
377

Pathogenesis of alcoholic fatty liver disease: Molecular and cellular 
changes

Siti Norain AZAHAR1, Chin Kok YONG 1, Nur Azlina MOHD FAHAMI1,*, Ibrahim Abdel Aziz IBRAHIM2

1Department of Pharmacology, Faculty of Medicine, Universiti Kebangsaan Malaysia, Jalan Yaacob 
Latif, Cheras, 56000, Kuala Lumpur, Malaysia; 2Department of Pharmacology and Toxicology, 
Faculty of Medicine, Umm Al-Qura University, Saudi Arabia

Abstract

Alcohol-related liver disease (ALD) is a significant public health issue, leading to liver injuries, 
including fatty liver, hepatitis, and cirrhosis. The COVID-19 pandemic has exacerbated the problem 
by increasing alcohol abuse and hospitalisations for ALD. Since there are no approved therapies 
for ALD, promoting abstinence from alcohol is the primary approach. However, the mechanisms 
by which alcohol induces fat accumulation in the liver, the disease’s initial stage, are not fully 
understood. This knowledge gap hampers the development of new treatments for ALD. This review 
aims to explore research on alcohol-induced fatty liver and compare it with metabolic-associated 
fatty liver disease. The goal is to merge these findings with current knowledge of ALD and hepatic 
lipid metabolism, including fatty acid oxidation, lipogenesis, and very-low-density lipoprotein 
(VLDL) secretion. Besides lipid metabolism, factors like inflammation, oxidative stress, cellular 
hypoxia, and autophagy also contribute to ALD’s development and progression. By identifying gaps 
in understanding the molecular mechanisms of ALD progression, this review suggests future research 
directions. It emphasises how alcohol disrupts hepatic lipid metabolism, highlighting mechanisms 
leading to alcohol-associated fatty liver disease and other harmful effects of alcohol abuse.
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INTRODUCTION

Alcohol is a psychoactive substance with 
addictive properties. Its consumption and health 
problems are prevalent all over the world. More 
than 200 distinct illnesses and adverse effects 
have been linked to alcohol intake, including 
mental and behavioural disorders, including 
alcohol dependence, major noncommunicable 
diseases, such as liver cirrhosis, some cancers, 
and cardiovascular diseases, as well as injuries 
from violence, car accidents, and collisions. 
Most nations continue to have worrisome rates 
of alcohol-related illness and death.1regional 
and country consumption of alcohol, patterns 
of drinking, health consequences and policy 
responses in Mewomber States. It represents 
a continuing effort by the World Health 
Organization (WHO One of the top five risk 
factors in the world for the onset of disease, 
disability, and mortality is the harmful use 

of alcohol.2 According to the World Health 
Organisation (WHO), alcohol consumption is 
responsible for more than 3 million deaths each 
year, accounting for approximately 5% of all 
global deaths in 2018.3 
	 Alcohol consumption not only affects the 
drinkers and society as a whole, but also has 
social and economic repercussions for other 
individuals. The differences in susceptibility to 
alcohol-related problems across various societies 
and individuals can be attributed to a number 
of factors, such as cultural norms, alcohol 
availability, governmental policies, age, sex, 
family history, socioeconomic level, and cultural 
background.1,4,5	
	 Excessive and long-term consumption of 
alcohol is a prominent contributor to liver 
disease.3,6  It is strongly linked to the development 
of alcohol-associated liver disease (ALD), which 
encompasses a range of conditions, starting from 
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the accumulation of fat in the liver (steatosis) 
and progressing to cirrhosis and hepatocellular 
carcinoma.7  ALD occurs due to heavy or risky 
drinking habits, which involve consuming more 
than 3 standard drinks per day for men and more 
than 2 drinks per day for women, or engaging 
in binge drinking (defined as consuming more 
than 5 standard drinks for men and more than 
4 for women within 2 hours).8  These patterns 
of alcohol consumption increase the likelihood 
of experiencing health issues related to alcohol.9  
The clinical manifestations of ALD range 
from being asymptomatic to severe cases of 
acute alcoholic hepatitis (AH) with or without 
cirrhosis.10 ALD affects around 2-2.5% of 
the general population and is more prevalent 
in regions with higher alcohol consumption 
rates.10 In Western countries, alcohol is a major 
contributing factor in up to 50% of cases 
involving end-stage liver disease.11

	 Therefore, this article aims to provide a 
comprehensive overview of alcohol use disorder 
(AUD) and alcoholic liver disease, a significant 
health issue commonly associated with chronic 
alcoholism. Apart from alcoholic liver disease, 
the focus of this review is to examine one specific 
aspect of the disease, namely alcoholic fatty liver 
disease (AFLD). AFLD is characterised by the 
accumulation of fat in liver cells, representing 
the earliest form of liver damage that typically 
occurs in individuals who engage in long-term 
heavy drinking. The objective is to analyse the 
extent of this problem, its prevalence, and to 
summarise the proposed mechanisms underlying 
its pathophysiology. This review will delve into 
both the metabolic and molecular factors that 
contribute to ethanol-induced steatosis, as well 
as explore the potential mechanisms through 
which liver injury is initiated, leading to the 
development of advanced liver pathology.

1.  Epidemiology of alcohol abuse
There is a lack of comprehensive data on 
the prevalence of ALD. There are regional 
differences in the amount of alcohol consumed. 
As an example, North Africa and the Middle 
East reported the lowest yearly per capita 
alcohol intake at 1.0 L per person, whereas 
Eastern Europe recorded the highest at 15.7 L 
per person.12 A recent study indicates that global 
adult per-capita alcohol consumption increased 
from 5.9 L to 6.5 L between 1990 and 2017 and 
was projected to reach 7.6 L by 2030. In 2017, 
20% of adults were heavy episodic drinkers, 
compared to an estimated 18.5% in 1990, and this 

prevalence is expected to rise to 23% in 2030.13

	 In North America, alcohol misuse and usage 
are pervasive. Over the course of their lives, 
85.6% of adults in the US reported drinking 
alcohol, with 25.8% reporting excessive 
consumption.14  19.1% of people in Canada, 
reported excessive drinking, and 78.2% of 
people overall reported consuming alcohol in 
the previous year.15 In China, where per capita 
annual alcohol intake ranges from 4-6 L per 
person12, a recent study found a prevalence rate 
of 4.5% for ALD, and this rate was expected to 
increase in the future.16

	 In Malaysia, the previous National Health and 
Morbidity Survey (NHMS) conducted in 2011 
and 2015 revealed that the prevalence of current 
alcohol drinkers (including shandy, beer, stout, 
brandy, whisky, wine, samsu, tuak, and others) 
among individuals aged 18 years and above 
was 12.8% and 8.4%, respectively.17 However, 
according to the NHMS 2019 data, the prevalence 
of current alcohol drinkers among Malaysian 
adults aged 18 years and above decreased to 
11.8%, of which 17.6% were categorised as 
risky drinkers. The prevalence of binge drinking 
among adults in Malaysia aged 18 years and 
above was 5.4%, while the prevalence of heavy 
episodic drinkers (HED) was 1.0%.18 In East 
Malaysia, specifically the states of Sabah and 
Sarawak, the prevalence of alcohol consumption 
was the highest in the country, with 18.4% of 
the population currently consuming alcohol in 
Sabah. Among the indigenous people of East 
Malaysia, 37% of drinkers had an alcohol use 
disorder identification (AUDIT) score of 8 or 
more, indicating risky drinking behaviour.19

	 Several attempts have been made to assess 
the impact of alcohol use and alcohol use 
disorders on a global scale, as well as within 
Europe.20,21 It was estimated that one in three 
people worldwide consumes alcohol.22 Although 
drinking patterns vary across countries, the 
overall burden on public health due to alcohol 
use is significant, ranking among the top ten risk 
factors for both mortality and disability-adjusted 
life-years (DALYs).22 This burden was further 
intensified during the COVID-19 pandemic, 
which witnessed an increase in alcohol abuse 
and a subsequent rise in hospitalisation rates 
for ALD.23,24 Globally, alcohol is responsible 
for 5.1% of the overall burden of disease and 
injury, as measured in disability-adjusted life 
years (DALYs) in 2016.3

	 Furthermore, alcohol consumption also 
imposes a considerable economic burden.20 
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Rehm et al. (2009) demonstrated that the 
weighted average cost of alcohol was 2.5% of 
gross domestic product based on purchasing 
power parity (GDP-PPP) among high-income 
countries such as Canada, France, Scotland, 
and the United States. They also found that the 
average social cost was 2.1% of GDP-PPP for 
certain Asian middle-income countries like the 
Republic of Korea and Thailand, and it ranged 
between 0.45% and 5.44% of GDP in another 
study.25

