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ABSTRACT
Nowadays, chronic alcoholism and its health implications represent a global concern.
Opver three million deaths are linked to chronic alcohol intake every year. This article
aims to spread awareness about the negative impact ethanol can have on almost every
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organ in the body, especially the liver. Understanding ethanol metabolism and the Received: 9 May 2021

cellular pathways through which alcohol increases liver oxidative stress may prevent  Accepted: 7 October 2021
a broad spectrum of hepatic lesions such as steatosis, steatohepatitis, and, ultimately,

cirrhosis. After a short review of ethanol metabolism and liver oxidative stress, each

hepatic lesion will be individually discussed regarding the mechanism of apparition,

treatment, and future targeted therapies.
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dehydrogenase 2; CYP2El — cytochrome P450 2El; ER - endoplasmic
reticulum; NAD®* — nicotinamide adenine dinucleotide; NADH — reduced
nicotinamide adenine dinucleotide; ROS — reactive oxygen species;
DNA - deoxyribonucleic acid; NADP* — nicotinamide adenine dinucleotide
phosphate; NADPH — reduced nicotinamide adenine dinucleotide phosphate;
O, — superoxide anion; H,O, — hydrogen peroxide; -OH — hydroxyl radical;
HER — hydroxyethyl radical; GSH — glutathione; A(2)C — 2-(2-methoxy ethoxy)
ethyl ~ 8-(cis-2-n-octylcyclopropyl); MAA —  malondialdehyde-acetaldehyde
compounds; TNFalpha — tumor necrosis factor-alpha; AMPK — adenosine
monophosphate-activated protein kinase; PPARalpha — peroxisome proliferator-
activated receptor-alpha; SREBP-1 — sterol regulatory element-binding protein
I; HSC — hepatic stellate cells; KC — Kupfler cells; LPS — lipopolysaccharides;
TLR4 — toll-like receptor 4; CD14 — cluster of differentiation; JNK — Janus Kinase.

Chronic alcoholism represents a worldwide concern with a vast social and economic impact on the healthcare systems. Globally, ap-
proximately 3 million deaths are registered as alcohol-related every year [1]. In addition, excessive ethanol intake over several decades
can have a negative impact on almost every organ in the body [2]. However, the liver, the main site of alcohol metabolism, is the organ
that suffers the most extensive tissue injury [3].

After a short review of ethanol metabolism in the liver, this article will summarize the cellular pathways through which alcohol induces
liver oxidative stress and determines a broad spectrum of hepatic lesions such as steatosis, steatohepatitis, and ultimately cirrhosis [4].
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MATERIAL AND METHODS

The PubMed database was searched by selecting articles from the past 20 years and using keywords such as ethanol, oxidative stress,
steatosis, steatohepatitis, and cirrhosis. Also, words such as AND and OR were used as combining terms, enabling us to limit the in-
formation. The review and original articles resulting from our search were selected in conformity with the main purpose of this study.

RESULTS

Alcohol metabolism in the liver- a biochemistry approach

Ethanol is mainly metabolized in hepatocytes, the parenchymal cells of the liver. Hepatocytes contain important levels of enzymes that are
involved in ethanol oxidation: alcohol dehydrogenase (ADH), situated in the cytosol, aldehyde dehydrogenase 2 (ALDH2) [5], situated in
the mitochondria, and cytochrome P450 2E1(CYP2E1), situated in the endoplasmic reticulum (ER) [6]. Morcover, hepatocytes also contain
high amounts of catalase, an enzyme found in peroxisomes. Catalase breaks down hydrogen peroxide transforming it into water and oxy-
gen. If present, ethanol activates a secondary function of catalase that oxidizes ethanol to acetaldehyde using hydrogen peroxide (H,0,) [3].

