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Pathogenesis of ethanol-mediated liver injury 
(Figure 1)

Biochemical injury

Ethanol is primarily metabolized to acetaldehyde by 
alcohol dehydrogenase (ADH) located in the cytosol of 
hepatocytes. Acetaldehyde is further metabolized to acetate 
in mitochondria by aldehyde dehydrogenase (ALDH). 
Acetaldehyde is toxic due to its high reactivity and may 
go on to form DNA or protein adducts (2). A genetically 
linked deficiency in the enzyme ALDH2 may lead to the 
accumulation of acetaldehyde. Interestingly, this deficiency 
has not been shown to increase the risk of ALD, as these 

variants experience higher rates of flushing and disulfiram 
like reactions upon ingestion of alcohol. These unwanted 
effects tend to cause an aversion to alcohol and significantly 
lower rates of alcoholism (5,6).

A minor proportion of ethanol is alternatively metabolized 
by the microsomal ethanol oxidizing system (MEOS) located 
within the smooth endoplasmic reticulum of hepatocytes. 
MEOS converts ethanol to acetaldehyde through a redox 
reaction that depletes NADPH, generates NADP+, and 
dissipates heat. MEOS activity increases with chronic 
alcohol consumption. MEOS also produces increased 
levels of reactive oxygen species which subsequently leads 
to lipid peroxidation, mitochondrial glutathione depletion, 
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and S-adenosylmethionine depletion. The combination of 
these effects produces increased oxidative stress and liver  
injury (7-9).

Immunologic injury

Once hepatocytes have been damaged by the effects of 
alcohol metabolism, they release endogenous damage-
associated molecular patterns (DAMPs). DAMPs activate 
cellular pattern recognition receptors which trigger 
production of proinflammatory cytokines through the 
actions of a cytosolic protein complex known as the 
inflammasome. The proinflammatory cytokines produced 
lead to the localization of immune cells to the site of 
hepatocyte injury (7). Of these immune cells, neutrophils 
serve as a highly characteristic pathologic sign of AH, 
as they are typically absent in most other forms of 
inflammatory liver disease. Patients with AH demonstrate 
increased plasma IL-8 levels, which may explain the 

presence of neutrophils (10). In addition to increased IL-8 
levels, in vitro hepatocyte ethanol metabolism leads to 
the production of a leukotriene-B4-related arachidonic 
acid metabolite which serves as a further neutrophil 
chemoattractant in human, but not mouse models (11).

Steatosis

Alcoholic steatosis is marked by reduced oxidation of 
hepatic fatty acids and increased lipogenesis contributing 
to the accumulation of triglycerides, phospholipids, and 
cholesterol esters in hepatocytes. Ethanol may exert these 
effects through changes in the NADH/NAD+ ratio and the 
associated downstream effects on β-oxidation or through 
changes in the regulation of lipid metabolism transcription 
factors. Ethanol upregulates sterol regulatory element-
binding transcription factor 1 (SREBP-1), which stimulates 
lipogenesis through its effects on target genes, such as 
fatty acid synthase, acetyl-coenzyme A carboxylase, and 
steroyl-CoA desaturase. This upregulation of SREBP-1 
occurs directly from the actions of the ethanol metabolite, 
acetaldehyde and indirectly from other inflammatory 
effects of ethanol metabolism. In addition, ethanol 
downregulates the negative regulators of SREBP-1, thereby 
further contributing to lipogenesis (12). Ethanol inhibits 
DNA-binding and transcriptional activity of peroxisome 
proliferator-activated receptor α (PPAR-α), with resulting 
downregulation of fatty acid oxidation (13). This inhibition 
occurs directly through the effects of acetaldehyde or 
indirectly from CYP2E1-generated oxidative stress, 
adenosine, downregulation of adiponectin, and zinc 
deficiency (7).

By the time alcoholic steatosis is present but before the 
onset of alcoholic steatohepatitis, innate immune system 
signaling is already present through the action of interferon 
regulatory factor 3 (IRF3). IRF3 activation is a necessary 
step in hepatocyte specific mitochondrial apoptosis. A 
single exposure to ethanol phosphorylates (activates) IRF3 
as a result of endoplasmic reticulum stress. The regulatory 
actions of IRF3 appear to have both pro-inflammatory and 
anti-inflammatory effects, as whole-body knock-out IRF3 
mice are protected from ethanol induced liver injury, but 
IRF3 deficiency in parenchymal cells aggravates ethanol-
induced liver injury in mice (14).