	 The economic impact of alcohol dependence 
in Europe was significant, with the annual direct 
costs ranging from 0.04% to 0.31% of a country’s 
gross domestic product (GDP).26 In the United 
States, based on national databases, the economic 
cost of excessive drinking was estimated to be 
$223.5 billion in 2006. This cost breakdown 
included 72.2% from lost productivity, 11.0% 
from healthcare costs, 9.4% from criminal justice 
costs, and 7.5% from other effects.27

	 Similar to other developing countries, 
Malaysia is confronted with a growing issue of 
alcohol abuse. However, due to limited studies 
conducted, it is challenging to determine the 
precise magnitude of the problem. Nevertheless, 
it is estimated that Malaysians spend over RM 
2 billion on alcohol annually, primarily on beer 
and locally known inexpensive spirits called 
samsu. This amount was nearly four times the 
annual budget allocated for health services in 
the country.28

	 Alcohol is recognised as a pervasive and 
harmful factor in the United Nations’ Sustainable 
Development Goals (SDG) Agenda 2030, 
emphasising the need for effective measures 

to address the disease burden associated with 
harmful alcohol use.29

2. Spectrum of ALD
ALD is a broad category that includes many 
hepatic diseases, the most prominent of which 
is fatty liver, or steatosis. When 4-5 standard 
drinks are consumed daily over several years, 
almost 90% of those with alcohol-related 
problems experience steatosis as their first and 
most common reaction.30 An alcoholic beverage 
that has around 0.5 fluid ounces, or about 14 
grams, of pure alcohol in it is referred to as a 
standard drink. But binge drinking, which is 
defined as consuming four to five drinks in a 
two-hour period, can also result in steatosis.31 
Steatosis was formerly thought to be a harmless 
side effect of alcohol abuse. When individuals 
affected by steatosis abstain from drinking, 
the condition is reversible with a favourable 
prognosis. However, if alcohol consumption 
persists, up to 40% of chronic drinkers may 
progress to more advanced stages of alcoholic 
liver disease, including inflammation, fibrosis, 
cirrhosis, and potentially even liver cancer (refer 
to FIG 1).32 Patients with chronic steatosis are 
susceptible to fibrotic liver disease because the 
presence of fat likely increases the risk of lipid 
peroxidation and oxidative damage.33 
	 The figure illustrates the full spectrum of ALD 
which encompasses a range of conditions from 
steatosis to steatohepatitis, fibrosis, cirrhosis, and 
hepatocellular carcinoma (HCC). The stepwise 
progression of ALD, beginning with a normal 
liver that, in up to 90% of heavy drinkers, 
develops steatosis due to excessive alcohol 

FIG. 1. The Progression of Alcohol-related liver disease (ALD).
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intake. While steatosis is reversible with alcohol 
abstinence, continued drinking can lead to 
alcoholic hepatitis and subsequently to alcoholic 
steatohepatitis with fibrosis, affecting about 
20–40% of individuals. Alcoholic steatohepatitis 
is characterised by liver tissue inflammation 
marked by neutrophil infiltration, Mallory-Denk 
bodies, ballooning degeneration, and hepatocyte 
death. Persistent injury may progress to cirrhosis 
in 8–20% of cases, which may eventually result 
from liver fibrosis, and is characterised by 
widespread scarring and impaired liver function. 
A subset of cirrhotic patients (3–10%) may 
further advance to hepatocellular carcinoma 
(HCC). Any stage of ALD can result in alcoholic 
hepatitis (AH), an acute-on-chronic illness 
that manifests clinically as jaundice, infection, 
and decompensation. While corticosteroids 
and abstinence are treatment options for AH, 
liver transplantation is a possibility for end-
stage liver disease. This clinical trajectory is 
also heavily influenced by a confluence of 
key risk factors determining susceptibility 
and progression—including female sex, binge 
drinking patterns, total alcohol consumption, 
obesity, hepatitis C virus (HCV) infection, 
and specific genetic predispositions such as 
aldehyde dehydrogenase 2 (ALDH2), patatin-
like phospholipase domain-containing protein 
3 (PNPLA3), transmembrane 6 superfamily 
member 2 (TM6SF2), and hydroxysteroid 17-
beta dehydrogenase (HSD17B13). These genetic 
variants are strongly associated with an increased 
risk of progressing to severe ALD. When 
assessing alcohol consumption, it is important 
to note that a serving of 12 fluid ounces of 
beer, four ounces of wine, or 1.5 fluid ounces 
of distilled spirits all contain approximately 
14 grams or 0.6 fluid ounces of pure alcohol.34 
Based on this information, men have a threshold 

for developing severe alcohol-associated liver 
disease when consuming less than 60-80 grams 
of alcohol per day over 10 years.35 On the other 
hand, women appear to be at an increased risk 
of experiencing a similar degree of liver damage 
by consuming 20-40 grams of alcohol per day.36

	 TABLE 1 below presents a visual representation 
of the ascending order of ethanol content in 
various alcoholic beverages, known as “standard 
drinks.” The National Institute on Alcohol Abuse 
and Alcoholism defines a standard drink as 
approximately 14 grams of pure ethanol. The 
alcohol content, expressed as alcohol by volume 
(alc/vol), differs across different beverages. 

3.  Alcoholic fatty liver disease (AFLD) 

3.1  Definition
Alcoholic fatty liver disease (AFLD) is 
characterised histologically by the accumulation 
of fat molecules within hepatocytes, appearing 
as a combination of big (macrovesicular) and 
small (microvesicular) droplets due to increased 
intracytoplasmic triglyceride formation.37 Under 
a microscope, this fat deposition is seen as lipid 
droplets or fat vacuoles in liver tissue sections. 
The hepatocytes that surround the liver’s central 
vein (perivenular hepatocytes) are the first to be 
affected, followed by mid-lobular hepatocytes 
and, finally, periportal hepatocytes, which 
surround the liver’s portal vein.31

3.2. Clinical Signs and Diagnosis 
Obesity, bloating, nausea, vomiting, lethargy, 
and appetite loss are prominent symptoms that 
indicate the existence of ALD.38 However, AFLD 
often exhibits subtle clinical manifestations 
and is often asymptomatic. Occasionally, when 
steatohepatitis is suspected, patients with fatty 
liver may have discomfort in the right upper 

TABLE 1: Examples of “Standard Drink” in multiple alcoholic beverages.31

1 “Standard Drink” equals to:
Types of Beverages Amount
Regular beer (contains 5% alcohol) 12 fl oz
Malt liquor (contains 7% alcohol) 1-9 fl oz
Table wine (contains 12% alcohol) 5 fl oz
Fortified wine like sherry or port (contains 17% alcohol) 3-4 fl oz
Cordial, liqueur, or aperitif (contains 24% alcohol) 1-3 fl oz
Brandy or cognac (contains 40% alcohol) 1-5 fl oz (a single shot)
Distilled spirits like gin, rum, tequila, whiskey, vodka (contains 40% alcohol) 1.5 fl oz shot 
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quadrant, painful hepatomegaly, nausea, and 
jaundice. If an accurate history of drinking 
habits, patterns, and quantity is not gathered, it 
might be difficult to distinguish between alcohol-
induced fatty liver and non-alcohol-induced 
fatty liver (NAFLD), as they have histological 
and clinical similarities.39 Underreporting or 
nonreporting alcohol usage by patients can 
lead to misdiagnosis of the condition in some 
situations.40

	 The patient’s history of alcohol use, a 
physical examination, and laboratory results 
showing liver damage are all used to make the 
diagnosis of ALD.41 Since it can be difficult to 
get a precise history of alcohol use, liver damage 
and alcohol use are detected using particular 
biochemical blood indicators. Measurements 
of aspartate aminotransferase (AST), alanine 
aminotransferase (ALT), γ-glutamyltransferase 
(γ-GT), and mean corpuscular volume (MCV) 
are part of liver function testing. ALD may be 
in its early stages if these markers are elevated, 
but more advanced stages may be indicated 
by reduced albumin, longer prothrombin time, 
greater bilirubin levels, or thrombocytopenia.41

	 An indicator that can be used to differentiate 
between alcoholic and non-alcoholic fatty liver 
diseases is the aspartate transaminase (AST)/
alanine transaminase (ALT) ratio. If the value is 
1 or higher, it is indicative of AFLD; if it is less 
than 1, it strongly suggests NAFLD.42 Typically, 
the AST/ALT ratio is twice as high in 70–80% 
of ALD patients as it is in healthy individuals.8 
Transaminase levels are increased in AFLD by 
more than 5–10 times the normal value, with 
AST values typically being greater than ALT 
values.43

