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Background and Objective: Chronic alcohol consumption results in fatty liver, steatohepatitis, fibrosis, 
cirrhosis and cancer. Ethanol stimulates hepatocarcinogenesis through hepatic fibrosis and through specific 
fibrosis independent mechanisms. This review tries to explain how fibrosis is initiated by ethanol and how 
it represents the basis for the development of hepatocellular cancer (HCC). In addition, it is illustrated 
how other ethanol specific mechanisms add their carcinogenic potential to this process. Ethanol-specific 
mechanisms such as oxidative stress, acetaldehyde and metabolic alterations damage hepatocytes with the 
activation of hepatic stellate cells (HSCs) and the initiation of the fibrotic process. In addition, ethanol-
mediated gut dysbiosis results in the uptake of endotoxins from the gut to the liver with the activation of 
Kupffer cells (KCs) and HSCs to secrete extracellular matrix (ECM). Ethanol also induces cytochrome 
P4502E1 (CYP2E1) to enhance its own oxidation. This induction has enormous negative consequences 
involved in hepatocarcinogenesis. 
Methods: According to the literature available on PubMed in English language from 1970 to 2021, this 
review summarizes mechanisms by which ethanol stimulates hepatic fibrogenesis linked to carcinogenesis 
and hepatic cancer development independent of fibrosis. 
Key Content and Findings: Chronic alcohol consumption with a daily quantity of more than 40 grams 
is associated with an increased risk for cirrhosis of the liver and finally HCC. In addition to cirrhosis various 
other ethanol-mediated mechanisms contribute to hepatic cancer development. Modifying risk factors 
include the amount of alcohol consumed, genetics, female gender, and other underlying liver diseases.
Conclusions: The two major drivers of fibrogenesis and thus carcinogenesis are gut dysbiosis and 
oxidative stress due to the induction of cytochrome P4502E1 with its negative consequences, the generation 
of reactive oxygen species (ROS), which contribute to both fibrogenesis and carcinogenesis. In addition, the 
induction of CYP2E1 results in the activation of various pro-carcinogens and in the loss of retinoic acid. 
Ethanol also alters DNA- and histone methylation and acetylation with its impact on carcinogenesis and 
suppresses the immune response by various mechanisms. Most recent data implicate that the inhibition of 
CYP2E1 improves non-cirrhotic alcoholic liver disease (ALD). Clinically individuals with a daily intake of 
more than 40 grams ethanol should reduce their alcohol intake. If they are not able to do so, they should 
seek medical help for the treatment of their alcohol use disorder (AUD). For early detection of ALD they 
should undergo hepatic screening examinations. 
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Introduction

According to the WHO, chronic alcohol consumption is 
a risk factor for more than 200 diseases (1). Among them 
is alcoholic liver disease (ALD), one of the most prevalent 
liver diseases in Europe and the United States (2). Alcohol 
affects the liver in a typical sequence, starting from alcoholic 
fatty liver (AFL) to steatohepatitis, fibrosis, cirrhosis and 
finally hepatocellular cancer (HCC). However, alcohol is 
not only a hepatotoxin, but also a hepatocarcinogen. The 
fact that chronic alcohol consumption is associated with 
an increased risk also for extrahepatic organs, such as the 
upper alimentary and respiratory tract, the colorectum, and 
the female breast, demonstrates the specific carcinogenic 
effect of ethanol independent from liver cirrhosis (3). It is 
noteworthy that the administration of ethanol (5% in the 
drinking water) to B6C3F1 mice for more than two years 
resulted in a significant generation of hepatic adenomas and 
hepatocellular carcinomas without the administration of 
an additional carcinogen (4). The International Agency for 
Research on Cancer (IARC) in Lyon has classified ethanol 
as a class 1 carcinogen and has emphasized that acetaldehyde 
derived from ethanol metabolism is responsible at least for 
cancer of the esophagus (5). 

For the liver, alcohol-driven fibrogenesis and additional 
specif ic  mechanisms by which ethanol st imulates 
carcinogenesis act in concert to generate HCC. In this 
review, major focus has been laid on the role of alcohol 
in fibrogenesis, its role in cancer development and on 
unique mechanisms of alcohol, independent from cirrhosis, 
stimulating carcinogenesis. So far it is believed that, similar 
as in other liver diseases, hepatic fibrosis and cirrhosis 
are the predominate prerequisites for the development of 
HCC. We describe here additional important ethanol-
specific mechanisms which may act in concert and add its 
carcinogenic potential not only with respect to ALD, but 
also with respect to other types of liver disease. For more 
detailed information on alcohol and HCC, it is referred to 
two excellent reviews published only recently (6,7).

In this review, publications from 1970–2021 have been 
considered with major emphasis on the past 20 years. All 
literature included was published in international journals in 
English, except for two summaries in the German language. 
This review includes all important research contributing to 
the current knowledge in the field.

We present the following article in accordance with the 
Narrative Review reporting checklist (available at https://

dmr.amegroups.com/article/view/10.21037/dmr-21-91/rc). 

Epidemiology

According to the WHO report approximately 280 million 
individuals (4.1% of the population above 15 years of age) 
suffer from alcohol use disorder (AUD). Chronic harmful 
alcohol consumption results in approximately 3.3 million 
deaths every year (5.9% of all deaths) (7). ALD is the most 
relevant liver disease in Europe and in the United States. 
The Global Burden of Disease (GBD) project estimated  
1.25 million deaths due to cirrhosis and chronic liver disease 
in 2016 worldwide (8). Approximately 30% are attributable 
to alcohol. 

Worldwide, HCC is the second-highest cause of cancer-
related death in men and the sixth highest in women. Of 
the 245,000 deaths caused by HCC, again in approximately  
30 per cent alcohol was the major contributor (9). 

Thus, unquestionable chronic alcohol consumption, 
defined as more than 40 grams of alcohol per day, consumed 
over years is not only one cause, it is the major cause for 
liver disease at least in Europe and in Germany. 

For several years, it has been emphasized that non-
alcoholic fatty liver disease (NAFLD) accounts for more 
deaths than ALD. However, it is difficult to separate these 
two entities since many individuals with NAFLD do drink 
additionally and it is well known that obese and overweight 
persons are especially prone to alcohol (10) as discussed 
below.

Methods

This is a narrative review with a literature search on 
PubMed. The search was performed between August and 
November 2021 (Table 1).

Risk factors for ALD and HCC (Table 2)

The amount of alcohol

Since there is a linear dose-response relationship between 
alcohol consumption and the risk of cirrhosis and HCC, the 
amount of alcohol provides an indication for cirrhosis and HCC 
risk. Thus, >40 g per day over a sustained period of time (years) 
significantly increases the risk for advanced liver disease (11).  
The Dionysos study demonstrated a risk for ALD of 
approximately 7 for consumption of 50 grams alcohol per day 

https://dmr.amegroups.com/article/view/10.21037/dmr-21-91/rc
https://dmr.amegroups.com/article/view/10.21037/dmr-21-91/rc
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and of 26 for consumption of 100 grams per day (12). 

Genetics

The fact that only 10 to 20 per cent of individuals who drink 
heavily develop ALD suggests that individual risk factors 
exist. Clinicians knew that some patients with alcoholic 
cirrhosis reported a family history of ALD. Furthermore, 
monozygotic twins have a higher concordance rate for 
alcohol-related cirrhosis than dizygotic twins (13).

