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Alcoholic liver disease (ALD) is a globally prevalent chronic liver disease caused by chronic or binge consumption of

alcohol. Metabolites and byproducts generated during alcohol metabolism cause liver damage, leading to ALD via several

mechanisms, such as impairing lipid metabolism, intensifying inflammatory reactions, and inducing fibrosis.
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1. Introduction

Alcohol has long been closely related to human culture, used as a drug, and considered an indulgence . As the

consumption of alcoholic beverages increases, it contributes to the significant elevation of morbidity and mortality

worldwide . In 2018, the World Health Organization (WHO) estimated that alcohol consumption is responsible for three

million deaths worldwide annually, accounting for nearly 14% of the total mortality in people aged 20 to 40 years old . In

addition to social and psychiatric problems, more than 200 diseases that affect several organs, such as the brain, heart,

gastrointestinal tract, and liver, are related to habitual alcohol consumption . Among these alcohol-damaged organs,

the liver is specifically susceptible to damage because the liver is the primary site of alcohol metabolism in the body .

Alcohol metabolism generates products that damage the liver, resulting in alcoholic liver disease (ALD), a main cause of

chronic liver disease . ALD encompasses a broad spectrum of conditions, including alcoholic fatty liver (simple

steatosis), alcoholic hepatitis, alcoholic cirrhosis, and liver cancer . Alcoholic fatty liver is defined by fat

accumulation in hepatocytes without substantial inflammation, or hepatic fibrosis, and is observed in up to 90% of heavy

drinkers . Heavy long-term alcohol consumption accelerates the transition of alcoholic fatty liver into alcoholic

hepatitis, which is characterized by steatosis, ballooning hepatocytes, and infiltration of neutrophils with or without fibrosis

. Alcoholic cirrhosis is a more severe form of ALD and is defined by disorganized liver architecture with

fibrosis .

2. Alcohol Metabolism

Ingested alcohol is absorbed through the stomach and intestines. Less than 10% of absorbed alcohol is excreted in

breath, sweat, and urine. This means that more than 90% of the absorbed alcohol circulates through the body and is

eventually transported to the liver via the portal vein . Due to the high levels of alcohol metabolizing enzymes in the

liver, the liver plays a major role in alcohol metabolism . In the liver, alcohol is metabolized by oxidative and non-

oxidative pathways (Figure 1) . The oxidative pathway is the major pathway for alcohol metabolism and is composed

of two steps. First, alcohol is oxidized to acetaldehyde by alcohol dehydrogenase (ADH), a primary enzyme that converts

alcohol to acetaldehyde . Excess alcohol consumption increases the expression and activity of cytochrome P450 2E1

(CYP2E1), not ADH. Activated CYP2E1 promotes the production of acetaldehyde through the formation of reactive

oxygen species (ROS) . In addition, peroxisomal catalase breaks down alcohol to acetaldehyde, but its action is

considered a minor pathway because of its small contribution to alcohol digestion . The second step in the oxidative

pathway involves the rapid conversion of acetaldehyde to acetate by aldehyde dehydrogenase (ALDH). Acetate is

metabolized into carbon dioxide (CO ), fatty acids (FAs), and water (H O) in peripheral tissues, not the liver . The

nonoxidative pathway accounts for a minor portion of alcohol metabolism in quantitative terms . A small amount of

alcohol is nonoxidatively conjugated to various endogenous metabolites by different enzymes. For example, enzymatic

esterification of alcohol with FAs forms fatty acid ethyl ester (FAEE) and phospholipase D (PLD) catalyzes

transphosphatidylation of phosphatidylcholine with ethanol to form phosphatidylethanol (PEth). In addition, alcohol

conjugated to glucuronic acid and sulfate generates ethyl glucuronide (EtG) and ethyl sulfate (EtS), respectively .
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Figure 1. Scheme for alcohol metabolism in the liver. In the liver, alcohol is metabolized by the oxidative and non-

oxidative pathway. In the oxidative pathway, the major pathway of alcohol digestion, alcohol is oxidized to acetaldehyde by

various enzymes including alcohol dehydrogenase (ADH), cytochrome P450 2E1 (CYP2E1), and catalase. Then,