	 The most accurate indicator for evaluating 
drinking patterns is carbohydrate-deficient 
transferrin (CDT), which functions as a highly 
precise biomarker for identifying chronic 
alcohol consumption. Generally, four to five 
days following the most recent alcohol misuse 
incident, the concentration of alcohol metabolites 
in urine as measured by CDT is assessed.44

	 In addition to liver-related biomarkers, 
hepatomegaly and lipid deposits seen on 
computed tomography and ultrasonography 
can be used as indicators of steatosis.43 A 
non-invasive biomarker called FibroTest™ is 
used to assess fibrosis in chronic liver diseases 
such as ALD45 and NAFLD.46 The World 
Health Organization (WHO) recommends the 
FibroTest and SteatoTest for the assessment 
of individuals with metabolic conditions or 

excessive alcohol consumption. These tests can 
be made more accurate in patients with ALD who 
have liver fibrosis or fatty liver by combining 
carbohydrate-deficient transferrin (CDT) with 
other biochemical indicators (e.g., GGT, AST/
ALT ratio).41

	 Moreover, recent research has led to the 
development of various innovative clinical 
criteria scores and biomarkers, offering 
improved diagnostic, prognostic, and potential 
therapeutic options for the management of 
ALD. The assessment of liver toxicity involves 
the measurement of different inflammatory 
mediators such as cytokines, DNA fragmentation, 
and examination of histopathology.47 Several 
scores have been devised, validated, and utilised 
in clinical practice, including the Discriminant 
Function Index (DF), Glasgow Alcoholic 
Hepatitis Score (GAHS), the Age, Bilirubin, 
INR, and Creatinine (ABIC) score, and the 
Model of End-Stage Liver Disease (MELD).48 
Importantly, the implementation of screening 
tools like the Alcohol Use Disorders Inventory 
Test (AUDIT) has proven to enhance detection 
rates and the ability to predict long-term clinical 
outcomes, including hospitalisation for alcohol-
related conditions.49 A score greater than 8 on 
the AUDIT is indicative of harmful or hazardous 
alcohol use, while scores greater than 20 
suggest alcohol dependence (now referred to as 
moderate/severe AUD).50 While liver biopsy is 
an invasive procedure and usually not necessary 
for diagnosis, it can be valuable in determining 
the extent of ALD and ruling out the presence 
of alcoholic cirrhosis (AC).43

3.3  Common Risk Factors for ALD Progression
Several factors have been identified as important 
determinants or modifiers that can either worsen, 
slow down, or even prevent the progression of 
ALD. Notably, women are more vulnerable to 
the development of ALD compared to men, 
even with lower alcohol consumption.51,52 This 
difference increases susceptibility of women to 
alcohol-induced liver injury is likely attributed 
to sex-specific differences in the metabolism 
of alcohol in the gastrointestinal and hepatic 
systems.32 Furthermore, liver damage is 
exacerbated by the amplification of tumour 
necrosis factor-alpha (TNF-α) mRNA, which 
activates macrophages and liver cells, resulting 
in a pro-inflammatory response and increased 
reactive oxygen species (ROS) levels.53 For a 
comprehensive overview of the risk factors, 
please refer to TABLE 2.
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4.  Hepatic Alcohol Metabolism
Alcohol, a polar molecule, can dissolve in both 
water and fat. When consumed, it is absorbed into 
the bloodstream through the digestive system. 
Over 95% of the ingested alcohol is metabolized 
by the liver, with the remaining tiny amount 
being expelled by the respiratory system, urine, 
and perspiration.65

	 Beverage alcohol, such as ethanol, is 
primarily metabolised in the main liver cells 
called hepatocytes, which make up about 70% 
of the liver’s mass.66 The conversion of alcohol 
into acetaldehyde is mediated by three primary 
metabolic pathways or systems, according to 

earlier research. The first system is alcohol 
dehydrogenase (ADH), located in the cytoplasm 
of hepatocytes. ADH uses nicotinamide adenine 
dinucleotide (NAD+) as a co-factor to oxidise 
ethanol into acetaldehyde. ADH1 is the primary 
isoenzyme responsible for ethanol metabolism in 
the liver. Acetaldehyde dehydrogenase (ALDH) 
is responsible for converting the acetaldehyde 
that ADH produces into acetate.67

	 The second major metabolic system is 
cytochrome P450 2E1 (CYP2E1), which is 
found in the smooth endoplasmic reticulum 
(ER) and metabolises various chemicals into 
polar metabolites for excretion. CYP2E1 is the 

TABLE 2: General Predictors for the Progression of ALD

Risk Factors  Description

Quantity, type of 
beverage, and 
drinking pattern 

•  Intake of 40–80 g ethanol/day in men and 20-40 g/day in women produces 
fatty liver

•  160 g per day intake for 10–20 years causes more advanced ALD 
(steatohepatitis, fibrosis, or cirrhosis.9 

Sex •  Women exhibit a higher susceptibility to alcoholic liver disease (ALD) 
compared to men, at a quantity exceeding 20 grams per day. 

•   When women consume the same amount of alcohol as males, they appear 
to be more vulnerable and have greater blood alcohol concentrations. This 
disparity results from women’s bodies having a less percentage of water 
than men with similar weights do.54

•   Women are suggested to have a lower capacity for ethanol oxidation in the 
gastrointestinal tract, known as first-pass metabolism.55 Due to this metabolic 
deficit, women’s livers are exposed to higher doses of ethanol because more 
ethanol can enter the portal circulation. 

•   Sex-based differences in sensitivity to hepatic inflammatory response 
and the capacity to metabolise ethanol in the gut have been identified as 
contributing factors to the increased susceptibility of ALD progression in 
women compared to men.55

Age •   Individuals in the older age group (65 years and above) are at a higher 
risk and exhibit more pronounced impairments caused by ethanol compared 
to younger individuals.56,57 

Genetics •  Specific genetic markers, known as single-nucleotide polymorphisms, 
within genes that encode alcohol-metabolising enzymes, cytokines, and 
antioxidant enzymes have been discovered to be associated with the 
progression of ALD.58

•   The expression of the rs738409 gene is linked to the development of severe 
liver damage, including liver cirrhosis, in cases of ALD. 

•   Alcoholic cirrhosis is independently associated with an allele of the patatin-
like phospholipase domain-containing protein 3 (PNPLA3 I148M), an 
enzyme that breaks down triglycerides.59

Race/Ethnicity •   Alcohol holds a customary significance in the cultural traditions of various 
ethnic communities. 

•   Ethnicity plays a significant role in determining the age and severity at 
which different subtypes of ALD manifest.60
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Nutritional Factors 
and Obesity

•   The consumption of dietary fat, including obesity, contributes to ALD. 
•   There is a significant correlation between alcohol consumption and a higher 

risk of liver injury in people with a high body mass index.61 
•   Dietary unsaturated fat, especially that which is high in linoleic acid, is said 

to encourage alcohol-induced liver damage in mouse models, but dietary 
saturated fat appears to protect against it.62

Drugs •   Alcohol has the potential to interact with various drugs, both prescription 
medications and illicit substances, leading to an increased risk of 
hepatotoxicity. For example, alcohol abuse can worsen the hepatotoxic 
effects of drugs like paracetamol.31

Smoking •   Cigarette smoking increases the incidence of alcoholic cirrhosis in humans 
and has deleterious effects on some liver functions.63

Viral Infections •   Simultaneous infection with hepatitis C (HCV) and hepatitis B (HBV) 
in individuals with alcoholic liver disease (ALD) is linked to accelerated 
progression towards fibrosis, cirrhosis, and potentially hepatocellular 
carcinoma.64 

•   Liver disease in individuals with HIV infection can be attributed to viral 
hepatitis, which occurs within an environment influenced by persistent 
immune activation and altered cytokine patterns.

main enzyme involved in this system. Under 
normal conditions, CYP2E1 metabolises a 
small amount of ethanol (about 10%) into 
acetaldehyde. However, chronic alcohol abuse 
leads to an increase in CYP2E1 expression, 
resulting in enhanced metabolism of ethanol.7  
The endoplasmic reticulum’s catalase, the third 
metabolic system, is dependent on NADPH for 
its oxidative metabolism. Catalase, an enzyme 
containing heme and located in peroxisomes, 
primarily eliminates hydrogen peroxide (H2O2), 
but also plays a role in oxidising ethanol to 
acetaldehyde.7  While catalase is largely involved 
in the brain’s ethanol oxidation process, its 
involvement in the liver is far smaller.68 The 
principal pathway for ethanol metabolism is the 
ADH pathway when there is low concentration 
of ethanol in the blood and tissue fluid. But the 
other two enzyme systems also get involved in 
the metabolism of ethanol when the concentration 
rises above 10 mol/L.7 The overall process of 
alcohol metabolism in the liver is depicted in 
FIG 2 below.
	 The liver’s hepatocytes are principally 
responsible for the metabolism of ethanol, 
sometimes referred to as ethyl alcohol. This 
process involves the consecutive catalysis of 
oxidations that convert ethanol to acetate by 
ALDH2, an enzyme found in the mitochondria, 
and ADH, a significant enzyme found in the 
cytoplasm. Two-mole equivalents of reduced 
nicotinamide adenine dinucleotide (NADH) are 

produced by this process. Another significant 
enzyme involved in ethanol metabolism is 
cytochrome P450 2E1 (CYP2E1), which is 
mainly located in the endoplasmic reticulum. 
In the presence of molecular oxygen (O2), 
CYP2E1 oxidises ethanol to acetaldehyde and 
converts reduced NAD phosphate (NADPH) to 
its oxidised form, generating water. A smaller 
mechanism of ethanol oxidation occurs in the 
peroxisomes as well, where catalase converts 
ethanol to acetaldehyde and water by using 
hydrogen peroxide (H2O2).