In the last  years,  the genetics on ALD became 
clearer. Several large, genome- wide association studies 
demonstrated that patatin-like phospholipase domain-
containing protein 3 (PNPLA3) and, to a lesser extent, 
transmembrane 6 superfamily member 2 (TM6SF2) and 
membrane-bound O-acyltransferase domain-containing 
protein 7 (MBOAT7) are important genetic determinants 
of risk and severity of ALD (14-18). PNPLA3 is closely 
involved in lipid metabolism and is a risk factor for NAFLD 

and HCC. The mechanisms by which PNPLA3 influences 
the development of ALD are unclear. Mutation in TM6SF2 
can result in hepatic fat accumulation due to a defect in the 
secretion of very-low-density lipoproteins, and mutation in 
MBOAT7 can affect the acetylation of phosphatidylinositol. 
Most recently, Stickel and his group identified the minor 
A allele in MARC1:rs2643438 as a gene loci decreasing 
the risk for alcoholic cirrhosis, while the minor C allele 
in HNRNPUL1:rs15052 increases the risk (18). MARC1 
protein is involved in the detoxification of various 
xenobiotics including acetaldehyde and in the regulation 
of nitric oxide production, whereas HNRNPUL1, among 
others, can regulate transforming growth factor-β (TGF-β), 
a pro-fibrogenic cytokine. 

Female gender

Women are more prone to alcohol compared to men, 
especially with respect to ALD (19). The reason for this is 
not clear, but may include:

(I)	 A lower first pass metabolism of alcohol in the 
stomach, leading to an increased absorption of 
alcohol (20,21). Thus, ethanol blood concentrations 
in women are significantly higher as those in men 
when the same amount of alcohol per kg body 
weight is consumed. 

(II)	 A decrease in the water distribution space leading 
to higher alcohol levels as compared to men when 
the same amount of alcohol per kg body weight is 
ingested (22). 

(III)	 An inhibition of estrogen degradation by alcohol 
resulting in higher blood estrogen concentrations  

Table 2 Risk factors for ALD

The quantity and time period of daily alcohol consumption

Genetics

Female gender

Pre-existing other types of liver diseases

Additional drug intake and exposure to certain xenobiotics

Vitamin A or β-carotene in excess

Smoking

ALD, alcoholic liver disease.

Table 1 The search strategy summary

Items Specification

Date of search August–November 2021

Databases and other sources searched PubMed

Search terms used Alcoholic liver fibrosis, alcohol and hepatocellular cancer, 
hepatocarcinogenesis

Timeframe 1970–2021

Inclusion and exclusion criteria English language only, original studies and reviews only

Selection process HKS

Any additional considerations, if applicable Non-applicable

HKS, Harvard Kennedy School.
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(23-25). Estrogens may increase the uptake of 
endotoxins from the gut and may increase the 
sensitivity of Kupffer cells (KCs) to lipopolysaccharides 
(LPS) (26). In female patients more severe 
inflammatory response has been observed due to 
toll-like receptor (TLR4) signaling. 

Pre-existing other types of liver disease

NAFLD and non-alcoholic steatohepatitis (NASH)
During the last years, one of the most important questions 
was raised: whether patients with NAFLD are allowed to 
drink alcohol. Data from epidemiology, clinical trials and 
experimental approaches have been somehow controversial. 
Therefore, this issue is discussed here in more detail. 

Despite the fact that the pathogeneses of ALD and 
NAFLD share similarities, the mechanisms for non-
alcoholic- (NAFL) and AFL are different (27). As alcohol 
consumption and an excess of dietary caloric intake may 
occur together, the effect of chronic alcohol consumption 
on patients with obesity and patients with NAFLD is of 
special interest. Various epidemiological studies report that 
>40 grams of alcohol per day and even moderate (20–40 g of 
alcohol per day) alcohol consumption can enhance hepatic 
steatosis, inflammation, fibrosis, and cirrhosis in patients 
who are overweight or obese (28). Unquestionable, obesity 
is a risk factor for ALD (11,28). 

I t  was  bel ieved for  a  long t ime that  moderate 
alcohol consumption has a beneficial effect in NAFLD. 
Epidemiological studies from Japan and Europe suggest 
that moderate alcohol consumption improves hepatic 
steatosis compared to non-drinkers due to an improvement 
of peripheral insulin resistance (29). Furthermore, various 
cross-sectional studies on NAFLD report a beneficial 
effect of alcohol consumption (>40 grams per day) on 
hepatic fat (30). Studies examining the effect of alcohol 
on histopathologically diagnosed NAFLD ended up with 
controversial findings. Some studies reported an enhanced 
fibrogenesis (31) and an elevation of serum transaminase 
activities (32) in patients with NAFLD when they consumed 
alcohol. Other studies, especially such with extremely 
overweighed patients, could not confirm this finding (30). 

More recent studies report that 40 g alcohol and even 
moderate alcohol consumption of 20 to 40 g per day enhance 
hepatic steatosis, inflammation and fibrosis in overweight 
and obese patients (11,28,31-35). The Framingham-Heart-
Study with 2,475 patients with fatty liver demonstrated 
that alcohol—even in low concentrations—is a risk factor 

for advanced liver disease in NAFLD (36). Another study 
from Japan found an accelerated fibrogenesis in moderate 
drinkers with NAFLD (37). A data analysis of the National 
Health and Nutrition Examination Survey III in the US 
could clearly demonstrate that more than 3 drinks per day 
significantly increase mortality in NAFLD patients (38).  
It is noteworthy that NAFLD patients with a fast ethanol 
metabolizing gene (ADH1B*2) have a significantly reduced 
risk for NASH and fibrosis. ADH1B*2 could modify the 
association between elevated body-mass index and the 
severity of NASH (39).

The data on alcohol and the development of HCC in 
patients who are overweight or obese and in patients with 
NAFLD patients is clearer. Almost all retrospective studies 
report an increased risk with alcohol consumption at any 
level for the development of HCC in patients with NASH 
(11,29,40,41).

In conclusion, considering al l  avai lable data it 
seems difficult to analyze the role of moderate alcohol 
consumption in the progression of NAFLD. Various factors 
such as age, gender, ethnicity and genetics may modify 
this effect. In addition, whether alcohol is consumed in 
the presence of pure fatty liver without inflammation or 
when NASH is present. In clinical practice, it seems wise to 
recommend that at least patients with NASH should refrain 
from any amount of alcohol consumption. 

Hepatitis B and C
While hepatitis B increases the risk of HCC five-fold when 
more than 30 g alcohol are consumed daily (11,42,43), it 
was shown for hepatitis C that people consuming 30–50 g 
alcohol per day have a risk of advanced fibrosis increased 
four-fold (11,43,44) and an even higher risk of HCC. Even 
smallest amounts of alcohol should be avoided by hepatitis 
C patients (45).

Hemochromatosis 
Patients with hereditary hemochromatosis have an increased 
risk for ALD. The fact that patients with alcohol-induced 
HCC show an increased frequency of the heterozygosity of 
the hemochromatosis gene C282Y allele compared to HCC 
patients with a non-alcohol induced cirrhosis demonstrates 
that iron metabolism plays a role in alcohol-mediated 
hepatocarcinogenesis (46). 

