrexone with BBCET and treatment as usual; and (4) treatment as usual—referral
to a narcologist (namely, an addiction psychiatrist in the Russian system). One sub-group
analysis revealed that among those with previous quit attempts (n = 111), the TB treatment
outcome was better for the naltrexone group (92.3%) compared with the non-naltrexone
group (75.9%). In a cluster RCT in South Africa, Peltzer et al. [116] found no effect for a
two-session screening and brief intervention on TB and alcohol use outcomes among new
TB patients who had Alcohol Use Disorder Identification Test (AUDIT) scores of ≥7 if they
were women and ≥8 if they were men. More research on individual-level alcohol-reduction
interventions among patients on TB treatment is needed.

Several recommendations regarding the treatment of patients with pneumonia who
drink alcohol or have AUDs have been put forward. These include preventing further bouts
of pneumonia by providing alcohol counseling [151] and pneumococcal vaccination [158].
Screening and brief interventions for AUDs among all patients undergoing treatment for
pneumonia have also been recommended so that the clinician can be well informed about
their patients’ alcohol use and manage their pneumonia accordingly [150]. Assessment
for potential alcohol withdrawal syndrome that may occur as a result of abstinence is
also recommended as it can have serious and even fatal consequences if not managed
appropriately [158]. Providing guidelines on screening for the risk of AUDs and alcohol
withdrawal syndrome to TB treatment providers has also been recommended [199].

Efforts to improve treatment outcomes and improve secondary prevention for people
living with HIV who drink alcohol require emphasizing linkage and retention in care,
ART initiation, ART adherence, viral suppression, and condom use [94]. A recently pub-
lished high-quality systematic review and meta-analysis involving 21 studies and 8461
people living with HIV, 69% of whom were on ART, has indicated (contrary to other find-
ings, [200–202]) that individual-level behavioral interventions were effective in reducing
the quantity and heavy consumption (but not alcohol use or alcohol use frequency), increas-
ing condom use (but not affecting the number of sexual partners or a composite index of
sexual risk), reducing viral load, and increasing ART adherence [90]. Interventions in which
participants were recruited from clinics were most likely to be effective. As supplements
to such interventions, additional approaches that have been recommended include the
use of technology to deliver interventions, use of ultra-brief interventions, prevention of
increased alcohol consumption or the development of AUDs, a focus on aging populations,
addressing psychosocial comorbidities, and improving accessibility and convenience of
HIV care [94]. Occasionally, health workers have stigmatizing attitudes or inadequate
knowledge that can lead to inadvertent ART nonadherence among their patients [203].
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Very clear guidelines are needed to enable health workers to provide appropriate and
consistent messaging [204].

Pharmacological interventions for reducing alcohol use and improving treatment out-
comes may be especially appropriate for those with communicable diseases [91]. Farhadian
et al.’s systematic review, including seven studies, provided some evidence of naltrexone’s
effectiveness in reducing alcohol consumption and HIV viral load, but it did not affect ART
adherence, CD4 cell count, or disease severity. However, as discussed above, a study in
which naltrexone was used in combination with naltrexone adherence counseling, and in
another group also behavioral counseling to reduce drinking and improve TB treatment
outcomes among TB patients, did not yield positive results [198].

6.3. Alcohol Control Measures

Alcohol control policies that are aligned with the three alcohol “best buys”—increasing
excise tax, bans or restrictions on alcohol advertising, and restricting the availability of
alcohol [205]—are most effective for reducing population-level alcohol use. These measures
can be expected to be effective for reducing the incidence of and morbidity and mortality
due to alcohol-attributable TB, pneumonia, and HIV. There is some evidence that may
provide support for such effects. For example, a study in the United States showed
that longer sales hours at the state/district level were associated with high-risk sexual
behaviors [92], which are associated with HIV transmission. However, implementation of
effective alcohol control policies such as the best buys is relatively low around the world,
particularly in lower- and middle-income countries [206–209], many of which have the
highest disease burden with respect to many communicable diseases [136]. Implementation
and enforcement of effective alcohol control policies as a means of reducing the burden of
communicable diseases is recommended.

7. Discussion/Conclusions

Alcohol use is a clear risk factor for the incidence of and poor treatment outcomes
from HIV, TB, and pneumonia. Emerging evidence suggests that heavy and chronic alcohol
use is associated with an increased risk of acquisition of COVID-19 and more severe disease
once infected, while evidence regarding the role of alcohol use per se in COVID-19 is mixed.

Alcohol’s role in communicable diseases can be explained by both behavioral and
biological mechanisms (Figure 1). Alcohol use increases susceptibility to infectious diseases
through several immunologic mechanisms. Chronic or irregular heavy drinking leads to
increased susceptibility to viral and bacterial infections, including mycobacterial infections
and decreased response to vaccination. Chronic heavy drinking stimulates inflammation
yet impairs neutrophil function in the innate (immediate) immune response and leads
to loss of T cells and B cells in the adaptive (delayed or humoral) response. In contrast,
moderate alcohol consumption seems to strengthen the response to infection, though the
exact mechanisms of alcohol’s mixed effects on the immune system, particularly on the
adaptive immune response, remain under investigation [126,128]. In terms of behavioral
mechanisms, most of alcohol’s effects on disease acquisition result from impaired decision
making (or impaired control), which gives rise to increased risk behaviors such as condom-
less sex. Furthermore, alcohol consumption is negatively associated with linkage to and
retention in care and with medication adherence (particularly for HIV and TB treatment).
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Figure 1. Key biological and behavioral mechanisms through which alcohol use is associated with communicable diseases.

There has been limited research that has identified effective interventions for address-
ing alcohol-attributable TB and pneumonia, suggesting an urgent need for research in these
areas, while several effective interventions to address alcohol-attributable HIV infection
have been determined. Implementation of effective individual-level interventions, as well
as alcohol control measures as a means of reducing the burden of communicable diseases,
are recommended.
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Abstract: Alcohol is inextricably linked with the digestive system. It is absorbed through the gut
and metabolised by hepatocytes within the liver. Excessive alcohol use results in alterations to the
gut microbiome and gut epithelial integrity. It contributes to important micronutrient deficiencies
including short-chain fatty acids and trace elements that can influence immune function and lead to
liver damage. In some people, long-term alcohol misuse results in liver disease progressing from fatty
liver to cirrhosis and hepatocellular carcinoma, and results in over half of all deaths from chronic liver
disease, over half a million globally per year. In this review, we will describe the effect of alcohol on
the gut, the gut microbiome and liver function and structure, with a specific focus on micronutrients
and areas for future research.

Keywords: alcohol; gut; liver; cirrhosis; hepatocellular carcinoma; microbiome

1. Introduction

Alcohol (ethanol) is a small water-soluble molecule that enters the blood stream via
the stomach and proximal small intestine and is then distributed throughout the body. It
first enters the portal vein, which drains directly into the liver, where the greatest exposure
to alcohol occurs. The liver eliminates the majority of alcohol (90%), while 2–5% is excreted
unchanged in urine, sweat and breath [1].

Alcohol consumption is engrained in many cultures, making alcohol the most com-
monly used drug worldwide. However, it is not without risk. Globally, alcohol is the
seventh leading cause of death and disability-associated life years (DALYs) lost, and it
caused 2.8 million deaths in 2016 [2]. In that year, among adults less than 50 years old,
alcohol was the leading cause of death and DALYs lost, responsible for 3.8% and 12.2% of
female and male deaths, respectively [2]. Alcohol is causally implicated in over 200 condi-
tions, including cancers of the digestive tract and liver [3]. However, a large proportion
of the global burden is due to alcohol-related liver disease, accounting for 27% of all
deaths from chronic liver disease, and alcohol-related hepatocellular carcinoma, together
responsible for over half a million deaths annually [4,5].

Here, we review the effect of alcohol on the gut and liver, focusing on its interaction
with micronutrients.

2. Alcohol and the Gut

The pathological effects of alcohol on the digestive system hinge in part on the gut–
liver axis. This bi-directional relationship facilitated by the enterohepatic circulation
involves the transportation of digestive and bacterial products from the gut to the liver,
and the return of bile, antibodies and cytokines to the gut [6]. Alcohol ingestion in both
chronic and ‘binge’ settings has been shown to alter this axis through the disruption of gut
microbial composition, the metabolome and the gut epithelial barrier. These disturbances
ultimately have a knock-on effect on nutrient absorption [7,8].
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2.1. The Effect of Alcohol on Microbial Composition and Gut Barrier Function

The human gut microbiome describes a complex community of bacteria, viruses, fungi
and archaea, which varies both with environmental factors (such as diet and drugs) and
age, but less so with host genetics [9–12]. Disruption of the microbiome (dysbiosis) has been
linked with a wide range of conditions including diabetes, obesity, cardiovascular disease,
inflammatory bowel disease and liver cirrhosis; however, it is unclear whether this is a
cause or effect relationship [13,14]. Several studies have investigated the effect of alcohol
consumption in both animal and human models, and have consistently shown that alcohol
consumption is linked with the development of dysbiosis [13,15]. In brief, alcohol has been
shown to increase the relative abundance of Proteobacteria, Enterobacteriacea and Streptococcus
and decrease the abundance of Bacteroides, Akkermansia and Faecalibacterium [15]. The
aetiological mechanism of this dysbiosis is not fully understood; however, it is likely that
this is multifaceted, including alcohol-induced oxidative stress (which is poorly tolerated
by obligate anaerobes such as Bacteroides) and the downregulation of antibacterial peptides
such as α-defensins by alcohol [16,17].

Alcohol-induced dysbiosis contributes to the development of both acute (e.g., alcoholic
hepatitis) and chronic (e.g., alcohol-related cirrhosis) liver diseases through its pathological
effect on gut integrity. The intestinal mucous barrier has an essential role in the immune
function of the gut, and its disruption leads to these disease states. In this barrier, neigh-
bouring enterocytes are bound together by the apical ‘tight junction’ proteins claudins,
occludin and zona occludens, preventing the unwanted translocation of luminal contents
such as pathogen-associated molecular particles (PAMPs) and bacterial endotoxins into the
portal circulation [18]. Dysbiosis induced by alcohol consumption has been linked to the
disruption of these tight junctions. As a consequence, the subsequent immune dysfunction
and increase in circulating pro-inflammatory cytokines such as tumour necrosis factor
(TNF)-α and interleukin (IL)-1β further disrupts the gut barrier [18,19].

2.2. The Effect of Alcohol on the Metabolome

Alcohol-related dysbiosis inevitably affects the gut metabolome, and dramatic alter-
ations in short-chain fatty acids (SCFAs), amino acids and bile acids have been documented.

The role of SCFAs in the maintenance of tight junctions is becoming increasingly
apparent. SCFAs are fatty acids with fewer than six carbon atoms, and are the product of
the anaerobic fermentation of indigestible dietary fibres by the gut microbiota [20]. Analysis
of the faecal metabolome in humans with alcohol use disorders revealed a reduction in
SCFAs, which is likely to be due in part to dysbiosis that negatively affects SCFA-producing
bacteria such as Faecalibacterium [15,21]. Several murine models have reliably shown that
supplementation with SCFAs in either the form of a high fibre diet, probiotic or dietary
modification enhances gut epithelial integrity and reduces liver injury in alcoholic models,
and work in this area is ongoing [22–24].

The gut metabolome also plays an important part in the metabolism and absorption
of essential and non-essential amino acids, which appear to be altered by alcohol ingestion.
Less work has been conducted to investigate this effect. However, several studies have
identified that alcohol consumption lowers the concentration of almost all amino acids in
the gut lumen [12,14,25]. Both essential, dietary-obtained amino acids (e.g., lysine) and
non-essential amino acids (e.g., glutamic acid) are affected. It is postulated that this is a
result of a disturbed microbial–host co-metabolism as a result of dysbiosis [14]. Although
luminal amino acid concentrations fall with alcohol consumption, serum levels of some,
such as tyrosine and phenylalanine, rise, suggesting an altered metabolic and absorption
profile of the dysbiotic microbiome [14,26]. This metabolic imbalance may play a role in
the generation of increased levels of reactive oxygen species (ROS) and toxic intermediates.

Bile acids have been shown to be altered in both the serum and luminal contents of
humans and rats consuming alcohol [12,14,27]. Primary (synthesised by the liver) and
secondary (from bacterial metabolism) bile acids perform a variety of functions predomi-
nantly in the small bowel and have crucial roles in lipid absorption, cholesterol homeostasis
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as well as hormonal actions through their steroid structure. In a healthy entero-hepatic
circulation, primary bile acids are conjugated with either taurine or glycine to form bile
salts that are secreted into the intestinal lumen. The intestinal microbiota then metabolises
these to secondary bile acids, removing the taurine/glycine groups before recycling them
back to the liver. Alcohol consumption appears to disrupt this by increasing the proportion
of secondary bile acids and the total concentration of bile acids, as well as increasing the
proportion conjugated with glycine instead of taurine [12,14]. It is felt that this is caused by
dysbiosis decreasing the bioavailability of taurine and an increased rate of entero-hepatic
cycling [12,14]. The consequence of this disruption is not fully understood; however, it is
likely that the glycine-conjugated acids that are more prevalent during alcohol consump-
tion are relatively more toxic, and the increased synthesis of bile acids despite high luminal
concentrations contributes to hepatic steatosis [12].

2.3. The Effect of Alcohol Consumption on Nutritional Status

Chronic alcohol ingestion reduces nutrient absorption and contributes to malnutri-
tion [28]. Alterations in intestinal permeability, bile acid profiles and the microbiome all
contribute to this, and in addition, the toxic metabolites and ROS released during alcohol
metabolism cause structural damage to the intestine. In particular, chronic alcohol use has
been shown to cause cell death, mucosal erosions and the loss of epithelium at the villi
tips [29]. The consequences of this are variable deficiencies in vitamins A, B1 (thiamine),
B2 (riboflavin), B6 (pyridoxine), C, D, E and K as well as folate, calcium, magnesium,
phosphate, iron and the trace elements zinc and selenium [28,30]. It is important that
all patients with chronic alcohol use disorders undergo a full nutritional assessment as
these deficiencies vary between individuals, with iron as an example that can be either
deficient or found in excess. Alongside the mechanisms described above, heavy alcohol
users obtain up to 50 percent of their daily caloric intake from nutritionally deplete alco-
holic drinks [8]. Furthermore, it should be noted that alongside the symptomatic effects of
chronic alcohol misuse (e.g., vomiting, anorexia and abdominal pain), social factors in this
group such as poverty and access to a nutritionally ‘complete’ diet may also contribute to
malnutrition [31].

The effect of alcohol on the gut is summarised in Figure 1.
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Figure 1. The effect of alcohol on the gut. (a) The histological effects of alcohol on the gut mucosa (cell death, mucosal
erosions and loss of epithelium at villi tips). (b) Alcohol-induced disruption of tight junctions, exacerbated by reduced
luminal SCFA concentrations. (c) Alcohol-induced dysbiosis leading to reduced SCFA and amino acid concentrations.
(d) Increased concentration of secondary bile acids, and increased proportion conjugated with glycine. (e) Nutrient
deficiencies as a consequence of (a–d). CTP: Connexin transmembrane proteins; JAM: Junctional adhesion molecule;
EtOH: alcohol.

3. Alcohol and the Liver

3.1. Alcohol Metabolism

The metabolism of alcohol in the liver is key to understanding its role in the pathogen-
esis of alcohol-related liver disease. Alcohol is primarily metabolised in hepatocytes by
alcohol dehydrogenase to acetaldehyde and then to acetate by aldehyde dehydrogenase.
Acetate is converted to water and carbon dioxide mainly in peripheral tissue, which is
easily excreted. A minority of alcohol is metabolised by the mitochondrial enzyme oxida-
tion system (MEOS), through the action of the cytochrome P450 (CYP) enzyme CYP2E1, to
acetaldehyde with the generation of ROS. A third minor pathway of alcohol metabolism to
acetaldehyde is by the action of catalase and the conversion of H2O2 to H2O.

It is the generation of acetaldehyde, a highly reactive protein, which contributes to
liver damage. It binds to lipids, proteins and DNA to form potentially immunogenic
adducts [32]. These adducts can generate an adaptive immune response leading to hepa-
tocellular damage and inflammation [33]. Structural mitochondrial alteration can lead to
functional impairment including decreased ATP generation, the production of ROS and
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decreased activity of acetaldehyde dehydrogenase. Acetaldehyde is also a key metabolite in
the progression of liver fibrosis. It can promote the synthesis of collagen I in hepatic stellate
cells (HSCs), and acetaldehyde adducts stimulate the release of inflammatory cytokines
and chemokines [33].

The alcohol dehydrogenase pathway is efficient in metabolising alcohol in small
quantities, but in chronic alcohol exposure, the pathway becomes saturated and there
is significant induction of CYP2E1 [32]. The switch to the CYP pathway results in the
generation of ROS, leading to oxidative stress. ROS bind to proteins, changing their
structural and functional properties, and may act as neoantigens. ROS can also bind directly
to DNA, causing damage, or lead to lipid peroxidation products such as 4-hydroxynonenal
(4-HNE) and malondialdehyde (MDA) that generate highly carcinogenic DNA adducts
(Figure 2) [34]. In addition, in chronic heavy alcohol ingestion, the antioxidant clearing
system of the liver is impaired because of an acetaldehyde-mediated decrease in glutathione.
The outcome of oxidative stress is the induction of hepatocyte apoptosis and necrosis [35].

Figure 2. Alcohol-induced liver injury. Acetaldehyde (AA) is responsible for the majority of the toxic effects of alcohol on
the liver. Acetaldehyde is extremely lipophilic, leading to the formation of acetaldehyde adducts—malondialdehyde (MDA)
and 4-hydroxynonenal (4-HNE). This along with reactive oxygen species (ROS) leads to DNA damage and genotoxicity. Ac-
etaldehyde also induces functional and structural alterations in various cell organelles (e.g., mitochondria and endoplasmic
reticulum). MEOS: mitochondrial enzyme oxidation system; ADH: alcohol dehydrogenase. Image created at biorender.com
(accessed on 20 August 2021).

3.2. Alcohol-Related Steatosis

Steatosis, characterised by the accumulation of fat (triglycerides, phospholipids and
cholesterol esters) in hepatocytes, is the earliest response of the liver to chronic alcohol
use and is almost universal in chronic heavy drinkers [36]. Although it is fully reversible
upon a reduction in alcohol use, its presence is associated with the progression of alcohol-
related liver disease, with a recent meta-analysis finding an annual progression rate to
cirrhosis of 3% [37]. It is likely that hepatic steatosis increases the risk of liver inflammation
(steatohepatitis), fibrosis and cirrhosis through greater lipid peroxidation and oxidative
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stress. However, progression only occurs in up to 20% and is not only influenced by
the amount of alcohol but also other factors, including gender, co-existing liver disease,
smoking and genetics [38].

Chronic alcohol ingestion leads to hepatic steatosis via increased hepatic lipogenesis
and decreased hepatic lipolysis. Alcohol elevates the ratio of reduced NAD/oxidised
NAD in hepatocytes, which interferes with mitochondrial beta oxidation of fatty acids,
leading to their accumulation in hepatocytes [39]. Chronic alcohol use induces hepatic
expression of sterol regulatory element binding protein-1c (SREBP1c), a transcription
factor that stimulates the expression of lipogenic genes, resulting in increased fatty acid
synthesis [40]. Alcohol also downregulates inhibitors of SREBP1c expression such as AMP-
activated protein kinase (AMPK), Sirtuin-1, adiponectin and signal transducer and activator
of transcription 3 (STAT3) [41]. Conversely, chronic alcohol use enhances adipose tissue
breakdown and lipolysis, releasing free fatty acids, which are esterified in hepatocytes into
triglycerides [42].

Alcohol inactivates peroxisome proliferator-activated-receptor (PPAR)-α, a nuclear
hormone receptor that upregulates the expression of many genes involved in free fatty
acid transport and oxidation. Acetaldehyde directly inhibits transcriptional activation
activity and DNA binding of PPAR-α [43]. Alcohol also indirectly inhibits PPAR-α via
CYP2E1-derived oxidative stress, adenosine, the downregulation of adiponectin and zinc
deficiency (a common state in patients with alcohol-related liver disease) [30,44]. The
inactivation of PPAR-α results in reduced hepatic lipolysis (Figure 3).

Figure 3. Alcohol-induced steatosis. Alcohol induces hepatic steatosis by multiple mechanisms. It alters the redox ratio in
the cell (NADH/NAD+), thereby inhibiting fatty acid oxidation and promoting its accumulation. It increases transcription
factor SREBP1c, which leads to increased fatty acid synthesis and deposition. Alcohol inactivates PPARα, a nuclear hormone
receptor that regulates many of the genes involved in fatty acid transport and oxidation. Alcohol has a direct inhibitory
effect on fatty acid clearance and mobilisation. ↑: increased; ↓: decreased; HSC: hepatic stellate cell. Image created at
biorender.com (accessed on 20 August 2021).

3.3. Alcoholic Steatohepatitis

Hepatic inflammation strongly influences the development of fibrosis, cirrhosis and
ultimately hepatocellular carcinoma. The alcohol-induced leaky gut (as described above)
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leads to the delivery of PAMPs to the liver. Together with damage-associated molecular
patterns, released from damaged cells, PAMPs activate innate receptors (Toll-like receptors
(TLRs) and NOD-like receptors (NLRs)) on monocytes, macrophages, Kupffer cells and
hepatic parenchymal cells. Signalling through these receptors leads to increased transcrip-
tion of pro-inflammatory transcription factors including nuclear-factor κB (NFκB) and the
production of pro-inflammatory chemokines and cytokines (reviewed in detail in ref [45]).
The net effect is the influx of monocytes, neutrophils and T cells, the release of soluble
mediators that cause cell death and hepatic stellate cell (HSC) activation (Figure 4). In
addition to an activated pro-inflammatory immune response to alcohol, patients with
alcoholic hepatitis have evidence of immune dysfunction. The activation of monocytes by
gut-derived PAMPs leads to T cell exhaustion with reduced numbers of anti-inflammatory
IL-10 producing T cells and functionally impaired monocytes and neutrophils [46,47].

Figure 4. Alcohol-induced inflammation. Alcohol exerts its effects on both the innate and adaptive immunity. Alcohol not
only induces enteric dysbiosis, but also increases intestinal permeability. Pathogen-associated molecular patterns (PAMPs)
such as lipopolysaccharide (LPS) interact with TLR4 receptor on Kupffer cells and produce proinflammatory cytokines and
chemokines via the NF-κB pathway, leading to liver inflammation. Acetaldehyde induces structural changes in various
proteins and generates neoantigens, which elicit an adaptive immune response and contribute to liver inflammation. CCL2:
C-C motif chemokine ligand 2; DAMPs: damage-associated molecular patterns; 4-HNE: 4-hydroxynonenal; IL: interleukin;
MDA: malondialdehyde; NF-κB: nuclear factor kappa B; ROS: reactive oxygen species; TLR4: toll-like receptor 4; TNFα:
tumor necrosis factor alpha; ↑: increased; ↓: decreased. Image created at biorender.com (accessed on 20 August 2021).

Hepatocyte cell death occurs through several mechanisms including apoptosis, py-
roptosis, necrosis and necroptosis [48]. Apoptosis is induced by direct alcohol-mediated
hepatotoxicity, the induction of oxidative stress, the inhibition of survival genes (C-met) and
the induction of pro-apoptotic signalling molecules (TNF-α and Fas ligand) [49]. Necrosis,
cell swelling and membrane rupture can also occur via a programmed pathway known as
necroptosis, while pyroptosis is a programmed cell death dependent on caspase-1. The
mode of cell death is likely to be influenced by the disease state, with apoptosis predominat-
ing in early alcohol-related liver disease but inflammasome activation driving pyroptosis
and propagating liver injury in alcoholic hepatitis [50].

139



Nutrients 2021, 13, 3170

MicroRNAs (miRNAs) are small non-coding RNAs that have a role in the post-
transcriptional regulation of their target genes. Two key miRNAs are differentially ex-
pressed in patients with alcohol-related liver disease. miRNA-155, a key regulator of
inflammation, is increased in the liver and circulation in mouse models of alcohol-related
liver disease [51]. Chronic alcohol consumption increases the expression of miRNA-155 in
Kupffer cells, which contributes to increased LPS-triggered TNF production [52]. miR-181b-
3p, a negative regulator of TLR4 signalling in Kupffer cells, is downregulated in patients
with alcohol-related liver disease [53].