ADH, one of the major hepatic enzymes that catalyses ethanol oxidation, needs cofactor nicotinamide adenine dinucleotide (NAD")
to generate reduced NAD*(NADH) and acetaldehyde — an extremely toxic compound [7]. Because of its electrophilic nature, acetal-
dehyde can covalently bind to proteins, lipids, and nucleic acids and form acetaldehyde adducts that alter intracellular homeostasis [8].

Cellular proteins become highly susceptible to proteolysis, changes in their electric charge, and enzyme inactivation. In order to reduce
toxicity, acetaldehyde is rapidly further oxidized to acetate by enzyme ALDH2 inside mitochondria. This reaction generates acetate
and even more NADH [9].

As a result, the cellular NAD*/NADH ratio decreases, having a strong impact on the inhibition of fatty acid beta-oxidation, causing tria-
cylglycerols to accumulate inside hepatocytes [10]. Besides its important role in the development of liver steatosis, massive generation of
NADH has other significant effects on the citric acid cycle, gluconeogenesis, and glycolysis. NADH is reoxidized to NAD* by the electron
transfer chain in the mitochondria [7]. While electrons are transferred towards oxygen in the inner mitochondrial membrane, a high amount
of reactive oxygen species (ROS) such as the hydroxyl radical (OH), superoxide anion (O,), and hydrogen peroxide (H,O,) is formed [11].

Regarding nucleic acids, both nuclear and mitochondrial deoxyribonucleic acid (DNA) are vulnerable in front of ROS [12]. Any impair-
ment in the genetic code will affect the rightful synthesis of cellular proteins. Several studies have shown that 8-oxo-guanine is the pri-
mary marker of alcohol-induced DNA damage. Its level has been measured in the liver of rats after chronic alcohol administration [13].

CYP2EL 1s the other important liver enzyme located mainly in the endoplasmic reticulum. In the presence of molecular oxygen,
CYP2E1 oxidates ethanol to acetaldehyde and transforms reduced NAD phosphate (NADPH) to NADP+, producing water [14].
CYP2EI can increase its levels as an inducible enzyme, especially during chronic alcohol consumption [15]. Whenever CYP21E1 ex-
ceeds its normal level, molecular oxygen becomes an important substrate for the enzyme, displaying a high amount of reactive oxygen
species such as superoxide anion (O,), hydrogen peroxide (H,0,), hydroxyl radical (-OH), and the hydroxyethyl radical (HER) [16].
Out of the microsomal cytochrome P-450 enzymes, CYP2E] 1s the most susceptible to producing ROS because of its weak connection
with the CYP redox cycle and with NADPH-cytochrome P450 reductase [17].

Repeated formation of these reactive oxygen species, especially in heavy drinkers, surpasses the liver’s capacity of fighting oxidative
stress by consuming all resources of the local enzymatic and non-enzymatic antioxidant molecules [18].

The main non-enzymatic molecules are vitamin A, vitamin C, vitamin E, bilirubin, and glutathione (GSH) [19]. GSH, the most import-
ant non-enzymatic antioxidant, has been depleted in mitochondria after chronic ethanol intake. GSH is highly necessary for mitochon-
dria to remove ROS generated in the respiratory chain. Bailey ¢t al. proved that mitochondrial depletion of GSH in chronic alcoholism
is due to an impairment of GSH transport from cytosol to the mitochondrial matrix through the 2-oxoglutarate carrier. Molecules such
as 2-(2-methoxy ethoxy) ethyl 8-(cis-2-n-octylcyclopropyl) (A(2)C) were able to correctly restore GSH transport [20].

Dominant hepatic antioxidant enzymes are glutathione reductase, glutathione peroxidase, catalase (involved in H,O, removal), and
superoxide dismutase (involved in superoxide anion disposal) [19].

Liver oxidative stress becomes more accentuated when the already generated reactive oxygen species are involved in auxiliary reactions
with unsaturated lipids, generating lipid peroxides [21]. Lipid peroxides will further react with acetaldehyde and proteins, forming larg-
er compounds such as malondialdehyde-acetaldehyde compounds (MAA). These MAA compounds can induce a strong inflammatory
response in the liver, also known as alcoholic hepatitis [8].