Microbiome disruption

Ethanol is believed to contribute to bacterial overload in the 

Figure 1 Increased gut permeability: alcohol damages tight 
junction integrity in the distal epithelium leading to increased gut 
permeability (1). Increased LPS in hepatic circulation: increased gut 
permeability leads to increased levels of bacterial lipopolysaccharide 
in intestinal venous circulation. This blood eventually enters 
hepatic circulation through the portal vein (2). Stellate cell 
activation: lipopolysaccharide binds to LPS-binding protein on liver 
macrophages known as hepatic stellate cells, leading to downstream 
proinflammatory cytokine and neutrophil recruiting chemokine 
activation. Activated hepatic stellate cells proliferate and take on 
a pro-fibrotic role (3). Fibrogenesis & cirrhosis: activated hepatic 
stellate cells lay down a fibrotic extracellular matrix composed of 
collagens type I and III, glycoproteins, and proteoglycans (4). LPS, 
lipopolysaccharide.
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gut, in part due to small intestinal dysmotility and changes in 
bile. Ethanol also contributes to increased gut permeability 
by disruption of intestinal tight junction integrity. ALD-
associated zinc deficiency contributes to this disruption 
in tight-junction integrity (15). The effects of bacterial 
overload and increased gut permeability lead to an elevated 
level of bacterial lipopolysaccharide (LPS) within the portal 
circulation and the liver. LPS binds to LPS binding protein, 
which activates CD14 on the surface of liver macrophages 
known as Kupffer cells. CD14 then activates TLR4 leading 
to a downstream cytokine activation. In addition, ethanol 
activates the complement system, and the interaction 
between the complement system and Kupffer cells leads 
to further production of proinflammatory cytokines. The 
effects of proinflammatory cytokines (TNF-α, IL-17)  
on hepatocytes and hepatic stellate cells results in the 
production of neutrophil recruiting chemokines such as  
IL-8, CXCL1, and IL-17 (7,16).  Evidence of the 
contribution of TLR4 activation and proinflammatory 
cytokines to ALD has been demonstrated in mouse models. 
Mouse models in which LPS-binding protein, CD14, or 
TLR4 has been knocked out demonstrated decreased risk 
of developing hepatic injury when fed ethanol (1,3,17).  
In addition, hepatic inflammation and necrosis were 
significantly decreased in ethanol fed rats who had been 
administered neutralizing antibodies to TNF-α or who 
lacked the TNF receptor 1 (but not 2) gene (18).

Immune exhaustion

The products of ethanol metabolism, including lipid 
peroxidation products, acetaldehyde, and hydroxyethyl 
radicals can all form protein adducts with proteins located 
within or on the surface of hepatocytes. These protein-
adducts can lead to cellular dysfunction or the creation of 
neoantigens which may elicit a T-lymphocyte mediated 
immune reaction while in the presence of monocytes. This 
immune reaction may result in the death of hepatocytes (13).

Despite the increased inflammation and immune activity 
observed in ALD, the leading cause of death in AH is sepsis-
induced multiorgan failure due to overwhelming bacterial 
infection. Chronic inflammation may lead to immune 
exhaustion through the action of inhibitory receptors on 
T-lymphocytes such as programmed cell death protein 
1 (PD-1) and T-cell immunoglobulin & mucin protein 
3 (TIM-3). The downstream effects of T-lymphocyte 
inhibition elicited by these receptors is associated with 

dysfunction in neutrophil phagocytosis and oxidative burst 
reaction. This dysfunction may be reversed by the use of 
antibodies against PD-1 and TIM-3 (19).

Cirrhosis and carcinoma

Ethanol induced chronic liver injury may lead to fibrosis 
and eventual cirrhosis through the action of hepatic 
stellate cells. Hepatic stellate cells are perisinusoidal cells 
present throughout the liver which store the majority 
of hepatic vitamin A. Upon activation, hepatic stellate 
cells lose vitamin A, proliferate, and assume a profibrotic 
role. Evidence has shown that acetaldehyde and ethanol 
are unlikely to directly contribute to hepatic stellate 
cell activation. However, MEOS produced free radicals 
contribute to the production of lipid aldehydes, which are 
believed to play a role. Activated hepatic stellate cells lay 
down a fibrotic extracellular matrix composed of collagens 
type I and III, glycoproteins, and proteoglycans (4).

HCC may develop in the setting of alcoholic cirrhosis. 
Ethanol has immunosuppressive effects and its metabolite, 
acetaldehyde, acts as a direct carcinogen due to its 
mutagenic effects on DNA. The replicative environment 
created by chronic liver injury and cirrhosis contributes 
to the development of HCC. High hepatocyte turnover 
leads to the accumulation of errors of replication. In 
addition, cells with normal checkpoint inhibition function 
and telomere length eventually stop division and reduce 
the competition for resources experienced by abnormal 
cells. Ultimately, there is an increase in the proportion of 
hepatocytes with the greatest replicative potential, and the 
highest risk of tumorigenesis (20).

