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Abstract

Metabolic dysfunction-associated steatotic liver disease and alcohol-associated liver disease are leading
contributors to chronic liver disease globally, with incidence rates escalating in parallel with the worldwide increase
in metabolic dysfunction and harmful alcohol use. A recent Delphi Consensus statement introduced the term
metabolic and alcohol-associated liver disease (MetALD) to emphasize the synergistic contributions of metabolic
and alcohol-related factors to liver injury. While this conceptual framework advances our understanding of
heterogeneous liver disease etiologies, it also presents new diagnostic and therapeutic challenges. This review
presents current evidence on the prevalence of MetALD, as well as its heterogeneous disease risk profiles,
underlying pathogenesis, clinical diagnostic biomarkers, and evolving treatment strategies. Particular emphasis is
placed on the necessity for robust preclinical models that accurately replicate the multifactorial pathogenesis of
MetALD. Emerging therapies, including fecal microbiota transplantation and dietary supplementation, are critically
evaluated, alongside perspectives on future pharmacological innovations for MetALD management.
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INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease (MASLD) and alcohol-associated liver disease
(ALD) are the most common causes of chronic liver disease worldwide, accounting for the majority of liver-
related hospitalizations and deaths"”. In recent decades, the prevalence of MASLD and ALD has been
rising, owing to increasing rates of unhealthy alcohol use and obesity, as well as the growing incidence of
type 2 diabetes, hypertension, and other conditions linked to the popularity of the Western diet'.

Both ALD and MASLD share many of the pathophysiologic processes of liver impairment and exhibit
comparable clinical disease progression. Traditionally, MASLD and ALD were considered to be two distinct
diseases. However, recent studies have demonstrated that risk factors for both conditions frequently overlap
and work in concert to promote the development of liver disease. Thus, alcohol consumption and metabolic
syndrome together increase the risk of developing and worsening advanced liver disease.

For patients with nonalcoholic fatty liver disease (NAFLD), the word “fatty” may be attached to potential
stigma. In addition, the term “nonalcoholic” does not accurately describe the cause of the disease. Thus, to
prevent stigmatization and discrimination and to more accurately describe this condition, a Delphi
Consensus Study with three sizable international liver groups recently proposed a new nomenclature for
steatotic liver disease (SLD)"\. Replacing NAFLD with the less stigmatizing term SLD can promote the
assessment of alcohol’s influence, allowing for a transparent evaluation and categorization of alcohol
consumption through a spectrum-based approach. Using this nomenclature, patients with SLD are divided
into four groups: those with at least one cardiovascular metabolic risk factor (CMRF) and no significant
alcohol consumption (less than 20 g/day for women and less than 30 g/day for men) (MASLD, alternative to
NAFLD), those with at least one CMRF and increased alcohol consumption (20-50 g/day for women and
30-60 g/day for men) [metabolic and alcohol-associated liver disease (MetALD)], patients with excessive
alcohol consumption (> 50/60 g/day for women/men with CMRF, or > 20/30 g/day for women/men without
CMRF)" (ALD), and patients with steatosis but no apparent CMRFs or other distinguishable causes
(cryptogenic SLD)"™?.

MetALD, a recently developed disease entity, highlights the role of both metabolic and alcohol consumption
factors in liver damage and represents a significant leap in our knowledge of liver diseases marked by both
metabolic dysfunction and alcohol use”. At the same time, this emerging patient category presents a clinical
challenge. Because its epidemiology is not yet well established, diagnosis is based on patients’ self-reported
alcohol consumption, and treatment generally consists of metabolically targeted therapies™®, complete
abstinence from alcohol, and lifestyle modifications. In this review paper, we thoroughly summarize the
existing knowledge regarding the epidemiology, clinical diagnosis, and pathogenesis of MetALD to promote
research and clinical interventions and offer ideas for future research directions.

EPIDEMIOLOGY AND CLINICAL OUTCOMES OF METALD

Alcohol consumption and CMRFs, the two most prominent causes of SLD, are becoming increasingly
prevalent in the general population”, thus increasing the prevalence of MetALD (ranging between 0.6% and
17%)2!. Most studies on MetALD have relied on the use of extensive datasets such as the National Health
and Nutrition Examination Surveys and the United Kingdom Biobank. Given the high rate of under-
reporting of alcohol use in the SLD population, the actual number of MetALD cases may be higher than
currently estimated. A study among teenagers aged 12 to 18 years reported the lowest prevalence at 0.6%"".
Another study among a population with excessive drinking observed the highest prevalence of 17%",
followed by a study in the Veterans Analysis of Liver Disease cohort, which stated a prevalence of 12.1%".

Additionally, several studies were conducted on a single national cohort; they included participants
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[8,13,18]

receiving a national health checkup in the Republic of Korea; thus, the findings were fairly comparable .
We believe that the variations in prevalence are strongly tied to the research population.