α1-antitrypsin deficiency

Individuals with heterozygous α1-antitrypsin deficiency also 
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have an increased risk for ALD (47).

Drugs and xenobiotics 
Many drugs interact with alcohol, even when alcohol is 
consumed in low quantities. This is predominantly relevant 
for centrally acting drugs, since the interaction between 
alcohol and these drugs can produce severe complications 
including death. In addition, the intake of paracetamol 
and isoniazid may lead to severe liver damage due to the 
generation of highly toxic intermediates via cytochrome 
P4502E1 (CYP2E1). Methotrexate and alcohol have a 
synergistic effect in the development of hepatic fibrosis. In 
this context it is referred to more detailed literature (48). 

β-carotene and vitamin A
Chronic alcohol consumption induces CYP2E1, which is 
responsible for the degradation of retinol and retinoic acid 
(RA) to polar apoptotic metabolites (49-51). Although the 
loss of RA has deleterious consequences in cell differentiation 
and cancer development, substitution of RA, retinol or 
β-carotene further enhances the generation of these apoptotic 
metabolites resulting in liver damage (51-53).

Smoking
Smoking of more than 20 cigarettes per day increases the 
risk for ALD three-fold (54).

Mechanisms of alcohol-mediated fibrogenesis 

As pointed out, cirrhosis of the liver is a prerequisite for the 
development of HCC in the patient with ALD. However, 
cases of HCC in ALD without cirrhosis have been 
reported. Thus, we will first discuss relevant mechanisms of 
hepatic fibrogenesis and the stimulating effect of ethanol, 
followed by the role of fibrosis in hepatocarcinogenesis, 
and finally particular alcohol-mediated mechanisms of 
hepatocarcinogenesis independent of cirrhosis. 

Simplified mechanisms of hepatic fibrogenesis

Before discussing the effect of ethanol on fibrogenesis, 
some major mechanisms of fibrosis development will be 
summarized (55-60).

Fibrosis starts when hepatic parenchyma is injured. 
HSCs are the predominant cells producing extracellular 
matrix (ECM). In addition, hepatic myofibroblasts may 
also occur from mesothelial cells and activated portal 
fibroblasts. Damage activated molecular patterns (DAMPs) 

from injured hepatocytes activate KCs which secrete 
pro-fibrogenic substances to activate HSCs. In addition, 
inflammatory cytokines, reactive oxygen species (ROS), and 
iron overload also activate HSCs. Quiescent HSCs become 
myofibroblasts, produce growth factors, and generate 
ECM. The activation of HSCs may occur directly through 
the death of hepatocytes and cholangiocytes or through 
a variety of cytokines from innate lymphoid cells, KCs, 
Th17 cells, and bone marrow-derived monocytes (55). In 
this context interleukin 17 (IL-17) is of special importance 
since it stimulates HSCs to secrete collagen type I, TGF-β 
through activating NFkB and STAT3 (56). IL-17 is 
elevated in ALD. Th17 cells also produce interleukin 22 
(IL-22) (61). IL-22 stimulates carcinogenesis by activating 
STAT3 (62). 

TGF-β produced by hepatic macrophages, KCs, and 
HSCs, is of considerable importance in hepatic fibrogenesis. 
After TGF-β binds to its receptor on HSCs, Smad-
dependent and Smad-independent pathways are activated, 
leading to collagen synthesis (58,59). Furthermore, 
microRNAs (miRNA) also have an effect on HSCs by 
TGF-β. For example, miR-29 is down-regulated by TGF-β 
resulting in an up-regulation of ECM protein in HSCs (63).  
For more detailed information it is referred to various 
review articles (55-60). 

HSCs can also be activated by platelet-derived growth factor 
(PDGF) from platelets, macrophages and myofibroblasts (64)  
and by ROS, which is generated through cytokines as well 
as necrotic and apoptotic hepatocytes (Figure 1) (65). ROS 
occurs during mitochondrial oxidation when electrons are 
transferred from NADPH to molecular oxygen. NADPH 
oxidases play an important role (66). ROS is also generated 
through cytochrome P4502E1 mediated ethanol oxidation 
in hepatocytes as well as in KCs (67) (more details below). 
Interestingly, ROS seems to increase TGF-β expression and 
TGF-β inhibits anti-oxidative enzymes (68,69). 

In addition, iron overload also results in oxidative stress 
and cellular damage through generation of ROS and is a 
major risk factor for a variety of liver diseases including 
ALD. The central regulator of iron homeostasis is hepcidin. 
Hepcidin inactivates the iron exporter ferroportin on 
hepatocytes, KCs, but also intestinal epithelial cells. In iron 
deficiency hepcidin is suppressed, in iron excess hepcidin is 
induced. The expression of hepcidin is influenced by a variety 
of factors such as Il-6, but also BMPs, Smads, hypoxia and 
ROS (70). Recently, it has been reported that hepcidin has 
anti-fibrotic effects (71). The complex relationship between 
all these factors is illustrated elsewhere (70,72). 
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Figure 1 Effect of ethanol on intermediary metabolism involved in fibrogenesis and carcinogenesis. Ethanol is metabolised to AA by 
ADH and CYP2E1 and AA is further metabolised by ALDH to acetate. The major drivers of hepatic ethanol-mediated fibrogenesis and 
carcinogenesis are gut dysbiosis due to alcohol and the induction of CYP2E1. The change in the gastrointestinal microbiota together 
with an ethanol-induced decrease of the intestinal barrier function results in the uptake of PAMPs (endotoxins, lipopolysaccharides) to the 
liver. PAMPs together with DAMPs from dead hepatocytes activate KCs by binding to TLR4. This leads to the secretion of chemokines, 
cytokines and growth factors with the activation of HSCs to myofibroblasts with the production of ECM protein which starts fibrosis. 
In addition, tumor-associated M2 macrophages support tumor promotion in part by stimulating HSCs. Ectopic expression of TLR4 
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Another mechanism promoting f ibrogenesis  i s 
angiogenesis through inflammation-induced hypoxia. 
Activated HSCs produce vascular endothelial growth 
factor (VEGF) and angiopoietin-1 (73), and increase the 
expression of their receptors; on the other hand VEGF 
stimulates the proliferation of HSCs (74). 

From inflammation to fibrosis: alcohol, cytokines, 
apoptosis, necroptosis, and pyroptosis

Alcohol can initiate hepatic fibrosis by directly stimulating 
HSCs or predominantly through inflammation. In humans, 
liver damage due to high alcohol consumption produces a 
cytokine storm syndrome characterized by the release of pro-
inflammatory cytokines. The activation of the immune system 
is a host defense mechanism (75-77). In response to chronic, 
heavy alcohol exposure, hepatocytes express and secrete 
chemokines (78,79). The role of inflammation in chronic 
liver disease has also recently led to a new terminology 
called acute-on-chronic liver failure (ACLF). Although 
systemic inflammation is a hallmark of ACLF, its role in the 
development of this syndrome is poorly understood. 

