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Abstract

This review provides a summary of the symposium entitled “Role of Non-Genetic Risk Factors in 

Exacerbating Alcohol-Related Organ Damage” was held at the at the 42nd Annual Meeting of the 

Research Society on Alcoholism. The goals of the symposium were to provide newer insights into 

the role of non-genetic factors including specific external factors, notably infectious agents or 

lifestyle factors that synergistically act to exacerbate alcohol pathogenicity to generate more 

dramatic downstream biological defects. This summary of the symposium will benefit junior/

senior basic scientists and clinicians’ currently investigating/treating alcohol-induced organ 

pathology as well as undergraduate, graduate and post-graduate students and fellows.
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1. Introduction

Alcohol is known to promote a wide range of organ damages. By affecting various tissues 

and organs of our body, it causes significant comorbid consequences (Souza-Smith et al., 

2016). Primary mechanisms of alcohol-related pathology include increased oxidative stress, 

inflammation, posttranslational modifications of vitally important proteins, altered protein 

synthesis and degradation disorders, dysregulation of lipid metabolism and impaired 

signaling (Osna & Kharbanda, 2016). These changes are related to alcohol metabolism and 

mainly affect ethanol-metabolizing cells or cells with high sensitivity to ethanol metabolites 

(Osna, Donohue & Kharbanda, 2017). While alcohol by itself is a potent damaging factor, 

its effects can be potentiated by secondary insults (so called “second hits”), which further 

promote detrimental consequences of alcohol abuse followed by the progression to end-stage 

disease. Extensive research in recent years has shown that alcohol-induced alterations in the 

gut microbiota and increased intestinal permeability to luminal antigens/microbes are potent 

second hits promoting progressive organ injury (reviewed in (Arab, Arrese & Shah, 2020; 

Avila et al., 2020; Cassard, Gerard & Perlemuter, 2017; Forsyth, Voigt, Burgess, Swanson & 

Keshavarzian, 2015; Forsyth, Voigt & Keshavarzian, 2014; Gorky & Schwaber, 2016; 

Massey, Beier, Ritzenthaler, Roman & Arteel, 2015; Meroni, Longo & Dongiovanni, 2019; 

Ridlon, Kang, Hylemon & Bajaj, 2015; Tang, Forsyth & Keshavarzian, 2014; Temko et al., 

2017; Vassallo et al., 2015; World Health Organization, 2018)). Other important second hits 

are bacterial and viral infections that lead to the synergistic activation of oxidative stress 

both by pathogens and alcohol metabolism. In fact, virus by itself may induce oxidative 

stress in permissive cells and hijack anti-viral protection by innate immunity. Alcohol 

metabolism also suppresses innate immunity leading to increased viral load and spread of 

infection, thereby potentiating oxidative stress (Boule & Kovacs, 2017). Further scenarios 

depend on cytopathogenic properties of the virus: cytopathogenic viruses can kill the cells 

directly (the example is human immunodeficiency virus (HIV) in immune cells) (Costin, 

2007), whereas non-cytopathogenic viruses (such as hepatitis C (Irshad, Gupta & Irshad, 

2019) and hepatitis B (Tseng & Huang, 2017)) require activation of adaptive immunity to 

clear infected cells. Alcohol metabolism suppresses innate and adaptive immune responses 

and elimination of infected cells, and the accumulation of virus in these cells also increases 

oxidative stress, triggers dysregulation of signal transduction pathways and worsens the 

pathology (Ganesan et al., 2019; Osna, Ganesan & Kharbanda, 2015).

In patients with alcohol use disorder, infection with any hepatotropic virus promotes the 

progression of alcoholic liver disease as the liver damage is more severe in alcohol-abusing 

patients with chronic viral hepatitis compared with chronically infected patients without 

alcohol use disorder (Novo-Veleiro et al., 2016; Serfaty, 2016; Shoreibah, Anand & Singal, 

2014; Yuan, Govindarajan, Arakawa & Yu, 2004). Further, alcohol as a second hit 

exacerbates inflammation and pro-fibrotic changes in virus-infected hepatocytes (Ganesan, 

Poluektova, Enweluzo, Kharbanda & Osna, 2018; Ganesan, Poluektova, Kharbanda & Osna, 