MetALD and intrahepatic diseases

The correlation between the newly proposed SLD and liver fibrosis is poorly understood and controversial.
In a study of a Korean population, fibrosis was evaluated by magnetic resonance imaging (MRI). The mean
MRI values in the MetALD group were substantially higher than those in the MASLD or ALD groups”'. In
a United States cohort, Ciardullo et al. found that patients with SLD exhibited higher liver fibrosis scores
(such as the fibrosis-4 index or liver stiffness measurement) compared with non-SLD patients. However, the
prevalence of liver fibrosis in patients with MASLD and MetALD was not significantly affected by changes
in the new diagnostic guidelines®. A study conducted in a southern California cohort of obese and
overweight individuals in primary care and community-based settings reached similar conclusions™.
However, in a Korean cohort, Choe et al. found that the hazard ratios (HRs) for advanced liver fibrosis in
patients with MASLD, MetALD, and ALD were 1.39 [95% confidence interval (CI): 1.25-1.55; P < 0.001],
1.75 (95%CI: 1.38-2.23; P < 0.001), and 2.00 (95%Cl: 1.30-3.07; P = 0.002), respectively, compared to non-
SLD patients™. Thus, MetALD patients have an intermediate risk of developing advanced liver fibrosis.
After comparing studies such as those by Ciardullo et al.”” and Yang et al.”® with that of Choe et al.”, we
discuss potential reasons for these discrepancies: (1) Population differences: Variations in baseline
characteristics (e.g., severity of underlying metabolic risk factors, precise levels and patterns of alcohol
consumption within the MetALD definition, genetic background); (2) Methodological differences: Use of
different non-invasive fibrosis scores (e.g., FIB-4, LSM) vs. MRI parameters or histology. Interestingly, only
in female patients did one study find a difference between MASLD and MetALD in terms of deteriorating
liver fibrosis scores™. This trend might result from variations in how alcohol affects liver fibrosis by
gender"™. This underscores the importance of considering demographic factors. Further research is needed
to clarify the precise mechanisms involved.

Because of the widespread prevalence of obesity and alcohol use, over half of cirrhosis-related fatalities and
one third of hepatocellular carcinoma (HCC)-related deaths in the United States are attributable to SLD"".

Additionally, SLD increases the risk of HCC"”. In a retrospective cohort study conducted at the Charité
University Medical Center in Berlin between 2010 and 2020, the etiologies of 577 HCC patients were
determined as MASLD (n = 158; 27.3%), MetALD (n = 51; 8.8%), and ALD (n = 68, 11.7%)"”. Regarding the
progression of HCC induced by SLD, a study from 2009 to 2010 of an SLD cohort from the Republic of
Korea reported 27,118 additional HCC cases over the follow-up period (median: 13.3 years). The risk of
HCC grew from MASLD (0.6%) and MetALD (0.92%) to ALD (1.26%) in a stepwise manner®. Similar
results were reported in patients with SLD from the Korean National Health Insurance Service'.

Remarkably, among older (aged 65-79 years) (2.6% vs. 2.7%), female (0.24% vs. 0.24%), and cirrhosis (14.5%
vs. 15.1%) subgroups, MetALD and ALD patients had equivalent risks of HCC, according to a subgroup
analysis of a Korean population'.

A study by Kim et al. found that the risk of new-onset cirrhosis and decompensated cirrhosis likewise
increased in the order of MASLD, MetALD, and ALD™. The stepwise pattern extends to cirrhosis
development: the incidence of decompensated cirrhosis rises from MASLD (1.1%) to MetALD (1.3%) and
ALD (2.2%); and the corresponding subdistribution HRs were 1.45 (95%CI: 1.29-1.62; P < 0.001), 1.77
(95%Cl: 1.47-2.14; P < 0.001), 2.24 (95%Cl: 1.74-2.89; P < 0.001)*". These data suggest that MetALD may be
associated with an intermediate risk of liver disease severity in the SLD subtype. We acknowledge that
robust head-to-head comparative data on the incidence rates of liver diseases specifically stratified by
MASLD, MetALD, and ALD are still limited and represent an important area for future research.
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In conclusion, current evidence suggests that among the subtypes of MASLD, MetALD, and ALD, MetALD
patients typically exhibit an intermediate risk for severe liver diseases (such as advanced fibrosis, HCC, and
cirrhosis) in a stepwise gradient (MASLD < MetALD < ALD)"***. However, this risk pattern may be
modulated by demographic factors and disease stage, with MetALD risk potentially equaling that of ALD in
specific subgroups®. These findings underscore the need for future research to elucidate the precise
mechanisms underlying the risk differences between subtypes, the contributing factors (including detailed
patterns of alcohol consumption), and their implications for individualized risk stratification and
management.

MetALD and extrahepatic diseases

In contrast to the risk of liver disease, cardiovascular outcomes show conflicting associations. Some studies
have shown that MetALD patients have a lower risk of cardiovascular-related mortality than MASLD
patients""*”, whereas the opposite trend was observed in two other investigations"**. We propose this
inconsistency may reflect: (1) Population heterogeneity (e.g., higher metabolic comorbidities in U.S.
cohorts™ vs. Korean cohorts""); (2) Differential competing risks from liver disease. Thus, we must
acknowledge that additional research is necessary to clarify the relationship between the new diagnostic
criteria and the risk of cardiovascular disease.

Chronic periodontitis (CP) and MASLD are interrelated diseases”” and are frequently linked to systemic
inflammation and metabolic syndromes such as obesity and insulin resistance™ ", Specifically, it has been
shown that CP can worsen MASLD severity by raising systemic inflammatory levels®. A recent study in
2024 revealed the risk of CP in the newly categorized SLD subgroups (specifically MASLD and MetALD),
with higher adjusted risk ratios for MetALD compared with MASLD for both CP (1.2 vs. 1.14) and severe
CP (1.28 vs. 1.22). Given that CMRFs are linked to both MASLD and MetALD, it is reasonable to
hypothesize that the increased risk of periodontal disease may be the result of increased alcohol
consumption.

