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Abstract

The harmful use of alcohol is a worldwide problem. It has been estimated that alcohol abuse represents the world’s third largest risk factor for disease and disability; it is a causal factor of 60 types of diseases and injuries and a concurrent cause of at least 200 others. Liver is the main organ responsible for metabolizing ethanol, thus it has been considered for long time the major victim of the harmful use of alcohol. Ethanol and its bioactive products, acetaldehyde-acetate, fatty acid ethanol esters, ethanol-protein adducts, have been regarded as hepatotoxins that directly and indirectly exert their toxic effect on the liver. A similar mechanism has been postulated for the alcohol-related pancreatic damage. Alcohol and its metabolites directly injure acinar cells and elicit stellate cells to produce and deposit extracellular matrix thus triggering the “necrosis-fibrosis” sequence that finally leads to atrophy and fibrosis, morphological hallmarks of alcoholic chronic pancreatitis. Even if less attention has been paid to the upper and lower gastrointestinal tract, ethanol produces harmful effects by inducing: (1) direct damaging of the mucosa of the esophagus and stomach; (2) modification of the sphincterial pressure and impairment of motility; and (3) alteration of gastric acid output. In the intestine, ethanol can damage the intestinal mucosa directly or indirectly by altering the resident microflora and impairing the mucosal immune system. Notably, disruption of the intestinal mucosal barrier of the small and large intestine contribute to liver damage. This review summarizes the most clinically relevant alcohol-related diseases of the digestive tract focusing on the pathogenic mechanisms by which ethanol damages liver, pancreas and gastrointestinal tract. 
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Core tip: Alcohol abuse represents the world’s third largest risk factor for disease and disability. According to a “hepatocentric” vision of the problem, liver has been considered for long time the main victim of the harmful use of alcohol. However, growing evidence suggests that alcoholic disease should not be considered limited to the liver but as a true systemic disease including damage to the digestive tract, the central and peripheral nervous systems, the heart and vascular system, the bone and skeletal muscle, the endocrine and immune systems and disruption of nutritional status and finally cancer. 

BURDEN OF DISEASE

Alcohol is a major risk factor for chronic diseases and one of the leading causes of “preventable” morbidity and mortality worldwide. It has been estimated that the harmful use of alcohol results in approximately 2.5 million deaths each year with much of the burden depending on alcoholic liver disease (ALD)[1]. Even if the liver has been for long time considered the major victim of the harmful use of alcohol, the likelihood of systemic effects parallels the severity of liver damage dependent on the alcohol abuse. According to the World Health Organization Report on Alcohol and Health (2011), alcohol abuse is responsible for at least 60 major types of systemic diseases. Furthermore, alcohol consumption significantly increases the overall risk of developing cancer[1]. 

This review will focus on ethanol-dependent damages to liver, pancreas and digestive apparatus.

ALCOHOL AND LIVER

After C virus-related hepatitis, alcohol represents the most common cause of chronic liver disease in the majority of the industrialized countries[2]. Overall, about 25% of the cases of liver cirrhosis recognize as initial trigger the over-exposition to alcohol[2,3]. However, although virtually all individuals chronically exposed to alcohol develop fatty liver, the earliest response of the liver to alcohol consumption, only a minority progresses up to cirrhosis[4,5]. Duration and amount of alcohol ingested remain the most important risk factors for the development of a progressive form of alcohol-dependent liver disease even if there is not a definite cut-off of alcohol consumption able to predict a severe form of ALD[6,7]. It has been reported that a daily consumption of 60-80 g/d of alcohol for 10 years or longer in men, and 20 g/d in women leads to an advanced form of liver disease in < 40% of the cases[4,5]. A recent population-based study including 6917 northern Italian subjects demonstrated that only 13.5% developed ALD even when exposed to a very high daily alcohol intake (120 g/d)[8]. Female sex, obesity, non-sex-linked genetic factors and cigarette smoking can modulate the host susceptibility to develop ALD and contribute to overall risk of developing the severe form of the disease[9]. Furthermore, alcohol synergistically interacts with other well-known causative agents of liver damage such as hepatitis virus B or C and/or human immunodeficiency virus infection, nonalcoholic fatty liver disease, and disorders such as hemochromatosis to promote the progression of alcohol-related liver injury[10].