3.4. Alcohol-Induced Fibrosis and Cirrhosis

Fibrosis is the liver’s wound healing response to a damaging stimulus, reversible
on removal of the stimulus. In the presence of heavy long-term alcohol consumption,
there is chronic inflammation and fibrogenesis causing the deposition of broad bands of
fibrous tissue, distorting the liver architecture and altering hepatic blood flow, leading to
portal hypertension and its associated complications. Extracellular matrix deposition by
activated HSCs is the key event in the development and progression of liver fibrosis. Other
cells (portal fibroblasts and myofibroblasts) contribute to a smaller extent [54]. HSCs are
activated both by inflammatory cytokines and directly by alcohol and its metabolites and
ROS. Activated HSCs perpetuate the inflammatory response by the secretion of chemokines
and the expression of adhesion molecules that attract and stimulate circulating immune
cells, which in turn activate quiescent HSCs [55].

3.5. Hepatocellular Carcinoma

Cirrhosis is a precancerous state increasing the risk of primary liver cancer, the com-
monest being hepatocellular carcinoma (HCC). Globally, around 30% of HCCs are due to
alcohol. Alcohol itself is a carcinogen and in the context of HCC plays specific roles in its
development through ROS-induced damage, inflammatory mechanisms and its reactive
metabolite, acetaldehyde.

In heavy alcohol drinkers, increased activity of the CYP pathway generates ROS,
leading to DNA damage that causes cell cycle arrest and apoptosis and disrupts gene
function, increasing carcinogenesis and propagation [56]. The activation of inflammatory
pathways in patients with alcohol-related liver disease is associated with increased cancer
risk, although mechanisms have not been fully elucidated but are likely to involve pro-
inflammatory cytokine promotion of ROS accumulation [57,58]. Cytokine generation is
also associated with the upregulation of the angiogenesis and metastasis development [59].
Additionally, alcohol suppresses the anti-tumour response of CD8+ T cells [60].

Acetaldehyde is highly reactive and forms adducts with DNA and proteins that cause
mitochondrial damage and disruption of DNA repair mechanisms. Increased levels of
acetaldehyde found in people with genetic variations that confer altered activity of alcohol
dehydrogenase and aldehyde dehydrogenase are associated with a higher risk of HCC in
heavy drinkers [61].

4. Research Priorities and Future Perspectives

The human body is able to metabolise and eliminate small volumes of alcohol without
long-term sequelae. However, excessive alcohol use leads to alterations in the gut micro-
biome, metabolome, epithelial integrity and immune signalling culminating in progressive
liver disease. Our recent improved understanding of these changes has identified potential
new therapies to delay or reverse liver disease. Here, we suggest areas in need of further
research and potential strategies for therapy.

4.1. Microbiome

Alcohol’s effect on the microbiome is highly heterogeneous with multiple genera up-
or downregulated, making a single probiotic treatment challenging to identify. Probiotics
marginally improve liver function tests in patients with liver disease [62], but few trials
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in patients with alcohol-related liver disease have been conducted and they have failed
to demonstrate any clinical benefit in patients with cirrhosis [63]. However, combination
therapy to restore gut dysbiosis may be a more successful strategy.

Faecal microbiota transplant has recently been piloted as a treatment for patients with
alcohol use disorder [64]. Healthy donor stool transplant by nasogastric injection was
associated with a partial improvement in bacterial diversity and reversal in dysbiosis, an
improvement in gut SCFA production and reduced severity of alcohol use disorder [64].
Although not designed to treat or prevent cirrhosis, this therapy may prove beneficial in
this patient population.

4.2. Short-Chain Fatty Acids

SCFAs are a product of the bacterial digestion of dietary fibre and are essential to
maintain gut epithelial integrity. Strategies to increase intestinal SCFA may reduce gut
permeability and exposure of the liver to gut-derived toxins, thus preventing the pro-
gression of liver disease. Studies of SCFA treatment have yet to be conducted in patients
with alcohol-related liver disease. Delivery of the SCFA butyrate by enema reduced gut
oxidative stress and inflammation in patients with inflammatory bowel disease [65]. In-
direct methods to increase SCFAs such as by faecal microbiota transplant or augmenting
SCFA-producing bacteria with specific probiotics (e.g., Clostridium butyricum) may also be
beneficial. In a randomised trial, C. butyricum in combination with Bifidobacterium infantis
reduced symptoms of minimal hepatic encephalopathy in patients with hepatitis B cirrho-
sis as well as measures of gut permeability [66]. However, supplementation with other
probiotics (Bifidobacterium, Lactobacillus and Lactococcus genera) did not improve gut barrier
function [67], suggesting the importance of targeting SCFA-producing species.

Interestingly, aerobic fitness also influences the microbiome and response to dietary
fat or alcohol. An animal study demonstrated that high-aerobically fit rats fed a high
fat diet were protected from steatosis [68]. Conversely, low-aerobically fit rats had re-
duced SCFA-producing bacteria and altered microbiome metabolism of carbohydrates
and energy, leading to hepatic steatosis [69]. A combined study enhancing both aerobic
fitness and SCFA-producing bacteria in patients with alcohol-related liver disease may
yield beneficial results.

4.3. Dietary Manipulation

In a cohort study comparing the gut microbiome in patients with cirrhosis from the
USA and Turkey, several dietary factors were associated with a reduced risk of progression
mediated by increased microbial diversity [70]. Fermented milk, vegetables, cereals, coffee
and tea were associated with greater diversity, while carbonated drinks, pork and poultry
were associated with lower diversity. Increased intake of insoluble fibre may also increase
the bacterial production of SCFAs. Trials have been conducted in patients with hepatic
encephalopathy demonstrating the safety of a high protein and high fibre diet [71,72],
but none has yet been conducted evaluating the effects of long-term clinical outcomes.
Further carefully designed trials of dietary manipulation are required in patients with
alcohol-related liver disease.

4.4. Micronutrient Supplementation

Patients with alcohol-related liver disease are deficient in micronutrients including
zinc and selenium [30]. Both these trace elements are essential for cellular and immune
function [73,74] and their deficiency is associated with more advanced disease [75] and
mortality from alcoholic hepatitis [30]. Supplementation may improve clinical outcomes
through the modulation of immune function, but existing studies are too small and hetero-
geneous to demonstrate improved survival [76]. An ongoing trial of zinc supplementation
in patients with alcohol-related cirrhosis (NCT02072746) demonstrated an improvement in
liver inflammation in an interim analysis [77].
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Vitamin deficiencies, especially of vitamin C and D, in patients with alcohol-related
liver disease are common. Vitamin supplementation may modulate the gut microbiome
resulting in reduced dysbiosis, which may reduce gut permeability and liver inflammation;
studies in healthy individuals have demonstrated beneficial shifts in microbial genera
with vitamin C [78] and D [79]. Although studies of antioxidant and vitamin supple-
mentation in patients with severe alcoholic hepatitis did not demonstrate a short-term
survival benefit [80], trials of long-term vitamin supplementation in patients with less acute
presentations of alcohol-related liver disease are lacking.

4.5. Immune Dysregulation

Patients with alcohol-related liver disease have simultaneous immune activation and
exhaustion [19]. Interventions targeting inflammation broadly with corticosteroids [81] or
specific pro-inflammatory cytokines such as TNF-α [82] have been investigated in severe
forms of alcohol-related liver disease with alcoholic hepatitis. However, increased mortality
from infective complications was noted, demonstrating the delicate balance of the immune
response in these patients [83]. Strategies to target immune exhaustion may promote liver
repair mechanisms at the same time as maintaining defence against pathogens. Checkpoint
inhibitors such as anti-PD-1 monoclonal antibodies improve the host immune response
and have been licenced for the treatment of cancers. Such treatment may reduce PAMP-
induced CD8+ T cell exhaustion [47] and improve the healing response in alcohol-related
liver disease.

4.6. Repurposing of Existing Therapies

Clinical trials of commonly used drugs such as metformin, pioglitazone and statins
have shown benefit on liver biochemistry or histological changes in patients with non-
alcoholic steatohepatitis [84–86]. Benefits are mainly mediated by a reduction in insulin
resistance, a mechanism that is not a strong contributor to alcohol-related liver disease.
However, these drugs also alter the gut microbiome [87]; metformin, for example, increases
the abundance of SCFA-producing bacteria [88]. Further trials of these agents are required
to evaluate their benefit in the setting of alcohol-related liver disease.

5. Conclusions

In conclusion, alcohol has wide-ranging effects on the gut and liver, altering the gut
microbiome, barrier function and immune function resulting in liver inflammation, fibrosis
and cirrhosis. Trials of new interventional strategies to target gut dysbiosis and immune
dysfunction are now required.
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Abstract: Globally, almost four and a half million people died from injury in 2019. Alcohol’s
contribution to injury-related premature loss of life, disability and ill-health is pervasive, touching
individuals, families and societies throughout the world. We conducted a review of research evidence
for alcohol’s causal role in injury by focusing on previously published systematic reviews, meta-
analyses and where indicated, key studies. The review summarises evidence for pharmacological and
physiological effects that support postulated causal pathways, highlights findings and knowledge
gaps relevant to specific forms of injury (i.e., violence, suicide and self-harm, road injury, falls, burns,
workplace injuries) and lays out options for evidence-based prevention.
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1. Introduction

Globally, almost four and a half million people died from injury in 2019 [1], with 7% of
these deaths directly attributable to alcohol. Alcohol’s role in injury-related premature loss
of life, disability and ill-health is pervasive, touching individuals, families and societies the
world over. Alcohol use, particularly intoxication, plays a major role in a wide range of
injuries, some of which are readily recognisable as alcohol-related (e.g., road injuries, violent
assault) and others which are less so (e.g., falls, drownings, injuries in the workplace).

Alcohol-attributable injury accounts for around one-tenth of the total impact of alcohol
on health (9.9% and 12.6% in low- and high-income countries, respectively) [1]. Males (90%)
and young people aged 15–39 years (40%) dominate alcohol-attributable injury deaths [1].
Impacts on health systems are considerable, with alcohol contributing to between 5%
and 40% of all emergency department (ED) injury presentations across 27 countries [2].
This comes with significant costs. In 2014, injuries caused by alcohol in the USA were
an estimated 8% of all injury-related ED presentations at a cost of nearly USD 9 billion,
and when in-patient admissions were added, costs almost tripled (USD 26 billion) [3].
Canadian estimates of hospitalisation and day surgery costs for alcohol-attributable injuries
in 2017 were just under CAD 1 billion [4]. Large economic impacts are not limited to high-
income countries. In Sri Lanka, alcohol-attributable injury costs exceeded an estimated
USD 380 million, nearly half of the total costs of alcohol in that country in 2015 [5]. In
Latin America, where around 30% of road fatalities are attributable to alcohol [6], the
burden of road crashes overall was between 1.5% and 3.9% of gross domestic product in
2013 compared to about 2% in the USA [7].

Alcohol-related injuries thus represent a significant economic burden in many societies
globally and require substantial resources from overstretched health systems to manage.
Importantly though, alcohol-related injuries are preventable and there are clear examples of
effective interventions to reduce them. For instance, deaths due to drink-driving declined
rapidly in many high-income countries during the 1980s [8,9], driven by tougher drink-
driving laws and enforcement alongside broader alcohol policy shifts such as increases
in the legal minimum drinking age. However, from a global perspective, rates of overall
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alcohol-related injury have remained largely stable over time [1] and are likely to increase in
coming years as alcohol consumption in lower- and middle-income countries increases [10].

This review will summarise research evidence linking alcohol to physical injuries,
including potential causal mechanisms involved. The review also highlights key research
findings specific to various forms of injury and lays out options available for prevention.
Given the breadth of information we aim to cover here, we take a narrative review approach,
relying largely on previously published systematic reviews, meta-analyses and focusing
on key studies where appropriate.

2. Alcohol as a Cause of Physical Injury

Research evidence for alcohol as a cause of injury has clearly emerged for many types
of injury, across multiple settings, and using a wide range of study designs. Key forms
of research evidence include: laboratory experiments conducted under controlled condi-
tions [11], real-world emergency department studies [12], driving simulation studies [13],
studies linking population level drinking and injury rates [14] and retrospective time-series
studies showing that alcohol policy changes and interventions can influence population
rates of injury [15].

In one of the most comprehensive reviews of individual-level data, Taylor et al. [16]
demonstrated strong dose–response relationships between amount of alcohol consumed
in the past 3 h and odds of both motor vehicle and non-motor vehicle injury. Their meta-
analysis estimated that even relatively moderate consumption levels (24 g of pure alcohol)
roughly doubled the odds of injury, but that risks increased sharply at higher levels of
consumption, such that someone who had consumed 120 g of alcohol had a more than
50 times higher risk of a motor vehicle injury than a non-drinker. Other reviews have
shown that these effects are broadly consistent across different study designs and alcohol
recall periods, suggesting robust relationships [17,18].

At the population level, time-series analyses have shown that changes in per-capita
alcohol consumption are associated with changes in mortality rates related to road in-
juries [19], suicide [20] and homicide [21,22]. These studies (see [14]) clearly showed that
the amount of alcohol consumed in a given society is a key driver of injury rates, although
there is significant variation cross-nationally, reflecting variation in drinking patterns and
prevention policies at the country level. These established relationships between alcohol
use and physical injury have underpinned regulation and public policy in many coun-
tries. Some applications, such as legal blood alcohol limits for driving [23], reach back
many decades, while others, such as integration into national drinking guidelines [24], are
relatively recent.

Plausible Causal Pathways: Pharmacological and Physiological Actions of Alcohol on the Human
Brain and Central Nervous System

Alcohol is a known neurotoxin and central nervous system depressant. Even at low to
moderate levels, alcohol has been observed to impair balance, visual focus, reaction time,
judgment and to change behaviour (e.g., [25]). At high enough doses, intoxication can
result in loss of consciousness, coma, respiratory failure (i.e., due to airway obstruction),
aspiration pneumonia and ultimately, death [26].

Regarding plausible causal pathways that explain links between alcohol and injury,
experimental studies offer the firmest evidence by virtue of their ability to randomly assign
participants to placebo and exposure groups, subjectively measure functional biomarkers
and control alcohol dosage. Though not immune, experimental studies are also best
equipped to separate out pharmacological/physiological effects from ‘expectancy’ effects,
i.e., personal beliefs about how alcohol affects behaviour, such as physical aggression,
which can vary widely among individuals and cultures [27,28].

Laboratory studies which test human performance on various tasks designed to
detect alcohol effects on specific brain systems have identified substantial impairments
across multiple measures of cognitive (e.g., information processing) and psychomotor
functions (e.g., eye-brain-hand-foot coordination) that directly bear on all forms of injury
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risk. An extensive review of more than 200 controlled experimental studies on alcohol’s
acute effects on the brain and central nervous system found impairments for visuo-motor
control, divided attention, focused attention, reaction time, response inhibition and working
memory. Effects were highly consistent at blood/breath alcohol concentrations (BACs) of
0.05% and higher, and some effects were found even at lower levels [29].

Extending what has been learnt from standard laboratory experiments, in vivo neu-
roimaging studies can detect alcohol’s pharmacological effect on the human brain and
bring potential mechanisms for alcohol-caused injury into clearer focus. Reviews of neu-
roimaging studies consistently support findings of diminished cognitive and psychomotor
functions identified by laboratory experiments [28]. Several reviews, incorporating studies
with a wide range of designs, show that beginning at low levels, acute alcohol intake
reduces overall brain glucose metabolism (a proxy for neuronal activity) and increases
metabolism of acetate (a product of acetaldehyde oxidation) in a dose–response manner.
Reduced glucose metabolism is most concentrated in the cerebellum (implicated in motor
impairment), while limbic regions (implicated in reward-seeking behaviour and addiction)
show increased metabolism [28,30,31]. These studies also show that brain centres most
affected by alcohol (i.e., cerebellum, hippocampus, occipital cortex, striatum, amygdala) are
regions where balance, movement coordination, attention focus, self-control, processing of
emotional stimuli (e.g., threat detection), motivation and reward-seeking, spatial learning
and memory are believed to occur.

There is strong concurrence, therefore, between reviews of experimental laboratory
studies demonstrating cognitive and performance deficits and neuroimaging studies
demonstrating pharmacological and physiological actions of alcohol on the brain that
strongly implicate causal pathways to injury risk. It is crucial, however, to bear in mind
that the relationship between alcohol and injury is by no means inexorable. Outside of
the laboratory, observational studies confirm every-day experience that not all alcohol
use, or even intoxication, necessarily results in injury. Risk of injury from alcohol can be
influenced by individual differences and expectancies about appropriate or permissible
behaviours [27,32,33] as can social and cultural norms (e.g., community acceptance or
rejection of drinking and driving). External factors such as setting (e.g., home, pub, park),
price and physical availability of alcohol also have major impacts on alcohol-caused injuries
at a population level [34,35].

3. Specific Injury Types

The injury literature often distinguishes between injuries arising from intentional
behaviours and those that are most often unintentional or accidental. Interpersonal violence,
self-harm and suicide are all considered intentional injuries as they arise from purposeful
actions directed towards oneself or others. Unintentional injuries on the other hand include
road injuries, other transport injuries, falls, drownings, burns, poisonings, workplace
injuries and other ‘accidents’ (e.g., freezing), and are often further categorised into transport
and non-transport. Categorizing injuries according to intention is commonplace in the
literature and assumed to have utility for injury management and prevention. For instance,
prevention approaches to intentional injuries often focus on characteristics of individuals
and their behaviours, while unintentional prevention initiatives are more often concerned
with how people, objects and environments interact [36]. It is nevertheless worth noting
that some have questioned whether categorisation limits collaboration and advancement
of prevention efforts, as the underlying motivations of individuals are not always clear-cut
(e.g., some burns are intentional, as are some road injuries), and groups share many similar
characteristics, including effective prevention approaches (see Section 4 on policy and
interventions below) [37].

In terms of morbidity and mortality, alcohol-attributable intentional and unintentional
injuries each account for roughly 50% of total numbers of Disability Adjusted Life Years
(DALYs), Deaths and Years of Life Lost (YLL), with transport (i.e., mostly road injury)
making up the majority of unintentional injuries [1]. Figure 1 presents the estimated
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global impact of alcohol-related injury in terms of Disability-Adjusted Life Years (DALYs),
breaking down the impact into the broad categories of injury.

Figure 1. Global Disability Adjusted Life Years (DALYs ’000) lost due to alcohol-attributable injuries,
2019. Data source: Institute for Health Metrics and Evaluation [1].

3.1. Interpersonal Violence

Interpersonal violence (IV) refers to intentional use of physical force (sexual or non-
sexual) by an individual or small group of individuals against another individual or small
group, and excludes larger scale conflict-related violence (e.g., warfare, rioting) [38]. In
addition to sexual and/or non-sexual physical aspects, IV may also involve deprivation,
neglect and psychological aspects. In the past decade or so, there has been increased
focus on IV as a global problem posing major challenges to sustainable development goals
including poverty, health and wellbeing, human rights and gender equality, particularly
for women and girls (e.g., EU and UN Spotlight Initiative [39]).

Findings from many meta-analyses, some of which focused on laboratory studies
(e.g., [40]), others on community-based studies (e.g., [41]), and even a recent meta-meta-
analysis of 18 reviews covering multiple designs, settings and definitions of violence [42],
strongly support alcohol use, especially by males, as a causal factor in IV. Although at times
controversial, there is also robust evidence supporting the conclusion that alcohol use by
victims at the time of the offence increases the risk of IV [42,43]. The role of alcohol use
by females and IV has been less well-studied than for males, however, female alcohol use
has also been identified as a risk factor for both perpetration and victimisation. Moreover,
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alcohol use is more strongly linked to victimisation among women than victimisation
among men in intimate partner violence (IPV) [44,45].

Alcohol use by parents and caregivers, particularly at harmful or hazardous levels,
also increases the risk of child physical injury, such as burns, fractures and, occasionally,
death, arising from maltreatment [46]. Heavy alcohol use by either victim or perpetrator
is also a risk factor for the physical abuse of older people by offspring, partners or other
relatives in a caregiver role, as well as professional caregivers to a lesser extent [47].

Global burden of disease estimates indicate that as a proportion of total alcohol-
attributable injuries, IV accounts for about 16% of deaths and 18% of DALYs [1]. However,
IV is highly prone to under-reporting in official statistics, often as a result of victims
avoiding authorities or official agencies for fear of further victimisation. In addition, effects
of IV can extend well beyond immediate physical consequences that might compel a victim
to seek treatment (e.g., emergency department attendance) or formal assistance (e.g., police,
social services). Experience of trauma for instance, especially at a young age, increases
risks of developing mental health problems, reproductive and sexual health problems,
substance misuse, chronic illness (e.g., cardiovascular disease, diabetes, cancer) and of
living in poverty later in life, very little of which is readily quantifiable [48].

3.2. Suicide and Self-Harm

Suicide and self-harm are second only to road injuries in terms of injury-related burden
of disease contribution [49] and a major cause of death for young people [50]. The GBD
estimates that around 15% of all suicide deaths are attributable to alcohol, meaning over
100,000 people die each year from alcohol-related self-harm. A series of systematic reviews
have found strong and consistent evidence that alcohol and self-harm are strongly linked.
This includes individual-level studies showing that people with alcohol use disorders
(AUDs) are at increased risk of suicidal ideation, self-harm and completed suicide [51],
studies showing that heavy drinking in-the-event increases suicide risk [52] and aggregate
studies showing population-level links between alcohol consumption and suicide rates [20].
Evidence also points to violent methods of suicide, such as by firearm or hanging, involving
heavier drinking in-the-event compared to poisoning (e.g., [53,54]).

Alcohol’s role in self-harm appears to be mediated through cultural factors—for
example, there is some evidence that alcohol is more strongly associated with self-harm for
men and for cultures where intoxication-oriented drinking is more common [20]. Further,
while the evidence is reasonably clear that alcohol contributes to suicide and self-harm,
there remains uncertainty about the magnitude of the causal relationship, with at least some
potential for alcohol use disorder, intoxication and self-harm to have common underlying
drivers [20].

3.3. Road Injuries

Road injuries typically include fatal and non-fatal injuries that occur on public roads as
a result of accidents involving one or more motor vehicles (e.g., cars, motorcycles, trucks),
pedestrians or cyclists. Road injuries are currently ranked 7th for their contribution to
total global DALYs (2.9%) for all ages [55]. Beginning in about 1980, many high-income
countries reported substantial reductions in road injury rates. Rapid declines in national
road tolls continued for about 15 years, largely as a result of concerted prevention efforts
including legislation and enforcement of maximum legal blood alcohol concentration
levels for driving [9]. After this time, improvements in high-income countries slowed
considerably (e.g., [56]), although downward trends continued on a global scale with age-
standardised DALYs for road injury declining for all ages (31%), 10–24 year olds (33.6%)
and 25–49 year olds (22.5%) [55] between 1990 and 2019. Even so, worldwide, road injury
remains the leading cause of death and disability for 10–24 year olds (6.6%) and 25–49 year
olds (5.1%) [55].

Global statistics obscure large differences in road injury rates across nations and
regions, particularly between high-income and low to low/middle-income nations. In the
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African region for instance (where under-reporting is widespread) [57], road fatality rates
lead the world, are at least double that for the European region [58] and have shown
only marginal improvement over recent decades [57]. This suggests that a great deal of
road injury prevention work remains to be carried out, particularly in Africa and South-
East Asia where road safety laws, including for drink-driving, rarely meet best-practice
standards [58].

The causal, dose-dependent role that alcohol plays in fatal and non-fatal road crashes
has been well-established over decades of extensive observational, laboratory and driving
simulation research [13,16,59]. Alcohol has been shown to impair driving performance
at blood alcohol concentrations as low as 0.02% [60,61] and well before the driver or
observers are able to detect signs of intoxication [62]. With a few notable exceptions (e.g.,
Sweden [63]), most countries maintain maximum legal blood alcohol concentration levels
for non-probationary drivers (e.g., 0.05%, 0.08% [58]) that are higher than levels now known
to significantly increase crash risk.