It is becoming increasingly clear that SLD not only affects the liver but also increases the risk of non-liver
diseases such as colorectal cancer (CRC) and chronic kidney disease (CKD)">*". Alcohol intake and obesity
are known risk factors for CRC. According to a nationwide study conducted in Japan, the 10-year
cumulative incidence of CRC in the SLD subgroups was highest in ALD, followed by MetALD and MASLD
(0.97%, 0.73%, and 0.48%, respectively)”. More research is still required to determine whether variations
exist in the occurrence of other malignant tumor types under the SLD categorization.

MASLD exacerbates insulin resistance and can release several pro-inflammatory and pro-fibrotic factors,
which can promote kidney injury®’. Mori et al. clarified the relationship between CKD and each SLD type
in a group of 12,138 Japanese participants who underwent annual health checkups. During the 10-year
follow-up period, 1,963 of the participants developed new-onset CKD (16.2%). Multivariate Cox
proportional risk model analysis showed that the HRs for developing CKD were significantly higher in
MASLD [1.20 (1.08-1.33), P = 0.001] and ALD [1.41 (1.05-1.88), P = 0.022] patients than in non-SLD
patients, whereas the HRs were not significantly different in MetALD subjects [1.11 (0.90-1.36), P =
0.332]"). Further research is needed to determine whether the risk of CKD development depends on the
presence of metabolic dysfunction or the amount of alcohol consumed in the new classification of SLD.

Data indicate that persons with human immunodeficiency virus (HIV) (PWH) have a high burden of
SLD""*l; however, there have been few studies on the prevalence of SLD in PWH populations. A
prospective study conducted in the United States in 2023 demonstrated that nearly half of PWH on
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suppressive antiretroviral medication without viral co-infection had SLD, with 90% of these cases
attributable to NAFLD". The following year, another study conducted by the same team revealed that 52%
of PWH had SLD, 15% had clinically significant fibrosis, and 74% of SLD cases were caused by MASLD,
with 19% and 6% of cases caused by MetALD and ALD, respectively®".

Emerging evidence establishes MASLD and MetALD as significant risk factors for dementia*”’, mediated
through shared cardiometabolic pathologies including insulin resistance, obesity, hypertension, and
dyslipidemia“**). MASLD consistently increases the incidence of all-cause dementia, Alzheimer’s disease
(AD), and vascular dementia (VaD)"". While MetALD initially demonstrates a reduced AD risk, it is
associated with increased VaD risk and ultimately increases AD incidence with extended latency relative to
MASLD™!. Future research must elucidate underlying mechanisms and determine whether targeting
cardiometabolic risk factors and hepatic inflammation lowers dementia risk.

PATHOGENESIS IN METALD

It is uncertain whether CMRFs or alcohol consumption plays the greater role in MetALD. Identifying the
primary contributor is complex, and these two factors can cause liver injury independently or
synergistically. Most likely, the combined effects of the two factors are the main drivers of MetALD.
Although research on the mechanisms of MetALD remains limited, common mechanisms of CMREF-
dominated MASLD and alcohol-consumption-dominated ALD pathogenesis may play a role in MetALD
[Table 1].

Combined effects of CMRFs and alcohol

Numerous studies have demonstrated the complex and independent relationship between alcohol use and
the cardiometabolic risk that characterizes MASLD"". These studies emphasize that excessive alcohol
consumption exacerbates hypertension, dyslipidemia, insulin resistance, and obesity, which can have a
synergistic effect on the liver, accelerating liver injury and fibrosis. Alcohol consumption may lead to
additional energy intake and, thus, weight gain®**.. However, recent research in Hefei, China, has revealed
that dark tea wine has a protective effect against MASLD. In mice fed a high-fat diet, dark tea wine
improved MASLD by increasing antioxidant capacity through the Nrf2/HO-1 signaling pathway, which also
dramatically reduced lipid dysfunction, prevented weight gain, and improved pathological characteristics"”.

Alcohol consumption increases the risk of hypertension”, and reducing alcohol use can help blood
pressure levels return to normal in hypertensive individuals*”. One study has indicated that moderate
drinkers are 1.45 times more likely to develop high blood pressure compared with non-drinkers, whereas
heavy drinkers are 2.53 times more likely to develop high blood pressure'™. Alcohol metabolism produces
reactive oxygen species (ROS), which damage endothelial cells and raise total peripheral resistance,
worsening hypertension'®’. The interaction between endothelial cell damage and total peripheral resistance
may further promote the occurrence of liver injury and the development of fibrosis in MetALD.

Type 2 diabetes and alcohol use have a more complicated relationship. A recent meta-analysis revealed a J-
shaped relationship between alcohol intake and type 2 diabetes in women, but no statistically significant
correlation in males. Consuming 16 g/day of pure alcohol lowers the risk of type 2 diabetes in women,
whereas consuming more than 49 g/day increases this risk®”. This finding contradicts the results of earlier
research. Baliunas ef al. reported a U-shaped relationship between alcohol intake and diabetes and
concluded that excessive drinking (> 60 g/day for males and > 50 g/day for women) is linked to an elevated
risk of diabetes”. However, alcohol consumption may increase insulin sensitivity and aid in blood sugar
regulation'®”. Yet, other research has shown that alcohol may have an impact on the survival and function of
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Table 1. The main molecular mechanisms

Mechanisms Consequences Reference
Lipid metabolism disturbance Adipose shrinkage and increased FFAs [47]

Low serum magnesium levels Insulin resistance and prediabetes [48,49]
Mitochondrial reductive stress High NADH/NAD+ ratio [50]

Gut microecological imbalance Increased intestinal permeability or immunity disorders [51,52]
Genetic variation Disease modifiers (higher risk of steatosis or fibrosis) [53]

Sex hormone differences Estrogen protection [54]

pancreatic beta cells. In vitro studies have demonstrated that alcohol induces beta-cell apoptosis and affects
insulin secretion'”. Additionally, alcohol consumption may trigger inflammation and injury to the pancreas
(also called alcoholic pancreatitis), which impairs the release of digestive enzymes as well as beta cells in the
pancreas, which, in turn, affects the release of insulin and the regulation of blood sugar'*. Interestingly,
alcohol use influences insulin sensitivity in individuals with various rs56221195 polymorphism genotypes'”:
alcohol intake increases hepatic insulin sensitivity in heterozygotes (TA) and pure genotypes (AA), but does
not affect insulin sensitivity in individuals with wild-type genotypes (TT).