Many hypothesis have been advanced to explain the pathogenic mechanisms of ALD. Firstly, the liver is the main organ responsible for metabolizing ethanol, thus it is conceivable that ethanol and its metabolites [acetaldehyde-acetate, fatty acid ethanol esters (FAEEs), ethanol-protein adducts] can exert a direct cytotoxic effect acting as hepatotoxins[11]. Hepatic metabolism of the ethanol proceeds via oxidative and non-oxidative pathways (Figure 1). The main steps of the oxidative pathway are mediated by alcohol dehydrogenase (ADH) and acetaldehyde dehydrogenase (ALDH) that transform ethanol to acetaldehyde and acetaldehyde to acetate, respectively[12]. The end products of this reaction are acetaldehyde, acetate and high levels of NADH. Acetaldehyde damages liver by directly triggering inflammation, extracellular matrix (ECM) remodeling and fibrogenesis[13]. Furthermore, it covalently binds to proteins and DNA leading to the production of immunogenic adducts (i.e., malondialdehyde) in the hepatocytes[14]. Finally, acetaldehyde stimulates transforming growth factor (TGF)-beta signaling in hepatic stellate cells that acquire a pro-fibrogenic and pro-inflammatory profile[15]. Electrons from alcohol are transferred to NADP+ by ADH. Changes in NADH/NAD+ ratio may affect biochemical reactions in the mitochondria and gene expression in nucleus. The burn of NADH requires additional oxygen amount in the mitochondria; the hepatocytes take up more than their normal share of oxygen from arterious blood but not enough to adequately supply all liver regions. Thus, alcohol consumption results in significant hypoxia of the perivenous hepatocytes that are the first ones to show evidence of damage from chronic alcohol consumption[16,17]. 
Cytochrome P450s and especially cytochrome P450 2E1 (CYP2E1) is up-regulated in condition of chronic alcohol abuse and assists ADH in converting alcohol to acetaldehyde[11]. Reactive oxygen species (ROS), such as hydrogen peroxide and superoxide ions, generated by CYP2E1 are responsible for the pro-inflammatory profile of the alcohol-related liver injury by: (1) activating redox-sensitive transcription factors [i.e., nuclear factor kappa B (NF-B)][18]; (2) recruiting neutrophils and other immune cells; (3) increasing the level of circulating pro-inflammatory cytokines; and (4) contributing to the lipid peroxidation associated with alcoholic liver injury[11]. 

Catalase, a peroxisomal enzyme, is the master regulator of non-oxidative metabolism of alcohol the final product of which is FAEE responsible for alcoholic steatosis[9,11] and useful as biomarker of chronic alcohol consumption[19,20]. 

Gut-derived lipopolysaccharide (LPS) is another critical trigger of liver steatosis, inflammation, and fibrosis. Gut houses billions of microorganisms but, under physiological condition, LPS derived from Gram-negative bacteria enters the portal circulation only in trace to be cleared by Kupffer cells (resident macrophages) and hepatocytes that possess different LPS recognition systems[21-23]. Alcohol impairs intestinal barrier leading to increased circulating endotoxin levels which binds to the surface receptor CD14 on hepatic Kupffer cells via LPS-binding protein (LBP). The CD14-LPBLPS complex, via NADPH oxidase, produces ROS and stimulates the toll-like receptor 4 (TLR4) signaling cascade with the end result of the activation of NF-B and the release of inflammatory cytokines, notably tumor necrosis factor (TNF)-[24,25]. TNF-, in turn, sustains liver injury by worsening the gut permeability on one side, and upholding the necro-inflammatory hepatic damage, on the other side[26]. 

ALCOHOL AND PANCREAS

Since the initial observation by Friedreich in 1878, growing evidence linked alcohol misuse and pancreatic damage. Because of difficulties in accurately identifying alcohol abuse, differences in the populations studied and classification of pancreatitis, based on morphology rather than on etiology, the proportion of cases of alcohol-related pancreatitis widely varies between and even in the same country. Overall, it has been estimated that prevalence of pancreatitis in alcoholics increased approximately 4-fold when compared with teetotalers[27]. Although a dose-related toxic effect of the alcohol on the pancreas has been described, the alcohol consumption and risk of developing pancreatitis are not linearly linked[28]. In fact, the risk curve remains relatively flat up to the threshold of approximately 4-5 drinks/d and markedly increases as levels of consumption increase[29-31]. Notably, after a first acute episode of pancreatitis, alcoholics have a risk of developing chronic disease approximately of 14% with complete abstinence or occasional drinking and 41% if alcohol intake persists[32]. 