Alcohol-impaired drivers increase road injury risk to themselves and others, including
passengers, pedestrians and other drivers [58,64]. Besides motor vehicle operators, alcohol-
positive pedestrians [65] and cyclists [66,67] are also at increased risk of road injury. Drink-
for-drink, young and inexperienced drivers are at much greater risk of serious road injury
than their more experienced counterparts [56,61]. Among drivers with alcohol use disorder,
road crash risk is at least twice that for non-dependent drivers (e.g., [68]).

Estimates of country-specific alcohol-attributable fractions for road fatalities vary
considerably, however, averages for broad regions range from about 2% in the Eastern
Mediterranean where alcohol consumption is largely prohibited, to almost 38% in Europe
where alcohol is widely available [6]. Among all alcohol-attributable injuries, road injuries
account for over one quarter (27.5%) of total DALYs and they also account for more than
half of all unintentional injuries (see Figure 1).

3.4. Falls

Falls represent a major contributor to morbidity and mortality, ranking 21st across all
ages (second only to road injuries in terms of injury) and 8th for people aged 75 years and
older as a cause of age-standardised DALYs [55]. Not surprisingly, for those aged over 70,
falls are the most common cause of an injury-related death [49].

Systematic reviews of studies that examine usual drinking practices and fall risk
generally produce mixed results [69,70], however the majority fail to account for patterns
of drinking. In a pooled analysis of case-control studies from emergency departments
in 28 countries, Cherpitel et al., showed that both frequent and episodic heavy drinking
were strong predictors of alcohol-involved falls [71]. Studies that have examined drinking
in-the-event are even more compelling. In a meta-analysis of five studies that used acute
measures of drinking, Taylor et al. [16] found a clear dose–response relationship, with
odds of a fall-related injury increasing by 1.15 for each 10 g of alcohol consumed. This is
supported by other reviews [70] and pooled analyses of ED studies [12,72].

Recent work has identified concerns about interactions between alcohol consumption
and use of medication among older populations, where falls represent a disproportionately
large cause of morbidity [73]. This points towards one possible specific intervention to re-
duce the burden of falls—better assessment and management of alcohol consumption risks
by primary healthcare workers when administering/prescribing medications, especially
those related to the central nervous system [73].

Studies have repeatedly shown that accidental fall injuries result in substantial
costs [74]—for example, a US study estimated the annual cost of fall injuries at more
than USD 80 billion [75]. National populations throughout the world are ageing [76] and,
although trends vary across countries, some studies have reported increasing levels of
risky drinking among older age groups [77–80]. Alcohol-related falls are therefore likely to
present an increasing social burden for many countries in coming decades.
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3.5. Drowning

A recent systematic review [81] found that around half of all drowning deaths and
more than one-third of all drowning-related injuries involved alcohol, but that the preva-
lence of alcohol involvement varied markedly between studies. The literature relies heavily
on post-mortem assessments of BAC or relatively crude cross-sectional surveys, meaning
the strength of the causal evidence is relatively low, but the best estimates for proportion
of all drownings causally attributable to alcohol range from 10% to 30% [82], with people
who have blood alcohol concentrations of 0.10% or higher increasing their risk of drowning
ten-fold [82].

3.6. Injuries from Excessive Heat and Cold

Alcohol intoxication raises the risk of sustaining serious injuries from excessive heat,
such as burns from household fires, and from excessive cold, such as hypothermia or death
from freezing when drinking outdoors in cold weather. Systematic reviews consistently
identify alcohol intoxication as a key risk factor for residential fire mortality [83,84], with
around half of all house fire fatalities tested returning positive BACs [85]. In a robust
US case-control study, presence of an intoxicated person in the household was the single
strongest predictor of fire leading to fatality [86]. Alcohol intoxication delays escape and
increases risk of fire ignition, particularly in conjunction with smoking (e.g., falling asleep
while drinking and smoking) [87]. Acute and chronic heavy alcohol use, particularly
among older age groups, are also major risk factors for serious hypothermia and death
by freezing, although increased risk of hypothermia can also occur among the young
(e.g., [88]). Likely under-reported at a global level, alcohol’s role in injuries arising from
excessive cold nonetheless present ongoing challenges for cold climate countries during
winter months, with many reporting alcohol’s involvement in more than 40% of fatal
cases (e.g., [89–91]).

3.7. Workplace Injuries

Despite growing use of alcohol and drug testing in the workplace, international
research evidence for alcohol as a major contributor to workplace accidents and injuries
(except impaired driving) is surprisingly under-developed. Although single studies have
continued to support a causal relationship [92–94], almost three decades have passed since
Stallones and Kraus’ [95] review of epidemiological evidence regarding alcohol’s role in
workplace injuries.

3.8. Alcohol Poisoning and Other Injuries from Heavy Intoxication

Other key forms of injury arising from heavy intoxication include aspiration (i.e.,
choking) [49] and alcohol poisoning [96]. These are especially common among marginalised
populations in intoxication-oriented and spirits drinking cultures, with—for example—
rates substantially higher in Eastern Europe than the rest of Europe [97]. Additional
injury risks arise when informal (e.g., home-made) or illegally produced counterfeit or
adulterated products are consumed. These products often contain unknown quantities
of pure alcohol (i.e., ethanol) and other toxic substances (e.g., methanol, ethylene glycol)
not intended for human consumption (e.g., ‘antifreeze’, perfume, methylated spirits) that
can cause blindness, brain injury, coma and death when ingested [98,99]. People with
alcohol use disorders, low incomes and tourists appear to be at particular risk of injury
from illicit alcohol. Large poisoning outbreaks have been documented in many countries,
with fatality rates as high as 30% in some places (e.g., Uganda, Tunisia, Turkey, Pakistan,
Norway, Nicaragua, Libya, Kenya, Indonesia, India, Estonia, Ecuador, Czech Republic,
Cambodia) [100,101].

4. Effective Interventions and Policies

Broadly speaking, research evidence for effective interventions and policies aimed at
reducing alcohol-related injuries can be grouped into two camps: (i) alcohol consumption-
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centred approaches oriented towards reducing use at a whole-of-population level, that
may also have specific or more substantive effects on sub-populations (e.g., young people,
heavy drinkers), and (ii) injury-centred approaches targeted at reducing the risk of specific
types of injury (e.g., falls, assaults) or injuries that occur in specific situations (e.g., while
driving, in the workplace). Though not intended to be exhaustive, the following sections
summarise current research evidence for a wide range of policy and intervention options
available to decision makers concerned with reducing alcohol-related injury.

4.1. Alcohol Consumption-Centred Approaches

Decades of research evidence clearly support policy approaches that reduce population-
level alcohol consumption as having a central role to play in the reduction of alcohol-
related injury overall. Whole-of-population consumption-centred approaches are highly
cost-effective at reducing harmful alcohol use in general, alongside restrictions on mar-
keting and brief interventions [102]. Furthermore, although most evidence in support of
consumption-centred approaches has been derived from high-income countries, they are also
highly effective in middle- and low-income countries when implemented appropriately [103].

Among consumption-centred approaches, research evidence in support of effective
reduction of population-level alcohol use is arguably the strongest and most consistent
for price-based interventions that influence alcohol’s economic availability, i.e., retail price
relative to disposable income [104–107]. A meta-analysis of 50 studies suggested that a
doubling of alcohol taxes would reduce road injury deaths by 11%, violence by 2% and
suicide by around 4% [108]. Price-based interventions have historically been delivered via
governments raising alcohol taxes. However, there is growing evidence that raising the
minimum price at which alcohol can be sold at retail (i.e., minimum unit pricing, MUP) is
an effective strategy for reducing overall consumption, IV and drink-driving [109–112].

There is also very strong evidence that raising the legal minimum drinking age (e.g.,
from 18 to 21 years) leads to substantial reductions in road injuries among young people
in the USA and elsewhere [113,114], and is most effective when supported by concerted
enforcement efforts [115,116]. Benefits of higher legal minimum drinking age laws have
also been shown to accrue to suicide [117], violence and morbidity from other accidental
injuries [118] among young people.

Strategies which reduce alcohol’s physical availability can substantially reduce in-
jury rates, including in low- and middle-income countries [119]. Research evidence is
particularly robust for reductions in permitted hours of sale of alcohol late at night and
reduced violence and road injuries [15,120]. Links between physical density of outlets
(i.e., both on- and off-trade access) and injury outcomes (including violence, road injury
and self-harm [121]) have been demonstrated by many studies. However, uncertainties
remain about the overall robustness of this literature [122] and confirmation is needed from
new studies that incorporate information on alcohol sales with appropriate methods for
studying geospatial data.

Of recent interest are potential impacts from alcohol’s designation as an ‘essential’
product/service and liberalisation of off-trade alcohol sales by a large number of jurisdic-
tions during the COVID-19 pandemic [123–126]. Expansion of off-trade sales often occurred
simultaneously to the closure of workplaces, schools, childcare, leisure and physical activity
centres [126]. Although evidence is still emerging, reports in the media and grey literature
suggest increased drinking in the home in some countries [127–129] (largely off-setting re-
ductions in on-premises drinking). These reports have appeared alongside several studies
showing increased abusive head trauma among children [130] and family violence [131,132].
There is some concern that, pressured by commercial vested interests [133,134], govern-
ments will allow continuation of deregulatory changes originally intended as temporary,
leading to increased risks of IV and trauma in the home [123,124,126].

Multi-component interventions that simultaneously implement a suite of strategies
can markedly reduce injury, especially when supported by their target populations [135].
Although price increases and physical availability restrictions (e.g., reduced trading hours,
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limits on cheap high-risk beverage purchases) are considered central to the success of
these programmes, they are often accompanied by supporting harm (e.g., mandatory
server training, sobriety testing) and demand reduction strategies (e.g., advertising restric-
tions) [135,136]. Most recently, a series of price and availability restrictions in Lithuania
reduced total mortality there by 3% [137], with the bulk of benefits arising from reductions
in injury-related deaths [138]. Due to their relatively direct control of alcohol sales, advertis-
ing and promotion, jurisdictions with whole or partial alcohol monopolies (more common
to Scandinavia and North America) are well-placed to implement multi-component in-
terventions. All else being equal, alcohol monopolies have lower rates of alcohol-related
injuries than those with free market systems [139]. Studies which have modelled potential
impacts of disbanding retail monopolies in Sweden, for example, have estimated increases
in alcohol-related injury deaths of between 18% and 28% annually [140].

4.2. Injury-Centred Approaches

From a global perspective, evidence-based strategies for reducing alcohol-related road
injuries have undoubtedly received more government commitment to implementation than
any other source of injury—and with striking results [58]. Of critical importance to mini-
mizing the road toll in countries where alcohol is widely consumed are government laws
prohibiting BACs exceeding 0.02% for probationary drivers and 0.05% for non-probationary
drivers (WHO 2018). Current best-practice drink-driving laws should also be coupled with
widely publicised, highly visible police enforcement and random breath testing [141]. At
last count, 45 countries, covering less than a third of the world’s population, had enacted
such laws, with just 2% from low-income countries [58]. There is great scope, therefore, for
governments of countries at all income levels to substantially reduce premature death and
disability caused by alcohol-impaired road users among their citizenry.

Motor vehicle drivers who repeatedly drink and drive are often targeted for further
preventative measures. Commonly referred to as ignition- or alcohol-interlocks, devices
that detect breath alcohol can be retrofitted to motor vehicles of drink-driving offend-
ers. When positive breath alcohol is detected, alcohol-interlocks incapacitate a vehicle
by blocking engine ignition and are highly effective at reducing repeat drink-driving
offences [7,142].

Interventions aimed at reducing alcohol-related IV have largely been focused around
drinking venues and night-time entertainment precincts. While broad physical availability
restrictions (e.g., reduced trading hours for licensed venues) have the clearest evidence, im-
proving server training [143], venue security, environmental design and management have
been shown in some settings to reduce violence and aggression [144]. Research into inter-
ventions aimed at alcohol-related domestic or family violence specifically is relatively scant,
with systematic reviews finding few robust evaluations of alcohol policy interventions [145].
Individual-level interventions with offenders have shown generally poor results in terms
of reducing reoffending [146], suggesting that upstream policy interventions should be the
focus of work to reduce alcohol-related violence.

Research on interventions to reduce alcohol-related drowning or burns is scarce. A
study of minimum-legal drinking age laws in the USA found no impact on young-adult
drowning rates [147], while programs aiming to reduce alcohol consumption while boating
and fishing remain largely unevaluated [148]. Similarly, evaluation studies of workplace
alcohol and drug testing are poor, with only one relatively high-quality study finding an
effect of testing in the transport industry [149].

5. Conclusions

Invitations to consider alcohol’s role in the death, disability and distress that arises
from human injury, and what actions could be taken to reduce the burden, can evoke a
wide range of responses. To varying degrees, responses may be part of a broader agenda,
compromised by politicisation, motivated by vested interests or simply reflect personal
beliefs and experience. In contrast, scientific evidence in support of alcohol’s causal and

155



Nutrients 2021, 13, 2777

central role in injury has strengthened over time and is strikingly robust. Given the broad
range of scientific disciplines and research approaches which have contributed to the
evidence base, the many decades over which that evidence has accumulated and the
variety of forms that alcohol-related injury can take, the high level of overall consistency
among findings is remarkable.

Estimates of the human and economic costs of alcohol-related injury leave no doubt
that the global burden is very large. In truth, it is probably larger still, and it may be
many more decades (if at all) before the full extent of short- and long-term consequences,
including chronic disease, mental health problems and reduced wellbeing, are fully under-
stood and quantified across all counties. At the very least, the burden borne by low- and
middle-income countries is likely far higher than current statistics imply.

Upward global trends in per capita alcohol consumption during the past thirty years
or so are predicted to continue, increasing by more than a litre per person by 2030 (i.e.,
from 6.5 L in 2017 to 7.6 L in 2030) [10]. Increasing consumption combined with ageing
populations and more drinking in the home (facilitated by pandemic-related liberalisation
of off-trade sales) can be expected to bring about changes in the distribution and magnitude
of alcohol-attributable injury in the next several decades. These changes may well add to
challenges faced by governments already struggling to manage over-loaded healthcare
systems, policing and social services [150].

Nonetheless, there is reason to be optimistic. The evidence is clear: population-level
alcohol consumption-centred policies that reduce alcohol’s economic and physical avail-
ability, especially when implemented in conjunction with each other, substantially reduce
alcohol-related injury in its various forms. Strategies specifically targeted at reducing
alcohol-impaired driving are also highly effective and indeed essential for addressing the
world’s leading cause of death and disability among people in their most productive years.
There are major human capital and economic windfalls awaiting governments that adopt
nation-wide, best-practice alcohol interventions. Manifestly underutilised, independently
and collectively, the full potential of these strategies has been scarcely realised, though they
offer evidence-based solutions for high- and low-income countries alike [151].
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Radišauskas, R.; et al. Alcohol control policy measures and all-cause mortality in Lithuania: An interrupted time–series analysis.
Addiction 2021. [CrossRef]

138. Stumbrys, D.; Telksnys, T.; Jasilionis, D.; Liutkutė Gumarov, V.; Galkus, L.; Goštautaitė Midttun, N.; Štelemėkas, M. Alcohol-
related male mortality in the context of changing alcohol control policy in Lithuania 2000–2017. Drug Alcohol Rev. 2020, 39, 818–826.
[CrossRef]

139. Miller, T.; Snowden, C.; Birckmayer, J.; Hendrie, D. Retail alcohol monopolies, underage drinking, and youth impaired driving
deaths. Accid. Anal. Prev. 2006, 38, 1162–1167. [CrossRef] [PubMed]

140. Stockwell, T.; Sherk, A.; Norström, T.; Angus, C.; Ramstedt, M.; Andréasson, S.; Chikritzhs, T.; Gripenberg, J.; Holder, H.; Holmes,
J.; et al. Estimating the public health impact of disbanding a government alcohol monopoly: Application of new methods to the
case of Sweden. BMC Public Health 2018, 18, 1400. [CrossRef] [PubMed]

141. Shults, R.A.; Elder, R.W.; Sleet, D.A.; Nichols, J.L.; Alao, M.O.; Carande-Kulis, V.G.; Zaza, S.; Sosin, D.M.; Thompson, R.S. Reviews
of evidence regarding interventions to reduce alcohol-impaired driving. Am. J. Prev. Med. 2001, 21, 66–88. [CrossRef]

142. Kaufman, E.J.; Wiebe, D.J. Impact of state ignition interlock laws on alcohol-involved crash deaths in the United States. Am. J.
Public Health 2016, 106, 865–871. [CrossRef]

143. Wallin, E.; Norström, T.; Andréasson, S. Alcohol prevention targeting licensed premises: A study of effects on violence.
J. Stud. Alcohol 2003, 64, 270–277. [CrossRef]

144. Graham, K.; Homel, R. Raising the Bar; Taylor & Francis: Abingdon, UK, 2008.
145. Wilson, I.M.; Graham, K.; Taft, A. Alcohol interventions, alcohol policy and intimate partner violence: A systematic review.

BMC Public Health 2014, 14, 881. [CrossRef]
146. McMurran, M. Alcohol-Related Violence: Prevention and Treatment; John Wiley & Sons: Hoboken, NJ, USA, 2012.
147. Howland, J.; Birckmayer, J.; Hemenway, D.; Cote, J. Did changes in minimum age drinking laws affect adolescent drowning

(1970–1990)? Inj. Prev. 1998, 4, 288–291. [CrossRef] [PubMed]
148. Leavy, J.E.; Crawford, G.; Portsmouth, L.; Jancey, J.; Leaversuch, F.; Nimmo, L.; Hunt, K. Recreational Drowning Prevention

Interventions for Adults, 1990–2012: A Review. J. Community Health 2015, 40, 725–735. [CrossRef] [PubMed]
149. Pidd, K.; Roche, A.M. How effective is drug testing as a workplace safety strategy? A systematic review of the evidence.

Accid. Anal. Prev. 2014, 71, 154–165. [CrossRef] [PubMed]
150. Stockwell, T.; Andreasson, S.; Cherpitel, C.; Chikritzhs, T.; Dangardt, F.; Holder, H.; Naimi, T.; Sherk, A. The burden of alcohol on

health care during COVID-19. Drug Alcohol Rev. 2021, 40, 3–7. [CrossRef] [PubMed]
151. Medina-Mora, M.E.; Monteiro, M.; Rafful, C.; Samano, I. Comprehensive analysis of alcohol policies in the Latin America and the

Caribbean. Drug Alcohol Rev. 2021, 40, 385–401. [CrossRef] [PubMed]

161





nutrients

Review

‘Joining the Dots’: Individual, Sociocultural and Environmental
Links between Alcohol Consumption, Dietary Intake and Body
Weight—A Narrative Review

Mackenzie Fong *, Stephanie Scott, Viviana Albani, Ashley Adamson and Eileen Kaner

Citation: Fong, M.; Scott, S.; Albani,

V.; Adamson, A.; Kaner, E. ‘Joining

the Dots’: Individual, Sociocultural

and Environmental Links between

Alcohol Consumption, Dietary Intake

and Body Weight—A Narrative

Review. Nutrients 2021, 13, 2927.

https://doi.org/10.3390/nu13092927

Academic Editor: Peter Anderson

Received: 4 August 2021

Accepted: 23 August 2021

Published: 24 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Population Health Sciences Institute, Newcastle University, Newcastle-upon-Tyne NE1 4LP1, UK;
Stephanie.scott@newcastle.ac.uk (S.S.); viviana.albani@newcastle.ac.uk (V.A.);
ashley.adamson@newcastle.ac.uk (A.A.); Eileen.kaner@newcastle.ac.uk (E.K.)
* Correspondence: mackenzie.fong@newcastle.ac.uk

Abstract: Alcohol is energy-dense, elicits weak satiety responses relative to solid food, inhibits dietary
fat oxidation, and may stimulate food intake. It has, therefore, been proposed as a contributor to
weight gain and obesity. The aim of this narrative review was to consolidate and critically appraise
the evidence on the relationship of alcohol consumption with dietary intake and body weight, within
mainstream (non-treatment) populations. Publications were identified from a PubMed keyword
search using the terms ‘alcohol’, ‘food’, ‘eating’, ‘weight’, ‘body mass index’, ‘obesity’, ‘food reward’,
‘inhibition’, ‘attentional bias’, ‘appetite’, ‘culture’, ‘social’. A snowball method and citation searches
were used to identify additional relevant publications. Reference lists of relevant publications were
also consulted. While limited by statistical heterogeneity, pooled results of experimental studies
showed a relatively robust association between acute alcohol intake and greater food and total
energy intake. This appears to occur via metabolic and psychological mechanisms that have not yet
been fully elucidated. Evidence on the relationship between alcohol intake and weight is equivocal.
Most evidence was derived from cross-sectional survey data which does not allow for a cause-effect
relationship to be established. Observational research evidence was limited by heterogeneity and
methodological issues, reducing the certainty of the evidence. We found very little qualitative work
regarding the social, cultural, and environmental links between concurrent alcohol intake and eating
behaviours. That the evidence of alcohol intake and body weight remains uncertain despite no
shortage of research over the years, indicates that more innovative research methodologies and
nuanced analyses are needed to capture what is clearly a complex and dynamic relationship. Also,
given synergies between ‘Big Food’ and ‘Big Alcohol’ industries, effective policy solutions are likely
to overlap and a unified approach to policy change may be more effective than isolated efforts.
However, joint action may not occur until stronger evidence on the relationship between alcohol
intake, food intake and weight is established.

Keywords: alcohol; body weight; obesity; eating dietary intake; drinking pattern

1. Introduction

Excess body weight and heavy alcohol consumption remain two of the most intractable
public health challenges globally. Worldwide, around 39% of adults have overweight and
13% have obesity [1], while one in four adults in England and Scotland regularly consume
over 14 units of alcohol per week; the maximum number of units considered ‘low risk’
based on the Chief Medical Officer’s guidelines in the UK [2]. One in five drinkers in
Great Britain binge drink on their heaviest drinking day (>8 units for men and >6 units
for women) [2]. Obesity and alcohol misuse are leading causes of disability and disease,
and disease burden attributable to elevated body mass index (BMI) and alcohol-related
mortality and morbidity are greater in socioeconomically disadvantaged populations
compared with more advantaged counterparts [3–5]. The phenomenon whereby people
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of lower socioeconomic position (SEP) consume the same (or less) alcohol as those from
higher SEP yet experience greater alcohol-related harm is described as the alcohol-harm
paradox [6]. This relationship is consistent internationally and across varying measures of
SEP such as education, car ownership, income, employment, and housing tenure [7].

Like other nutritive beverages (mainly sugar-sweetened beverages (SSBs)), alcohol
has been proposed as a causal factor of weight gain and obesity. Beverages elicit weak
satiety signals relative to solid food [8–10] resulting in insufficient dietary compensation
and greater daily energy intake [11,12]. However, compared to other nutritive beverages,
alcohol has a very high energy density (29 kJ/g), providing more energy for volume than
most (e.g., wine = 280 kJ/100 mL vs. cola drink = 177 kJ/100 mL). It is estimated that alcohol
contributes around 10% of an adult drinker’s weekly energy intake [13] which, in the UK,
roughly equates to 690–770 kJ based on data from the National Diet and Nutrition Survey
showing that daily energy intake of adults 19–64 years and 65 years and over was 7690
and 6900 kJ/day, respectively [14]. This is significant given that a reduction of 400 kJ/day
may attenuate population-level weight gain [15]. Further, unlike other beverages, alcohol
metabolism inhibits dietary fat oxidation [16], thereby promoting body fat storage. The
pharmacological properties of alcohol are posited to stimulate food intake during the
drinking occasion ostensibly through integrated cognitive and hedonic mechanisms [17].
Taken together, the nutritional properties, and metabolic and psychological effects of
alcohol make it a logical driver of weight gain and obesity.