Alcohol consumption causes blood lipid levels to rise. In a meta-analysis by Brien et al., alcohol
consumption was shown to considerably raise high-density lipoprotein cholesterol levels but had little or no
impact on triglyceride levels'™. In contrast, new research has demonstrated that alcohol consumption raises
triglyceride levels'™'.

As previously mentioned, alcohol consumption amplifies the role of metabolic risk factors for liver damage.
The central aspect of liver injury caused by either metabolic risk factors or alcohol consumption is lipid
metabolism disturbance, characterized by an imbalance between lipid intake, synthesis, degradation, and
free fatty acid (FFA) output™”". Insulin resistance and dyslipidemia raise circulating levels of FFAs.
Additionally, alcohol consumption causes more adipose tissue to be lipolyzed, resulting in adipose
shrinkage and increased blood levels of FFAs"”. Through fatty acid ethyl ester (FAEE) dehydrogenases,
alcohol can directly interact with FFAs to create FAEE", which exacerbates alcohol-induced liver injury.
Alcohol consumption results in hepatic steatosis by increasing the absorption of circulating fatty acids,
decreasing very low-density lipoprotein secretion, and reducing mitochondrial fatty acid oxidation, which,
in turn, causes steroid response-element binding protein 1-mediated lipogenesis”™.

Unbalanced microelements

A previous study found that patients with either ALD or MASLD had significantly lower mean serum
magnesium levels compared to control patients without SLD"”. Some studies have shown that low serum
magnesium levels are linked to a higher risk of insulin resistance and prediabetes***. In addition, insulin
resistance plays a key role in the initiation and progression of MASLD. Notably, insulin resistance and
magnesium deficiency are linked in a vicious cycle. Chronic insulin resistance brought on by magnesium
insufficiency worsens magnesium loss in the kidneys and impairs cellular glucose consumption, which, in
turn, leads to further insulin resistance”””. Although the precise mechanism is unclear, given that insulin
resistance is a feature of MASLD and ALD, preliminary evidence indicates that magnesium is a contributing
factor in liver disease.

Mitochondrial reductive stress
Increased hepatic mitochondrial reductive stress (i.e., high NADH/NAD-+ ratio) is a common feature in the
development of MASLD and ALD"™. Over the past few decades, extensive research has focused on alcohol
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metabolism"”*”. Alcohol is primarily metabolized in the liver, and the enzymes involved include aldehyde
dehydrogenase (ALDH), alcohol dehydrogenase (ADH), cytochrome P450 (cytochrome P450 family 2,
subfamily E, polypeptide 1, CYP2E1), and catalase. Ethanol is primarily metabolized by a variety of
enzymes, such as CYP2E1 and ADH, to produce acetaldehyde. Acetaldehyde is further metabolized,
primarily by mitochondrial ALDH2 and, to a considerably lesser extent, by cytosolic ALDH1, to the more
innocuous acetate and acetyl coenzyme A for the metabolic process™'. Through this mechanism, alcohol
metabolism raises the NADH/NAD+ ratio, which causes reductive stress in the mitochondria. When
alcohol is metabolized, CYP2E1 generates ROS, which damage the liver™. The main location of ROS
production is complex I of the electron transport chain, which is significantly increased during

mitochondrial reductive stress, thus resulting in a vicious cycle!*.

MASLD is characterized by inflammation of adipose tissue, which, in turn, leads to an increased rate of
lipolysis - the release of fatty acids from adipose tissue for hepatic absorption. In the liver, fatty acids
undergo a process called B-oxidation"®, which raises the NADH/NAD#+ ratio in the mitochondria and leads
to hepatic mitochondrial reductive stress. Mitochondrial reductive stress is associated with increased
hepatic fibroproliferation via its effect on proline metabolism"™". A recent study proved the above point,
demonstrating that, during a ketogenic diet, increased hepatic fatty acid supply results in mitochondrial
reductive stress™.

Gut microecological imbalance

Gut microbiological imbalance plays a significant role in both MASLD and ALD. Alcohol consumption
impairs the integrity of the intestinal barrier by disrupting tight intestinal junctions, which increases
intestinal permeability, leading to an imbalance of intestinal bacteria and allowing endotoxins/
lipopolysaccharides (LPS) and bacteria to enter the liver through the portal vein”'. Thereafter, Toll-like
receptor 4 (TLR4), expressed on liver parenchyma and innate immune cells, recognizes LPS. LPS/TLR4
triggers activation of nuclear factor-kB, amplifying the inflammatory response and releasing pro-
inflammatory factors. Recent studies have found that high alcohol-producing Klebsiella pneumoniae
(HiAlc Kpn) is associated with up to 60% of patients with MASLD in China. HiAlc Kpn, a symbiotic species
in the gut microbiota, can produce excess endogenous alcohol through 2,3-butanediol fermentation, initially
explaining the potential role of HiAlc Kpn in the pathogenesis of MASLD™.