Nowadays, multiple studies targeting alcohol-induced liver disease have shown that administration of agents that eradicate superoxide
anions, such as a superoxide dismutase [22] and agents that restore reduced glutathione, such as N-acetyl cysteine [23], can successfully
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counteract oxidative stress. Moreover, through their anti-inflammatory activity, corticosteroids can decrease the local release of cyto-
kines and the local collagen production, especially in alcoholic hepatitis [24]. Last but not least, silymarin, which is a strong antioxidant,
is a strong cell membrane stabilizer and an antifibrotic agent [25].

Alcoholic induced steatosis

Hepatic steatosis, also known as fatty liver disease, represents the accumulation of intrahepatic triacylglycerols in a minimum of 5% of
the total liver weight. Steatosis is the primary and the most encountered response when the liver is exposed to chronically high levels
of ethanol. It is considered a benign and reversible condition that ceases whenever the subject stops drinking. Irom a histopathological
point of view, steatosis starts as the accumulation of lipid droplets inside the perivenular hepatocytes, expands towards the mid-lobular
hepatocytes, and ultimately progresses to the periportal hepatocytes [26]. The main pathways involved in the development of alco-
hol-induced hepatic steatosis will be discussed further on.

Ethanol, through ROS, acetaldehyde, and tumor necrosis factor-alpha (TNFalpha) generation, impairs hepatic lipid metabolism. As a
result, lipolysis and fatty acids beta-oxidation decrease in favour of lipogenesis and cholesterol synthesis. Ethanol, together with ROS,
acetaldehyde, and TNFalpha, are directly responsible for the inhibition of adenosine monophosphate-activated protein kinase (AMPK).
This molecule plays a central role in the accumulation of triacylglycerols inside hepatocytes.

By inhibiting AMP-activated PK, ethanol downregulates peroxisome proliferator-activated receptor alpha (PPARalpha), decreasing
beta-oxidation and increasing local inflammation through the NF-kB p65 signaling system [27]. Several studies have shown that mol-
ecule imipramine can cancel AMPK inhibition by being a strong inactivator of the ASMase enzyme [28]. Moreover, fibrates, as low
activators of the PPARalpha transcription factor, can prevent and treat hepatic steatosis [29].

Another ethanol-impaired signaling pathway involved in hepatic steatosis is represented by the activation of sterol regulatory ele-
ment-binding protein 1 (SREBP-1). Normally, SREBPc-1 is inactive in hepatocytes of non-alcoholic subjects. However, hepatic ethanol
exposure sets off the translocation of SREBP-1 from the endoplasmic reticulum to the Golgi apparatus, where it maturates through pro-
teolysis. Maturated SREBP-1 then launches into the nucleus, where it stimulates transcription of lipogenic genes. As a result, SREBP-1
strongly increases intrahepatocytar fatty acid synthesis through fatty acid synthase and stearoyl-Coenzyme A desaturase activation [30].
Blockers of SREBP-1 activation are highly used molecules nowadays, such as ursodeoxycholic acid [31] and resveratrol [32].

In addition to the outcomes described above, AMPK inhibition also determines a decrease in fatty acids beta-oxidation by acting on
acetyl Coenzyme A carboxylase and carnitine palmitoyltransferase [33]. In conclusion, ethanol-induced AMPK inhibition represents a
central point in ethanol-induced hepatic steatosis through SREBP-1 activation and PPAR-alpha downregulation.

Another important role in ethanol-induced steatosis is represented by insulin resistance. Numerous studies have shown an accelerated
evolution of ethanol-induced liver disease (from steatosis to steatohepatitis) in alcoholic obese patients compared to normal-weight al-
coholic patients. In addition, studies on ethanol-fed mice proved that alcohol determines macrophage infiltration, cytokine releasing of
TNF alpha and Interleukine 6, and insulin resistance in adipose tissue. Also, an important reduction of adiponectin in adipose tissue has
been discovered, apparently due to endoplasmic reticulum injury. Low local adiponectin levels can directly reduce fatty acid oxidation
and promote fatty acid production through AMPK inhibition [34].