2018). Regardless of the primary cause of liver injury, the progression to end-stage liver 

disease is faster when triggered by a second hit and promotes progressive liver injury, 

thereby increasing end-stage outcomes, including cirrhosis and hepatocellular carcinoma 

(Novo-Veleiro et al., 2016). In addition to viral infections, bacterial infections potentiate 
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alcohol-related organ damage as evident from gut microbiota studies and sepsis (Bajaj, 

2019; Gustot et al., 2017)

In the frame of this symposium, in addition to addressing the role of alcohol in progression 

of HIV and hepatitis B virus (HBV)-infections, we also discussed other insults representing 

non-genetic risk factors causing exacerbation of alcohol-related organ damage, which are 

beyond the effects of pathogens such as the role of smoking in the development of alcoholic 

pancreatitis. Thus, here, we will overview the roles of pathogen-related (HIV, HBV, sepsis) 

and pathogen-unrelated (smoking) factors in progression of alcohol-induced organ damage.

The session was comprised of the following presentations:

i. Alcohol and smoking in progression and severity of chronic pancreatitis.

ii. Alcohol binge results in abnormal neutrophil extracellular traps formation and 

impaired macrophage efferocytosis in mice

iii. Mechanisms underlying risk for comorbidities associated with at-risk alcohol 

consumption: Metabolic instability in persons living with HIV (PLWH).

iv. Possible mechanism of alcohol induced persistence of HBV pathogenesis

2. Summary of The Presentations at the Symposium

2.1. Alcohol and smoking in progression and severity of chronic pancreatitis

The exocrine compartment of the pancreas consisting of acinar and ductal cells, is involved 

in synthesis and secretion of proteolytic enzymes (Shih, Wang & Sander, 2013). Any injury 

to the acinar cells leads to premature activation of proteolytic enzyme that initiate a cascade 

of events leading to auto-digestion and inflammatory response defined as pancreatitis 

(Lankisch, Apte & Banks, 2015). This pancreatic injury leads to either acute (AP) or chronic 

pancreatitis (CP) based on the extent and duration of the inflammatory response (Kleeff et 

al., 2017; Lankisch, Apte & Banks, 2015). Acute pancreatitis is a self-limiting disease, and 

the inflammation typically resolves within 1–2 weeks (Lankisch, Apte & Banks, 2015). 

However, recurrent AP leads to CP, characterized by inflammation, progressive and 

irreversible fibrosis, deposition of extracellular matrix (ECM), and exocrine and endocrine 

insufficiencies (Kleeff et al., 2017; Yang & Forsmark, 2017). The multiple genetic and 

environmental factors, including mutations (PRSS1, CTRC, and SPINK1), alcohol 

consumption, and tobacco smoking, have been associated with pathobiology and clinical 

presentation of CP (Kleeff et al., 2017). Further, the inflammation in the pancreas leads to 

the activation of pancreatic stellate cells (PSC), which proliferate and contributes to fibrosis 

and deposit ECM proteins like collagens-I, III, IV, fibronectin, and laminin (Apte, Pirola & 

Wilson, 2015; Apte, Wilson & Korsten, 1997).

Alcohol and smoking abuse predispose patients to recurrent pancreatic injuries (Apte, 

Wilson & Korsten, 1997; Singhvi & Yadav, 2018). Alcohol increases the fragility of 

zymogen granules and facilitates the pre-mature activation of proteolytic enzymes in the 

acinar cells (Apte, Wilson & Korsten, 1997). Previous studies illustrated that smoking 

promotes inflammation and activates PSC, as evident by increased expression of smooth 
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muscle actin (α-SMA) (Kumar et al., 2015). However, the precise molecular mechanism of 

alcohol and smoke exposure-mediated progression of CP remains elusive. Studies have 

demonstrated that both pancreatic acinar and stellate cells metabolize alcohol by oxidative 

and non-oxidative pathways (Vonlaufen, Wilson, Pirola & Apte, 2007), resulting in the 

formation of acetaldehyde and reactive oxygen radicals, which further react with 

biomolecules to generate additional chemically reactive species, especially malondialdehyde 

(MDA), 4-hydroxy-2-nonenal (4HNE), and hybrid MDAacetaldehyde-protein (MAA) 

adducts (Kharbanda, Todero, Shubert, Sorrell & Tuma, 2001; Tuma & Casey, 2003). 