Other mechanisms

Genetic variation

In addition to sharing similar clinical characteristics and natural history, MASLD and ALD are associated
with the same risk factors for genetic variants, including patatin-like phospholipase domain-containing 3
(PNPLA3, rs738409), transmembrane 6 superfamily member 2 (TM6SF2, rs58542926), membrane-bound
O-acyltransferase domain-containing 7 (MBOAT?7, rs641738), and glucokinase regulator (GCKR,
rs1260326)""”. The overlap in genetic structure suggests that MASLD and ALD share a common
pathogenesis and that a range of inherent genetic risks act as disease modifiers. It has been shown that the
PNPLA3 1148M variant is associated with a higher risk of advanced fibrosis, HCC, and liver-related
mortality, as well as an increase in hepatic lipid accumulation'. This variation, which makes up 11% of the
population with cirrhosis, is thought to be the most significant genetic risk factor for MASLD". Studies
have also demonstrated that additional genes, including TM6SF2 and MBOAT?7, play a significant role in
determining the occurrence of steatosis, fibrosis, and HCC in patients with MASLD and ALD"**".

Sex hormone differences
As previously noted, gender plays a significant role in the pathophysiology of liver disease”*". Previous
studies suggest that males are more susceptible to MASLD and ALD than females”**. In this context, sex
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hormones may play a key role. Estrogen protects against the development of MASLD by inhibiting the
c-Jun N-terminal kinase pathway and activating the adenosine monophosphate-activated protein kinase
pathway, peroxisome proliferator-activated receptor a (PPARa), and peroxisome proliferator-activated
receptor y coactivator 1°Y. By inhibiting integrin signaling and upregulating protein arginine
methyltransferase (PRMT) 6, estrogen protects mice from liver disease induced by a high-fat diet and
alcohol®™. The interaction of the female sex hormone signaling pathway with PRMTs is an important
regulator of ALD development in the context of high-fat dietary feeding, with important implications for
understanding the mechanisms governing MetALD.

CHALLENGES IN DIAGNOSING METALD

The diagnosis of MetALD relies on the existence of CMRFs and alcohol consumption. Despite being the
gold standard for diagnosing MetALD, liver biopsy is invasive and limited by the histologic similarities with
MASLD and ALD™". Thus, there remains a need for objective non-invasive markers. Furthermore, while
the two-step approach (utilizing FIB-4 followed by LSM) is increasingly adopted for risk stratification in
MASLD®”*, its applicability and the interpretation of FIB-4 and LSM results within the MetALD
population remain inadequately explored and represent a crucial evidence gap. Fewer studies have evaluated
the effectiveness of the two-step approach in assessing the risk stratification of liver fibrosis in patients with
suspected MetALD"™*". The complex interplay of metabolic dysfunction and alcohol in MetALD may alter
the performance characteristics of these biomarkers compared to pure MASLD or ALD. More dedicated
studies are urgently needed to validate non-invasive risk stratification strategies and establish reliable
interpretation criteria for FIB-4 and LSM in patients with MetALD.

Therefore, non-invasive markers for identifying MetALD should focus on evaluating metabolic status and
accurately assessing the patient’s past and current alcohol consumption. For the assessment of metabolic
status, specific biomarkers can be utilized to monitor metabolism-related diseases, such as body mass index
(BMI) and waist circumference for obesity; glycosylated hemoglobin, fasting and 2-h postprandial glucose,
insulin, and C-peptide levels for diabetes; triglyceride and cholesterol levels for dyslipidemia; and blood
pressure values for hypertension. However, due to individual recall bias, we must recognize the difficulty in
accurately measuring alcohol use, as some patients may underestimate their intake. The use of other specific
biomarkers, such as phosphatidyl ethanol (PEth), ethyl glucuronide (EtG), ethyl sulfate (EtS), carbohydrate-
deficient transferrin (CDT), and mean corpuscular volume (MCV), to record alcohol consumption history
may help with this challenge.

Indirect biomarkers

Alcohol affects body chemistry and various organs. Several indirect biomarkers, including MCV, alanine
aminotransferase (ALT), aspartate aminotransferase (AST), gamma-glutamyltranspeptidase (GGT), and
CDT, can be used to assess and identify alcohol exposure. Alcohol consumption increases erythrocyte
volume (i.e., MCV values), which may be related to the myelotoxic effects of alcohol and its metabolites, as
well as to nutritional deficiencies associated with alcohol consumption”’. However, factors such as age,
gender, and pre-existing medical conditions must be considered”***. Following alcohol consumption, AST
and ALT levels rise"*, and the ALT/AST ratio can provide information to differentiate ALD from other
causes of liver disease"”. Moreover, enzymes are direct markers of liver damage and inflammation, with
elevated levels indicating liver dysfunction. Increased blood levels of GGT can persist for 2-6 weeks after
heavy drinking"*”, but it should be noted that several medications influence GGT levels by inducing its
enzymatic activity.
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It has been reported that alcohol consumption inhibits glycosylation/sialylation in the Golgi apparatus of
hepatocytes. This inhibition leads to reduced sialylation of transferrin and an increased proportion of sialic
acid-free transferrin, also referred to as CDT, even when total transferrin levels are normal"”. Most
measurements of the ratio of CDT to total transferrin (%CDT) have been conducted in Europe!*'*, with
fewer reports on the utility of %CDT measurements in Asia"”"". However, for an Asian cohort,
Morinaga et al. reported that %CDT values serve as almost pure indicators of alcohol intake, whereas GGT
and MCV values reflect not only the amount of alcohol consumed but also liver injury and lipid metabolism

disorders™?.