As with most research attempting to disentangle the relationship of weight with
a single food/beverage item, evidence on the relationship between alcohol and weight
is drawn mostly from heterogeneous cross-sectional studies, and findings are inconsis-
tent [18]. To unpack this relationship further, researchers have investigated the role of
several moderators, with sex, drinking pattern and type of alcoholic drink garnering most
interest. Briefly, the hypotheses are that the relationship of alcohol and body weight is
stronger: (a) in females; (b) in heavy drinkers; and (c) for beer/spirit intake. There are
well-documented social and cultural differences in how men and women engage with
alcohol [19,20], as well as biological sex differences in body composition, genetic factors,
absorption, and metabolism [21,22]. Hypotheses regarding heavy drinking may be related
to socioeconomic factors; people of lower SEP tend to binge drink more frequently than
their counterparts from more advantaged backgrounds [23,24]. Similarly, drink preference
may be socially patterned; wine is preferred by the middle class and is considered to be a
source of cultural capital and distinction [25,26]. Wine drinking has been associated with
more healthful dietary intake relative to beer drinking [27,28]. Further, standard serving
sizes generally differ between drink types. In the UK, the standard serving size for beer
is a 570 mL ‘pint’, providing ~880 kJ (full strength beer). For wine, the standard serving
size is a 175 mL (‘medium’) glass, providing ~630 kJ. Spirits are often served with nutritive
beverage mixers which contribute to greater energy content.

Given the clear public health importance of these two interrelated issues, and the
breadth of available literature, it is important to synthesise and appraise this literature to
understand the knowledge base and current thinking, identify areas of further research, and
inform future interventions. Thus, the aim of this narrative review was to consolidate and
critically appraise the evidence on the relationship between alcohol consumption, dietary
intake, and body weight within mainstream (non-treatment) populations. We acknowledge
that the relationship of alcohol and weight in people with alcohol dependency (AD) is
distinct. This group is more likely to experience undernutrition and have a low BMI for
reasons including substitution of food for alcohol [29], changes in appetite [29,30], and
interferences with nutrient digestion, absorption, and metabolism [30]. While this review
focuses on general (non-treatment) populations, we discuss diverse population groups
(including people with AD) in the Section 4 of this paper. As intake of both alcohol and food
occurs within complex socioecological contexts, we also aimed to explore how individual,
sociocultural, and environmental factors shape consumption behaviours.
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2. Materials and Methods

We undertook a narrative review to consolidate and critically appraise the literature
exploring the impact of alcohol on food intake, the relationship of alcohol with body weight,
and the individual-level mechanisms and sociocultural and environmental influences
of alcohol and food intake. Publications were identified from a PubMed search using
combinations of the keywords: ‘alcohol’, ‘food’, ‘eating’, ‘weight’, ‘body mass index’,
‘obesity’, ‘food reward’, ‘inhibition’, ‘attentional bias’, ‘appetite’, ‘culture’, ‘social’. We
used the snowball method and citation searches and consulted articles’ reference lists to
identify additional publications. Results are grouped thematically and examined below
as follows: (1) The relationship between alcohol and dietary intake, and alcohol and body
weight; (2) Individual-level mechanisms; (3) Social, cultural, and environmental influences
on alcohol and food intake.

3. Results

3.1. Alcohol and Dietary Intake

A recent systematic review and meta-analysis identified 22 experimental trials inves-
tigating the effect of acute alcohol intake on ad libitum food energy intake (participants
are invited to eat as much or as little food as they wish) and total energy intake (energy
from beverages and food) [31]. While narrative synthesis conveyed that the effect of alco-
hol on food energy intake was inconsistent and dependent on the comparator condition
(no/negligible energy non-alcoholic drink vs. energy containing non-alcoholic drink) and
the alcohol dose, meta-analysis found that food energy intake was significantly greater
in the alcohol condition compared to pooled effect of energy and non-energy containing
non-alcoholic beverage comparators (n = 12; WMD 343 kJ; 95% CI 161, 525 kJ). With regards
to total energy intake, 7/8 studies found that compared to no beverage and no/negligible-
energy beverage comparators, alcoholic beverages significantly increased total energy
intake. Comparisons with energy-containing beverages were mixed. Meta-analysis found
that total energy intake was greater in the alcohol condition compared to the energy and
non-energy containing non-alcoholic/no beverage conditions (n = 8; WMD 1072 kJ; 95%
CI 820, 1323 kJ). In keeping with these findings, analyses of nationally representative
survey data in Australian adults found that energy intake for those that reported alcohol
consumption on the day of the dietary recall was significantly greater than those who did
not. Between-participant, age-adjusted mean daily energy intake on alcohol vs. no alcohol
days was 11,409 kJ vs. 9944 kJ (p < 0.0001) for men, and 8303 kJ vs. 7070 kJ (p < 0.0001) for
women, respectively. This was a mean increase of 1514 kJ (462) for men and 1227 kJ (424)
for women [32].

There are suggestions that alcohol may impact macronutrient intake, and this may have
implications on weight as macronutrients may differentially affect energy metabolism [33].
Cummings and colleagues [34] systematically reviewed the evidence on the relationship of
alcohol and macronutrient intake (refined and unrefined carbohydrate/fat/protein) intake.
The 18 experimental studies identified in the search yielded mixed results. While there was
a trend for a single occasion of light and moderate drinking to promote fat (8/18 studies)
and protein intake (5/12 studies), most studies did not detect differences in macronutrient
intake in response to these drinking behaviours. Similarly, findings from 12 observational
studies, most of which used nationally representative cross-sectional datasets, were also
inconsistent. The most consistent findings were of the inverse association between fre-
quent heavy drinking and refined carbohydrate intake from foods such as candies, cereal
(unspecified), and chocolate (reported in 90.9% of studies), but also intake of unrefined
carbohydrate from foods such as fruits, grains, and vegetables (reported in 90% of studies).
Meanwhile, Parekh et al. [35] recently conducted a nuanced analysis of the Framingham
Heart Offspring Cohort study (1971–2008) and explored the relationship of drinking pat-
terns with dietary intake, and how these shifted over time as participants aged. Across all
data collection points, binge drinkers consumed less fruits and vegetables and wholegrains,
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and had greater total fat intake than non-binge drinkers. As participants aged, total fat
intake increased in binge drinkers only.

3.2. Alcohol and Body Weight

Given there is relatively robust evidence of the effect of alcohol on food and total
energy intake compared to non-alcoholic comparator beverages, it is plausible that, without
sufficient energy compensation i.e., reduction in dietary intake and/or greater physical
activity, alcohol intake can cause positive energy balance. Over time, depending on the
frequency and intensity of alcohol consumption, this may lead to weight gain and con-
tribute to obesity development (Figure 1). Very few experimental studies have investigated
the longer-term effect of alcohol on weight. In a cross-over trial [36], 23 healthy men with
abdominal obesity drank 450 mL of alcoholic red wine and de-alcoholised wine daily for
4 weeks, randomised by sequence. There was no significant between-condition difference
in body weight nor deposition of subcutaneous, abdominal, or liver fat, although a positive
trend was observed in the red-wine condition for the latter (p = 0.09). An earlier crossover
trial found that daily consumption of two 135 mL servings of red wine over six weeks
did not result in differences in body weight, energy intake or macronutrient composition
in free-living, healthy males compared to a 6-week abstinence phase [37]. Similarly, a
crossover study in women with overweight found no significant effects of alcohol con-
sumption (two 135 mL servings of red wine on five days/week) vs. abstinence on body
weight or dietary intake over 10 weeks [38].

Figure 1. The hypothesised causal pathway from alcohol intake to weight gain. The red lines represent a proposed
mediational relationship, and the dotted black lines represent proposed moderation. Body weight and energy compensation
are influenced by a significant number of factors; these are beyond the scope of this review and have intentionally been
omitted from this figure.

Sayon-Orea et al. [39] conducted the first systematic review of observational evidence
on the association between alcohol consumption (all drink types) with body weight and
other measures of adiposity. Of the 14 cross-sectional studies in adults, 9/14 studies (seven
in men; two in women) reported a significant positive association of alcohol intake with BMI
or weight gain, with a stronger positive relationship observed for heavy or binge drinking.
However, a significant negative association was also observed in 9/14 studies (seven in
women; two in men). For prospective cohort studies, 5/9 (three in men; two in women)
showed a positive association of alcohol intake and weight gain or BMI. However, the
absolute magnitude of differences was clinically important in just two studies. Associations
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of mixed direction were observed for cohort studies that reported measures of abdominal
adiposity, although subgroup analyses in larger cohorts revealed only negative associations
with wine drinking despite positive associations with total alcohol intake. One cohort study
exhibited a U-shaped association between wine consumption and waist circumference,
and three exhibited a J-shaped association, such that heavy (male and female) alcohol
drinkers (≥28 drinks/week) showed greatest weight gain, BMI or waist circumference.
Travesy and Chaput [18] conducted an updated narrative review which included additional
cross-sectional and longitudinal evidence. Attention was drawn to more recent evidence
that examined the relationship of alcohol intake pattern, especially heavy drinking, with
adiposity outcomes. For instance, Shelton and Knott [40] analysed data from the Health
Survey for England and calculated % recommended dietary intake (RDA) from alcohol
on participants’ heaviest drinking day over the previous seven days. The risk of obesity
was approximately 70% greater in the heaviest (≥75%RDA) vs. lightest (0–25% RDA)
groups. Concordant with Sayon-Orea et al., the authors concluded that while the literature
is heterogeneous and findings are inconsistent, there is a trend for the relationship between
alcohol and body weight to be non-linear (J-shaped), and that drinking intensity (heavy
drinking) may be a more salient behaviour than drinking frequency.

Bendsen et al. [41] focused on beer intake specifically; their systematic review included
12 experimental studies testing the effect of beer intake vs. intake of low- or non-alcoholic
beer/water/no substitute beverage on anthropometric outcomes. Experimental interven-
tions lasted between 21–126 days and, for most, participants were prescribed a certain
volume of beer to drink per day or per week. Random effects pooling found that beer con-
sumption did not increase body weight compared to the no-substitute beverage comparator
(mean difference 0.54 kg; 95% CI-1.00, 2.08; p = 0.49; I2 = 0%). In contrast, consumption of
alcoholic beer was found to increase body weight compared with no and low-alcohol beer
(mean difference 0.73 kg; 95% CI 0.53, 0.92; p < 0.0001; I2 = 0%). Among the ten prospective
cohort studies and 25 cross-sectional studies included in the review, most showed a positive
relationship or no relationship between beer intake and markers of obesity; in women a
negative relationship was observed in several studies. Twenty-one studies reported obesity
outcomes by level of beer intake, although heterogeneity in outcome measures and beer
intake e.g., frequency vs. amount, prohibited quantitative data synthesis. The cumulative
raw data did not indicate a dose-response at lower or moderate beer intake (~500 mL/day),
but higher beer intake (>4 L/week) may be associated positively with abdominal obesity,
particularly among men. The authors noted that most studies controlled for at least some
potential confounders i.e., age, education, physical activity, and smoking, but that the
degree of statistical adjustment varied widely.

Most recently, Golzarand et al. [42] conducted meta-analyses in 127 observational
studies investigating the association between alcohol intake and markers of adiposity. Meta-
analyses of cohort studies revealed no significant association between alcohol drinking
and risk of overweight (HR 0.93; 95% CI 0.46, 1.89; I2 = 97.7; p = 0.84), obesity (HR 0.84,
95% CI 0.52, 1.37; I2 = 90.7; p = 0.48), overweight/obesity (HR 1.15; 95% CI 0.84, 1.58;
I2 = 87.0; p = 0.37), nor abdominal obesity (HR 1.13; 95% CI 0.90, 1.41; I2 = 61.0; p = 0.28).
In cross sectional studies, alcohol intake was associated with greater odds of having
overweight (OR 1.11; 95% CI 1.05; 1.18; I2 = 87.7; p = 0.001), but not obesity (OR 1.03;
95%CI 0.95, 1.12; I2 = 95.1; p = 0.48). Subgroup analysis by alcohol dose revealed that heavy
drinking (>28 g/day), but not light (<14 g/day), nor moderate drinking (14–28 g/day), was
associated positively with overweight (OR 1.12; 95% CI 1.01, 1.24; p = 0.02). Regarding
obesity, moderate drinkers had 16% lower odds of having obesity, but neither light nor
heavy drinking were associated with greater odds of obesity. Those in the highest category
of alcohol intake had 19% increased odds of abdominal obesity compared to those in the
lowest category (OR 1.19; 95% CI 1.09, 1.29; p < 0.001). Heterogeneity between studies was
very high and the authors rated most studies as being of very low quality/certainty based
on the GRADE working group grades of evidence (i.e., the true effect is probably markedly
different from the estimated effect) [43].
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3.3. Alcohol and Weight Loss

A smaller number of studies have investigated the effect of alcohol intake on weight
loss outcomes. In one randomised controlled trial (RCT), adults with overweight or obesity
were prescribed hypo-energetic diets of 1500 cal/day (6300 kJ/day), of which 10% was to
be consumed as either grape juice or white wine (200 mL). At 3 months follow-up, there
were no significant differences in weight loss nor other anthropometric measures between
groups [44]. Secondary analyses of a weight loss RCT found that while energy on no-
alcohol days was significantly less than days alcohol was consumed, alcohol consumption
was not associated with weekly weight loss [45]. Further, analyses of a large multicentre
RCT (the Look AHEAD (Action for Health in Diabetes) study) identified that weight loss
between participants who did and did not abstain from alcohol were similar during the
first year regardless of study group. However, at Year 4, participants assigned to the
Intensive Lifestyle Intervention (ILI) who abstained from alcohol lost 1.6% more weight
relative to individuals who drank alcohol at any time during the intervention [46]. Kase
and colleagues found that alcohol intake was not associated with weight before or after
26-week behavioural weight loss intervention, nor was change in alcohol intake related to
change in weight [47]. However, reduction in alcohol was more relevant to weight loss for
certain personality traits; specifically, those with higher levels of impulsivity experienced
greater weight loss from reducing alcohol consumption.

3.4. Indiviudal-Level Mechanisms Linking Alcohol and Food Intake
3.4.1. Appetite, Hunger and Satiety

It is proposed that alcohol stimulates appetite; a phenomenon referred to as the
aperitif effect [48]. However, several studies examining the effect of alcohol on levels of
ghrelin (predominant hunger-stimulating hormone), have yielded mixed findings, with
some even observing a reduction in ghrelin [18,49]. It is speculated that alcohol may
enhance subjective appetite, however, most studies do not indicate a significant increase in
self-reported appetite following an aperitif [48]. One of the more recent studies involved
participants consuming either an alcohol (0.6 g/kg) or lemonade primer, rested for twenty
minutes (to allow time for alcohol absorption) and then consumed snacks ad libitum for
ten minutes [50]. Compared to the lemonade group, the alcohol groups experienced greater
snack urge between baseline and the rest period, and experienced a smaller decline in
appetite following snack consumption.

As with other nutritive beverages, alcohol is proposed to elicit weak satiety signals
relative to solid food [8–10,51]. Compared to food, beverages have faster gastric transit
times [52,53], demand less oral processing [54,55], reduce ghrelin suppression [56,57] and
elicit lower cognitive perception of anticipated satiety [56,58]. The weaker satiety responses
elicited by alcohol may not stimulate sufficient feelings of fullness needed to inhibit further
energy intake.

3.4.2. Inhibitory Control

Inhibitory control is an umbrella term that describes the suppression of goal-irrelevant
stimuli and behavioural responses [59]. Several studies have shown that alcohol can
cause deficits in inhibitory control in relation to suppression of autonomic appetitive re-
sponses [60]. A study in female undergraduate students showed that consumption of
cookies following an alcohol primer (compared to an alcohol-free placebo) was mediated
by inhibitory control (assessed through performance on a Stroop task), such that poorer
inhibitory control was associated with greater cookie consumption [61]. Impairment of
inhibitory control may be more pronounced in people who have higher trait disinhibi-
tion [50] and dietary restraint [62], although evidence is conflicted [63]. Notably, even
alcohol-related cues (e.g., alcohol odour, memory elicitation of drinking) in the absence of
actual consumption has been shown to reduce inhibitory control [64].
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3.4.3. Food-Related Reward and Attentional-Bias

Alcohol may stimulate greater food intake by enhancing its reward value. Studies
using explicit self-report measures to assess the effect of alcohol on indices of food reward
showed that intake of an alcohol primer increased: appetite, snack urge, ad libiutm intake
and explicit liking of high-fat savoury foods [50,65,66].

It is posited that alcohol may increase attentional bias (AB) (i.e., selective attention) to
food cues through classical conditioning [67] e.g., associations between an ‘aperitif’ before
meals, ‘drinks and nibbles’, wine and cheese pairings etc. As AB is thought to indicate
underlying appetitive motivational processes, several studies have used AB to food cues
as an implicit measure of food reward. Between [68] and within-subjects [66] studies
found that low dose alcohol primers (0.3–0.4 mg/kg) did not affect AB towards energy-
dense foods relative to placebo. Gough et al. [66] observed that AB to food cues increased
following a higher dose alcohol primer (0.6 mg/kg) compared to placebo, suggesting that
these effects may only occur at higher doses. A smaller study in 23 young adults found
that while low- (0.3 g/kg) and high-dose (0.65 g/kg) alcohol primers reduced alcohol-cue
related AB relative to placebo, AB towards food-cues were sustained across all doses [69].
Recent evidence has indicated that alcohol (beer) odour increased attentional bias for
food-cues, even in the absence of actual alcohol consumption [70].

3.5. Social, Cultural and Environmental Influences on Food and Alcohol Intake
3.5.1. The Interconnected Role of Food and Alcohol in Social and Cultural Life

Food and alcohol ‘products’ are a source of pleasure and a valued component of
social spaces (especially within the night-time economy), as well as emotional and cultural
life. A qualitative synthesis of 62 papers, identified that alcohol and food were both used
to overcome personal problems, facilitate fun experiences, exercise control and restraint,
and demonstrate a sense of identity in 10–17-year-olds [71]. However, we have a poorer
understanding of how drinking and eating behaviours interact; just a handful of studies
have explored this relationship in any depth, with most data focusing on young adult
populations. The first (and, to our knowledge, only) qualitative study to examine the
interconnectedness of food and alcohol consumption for UK young adults, found that
sociocultural, physical and emotional links between food and alcohol were an unquestioned
norm for 18–25-year-olds [72]. For interviewees, eating patterns whilst drinking alcohol
were tied not only to hunger, but also to sociability, traditions, and identity. Further, young
adults in this study conceptualised and calculated acute risks to weight, appearance, and
social status, rather than risks to their long-term health. In a study focused upon multiple
health behaviours (physical activity, nutrition, weight gain), Nelson et al. [73] found that
US college students suggested their weight gain resulted, in part, from drinking alcohol
and alcohol-related eating, including both eating late at night after alcohol was consumed
as well as eating before going out to allow themselves to consume more alcohol.

3.5.2. Role of the Environment

Physical, economic, and political environments drive the availability and affordability
of food and alcohol products which, in turn, influence their consumption. In developed
countries, people have virtually unfettered access to alcohol and food products high in fat,
sugar and salt (HFSS). Research has demonstrated an association between alcohol outlet
density (a proxy marker of physical availability) and higher alcohol consumption [74,75],
and between density of hot food takeaway outlets and obesity [3,76]. Importantly, both den-
sity of fast food [77,78] and alcohol outlets [79] are associated with greater socioeconomic
deprivation. The recent proliferation of digital ‘on demand’ food and alcohol delivery
services has enhanced their availability and may facilitate greater consumption [80–82],
however, this requires more investigation. Regarding affordability, both HFSS food and
alcohol products are relatively inexpensive. In the UK, affordability of alcohol has increased
over time and is 13% more affordable than in 2008 [83]. High strength white ciders and
spirits are especially cheap and may cost as little as 19 p per unit, meaning that 14 units (the
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maximum number of units considered ‘low risk’ based on the UK Chief Medical Officer’s
guidelines) are available for just £2.68 [84].

3.5.3. The Role of Food and Alcohol Industries

As corporate industries, ‘Big Food’ and ‘Big Alcohol’ use similar marketing and
lobbying tactics with high degrees of co-operation [85–88]. For example, both industries
have engaged in the use of ‘framing’; whereby actors use discursive strategies to ‘frame’ a
debate to benefit their corporate agenda [89]. Recent work by Rinaldi et al. [90] identified
that different stakeholders in alcohol control (including industry) use framing discredit
public health policy solutions; whilst similar studies have explored the use of framing
in relation to the sugar tax [91] and food industry [92]. Petticrew et al. [93] identified
the existence of a ‘cross-industry’ playbook represented by two incongruous ‘frames’:
(i) aetiology of public health issues is complex, therefore, individual products cannot be
blamed; and (ii) population health measures are ’too simple’ to address complex public
health problems.

Both industries also use strategic advertising and marketing to promote acceptability,
and even glamorisation, of convenience food and alcohol consumption. Recent research
demonstrated that marketing messages by ‘Big Food’ and ‘Big Alcohol’ were both adapted
in the early stages of the pandemic. Martino et al. [94] analysed the extent and nature of
online marketing by leading alcohol and food/beverage brands (and their parent compa-
nies) in Australia over a 4-month period. They found that nearly 80% of posts from brands
studies related to COVID-19, with quick service restaurants, food and alcohol delivery
companies, alcohol brands and bottle shops most active.

4. Discussion

4.1. Appraising the Evidence

We found good evidence from pooled laboratory studies showing that acute intake of
alcoholic beverages consistently and significantly increased food and total energy intake
within the drinking episode. This energy appears to be additive to energy from other
sources, resulting in greater daily energy intake relative to alcohol-free days. However, the
cumulative findings of the four previous reviews on alcohol intake and body weight are
equivocal and do not support a fully consistent relationship. That the acute effect of alcohol
on food intake did not translate to a robust relationship between alcohol and weight may
speak to the poor external validity of laboratory studies; responses to alcohol manifest
differently in a laboratory vs. real life setting [95]. Also, Kwok et al. noted that the findings
of their meta-analyses of the effect of alcohol on food intake were only generalisable to
younger adults aged 18–37 years, and that significant statistical heterogeneity and small
effect sizes were observed for some outcomes.

Neither experimental nor observational evidence supported a clear association be-
tween alcohol and weight. Experimental studies were conducted in small samples and
studies were likely to be underpowered to detect intervention effects. Similarly, the longest
trial was conducted over ten weeks, possibly not long enough for group differences to
emerge. An unclear relationship between alcohol and weight in observational evidence
can be partially explained by significant heterogeneity among studies i.e., differences in
assessment of drinking behaviour, cut-offs for levels of drinking, cut offs for abdominal
obesity. Most epidemiological evidence was obtained from cross-sectional studies which
carry the inherent limitation of not being able to determine a cause-effect relationship. As-
sessment of alcohol intake relies largely on self-report surveys e.g., Alcohol Use Disorders
Identification Test (AUDIT-C) [96]. While these measures have adequate psychometric
properties [97], they are prone to recall [98,99] and social desirability biases [100], and
people tend to overestimate the amount of alcohol that constitutes a standard unit [101].
Taken together, there is a real risk for alcohol intake to be underreported which reduces
confidence in studies’ findings. Recall methods e.g., the ‘Yesterday Method’—collection
of detailed information about alcohol consumed the previous day—are also more likely
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to overestimate abstention [102]. Relating average alcohol intake at a single time point
e.g., units per week, may lead to spurious findings, particularly if drinking patterns (i.e.,
binge) are not considered. Further, surveys may only capture current drinking behaviour,
and ‘non-drinkers’ may include former drinkers who have previously experienced alcohol-
related weight change; potentially reducing the validity of studies that compared drinkers
to ‘non-drinkers’.

There is also the significant potential for various factors to confound the relationship
between alcohol and weight. Aside from the review by Bendsen et al. [41], others did not
report the extent to which included studies statistically adjusted for confounders. Particu-
larly pertinent is the adjustment for physical activity which could mitigate alcohol-induced
energy intake. Systematic reviews have found that alcohol intake is positively (linearly
or curvilinearly) associated with physical activity in young people, college-students, and
the general adult population [103,104]. A cohort study in US college students found that
weight motives mediated the positive relationship between heavy episodic drinking and
vigorous (but not moderate) physical activity, suggesting that drinkers may engage in
physical activity to compensate for additional energy intake or neutralise alcohol-related
harms in line with the compensatory health behaviours model [105]. In the weight loss RCT
by Carels et al. [45], duration of exercise was greater on days that alcohol was consumed,
and participants who consumed alcohol more frequently had higher energy expenditure
than those who drank less frequently. This may also explain why experimental studies in
free-living participants found no relationship between alcohol and weight change. Another
important confounding factor is ‘delayed’ dietary compensation. Studies in free-living
participants have shown that corrective dietary compensation in response to deviations
in daily energy intake was observed over a 24-hour period [12] and even up to three to
four days later [106]. Therefore, while alcohol intake can increase daily energy intake, this
additional energy may be offset in the following days. Distinctly, dietary compensation can
be problematic when it manifests as ‘drunkorexia’ or ‘alcorexia’, characterised by dietary
restriction, purging and/or excessive exercise to enable consumption of large quantities of
alcohol and avoid weight gain and/or enhance intoxication [107–110].