Exogenous inducers of cytokines include bacterial 
products from the gut called pathogen-associated 
molecular patters (PAMPs) and virulence factors. PAMPs 
elicit inflammation via  innate pattern-recognition 
receptors (PRRs), whereas virulence factors generally 

trigger inflammation via functional feature identification. 
Endogenous inducers of cytokines include molecules 
released by necrotic cells and products of ECM breakdown, 
so-called damage-associated molecular patterns (DAMPs) 
(80-82). Death receptor-induced apoptosis in liver 
cells is mediated by both mitochondrial- and lysosomal 
permeabilization. Signaling between the endoplasmic 
reticulum and the mitochondria promotes hepatocyte 
apoptosis in response to excessive alcohol or free fatty acid 
generation during the metabolic process. Because apoptosis 
is a key feature of so many diseases of the liver, therapeutic 
modulation of liver cell death holds promise (83).

Necrosis in the liver cells is associated with acute 
injury. “Programmed” necrosis (necroptosis) has been 
described. Increasing evidence suggests an important role 
for hepatocyte apoptosis, necrosis, and necroptosis in the 
progression of ALD (83,84), although several other forms 
of cell death have been described, including pyroptosis, and 
autophagic cell death (75). Early during apoptosis, caspases 
are activated and cleave various substrates including 
cytokeratin 18 (CK18) (77,85). CK18 is a member of 
the intermediate filament family of cytoskeletal proteins. 
Cytokeratin-generated cleavage fragments of K18 can be 
detected in serum by the M30 antibody, which specifically 
labels early apoptotic fragments of cells (85). 

An increase of apoptotic activity has been demonstrated 
in heavy drinkers undergoing alcohol detoxification. 

in hepatocytes and its activation by LPS is another event which initiates cancer via generation of TLR4 and homebox protein Nanog-
dependent liver tumor-initiating stem cell-like cells. Activated HSCs also promote HCC formation via production of matrix or soluble 
factors supporting tumor cell survival and growth. In addition, activated HSCs also promote TIC-mediated hepatocarcinogenesis and 
chemically-induced alcohol-mediated cancer. Alcohol also inhibits CD8+. The induction of CYP2E1 by ethanol as well as the liberation of 
cytokines in inflammatory tissue leads to the formation of ROS. AA inhibits the AODS, which favours ROS accumulation. ROS not only 
binds to DNA directly, but also leads to lipid peroxidation and finally etheno-DNA adduct formation. CYP2E1 induction decreases RA, 
together with ROS resulting in hyper-regeneration and decreased apoptosis through various signal pathways. AA leads to DNA-adducts, an 
inhibition of DNA repair, and severe effects on methyl transfer associated with epigenetic changes. Ethanol oxidation also creates NADH 
and a change in the cellular redox potential inhibiting SIRT1 and thus interfering with histone acetylation. For more detail see text. AA, 
acetaldehyde; ADH, alcohol-dehydrogenase; ALDH, acetaldehyde-dehydrogenase; AODS, anti-oxidative defence system; AP1, activating 
protein 1; COX2, cyclooxygenase 2; CYP2E1, cytochrome P4502E1; DAMPs, damage-associated molecular pattern; DNA-MT, DNA-
methyltransferase; GF, growth factor; GSH, glutathione; HAT, histone acetylase; HSCs, hepatic stellate cells; Il6, interleukin 6; JNK, c-jun-
N-terminal kinase; KCs, Kupffer cells; TLR4, Toll-like receptor 4; ECM, extracellular matrix; LOX, lipoxygenase; LPS, lipopolysaccharides; 
MAT1A, methionine adenosyltransferase 1A; mcl-1, myeloid cell leukaemia 1; MKP-1, mitogen-activated protein kinase phosphatase 1; 
MPO, myeloperoxidase; MS, methionine synthetase; NADH, reduced nicotinamide adenine dinucleotide; Nanog, transcription factor 
involved in the self-renewal of stem cells; NFκB, nuclear factor kappa-light-chain-enhanced of activated B cells; OA-ADPO-R, O-acetyl-
ADP-ribose; PAMPs, pathogen-associated molecular pattern; RAR, retinoid acid receptor; ROS, reactive oxygen species; RA, retinoic acid; 
RXR, retinoid X receptor; SAH, S-adenosyl-homocysteine; SAM, S-adenosylmethionine; SIRT1, silent information regulator1; THF, 
tetrahydrofolic acid; TICs, tumour-initiating stem-cell-like cells.
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Apoptosis rate was highly associated with histological 
features of ballooning, lobular inflammation and fibrosis. 
These data suggested that alcohol has a strong inhibiting 
effect on cell regeneration and apoptosis while withdrawal 
will enhance cell regeneration (86-88). 

In the recent study, we provide further evidence that 
M30 levels are generally higher in cirrhotic patients. The 
increase of M30 in response to withdrawal is only seen in 
non-cirrhotic patients. These novel findings suggest that 
patients with cirrhosis have a liver micro-environment that, 
independent of amount of alcohol consumption, causes 
continued cell death by apoptosis. Significantly elevated 
M65 levels in cirrhotic patients after detoxification confirm 
the continued hepatocyte death by necrosis. In contrast to 
apoptosis markers, TNF-α, IL-6, IL-8 and VEGF were 
only slightly elevated while no difference was seen with 
TGF-β in comparison to controls (88).

In summary, both apoptosis and necrosis play an important 
role in the development and progression of liver fibrosis (76).

Effect of ethanol on hepatic fibrogenesis

Alcohol-induced fibrogenesis actually starts following toxic 
and immunologic hepatocellular damage due to chronic 
alcohol consumption (11). The morphologic correlate is fatty 
degeneration, ballooning of the hepatocytes, apoptosis and 
necrosis. Stressed and dying hepatocytes produce signals; so-
called DAMPs, which primarily induce the process of wound 
healing. Examples of these DAMPs are Hedgehog ligands 
which induce Hedgehog responsive genes Gli2, a-SMA 
and Vimentin in adjacent HSCs, thus initiate fibrogenic 
activation (89,90). Ethanol-mediated fibrogenesis starts 
around the central vein due to the fact that in this region 
ethanol metabolism is enhanced by alcohol dehydrogenase 
(ADH) and CYP2E1 (91). As a result, hepatocellular redox 
potential is enhanced, leading to more lactate, which is 
known to activate quiescent HSCs and oxidative stress via 
CYP2E1, more pronounced in the central area of the hepatic 
lobule as compared to the periphery. Thus, lactate, ROS, and 
acetaldehyde all activate HSCs (92-94). 

The stress signals of damaged hepatocytes are processed 
by HSCs, hepatic endothelial cells of the sinusoids, KCs, 
dendritic cells and mast cells. The result is liberation of 
various inflammatory and fibrogenic messengers such as 
cytokines, chemokines and growth factors. As a result both 
inflammation and disposition of ECM with scaring and 
fibrosis occurs (11,55,60,95). It has been shown that miRNA 
play an important role in these pathophysiologic processes 

of the liver (96).
In addition to the stress signals of alcohol injured 

hepatocytes, another alcohol-associated effect on the 
progression of ALD is of importance. Ethanol leads to 
an increased uptake of endotoxins and LPS from the gut 
due to increased gut permeability (11,97-100). Estrogens 
seem to enhance gut leakiness (26). LPS acts as a signal 
molecule for TLR4-coupled signal pathways and initiates 
in HSCs and KCs especially the liberation of cytokines and 
chemokines which enhance inflammation, fibrogenesis and 
hepatocellular cell stress (101,102). Recent data underline 
the importance of the change in intestinal microbiota in the 
pathophysiology of ALD (103).