5.  Pathogenesis of ALD 
Currently, our knowledge of the intricate 
mechanisms underlying ALD pathogenesis 
remains significantly limited.69,70 As a direct 
hepatotoxin, alcohol consumption sets off a 
variety of metabolic processes that together 
affect the final hepatotoxic consequences.70  
When alcohol is metabolised by hepatocytes, 
it sets off a pathological cascade, involving the 
formation of protein-aldehyde adducts, immune 
responses, lipid peroxidation, and the release 
of cytokines.71 Alcohol-induced fatty liver, 
known as steatosis, is characterised by impaired 
oxidation of hepatic fatty acids, leading to the 
accumulation of triglycerides, phospholipids, 
and cholesterol esters in liver cells, thus 
promoting lipogenesis. Previous studies reveal 
that excessive alcohol intake modifies the ratio 
in hepatocytes of reduced NADH to oxidized 
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nicotinamide adenine dinucleotide (NAD+), 
impairing the mitochondrial beta-oxidation 
of fatty acids and exacerbating the condition 
known as alcoholic fatty liver (AFL).72 
Numerous underlying mechanisms, including 
the direct or indirect regulation of variables 
linked to lipid metabolism, have been clarified 
by recent research and have contributed to the 
development of AFL. Key transcription factors 
involved in lipid metabolism, such as sterol 
regulatory element binding protein 1 (SREBP-1), 
peroxisome proliferator-activated receptor-alpha 
(PPAR-α), and early growth response-1 (Egr-1),
have been implicated. Ethanol increases 
SREBP-1 expression, stimulating lipogenesis 
through the activation of target genes involved 
in fatty acid synthesis. Acetaldehyde, an ethanol 
byproduct, causes direct overexpression of 
SREBP-1, while additional inflammatory 
consequences of ethanol metabolism indirectly 
contribute to this increase. Moreover, ethanol 
decreases PPAR-α’s transcriptional activity 
and DNA binding, which results in less fatty 
acid oxidation.73 Direct acetaldehyde inhibition 
takes place, while indirect inhibition is caused 
by oxidative stress produced by CYP2E1, 
adenosine, and suppression of adiponectin.69 
The diminished expression of PPAR-α further 
contributes to lipogenesis and the development 
of AFLD by promoting fatty acid synthesis 
(FAS) and inhibiting fatty acid beta-oxidation. 
Egr-1 is also strongly induced before the onset 
of steatosis, and all these factors are regulated 
by the principal regulatory enzyme, adenosine 
monophosphate (AMP) -activated protein kinase 

(AMPK). Additionally, alcohol affects various 
factors, including hypoxia-inducible Factor 1 
(HIF-1), which contribute to the development 
of AFLD.72–74 In addition to adiponectin, other 
important humoral factors, such as TNF-α, 
also play a role in regulating alcohol-induced 
steatosis (FIG 3).
	 The figure highlights the interconnected 
metabolic, inflammatory, and gut–liver 
axis disturbances that collectively drive the 
development of alcohol-induced steatosis. 
It shows how alcohol exposure disrupts 
hepatocellular homeostasis through multiple 
signalling pathways, including impaired 
autophagy, altered lipid-regulatory networks, and 
enhanced cytokine-mediated stress responses. 
Through its metabolites, alcohol can cause 
hepatotoxicity either directly or indirectly. 
Alcohol is broken down into acetaldehyde by 
enzymes such as ADH and CYP2E1, which is 
subsequently transformed into acetate by ALDH 
and enters the citric acid cycle as acetyl-CoA. 
Alcohol metabolism through these enzymes 
increases the NADH/NAD+ ratio and generates 
ROS at different stages. ROS are extremely 
harmful because they lower the antioxidant 
capacity of hepatocytes, which results in reduced 
levels of enzymes such as glutathione (GSH), 
catalase (Cat), and superoxide dismutase (SOD), 
leading to increased lipid peroxidation and 
harmful adduct formation. Moreover, alcohol 
causes the intestinal mucosa to become more 
fragile, increasing its permeability, and increases 
the susceptibility of Kupffer cells to endotoxin 
activation via toll-like receptor 4 (TLR4). 

FIG. 2. Major and minor ethanol-oxidizing pathways in the liver.
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	 As a result, pro-inflammatory cytokines 
such as tumour necrosis factor-α (TNF-α), 
ROS, interleukin-1 (IL-1), interleukin-6 (IL-6), 
interleukin-8 (IL-8), and interleukin-10 (IL-
10) are produced at an increased level, which 
amplifies hepatic injury and hinders the transport 
and release of triglycerides. Additionally, 
alcohol can cause steatosis by encouraging 
the synthesis of fatty acids in hepatocytes and 
inhibiting their oxidation. SREBP-1, FAS, and 
AMPK are the two primary lipogenic signalling 
pathways that are impacted by alcohol. Within 
hepatocytes, ROS and inflammatory cytokines 
(notably TNF-α) upregulate lipogenic regulators 
(↑SREBP, ↑FAS) and suppress AMPK, tipping 
the balance toward fat synthesis and impaired 
fatty acid oxidation. Although acute alcohol 
intake may transiently stimulate autophagy 
as a protective response, prolonged exposure 
impairs this process, limiting the clearance of 
lipid droplets and damaged organelles.  Lastly, 
chronic alcohol intake can induce cellular 
hypoxia, leading to the activation of hypoxia-
inducible factor (HIF), which further contributes 
to the development of steatosis. Together, 
these processes converge on the hepatocyte to 
promote triglyceride accumulation, impaired 
lipid clearance, and cellular injury, ultimately 
leading to the steatotic phenotype characteristic 

of early alcoholic liver disease.

6. Factors involved in multiple mechanisms 
of Alcoholic Steatosis
As mentioned earlier in the section on ethanol 
metabolism, the process of oxidizing ethanol and 
acetaldehyde raises the concentration of NADH, 
which modifies the cellular redox potential 
and stimulates lipogenesis or the creation of 
lipids. But the fast accumulation of fat in the 
liver brought on by ethanol cannot be fully 
explained by changes in redox alone. Recent 
studies provide substantial evidence to suggest 
that ethanol-induced steatosis is a complex 
condition influenced by multiple factors, which 
will be discussed in the following section (refer 
to FIG 4).
	 AFLD involves complex interactions between 
hepatic (liver-related) and extrahepatic (outside 
the liver) mechanisms contributing to its 
development, particularly involving increased 
fatty acid production in the liver, influx of fatty 
acids from fat tissue, impaired lipid export from 
the liver, and reduced breakdown of lipids within 
the liver.