Regarding the effect of moderating variables, the collective evidence gleaned from
the four previous reviews of observational evidence does not support the hypotheses that
drink type or sex moderates the relationship between alcohol and weight. That the effect of
these moderators was inconsistent is expected given the heterogeneity and limitations men-
tioned previously. Notwithstanding these limitations, evidence of a J-shaped relationship
between alcohol intake and weight-related outcomes (such that the positive association
was strongest for heavy/binge drinking) were relatively consistent and is feasible given
the substantial amount of energy consumed during a binge drinking episode. In analy-
ses of a large national sample from England and Scotland in 18–25 year olds, Albani and
colleagues [111] observed a significant positive association between alcohol consumption
and BMI observed at Very High levels of intake (>75% RDA energy) in men and High to
Very High intakes (>50% RDA energy) in women; equating to >1875 calories (7838 kJ) and
>1000 calories (4180 kJ), respectively. This is a substantial amount of energy and would
require significant dietary restriction and/or increased physical activity to mitigate the risk
of weight gain. Further, drinking intensity is socially patterned and heavy/binge drink-
ing is more prevalent in deprived groups [112–114]; SEP may moderate the relationship
between heavy drinking and weight. This may be related to observations that those with
lower SEP are more likely to engage in multiple health-risk behaviours (e.g., alcohol use,
smoking, poor diet, lower physical activity) [115]. It is also suggested that heavy and/or
binge drinking is linked to other behaviours implicated in weight gain. For instance, binge
drinking is associated with impulsivity [116,117], which is also associated positively with
energy intake and snacking, and negatively associated with diet quality [117].
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4.2. Strengths and Limitations

This review consolidates an expansive body of literature on the relationship between
alcohol intake, dietary intake, and body weight. We explored the topic from physiological,
psychological, and socioecological perspectives, and included experimental, epidemiologi-
cal, and qualitative evidence. Taking this comprehensive and holistic approach enabled
us to ‘join the dots’ and present a nuanced and contextualised exploration of a complex
issue. Given their inextricable link, we integrated evidence on food and alcohol intake
to build a narrative that was more reflective of real life. In terms of limitations, neither
the literature search nor article selection were conducted systematically and, therefore,
selection of publications included in the review may have been biased. It is possible that
some seminal papers may have been omitted unintentionally. Also, as several reviews
on this topic having been conducted previously, we focused on their cumulative findings
rather than those of individual studies. Therefore, there is a risk that biases, misreporting
and/or misinterpretation from previous reviews may have been carried forward here.

4.3. Policy and Practice Implications

Our findings have several important policy and practice implications. First, alcohol
and obesity policies are typically developed and implemented independently. Given sig-
nificant commonalities between these two industries (as above), a unified approach to
lobbying for policy change may be more effective than siloed efforts. Also, given synergies
across these two industries, effective policy solutions are likely to overlap. Knowledge
exchange and collaboration between policy makers may help to optimise the effectiveness
of policies and interventions. Table 1 summarises population-level food and alcohol poli-
cies/interventions across shared targets, along with selected references for further reading.
We acknowledge that reducing obesity and alcohol use require a whole-systems approach
and no single intervention presents a panacea. We also acknowledge that a unified ap-
proach to policy change may not occur until stronger evidence on the relationship between
alcohol use, food intake and weight is available (see Section 4.4 for recommendations for
future research).

Table 1. Population-level food and alcohol policies across shared targets/points of intervention.

Target of Policy/Strategy Foods and Non-Alcoholic Beverages Alcoholic Beverages

Fiscal policy
• Taxation of sugar content in SSBs [118,119], and

dietary fat content of foods [120]
• Minimum unit pricing [121–123]
• Taxation of alcohol content [124,125]

Mass media and marketing

• Restrictions on advertising [126] e.g., UK
government’s 9 pm watershed on television
advertising of food and drink products high in fat,
sugar and salt (HFSS) [127]

• Regulation of marketing e.g., HFSS food companies’
sponsorship of, and advertising in sport
environments [128,129]

• Restrictions on advertising [130,131]
• Regulation of marketing e.g., alcohol

sponsorship of, and advertising in sport
environments [132,133]

Sales availability

• Regulation of takeaway outlet density e.g., exclusion
zones around schools [134], planning regulations
[135,136]

• Regulation of digital on demand food delivery
services [137]

• Regulation of alcohol outlet density [138,139]
• Regulation of licensing hours [138,140]
• Regulation of digital on demand alcohol

delivery services [141]

Product server setting

• Information-based cue at point-of-purchase e.g.,
grocery store [142,143]

• Regulation of volume-based price promotions e.g.,
‘2 for 1 deals’ [144]

• Information-based cue at point-of-purchase
e.g., bar [145]

• Regulation of price and volume promotions
e.g., ‘2 for 1 deals’ [146,147]

Product reformulation
• Production of reduced fat and sugar product varieties

[148,149]
• Production of low- and no-alcohol beverage

alternatives [123,150]

Product labelling
• Use of on-pack nutrition labelling [142]
• Use of on-pack health warning labels [151,152]

• Use of on-bottle energy content labelling
[153]

• Use of on-bottle health warning labels
[152,154]

Standard serving sizes • Reduction of standard serving sizes [155,156] • Reduction of standard serving sizes [157,158]
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Second, there are only a handful of studies examining strategies that specifically aim
to reduce energy intake from alcohol. Evidence of the effect of product reformulation
strategies i.e., low- and no-alcohol drinks, is limited. A recent study found that low-
alcohol products are perceived to target non-traditional consumers (pregnant women) and
occasions (weekday lunchtimes), suggesting potential challenges to their uptake [159]. In a
recent systematic review and meta-analysis, Robinson et al. [153] found moderate evidence
that consumers are unaware of the energy content of alcoholic drinks, and that consumers
support energy labelling. However, most studies found no effect of energy-labelling on
actual or intended alcohol consumption; studies were generally of poor methodological
quality and none were conducted in a real-life setting. Displaying the energy content of
alcohol may result in complex public health messaging and disordered ‘drunkorexia’ or
‘alcorexia’ behaviours e.g., binge drinking, restriction of dietary intake/purging. These
behaviours increase the likelihood of intoxication, result in blood alcohol levels rising
sharply affecting the brain and subsequent behaviour, which in turn steeply increases the
risk of acute harm such as from accidents. Some [160–162] but not all [163] studies suggest
that such weight control behaviours are particularly prevalent amongst females and can
lead to wider repercussions for health and wellbeing. For example, amongst UK women,
consumption of alcohol without food is associated with higher risk of liver cirrhosis [164].
Meanwhile, in a prospective cohort study of UK Biobank (UKB) participants, Jani et al. [165]
found a 10% higher risk of mortality with alcohol drinking without food compared to
alcohol drinking with food amongst 38–73 year-olds.

Third, policy and practice strategies are more challenging to implement in marginalised
or at-risk populations, such as those in alcohol recovery or experiencing homelessness or
food-insecurity. Here, the evidence-base becomes sparser, with a small pool of quantitative
research and a dearth of qualitative data. Again, most studies do not focus explicitly on
this relationship in marginalised/at risk groups; usually this is discussed in the context
of wider aims/objectives or with one product given a peripheral mention in the context
of the other. Thus, Puddephatt et al. [166] found that a small minority of UK food bank
clients reported using alcohol and other illicit substances to suppress hunger and to cope
with the stress of their access to food. Meanwhile, Reitzel et al. [167] identified that, among
US homeless adults, 28.4% of the sample had probable alcohol dependence, 25% were
heavy drinkers, and 78.4% were food insecure. Further, heavy drinking and probable
alcohol dependence/abuse were each associated with increased odds of food insecurity.
Similar associations were identified by Bergmans et al. [168]. Tan and Johns [169] did
specifically focus on the links between alcohol use and eating disorders amongst those
alcohol dependent or in early recovery, and found the ‘alcohol wheel’ to be triggering for
those more susceptible to an eating disorder in alcohol services. Further, Thomson and
Paudel (2018) highlight the possibility of addiction swap (substitution of sugar for alcohol
addiction) for those in alcohol recovery.

4.4. Future Research

Despite no shortage of observational research, the relationship between alcohol and
weight remains uncertain. To genuinely improve our understanding of this relationship,
rather than gratuitously generating further cross-sectional analyses, resources should be
prioritised for research that uses innovative methodologies to make a novel and meaningful
contribution to the literature, and that considers the complexities of the relationship and
important variables linking food and alcohol consumption (regular drinking pattern and
previous drinking status, physical activity levels, personality traits, health motives, SEP).
Rather than examining the relationship of alcohol intake and weight which may be an
oversimplification even with statistical adjustment, a latent class analysis may be more
illuminating, given that weight-related behaviours and food/beverage consumption pat-
terns tend to cluster. Methodologies that sample behaviour in the field such as ecological
momentary assessment (EMA) [170] or diary studies [106] that are conducted over several
weeks would provide valuable, richly detailed data on alcohol use and energy balance
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behaviours in real life. Similarly, more qualitative work is needed to improve our under-
standing around consumers’ knowledge, perceptions and attitudes regarding alcohol, food,
weight, and weight-related behaviours across the life course. This would help to identify
and develop targeted interventions that are informed by real life experiences. Also, youth
alcohol consumption has declined steadily and significantly over the last 15 years in many
high-income countries including the UK, with those young people who do drink starting
to do so at a later age, less often and in smaller quantities [171,172]. What, then, are the
implications of this on eating behaviours and body weight? How consumers use no- and
low-alcohol products requires further research i.e., who uses them, how are they used and
for what reasons, are they substitutive or additive to the whole diet, what are facilitators
and barriers to their uptake, do they lead to self-licensing (e.g., I had a low-alcohol beer,
therefore, I can eat more chips). More generally, all future research must adequately repre-
sent people from marginalised and disadvantaged communities who are disproportionally
affected by alcohol misuse and obesity.

5. Conclusions

Alcohol appears to increase food and energy intake within a drinking episode, and
this energy increases daily energy intake. However, as with other research that attempts
to disentangle the relationship of weight with a single nutrient/food/beverage/meal,
evidence is equivocal and does not support a fully consistent relationship. Most evidence is
derived from cross-sectional survey data and is limited by methodological weaknesses and
heterogeneity. That the evidence remains uncertain despite no shortage of observational
research indicates that more nuanced analyses and creative research methodologies are
needed to capture what is clearly a complex and dynamic relationship. To meaningfully
advance our understanding of the relationship between alcohol, food and weight, future
research must account for relevant behaviours and variables and, importantly, how they
cluster with patterns of alcohol intake e.g., binge drinking, and how they shift across the
life course. Qualitative work and sampling weight-related behaviour and alcohol use in
the field (e.g., using EMA protocols or diary studies) would add much needed richness and
nuance to the literature. Given synergies between ‘Big Food’ and ‘Big Alcohol’ industries,
effective policy solutions are likely to overlap and a unified approach to policy change may
be more effective than isolated efforts. However, joint action may not occur until stronger
evidence on the relationship between alcohol intake, food intake and weight is established.
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Abstract: Switching from higher strength to low- and no-alcohol products could result in consumers
buying and drinking fewer grams of ethanol. We undertook a scoping review with systematic
searches of English language publications between 1 January 2010 and 17 January 2021 using
PubMed and Web of Science, covering production, consumption, and policy drivers related to
low- and no-alcohol products. Seventy publications were included in our review. We found no
publications comparing a life cycle assessment of health and environmental impacts between alcohol-
free and regular-strength products. Three publications of low- and no-alcohol beers found only
limited penetration of sales compared with higher strength beers. Two publications from only one
jurisdiction (Great Britain) suggested that sales of no- and low-alcohol beers replaced rather than
added to sales of higher strength beers. Eight publications indicated that taste, prior experiences,
brand, health and wellbeing issues, price differentials, and overall decreases in the social stigma
associated with drinking alcohol-free beverages were drivers of the purchase and consumption of
low- and no-alcohol beers and wines. Three papers indicated confusion amongst consumers with
respect to the labelling of low- and no-alcohol products. One paper indicated that the introduction
of a minimum unit price in both Scotland and Wales favoured shifts in purchases from higher-
to lower-strength beers. The evidence base for the potential beneficial health impact of low- and
no-alcohol products is very limited and needs considerable expansion. At present, the evidence base
could be considered inadequate to inform policy.

Keywords: no-alcohol products; low-alcohol products; production; consumption; health impact

1. Introduction

Ethanol in alcoholic beverages is toxic to human health. Whilst consumption of up
to 30 g of ethanol a day may be associated with a reduced risk of ischemic heart disease
compared with no consumption [1], ethanol is genotoxic and a carcinogen, with no level of
risk-free consumption [2].

Alcohol is a risk factor for early death. At an individual level, forty-year-olds who
drink more than 350 g of alcohol per week (about five drinks a day) lose four to five years
of life compared with those who drink 100 g of alcohol or less per week (approximately
one and a half drinks a day) [3]. At a global level, alcohol is the cause of approximately
3 million deaths each year [4].

Reducing alcohol consumption reduces the risk of dying prematurely and the likeli-
hood of a wide range of conditions, including cancer, elevated blood pressure, stroke, liver
disease, mental health disorders, and accidents and injuries [5].

There are many strategies that enable people to drink less alcohol. For example, the
WHO SAFER initiative calls on governments at all levels to (i) strengthen restrictions
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on alcohol availability; (ii) advance and enforce drinking and driving countermeasures;
(iii) facilitate access to screening, brief interventions, and treatment; (iv) enforce bans or
comprehensive restrictions on alcohol advertising, sponsorship, and promotion; and (v)
raise prices on alcohol through excise taxes and pricing policies [6].

As an additional strategy, there is a growing discourse around the potential public
health benefit of low- and no-alcohol products (alcohol-free and low-alcohol versions of
alcoholic drinks such as beer, wine, and spirits) [7,8]. The WHO’s global alcohol strategy
called on the alcohol industry to contribute to reducing the harmful use of alcohol by
addressing its products [9], for example, by reducing the amount of alcohol they contain.
In its consultation document, ‘Advancing our health: prevention in the 2020s,’ the UK
Government made a commitment to work with the alcohol industry to deliver a significant
increase in the availability of alcohol-free and low-alcohol products by 2025; [10].

Low- and no-alcohol products can only be of public health benefit if they replace
rather than add to existing consumption of higher strength products. In addition, any such
potential health benefits resulting from the production and replacement consumption of
low- and no-alcohol products should be offset against any environmental external costs
(for example, due to extra steps in production), which can be assessed through life cycle
assessments.

To inform the discourse on low- and no-alcohol products, we have undertaken a
scoping review on their production, consumption, and potential health impact. In the
review, we identify five research questions, for which we aim to synthesise knowledge
about low- and no-alcohol products related to:

1. Production, including life cycle assessment compared with production of regular
strength products

2. Prevalence of purchase and consumption
3. Potential health impact
4. Consumer perceptions and preferences
5. Policy drivers of purchase and consumption.

2. Methods

2.1. Design and Registration

We used scoping review methodology because of the breadth of the research questions
and the lack of clarity on the amount and nature of existing research on this topic. Scoping
reviews are used to map the main concepts in research areas and present a broad overview
of the existing evidence, including the identification of research gaps, regardless of the
study quality [11]. The design was guided by the methodological framework of Arksey and
O’Malley [12]. The review protocol was pre-registered at https://osf.io/kv3rj/ (accessed
on 1 September 2021).

2.2. Eligibility Criteria

To be included in the review, papers had to include topics related to the production,
consumption, and health impact of low- and no-alcohol products. There was no restriction
on research design. To delineate the scope of our research, we only focused on peer-
reviewed literature rather than grey literature. Original articles and reviews in English
published in 2011 or later were included. For production, only reviews were included, as a
detailed examination of production methods was not the focus of the paper. Papers not
specific to low- and no-alcohol products were excluded.

2.3. Information Sources and Search Strategy

Two databases (PubMed and Web of Science) were searched with the abovementioned
restrictions on language and dates (English language, published between 1 January 2011
and 17 January 2021). The search strategy contained blocks with terms related to low- and
no- alcoholic products (‘Low alcohol’ or ‘No alcohol’ or ‘Zero alcohol’ or ‘Alcohol-free’ or
‘Alcohol free’ or Reformulation or Reduc* ethanol content or Reduc* ethanol strength or
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Reduc* ‘alcohol strength’ or Reduc* ‘alcohol content’ or Low strength alcohol OR ‘non-
alcoholic’) and (beer or cider or wine or spirits or ready to drink or fortified wine or
fermented beverages or intermediate products) in combination with other blocks related to
production, consumption, and impact, producing several searches (see Tables S1 and S2 for
a description of blocks and full search strategy). Database searches were complemented
with Google Scholar inspection and reference searches.

2.4. Study Selection and Summary

Study selection was performed by two researchers (DK and PA) on the basis of the
abovementioned inclusion and exclusion criteria. After the removal of duplicates, the
studies were first screened by title and abstract by one researcher, followed by full-text
examination and final article selection. Any doubts were discussed and resolved by
consensus. The selected articles were grouped according to their main themes. A data
extraction form was prepared to collect information on the authors, year of publication,
paper objectives, studied topic, and key findings or conclusions. No quality appraisal of
studies was undertaken, as the purpose of the review was to map all the available literature.
For each theme, the main findings are presented in a narrative manner.

3. Results

In total, 3024 papers were identified across the eight conducted searches, and five
papers were identified from other sources (Figure 1). After the removal of duplicates
across the two databases and between the searches, 1121 papers remained for title and
abstract screening. Ninety papers were selected for full-text inspection, and 70 of them
were selected for final qualitative synthesis (see Table S3).

Figure 1. PRISMA flow diagram.

We matched the thematic analysis of each paper’s topic to the five main research
questions: production and life-cycle assessment, consumption and purchase, the potential
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impact on health, perception and preferences, and policy drivers of purchase and consump-
tion. The results are presented within these categories. Additionally, several reviews were
found which encompassed broader overviews of the selected topics and sometimes covered
several themes at once [13–20]; thus, their findings are presented where appropriate. Along
with the key findings of the papers, we also examined the definition of low- and no-alcohol
products and the funding sources for the research (see Table S4).

3.1. Production and Life Cycle Assessment

In terms of the production of low- and non-alcoholic beverages, the majority of the
research focused on beer and wine. For non-alcoholic or low-alcohol beer, the reason
given for the importance of improving production used in many papers is flavour is one
of the main problems with non-alcoholic beer acceptance. Thus, much of the production
research has focused on how to make the flavour more acceptable and similar to alcoholic
beer and whether biological (limiting ethanol formation during beer fermentation) or
physical (removing ethanol from regular beer) approaches are more suitable to achieve
this goal [21–27]. Most of the reviews refer to regulations when defining beer products; for
example, EU regulations require 0.5% alcohol by volume (ABV) or less for non-alcoholic
beer and 1.2% ABV or less for low-alcohol beer, but they acknowledge that these regulations
differ by country. Other directions of research are related to low alcoholic or alcohol-free
beers within the niche of craft beer [13] and dry hopping as a technique to produce non-
alcoholic beer [14].

In the field of wine, the de-alcoholisation research has two directions: one objective
is to decrease the alcohol strength in wine, and the second is to produce new low-alcohol
beverages [28]. With regard to the first objective, the main issue that the wine industry
faces is the increase in wine ABV due to climate change conditions (e.g., in Australian red
wines, alcohol concentration has increased approximately 1% ABV per decade since the
1980s [29]). Thus, research has focused on how to reduce the elevated alcohol content in
wine without leading to a taste that is not as well-accepted by consumers (e.g., [29–31]).
For the second objective, the issue is also to overcome the loss of desirable sensory prop-
erties appreciated by consumers when alcohol content is reduced/removed from wine,
with research focusing on identifying the most appropriate methods to achieve this goal
(e.g., [32–35]). In terms of the definition of lower-alcohol wine products, the reviews have
acknowledged country differences in regulations: one review mentioned the definitions
adopted by the International Organisation of Vine and Wine: ’Beverages obtained by wine
dealcoholization’ for beverages with 0.5% ABV or lower, and ‘Beverages obtained by partial
wine dealcoholization’ for those in the range of 0.5–8.5% ABV [28]; other reviews have
defined wine products as lower-alcohol with an ABV of up to 11.0% [33,34].

While the comparison of various production methods is difficult, and thus it is difficult
to define the best processes [22], some attempts at life cycle assessment have been carried
out for alcohol-free bitter extracts as aperitifs [36,37] as well as for partial de-alcoholisation
of wines [38]. We found no published life cycle assessments comparing the production of
zero-alcohol beers or wines with the production of regular beers or wines.

As mentioned previously, no research was found on alcohol-free or low-alcohol spirits,
but another review examined the field of traditional low-alcoholic and non-alcoholic
fermented beverages [39], such as kefir, boz, or kvass. Finally, we found one study of
ethanol production in non-alcoholic beer across the storage period, which found that
storage temperature and packaging can have significant effects on ethanol production
during the storage period, although the excess production does not exceed the allowed
amount of 0.5% ABV [40].

3.2. Consumption and Purchase

Relatively little research in peer-reviewed literature has focused on low- and no-
alcohol drink consumption and purchase trends, and all studies have focused on non-
alcoholic or low-alcohol beer (none on wine or spirits). One study [41,42] examined the
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introduction of new low- and no-alcohol beers (defined as beers with 3.5% ABV or less) and
reformulated beers in Great Britain and found that the volume of purchases of new low-
and no-alcohol beer products (2.6% of the volume of all beers purchased in 2018) and new
reformulated beer products (6.9% of the volume of all beers purchased in 2018) was very
small. More widely, an analysis of official data from ethanol beer sales in Australia and
New Zealand [43] showed that in Australia, the consumption of ethanol in mid-strength
beer (3.01–3.5% ABV) increased, whereas consumption of low-strength beer (<3% ABV)
decreased between 2000 and 2016. In New Zealand, the consumption of mid-strength beer
(2.501–4.35% ABV) decreased substantially.

3.3. Impact on Health

Overall, only one public health-oriented review has been conducted to examine the
evidence base of the reduction of ethanol content of alcoholic beverages as a means to
reduce the harmful use of alcohol [20]. The review concluded that the literature is still
too scarce to draw conclusions, although some mechanisms for how this might occur
have been proposed: first, current drinkers may replace standard alcoholic beverages
with similar beverages of lower alcoholic strength, and second, current drinkers may
switch to no-alcohol alternatives some of the time. On the other hand, lowering alcoholic
strength could reduce the threshold and initiate alcohol use in current abstainers, especially
in adolescents.

The study [41] that examined the impact of the introduction of new low- and no-
alcohol beers (defined as beers with 3.5% ABV or less) and reformulated beers in Great
Britain on the average alcoholic strength of beer and the number of grams of alcohol
purchased by households obtained the following results: a combined associated impact
of both events with relative reductions of alcohol by volume of beer between 1.2% and
2.3%, purchases of grams of alcohol within beer between 7.1% and 10.2%, and purchases
of grams of alcohol as a whole between 2.6% and 3.9%. Another study investigated the
reformulation of products by one company and found that the mean ABV of its beer
products dropped from 4.69 in 2015 to 4.55 in 2018, and these changes were associated with
reduced purchases of grams of alcohol within its beer products [42].