Alcoholic steatohepatitis

Alcoholic steatohepatitis is a chronic liver disease characterized by fatty liver inflammation, which usually occurs in chronic alcohol
consumers. Pathologic indicators of alcoholic hepatitis are ballooning of hepatocytes, intrahepatocytar Mallory bodies, local infiltration
of neutrophils, and fibrosis [24].

The key point in ethanol-induced hepatitis is represented by local macrophages, also known as Kupffer cells. Kupfter cells are located in liver
sinusoids and act as a primary defense line whenever the liver is exposed to pathogens and toxic compounds via the portal venous tract [35].

Physiologically, Kupffer cells do not respond to all antigens with an immune response. However, in subjects with chronic alcoholism,
Kupfter cells can switch from an anti-inflammatory to a strong pro-inflammatory state. Activated Kupfter cells generate a significant
amount of free radical species through the phagocytic type of NADPH oxidase and CYP2Elenzymatic systems [36]. Generated
reactive oxygen and nitrogen species stimulate the release of several cytokines such as TNF alpha, chemokines, and interleukins that
ultimately enhance the local attraction of polymorphonuclear cells from the bloodstream into the liver parenchyma [37].

The main trigger of Kupfler cells’ immune response in subjects with chronic ethanol consumption is an endotoxin known as lipopoly-
saccharide (LPS). This LPS represents a part of a Gram-negative bacteria’s wall usually found in normal colonic microbiota [38].
Several studies have shown that chronic ethanol intake is responsible for bacterial translocation from the gut to the liver through the
spleno-portal axis. This process, also known as endotoxemia, occurs because of alcohol’s ability to increase intestinal permeability,
promoting dysbiosis and local bacterial overgrowth [39].
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Alcohol is directly responsible for the destruction of the tight interepithelial junctions that interconnect intestinal cells. Therefore,
chronic alcoholism can increase intestinal permeability and allow pathogenic bacteria and endotoxins into the portal circulation. This
process is known in the literature as a “leaky gut” [40]. In chronic alcoholism, intestinal microbiota also suffers a critical imbalance in
the ratio between beneficial bacteria such as Lactobacillus and Bifidobacterium and harmful bacteria such as proteobacteria and bacilli.

In addition, alcohol is a strong suppressor of T' cells activity, impairing the intestinal mucosal response and pathogenic bacteria clear-
eance [41].

Due to all of the mechanisms explained above, LPS can reach the liver, get detected by KCs’ receptors — CD14 and toll-like receptor
4 (TLR4), chemoattract cytotoxic neutrophils, and activate NADPH oxidase in Kupffer cells. As a result, ROS generation and tumor
necrosis factor-alpha (TNFalpha) synthesis is increased, inducing local liver inflammation and injury [42]. In conclusion, there is a
strong connection between high endotoxemia and the progression of alcoholic liver disease from liver steatosis to alcoholic hepatitis.

Nowadays, two of the most studied molecules to prevent and reverse alcohol-induced steatohepatitis are Diphenyleneiodonium (inhib-
itor of NADPH oxidase) [43] and di-linoleoyl phosphatidylcholine (antioxidant) [44].

Cirrhosis

Cirrhosis represents the final stage of liver fibrosis, which in the majority of cases is caused by underlying conditions such as viral B or
C hepatitis and chronic alcoholism. It is histologically represented by excessive accumulation of extracellular matrix, mainly fibrillar
collagen, into the liver parenchyma, leading to various structural and functional abnormalities [45].

There are numerous types of cells involved in the development of alcoholic cirrhosis. The most important ones are hepatic stellate cells
(HSC) and Kupffer cells.