6.1 Alcohol Accelerates Hepatic Lipogenesis
Increased lipid synthesis occurs due to the 
upregulation of lipogenic enzymes and cytokines 

FIG. 3. Molecular basis in the pathogenesis of alcoholic fatty liver disease (AFLD).
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(as listed in TABLE 3), which are controlled 
by two transcription factors: SREBP-1c and 
early growth response-1 (Egr-1). Heavy alcohol 
users experience disruptions in hepatic lipid 
metabolism, which results in the liver changing 
from an organ that burns fat to one that stores 
fat. As such, in abstinent people, SREBP-1c is 
largely inactive in the ER of hepatocytes. But 
in binge drinkers or chronic alcohol users, the 
translocation of SREBP-1c from the ER to the 
Golgi apparatus is initiated by hepatic ethanol 
oxidation. In the Golgi apparatus, SREBP-1c 
undergoes proteolytic maturation, converting it 
into an active form. This active form of SREBP-
1c acts as a transcription factor and enters the 
nucleus, where it enhances the expression of 
genes involved in lipogenesis (refer to TABLE 3).
Conversely, Egr-1 binds to gene promoter regions 
linked to alcohol-induced liver damage and 
steatosis and regulates the expression of genes 
that react to cellular stress. One significant gene 
regulated by Egr-1 is TNFα, a cytokine involved 
in lipogenesis. Additionally, since Egr-1 is 
activated shortly after ethanol administration, 
it also regulates the expression of the SREBP-
1c gene.75

6.2  FA influx from adipose tissue
The development of steatosis is facilitated by 
adipose tissue. Excess calories from diet are 

stored as fat in adipose tissue, which is an 
essential location for energy storage. During 
periods of low nutrition (like fasting) or high 
calorie consumption (like exercise), fat can 
be utilised as needed to meet energy needs. 
Researchers have shown that persistent alcohol 
feeding of mice results in increased lipolysis 
(fat breakdown) in adipose tissue, which in 
turn reduces the overall proportion of adipose 
tissue.77,78 Excess fat accumulates in the liver 
due to the liver’s esterification of free fatty acids 
produced from adipose tissue into triglycerides.78

6.3  Alcohol Decelerates Hepatic Lipid Breakdown
Lipid extraction and subsequent oxidation 
are dependent on the breakdown of lipid 
droplets, which contain the majority of hepatic 
lipids. The engulfment of lipid droplets by 
double-membrane-bound vacuoles known 
as autophagosomes is the process by which 
lipophagy, a specialised form of autophagy, 
accomplishes this target. The lipid cargo is 
transported from the droplets to the lysosomes by 
these autophagosomes, where it is broken down 
by lipases, an enzyme that breaks down lipids. 
This process releases free fatty acids, which 
then go through β-oxidation in the mitochondria. 
Consuming ethanol continuously has been shown 
to slow down autophagy, in part because ethanol 

FIG. 4. Mechanisms that contribute to the development of Alcohol-Induced Fatty Liver.

Enzyme Function
Fatty Acid Synthase (FAS) Synthesises fatty acids from palmitate and acetyl coenzyme A 

(CoA).
Acyl CoA Carboxylase (ACC) Converts acetyl CoA into malonyl CoA.
ATP Citrate Lyase (ACL) Produces acetyl CoA from CoA and citrate.
Stearoyl CoA Desaturase (SCD) Converts saturated fatty acids (stearate) into unsaturated fatty 

acids (oleate).
Malic Enzyme (ME) Produces NADPH (reducing equivalents) for the synthesis of 

triglycerides.

TABLE 3: SREBP-1c-Regulated Lipogenic Enzymes.76
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is thought to affect lysosome formation, which 
leaves lysosomes with reduced numbers and 
dysfunction. Thus, the steatotic liver experiences 
a slowdown in the breakdown of lipid droplets.79

	 Excessive alcohol intake further decreases 
the rate of β-oxidation after fatty acids are 
freed from lipid droplets. There are several 
reasons for this slowness. First, when ethanol 
is oxidized, more NADH is produced, which 
prevents mitochondrial β-oxidation. Second, 
the acetaldehyde created by metabolism 
deactivates the transcription factor peroxisome 
proliferator-activated receptor alpha (PPAR-α), 
which functions in tandem with the retinoid X 
receptor (RXR) to control the expression of genes 
related to fatty acid transport and oxidation. 
Through the formation of covalent bonds with 
the transcription factor, acetaldehyde possibly 
deactivates PPAR-α by blocking its recognition 
and binding to PPAR-α promoter regions.74  Third, 
ethanol oxidation, whether acute or chronic, 
results in mitochondrial depolarisation, which 
hinders the production of adenosine triphosphate 
(ATP) molecules and causes outer membrane 
leakage, lowers β-oxidation rates and decreases 
the efficiency of fatty acid import.80 Fourth, 
the hormone adiponectin, which is secreted by 
adipocytes (fat cells), is less produced when 
ethanol is consumed. Studies have indicated that 
the restoration of adiponectin levels in animals 
fed alcohol leads to the normalisation of fatty 
acid oxidation.81 There is evidence to suggest 
that TNFα may also regulate the production 
of adiponectin, and adiponectin also seems to 
restrict the production of the cytokine.82

6.4 Alcohol Causes Defective Hepatic Lipid    
     Export
It is commonly known that the liver primarily 
exports cholesterol and triglycerides in the 
form of very low-density lipoprotein (VLDL) 
particles. Hepatocyte fat accumulation is a result 
of any defect in the synthesis or export of VLDL 
particles. The availability of triglycerides, which 
make up more than half of the lipids in VLDL and 
are kept in cytoplasmic lipid droplets, controls 
the assembly of VLDL. Lipid droplet storage is 
the source of about 70% of the total triglycerides 
found in very low-density lipoproteins (VLDLs). 
To create VLDL triglycerides, these triglycerides 
are subjected to lipolysis and re-esterification. 
It is still unclear how exactly alcohol affects 
lipid droplet lipolysis, VLDL assembly, and 
subsequent secretion, despite past research 
pointing to a connection between altered VLDL 
secretion and the onset of alcoholic steatosis. Yet 

studies have shown that decreased activity of a 
crucial protein involved in the assembly of VLDL 
and decreased synthesis of a key component 
of VLDL are responsible for alcohol-induced 
impairment of VLDL secretion.83,84

7. Molecular Mechanisms of ALD
Considerable research has been dedicated to 
understand the molecular mechanisms involved 
in the pathogenesis of ALD. These mechanisms 
include direct liver damage, the generation of 
ROS caused by alcohol and its metabolites, innate 
immunity activation, and pro-inflammatory 
cytokines production.85 The subsequent section 
will delve into a comprehensive discussion of 
each of these mechanisms, which are critical to 
the development of ALD.

7.1  Alcohol and Its Metabolites Damage the 
     Liver 
Hepatocyte mitochondria and microtubules are 
affected by acetaldehyde, a main byproduct 
of alcohol that damages the liver. Prolonged 
alcohol misuse usually causes CYP2E1 to be 
upregulated, which accelerates the breakdown 
of alcohol into acetaldehyde.86 Acetaldehyde 
interferes with the secretion of hepatocytes 
and mitochondrial fatty acid β-oxidation. 
Furthermore, SREBP-1c transcription is directly 
stimulated by it, and this in turn enhances fatty 
acid production and subsequent accumulation 
in hepatocytes.72 The long-term use of alcohol 
has been linked to the excessive production of 
ROS by the enzyme CYP2E1, which plays a 
crucial role as a mediator within cells. These 
ROS, which include superoxide and hydrogen 
peroxide ions, are essential for promoting the 
inflammatory traits linked to alcohol-induced 
liver injury. They achieve this by increasing the 
proliferation of pro-inflammatory cytokines and 
activating immune cells.86 Furthermore, oxidative 
stress generated by ROS in fatty liver disease 
decreases the production of proteins involved in 
the signalling pathway for energy metabolism, 
such as AMPK, Sirtuin 1 (SIRT1), and STAT3, 
the transcription factor signal transducer and 
activator of transcription 3.87 In addition, zinc 
and adiponectin levels are downregulated by this 
oxidative stress, activating PPARα.72 This results 
in the peroxidation of phospholipids in the liver 
membrane, the production of lipid free radicals, 
and the activation of acetyl-CoA carboxylase 
(ACC), adiponectin, and Egr-1 TNF-α. The liver 
gradually accumulates fatty tissue as a result of 
these molecular processes.72
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7.2  Oxidative Stress 
Alcohol hepatotoxicity is frequently attributed to 
the production of free radicals and the ensuing 
oxidative stress.88 Oxidative stress can be 
initiated by free radicals, which are molecules 
with unpaired electrons.89

	 In contemporary understanding, oxidative 
stress is characterised as the disturbance of 
redox signalling and regulatory mechanisms.90 
Hepatocytes possess numerous potential origins 
of ROS, the activity of which is intensified or 
influenced by prolonged alcohol consumption, 
leading to excessive production of oxidants.90 
Among these sources are CYP2E1-mediated 
oxidation, mitochondrial respiratory chain 
dysfunction, aldehyde oxidase activity, activation 
of Kupffer cells, disruption of lipogenesis, and 
increased cytokine production.88,91

	 Chronic alcohol misuse causes the liver to 
express more CYP2E1, which in turn causes 
abnormalities in lipid peroxidation brought on 
by ROS, or free radicals. Consequently, the 
antioxidant systems responsible for controlling 
critical genes involved in antioxidant defence, 
including nuclear factor erythroid 2-related 
factor 2 (Nrf-2) in ALD, are disrupted.92 
Superoxide dismutase (SOD), glutathione 