To identify new SLD subgroups, alcohol consumption must be accurately measured. For certain alcohol-
consuming populations, %CDT is a valuable marker, providing more information than GGT or MCV
regarding diagnostic qualities and correlation with alcohol consumption. A %CDT cutoff of 1.78% is used to
identify non-drinkers or light drinkers (sensitivity: 0.72, specificity: 0.84), whereas a 2.08% cutoff is used to
identify heavy drinkers (sensitivity: 0.66, specificity: 0.87)"”.

Direct biomarkers

Several biomarkers, including PEth, EtG, and EtS, measure alcohol levels or alcohol metabolites to detect
alcohol usage"””, and the use of these biomarkers is increasing in clinical settings**'*”.. One study used EtG
in hair to assess alcohol consumption in patients with MASLD"*). According to this study, 10% of patients
who had been previously diagnosed with MASLD had hair EtG results that suggested high-risk alcohol
consumption, which met ALD criteria, and 20% had moderate alcohol consumption, which met MetALD
criteria. However, because of the influence of hair dyes and the requirement for an ideal quantity of hair
samples, the detection of EtG in hair is not widely applicable”..

In contrast, whole-blood PEth is a sensitive and specific biomarker that better identifies individuals with
MetALD™>"* but is more expensive to assess than EtG. Additionally, PEth cannot reliably identify binge
alcohol consumption due to its formation mechanism requiring sustained alcohol exposure over several
days'
experience fewer drinking days or cravings, but one binge drinking episode can result in positive PEth

111]

, and PEth only reflects alcohol exposure within the past 2-4 weeks""”. For example, a patient may

levels, which could affect the assessment of several dimensions of alcohol use quantification"'”, so a single
measurement may not fully capture longer-term drinking patterns. In both the United States and some
European countries, liver transplant hospitals frequently use continuous whole-blood PEth monitoring to
track alcohol use"*. However, PEth testing faces legal barriers in several European countries where privacy
laws prohibit its routine use. Regulations under the EU General Data Protection Regulation (GDPR) classify
PEth as sensitive health data, restricting physician access without explicit patient consent or judicial
approval {Under GDPR, health data processing requires explicit consent [Regulation (EU) 2016/679, Art
9(1)]}. Consequently, clinicians in these regions rely primarily on traditional biomarkers (e.g., liver
enzymes). Interestingly, PEth is not significantly affected by gender or BMI, and a reduction of two units of
alcohol (26 g of pure ethanol) per day results in a PEth concentration reduction of approximately
0.10 pmol/L, with a higher sensitivity of 90%"*”. Further studies have demonstrated that a PEth threshold of
approximately 200 ng/mL identifies up to 60 g/day of alcohol consumption, which aligns with the upper
threshold for MetALD"****”. PEth ranges of 20-200 ng/mL may be useful in detecting alcohol consumption
levels that meet the existing criteria for MetALD"..

To date, PEth has been used in relatively few studies to measure alcohol consumption. The prevalence of
MetALD was 6.4% in a prospective study in the United States that included 374 overweight or obese SLD
patients with MRI-proton density fat fraction 2 5%. PEth demonstrated robust diagnostic accuracy in
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recognizing MetALD [area under the receiver operating characteristic curve (AUROC): 0.81, 95%CI: 0.73-
0.89], with a Youden cutoff value of 25 ng/mL (sensitivity: 0.70, specificity: 0.88). For the diagnosis of
MetALD, PEth both statistically and clinically outperformed all previously utilized indirect alcohol
indicators, such as AST/ALT ratios, MCV, GGT, and the ALD/NAFLD index (ANI) (P < 0.05).
Additionally, PEth performed satisfactorily in diagnosing ALD (AUROC: 0.76, 95%CI: 0.61-0.91),
outperforming the AST/ALT ratio, GGT, MCV, and ANI. However, because of the small sample size of

ALD patients, this difference did not achieve statistical significance"**..

POTENTIAL TREATMENTS FOR METALD

Fortunately, the new nomenclature recognizes that MetALD is a social problem and acknowledges that
individuals with MetALD should be treated in the same way as persons with conditions such as obesity,
diabetes, or smoking-induced chronic obstructive pulmonary disease. Currently, no medications have been
developed to treat MetALD as a distinct disease. Although medications being researched for MASLD may
also be helpful for MetALD, this does not mean that alcohol consumption can be condoned. Abstinence
from alcohol remains the cornerstone of treatment for MetALD.

Abstinence

Approximately 54.1% of Americans use alcohol, and the prevalence of 12-month drinking, high-risk
drinking, and alcohol use disorders (AUDs) in the United States increased between 2001-2002 and 2012-
2013 (65.4% vs. 72.7%, 9.7% vs. 12.6%, and 8.5% vs. 12.7%, respectively)™’. In addition, approximately 11.8%
of patients with AUD develop ALD"'"*. Given that alcohol consumption itself may contribute to the
development of metabolic syndrome, abstinence from alcohol may, to some extent, alleviate metabolic
issues and decrease medication use.

Weight management

Weight management, as a cornerstone in the management of MASLD and consequently in controlling
CRMF, plays a pivotal role. A comprehensive and gradual strategy that includes exercise, bariatric surgery,
dietary restrictions, and nutritional interventions can help individuals to lose weight. Hepatic steatosis is
relieved in patients with MASH when they lose at least 5% of their body weight, MASH is relieved when
they lose at least 7%, and the fibrosis stage is improved when they lose at least 10%"”. Thus, effective weight
reduction is a fundamental and potentially promising therapeutic option for addressing hepatic steatosis
inflammation (MASH), and fibrosis in patients with MASLD, including those with MetALD.