Aldehyde protein adducts have been implicated in tissue destruction and increased fibrosis. 

Aldehydes bind to lysine, histidine, and cysteine residues to generate adducts with collagen, 

tubulin, and lipoproteins modulating their structural and functional characteristics (Casini et 

al., 2000). MAA-adducts can initiate an inflammatory and fibrogenic response by activating 

hepatic stellate cells and the alveolar epithelial cells and macrophage (McCaskill et al., 

2011; Wyatt et al., 2012). The ability of these adducts to affect the biology of pancreatic 

acinar and stellate cells, two important cell types involved in the pathobiology of CP, was 

examined. The MDA-collagen adducts were generated by incubating collagen-coated plates 

with 2, 3 or 4 mM MDA in 0.1M phosphate buffer (pH 7.2), 2mM 

diethylenetriaminepentaacetic acid, and 2 mM Phytic acid at 37°C for 3 days. MAA-

collagen adducts were generated by incubating collagen-coated plates with 1.0 mM 

acetaldehyde in the presence of 2, 3 or 4 mM MDA in 0.1 M phosphate buffer (pH 7.2), 2 

mM diethylenetriaminepentaacetic acid, and 2 mM phytic acid at 37°C for 3 days to 

generate MAA adducts at a 1:2, 1:3 and 1:4 molar ratio of Ach: MDA. Similarly, HNE-

collagen adducts were generated by incubating collagen-coated plates with 20, 30 or 40μg 

HNE in PBS (pH 7.2) at 37°C for 3 days to generate increasing concentrations of collagen-

HNE adducts. The adduction protocols are detailed in (Kharbanda, Shubert, Wyatt, Sorrell & 

Tuma, 2002; Kharbanda, Todero, Shubert, Sorrell & Tuma, 2001; Shearn, Backos, Orlicky, 

Smathers-McCullough & Petersen, 2014; Shearn et al., 2013; Tuma, Thiele, Xu, Klassen & 

Sorrell, 1996).

Pancreatic acinar and stellate cells were cultured for 48 h on the plates that were pre-

exposed to MDA/MAA/HNE as detailed above, thus being exposed to respective 

collagen;aldehyde adducts. The verification that there was consistent adduct formation was 

verified by running controls of soluble antigens which revealed less than 5% variability 

between batches of the adducted plates.

The viability of pancreatic acinar and stellate cells in the presence of adducts was analyzed 

by MTT assay. Briefly, 5 X 103 cells per well were seeded on MDA, MAA and HNE 

adducted plates and allowed to grow for 48 h followed by MTT assay. MDA adducts did not 

alter the viability of either acinar or PSCs at any collagen:MDA molar concentrations. The 

MAA-collagen adducts significantly reduced the viability of the acinar (p<0.05) and PSC 

(p<0.001) grown on all collagen-MAA adducted plates generated using 1:2, 1:3, and 1:4 of 

Ach: MDA molar concentrations. The HNE-adducts decreased the viability of the PSC 

(p<0.01), however, acinar cells were affected only at the highest collagen:HNE molar 

concentration adduct generated. Collectively, these data suggest that the presence of the 

aldehyde adducts on the ECM proteins could predispose the acinar and PSC to exhibit an 

exaggerated response to the subsequent exposure to alcohol and smoke, thereby promoting 
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pancreatic damage and inflammation. To test this hypothesis, pancreatic acinar and stellate 

cells grown on collagen-aldehyde adducted plates were treated for 48 h with alcohol (EtOH, 

50mmol/L) and cigarette smoke condensate (CSC, 20μg/ml) and analyzed by western 

blotting. Exposure to EtOH and CSC resulted in a higher cleavage of PARP in acinar cells 

grown on MAA and the HNE-adducted collagen plates. In addition, the presence of the 

aldehyde-adducts increased the endoplasmic reticulum stress as demonstrated by a higher 

expression of C/EBP homologous protein (CHOP) in the acinar cells exposed to either EtOH 

or CSC alone, or in combination. The presence of higher levels of CHOP, which have been 

shown to significantly reduce the viability of the acinar cells by regulating transcription to 

promote apoptosis, suggests that the aldehyde-adducted collagen may significantly 

contribute to the severity and the progression of the CP. The effect of exposure of PSCs to 

CSC and EtOH on the expression of the ECM proteins was also examined. Both CSC and 

EtOH exposure alone and in combination upregulated the expression of ECM proteins, 

including fibronectin in these cells.