(GSH), catalase, peroxidase-1, metallothionein, 
and heme oxygenase (HO-1) are among the other 
significant antioxidant genes implicated in ROS 
scavenging that are significantly impacted.93 
(TABLE 4) Research findings have revealed that 
reactive oxygen species (ROS) produced during 
alcohol metabolism are rapidly eliminated by 
peroxiredoxin-1 and CYP2E1 located within the 
cytoplasmic side of the endoplasmic reticulum 
membrane.94 Consequently, impaired function 
of Nrf-2 disrupts the clearance of ROS. While 
antioxidant mechanisms play a crucial role in 
neutralising a significant portion of reactive 
oxygen species (ROS) to protect cells, some 
ROS can still inflict cellular damage, such as 
lipid peroxidation (LPO), enzyme deactivation, 
and DNA mutations.95

	 Because LPO primarily targets subcellular 
organelles and biomembranes, it is especially 
important in alcohol-induced liver injury.88 
According to Lívero et al. (2014), mice with 
steatosis who were fed a low-protein diet and 
consumed 10% alcohol for six weeks had 
increased levels of LPO. Along with lower 
catalase and SOD activity, the study also 
discovered increased levels of total ROS, 
suggesting that oxidative stress contributed to the 

TABLE 4: Enzymatic Mechanisms to protect against Liver Damage caused by Free Radicals

Enzyme Specific area 
within cells

Role Impact of long-
term ethanol 
consumption

References

Catalase 
(Cat)

Peroxisomes Converts H2O2 to 
H2O

Boosts activity 97

Glutathione-
S-Transferase
(GST)

Nuclei, cytosol, 
mitochondria

Transfers sulphur to 
acceptor molecules

Boosts activity	 97

Glutathione 
Peroxidase 
(GPx)

Cytosol/ 
mitochondria

Scavenges peroxides 
and free radicals

Unaffected 97

Copper–Zinc-
Superoxide 
Dismutase 
(Cu/Zn-SOD)

Cytosol Converts superoxide 
to H2O2

Reduces activity 
and content

97

98

Manganese-
Superoxide 
Dismutase 
(Mn-SOD)

Mitochondria Converts superoxide 
to H2O2

Reduces activity 
and content

97

98

Glutathione 
Reductase 
(GR)

Cytosol Regenerates reduced 
GSH from GSSG	

Reduces activity	 99
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animal’s development of steatosis.96 Additionally, 
acute alcohol consumption was demonstrated to 
elevate LPO and encourage hepatic steatosis in 
mice during a binge drinking scenario. 

7.3  Centrilobular Hypoxia
Both humans and animals that consume alcohol 
on a regular basis experience cell death in the 
oxygen-deficient pericentral areas of the liver.100 
Hepatocytes adjust to cellular hypoxia by using 
less oxygen and increasing gene transcription, 
which controls angiogenesis, erythropoiesis, 
glucose uptake and metabolism, cell death, 
and proliferation.101 Low oxygen levels cause 
hypoxia-inducible factors (HIF) to become 
activated. HIF-1 is a heterodimeric protein 
complex made up of three subunits (HIF-1α, 
-2α, and -3α) among these factors. The principal 
modulator of genes responsive to variations in 
intracellular oxygen tension is thought to be the 
redox-sensitive HIF-1α subunit.102 The control 
of hepatic lipid metabolism has been found to 
be significantly influenced by HIF-2α.103 HIF-1α 
and -2α are more highly expressed in the liver 
of mice consuming alcohol, both acutely and 
chronically. This could account for the early 
development of steatosis in zone 3 hepatocytes 
(perivenular). Zone 2 and even zone 1 
hepatocytes (periportal) may be affected in cases 
of severe liver damage.72 Additionally, in addition 
to the hepatocyte changes brought on by toxins, 
which result in neutrophilic inflammation and 
coagulative necrosis, sinusoidal cells also play 
a role in the pathophysiology of liver injury.104  
Interestingly, several major changes including 
cellular enlargement, blood cell aggregation, 
and disruptions in microcirculation, happen at 
the sinusoidal endothelium.104 

7.4 Microbiome Disruption and Endotoxin      
      Enteric Leakage 
Studies show that long-term alcohol consumption 
can upset the intestinal bacteria’s delicate 
equilibrium, which leads to the buildup of 
toxins in the intestine. Endotoxins accumulate 
in the intestines due to the overgrowth of 
gram-negative bacteria brought on by alcohol 
exposure. Acetaldehyde buildup is also a result 
of gram-negative bacteria and intestinal epithelial 
cells metabolizing alcohol. In tight and adherent 
junctions, this buildup stimulates tyrosine 
phosphorylation, which increases intestinal 
permeability to endotoxins. Endotoxins are 
consequently transported to the liver, resulting 
in inflammatory alterations in the liver as well 
as other organs.105 

	 Additionally, studies show that the production 
of nuclear transcription factors including NF-κB 
and iNOS is stimulated in the digestive system 
by alcohol and its metabolites. By attaching to 
tubulin and triggering intracellular non-specific 
protease C, these compounds increase intercellular 
permeability. As a result, this mechanism causes 
modifications to the microtubule cytoskeleton, 
cytoskeletal phosphorylation, and alterations in 
cell structure. The intestinal barrier’s integrity 
is thereby jeopardized.105,106  Raised amounts of 
bacterial lipopolysaccharide (LPS) are found in 
the liver and portal circulation due to bacterial 
overgrowth and increased intestinal permeability. 
LPS activates CD14 on the surface of Kupffer 
cells, which are liver macrophages, by binding 
to the LPS binding protein. Following CD14’s 
activation of TLR4, cytokines are subsequently 
activated downstream. 
	 The TLR modulates cytokine production 
and release at the same time, which causes 
an overabundance of inflammatory substances 
to be released. The antiviral response and the 
systemic immunological regulatory function 
are hampered by this. As a result, in ALD 
patients, there is a “leak” that permits endotoxin 
to enter the bloodstream.107 Once in the 
bloodstream, endotoxin stimulates inflammation 
and Kupffer cells, which prevents macrophage 
phagocytosis and encourages the production 
of hepatic stellate cells (HSC). TNF-α, IL-
1, IL-17, osteopontin, CXC chemokines, 
inflammatory compounds, and free radicals are 
only a few of the many cytokines that these 
cells generate.72 Particularly IL-17 stimulates 
the production of IL-8 and CXCL1 by hepatic 
stellate cells, which facilitates the recruitment 
of neutrophils.69,70,79–88,71,89–98,72,99–107,73–78  Activated 
Kupffer cells and neutrophils release components 
associated with fibrosis, such as platelet-derived 
growth factor and transforming growth factor 
beta (TGF-β).108 
	 Proinflammatory cytokines and TLR4 
activation have been implicated with ALD, 
according to research on mice models. In 
these models, the likelihood of liver injury 
following ethanol consumption was decreased 
by knocking down TLR4, CD14, or the LPS-
binding protein.109–111

7.5  Inflammation and Immune Exhaustion 
Several by products are produced during the 
metabolism of ethanol, such as hydroxyethyl 
radicals, acetaldehyde, and components of 
lipid peroxidation. These metabolites have 
the ability to adduct with hepatocyte proteins 
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that are either inside or on their surface. These 
protein adducts have the potential to disrupt 
cellular processes or generate novel antigens, 
which could trigger an immune response that 
is mediated by T-lymphocytes in the presence 
of monocytes. The immune response has the 
potential to kill hepatocytes.73 While heightened 
immunological response and inflammation are 
hallmarks of ALD, multiorgan failure brought 
on by sepsis from a severe bacterial infection 
usually accounts for the majority of fatalities in 
alcoholic hepatitis (AH). Due to the activation 
of inhibitory receptors on T-lymphocytes, such 
as T-cell immunoglobulin, mucin protein 3 
(TIM-3), and programmed cell death protein 1 
(PD-1), prolonged inflammation may result in 
immunological exhaustion. The inhibitory effects 
of these receptors on T-lymphocytes can impair 
neutrophil phagocytosis and the oxidative burst 
reaction, contributing to immune system failure.