Potential therapeutic medications

THR-P agonist

Resmetirom, an oral selective thyroid hormone receptor beta (THR-B) agonist, has demonstrated efficacy in
the treatment of metabolic dysfunction-associated steatohepatitis (MASH) and is currently the only
medication approved by the United States Food and Drug Administration for the treatment of non-
cirrhotic MASH patients"'”. Phase-2 and phase-3 clinical trials of resmetirom demonstrated that 80 mg and
100 mg doses of resmetirom were better than placebo in improving MASH, and the incidence of serious
adverse events was comparable across study groups. However, resmetirom treatment was associated with
transient mild diarrhea and nausea™"'*. A subgroup analysis of MetALD patients, screened for CDT > 2.5%
and/or PEth > 20 ng/mL, revealed that resmetirom had a similar effect in alleviating hepatic fibrosis and
inflammation'.

PPAR agonist
Pemafibrate is a selective modulator of PPARa. Previous animal studies have shown that PPARa exerts anti-
inflammatory activity by trans-repressing pro-inflammatory target genes"”. Accordingly, preliminary
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studies have demonstrated that pemafibrate may improve liver function in patients with MASLD""*.
However, it is important to note that pemafibrate is not currently an approved therapy specifically for
MASLD or MetALD, and its efficacy and safety for these indications require confirmation in large-scale,
randomized controlled trials. Given that alcohol reduces the activity of the PPARa signaling pathway and
decreases fatty acid B-oxidation, which promotes lipid accumulation in hepatocytes"*, and that PPARa
agonists accelerate the degradation of a wide range of fatty acids, pemafibrate is a potential candidate for
MetALD, pending further clinical validation"*. Pemafibrate is metabolized in the liver and eliminated
through the bile. Therefore, pemafibrate can be administered safely even in patients with poor renal
function, as its blood concentration does not increase significantly in the kidneys.

The dual PPARa/PPARS agonist GFT505 (later renamed elafibranor) has shown promising preclinical and
early clinical outcomes, indicating potential for the treatment of MetALD"”""*?. In a multicenter,
randomized, double-blind, placebo-controlled trial (NCT01694849), in the population that was intended to
be treated, elafibranor treatment did not meet the primary endpoint of MASH remission without worsening
; yet, a post hoc analysis using the revised definition revealed that the MASH pathology resolved
without a worsening of stage 2 or stage 3 fibrotic status. However, elafibranor treatment caused a slight,

[123

fibrosis

reversible increase in serum creatinine, which prompted the other phase-2 and phase-3 studies to be
terminated"*>*". In a recent animal study by Koizumi et al., elafibranor improved intestinal barrier integrity
and dramatically decreased liver fibrosis in ALD mice'*”. These preclinical findings support the potential
beneficial role of elafibranor in alcohol-induced MASLD, which provides a rationale for the development of
this molecular therapy in patients with MetALD!"**"*,

GLP-1 receptor agonist

Liraglutide is a glucagon-like peptide 1 (GLP-1) receptor agonist. A 12-week clinical trial (NCT01237119)
demonstrated that liraglutide reduced BMI, high- and low-density lipoprotein cholesterol levels, and ALT
levels"”*. Another GLP-1 receptor agonist, semaglutide, has been proven in two recent clinical trials to have
weight-loss effects"””'*"). In addition, several studies have shown that GLP-1 receptor agonists can reduce
alcohol intake, indirectly improve inflammation and hepatic steatosis, and eventually reverse fibrosis!*"*\
This combination of weight loss, inflammation reduction, and alcohol intake reduction can have a
significant impact on MetALD. Notably, a 72-week phase 2 trial revealed that daily subcutaneous
semaglutide (0.1-0.4 mg) significantly increased NASH resolution rates versus placebo (up to 59%), though
without significant fibrosis improvement*. In contrast, the phase 3 ESSENCE trial demonstrated that
weekly 2.4 mg semaglutide improved liver histology in MASH patients with moderate or advanced
fibrosis"**. Thus, GLP-1 receptor agonists are anticipated as a targeted medication for preventing major
components of disease progression.

Farnesoid X receptor agonist

Obeticholic acid, an endogenous agonist of the Farnesoid X receptor (FXR), improves insulin sensitivity and
reduces the expression of inflammation and liver fibrosis markers in individuals with MASLD and type 2
diabetes"*". Cilofexor, a synthetic FXR agonist, has been shown to significantly reduce hepatic steatosis in
MASH patients"*”. Recently, two clinical trials (NCT03987074, NCT03449446) investigated the use of FXR
agonists in combination with other drugs for the treatment of MASH"***. However, further research is
required to determine their safety and effectiveness.

These potential treatments investigate the targeted pharmacotherapies for MetALD in non-transplant
clinical contexts. Generalization to transplant recipients or marginal donor livers should be cautious.
Yakubu et al. demonstrated that GLP-1 receptor agonist, in addition to glycemic control, reduced body
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weight and resulted in a lower prevalence of hepatic steatosis in liver transplant recipients*. FXR agonists
have been shown in animal studies to reduce hepatic ischemia-reperfusion injury"*), indicating that some
medications may still have protective potential for the pathologic liver, even though cold ischemic injury to
the donor liver during transplantation may superimpose metabolic abnormalities. Therefore, more studies
should explore their efficacy in transplant settings in the future, especially for grafts with pre-existing
metabolic diseases.