The pancreas directly metabolizes ethanol producing metabolites and byproducts responsible for injury of acinar cells and stimulation of stellate cells to produce and deposit ECM[33]. Acetaldehyde and ROS induce microtubular dysfunction and disruption of the actin cytoskeleton, alteration in the intracellular redox state and destabilization of zymogen granules and lysosomes. Even if FAEE tissue levels are lower than those of acetate (product of alcohol oxidation), they have been shown to be sufficient to produce pancreatic injury[33]. FAAEs exert their toxic effects by directly interacting with cellular membranes, stimulating cholesteryl ester synthesis and free fatty acids release with consequent mitochondrial damage. Furthermore, FAAEs can induce activation of NF-B and AP-1 transcription factors[33] and alteration of intracellular calcium metabolism[34,35]. Damaging of microtubular function and instability of zymogen granules and lysosomes results in an inappropriate activation of the digestive enzymes and autodigestion of the pancreatic glands. Acinar cell death (both by necrosis or apoptosis), activated by proliferative and profibrinogenic growth factors such as platelet-derived growth factor (PDGF), TGF- and connective growth factor, drives pancreatic stellate cells (PSCs) into a highly proliferative state triggering their myofibroblast-like transformation and subsequent tissue fibrosis[36,37]. However, exposure to alcohol or bacterial endotoxin-like LPS may also directly activate PSCs. In a rat model, the administration of alcohol and LPS was effective in inducing pancreatic injury while alcohol alone failed to trigger inflammatory process suggesting that alcohol and LPS exert synergistic effects on PSCs activation[37]. The “necrosis-fibrosis” sequence leads to acinar atrophy and fibrosis, morphological hallmarks of chronic pancreatitis, resulting in exocrine and endocrine glandular dysfunction.

ALCOHOL AND UPPER GASTROINTESTINAL TRACT

Despite the association between excessive drinking and risk of gastric bleeding dates back 170 years, the effects of alcohol on upper gastrointestinal (GI) tract have systematically been investigated only in the last 15 years. Both acute and chronic alcohol consumption affects upper GI tract by multiple and complex mechanisms depending either by direct contact of ethanol and/or its metabolite acetaldehyde with the mucosa as well as by non-alcoholic components of alcoholic beverages (i.e., fermentation products). These mechanisms result in: (1) inflammation of the esophageal and gastric mucosa; (2) modification of sphincterial pressure and impairment of motility; and (3) alteration of gastric acid output. All these effects are dose-dependent and reversible following abstinence[38]. 

Increased prevalence of heartburn and increased risk of gastro-esophageal reflux disease (GERD) or erosive esophagitis have been reported in alcoholics[39-42] as well as GERD patients are more likely to consume alcohol than controls[43]. Ethanol-induced inflammation of the esophageal mucosa depends on the direct damage of the mucosal barrier that, in turn, predisposes tissue to acid injury. In rabbit, the exposition of esophageal epithelium to chloride acid (HCl) alone induced little or no morphological alterations or functional changes as measured by means of mucosal potential difference (PD) and electrical resistance of the mucosa. However, the simultaneous exposure to both ethanol and HCl resulted in morphologic damage and significantly greater declines in PD[44].

Both acute and chronic alcohol consumption affect esophageal motility. Acute ethanol administration in vivo, in man as well as in cats, transiently decreased lower esophageal sphinteric (LES) pressure, degree of contraction of the smooth muscle layer of the lower esophagus and mucosal clearance due to a primary and secondary peristalsis reduction[45]. In a cat model, neural decentralization (cervical vagotomy) or nerve block did not prevent the effects of acute ethanol administration suggesting a direct inhibitory effect of alcohol on esophageal muscle cells[46,47]. In an in vitro model, the pre-exposition of esophageal smooth muscle cells to ethanol significantly decreased carbachol-dependent shortening of the cells, thus confirming that ethanol directly inhibits the contractile activity of the esophageal muscle cells[46]. Paradoxically, chronic effect of alcohol on esophageal motility consisted in an increased tonus of the LES and reduced esophageal clearance[45]. In an alcohol-fed rat model, Yazir et al[48] recently demonstrated that chronic alcohol consumption impaired relaxant and contractile responses of both LES and tunica muscularis mucosae of the esophagus.