Besides the signals of ethanol stressed hepatocytes 
(DAMPs) and PAMPs direct effects of ethanol and 
acetaldehyde as well as the lipid-peroxidation products 
malondialdehyde or 4-hydoxynonenal on non-parenchymal 
cells have been described (104-106). They activate HSCs. 
Acetaldehyde is highly toxic and binds to proteins and 
DNA to form adducts, which can activate HSCs to secrete 
collagen type I and initiate KCs and endothelial cells to 
synthesize fibrogenic signals (see below). 

Stimulation of HSCs by ethanol results—also through 
epigenetic mechanisms—in an enhanced expression of ECM 
(91,107). Acetaldehyde enhances the expression of pro-
fibrogenic proteins such as collagen type I and fibronectin 
through protein kinase C-dependent signals in HSCs (108).

As pointed out, hepatic KCs are of major importance in 
sending inflammatory and fibrogenic signals through the 
binding of endotoxins to TLR4. KCs also contain CYP2E1 
and are capable of oxidizing ethanol with the generation of 
ROS (67). A cross-talk between hepatocytes and KCs exists. 
Following ethanol exposure, hepatocytes secrete vesicles 
containing miRNA-122. This miRNA results in a much 
stronger reaction of KCs towards LPS. A miRNA-122-
mediated up-regulation of HIF1a, a transcription factor 
which promotes tumor development, has been observed by 
alcohol (109-111). 

Finally, ethanol decreases the anti-fibrotic effect of 
natural killer cells (NKCs) (112). NKCs secrete interferon 
gamma which kills activated HSCs (113,114). Similarly, the 
anti-fibrotic interleukin 22 (IL-22) is down-regulated in 
alcoholic hepatitis (115,116). Table 3 summarizes the effects 
of ethanol on fibrogenesis.

All these mechanisms contribute to the development of 
hepatic cirrhosis which has a variable prognosis depending 
on multiple factors. It was therefore important to 
development a histopathological score to predict prognosis. 
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Table 3 Alcohol effects on fibrogenesis

(I)	 Alcohol alters the intestinal microbiota and results in an increased uptake of endotoxins from the gut due to increased gut 
permeability. Estrogens seem to enhance the gut leakiness. These endotoxins bind to toll-like receptor on Kupffer cells with the 
liberation of various cytokines and chemokines such as TGF-β1, IL-6, NFkB, TNF-α

(II)	 Acetaldehyde as well as lactate, generated through the change in hepatic redox potential during ethanol oxidation, activates 
quiescent HSCs to become active myofibroblasts with the secretion of ECM proteins. This predominantly takes place around the 
central vein resulting in perivenular fibrosis

(III)	 Alcohol and LPS induce hepatic fibrosis via activation of TGF-β signaling in a smad3-dependent fashion and down-regulation of 
smad7

(IV)	 Alcohol-mediated inflammation and CYP2E1 induction results in the generation of ROS stimulating fibrogenesis. Alcohol also results 
in hepatic iron overload favoring oxidative stress

(V)	 Ethanol inhibits the anti-fibrotic effect of NKc

(VI)	 Ethanol down-regulates IL 22, an antifibrotic cytokine

(VII)	 Ethanol liberates miRNA-122, which sensitizes KCs towards LPS

TGF-β, transforming growth factor β; IL-6, interleukin-6; NFkB, nuclear factor kappa-light-chain-enhanced of activated b-cells; TNF-α, 
tumor necrosis factor alpha; HSCs, hepatic stellate cells; ECM proteins, extra-cellular matrix proteins; LPS, lipopolysaccharides; CYP2E1, 
cytochrome P4502E1; ROS, reactive oxygen species; NKc, natural killer cells; IL 22, interleukin-22; miRNA-122, micro ribonucleic acid-
122; KCs, Kupffer cells.

Most recently, Lackner and colleagues have presented a 
histological grading and staging system in ALD for the 
histological assessment of disease activity and fibrosis (117). 

Fibrosis, alcohol and cancer

Since fibrosis is a dynamic process modulating tumor 
microenvironment, increasing deposition of collagen may 
modulate cellular signaling in all types of cells present in 
the liver, for example through binding specific receptors 
such as integrins and growth factor receptors (99,118,119). 
As already pointed out, during the process of fibrogenesis 
countless cytokines and chemokines are secreted from a 
variety of hepatic cells, mainly KCs and HSCs. Interestingly, 
alcohol sensitizes KCs via mechanisms dependent on 
endotoxins (120,121). HSCs initiate inflammation, 
proliferation, vascularization, and immunologic response, 
and some of them can act directly on tumor cells (HGF, 
TGF-β, PDGF, IL-6, Wnt ligands) favoring cell survival 
and growth (99,122-124).

Furthermore, HSCs can contribute to hepatocarcinogenesis 
by secreting VEGF, angiopoietin-1, and CXC chemokines 
important for tumor vascularization (99). 

HSCs can also be activated by tumor-associated M2-
polarized macrophages. Ectopic expression of TLR4 in 
hepatocytes may generate TLR4-NANOG-dependent liver 
tumor-initiating stem cell-like cells (TICs) after activation 

by LPS. TIC-mediated hepatocarcinogenesis and alcohol-
mediated tumor development can be promoted through 
activated HSCs (125,126).

In addition, HSCs can also affect hepatic immunology (99) 
(see below). 

In summary, HSCs activation is  mandatory for 
fibrogenesis associated with carcinogenesis (127). It is 
important to note that alcohol-mediated fibrogenesis 
through HSCs activation is due to two major mechanisms: 
(I) CYP2E1 induction in hepatocytes resulting in ROS and 
activation of HSCs and (II) LPS from intestinal alcohol-
mediated dysbiosis which also activate HCSs directly or 
through KCs via cytokines and chemokines. These two 
mechanisms are alcohol-specific and contribute to cancer 
via fibrosis (Figure 1).

Mechanisms of alcohol-mediated 
hepatocarcinogenesis

Beside the fact that alcoholic cirrhosis is the most important 
prerequisite for HCC, other alcohol-specific mechanisms 
play in concert and have an additional input into 
hepatocarcinogenesis (Table 4). 

Acetaldehyde

Ethanol is a pro-carcinogen that requires its bioconversion 
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to a primary carcinogenic metabolite, acetaldehyde. 
Acetaldehyde is electrophilic and forms adducts with DNA, 
and interstrand crosslinks. AA leads to point mutations 
at the hypoxanthine-guanine phosphoribosyl transferase 
(HPRT) locus on human lymphocytes, to micronuclei in 
eukaryotic cells, to sister chromatid exchange, to DNA 
strand breaks and to various chromosomal translocations. 
Further detectable cytotoxic effects of AA are a longer 
than normal cell cycle and an increased programmed 
apoptosis (128-130).

At molecular level, AA binds to cellular proteins and to 
DNA very quickly. Resulting AA adducts (such as the stable 
1,N2-propanodeoxyguanosine adduct) are mutagenic and 
can further act as neo-antigens, which may in turn lead 
to the formation of specific antibodies with a respective 
immune reaction (131-134). Numerous in vitro and in vivo 
experiments in prokaryotic and eukaryotic cell cultures 
and in animals were able to prove direct mutagenic and 
carcinogenic characteristics. An evaluation by IARC 
classifies AA as a class I-carcinogen when combined with 
alcohol consumption (5).