Pathogenesis of NAFLD (Figure 2)

NAFLD has both environmental and genetic components. 
Its prevalence in the United States has more than 
doubled over the past 30 years as other components of 
metabolic syndrome have correspondingly increased in the  
population (23). In addition, bariatric surgery has been 
shown to ameliorate NASH in 85% of patients within the 
first year and to reduce fibrosis in 30% (24,25). Twin studies 
have shown a roughly 50% genetic contribution to hepatic 
fat content and hepatic fibrosis (26). Genetic variations in 
hepatic lipid metabolism and insulin signaling have been 
demonstrated to contribute to development and progression 
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of NAFLD (27-29).

Steatosis

Nonalcoholic hepatic steatosis is the result of excessive lipid 
accumulation within the liver. This largely results from 
the excessive importation, diminished exportation, and/or 
diminished breakdown of free fatty acid in the liver. During 
periods of excess macronutrient intake, the liver will convert 
unused carbohydrates and proteins to triglycerides and store 
them. During later periods of diminished macronutrient 
intake or heightened caloric utilization these lipids may 
be broken down and released. Complications of obesity 
may include hyperlipidemia leading to increased levels of 
circulating triglycerides and increased delivery and storage 
of triglycerides in the liver (30).

Insulin resistance

Insulin resistance correlates strongly with the development 
of nonalcoholic hepatic steatosis and causes profound 
changes to normal systemic lipid metabolism. Insulin 
regulates blood glucose levels by driving nutrients from the 
bloodstream into cells postprandially. The development 
of insulin resistance occurs chiefly in muscle and adipose 
tissue, whereas hepatic tissue remains largely spared. As 
muscle and adipose tissue develop diminished sensitivity 
to the effects of insulin, less glucose is delivered to these 
tissues, and a catabolic state occurs where peripheral 
adipose tissue is broken down and free fatty acids are 
released to systemic circulation. To compensate for 
elevated blood glucose levels, pancreatic beta cells secrete 
increasing levels of insulin resulting in hyperinsulinemia. 
The liver, having remained largely insulin sensitive, and 
being exposed to increasing levels of blood glucose, serum 
triglycerides, and insulin enters a hyper-anabolic state 
where it continues to both synthesize and store lipids (21). 
Therapies focused on increasing insulin sensitivity such as 
rosiglitazone, pioglitazone and liraglutide show promise as 
potential treatments for NAFLD. Liraglutide, in particular, 
has shown additional benefits of satiety and weight loss in 
treated patients. A recent study of 68 patients treated with 
liraglutide for 6 months showed a 31% reduction in liver 
fat content as well as significant reductions in body weight, 
BMI, and ALT levels (31).

Biochemical injury

How the buildup of lipids within the liver leads to the 
hepatocellular injury seen in nonalcoholic steatohepatitis 
remains a matter of debate. Roughly one in ten patients 
who develop NAFLD will go on to develop NASH (32). 
This disparity has led to the development of a second 
hit hypothesis, with some believing the effects of insulin 
resistance alone insufficient to explain the development 
of NASH. Free fatty acids may directly lead to damage 
through the induction of oxygen radical  forming 
cytochrome p-450 microsomal lipoxygenases (22). Increased 
lipid metabolism may lead to increased lipid peroxidation 
in which chain reactions between oxygen free radicals and 
lipids can damage mitochondrial DNA and mitochondrial 
membrane structures necessary for beta-oxidation (33,34). 
Patients with NASH have been shown to have significant 

Figure 2 Lipids: insulin resistance causes decreased glucose 
delivery to tissues leading to peripheral lipolysis and increased free 
fatty acids in the bloodstream. Carbohydrates: excess carbohydrate 
consumption and decreased glucose uptake by insulin resistant 
muscle and adipose tissue leads to increased hepatocyte exposure 
to blood glucose. Insulin: as muscle and adipose tissue develop 
decreased insulin sensitivity, pancreatic beta cells secrete increasing 
levels of insulin to maintain blood glucose level homeostasis. 
Hyper-anabolic state: the liver maintains greater insulin sensitivity 
than adipose or skeletal-muscle tissue. The liver is exposed to 
increased blood glucose, free fatty acid, and insulin levels. NAFLD: 
insulin drives hepatic uptake of free fatty acids and carbohydrates. 
Both are converted to triglycerides and stored by hepatocytes 
of the liver (21). NASH: the mechanism behind the transition 
from nonalcoholic steatosis to steatohepatitis remains a matter 
of debate with insulin resistance, oxidative injury, hepatic iron, 
gut hormones, antioxidant deficiency, and host microbiome all 
suspected to play part of the role (22). NAFLD, nonalcoholic fatty 
liver disease; NASH, nonalcoholic steatohepatitis.
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mitochondrial structural abnormalities within their 
hepatocytes. Whether lipid peroxidation alone is sufficient 
to produce these abnormalities is unknown. In the setting 
of mitochondrial abnormalities, it theorized that the shift 
to free fatty acid beta-oxidation seen in NAFLD & NASH 
produces further increased free radical production resulting 
in hepatocellular injury and eventual fibrosis (35).