More than 40 years ago Roberts[49] already reported that gastritis and gastroduodenal ulcer were common in alcoholics. However, the mechanisms by which alcohol damages gastric mucosa are still largely unknown. Ethanol can cause mucosal edema, erosion, hemorrhage and necrosis by directly damaging the gastric mucosal barrier and thus affecting the ability of the gastric mucosa to defend itself by gastric acid, bile and digestive enzymes[49]. Recent studies demonstrated that an impaired gastric microcirculation, accompanied by increased blood levels of endothelin-1 (ET-1) and decreased levels of nitric oxide (NO) and prostaglandin (PG)E2 can critically contribute to mucosal barrier damage in a rat model[50]. NO and PGE2 accelerate the flow of the gastric mucosal microcirculation, promote the secretion of bicarbonate, mediate the adaptive immune protective function, increase protein synthesis and cell renewal, and finally enhance the repair ability of the damaged gastric mucosa[50]. In contrast, ET-1 is the strongest vasoconstrictor of gastric mucosa microcirculation. Pre-injection of an endothelin receptor antagonist significantly reduced ET-1-dependent gastric mucosal damage in rat. In addition, high ethanol intake rats had ET-1 plasma levels significantly higher and NO and PGE2 decreased in respect to the normal control group[51]. Taken together these data suggests that ethanol damages gastric mucosa and weakens its ability to repair by stimulating ET-1 secretion and inhibiting NO and PGE2 synthesis and secretion[51]. 

Contradictory results exist on the effect of alcohol upon gastric emptying, depending on dose and type of beverage involved. In fact gastric emptying seems to be accelerated after a low alcohol dose while high doses of ethanol delay emptying and reduce motility[52]. Several reports emphasized the potential role of NO in alcohol-seeking behavior as a main target of alcohol-related GI motility disorders[53,54]. Studies in NO sintase knockout animals demonstrated that NO is the main inhibitory nonadrenergic noncholinergic neurotransmitter in the enteric neuronal system and that NOS inhibitors delay gastric emptying and colonic transit[53]. Recently, it has been shown that chronic ethanol administration in rats markedly increases NOS activity, the amount of NOS protein and the number of nitrergic neurons prompting to conclude that the overproduction of NO may be a direct cause of gastrointestinal motility disturbances in alcoholics[54].

Finally, alcohol can differently affect gastric acid output. Low doses of ethanol stimulate gastric acid secretion while high doses either exert or not inhibitory effect[38]. Similarly contradictory results have been reported on the effect of alcohol on endocrine cells regulating acid secretion (G cells). According to one group of authors, chronic alcohol consumption reduced the number of G cells while increased gastrin plasma level in experimental animals[55]. On the other hand, another study found that neither acute nor chronic ethanol consumption significantly changed the number of G cells or gastrin serum level[56]. Finally, a recent study demonstrated that ethanol consumption over a 4-mo period, resulted in a non-significant decrease of antral and plasma levels of gastrin and an increased volume density and diameter of G cells suggesting that a more complex network of endocrine mechanisms (i.e., simultaneous reduction of D cell and somatostatin levels) can be involved in ethanol acid output modifications[57].

ALCOHOL AND LOWER GASTROINTESTINAL TRACT

Alcohol can affect lower gastrointestinal tract directly by damaging the intestinal mucosa or indirectly by altering the resident microflora and impairing the mucosal immune system[58]. 