Several individual studies have focused on the impact of low- and no-alcohol products
on health-related topics. All but one focused on beer. The topics covered have included
the impact of non-alcoholic beer on anxiety [44] and sleep quality [45,46]; the impact of
alcohol-free beer enriched with isomaltulose on insulin resistance in diabetic patients with
overweight or obesity [47]; the effect of non-alcoholic beer compared with improved diet
and exercise on nutritional status, endothelial function, and quality of life in patients
with cirrhosis [48]; the impact of non-alcoholic beer [49–51] or alcohol-free wine [52] on
cardiovascular health; and the relationship between non-alcoholic beer and breastfeeding
in terms of whether supplementing with non-alcoholic beer improves the oxidative stress
and antioxidant content of breast milk [53] as well as how much ethanol in non-alcoholic
beer may reach the breastfed child [54]. All these studies concluded that the impact of the
tested drink was in a favourable direction, but they focused on relatively short-term effects
(days to months) and the studies were conducted on small samples (ranging between 7 and
60 participants). The only study examining effects over a longer term (two years) found
that in Australian older women, the frequency of drinking low-alcohol beer was positively
associated with bone mass density in the lumbar spine but not in the hip [55]. Additionally,
among the studies mentioned in this section, only two of twelve [52,55] were not funded
by the alcohol industry or industry-related organisations. The majority of the studies also
did not specifically define the possible alcohol content in the drinks, although they used
terms in line with those used in regulations (alcohol-free, non-alcoholic, and low-alcohol).
Additionally, two reviews examined the health properties of low-alcohol and alcohol-free
beer [15,16] but focused more on the theorised nutritional benefits of beer and how to retain
them in low- and non-alcoholic alternatives.
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Another prominent topic in terms of study focus is the evaluation of non-alcoholic
or low-alcohol beer in the context of sports/exercise, studying these products’ effect on
decreasing post-race inflammation and upper respiratory tract infection incidence among
marathon runners [56] or fluid retention after exercise, with mixed results [57–60]. Finally,
one study investigate chemical and physical properties to determine whether beer can
be considered an isotonic drink [61] and concluded that only yeast-clouded alcohol-free
beer (but not regular beer or clear alcohol-free beer) could be declared and promoted as
isotonic, as it matches the Codex Alimentarius threshold values. However, none of the
tested beverages matched the EC recommendation for sodium content.

3.4. Perceptions and Preferences

A relatively large number of papers focused on examining individual perceptions and
preferences related to low- and non-alcoholic beverages, although the range of examined
topics was rather heterogeneous. The majority of studies focused on beers, although
regarding health impact, more studies focused on low-alcohol wine, and one considered
alcohol-free spirits.

Several studies examined responses to low- and non-alcoholic beverages (beer and
wine). One study found that, while the alcohol content affected participants’ sensory
expectations, it had no significant effect on expected liking; it also found that describing the
sensory qualities of beer using a sensory descriptor had a larger effect than labelled alcohol
content and label colour [62]. Another study [63] investigated whether non-alcoholic beer
induced a conditioned response even when participants know that the beer is non-alcoholic.
The study found that non-alcoholic beer produced a conditioned response in older drinkers
because these drinkers more strongly associated the alcohol conditioned stimulus with the
unconditioned stimulus than did younger participants [63]. One study [64] investigated
how people evaluate low-alcohol wine (8% ABV content) and if the reduction in alcohol
and the information that a wine is low in alcohol influenced consumption. The study
found no difference in liking and consumption between low-alcohol and standard-alcohol
wines [64]; however, participants were willing to pay more for standard wine compared
with lower-alcohol wine. Two studies used functional magnetic resonance approaches to
compare peoples’ reactions to lower-alcohol alternatives and higher-alcohol alternatives:
one [65] found no differences between acute brain rewards in the consumption of beer
with and without alcohol when presented in a context in which regular alcoholic beer is
expected; the second study [66] found greater activation in brain regions that are sensitive
to taste intensity in low-alcohol compared with high-alcohol wines, although the definition
of low-alcohol wine in the study was 13–13.5% ABV. Two studies examined whether
consumers were able to discriminate between alcoholic and non-alcoholic products; both
found that consumers were able to distinguish between mock and real sparkling wine [67]
and between alcohol-free spirits and alcoholic spirits [68].

A number of studies investigated preferences and found that taste is an important pref-
erence driver in Australian wine consumers [69] and that that innovative wine attributes,
including alcohol-free wine, were ranked among the least important attributes in a sample
of Italian wine consumers [70]. Alcoholic aroma and flavour contributed as positive prefer-
ence drivers for the acceptance of non-alcoholic beer in a sample of beer consumers [71].
Consumers perceived light beer (not clearly defined by % ABV) as healthier but less tasty
than regular beer, and the preference for light beer was driven mostly by taste, prior expe-
rience, and brand [72]. A study of regular beer or wine consumers from the UK found that
participants perceived pregnant women, athletes, and those aged 6–13 years old as target
groups, and they perceived weekday lunches as the target occasions for drinking wine and
beer labelled as lower-strength [73]. Another survey of Australian wine consumers found
that taste was an important driver of consumption and considered ‘low-alcohol wine’ to
contain around 3–8% alcohol [69]. The perceived reasons for preferring a low-alcohol wine
included driving after drinking, lessening the adverse effects of alcohol, and being able to
consume more without the effects of higher-alcohol wine [69]. Finally, in a sample of Dutch
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and Portuguese respondents, non-alcoholic beer was conceptualized as useful when alcohol
was not convenient and functional as a substitute for regular beer, with the consumption of
non-alcoholic beer driven by health and wellbeing issues, price differentials, and overall
decreases in the social stigma associated with drinking alcohol-free beverages [74,75].

It is important to note that perceptions and preferences of low- and no-alcohol prod-
ucts might differ by culture and country. Two reviews examined the cultural context of
non-alcoholic or low-alcohol beer consumption in the US [19] and the Netherlands and
Portugal [17]. Another review pointed out that much low alcohol wine research originates
from Australia [18].

3.5. Policy Drivers

We identified a number of policy driver-related studies, such as marketing [76] and
labelling of lower-strength beer and wine [77–79] as well as the price of low- and non-
alcoholic beer [80–82], with funding either received by governmental bodies or not received
at all. In terms of marketing, one study conducted a content analysis of how the low- or
lower-strength equivalents of beer and wine were marketed in an online context in the
UK [76] and found that they were more often marketed in association with occasions
deemed to be suitable for their consumption, including lunchtime (for wine), outdoor
events/barbeques (for beer), and on sport/fitness occasions (for beer). Compared with
regular-strength wines and beers, low- and lower-strength equivalents were more fre-
quently marketed with images or text associated with health or information about low
alcohol content and appeared to be marketed not as substitutes for higher-strength products
but as products that can be consumed on additional occasions with an added implication
of healthiness.

Two studies considered the labelling of low- and non-alcoholic products among
regular drinkers from the UK. One study found that products with verbal descriptors
denoting lower strength (low and super-low) had a lower appeal than regular-strength
products, with appeal decreasing as % ABV decreased [79]. The second study found that
the total amount of drink consumed increased as the label on the drink denoted successively
lower alcohol strengths [78]. A related study also found that 17 of 18 verbal descriptors for
lower-strength products were perceived as denoting products far higher in strength than
the currently legislated cap (in the UK) of 1.2% ABV for low-alcohol products [77].

Related to price, one study [80] found that the introduction of minimum unit price in
Scotland and Wales shifted purchases from higher- to lower-strength products, more so for
ciders than for beers. In Australia, one analysis [82] found that after the varying nominal
rates of tax were introduced for beer products according to three alcohol content levels
(low-, mid-, and high-strength) in 2000/01, the relatively higher nominal tax rates for two
beer categories (mid- and high-strength off-premises) had a significant negative effect on
their consumption. Another Australian study examined price elasticity for several alcoholic
beverages, including low-alcohol beer, but did not report on this specific category [81].

4. Discussion

The main finding of this scoping review was that there is only a relatively small and
incoherent scientific literature on the production, consumption, and potential health impact
of low- and no-alcohol products. The evidence base could be considered insufficient to
inform policy.

Producers have a responsibility to report on their health and environmental impacts.
Despite European guidance on undertaking life cycle assessments for beer production [83],
such assessments are voluntary, with no requirement for public reporting. Whilst alcohol-
free products, for example, may have a potential impact in reducing the harm inflicted by
alcohol, and such potential benefits should be weighed against any environmental external
costs, which may be present because there are extra steps in the production processes. Such
scientific assessments have not been published.
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There are hardly any published scientific data on the extent of purchase and con-
sumption of low- and no-alcohol products. Published British data, which is restricted to
household purchases of beer, suggest only low penetration in terms of volumes purchased.

In terms of health impact, there are a number of disparate studies on potential low
quality, from which it is difficult to draw firm conclusions. British household purchase
data suggest that the introduction of new low- and no-alcohol beers as well as product
reformulation of existing beers to contain less alcohol result in households purchasing
fewer grams of ethanol. However, these analyses refer to only one product (beer) and only
one jurisdiction (Great Britain).

There have been several studies on perceptions and preferences for the uptake of no-
and low-alcohol products, primarily beer. These indicate the importance of taste, prior
experiences, brand (same brand as regular-strength beers), health and wellbeing issues,
price differentials, and overall decreases in the social stigma associated with drinking
alcohol-free beverages as important drivers of the purchase and consumption of low- and
no-alcohol beers.

With respect to policy drivers, some research suggests that low- and no-alcohol
products are marketed as products that can be used on additional occasions or in additional
circumstances rather than as substitutes for higher-strength products. Although concern
has been expressed concern on this issue [7], the scoping review found no published studies
to indicate whether or not the marketing of low- and no-alcohol brands is specifically used
to market higher-strength products. Several studies on labelling have suggested that the
labelling of low- and no-alcohol products is sometimes inconsistent and not always as
clear as it should be. Finally, some evidence from several jurisdictions suggests that pricing
policy, such as the introduction of a minimum unit price, can favour shifts in purchases
and consumption from higher- to lower-strength alcohol products.

4.1. Limitations

Our review is subject to the general limitations of scoping reviews: we did not appraise
studies for quality, and the conclusions are still somewhat broad and qualitative. The results
of our review are constrained by the relatively small size of published studies, which were
not necessarily coherent within the five main groups that we used. In addition, as we
started with very broad research questions, we decided to limit certain methodological
criteria (such as using only two search databases and focusing on peer-reviewed articles in
English only) in order to rapidly find and appraise the most relevant literature, but this
means that findings from grey literature in other languages (such as government reports)
are not included in this review.

4.2. Implications

Despite its limitations, our review indicates large research gaps and identifies policy
actions to address these gaps, as proposed in the Table 1.
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Table 1. Research and policy implications.

Future Research

There needs to be a major investment and expansion in scientific research on low and no alcohol
products that covers, at least, the following topic areas:

� Production: Full life cycle assessments comparing the health and environmental impacts of
the production of low- and no-alcohol products compared with the production of the same
or similar branded regular strength products

� Purchase and Consumption:

• Detailed analyses of the purchase and consumption of low and no-alcohol products
across different product categories (e.g., beers, wines, and spirits) in a range of
jurisdictions and over time.

• Detailed analyses of the socio-demographic characteristics of who buys and drinks
low- and no-alcohol products in terms of gender, age, income, educational level,
occupational group, index of residential deprivation, and geographical area

� Perceptions and Preferences: at the individual level, what drives the purchase and
consumption of low- and no-alcohol products, including drinking occasion and location;
taste, health, and well-being concerns; and previous experiences and loyalty to brands (of
regular strength products)

� Health Impact:

• Does the introduction of new low- and no-alcohol products and the new purchase and
consumption of such products result in consumers drinking fewer grams of alcohol
(sustainable amounts) over time?

• If less ethanol is purchased and consumed, how does this differ by socioeconomic
characteristics of consumers?

� Policy Drivers:

• From an evidence perspective, what are the most appropriate definitions of low- and
no-alcohol products across different categories (e.g., beers, wines, and spirits)?

• How should low- and no-alcohol products be labelled to adequately and accurately
inform consumers?

• How should low- and no-alcohol products be placed in stores to best promote their
purchase at the expense of higher strength products?

• How should the marketing of low and no-alcohol products be regulated to prevent any
negative impact of marketing in leading to increased consumption of ethanol?

• To what extent can pricing policy, including a minimum unit price, encourage the
purchase of low- and no-alcohol products at the expense of higher strength products.

Policy Implications

� Clear standards and definitions need to be put in place regarding the definitions of low- and
no-alcohol products across the different categories of beers, wines, and spirits, recognising,
for example, that low-alcohol equivalents of spirits cannot be currently classified as spirits.

� On one hand, there is a dearth of scientific information to adequately inform policy
� On the other hand, there is a need for natural policy experiments in which low- and

no-alcohol products are produced, marketed, and supported by relevant policy in the
domains of marketing requirements, labelling, and pricing

� The proviso is that all initiatives and natural policy experiments are fully and adequately
subject to independent evaluation

� Published life cycle assessments should become a mandatory requirement of all alcohol
product development, building on existing guidance, and specifically comparing the
production of no-alcohol products with the same branded regular strength products

5. Conclusions

At present, the published scientific literature on low- and no-alcohol products is too
scarce and incoherent to adequately inform policy. Although analyses from one jurisdiction
(Great Britain) suggest that at least low- and no-alcohol beers might be associated with
reduced purchases of ethanol overall, there needs to be a rapid extension of published
research across different jurisdictions and different product categories. Such research
requires a series of natural experiments on new product development and availability,
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along with new policy drivers that promote shifts from higher- to lower-strength products
that are fully and independently evaluated for their impact on drinking less ethanol, thus
reducing ill-health and premature death. Such research should be a required price tag for
all relevant natural experiments led by producers and governments.
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Abstract: Alcohol is toxic to human health. In addition to providing nutritional information, labels
on alcohol products can be used to communicate warnings on alcohol-related harms to consumers.
This scoping review examined novel or enhanced health warning labels to assess the current state
of the research and the key studied characteristics of labels, along with their impact on the studied
outcomes. Four databases (Web of Science, MEDLINE, PsycInfo, CINAHL) were searched between
January 2010 and April 2021, and 27 papers were included in the review. The results found that most
studies were undertaken in English-speaking populations, with the majority conducted online or in
the laboratory setting as opposed to the real world. Seventy percent of the papers included at least
one cancer-related message, in most instances referring either to cancer in general or to bowel cancer.
Evidence from the only real-world long-term labelling intervention demonstrated that alcohol health
warning labels designed to be visible and contain novel and specific information have the potential
to be part of an effective labelling strategy. Alcohol health warning labels should be seen as tools to
raise awareness on alcohol-related risks, being part of wider alcohol policy approaches.

Keywords: alcohol; labelling; health warning labels; effectiveness; implementation

1. Introduction

Globally, 5.3% of all deaths and 5.0% of all disability adjusted life years are caused
by ethanol [1], a toxic substance [2]. Alcohol consumption is causally related to more
than 40 ICD-10 three-digit categories [3], including non-communicable diseases such as
liver disease [4], cancers of the colon, liver and breast [5–7], alcohol use disorders [8], non-
ischaemic cardiovascular diseases [9]; communicable diseases such as tuberculosis [10];
and intentional and unintentional injuries [3]. Alcohol can also impair mental health (par-
ticularly depression [11,12]) and cause harm to others, such as in foetal alcohol spectrum
disorders [13,14].

Despite alcohol’s detrimental effect on a variety of health outcomes, public awareness
about some health risks associated with alcohol consumption remains relatively low. A
2018 review of 32 studies found that while awareness of alcohol as a risk factor for cancer
varies by country, in most studies, less than half of the respondents correctly identified
the alcohol–cancer link [15]. This finding is confirmed in more recent studies [16–18],
which additionally found that awareness of the link between alcohol and cancer differed
by type of cancer (e.g., the link between alcohol and breast cancer tended to be the least
well known).

One of the approaches to raise awareness of the health risks associated with alcohol
consumption can be product labelling. A review from 2013 on enhanced labelling [19]
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identified five elements that could be useful to consumers: a list of ingredients, nutritional
information, serving size and servings per container, a definition of moderate intake (low
risk drinking guidelines) and a health warning label (HWL). While the majority of coun-
tries have mandated alcohol volume content on the labels [20], this is not the case with
nutritional or health labelling. In many of the high consumption regions, such as EU coun-
tries, UK, US, Australia, New Zealand and Canada, alcoholic beverages are exempt from
regulations to include nutritional information (for example, nutritional values and calorie
content) on the product label [21–24], as opposed to non-alcoholic drinks and food products.
Nutritional labelling policy thus leaves much room for improvement, with clear guidelines
available on how information should be presented based on the requirements for food and
non-alcoholic beverages should nutritional labels be mandated for alcoholic beverages.
Whilst there is scarce alcohol-specific research on nutrition information [25,26], much is
known from the nutrition field on enhanced presentation of nutritional information [27,28],
which could be applied to alcoholic beverages.

There is little available evidence on the effectiveness of health warning labels that
would inform consumers about the risks associated with alcohol consumption. Most older
studies examining the effectiveness of implemented health warning messages report on the
US health warning label, which focuses on risks surrounding drinking during pregnancy,
and has not changed since its introduction in 1989 [29,30]. More recent studies on existing
health warning labelling schemes, either mandatory [31,32] or voluntary [33–35], show
that the existing labels (e.g., pregnancy logo or responsibility message) are suboptimal and
are either not being noticed or not being understood. However, evidence from tobacco
shows that health warning labels can be a very important part of the broader package
of interventions [36,37], and there have been calls to apply tobacco-style health warning
labels to alcohol products [38]. Given the evidence for the less effective existing alcohol
HWL, this review focuses on examining evidence with regard to novel (not previously
implemented in practice) or enhanced labels (improved versions of existing ones).

The importance of labelling is recognised by the World Health Organisation, whose
global strategy to reduce the harmful use of alcohol [39] calls for providing consumer
information about the harm related to alcohol and labelling alcoholic beverages to indicate
such risks. Awareness of such information is, in turn, linked to increased public support
for more stringent policies, such as taxation [40,41], and can therefore be an important
part of effective alcohol policy. There has been increased interest among policymakers to
provide health information to consumers through labels. Ireland passed the Public Health
Alcohol Act in 2018, mandating cancer warnings on labels [42] and becoming only the
second country in the world after South Korea so to do [20], but nothing else has been
implemented as of 2021. There has also been increased research activity, and a number
of labelling-related reviews have been published recently. Previous reviews focusing on
alcohol HWL operated with a relative scarcity of studies [43], focused only on one aspect of
the label (image vs. text) [44] or made a brief narrative overview of health labelling studies
as part of broader alcohol labelling [45]. Whilst our work partially overlaps with other
reviews in examining the impact of labels, our review adds a thorough and systematic
examination of the scope of (quasi-)experimental research on new or enhanced health
warning labels, including an overview of the labels used in the studies and the explanatory
variables studied. As there is not a single definition of “alcohol HWL”, labels can differ
in how they are developed, implemented and evaluated, and the current review aims to
contextualise impacts in light of this information. As health warning labels, we consider
labels that are containing information on the relationship between alcohol and health
outcomes. We do not focus on drinking guidelines and standard drinks labelling, as this
has been carried out elsewhere [46].

Thus, the aim of this scoping review is to examine the peer-reviewed literature study-
ing novel or enhanced health warning labels and to answer two research questions: (1) what
is the scope of the current alcohol HWL research (in terms of research aims, studied in-
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dependent variables, the outcomes of interest, as well as label content and format), and
(2) what is the impact of the labels and key label characteristics on the studied outcomes?

2. Methods

2.1. Design

To answer the research questions, we used scoping review methodology, guided by
the methodological framework of Arksey and O’Malley [47]. Scoping reviews are used to
map the main concepts in the research area and present a broad overview of the existing
evidence, including identification of the gaps, regardless of the study quality [48]. The
protocol was not published in advance, and the results are reported in accordance with
PRISMA-ScR checklist [49].

2.2. Eligibility Criteria

To be included in the review, studies had to evaluate new or enhanced alcohol health
warning labels in any population. By “new”, we considered labels developed for the
purpose of the research and not previously implemented in practice, and by “enhanced”,
we considered improved versions of existing labels already implemented in practice.
Studies had to include experimental or quasi-experimental methodology with clearly
delineated independent and dependent variables, in order to be able to synthesise results
based on the manipulated variables and to identify the key characteristics of effective
labels. Only peer-reviewed articles in the English language published in 2010 or after
were included, as in the previous reviews, there were no older experimental studies of
new messages. Studies that did not include health warning messages, that focused on
qualitative data or were only cross-sectional evaluations were excluded.

2.3. Information Sources and Search Strategy

Four databases (Web of Science, MEDLINE, PsycInfo, CINAHL) were searched with
the abovementioned restrictions on language and dates (English language, January 2010–
April 2021). Additionally, we complemented the database searches with inspection of
reference lists of relevant articles and reviews, and we undertook a Google Scholar search.
The search strategy contained a combination of terms related to alcohol labelling: [alcohol
AND (label OR label*) AND (message OR information OR warning) AND (experiment*
OR eval* OR effect)].

2.4. Study Selection and Summary

Study selection was performed by one researcher according to the abovementioned
inclusion and exclusion criteria, with ambiguous cases being resolved through consultation
with the second researcher. After the removal of duplicates, the studies were first screened
by title and abstract, followed by full text examination and final article selection. Next, the
data were charted to answer the main research questions. Next to general information on
the papers’ aim and methodology, information on label development and implementation
was charted, as well as the independent studied variables and the results for each of the
outcomes. Papers rather than studies were taken as the units of interest, as the focus of the
review was to appraise the scope of the published literature and to identify results for all
the studied outcomes.

3. Results

In total, we identified 27 papers that fit our inclusion criteria (see Appendix A for
PRISMA diagram) [50–76]. One paper reported on two studies using different method-
ologies to study the same variables [50], and four papers reported on different aspects of
one intervention [51–54]. The remaining papers were individual studies (with a complete
or partial focus on alcohol HWL labelling), although some of them were part of the same
research line of label development and testing (e.g., [55–60]) or studied the same labels
(e.g., [61,62]).

199



Nutrients 2021, 13, 3065

Table 1 provides an overview of the papers with their aim and methodology. Two-
thirds (18) of the included papers were published in 2018 or later, indicating an increasing
research interest in the topic. All of the research was undertaken in Western countries:
most papers reported on research conducted in the UK (nine), Canada (six) and Australia
(five). The remaining papers reported on research conducted in the US (three), Germany
(two) or were multi-country (twice Luxembourg/Germany, and once Italy/France). Only
four papers described real-world interventions. The remainder of the studies were either
conducted online (sixteen) or in a laboratory (eight, of which one was in a naturalistic
shopping laboratory). Six studies had under 100 participants, eleven studies had above
1000 participants and one study relied on sales data. The majority (80%) of the studies with a
lower number of participants were conducted in the laboratory and before 2018, indicating
that in recent years, larger sample sizes were accessible in an easier manner through
online panels. Two-thirds of the papers focused on the general adult (of legal drinking
age in the country) drinking population, although the exact inclusion criteria differed and
ranged from people drinking at least once in the past 12 months, to people consuming
alcohol weekly. Eight of the papers focused on the younger population/students (some
by convenience rather than by inclusion criteria) and one paper focused on secondary
school students.

3.1. Research Scope

To answer the first research question, we looked at the aim of the papers and the
variables studied (both independent variables and the outcomes), as well as at the content
and format of the studied labels.

In terms of study aims and studied independent variables, five papers (19%) compared
only new or enhanced labels with no or regular labels [51–54,63]. Focusing on label content,
eight papers (30%) compared text-only labels with text and image labels [55,56,61,62,64–67],
twelve studies (44%) compared text message characteristics (e.g., content, specificity, fram-
ing, source, use of causal language) [57–60,67–74] and three (11%) compared image char-
acteristics [57,66,75]. Four (15%) papers compared label formats, such as size, position,
colour or branding [50,64,70,76]. Additionally, nine papers (33%) studied other variables,
such as alcohol content, alcohol/substance type, efficacy information, expectancy and
self-affirmation [64–66,68,69,73–76].

The majority of papers investigated more than one outcome (Table 2). The most
commonly studied outcomes were attitude (41% of the papers), intentions (30%), emotion-
related outcomes (e.g., fear, worry) (26%) and acceptability/support for the labels (26%).
Behaviour was studied in six papers (22%)—in three of them through self-report [51,54,67],
but also through purchasing [53,56] or consuming alcohol [62].