Other possible therapies

Fecal microbiota transplantation
Alcohol consumption has a profound effect on the diversity of gut microbes, and fecal microbiota
transplantation (FMT) is an emerging treatment for related diseases. Although FMT has not been studied in
MetALD, some of the strongest evidence for altered microbiomes comes from studies in severe alcoholic
hepatitis'*'*
well as favorable microbiome changes compared with placebo treatment'

l. FMT is safe and is associated with reduced short-term alcohol cravings and consumption as
“I FMT is a crucial area of
therapeutic research in MetALD, owing to its effects on alcohol consumption, capacity to enhance intestinal

barrier function, and potential to improve metabolic patterns.

Dietary supplementation

Glucosamine, a natural amino monosaccharide, is frequently used as a dietary supplement to support
healthy joints"*. New research suggests that glucosamine possesses advantageous anti-inflammatory and
antioxidant properties, which may benefit liver disease. One study showed that glucosamine enhanced
intestinal barrier function, reduced LPS transfer, and lessened hepatic inflammation in a mouse model of
hepatic steatosis'*. Notably, in a Chinese cohort, Lai et al. found that glucosamine reduced oxidative stress
in the liver and could attenuate acute liver damage caused by alcohol by inhibiting inflammation and
oxidative stress"*. A large cohort study indicated that glucosamine may lower the risk of cardiovascular
disease in MetALD"*!. Therefore, glucosamine supplementation may be a beneficial therapeutic option for

patients with MetALD. Preclinical studies on other dietary supplement formulations are still in progress"*’.

Estrogen supplementation

Sex hormone therapy for MetALD has attracted considerable interest. Given its protective effects”**,
estrogen supplementation has become the primary strategy for hormone therapy. However, when using oral
contraceptives or hormone replacement therapy, excessive alcohol consumption should be avoided, as
alcohol interferes with the liver’s ability to metabolize hormones. Excessive alcohol usage can lead to a
dramatic increase in circulating hormone levels, which raises a woman’s risk of developing hormone-

sensitive breast and reproductive tract malignancies.

METALD-RELATED MODELS

MetALD is a complex condition involving an intricate interplay of multiple factors, including obesity,
insulin resistance, dyslipidemia, and chronic alcohol consumption, and replicating this complexity in an
animal model is a great challenge. Thus, researchers are still in the early stages of creating mouse models for
MetALD. In the DUAL (ALD plus MAFLD) model developed by Bened¢-Ubieto’s research team"*, the
experimental group of mice received a 23-week treatment with the DUAL diet, corresponding to a Western-
style diet consisting of 40% fat, 22% fructose, and 2% cholesterol, along with 10% v/v ethanol added to 6.75%
D-glucose-sweetened drinking water. This diet is straightforward and manageable, and it is linked to
minimal mortality even after prolonged feeding, making it a fairly safe feeding method. However, because of
their quick metabolism, estimating daily alcohol intake from the amount of water consumed by the mice
overestimates their blood alcohol levels.
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Babuta et al. created a preclinical model to investigate MetALD"*); this model replicates the main
characteristics of alcoholic hepatitis in humans, including severe liver inflammation, increased immune cell
infiltration, impaired hepatic synthesis function, raised serum bilirubin, and enhanced liver damage. The
experimental group of mice received a high-fat, high-cholesterol, high-sucrose diet (MASH diet) and
10% v/v ethanol in combination with weekly gavages of 5 g/kg alcohol for 3 months. This preclinical model
can help us understand how MASLD and ALD accelerate liver injury in mice, enabling future studies to test
new therapeutic candidates and elucidate the molecular and cellular mechanisms of MetALD. However, the
long modeling period, reduced body weight, and high mortality rate of this model limit its widespread use
in research.

While current models provide valuable insights into the mechanisms underlying MetALD, their translation
to human trials faces substantial barriers. Designing and conducting clinical studies for MetALD involves
unique complexities: (1) Quantifying alcohol consumption reliably is challenging due to dependence on
self-reporting and societal stigma leading to underreporting'; (2) Regulatory restrictions vary globally
regarding interventions in populations with active alcohol consumption; (3) Ethical considerations arise
when enrolling metabolically compromised individuals with concurrent alcohol exposure. These hurdles
necessitate innovative trial designs and multidisciplinary collaboration. Cross-laboratory research is
required to develop and test complex models that can simulate the chronic part of this disease.

CONCLUSIONS

MetALD is a unique disease entity within the SLD spectrum that has had a significant impact since its
introduction, garnering the attention of hepatologists and other scholars. Numerous studies based on large
databases have explored the prevalence of MetALD and found that it is associated with a risk of different
liver diseases (e.g., cirrhosis, HCC) as well as other diseases. The prevalence of MetALD may be
underestimated due to individual recall bias and underreporting of alcohol use. Thus, there is an urgent
need to identify a reliable, easy-to-test biomarker to recognize different levels and patterns of alcohol use. A
threshold for alcohol consumption to diagnose MetALD must be validated in a prospective study cohort.

Undoubtedly, an appropriate animal model that accurately replicates the many forms of liver damage
caused by MetALD would enhance our understanding of its pathophysiologic mechanisms. Future studies
should give special attention to the pathophysiology of liver damage shared by CMRFs and alcohol
consumption. Because of the lack of animal models that accurately replicate the pathogenesis of MetALD,
treatment options are relatively limited. Elucidating the mechanisms driving MetALD will help researchers
better understand how this condition occurs and will facilitate the development of novel medications to
treat MetALD. However, potential therapeutic medications will require further validation in specific human
clinical trials.
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