Hepatic stellate cells are located in the space of Disse, and their main function is to store vitamin A as retinyl esters. Subsequently to
chronic alcoholism, there is a significant depletion of vitamin A in HSC, leading to a switch in the HSC phenotype. HSC will turn
into a myofibroblast pro-fibrogenic-like type of cells, increasing their quantity of rough endoplasmic reticulum and their expression of
alpha-smooth muscle actin [46].

Further on, activated HSC will generate pro-inflammatory cytokines and extracellular matrix proteins, mainly type I collagen, partici-
pating in the progression of alcoholic liver disease from fibrosis to cirrhosis [47].

Kupfer cells, by releasing profibrogenic cytokines (tumor growth factor-beta and platelet-derived growth factor), also play an essential
role in the activation of the non-phagocytic type of NADPH oxidase in HSC. In response, HSC will generate even more local ROS,
increasing local inflammation, tissue injury, and fibrotic healing [48].

Several studies have shown that ROS, generated as part of Kupffer cells and HSC activity, can increase liver fibrosis by activating several
fibrosis-associated hepatic genes through Janus Kinase (JNK) and NFkB pathways. The most important genes are inhibitor of metallo-
proteinase-1 gene, monocyte chemoattractant protein-1 gene, and procollagen Type 1 gene [49].

Promising treatments for liver fibrosis that target oxidative
stress in the endoplasmic reticulum and mitochondria

Nowadays, oxidative stress is seen as an important tool in liver fibrosis treatment. Even though antioxidants (such as vitamins) have been
conventionally used for decades as unspecific alleviators of ROS buildup, their therapeutic effect for several pathologies, including liver
fibrosis, remains questionable. Drugs that aim for ROS generators, such as mitochondrial dysfunction and endoplasmic reticulum stress,
are novel therapies that will be discussed further on [50].

Endoplasmic reticulum inhibitors

The main role of the endoplasmic reticulum is represented by protein folding. The unfolded protein response is activated whenever
too many misfolded or unfolded proteins are generated through the endoplasmic reticulum. This response is responsible for destroying
and/or repairing deformed or unfolded proteins. Whenever this type of response is required to deal with a large quantity of misfold-
ed proteins (e.g. chronic alcohol consumption), excessive H,O, forms, leading to increased oxidative stress and apoptosis [51]. Erola
and PDI (protein disulfide isomerase) are the main enzymes that create disulfide bonds in proteins during the endoplasmic reticulum
processing. The impaired activity of these enzymes, together with decreased levels of GSH and dysfunction of electron transport
chain proteins, play a crucial role in generating liver fibrosis, especially in alcoholic liver disease [52]. Inhibiting Erola with a specific
molecule: EN460, showed defensive effects in artificially induced endoplasmic reticulum stress [53]. Other inhibitor molecules such as
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GSK2600414 and GSK2656157 that target PERK (Protein kinase R (PKR)-like endoplasmic reticulum kinase), a local oxidative stress
sensor, showed a significant reduction in the unfolded protein response and the generation of the oxidative stress [50].

Mitochondrial dysfunction inhibitors

Alcoholic liver disease has been associated with the loss of mitochondrial function, primarily by impairing the electron transport chain
and permeability of the inner mitochondrial membrane, resulting in excessive H,O, formation. Several studies on mice and rats have
shown that Coenzyme Q10, one of the major electron transport chain components, can decrease liver fibrosis and oxidative stress when
administered orally. Another inhibitor of mitochondrial dysfunction that modulates mytosol calcium homeostasis and regulates inner
mitochondrial membrane permeability is NIM811. In a rat model study, NIM811 decreased the expression fibrosis of markers in HSC
cells and urged liver recovery [54].

CONCLUSION

Up-to-the present, several researchers have demonstrated that alcohol impacts the genesis of all entities included in the alcohol liver
disease definition. The importance of understanding the mechanisms through which ethanol increases liver oxidative stress and reduces

the local antioxidant barrier have been the subject of several studies, thus providing hope for future therapeutic strategies.
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