The tested labels were predominantly developed by the researchers themselves, based
either on other research (e.g., related to tobacco and alcohol labels, alcohol harm, effective
messages) or on own development and piloting (e.g., through qualitative studies), or both.
In the four papers related to a real-world intervention [51–54], the labels were additionally
(next to own and other research) developed in consultation with local stakeholders. In
two cases, the labels used in the research were developed by a non-governmental or-
ganisation [67,75], and in one case [50], existing voluntary labels were enhanced based
on theory.
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Table 2. Studied outcomes.

N % Papers

Attitude 11 41%

Al-Hamdani & Smith (2015) [64]; Al-Hamdani & Smith (2017) [76];
Annunziata et al. (2019) [70]; Blackwell et al. (2018) [71]; Glock &

Krolak-Schwerdt (2013) [72]; Hall et al. (2020) [65]; Jarvis &
Pettigrew (2013) [74]; Jongenelis et al. (2018a) [58]; Krischler &

Glock (2015) [68]; Pettigrew et al. (2016) [60]; Stafford & Salmon
(2017) [62]

Intentions 8 30%

Clarke et al. (2021a) [55]; Glock & Krolak-Schwerdt (2013) [72];
Jongenelis et al. (2018a) [58]; Jongenelis et al. (2018b) [59];

Krischler & Glock (2015) [68]; Ma (2021) [69]; Pettigrew et al.
(2016) [60]; Wigg & Stafford (2016) [61]

Emotion 7 26%
Clarke et al. (2021a) [55]; Clarke et al. (2021b) [56]; Hall et al.

(2020) [65]; Ma (2021) [69]; Morgenstern et al. (2021) [67];
Pechey et al. (2020) [57]; Wigg & Stafford (2016) [61]

Acceptability/support 7 26%
Blackwell et al. (2018) [71]; Clarke et al. (2021a) [55]; Clarke et al.

(2021b) [56]; Hall et al. (2020) [65]; Hall et al. (2019) [73]
Hobin et al. (2020b) [52]; Pechey et al. (2020) [57]

Behaviour 6 22%
Clarke et al. (2021b) [56]; Hobin et al. (2020a) [51]; Hobin et al.
(2020c) [54]; Morgenstern et al. (2021) [67]; Stafford & Salmon

(2017) [62]; Zhao et al. (2020) [53]

Awareness/recognition 5 19%
Al-Hamdani & Smith (2015) [64]; Al-Hamdani & Smith (2017) [76];

Hobin et al. (2020a) [51]; Hobin et al. (2020b) [52];
Hobin et al. (2020c) [54]

Risk perception 5 19% Clarke et al. (2021a) [55]; Gold et al. (2020) [63]; Ma (2021) [69];
Sillero-Rejon et al. (2018) [75]; Wigg & Stafford (2016) [61]

Motivation 4 15% Blackwell et al. (2018) [71]; Gold et al. (2020) [63]; Pechey et al.
(2020) [57]; Sillero-Rejon et al. (2018) [75]

Reactance 4 15% Blackwell et al. (2018) [71]; Clarke et al. (2021a) [55]; Hall et al.
(2020) [65]; Sillero-Rejon et al. (2018) [75]

Knowledge 3 11% Hobin et al. (2020b) [52]; Jongenelis et al. (2018b) [59];
Morgenstern et al. (2021) [67]

Perceived effectiveness 3 11% Hall et al. (2020) [65]; Hall et al. (2019) [73];
Sillero-Rejon et al. (2018) [75]

Attention 3 11% Monk et al. (2017) [66]; Pham et al. (2018) [50];
Sillero-Rejon et al. (2018) [75]

Cognitive processing 3 11% Hall et al. (2020) [65]; Hobin et al. (2020a) [51];
Hobin et al. (2020c) [54]

Avoidance 3 11% Blackwell et al. (2018) [71]; Clarke et al. (2021a) [55];
Sillero-Rejon et al. (2018) [75]

Efficacy 2 7% Blackwell et al. (2018) [71]; Hall et al. (2020) [65]

In terms of label content, eight studies studied a single message; the remaining were
either comparing different labels (or groups of labels) or used several messages as a single
intervention. Most commonly, the messages were referring either to cancer in general (e.g.,
“Warning: Alcohol causes cancer”) [51–54,57–60,63,67,71,75], or specifically to bowel cancer
(e.g., “Alcohol causes bowel cancer”) [51–60,69,71], both in 41% of all papers. Overall, 70%
of papers included at least one cancer-related message, with other mentioned cancers being
also breast (33%) [51–58,60] and liver cancer (30%) [55–57,61,62,64,69,76]. Liver cirrhosis or
liver disease message was used in nine (33%) papers (e.g., “Warning: Alcohol causes liver
disease”) ([56,57,59,65–67,72,73,75]. Heart disease [55,57,59,72], mental illness [59,67,71,75],
brain damage [70,72,74,75] and drinking and driving-related messages [67,70,74,75] were
used in four papers each (15%), and pregnancy messages in three papers (11%) [50,67,75].
Four papers (15%; [59,67,68,72]), included other topics of messages such as diabetes, posi-
tive expectancies related to alcohol, warning against operating machinery or serving alcohol
to minors. Fifteen papers (56%) included images in the labels—ten of them included only
graphic images (e.g., images of diseased body parts) [55–57,61,62,64,65,68,69,76], two in-
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cluded both graphic and neutral images [66,75], one included only neutral images [67] and
two included pictograms [50,70].

In terms of label format, the majority of the papers formatted the labels to be clearly
visible. This meant putting labels on the front of the pack, with a predetermined size and
clear contrast between text and background and separation from the rest of the label (e.g.,
black text on white background with black or red border, such as [55–57,61,63] or black text
on a bright yellow background and red border, such as [51–54]). A complete description of
the studied labels content and format is available in Supplementary Table S1.

3.2. Key Label Characteristics—Impact on the Outcomes

Results for all the studied outcomes from each of the papers are presented in Table 3.
Below, the results are summarised based on the study aims identified through the two
research questions: (1) studying overall label effectiveness by comparing image and text
labels and (2) studying other label message characteristics and label formats.

3.2.1. Label Effectiveness

A large online UK study [63] did not find that adding a text warning to alcohol
drink label changed perceived personal risk, motivation to drink less or perception of
damaging drinking among adult drinkers. On the other hand, the Canadian real-world
study, which included putting three types of labels (one of them a cancer warning) on the
majority of alcohol drinks in the participating liquor stores in the studied region, found
that these enhanced labels led to increased recall, cognitive processing and self-reported
impact of drinking [51,54], as well as decreased alcohol sales [53] in the intervention
municipality compared to the control municipality. While the whole intervention included
both cancer warnings as well as low-risk guidelines/standard drink labels, it is not possible
to completely disentangle the impact of solely the cancer warning labels from the results,
although some results pointed to effects being driven predominantly by the cancer label.
The one paper that looked specifically at the cancer labels [52] found that cancer labels
increased knowledge of alcohol as a carcinogen, and that knowledge increased with
time. Additionally, the authors found that knowledge about alcohol causing cancer was
associated with a greater likelihood of supporting health warning labels.

3.2.2. Label Content—Image vs. Text

Among the eight papers that compared image and text labels, six had control group
comparison [55,61,62,64,67] and in two [65,66], only text and image were compared. Six of
the papers used graphic images (e.g., diseased body part); in one, the images were neutral,
and one contained both graphic and neutral images.

In the studies where graphic images were used, comparison between text-only and
image-and-text labels showed higher negative emotional arousal [55,56], fear [55,56,61,65]
and reactance [65] for the image-and-text labels among adults compared to text only labels,
as well as lower product appeal [64,65], label acceptability [55,56] and believability [65].
Moreover, in the study using neutral images [67], there were higher negative emotions for
image-and-text labels compared to text-only were found among the secondary school stu-
dents, but only for some messages. The same study also found that both types of labels are
better than no label for increasing knowledge about alcohol-related risks when knowledge
is low at baseline. While an online experiment showed a selection of alcoholic drinks in
the given scenario to be lower after seeing image-and-text labels compared to text-only
labels [55], this finding did not replicate in a naturalistic lab shopping setting [56] among
adult regular drinkers, where none of the labels affected purchasing behaviour. In an-
other study, both text-only and image-and-text labels decreased the speed of consumption
compared to no label, with no significant difference between them [62].
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The two studies actively looking at the differences between graphic and neutral images
did not find any difference between the two in attention [66,75], although the latter found
higher avoidance, reactance, perceived warning effectiveness and motivation to drink less
in graphic compared to neutral images.

3.2.3. Label Content—Message Characteristics

Several papers also compared different messages or their characteristics. In terms of
message content, in Australia, one study among adult drinkers found increased intention
to reduce drinking for cancer, diabetes and mental illness messages, but not for heart
disease and liver damage-related messages [59]. Another study found that a bowel cancer
message had the highest believability, convincingness and personal relevance [60]. A
bowel cancer message also had the highest negative emotional arousal, lowest desire to
consume the labelled product and lowest acceptability in a large-scale UK online study
of adult drinkers [57], but in this study, all the labels included graphic photos, which
might have influenced the outcome. Another large scale online experiment in the UK
among adult drinkers [71] compared a cancer message to a mental health message and
found the former led to a higher motivation to drink less and higher avoidance, but there
was no difference in reactance, believability, self-efficacy and response efficacy. Another
smaller study found that positive expectancy-related messages lowered drinking intentions
compared to health-related messages among students from Germany and Luxembourg [72].
In a German sample of secondary school students, cancer and liver cirrhosis messages, but
not a pregnancy label, increased knowledge about alcohol-related risks [67].

In terms of framing, the discrete choice experiments gave mixed results [70,74]; in
the first study, no message at all was more preferred than any message in a sample of
Italian and French young wine drinkers, and in the latter, the negative message was less
preferred than the neutral message among Australian students. In an online study of
British adult drinkers [71], a negative framing led to a higher motivation to drink less, with
increased reactance and avoidance compared to a positive framing, but did not influence
believability, self-efficacy and response efficacy. This study also looked at specificity and
found that specific messages led to lower reactance, higher response efficacy and higher
believability compared to general messages, but there was no difference in motivation to
drink less, avoidance and self-efficacy.

One study looked at whether framing labels as questions or statements impacts at-
titude and intentions, and found no difference [68]. Another study compared narrative
and non-narrative labels and found narrative labels led to higher worry about developing
alcohol-related cancer and higher feelings of risk of developing alcohol-related cancer,
but no difference in intentions to reduce alcohol use [69]. The study examining causal
language [73] found that using the word “causes” had higher perceived message effective-
ness, and “may contribute to” had the highest perceived ineffectiveness, but there was no
difference in support for any of the labels. Finally, a study of Australian adult drinkers
found that receiving the message from multiple sources is better than receiving a message
from one single source [58].

3.2.4. Label Format

Finally, four studies examined label format: branding/plain packaging [64,76], warn-
ing size [50,70,76] and warning position [70]. Two smaller-scale Canadian studies found
that plain packaging (removing any branding) decreased product-based and consumer-
based perception [64,76]. The latter study [76] also found that after a certain size of the
warning (50% of the bottle), there is no further increased difference in outcomes. In a
discrete choice experiment, young Italian and French wine drinkers preferred to have
warning sizes as little as possible, and on the back of the label rather than on the front of the
label [70]. Finally, one study [50] found that an increase in size and change in prominent
colour was effective in self-reported measures of attention among the Australian drinkers,
but not when measured directly with eye-tracking.
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4. Discussion

This review aimed to examine the scope of the (quasi-)experimental research on novel
and enhanced alcohol health warning labels and to identify the key characteristics of the
effective warning labels. Twenty-seven papers were included, the majority of which were
published in 2018 or later, indicating an uptake in interest surrounding the topic from
the research community (recognised also in other broader reviews [45]). This is aligned
with the increase in policy-related labelling discussions, such as in Codex Alimentarius, at
the EU or national level (e.g., [77,78]). All of the research has been undertaken in Western
countries, where alcohol labelling has either not been updated since its implementation
decades ago (e.g., Canada, US), carried out on a voluntary basis (e.g., Australia, UK) or not
mandated at all (e.g., many of the EU countries). Given high alcohol consumption in those
regions [79], this may reflect the recognition of labelling of potentially effective means of
reducing alcohol-related harm—although it is debatable if this focus adds to or replaces
focus on “best buys” policies [80], such as taxation, pricing and advertising restrictions. In
addition, the majority of the studies focused on general population, which reflects a shift from
findings of previous review [43], where less than a third of studies were targeting the broader
population, and the remaining were targeting younger populations and (pregnant) women.

In terms of content, most commonly, the studied messages were referring to cancer—
70% of papers included at least one cancer-related message, out of which the most com-
monly mentioned cancers were bowel, breast and liver cancer. This was followed by liver
cirrhosis or liver disease messages, used in a third of papers. Other topics of messages
were heart disease, mental illness, brain damage, pregnancy, drinking and driving and
other (e.g., positive expectancies surrounding alcohol). This brings us to the question
on how to select the content of the message to be included on the labels. In the papers
included in this review, researchers have commonly either developed messages based on
“evidence on alcohol-related harm” or have taken messages used in other studies. We
would argue that the message first has to reflect evidence-based risk (e.g., that causal
relationship between alcohol and the outcome has been clearly demonstrated [3]), and
then the message should be tailored to the context in which the labels will be displayed,
based on the burden of disease. Another factor that has been found to be important for the
selection of the message is also its novelty for the given audience [16,53]. For example, in
the EU, 29.4% of all alcohol-attributable deaths and 19.4% of all attributable DALYs are
due to cancers [81], while awareness of the risk between alcohol and cancer is low [15].
Based on these guidelines we can conclude that cancer warnings should be a priority when
mandating health warning labels in this region.

Next, the focus of research implies the researcher’s theory of change—the mechanisms
by which they consider labelling to work [82]—and this will influence the targeted out-
comes and how effectiveness is measured. This is relevant because the policy debate will
inevitably discuss the merit of the health warning labels based on their “effectiveness”—
previously, one of the arguments in the World Trade Organisation’s discussions was that
labels are considered unnecessary interference with international trade because there is
no scientific evidence to support such warnings as an effective public health measure [83].
Based on the scope of the existing research, we propose that two possible theories of how
labelling brings about change are currently being investigated. The first one is focused
on persuasion and short-term individual behaviour change, and optimises using health
warning labels that aim to elicit reactance, avoidance, fear and other negative emotional
reactions as means of changing behaviour, drawing heavily on the experience from tobacco
warning labels. For this line of research, there is no real-world evidence from the alcohol
field, and mixed evidence from lab studies regarding (short-term) behaviour [56,62]. The
(online and lab) studies that focused on studying the graphic images on labels found that
they elicited higher negative emotional arousal, fear and reactance, and were not well
accepted by the participants. These results are also corroborated by the metanalysis investi-
gating the impact of HWL in both alcohol and food products, and found that while health
warning labels reduce product selection compared to no labels, the difference between
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image-and-text HWLs and text-only HWLs was not statistically significant (although in
the former, the effect was slightly larger) [44].

The second theory of change sees labelling as a tool to raise awareness of alcohol-
related risks as a part of a comprehensive strategy to reduce alcohol-related harm (which
should include other alcohol policies and interventions), and emphasises optimising labels
to increase attention to and cognitive processing of the information on the labels, leading
to increased knowledge (e.g., on alcohol health risks). This approach is more in line with
system perspectives [84] and its focus is to use health warning labels to arrive at a better
informed population that could in turn lead to more support for other alcohol policies.
Individual short-term behaviour change might be a welcome by-product of this approach,
but in the long term, labels can be seen as a tool to help with changing societal conversation
and norms surrounding alcohol (as suggested also by O’Brien [85]). In terms of evidence,
the best current evidence points to the second theory of change as having greater potential
to be explored in future research and practice. The most comprehensive study to date and
the only one measuring long-term effects in the real world [86] showed that simple, specific
and well-visible messages led to an increase in knowledge (with associated support for
stronger alcohol policies [87]) and change in the amount of alcohol consumed, partially
mediated by the consumer attention to and processing of label messages [54]. The labels
were also well accepted and supported by the population, as well as the drinkers [51].

It is important to note that this study [86] was implemented in context with existing
relatively strict other policy measures—e.g., national monopoly on the alcohol stores
(alcohol being sold separately in the government-owned liquor stores), and enhanced
label replacing existing label (rather than no label). Nevertheless, a key approach to label
development and implementation in this study is a good practice example and should
be used in any future attempts to study alcohol HWLs in different contexts. This means
developing labels in consultation with local stakeholders, including a range of different
messages (not only health but also related to standard drinks and lower-risk guidelines)
and including evidence-based messages for which there was low awareness at baseline and
are relevant to the population. This study [83] also points to the unintended consequences
that can be anticipated—originally, the study was planned to run for eight months with all
three labels, but the alcohol industry intervened and threatened with a lawsuit if cancer
warning labels were to continue being applied on the products [83]. Thus, cancer labels were
only applied to the alcohol products for one instead of eight months. This shows that in any
attempts to mandate evidence-based alcohol health warning labels, strong opposition from
the industry can be expected, similar to what happened in the tobacco field [88].

Thus, while there should be some lessons from tobacco taken for alcohol health
warning labels, we must be careful to still consider alcohol in its own context, and note that
the evolution of alcohol legislation lags behind the tobacco field by a couple of decades.
There is evidence for the effectiveness of pictorial labels for tobacco [36], but even here,
the argument can be made that labels have been part of a broader approach that involved
international collaboration and changed societal norms around tobacco [89], and their
purpose was perhaps less to deter smokers from smoking than to indirectly prevent younger
populations from taking up smoking, as tobacco warning labels replaced packaging as
the last venue of marketing after other forms of advertising had been prohibited [38]. The
value of adding images on alcohol labels might be to help with attracting attention and take
away space from the branding of the product, but not enough studies with only neutral
images or symbols have been conducted to make any firm conclusions.

The main implications for research and policy based on the results of this review are
summarised in Table 4. We would like to note that the same theory of change useful for
health warnings could also be useful to develop and test for optimal nutrition information
on alcohol labels (not direct focus on changing behaviour, but focus on providing the
information), although as previously mentioned, the issue with nutritional labels is to first
align requirements for alcoholic beverages with existing labelling requirements for food
and non-alcoholic beverages.
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Table 4. Research and policy implications.

Future Labelling Research

� Aim to be explicit about the theory of change underpinning the research and adjust the
studied outcomes accordingly.

� Develop labels to be tested with own qualitative research and preferably co-created with
local stakeholders/populations—focus on both content and format.

� The information provided in the labels should be clear and reflect the up-to-date literature
on alcohol-attributable burden of disease.

� Online surveys with large samples and experimental design can be a good lower-cost
approach to help with tailoring the messages to new contexts before testing them in the real
world.

� Real-world studies with longer-term outcomes are preferable in the context a lot of existing
research (e.g., online and lab surveys).

� When reporting, describe the context in which the intervention was conducted; frameworks
such as Medical Research Councils’ process evaluation guidance [82] can be applied to
support design and reporting.

Development of mandatory labels

As currently implemented mandatory and voluntary labels are often suboptimal, existing
research on new health warning labels points to the following characteristics:

� In terms of format:
� good visibility of the label is essential: this is achieved by large size, contrasting colours,

large text, prominent position on the product
� In terms of content:
� it is important to have messages that convey novel information to the target population
� messages should be evidence-based—for example, take into account alcohol-attributable

risk, morbidity and mortality
� wording should be simple, messages should be specific rather than general
� current evidence suggests that graphic images are not well accepted, and does not point to a

superiority of their inclusion
� use rotating health warning labels presented in combination with other messages
� information on health warning labels should be presented also through other sources of

information (e.g., information campaigns), and labelling should preferably also be
introduced as part of a broader package of alcohol policy measures

4.1. Limitations

Our review is subject to general limitations of scoping reviews: we did not appraise
studies for quality, and the conclusions are still somewhat broad and qualitative. In terms
of this specific review, we narrowed the scope of our investigation to health warning labels
and overall outcomes and we did not focus on other labels, such as lower-risk drinking
guidelines or standard drinks, even though some research suggests it might be worth
taking them into account simultaneously. We also did not investigate differential impact of
labels on different subgroups. Evidence from Canada points to some subgroup differences
in cognitive processing of the labels, although concludes that vulnerable populations still
attended to the labels [52]. Our search was also focused only on peer-reviewed English
language papers; therefore, we might have missed peer-reviewed papers in other languages
and non-peer-reviewed research.

4.2. Conclusions

The majority of the current evidence regarding alcohol health warning labels comes
from very short interventions in the online or the laboratory setting as opposed to the real
world, and there is rather large diversity in the content and format of labels being evaluated.
Nevertheless, evidence from real-world, long-term interventions shows that alcohol health
warning labels designed to be visible and contain novel and specific information have the
potential to be part of an effective labelling strategy. Labelling should be seen as tool to
raise awareness and a small part of wider alcohol prevention and policy approach. Future
research could focus on importance of labels in a broader societal context, and go beyond
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individual behaviour change, recognising that change in social norms can be a complex,
multifaceted and long-term process.
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Abstract: Evidence for effective government policies to reduce exposure to alcohol’s carcinogenic
and hepatoxic effects has strengthened in recent decades. Policies with the strongest evidence
involve reducing the affordability, availability and cultural acceptability of alcohol. However, policies
that reduce population consumption compete with powerful commercial vested interests. This
paper draws on the Canadian Alcohol Policy Evaluation (CAPE), a formal assessment of effective
government action on alcohol across Canadian jurisdictions. It also draws on alcohol policy case
studies elsewhere involving attempts to introduce minimum unit pricing and cancer warning labels
on alcohol containers. Canadian governments collectively received a failing grade (F) for alcohol
policy implementation during the most recent CAPE assessment in 2017. However, had the best
practices observed in any one jurisdiction been implemented consistently, Canada would have
received an A grade. Resistance to effective alcohol policies is due to (1) lack of public awareness of
both need and effectiveness, (2) a lack of government regulatory mechanisms to implement effective
policies, (3) alcohol industry lobbying, and (4) a failure from the public health community to promote
specific and feasible actions as opposed to general principles, e.g., ‘increased prices’ or ‘reduced
affordability’. There is enormous untapped potential in most countries for the implementation of
proven strategies to reduce alcohol-related harm. While alcohol policies have weakened in many
countries during the COVID-19 pandemic, societies may now also be more accepting of public
health-inspired policies with proven effectiveness and potential economic benefits.

Keywords: alcohol; policy; public health; alcohol industry; Canada

1. Introduction

Alcohol and public health policy as an organised field of academic inquiry is relatively
new. In 1975, the assertion by Kettil Bruun, Griffith Edwards, Robin Room and others that
alcohol was a public health issue was seen as new and controversial [1]. Using case studies
mostly from Scandinavia and other parts of Europe, they provided evidence that the total
consumption of alcohol was a reliable predictor of the extent of serious alcohol-related
harms in any particular population, e.g., liver disease, injury and alcohol use disorders.
Perhaps their most revolutionary proposal was that governments could take action to
reduce alcohol-related harm, principally by reducing its affordability (e.g., through higher
taxes) and its availability (e.g., by reduced days and hours of sale).

In the decades since this landmark publication, often referred to as the “Purple
Book”, thousands of studies have been published on the intersections between population
consumption of alcohol, the extent of population harm from alcohol and the relative
effectiveness of alternative government policies. Learnings from these research mountains
are now distilled in systematic reviews and meta-analyses and are further informed by
advances in theory and methodology. For example, the International Model of Alcohol
Harms and Policies (InterMAHP) [2] provides an online tool to accurately estimate the
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extent of alcohol-related harm in any population (be it a city, region, or country) from
available data on per capita alcohol consumption and the recorded prevalence of various
causes of death, injury, and illness. InterMAHP also helps to estimate how these harms
change when policies are introduced to increase or decrease alcohol consumption (e.g., [3]).
The tool is built on some solid foundations including (a) a demonstrated mathematical
relationship between the average consumption of a population and the distribution of
drinkers according to their typical daily consumption [4] and (b) the latest systematic
reviews and meta-analyses of published studies estimating risks of different types of
disease and injury as a function of how much people drink.