acetaldehyde is broken down into acetate, which is excreted out of the liver. Especially when excessive alcohol is

consumed, CYP2E1 is activated and promotes formation of reactive oxygen species (ROS). The non-oxidative pathway

accounts for a small amount of alcohol metabolism. Various enzymes nonoxidatively conjugates alcohol with different

endogenous metabolites, producing fatty acid ethyl ester (FAEE), phosphatidylethanol (PEth), ethyl glucuronide (EtG),

and ethyl sulfate (EtS). The byproducts generated during alcohol metabolism injure the liver by increasing lipid

accumulation, inflammation, and fibrosis. Especially, acetaldehyde, the first metabolite of alcohol metabolism, is well

known for toxic compounds. ROS, which are generated by activation of CYP2E1, are also considered as one of the major

contributors of liver damage. In addition, acetate and non-oxidative metabolites are known to damage the liver.

Products generated during alcohol metabolism damage the liver and act as a driving force of ALD progression from

alcoholic steatosis to alcoholic cirrhosis . The most well-known toxic compound produced by alcohol metabolism is

acetaldehyde . Acetaldehyde interacts directly with DNA and causes point mutations and chromosomal damage. It also

binds to a variety of proteins to form acetaldehyde adducts, which distorts liver function and structure . These protein

adducts upregulate CYP2E1 expression and enhance oxidative stress . In addition, Holstege et al.  demonstrated

that protein adducts contribute to lipid accumulation, inflammation, and fibrosis, playing a key role in the pathogenesis of

various stages of ALD. Acetate has been reported to increase portal blood flow by circulating in the bloodstream, although

it is less toxic than acetaldehyde . Nonoxidative pathway-derived metabolites, including PEth and FAEE, are also

known to cause alcohol toxicity, but the mechanisms have not yet been determined .

3. Oxidative Ethanol Metabolites Are Involved in ALD Pathogenesis

Oxidative ethanol-derived metabolites exert a broad spectrum of damage in the liver, ranging from lipid accumulation in

hepatocytes to inflammation, fibrosis, and carcinogenesis (Figure 2). Excessive lipid accumulation in hepatocytes results

in massive hepatocyte death, which triggers pro-inflammatory and pro-fibrogenic responses, increasing the risk of liver

cancer . Because there is a dearth of information about ALD pathogenesis exerted by non-oxidative ethanol

metabolism, this section reviews the mechanisms underlying oxidative ethanol metabolite-mediated hepatotoxicity caused

by excess alcohol exposure .

Figure 2. Harmful effects of acetaldehyde on ALD. Acetaldehyde, one of the oxidative ethanol-derived metabolites, exerts

a broad spectrum of damage to the liver, ranging from lipid accumulation in hepatocytes to inflammation, fibrosis, and
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carcinogenesis. The hepatocytes accumulate lipids by the lipid oversupply (increase of fatty acid (FA) uptake to the liver

and de novo lipogenesis in the liver) and/or the impaired pathway of lipid clearance (decrease of mitochondrial β-oxidation

and secretion of excessive lipids in very-low density lipoprotein (VLDL)). In addition, acetaldehyde activates Kupffer cells,

the liver-resident macrophage, to release reactive oxygen species (ROS) and cytokines that recruit other immune cells.

When exposed to acetaldehyde, Kupffer cells activate the toll-like receptor 4 (TLR4)-mediated nuclear factor (NF)-κB

signaling pathway, triggering inflammatory responses. The acetaldehyde-protein adducts promote the collagen production

by activated hepatic stellate cells (HSCs) via the protein kinase C (PKC) and the TGF-β signaling pathway. ROS-mediated

oxidative stress also accelerates liver fibrosis. Moreover, protein and DNA adducts with acetaldehyde cause hepatic

carcinogenesis. They weaken DNA integrity and interfere with DNA repair system, increasing carcinogenic DNA mutation.

Genetic variations in the alcohol-metabolizing enzymes, such as acetaldehyde dehydrogenase (ALDH)2*2 and alcohol

dehydrogenase (ADH)1C*1 alleles, suppress the activity of the enzymes, enhancing the amount of acetaldehyde.
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