Apart from these mutagenic and carcinogenic properties, 
AA also inhibits DNA repair mechanisms. An inhibiting 
effect on O6-methylguanine-DNA-transferase, an enzyme 
for DNA repair removing mutagenic adducts from the 
O6-binding site, has already been described for very low 
concentrations causing both genotoxicity and DNA repair 
failure (135). 

Furthermore, acetaldehyde also inhibits the generation 
of the active methyl donor S-adenosyl methionine (SAMe) 
by inhibiting various enzymes involved in the generation 
of SAMe. As a result, a diminished availability of SAMe 
occurs with decreased methylation of DNA and histones 
supporting carcinogenesis (see below) (136).

Finally, as already pointed out, acetaldehyde also 
stimulates fibrogenesis by activating HSCs (92,137).

Cytochrome P4502E1 and oxidative stress

For almost 40 years, our laboratory has been studying 
the role of cytochrome P4502E1 (CYP2E1) in ALD 
and in alcohol-mediated carcinogenesis .  Chronic 

Table 4 Mechanisms of alcohol-mediated carcinogenesis

Mechanism Modes of action

(I)	 Mechanisms through 
inflammation and fibrogenesis

PAMPs from ethanol-induced gut dysbiosis and DAMPs from injured hepatocytes stimulate innate 
immunity and inflammation. Activated KCs secrete cytokines, chemokines and growth factors and 
activate HSCs. HSCs promote HCC formation via production of matrix or soluble factors which 
support tumor cell survival and growth. In inflammation, macrophages and PMNs generate ROS and 
tumor-associated M2 macrophages stimulate HSCs further

Ectopic expression of TLR4 in hepatocytes and its activation by LPS induces HCC via generation of 
TLR4-NANOG-dependent liver TICs. In addition, activated HSCs also promote TIC-mediated alcohol-
promoted liver tumor formation.

(II)	 Induction of CYP2E1 CYP2E1 activates procarcinogens, degradates retinoids, and generates ROS leading to carcinogenic 
DNA adducts. Iron accumulation enhances ROS production further. Alcohol activates the canonical 
Wnt pathway, which may render β-catenin-dependent tumor growth and stimulate CYP2E1 
transcription

(III)	 Acetaldehyde Acetaldehyde is a carcinogen, binds to proteins and DNA forming carcinogenic DNA adducts. 
Acetaldehyde also inhibits the anti-oxidative defense system and DNA repair

(IV)	 Epigenetic modifications 
results in DNA and histone 
hypomethylation

(V)	 Immunosuppression Alcohol consumption promotes HCC development via immunosuppression with reduced anti-tumor 
CD8+ cells and miRNA-122-mediated HIF-1α activation

PAMPs, pathogen-associated molecular patterns; DAMPs, damage-associated molecular patterns; KCs, Kupffer cells; HSCs, hepatic 
stellate cells; HCC, hepatocellular cancer; PMNs, polymorphonuclear cells; ROS, reactive oxygen species; TLR4, toll-like receptor-4; LPS, 
lipopolysaccharides; TICs, tumor-initiating stem cell-like cells; CYP2E1, cytochrome P4502E1; miRNA-122, micro ribonucleic acid-122; 
HIF-1α, hypoxia-inducing factor alpha.
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alcohol consumption results in a significant increase of 
CYP2E1 (138). This induction is linked to an increased 
metabolism of alcohol to AA due to an increased activity 
of the microsomal ethanol-oxidizing system (MEOS) 
with CYP2E1 as an important component (139). Chronic 
drinkers show a CYP2E1 concentration in the liver that 
is up to ten times higher than that of non-drinkers (140). 
It was proven that the increase in CYP2E1 after alcohol 
consumption is due to a stabilization of CYP2E1 and not 
due to a de Novo synthesis (141).

In a series of experiments with human volunteers it 
could be shown that (I) already 40 g alcohol daily increases 
CYP2E1 significantly after one week (II) this CYP2E1 
increase occurs already after 1 week of alcohol consumption 
and increases further over four weeks (III) the induction 
of CYP2E1 was heterogeneous. Although the majority of 
volunteers showed an induction, some did not (IV) CYP2E1 
rapidly decreases after alcohol abstinence, within 2–3 days. 
However, the decrease to normal CYP2E1 levels was also 
found to be heterogeneous. The reason for these different 
reactions between individuals is not clear (142). 

Since CYP2E1 is linked to various negative effects, these 
results could at least partly explain why only 40% of heavy 
drinkers suffer from alcoholic steatohepatitis and why only 
10–20% suffers from cirrhosis (14-18). As discussed above, 
there are other genetic reasons why only a small percentage 
of heavy drinkers develop ALD. 

A CYP2E1 induction in the colon mucosa was shown 
for alcohol patients suffering from liver diseases (143) 
and it was pointed out that the resulting oxidative stress 
leads to a damaged mucosa with increased penetration of 
endotoxins from the intestine to the portal vein system 
and the liver (144).

In the next paragraphs, the role of CYP2E1 in pro-
carcinogen activation, retinoic acid degradation and ROS 
generation and its role in hepatocarcinogenesis will be 
discussed in more detail. 

Activation of pro-carcinogens by CYP2E1
CYP2E1 not only catalyzes the oxidation of alcohol to 
AA via MEOS, but also the metabolism of various drugs, 
xenobiotics, and pro-carcinogens.

The first studies on the activation of carcinogens 
were already carried out in the 1970s and 1980s. These 
pioneer studies were able to show an increased activation 
of different pro-carcinogens, such as dimethylnitrosamine 
(DMN), benzo(a)pyrene and pyrolysates from amino acids 
and tobacco through hepatic and intestinal microsomes of 

rats after chronic alcohol consumption (145-147).
Since trace amounts of nitrosamines are present in some 

food and have been detected recently even in some drug 
preparation such as valsartan (148), the observation that 
ethanol administration results in an increased activity of 
hepatic DMN-demethylase with an increased capacity of liver 
microsomes to activate DMN in very low concentrations 
to a mutagen in the Ames test is of special interest (146). 
Moreover, an increased activation of DMN was also found in 
human liver microsomes of alcoholics (149).

Chronic alcohol ingestion not only increases the activation 
of nitrosamines, but also that of a variety of other pro-
carcinogens, including compounds and components in tobacco 
smoke, such as benzo(a)pyrene, tobacco pyrolysate, tryptophan 
pyrolysate, but also a number of hepatotoxic substances, such as 
carbon tetrachloride, 2-aminofluoren, 2-acethylaminofluoren, 
4-aminobiphenyl, benzene, cyclophosphamide, isoniazid, and 
methylazoxymethanol (147). 

Loss of retinoic acid
Retinoic acid (RA), one of the most active forms of 
retinoids, is an important factor in the regulation of cell 
growth, apoptosis and cell differentiation. Reduced RA 
leads to uncontrolled cell proliferation, the loss of cell 
differentiation and dysregulated apoptosis, which might 
affect tumor promotion.