As a result of such advances, it is now possible to provide very specific and detailed
advice to governments regarding the public health consequences of policy decisions in
such concrete terms as how many people will become ill, injured or die prematurely from
alcohol-related reasons if policy X or Y is introduced—and what might be the economic
costs and benefits. Furthermore, the Sheffield Alcohol Policy Model (SAPM, e.g., [5])
has been effectively applied over the last decade to inform legal and policy processes
culminating in the introduction of a Minimum Unit Price (MUP) for alcohol in Scotland
in May 2018 [6], a successful policy which is rapidly being emulated in other countries
(e.g., [7–9]). Both InterMAHP and SAPM have been used to estimate policy impacts of
MUP on such sensitive outcomes as government revenues and consumer expenditure
(e.g., [3,10]).

In this paper, we take the view that while there are considerable obstacles and chal-
lenges to the implementation of effective alcohol policies, theories and methodologies to
inform effective implementation are available to policy decision makers, the public health
field and the broader community of concerned citizens. While authors of the most highly
cited and comprehensive evidence review on effective alcohol policies [11] concluded,
rather depressingly, that effective policy is inevitably unpopular, we take a more optimistic
approach. We highlight “circuit breaker” strategies which can create a more favourable
climate for governments being prepared to implement policies with demonstrated effec-
tiveness in reducing alcohol-related harms.

2. What Is Effective Alcohol Policy?

The World Health Organization (WHO) recently launched the WHO-SAFER interna-
tional initiative to reduce alcohol-related harm in member countries [12]. Built around a
growing evidence base and the pre-existing WHO Global Strategy on Alcohol [13], this
initiative promotes the following objectives:

(1) Strengthening restrictions on alcohol availability
(2) Advancing and enforcing drink-driving countermeasures
(3) Facilitating access to screening, brief interventions and treatment
(4) Enforcing bans or comprehensive restrictions on alcohol advertising, sponsorship

and promotion
(5) Raising prices on alcohol through excise taxes and pricing policies.

A number of research-led initiatives have sought to conduct systematic assessments of
the extent to which such evidence-based strategies are being implemented in jurisdictions
and, in some cases, relate the extent of policy implementation to outcomes (e.g., [14,15]).
The co-authors of this manuscript developed the Canadian Alcohol Policy Evaluation
(CAPE) project [16–19] in which 250 indicators of alcohol policy implementation were eval-
uated across 11 domains of effective government action in each of Canada’s 10 provinces
and three territories. Table 1 below identifies seven domains for which there is evidence of
direct effectiveness for the reduction in alcohol consumption and harms and also indicates
the strength of this evidence and the likely scope of impacts on population level harms.
These domains include each of the five WHO SAFER domains listed above and, in addition,
two others with long-standing evidence to support them: Liquor Law Enforcement (e.g.,
targeting enforcement to high-risk premises and enforcing laws prohibiting service to
intoxicated persons) and Minimum Legal Drinking Age Laws.
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Table 1. CAPE provincial and territorial alcohol policy domains and weights.

Direct Policy Domains
Effectiveness

(out of 5)
Scope

(out of 5)
Weight 1

(out of 25)

1. Pricing and Taxation 5 5 25
2. Physical Availability of Alcohol 4 4 16

3. Impaired Driving Countermeasures 5 3 15
4. Marketing and Advertising Controls 3 5 15

5. Minimum Legal Drinking Age 4 3 12
6. Screening, Brief Intervention and Referral 3 3 9

7. Liquor Law Enforcement: 3 3 9

Indirect Policy Domains
Facilitation

(out of 5)
Scope

(out of 5)
Weight 2

(out of 25)

8. Alcohol Control System 5 5 25
9. Alcohol Strategy 4 5 20

10. Monitoring and Reporting 4 4 16
11. Health and Safety Messaging 3 4 12

1 Weight (direct) = Effectiveness × Scope. 2 Weight (indirect) = Facilitation × Scope. Weights are boldfaced to emphasise these were the
final estimates of potential policy impacts.

Uniquely, CAPE also identified and assessed four “indirect policy domains” with
the capacity to facilitate the implementation of the other seven directly effective policies.
In short, the extent of government ownership of alcohol distribution and retail systems
(i.e., Alcohol Control System) facilitates control of direct policy levers such as pricing and
availability; a comprehensive Alcohol Strategy outlining multiple policy objectives with
funding for implementation, clear leadership independent of commercial vested interests
and an evaluation plan will guide multiple arms of government towards effective action;
comprehensive, transparent and regular public Monitoring and Reporting of alcohol harms
and policies will help to sustain and continue to direct effective policies; Health and Safety
Messaging, particularly at the point of purchase and consumption through container
labelling, will motivate effective policy action by highlighting risks and harms from alcohol
consumption, both among citizens and their elected representatives [17].

3. What Are the Obstacles to Effective Policy Implementation?

There are some recurring themes that characterise resistance to the implementation of
the types of effective alcohol policies discussed above. We will restrict our discussion to
four key themes: (1) a lack of awareness about the extent of alcohol-related harm and the ef-
fectiveness of alcohol policies; (2) a lack of government regulatory and legislative structures
focused on reducing harm from alcohol; (3) effective lobbying by alcohol industry groups
to foster such skepticism and to propose less-effective policies; (4) absent or ineffective
lobbying by public health advocacy groups. We will discuss each of these in turn and
suggest ways such impediments can be overcome or at least be rendered less obstructive.

3.1. Low Public Awareness of the Extent of Alcohol Related Harm

Alcohol use is causally implicated in several hundred diagnostic categories of illness
and injury [2] including cancer and cardiovascular diseases, the two most common causes
of death in developed countries. However, alcohol’s contribution to the illnesses and
injuries leading to emergency department presentation, hospitalisation and/or premature
death are usually not recorded on death certificates or diagnostic records. Special studies
are required to estimate the extent to which these premature deaths and presentations might
be attributable to alcohol. The methods of such studies are complex and technical, well
beyond the grasp of many health professionals, let alone decision-makers or members of
the public. There is also a widespread belief evidenced by national surveys and perpetuated
by industry groups that moderate alcohol consumption can protect people from a wide
array of harms, cardiovascular diseases in particular. For example, one survey found that
57% of the Canadian population believed alcohol in moderation was good for their health
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(e.g., [20]). The prevalence of this belief may have waned in recent years, perhaps reflecting
more open debate and critique of this idea, with a 2020 survey of Quebecers finding this
proportion to now be lower, at 40% [21]. Opinion surveys in different countries have also
frequently found that when people are asked to estimate whether alcohol or illicit drugs
contribute the most problems to society, usually alcohol comes in a poor second [22].

Contrary to these popular and governmental biases, the hard evidence is that alcohol
use contributes more health harms than other psychoactive drugs that are prohibited in
many countries (i.e., cannabis, opioids, stimulants, etc.). This is borne out of WHO Global
Burden of Disease estimates which most recently indicate that 2.4 million premature deaths
globally are attributable to alcohol, compared with 0.49 million for illicit drugs in 2019 [23].
In Canada, the ongoing Canadian Substance Use Costs and Harms [24] project reports
annually on estimated hospitalisations, deaths and economic costs from alcohol, cannabis,
nicotine, opioids and other psychoactive substances [24]. The overall economic cost of
substance use across healthcare, lost productivity, criminal justice and other direct-cost
domains was estimated at $46 billion in 2017. Accounting for more than three-quarters of
the total cost are Canada’s three legal drugs: alcohol ($16.6 billion), tobacco ($12.3 billion)
and cannabis ($3.2 billion). Among illicit substances, only opioids ($5.9 billion) and cocaine
($3.7 billion) make up more than 5% of the total cost [24]. This disparity persists even at a
time when there is an opioid overdose crisis. Typically, public debate focuses on the “crises”
even if the harm and death rates are not substantially higher than those from alcohol.

Part of the reason for the lack of awareness of alcohol-related harms may be the extent
to which these are not wholly attributable to the use of alcohol. Alcohol’s contributions
to serious illnesses, injuries and premature deaths are usually contributory and often not
even recorded. Sherk et al. [25] estimated that over 90% of alcohol-attributable deaths in a
Canadian jurisdiction were partially alcohol attributable, and less than 10% wholly or 100%
attributable. A good example is alcohol-related breast cancer. It has been estimated that
approximately 7% of these cancers can be attributed to alcohol [26]. Nonetheless, despite
this relatively small contribution, because of the high prevalence of cancer in general, about
30% of alcohol-attributable deaths in Canada are from alcohol-related cancers [24] (Note
that these estimates sum up the fractions of lives lost or hospitalisations caused to make up
each partially attributable case).

Not surprisingly, there is evidence worldwide that few members of the public are
aware that alcohol is a carcinogen, despite the WHO’s International Agency for Research
on Cancer having confirmed a causal association more than 30 years ago [27]. For example,
a national UK survey found that only 13% of respondents could identify alcohol as a cause
of cancer without prompting, 33% could do so if prompted and 54% were completely
unaware of any alcohol–cancer connection [28].

The lack of public awareness of the hidden, partially alcohol-attributable illnesses and
injuries is also reflected in the widespread perception that the only serious harms from
alcohol are alcohol dependence, liver cirrhosis and crashes from impaired driving. In fact,
these are just tips of much larger icebergs. At the outset of the COVID-19 pandemic, there
were several North American examples of perverse rationales being given by governments
for classifying alcohol as an “essential commodity”, which reflect this restricted view
of alcohol-related harm. In California [29] and at least two Canadian jurisdictions [30],
this essential-commodity status was justified as a way of preventing healthcare services
from being overwhelmed by people going into alcohol withdrawal. In Canada, at most
only 5% of alcohol-attributable hospitalisations are associated with alcohol dependence
or withdrawal [30]. When India imposed a strict lockdown with a complete alcohol
prohibition, there was indeed observed a spike in presentations for alcohol withdrawal,
but this was transient and soon demand dropped to zero [31]. It was also documented
during a Nordic strike of government alcohol monopoly workers that demand for alcohol
withdrawal treatment dropped to less than 40% of normal levels [32]. It has been shown
elsewhere [30] that when partial as well as wholly alcohol-attributable hospitalisations are
considered, maintaining alcohol use imposes a greater burden on healthcare services in
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many countries than has COVID-19, e.g., 105,000 alcohol-attributable hospital admissions
were estimated for 2017 [24] compared with 40,000 COVID-19-related admissions in the
first full year of the pandemic [33].

3.2. Low Public Awareness of the Effectiveness of Alcohol Policies

Babor et al. [11] advanced the influential narrative that effective alcohol policies
(principally restrictions on pricing and availability) are unpopular with the public and their
elected representatives, while less effective educational strategies receive the strongest
support in opinion surveys. This position is well based on opinion research spanning
multiple countries which consistently suggests that across-the-board price increases in
particular are the most unpopular of all alcohol policy options. For example, a careful
analysis of public opinion on alcohol policy in the UK found 84% support for public
information campaigns, whereas only 33% supported increasing the price of alcohol, 41%
for reducing the number of liquor outlets and 39% for reducing their hours of trading [34].
Critically, Li et al. [34] were able to identify skepticism about the effectiveness of different
policies as a determining factor in whether they would be supported.

There is also a widespread belief that “alcoholics” will always access alcohol regard-
less of price or availability, a viewpoint that anyone who has discussed alcohol control
policies with decision-makers or members of the public will have encountered. This is
contrary to evidence from a thorough systematic review that heavy drinkers do reduce their
drinking when prices increase [35] and from the accounts of alcohol-dependent drinkers
themselves [36].

3.3. Absent or Inadequate Government Regulatory and Legislative Structures

Governments in both the developed and developing worlds rarely give high level
consideration to alcohol policy. Responsibility for the implementation of the kinds of
evidence-based policies listed above is usually scattered across multiple ministries and
departments. Health ministries are mostly responsible for providing healthcare to the sick
and injured rather than addressing underlying causes and reducing risk factors, thus they
do not have direct access to the most important policy levers, namely, price, availability
and marketing restrictions. Finance departments are responsible for taxation and pricing
but are not mandated to reduce adverse health and safety impacts of alcohol and often are
unaware of the economic costs of these. They see their major responsibilities as raising
government revenues and maintaining free and fair markets for all commodities. Direct
regulation of the sale and distribution of liquor is mostly delegated to local licensing and
civic authorities who perhaps are more inclined to see their roles as limiting public nuisance
and overseeing a fair market rather than protecting public health. It is rare for public health
considerations to be represented in the local, regional and national regulation of alcohol.

The low priority given to alcohol by governments is often reflected in the extent of
national and international government funding for research, prevention and treatment. A
prime example is the substantially larger budget for the US National Institute for Drug
Abuse than for the US National Institute for Alcoholism and Alcohol Abuse, i.e., USD1.3
billion versus USD0.45 billion in 2020 [37,38]. This balance of effort and resourcing is
also frequently reflected in national government departmental budgets and numbers of
dedicated staff. For example, Health Canada’s Alcohol Policy Unit (APU) had about 1/6th
of the staff positions allocated to the Office of Controlled Substances [39]. The APU has
since been downsized and absorbed into another public health unit.

At various times and places, alcohol-related problems have been deemed so severe
that they have become a top government priority. Total prohibitions on alcohol sales have
occasionally been attempted, notably in the US and parts of Canada in the early part of the
last century and, most recently, in India and South Africa as part of government measures
to reduce the spread of COVID-19 (e.g., [40]). These tend to be short lived and associated
with increased crime and corruption even if health and safety outcomes improve, e.g.,
reduced deaths from liver cirrhosis during the US Prohibition [41] and reduced violence in
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the South African COVID-19 lockdowns [40]. More sustainable policies to control alcohol
consumption and reduce harms were introduced in the 19th and 20th centuries, principally
in North America and Scandinavia, namely, direct alcohol distribution and retail systems
otherwise known as “government alcohol monopolies”. Remnants of these monopolies
still operate in some 17 US states, mostly restricted to sales of spirits and wine, and to
some degree in all Canadian jurisdictions (even Alberta maintains government control over
the distribution of alcohol) and some Scandinavian countries. The Finnish and Swedish
alcohol monopolies (Alko and Systembolaget, respectively) are notable for both reporting
to Ministries for Health and Social Affairs rather than following the North American
practice of placing such operations within finance ministries focused on revenue collection
rather than health and social outcomes [42,43]. Government alcohol control systems can
facilitate ready access to the key policy levers of pricing and availability, but they also need
a special mandate to do so in the interests of public health and safety rather than simple
free-market economics. For this reason, the CAPE project documents both the extent of
government ownership of alcohol distribution and retail systems in a jurisdiction and also
to what ministry they report as an indication of the public purpose they are intended to
fulfil [18].

Perhaps the most telling indication of the low priority afforded to alcohol and pub-
lic health policy globally is the lack of alcohol-specific national and international laws.
Room et al. [44] have made the case for an international treaty on alcohol noting such
treaties exist for tobacco and illicit drug trade. In Canada, we have a federal Tobacco
Act and a federal Cannabis Act but no Alcohol Act [19]. The legalisation of cannabis in
Canada casts the lack of legislation and regulation of alcohol in sharp relief, especially when
considering the substantially lower harms and costs of cannabis in contrast to alcohol [24].

3.4. Effectiveness of Alcohol Industry Influence

Globally, nationally and sub-nationally, alcohol industry groups and companies apply
their immense resources to influence public debates on alcohol-related harm and policies
to address this harm so as to protect their marketplace. Babor [45] described some of the
ways alcohol industry-funded groups have sought to influence research agendas and shape
public discussions around alcohol-related harm and prevention policies. He highlighted
how these activities help to confuse public discussion of health issues and policy options
and are a convenient way to demonstrate ‘corporate responsibility’ in their attempts to
avoid taxation and regulation. McCambridge et al. [46] have further analysed how industry-
funded social aspects bodies such as DrinkAware in the UK attempt to work closely with
government agencies to influence policy agendas away from evidence-based policies that
might restrict alcohol markets. Needless to say, industry groups can use their financial
clout to directly influence the agendas of political parties through donations and direct
lobbying in ways that are not available to the public health community.

Petticrew and colleagues published a thematic analysis of industry-sponsored publi-
cations on the role of alcohol as a risk factor for cancer. They showed how the evidence
for alcohol’s causal role in cancer is downplayed, ignored or even denied with heavy
emphasis on the strength of other rival risk factors [47]. There are also many examples of
industry-sponsored organisations extolling various health benefits from using their product
with little discussion of the growing critical literature of this interpretation (e.g., [48]). A
comprehensive analysis of direct alcohol industry funding for alcohol research reported
that this had increased by 56% in recent decades [49].

The CAPE project has worked to identify the extent of alcohol industry involvement
in the development and implementation of alcohol policies in Canada, provincially and
federally [49,50]. A key indicator used is whether alcohol industry representatives are
directly involved in the development of government alcohol strategies. In 2017, it was
noted that Canada’s National Alcohol Strategy Advisory Council had several Canadian
alcohol manufacturers represented, a situation that has been subsequently remedied. These
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efforts, and many others besides, work towards creating a positive climate of opinion
around alcohol and discourage effective government action to restrict its consumption.

Industry players have also shown they are not afraid to directly counter efforts to
educate the public about alcohol’s role as a contributing cause of cancer. The phenomenon
of “pink washing” has been widely documented whereby industry groups support cancer
awareness activities [51]. A prime Canadian example some years ago was the creation
of Mike’s Hard Pink Lemonade in association with the Canadian Cancer Associations
breast cancer awareness week [52], i.e., an alcohol producer associating itself with a cancer
prevention activity while marketing a product which contributes directly to cancer [26].
More recently, an initiative taken by the Yukon government in Canada to place cancer
warning labels on all products sold in a major liquor store in its capital Whitehorse as part
of a Health Canada-funded research project was shut down as a result of thinly veiled legal
threats from major drinks producers [53].

3.5. Ineffectiveness of Public Health Advocacy

Perhaps surprisingly, even agencies concerned with the promotion of public health
have often worked in opposition to or ignored the potential of evidence-based alcohol
policies to improve public health. The ”Pink-Washing” of breast cancer noted above is just
one example of perverse strategies from the public health field. Amin et al. [54] conducted
a formal review of the websites of the Organisation for Economic Co-operation and Devel-
opment cancer control agencies in 2017 as to the extent to which they identified alcohol as
a risk factor for cancer. Websites in all countries except the USA and Canada at that time
identified alcohol as a Class 1 carcinogen. While the US cancer agency recommended using
taxation as a means of reducing tobacco-related cancers, no such action was recommended
in relation to alcohol taxes. Canada is also an example of an OECD country with no national
advocacy agency dedicated to promoting effective alcohol policy.

3.6. Summary and Ways Forward

There could not be a starker contrast between government responses to the COVID-19
pandemic versus those to the health and safety problems associated with alcohol use,
despite the related harms often being similar in scale [30]. Naturally, precautions to
avoid contracting a potentially deadly virus that might make you seriously ill or kill you
within weeks are more likely to be supported than measures to reduce the availability and
affordability of an enjoyable intoxicant, despite its short- and long-term risks. However,
while the harms from COVID-19 have been counted and reported daily through multimedia
throughout the course of the pandemic crisis, the majority of people in most countries are
unaware of the serious harms (e.g., cancer) of alcohol consumption and of the full scale
of its burden on health and well-being. Since greater than 90% of associated mortality is
partially alcohol attributable, this important contribution often flies under the radar, and is
not recorded on death certificates or routinely reported by health authorities. It should not
be surprising, therefore, that effective government action to reduce our ability to access and
purchase a favourite recreational drug, widely believed to be innocuous or even beneficial
to health, is often not taken. If one adds to this the existence of powerful commercial vested
interest groups who are prepared to threaten litigation against governments that exercise
their legal right to warn consumers of alcohol’s health risks by placing cancer warning
labels [53], it is a wonder that any government action at all is ever taken to inform citizens
of alcohol’s health risks, let alone implement effective policies to reduce its consumption.

The evidence that the minority of people who understand that alcohol is a carcinogen,
for example, are more likely to support evidence-based alcohol strategies (e.g., [50,55])
should be a wake-up call to the public health community to increase awareness of alcohol-
related harms. While awareness rising and educational strategies in general have been
decried as lacking evidence for changing population behaviours (e.g., [11]), they could
likely have a critical role as a means of creating a more favourable environment for the
implementation of more directly effective policies [18].
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The CSUCH project in Canada has begun the difficult task of enumerating both
the partially and wholly alcohol-attributable deaths and adverse health outcomes for
all its jurisdictions, for all years and in comparison with other popular psychoactive
substances [24]. The estimates are presented to the public and to policymakers in a variety
of formats and through a variety of media, including a web-based data visualisation
tool (see: https://csuch.ca (access date 11 August 2021)) for individuals to explore and
download figures and data tables. Such a resource on its own is completely insufficient to
substantially impact national policies on such weighty matters as taxation and pricing, but,
if communicated effectively to stakeholders with an interest in, for example, preventing
cancer, heart disease, violence and/or substance use disorders, it could help turn the tide
of public opinion.

Perhaps the single most effective tool to raise awareness of alcohol’s potentially harm-
ful effects would be mandated warning labels of the variety trialled by the Yukon Liquor
Corporation (see Figure 1). The Health Canada-funded evaluations of this intervention
demonstrated increased awareness of key messages (i.e., cancer risk, national drinking
guidelines and standard drink contents) among those who recalled seeing the messages
(e.g., [56]), greater intentions to reduce alcohol intake [57] and significantly reduced per
capita consumption at the intervention site [58]. These labels were likely effective as
they were carefully developed on the basis of published research regarding what makes
a warning label noticeable, relevant and memorable (unlike the static, small, black and
white US labels). A unique feature of warning labels as a means of raising awareness of
alcohol-related issues is that they are more likely to be seen and recalled by those who
would perhaps most benefit from the information they contain, i.e., those who consume
alcohol most frequently [59].

Figure 1. Warning labels trialled in the Yukon Territory, Canada.

What else might the public health community attempt by way of increasing the
likelihood that effective alcohol policies might be implemented by governments? Most
critically, putting pressure on their governments to give public health rather than industry
groups a place at the policy-making table. At the very least, they can attempt to hold
governments accountable by regularly monitoring and reporting the extent to which
present policies match up with gold-standard best practices for reducing alcohol-related
harm. The CAPE project, and other similar projects in Europe and the USA, draw attention
to the disparities between actual implementation and best practice evidence-based policies.
The CAPE project has extensively engaged with stakeholders and relevant government
sectors (e.g., health, liquor regulators and government retailers, finance) to communicate
clearly using publicly available and transparent indicators of effective practice [60]. This
has involved going beyond lofty ideals and exhortations to “reduce alcohol’s availability”
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or “increase the price of alcohol” and instead reported on tangible, verifiable performance
indicators such as the density of different types of liquor outlets, the extent of private versus
government ownership, whether alcohol prices are keeping up with the cost of living and
the level of minimum prices [18]. We have discovered that, contrary to what might be
expected, across Canada’s 13 jurisdictions, examples of best practice could be found
somewhere in every one of the 11 policy domains identified earlier. In fact, if identified
best practices were implemented uniformly across Canada, the national score would have
been 87%, i.e., an A grade. It may well be that government failures to implement effective
alcohol policies are at least partly due to a lack of awareness of what is effective policy
rather than a lack of willingness to implement this. However, then again, Canada may be
an exception in this regard given that it still has significant, if eroding, government controls
over alcohol’s distribution and retail sale(e.g., [61]).

A final thought. This essay was written in the middle of 2021 as the world is struggling
to emerge from the COVID-19 pandemic. It has been widely documented that alcohol
controls have weakened in many countries and that the alcohol industry has lobbied
effectively to persuade governments to remove restrictions on their trade that have been in
place for generations (e.g., [62]). However, there is also a significant opportunity at this
moment for governments to take effective actions on alcohol to achieve a variety of both
public health and fiscal outcomes. The population at large may now be more sensitised
to the importance of public health measures to protect the population’s health and safety.
There is also a substantial shortfall in government revenues as a consequence of economic
downturns during the pandemic crisis. Alcohol pricing, taxation and availability policies
could be a key part of the process of recovery. A combination of MUP and increased
alcohol taxes has been shown to be a means of delivering such diverse benefits as improved
public health outcomes, increased government revenues and greater industry profits [3].
Restrictions on outlet densities or at least moratoria on the issuing of new liquor licences
could also help the financial sustainability of existing businesses. Such restrictions on the
alcohol market could enable producers and retailers to make greater profits from selling less
alcohol while also helping to shore up much-needed government revenues and reducing
related harms.
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