In spite the “first-pass” metabolism of ethanol by gastric ADH, high concentration of ethanol can reach duodenum and upper jejunum where direct effects on the mucosa are plausible. In experimental animal models (rodents or dogs), even low concentration of ethanol (≥ 4%, vol/vol) damages the intestinal mucosa[59]. The histological hallmarks of alcohol exposition that are loss of epithelium at the tips of the villi, hemorrhagic erosions of the mucosa and hemorrhage in the lamina propria have been also demonstrated in volunteers with previously normal upper gastrointestinal endoscopy 3 h after the assumption of 1 g/kg body weight of ethanol[60]. According to these findings, a case-control study conducted in United States, Sweden and Hungary demonstrated that the risk of major duodenal bleeding was significantly higher in non-predisposed drinkers than in non-drinkers, particularly in the heaviest consumers[61]. The mechanisms by which alcohol causes the structural changes of the intestinal mucosa have not been completely clarified. It is likely that alcohol directly causes villus contraction with consequent villus tip bleb formation, lymphatic obstruction and exfoliation of the tips of the villi[62]. In addition, ethanol can indirectly contribute to the mucosal damage by triggering an “inflammatory state” of the intestinal mucosa with invasion of leukocytes and release of noxious mediators, such as ROS[63], leukotrienes[64] and release of histamine by mast cells[65]. Finally, alcohol can increase the permeability of the mucosal micro-vessels with enhanced transcapillary fluid filtration and disruption of the epithelial continuity[58]. If the damaging effect of acute alcohol exposure is clear, whether or not chronic alcohol ingestion damages the mucosa of the small intestine remains controversial. Duodenal biopsies of chronic alcohol abusers either had normal histology or showed reduced villus height, increase in the number of intra-epithelial mononuclear cells, goblet cell hyperplasia and gastric metaplasia[58,66]. Furthermore, chronic alcohol abuse can induce fibrosis of the intestinal mucosa by increasing number of myofibroblast-like cells in the duodenal mucosa[67]. The loss of the anatomical integrity of the mucosa can, at least in part, account for the alcohol-related increased intestinal permeability. In animal models it has been reported that alcohol exposition can induce increased permeability for hemoglobin, horseradish peroxidase and polyethyleneglycol (PEG) 1500 Mr[58]. In human, a significantly increased intestinal permeability for macromolecules such as PEG 4.000 Mr and 10000 Mr has been reported in actively drinking alcoholics[24]. The increased intestinal permeability to macromolecules may account for the transient endotoxaemia described in healthy volunteers after acute alcohol consumption and in alcoholics with fatty liver[24,68]. The increased permeability of the gut mucosa reported in alcoholics since the early stage of liver disease, further supports the hypothesis that it is caused by ethanol itself and is not a consequence of advanced ALD.

Alcohol can also affect the intestinal microenvironment by inducing qualitative and quantitative alterations of the jejunal microflora[69]. Small intestinal bacterial overgrowth, defined as 105 colony forming units/mL of jejunal juice, has been demonstrated in about half of individuals chronically exposed to alcohol[58]. Similar results were obtained by using glucose or lactulose H2-breath test[69]. Small intestinal bacterial overgrowth not only contributes to the direct damage of the intestinal mucosa but it also leads to an increased production of bacterial toxins, especially those derived from Gram-negative bacteria. The combination of mucosal injury and the increased bacterial-derived products results in the enhanced endotoxin translocation from the luminal side into the portal blood[70]. 

Both specific and unspecific immune system is affected by alcohol ingestion[71]. In animal models, perfusion of jejunum with 6% ethanol triggered inflammatory reactions characterized by leukocyte infiltration and mast cells release of histamine and ROS[63,72]. The abstention from alcohol for up to 5 d increased the number of B-lymphocytes and halved the number of mononuclear macrophages in the lamina propria of duodenal mucosa[73]. These changes were no longer observed in subjects abstaining for 5-10 d. 

Finally, both acute and chronic exposure of the small intestine to alcohol can impair the absorption of monosaccharides, several L-amino acid residues and lipids (fatty acids, monoglycerides) as well as some vitamins even in absence of advanced liver disease or pancreatic insufficiency[58]. The functional interference of ethanol with the physiological absorption of nutrients can contribute to qualitative and quantitative malnutrition frequently observed in alcoholics. 

In contrast to duodenum and upper jejunum, alcohol does not directly reach the large bowel. Indeed, the concentration of ethanol in the colon, even when assumed in large quantity, is similar to that observed in the blood, thus suggesting that ethanol enters this organ from the vascular space. The oxidation of alcohol to acetaldehyde by colonic bacteria via ADH largely exceeds the capability to metabolize acetaldehyde to acetate, thus leading to a significant increase of the former[74]. The increased level of acetaldehyde not only damages the colonic mucosa but, after absorption into the portal blood, contributes to liver injury. 

Finally, acetaldehyde can exert a local carcinogenic by stimulating the proliferation rate of the epithelial cells in the rectum of both animal and humans[75,76]. 

CONCLUSION

Alcohol abuse represents a serious public health concern in many countries. According to a “hepatocentric” vision of the problem, liver has been considered for long time the main victim of the harmful use of alcohol. However, growing evidence suggest that ALD have to be considered a true systemic disease. The “multisystemic scenario” of the alcohol-related diseases underlies the urgent need to promote research oriented to pathophysiology-targeted therapies as well as preventive policy strategies to reduce the clinical and economic burden of alcohol abuse. 
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Figure 1  Main steps of alcohol metabolism in the liver. ADH: Alcohol dehydrogenase; ALDH: Acetaldehyde dehydrogenase.
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