7.6	 Apoptotic Signalling Pathway and Auto-	
	 phagy in ALD 
Liver cell autophagy and apoptosis are 
pathological abnormalities linked to ALD. Due 
to alcohol’s detrimental effects on the liver 
and its metabolism, hepatocyte death and the 
acceleration of liver disease are caused by 
oxidative stress and inflammatory reactions. 
Numerous studies have concentrated on the 
endoplasmic reticulum (ER) stress brought on by 
oxidative stress in ALD and the apoptosis caused 
by mitochondrial damage. An essential part of 
mitochondria-dependent apoptosis is played by 
elevated reactive oxygen species (ROS) brought 
on by alcohol metabolism. As ROS build up 
in hepatocytes, they suppress the activation of 
the glycogen synthase kinase 3 beta (GSK3β)/
Wnt/β-catenin signalling pathway and down-
regulate cyclin D1, a G1 cell cycle protein in 
hepatocytes. This is accomplished by inhibiting 
the activation of alpha serine/threonine protein 
kinase (AKT).112,113 Cell cycle arrest and the 
initiation of mitochondrial-dependent apoptosis 
are brought on by this. ROS have the ability 
to trigger mitochondrial-dependent apoptosis 
by activating c-Jun N-terminal kinases (JNK)/
P38, nuclear factor kappa-light-chain-enhancer 
of activated B (NF-κB), and apoptosis signal-
regulating kinase (ASK1).114,115 Moreover, 
alcohol metabolism in the liver and gut might 
change gut flora and promote lipopolysaccharide 
(LPS) synthesis, which intensifies inflammatory 
reactions and causes disturbances in lipid 
metabolism and liver inflammation.116 Both ROS 
and LPS increase TNF-α production117, elevate 

pro-inflammatory factors like interleukin-1 beta 
(IL-1β) expression37, trigger apoptotic pathways 
through ER stress, activate caspase cascades via 
JNK/STAT3 and P53118,  and recruit neutrophils 
to trigger Fas ligand-dependent apoptosis.112

	 Autophagy, the self-degradation of apoptotic 
cells via lysosomes119, helps to degrade 
damaged proteins and organelles. Multiple 
studies have shown that autophagy inhibits 
steatosis, inflammation, and hepatocyte death 
in ALD.120,121 	
	 Several mechanisms have been identified as 
inducers of autophagy to protect against alcoholic 
liver damage, including the AMPK-Forkhead 
box O3A (FOXO3A) axis, sorting nexin 10 
(SNX10)/chaperone, ALDH2, and cannabinoid 
receptor 2.116,122–125 

8.  ALD and NAFLD: Pathogenesis and    
    Interchangeable Characteristics
Although both ALD and NAFLD share the 
commonality of excessive liver fat accumulation, 
they have some key differences in their 
development and other traits.
	 The amount of alcohol drank is a criterion 
used to define NAFLD and distinguish it from 
ALD; nevertheless, this criterion was arbitrarily 
and without sufficient evidence established. In 
the United States, alcohol consumption was 
reported in as many as two-thirds of NAFLD 
patients.126

	 Numerous studies have demonstrated a link 
between alcohol consumption and the heightened 
occurrence and advancement of NASH. For 
instance, in the Dionysos Study conducted 
by Bedogni et al. in 2007, which tracked 144 
individuals without steatosis and 336 with 
steatosis over 8.5 years, alcohol intake (20 g/
day) emerged as the most significant risk factor 
for both the onset and resolution of steatosis, 
additionally serving as a mortality indicator 
for people with fatty livers. Specifically, the 
study found a 17% rise in fatty liver incidence, 
a 10% decrease in steatosis resolution, and a 
10% increase in mortality within the fatty liver 
cohort.127  A study monitoring 71 NAFLD patients 
through liver biopsy revealed a correlation 
between fibrosis advancement and occasional 
drinking (at least once per month) as well as 
increased weekly alcohol intake. 
	 The authors advise against severe episodic 
drinking in these patients because the results 
showed that moderate alcohol use accelerated 
the advancement of fibrosis in NAFLD.128 An 
comprehensive cohort research with 58,927 
young and middle-aged Koreans with NAFLD 
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who had initially low fibrosis scores discovered 
an independent relationship between declining 
fibrosis and light and moderate alcohol usage 
as opposed to abstaining from alcohol. When 
alcohol consumption was moderate, the effect 
was most noticeable. The authors also suggested 
that there might not be a safe limit on alcohol 
intake.129  When compared to people who 
refrained from alcohol, a longitudinal study 
that examined liver biopsies from NAFLD 
patients revealed that low to moderate alcohol 
use was associated with a limited improvement 
in steatosis, raised AST levels, and reduced 
resolution of NASH.130 A separate study 
indicated that complete alcohol abstinence could 
potentially halt disease advancement and was 
the key determinant for survival among patients 
with confirmed cirrhosis.131 In individuals with 
NAFLD, consuming mild to moderate amounts 
of alcohol might serve as a contributing factor 
to the development of HCC. A study involving 
routine health screenings of Korean patients aged 
between 40 to 80 years found that the incidence of 
HCC correlated with hepatitis B and C infections. 
Furthermore, the risk of HCC increased with each 
additional 20 g/day of alcohol intake, with higher 
percentages observed in older age groups.132  The 
evidence presented in these studies highlights a 
clear association between alcohol consumption 
and the progression of steatosis, fibrosis, and 
the development of cancer. 
	 Furthermore, there is growing evidence of 
a synergistic relationship between alcohol and 
obesity in liver-related health issues. Recent 
research has shown that obesity and metabolic 
syndrome (MetS) exacerbate the progression of 
ALD and increase the likelihood of developing 
HCC as well as mortality rates. In comparison 
to controls (16.4% [CI, 8–25%]), heavy drinkers 
(46.4% [95% CI, 34–59%]) and obese people 
(75.8% [CI, 63–85%]) had greater prevalences 
of steatosis, according to the results of a cross-
sectional investigation. Interestingly, there was 
an additive effect observed in the significantly 
higher frequency of NAFLD (94.5% [CI: 
85–99%]) among heavy drinkers who were 
also obese. The study also found that among 
heavy drinkers, obesity doubles the incidence 
of steatosis.133 			 
	 An analysis of the Third National Health 
and Nutrition Examination Survey (NHANES 
III) data found that MetS and excessive alcohol 
consumption were independently linked to higher 
mortality rates in individuals with steatosis. This 
underscores the significance of acknowledging 

alcohol consumption as a compounding factor 
in the context of overweight and obesity.134 
Two population-based studies in Taiwan have 
established a correlation between body mass 
index (BMI) and both the incidence and 
mortality of HCC. These studies highlighted that 
the combined presence of obesity and alcohol 
consumption synergistically increases the risk of 
developing HCC.135 A comparison between these 
two prevalent causes of chronic liver disease is 
presented in TABLE 5. 

CONCLUSION AND FUTURE 
PERSPECTIVES

The pathogenesis of AFLD involves complex 
interactions between hepatic and extrahepatic 
factors. This review has examined established 
molecular mechanisms underlying AFLD, based 
on current literature and recognised models of 
ALD. Key pathways include oxidative stress, 
dysregulation of lipogenic gene expression 
and inflammatory cytokines, centrilobular 
hypoxia, and impaired autophagy. However, 
our understanding of these molecular mediators 
in humans remains limited. The coexistence of 
MetS, particularly in individuals with obesity, 
exacerbates the progression of ALD, increasing 
the risk of HCC and related mortality. Addressing 
the dual aetiology of liver disease requires a 
comprehensive strategy that prioritises early 
identification and preventive treatments, 
especially given the global rise in obesity, MetS, 
and evolving patterns of alcohol consumption. 
In regions such as Malaysia, per capita alcohol 
consumption statistics may underestimate actual 
intake due to the availability of potent, low-
cost brews not captured in national data. This 
discrepancy presents significant public health 
challenges. The associated socioeconomic 
burden, compounded by rising disease rates and 
the progression of ALD to more severe stages, 
highlights the urgency of targeted interventions. 
In response, government measures have included 
public awareness campaigns on the harms of 
alcohol and stricter enforcement of licensing 
regulations for alcohol retailers. However, 
there remains a pressing need to expand health 
education efforts—particularly around alcohol 
use disorder—through diverse media platforms 
and primary healthcare services. These initiatives 
aim to increase public awareness of the health 
and social consequences of alcohol misuse 
and encourage healthier behavioural choices. 
Acknowledging sex differences is essential, 
as studies indicate that women develop liver 
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TABLE 5: Contrasts and similarities of AFLD and NAFLD

ALD NAFLD

Public health 
importance

Associated with morbidity, 
(including psychiatric 
comorbidities), healthcare 
utilisation, and mortality in affected 
people from various socioeconomic 
backgrounds.136 

Arise from the imbalance between 
caloric intake and expenditure in 
individuals, due to a global increase 
in food consumption, higher per 
capita income, sedentary behaviour 
and lifestyle, and a rising BMI.137–139

Risk factors

Alcohol intake, genetic 
predisposition, microbiome 
composition, and endotoxemia.140

Metabolic syndrome, sedentary 
lifestyle, type 2 diabetes, genetic 
predisposition, and microbiota 
composition.140

Clinical features Asymptomatic to cirrhosis

Diagnosis

Patient’s alcohol consumption history alongside laboratory and imaging 
tests, but the accuracy of these methods may vary.141 Discriminant indices 
such as the ALD/NAFLD index (ANI) demonstrating high diagnostic 
accuracy.142,143

Laboratory biomarkers
Increased gamma-glutamyl 
transpeptidase (GGT) levels, 
macrocytic anaemia, elevated 
ESR, thrombocytopenia, and 
elevated AST/ALT ratio, especially 
exceeding a value of 2, are highly 
indicative of ALD.144