Chronic alcohol consumption leads to a significant 
decrease of hepatic retinol in patients with ALD (150). 
Using hepatic microsomes, it could be demonstrated that 
hepatic microsomes of rats, exposed to alcohol, showed an 
increased degradation of RA to polar RA metabolites such 
as 18-hydroxy-RS and 4-oxo-RS (50,51). RA metabolism 
in vitro was almost completely inhibited by clomethiazole 
(CMZ) and by CYP2E1 antibodies, leading to the 
conclusion that CYP2E1 is involved in RA metabolism (50).  
Rats which were chronically fed with alcohol showed a 
significantly lower RA concentration in the liver, related 
to an increased CYP2E1 activity. The hepatic RA values 
completely normalized after inhibition of CYP2E1 by CMZ 
as part of the diet (151). These results show that CMZ is 
able to normalize hepatic retinol and RA concentrations 
as well as RS by inhibiting their degradation through 
CYP2E1. CYP2E1 inhibition not only normalizes hepatic 
RA concentrations, but also other functions such as cell 
proliferation and cell cycle behavior (152). 

We were able to show that alcohol-mediated CYP2E1 
induction not only leads to a hepatic reduction of RA, but 
also to ROS production (see below). Both ROS and low 
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RS values (via decreased MKP-1) result in an activation 
of the JNK pathway, in an increase in the transcription 
factor activator protein 1 (AP-1), and an increased c-fos and 
c-jun (14-fold increase in the liver of alcohol-fed animals 
in comparison to the control group) (153). At the same 
time, activation of the JNK metabolic pathway leads to a 
decreased expression of RA receptors RXR and RAR (there 
is a cross talk between the JNK pathway and RXR/RAR 
receptors) (49,53).

The overall effect of excessive alcohol consumption is 
a dysregulation of apoptosis, cell proliferation, immune 
function and inflammation. Inhibition of CYP2E1 cannot 
only reduce oxidative stress, but also restore normal retinoid 
signals and functions, which in turn might reduce the risk 
of cancer. Administering pure β-carotene, retinol or RA is 
dangerous, since these substances increasingly develop into 
toxic and apoptotic metabolites when CYP2E1 is induced 
(52,154). Thus, an administration of vitamin A or β-carotene 
together with alcohol leads to increased apoptosis and 
hepatocellular damage in the baboon (154). 

Generation of ROS and exocyclic etheno-DNA adducts 
through alcohol metabolism via CYP2E1
Alcohol metabolism through CYP2E1 not only leads to 
the production of AA, but also to the generation of various 
ROSs, such as H2O2, OH- and carbohydrate-centered 
OH- (3,11,155). But as discussed above, ROS can also 
occur during inflammation via cytokines and chemokines. 
Normally, ROS are neutralized by a potent anti-oxidative 
defense system (AODS), regulated by the transcription 
factor Nrf2 (156). Chronic alcohol administration damages 
the AODS. Among others, AA binds to glutathione, an 
important radical scavenger. An increased production of 
ROS combined with a decreased detoxification has dramatic 
consequences: 

ROS not only activates JNK and induces AP-1 leading 
to cellular hyperproliferation, a pro-carcinogenic status, 
but it also causes lipid peroxidation (LPO). LPO products 
such as malondialdehyde or 4-hydroxynonenal (4-HNE) 
are generated. 4-HNE binds to adenosine and cytosine, 
forming highly carcinogenic exocyclic etheno-DNA adducts 
such as 1,N6-etheno-2’deoxyadenosine (ƐdA) (157-164).

In a series of experiments investigating CYP2E1-
overexpressing HepG2 cells, we were able to show that 
these ƐdA significantly correlate with CYP2E1 and 4-HNE. 
The adduct formation could be blocked by administering a 
specific CYP2E1 inhibitor, CMZ (165).

Furthermore, the role of CYP2E1 in ALE is impressively 

demonstrated in CYP2E1 knockout mice, not only showing 
a significant decrease of markers for oxidative stress after 
chronic alcohol consumption, but also demonstrating a 
highly-significant improvement of liver histology (166). 
On the other hand, animals over-expressing CYP2E1 show 
an increased severity of ALD (167,168). The suppression 
of CYP2E1 by CMZ, a specific CYP2E1 inhibitor, also 
improves ALD in animal experiments (169).

In order to investigate the effect of CYP2E1 on 
chemically-induced hepatocarcinogenesis,  diethyl 
nitrosamine (DEN) was used for tumor induction. Over 
ten months, chronic alcohol administration led to the 
development of hepatocellular adenomas in DEN-induced 
rats, but not in the control group receiving the same 
amount of DEN (170). When CMZ was given to inhibit 
CYP2E1, the number of tumors was significantly reduced. 
After ten months, none of the animals which received DEN, 
alcohol and CMZ had an adenoma (170). Chronic alcohol 
administration led to a disturbed proliferation of normal 
hepatocytes in this animal model (171). It seems especially 
significant that alcohol increases the expression of TNF-α 
and that, at the same time, administration of CMZ reduces 
both the number of preneoplastic foci and the number of 
adenoma in our animal model. This convincingly underlines 
the role of CYP2E1 in carcinogenesis. 

In addition, ethanol results in epigenetic changes 
associated with activation of canonical Wnt pathway (172). 
This may stimulate β-catenin-dependent tumor growth, but 
also CYP2E1 transcription (173). 

Exocyclic etheno DNA-adducts could be detected in 
the livers of ALE patients and patients with other liver 
diseases associated with increased oxidative stress (163,174). 
CYP2E1, 4-HNE and ƐdA significantly correlated in liver 
biopsies of ALD patients (165). A more recent study with 
liver biopsies from almost 100 patients with ALD showed 
a highly significant correlation between CYP2E1 and 
ƐdA, as well as between CYP2E1 and the degree of liver  
fibrosis (174). These data show for the first time that 
CYP2E1 may also be responsible for the progression of 
liver fibrosis in ALE patients. Older cell culture studies, 
in which HSCs were co-incubated with CYP2E1 over-
expressing HepG2 cells in the presence of alcohol, were 
able to show an increased activation of HSCs with increased 
fibrogenesis (94,137). ROS, generated by CYP2E1, was 
suggested as mechanism.

Finally, a recent randomized clinical trial convincingly 
demonstrated that the inhibition of CYP2E1 by CMZ over 
10 days improved ALD significantly by αmobilizing hepatic 
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fat and decreasing serum transaminase activities (175).
The role of CYP2E1 in ALD and alcohol-mediated 

cancer can be summarized as follows: (I) CYP2E1-driven 
ROS results in DNA damage, an increased fibrogenesis, 
and mechanisms involved in the pathogenesis of ALD 
and HCC; (II) CYP2E is also involved in the activation of 
various carcinogens and in the degradation of RA, which 
also contributes to cancer development. 

The role of iron

The amount of iron in the liver is a prognostic factor for 
survival in ALD (176). Alcohol increases the intestinal 
absorption of iron with an increased depletion of iron in 
the liver, which may be responsible for DNA strand-breaks, 
p53 mutations and DNA adduct formation. Iron shows 
some toxicity with ROS resulting in hydroxyl radicals, 
which may react with various cellular structures. An 
important regulator of iron metabolism is hepcidin, which 
is synthesized in the liver and which inactivates the only 
iron export pump ferroportin located in the duodenum, but 
also in macrophages and the liver. An excess of iron induces 
hepcidin and a deficiency of iron leads to a suppression 
of hepcidin. In this situation ferroportin increases and 
pumps iron into the blood, which can then be used for 
erythropoiesis in the bone marrow. Hepcidin can be induced 
by hypoxia, cytokines such as Il6, LPS, and SMADs; it will 
be suppressed by ethanol, cell death, and TNF α, to name 
only a few factors (70,99,177). 