Antioxidants protect hepatic tissue from the damaging 
effects of oxygen radicals and lipid peroxidation by donating 
electrons and neutralizing these molecules before they 
react with DNA or proteins. However, antioxidants may 
be depleted in the setting of continued oxidative stress or 
insufficient dietary intake. Glutathione, vitamin E, vitamin 
C, and beta-carotene may all become depleted in the setting 
of NASH (36,37). Studies have shown improvements to 
hepatic inflammation and fibrosis in NASH patients with 
long term vitamin C and E supplementation (38,39). In 
addition, another study has shown decreased dietary intake 
of vitamins C and E in NASH patients (40).

Hepatic iron content may also contribute to the oxygen 
free radical damage seen in NASH. Hepatic iron levels 
correlate with insulin resistance and severity of fibrosis 
(41,42). However, homozygosity for the HFE gene, which 
leads to the development of hereditary hemochromatosis, 
has not been shown to increase the risk of NAFLD (43). 
In addition, no improvements in NAFLD measures were 
observed in a study of 74 patients, where active participants 
underwent 6 months of phlebotomy to lower serum ferritin 
levels. Even those patients with hyperferritinemia at 
baseline showed no significant difference in the endpoints 
of hepatic steatosis, ALT levels, or insulin sensitivity (44).

Microbiome disruption

The gut microbiome may contribute to the pathogenesis 
of NAFLD in a similar manner to its contribution in 
ALD. A study showed significantly increased intestinal 
permeability and small intestinal bacterial overgrowth 
in patients with NAFLD (45,46). These patients were 
shown to have compromised intestinal tight junction 
integrity. Colonic bacteria may damage intestinal tight 
junctions through endogenous production of alcohol and 
acetaldehyde (47). Increased intestinal permeability allows 
endotoxins produced by intestinal bacteria to enter portal 
circulation and activate TLR-4 signaling in Kupffer cells, 
leading to downstream increases in proinflammatory 
cytokines (48,49). TLR-4 may trigger MyD88 dependent 
or MyD88 independent pathways, with MyD88-dependent 

signaling playing a more critical role in the pathogenesis 
of NASH than in that of ALD (50-52). Both pathways 
lead to activation of NF-κB, with additional activation of 
proinflammatory cytokines being characteristic of MyD88-
dependent signaling and induction of type I IFNs being 
characteristic of MyD88 independent signaling (53). 
Antibiotics and probiotics have been shown to decrease 
hepatic steatosis in mouse models and in human patients 
(54-56). Probiotic administration has been shown to 
decrease NF-κB signaling in mouse models of NAFLD (56).

Conclusions

ALD and NAFLD are complex multifactorial disorders, and 
the understanding of their pathogenesis remains incomplete. 
Genetics, nutrition, immune activation, reactive oxygen 
damage, and hepatic fat accumulation are all probable 
contributors to their development. The major drivers of 
ALD and NAFLD are the damaging effects of excess alcohol 
consumption and insulin resistance secondary to metabolic 
syndrome and obesity respectively. While potential therapies 
may target any of the above pathways, the most effective 
therapies remain abstinence from alcohol for ALD and 
weight loss for NAFLD. Any attempt to understand the 
pathogenesis, meaning the manner of development, of ALD 
and NAFLD would be remiss to ignore the psychosocial 
and environmental factors at play and their importance in 
patient choice. Behavior and environment remain the largest 
contributors to these disorders. For example, admission 
to alcohol rehabilitation within 30 days of hospitalization 
for AH reduces mortality as much as 80% (9) and low 
socioeconomic status increases the risk of alcohol related 
mortality by 66% for men and 78% for women (57). The 
combination of obesity and smoking is a greater risk factor 
for the progression of alcoholic steatosis to alcoholic cirrhosis 
than any allele thus far studied (58-60). This is all to say that 
in the pathogenesis and the treatment of ALD and NAFLD, 
there are as many intrahepatic factors as extrahepatic factors 
and psychology plays as strong of a role as biology. As the 
understanding of the pathogenesis of these disorders grows 
so too will our options for medical intervention, but lifestyle 
modification is likely to remain the cornerstone of treatment 
for the foreseeable future.
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