Typically, the AST/ALT ratio is 
less than one.145 An elevated serum 
ferritin level, exceeding 1.5 times 
the upper limit of normal (ULN), is 
linked to increased NAFLD activity 
score and advanced fibrosis.146

Scoring systems
The Glasgow Alcoholic Hepatitis 
Score (GAHS), Maddrey’s 
discriminant function (mDF), 
the Age-Bilirubin-International 
Normalised Ratio (INR)-Creatinine 
(ABIC) score, and the Lille score 
are useful for predicting short-term 
survival in patients with alcoholic 
hepatitis.147,148 
The Alcohol Use Disorders 
Identification Test (AUDIT) scores 
indicate the extent of harmful 
alcohol consumption and related 
behaviour.149

The Brunt score150 and the NAFLD 
activity score (NAS)151 are effective 
in distinguishing between simple 
hepatic steatosis and nonalcoholic 
steatohepatitis (NASH).152 

Histological findings
Greater inflammatory cell 
infiltration.153

Higher degree of fatty degeneration 
in liver cells.153

Imaging studies and non-invasive methods

Ultrasound findings may include hyperechogenicity.140 Validated noninvasive 
procedures for determining the fibrosis stage in patients with ALD and NAFLD 
include transient elastographyand fibrosis indices,154 the AST/platelet ratio 
index (APRI),155 the Fibrosis-4 (FIB-4) index,156 and FibroTest.157
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Pathophysiological 
hallmark

The accumulated fat plays a passive 
role in an inflammatory process that 
damages hepatocytes containing 
fat, with immune cells in the liver 
triggering the process.158

The presence of an enlarged, 
dysfunctional, insulin-resistant 
adipose tissue leads to ectopic fat 
deposition and hepatic storage 
imbalance, with lipotoxicity being 
the main cause of hepatocyte 
injury.159

Hepatic Fat Accumulation

Ethanol enhances acetyl-CoA 
carboxylase (ACC) activity, the 
key enzyme in de novo lipogenesis 
(DNL), and inhibits palmitic acid 
oxidation rate, resulting in changes 
to fatty acid metabolism and the 
development of steatosis.160,161

Excessive calorie intake enlarges 
adipocytes and increases their 
number, inducing insulin resistance, 
unregulated lipolysis and reduced 
fatty acid uptake, releasing free 
fatty acids (FFA) into circulation. 
Hepatocytes subsequently uptake 
FFA, promoting lipid droplet 
formation.
DNL is frequently increased, 
which is associated with SREBP1c 
overexpression and peroxisome 
proliferator-activated receptor-alpha 
(PGC1-α) inactivation.162,163

Insulin Resistance

Alcohol could induce insulin 
resistance (IR) and heighten the 
susceptibility to type 2 diabetes 
mellitus (T2DM) and advanced 
liver disease.164

Hyperinsulinaemia further activates 
the transcription factor SREBP-1c, 
which upregulates genes involved 
in DNL, thereby exacerbating 
steatosis.165 

Deteriorating IR is regarded as 
a potential catalyst for disease 
advancement in NAFLD.166

Cell Death Pathways

Ethanol-induced endoplasmic 
reticulum (ER) stress and 
lipotoxicity, alongside reactive 
oxygen species, activate B-cell 
lymphoma 2 (Bcl2) apoptosis 
initiators167 while suppressing 
guardian members, leading to cell 
death via caspase activation in 
mice.168

Aside from apoptosis, there are 
additional lytic forms of cell death 
such as necroptosis, pyroptosis, and 
ferroptosis, which are linked to cell-
membrane permeabilization.169

Immune Response

Neutrophils play a role in ALD 
progression by releasing reactive 
oxygen species (ROS), proteases, 
and proinflammatory mediators.170

Toll-like receptor 4 (TLR4) in 
NASH is activated by certain 
damage-associated molecular 
patterns (DAMPs), such as high-
mobility-group protein box 1 
(HMGB1), which considerably 
contributes to the early progression 
of NAFLD.171

Pathogenic 
processes
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Inflammasome

Early stages of ALD exhibit heightened inflammasome activity and 
interleukin 1 (IL-1) production, contrasting with NASH where this 
is not typically seen early on.172 Kupffer cells are the primary site of 
inflammasome activation in ALD, whereas hepatocytes are the primary site 
in NASH.173

Microbiota, Endotoxins, and Oxidative Status
Changes in the gut microbiome contribute to increased intestinal 
permeability, enhanced translocation of bacteria and their byproducts to the 
liver through the hepatic portal vein, and elevated levels of endotoxins like 
lipopolysaccharides (LPS).174

Prolonged alcohol consumption 
enhances the expression of the 
NADPH oxidase 4 (NOX4) enzyme, 
a major ROS source, resulting in 
elevated mitochondrial superoxide 
levels, increased apoptotic cell 
numbers, and lipid accumulation.175

Oxidative stress is implicated 
in hepatic injury progression in 
NAFLD, spanning from steatosis to 
steatohepatitis, fibrosis, cirrhosis, 
and HCC.176 Lipotoxicity is also 
linked to this process.177

Current 
management

Alcohol abstinence. Lifestyle modifications, exercise 
interventions, and dietary changes.

No approved treatment available. Treatment primarily aimed at managing 
disease progression and mitigating risk factors.

[Abbreviations: ANI: ALD/NAFLD index;  GGT: gamma-glutamyl transpeptidase; ESR: Erythrocyte Sedimentation 
Rate; AST/ALT ratio: serum aspartate to alanine amino-transferase levels ratio; ULN: upper limit of normal; GAHS: 
the Glasgow Alcoholic Hepatitis Score, mDF: Maddrey’s discriminant function, ABIC score: the Age-Bilirubin-
International Normalised Ratio (INR)-Creatinine score; The Alcohol Use Disorders Identification Test (AUDIT); 
NAFLD activity score (NAS); APRI: AST/platelet ratio index; FIB-4 index: Fibrosis-4 index; ACC: acetyl-CoA 
carboxylase; DNL: de novo lipogenesis; FFA: free fatty acids; PGC1-α: peroxisome proliferator-activated receptor-
alpha; IR: insulin resistance; T2DM: type 2 diabetes mellitus; ER: endoplasmic reticulum; ROS: reactive oxygen 
species; DAMPs: damage-associated molecular patterns; HMGB1: high-mobility-group protein box 1; TLR4: toll-like 
receptor 4; IL-1: interleukin 1; LPS: lipopolysaccharides; NOX4: NADPH oxidase 4]

damage at lower levels of alcohol exposure 
and face a higher risk of cirrhosis compared to 
men. Although previous research has highlighted 
clinical disparities in ALD presentation 
between sexes, further investigation is needed 
to understand the increasing prevalence of this 
disease in women and the specific mechanisms 
underlying sex-related differences in alcohol 
metabolism. AFLD remains a compelling area for 
research, particularly due to the lack of approved 
treatments. Various combination therapies have 
been developed to address hepatocyte injury, with 
lifestyle modifications—such as reducing alcohol 
intake, quitting smoking, managing obesity, 
and adopting a balanced diet—forming key 
components of treatment for hepatic steatosis. 
Alcohol abstinence is crucial at all stages of 
ALD, as it can lead to the resolution of simple 
alcoholic steatosis and improve survival in 
individuals with cirrhosis or decompensated liver 
failure. However, preventing relapse remains a 

major challenge, underscoring the importance 
of sustained patient motivation and adherence 
to treatment plans. Recent studies have also 
explored the role of antioxidants in mitigating 
oxidative stress and supporting liver health. For 
example, vitamin E supplementation, examined in 
both animal models and clinical trials, has shown 
potential in reducing hepatic lipid accumulation 
by restoring redox balance, decreasing apoptosis, 
and limiting oxidative damage.178 Future research 
on the molecular mechanisms underlying AFLD 
should be prioritised, with a focus on several key 
areas. Firstly, there is a need to identify novel 
molecular targets and elucidate specific pathways 
involved in AFLD development, using advanced 
techniques such as omics approaches. Secondly, 
molecular insights should be leveraged to 
develop targeted therapeutic strategies for AFLD 
treatment, including personalised medicine based 
on molecular profiling. Longitudinal studies can 
provide valuable insights into how molecular 
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signatures evolve throughout the progression 
of AFLD, thereby enhancing prognosis 
and monitoring efforts. Emphasising the 
investigation of molecular mechanisms—through 
advanced technologies and targeted therapeutic 
approaches—is essential for a comprehensive 
understanding of AFLD pathogenesis. Such 
knowledge is critical for developing effective 
prevention and treatment strategies for this 
increasingly prevalent liver disease.
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