Epigenetics

Epigenetic changes due to chronic ethanol consumption 
have a major influence on carcinogenesis. Alcohol can alter 
methylation and acetylation patterns of certain DNA regions 
as well as of histones. Alcohol also regulates miRNAs, an 
epigenetic mechanism that controls transcriptional events 
and the expression of certain genes (178). 

Alcohol abuse causes aberrant DNA methylation, 
including genome-wide hypo-methylation caused by folate 
deficiency, a suppressed generation of methyl groups, 
and a reduced pool of the methyl-donor SAMe, leading 
to chromosomal instability (136). Hypo-methylation of 
promoters for oncogenes causes their aberrant activation 
and loss of imprinting, whereas hyper-methylation of 
promoters of genes involved in cellular differentiation or 
DNA repair promotes transformation. For more details it is 
referred to recent review articles (179,180).

The availability of the active methyl-donor SAMe is 
reduced by alcohol due to the inhibition of several different 
methyltransferase reactions. Ethanol inhibits methionine-
adenosyl transferase which converts methionine into 
SAMe as well as enzymes that help regenerate methionine 
(betaine-homocysteine methyltransferase and methionine 
synthase). As a result, SAMe decreases and therefore 
DNA methylation also decreases (136). When SAMe is 
administered to animals, tumor formation induced by a 
carcinogen is inhibited (181). SAMe content in the liver 
is decreased in preneoplastic hepatic regions, and SAMe 
administration blocks the transformation of these lesions 
into cancer because of its DNA methylation capacity. 
Subsequently, SAME administration inhibits the expression 
of certain cancer-inducing genes such as c-myc, c-Ha-ras, 
and c-ka-ras (178). 

Chronic alcohol consumption in general leads to DNA 
hypo-methylation. Beside the fact that alcohol decreases 
the availability of methyl groups, other factors may 
contribute to DNA hypo-methylation. ROSs produced by 
CYP2E1 are also involved in hepatic methylation patterns 
including DNA methylation (178). Thus, 8-hydroxy-
2-deoxyguanosine decreases DNA methylation during 
DNA repair (182). DNA regions rich in the nucleosides 
cytosine and guanosine (i.e., CpG islands) may incorporate 
8-OHdG, which inhibits the methylation of adjacent 
cytosine residues. The reason for this observation is an 
inhibition of methyltransferase, which results in DNA 
hypo-methylation (136). 8-OHdG formation can also 
interfere with a normal DNA methyltransferase function 
and prevent DNA re-methylation (182).

Histone modifications include methylation, acetylation, 
phosphorylation and ubiquitination. These modifications 
regulate gene expression, e.g. de-acetylation as well as hyper-
methylation, associated with gene silencing and inactivation 
of genes suppressing tumor growth (tumor suppressor 
genes) with consecutive tumor promotion and stimulation of 
carcinogenesis [for more details see (178-180)].

In animal experiments, chronic alcohol ingestion 
increased acetylation of various histones (183). The nuclear 
level of β-catenin was increased indicating the activation 
of signaling pathway of canonical Wnt β-catenin pathway 
involved in tumor formation (178). In addition, it was 
shown that chronic alcohol-fed animals had an increased 
activity of histone acyltransferase (HAT) p300 (183). On the 
other hand, the activity of deacetylase (i.e., SIRT1) was also 
found to be increased after alcohol (178,183). 

It is important to note that p21 expression is regulated 
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by histone acetylation and is regulated by a protein complex 
that is associated with the p21 promoter including histone 
deacetylase1 which reduces acetylation (184). Thus, 
HDAC1 inhibitors induce p21-expression and cause cell 
cycle arrest (184,185). For a long a time it was not clear 
why liver cancer occurs more frequently in the livers of 
patients who abstained from alcohol for a longer period of 
time. However, one reason for that is the induction of p21 
by alcohol with time after alcohol abstinence and that after 
that time cell cycle arrest disappears and hyper-proliferation 
occurs. 

Effect of alcohol on the immune system 

Alcohol suppresses the immune system and affects 
tumor surveillance. It has been shown that the spread of 
tumor metastases are facilitated when alcohol is given to 
experimental animals (186). 

Alcohol decreases the number of anti-tumor CD8+ 
cells (187). Alcohol also results in a dysfunction of NKCs 
with a reduced cytotoxicity against cancer cells (112).  
The response of the innate immune system to inactivate 
transforming cells is promoted by chemokines and 
cytokines. Activated HSCs express factors that can affect 
activated T-cells which finally results in the protection 
of malignant cells from the immune system in an 
environment favoring survival and proliferation of pre-
malignant cells (99).

Ethanol-mediated immune mechanisms are summarized 
in detail elsewhere (102).

Summary, conclusion, and outlook 

The complex effects of ethanol on the development of 
fibrosis and cancer and their interaction is illustrated in 
Figure 1.

The major drivers of ethanol-mediated fibrogenesis and 
carcinogenesis are: 

(I)	 Ethanol-induced hepatocellular damage with a 
cascade of signals (DAMPs) leading to hepatic 
inflammation and fibrosis; 

(II)	 Ethanol-mediated gastrointestinal dysbiosis with 
increased uptake of endotoxins from an ethanol-
induced leaky gut (DAMPs) resulting in KCs- and 
HSCs activation to secrete a variety of cytokines, 
chemokines and growth factors to stimulate fibrosis 
and inflammation, and; 

(III)	 Ethanol-associated oxidative stress either due to 

inflammation or the induction of CYP2E1 leading 
to the generation of ROS which enhances fibrosis, 
but more importantly which results in protein- and 
DNA alterations. 

In addition, ethanol results in epigenetic changes 
associated with activation of canonical Wnt pathway. This 
may stimulate β-catenin-dependent tumor growth, but also 
CYP2E1 transcription. Other factors include acetaldehyde, 
a loss of RA, generation of TICs and immunosuppression. 

Thus, inhibition of HSCs activation on one hand and 
inhibition of CYP2E1 on the other hand may be two 
approaches to counteract fibrosis and cancer in ALD. 
Preliminary data show a beneficial effect of CYP2E1 
inhibition in non-cirrhotic ALD even in humans by 
using the CYP2E1 inhibitor (162). Since CMZ cannot be 
administered for a longer period of time due to its addictive 
potential it is time to search for non-toxic CYP2E1 
inhibitors.

Clinical implications deriving from the mechanisms 
discussed above may include approaches to prevent and 
to treat ALD. With respect to prevention, unquestionable 
alcohol abstinence is the best way. However, in AUDs this 
is sometimes difficult to obtain and requires psychiatric 
couselling eventually flanked by pharmacotherapy with anti-
graving drugs. 

Another approach would be early detection of ALD and 
HCC. This includes screening examinations of the liver for 
ethanol toxicity (e.g., serum transaminase activity) and liver 
function (serum albumin, bilirubin, blood coagulation), 
sonography and if possible transient elastography:

The American Cancer Society (ACS) has suggested 
decreasing alcohol availability, to increase alcohol taxes 
and to ban alcohol commercials as a general measure to 
decrease alcohol mediated cancers. In addition, the ACS 
suggests developing clinical strategies to identify individuals 
with a high risk profile for alcohol associated cancer with 
consecutive treatment options (188). 
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