To evaluate the role of alcohol and smoking in recurring AP and its progression to CP under 

in vivo conditions, isocaloric Lieber-Decarli control or ethanol diet (Control diet: protein 

151kcal/l, fat 359 kcal/l, carbohydrate 490kcal/l; Ethanol diet: protein 151 kcal/l, fat 359 

kcal/l, carbohydrate 135 kcal/l and ethanol 355 kcal/l) was fed to the CP murine model 

along with the smoke exposure, using cigarette (University of Kentucky Reference Cigarette, 

3R4F, Lexington, KY) smoke (Teague TE-10C, Davis, CA,) for 6 weeks (Xue et al., 2016). 

At the experimental end point, tissue from the respected groups were stained with 

hematoxylin and eosin as well as subjected to fibrotic markers analysis by 

immunohistochemistry for determining the disease severity. The alcohol and smoke 

exposure together aggravate cerulein-induced pancreatic inflammation and cause extensive 

damage to pancreatic parenchyma along with higher ECM deposition (Fig. 1).

Thus, data presented reveals that the alcohol- and smoking co-exposure-dependent formation 

of adducted collagen may significantly contribute to the severity and the progression of CP. 

Both cigarette smoke-extract and ethanol exposure alone and in combination aggravate 

inflammation and upregulate the expression of ECM proteins, including fibronectin.

2.2. Alcohol binge results in abnormal neutrophil extracellular traps formation and 
impaired macrophage efferocytosis in mice

Liver inflammation and steatosis are the characteristics of alcoholic liver diseases (ALD) 

(Osna & Kharbanda, 2016; Szabo & Mandrekar, 2010). Excessive alcohol consumption 

induces gut “leakiness” that increases translocation of gut derived pathogen-associated 

molecules (PAMPs) including endotoxin to liver (Szabo, 2015). These PAMPs and danger-

associated molecules from damaged hepatocytes recruit and activate immune cells to the 

liver, which leads to massive inflammation (Nagy, 2015; Szabo, 2015; Szabo, Petrasek & 

Bala, 2012). Neutrophils, as the first line of defense mechanism against invading pathogens, 

rapidly infiltrate into the liver upon pathogen-derived as well as sterile danger signals 

(Jaeschke, 2002). Among various neutrophil functions, neutrophils release sticky web-like 

decondensed chromatin mixed with several granular proteins, called neutrophil extracellular 

traps (NETs) (Brinkmann et al., 2004). NETs release is an efficient anti-microbial strategy to 
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prevent spread of pathogens. However, uncontrolled NETs production or delayed clearance 

of NETs by macrophages often cause secondary tissue damage since it contains various 

DAMPs and sustains the inflammation (Farrera & Fadeel, 2013). Neutrophil increase in the 

liver has been reported in ALD (Bertola, Park & Gao, 2013; Mookerjee et al., 2007; Xu, 

Huang, Zhang & Wang, 2014), however, it still remains unclear how neutrophils contribute 

to the pathogenesis. To understand this phenomenon, the following study was conducted: 

human peripheral blood neutrophils were isolated from healthy subjects and incubated with 

50mM ethanol for 4 hours to test in vitro NETs formation. NETs production was quantified 

with enzymatic activity from NETs-associated neutrophil elastase. For in vivo study, 10–12-

week-old wild-type female mice received a daily oral gavage of alcohol at 5mg/kg body 

weight or calorie-matched sugar for three days as previously described (Bukong et al., 

2018). On the last day, mice received a single intraperitoneal (i.p.) injection of 

lipopolysaccharide (LPS; 0.05mg/kg body weight) or saline. The mice were sacrificed 12 

hours and 15 hours after the injection. Neutrophil recruitment into the liver was measured by 

immunofluorescence (IF) staining with neutrophil elastase (NE). NETs formation was 

determined by double IF staining and Western blotting against citrullinated histone H3. 

Serum aspartate aminotransferase (AST) and cytokines were measured by ELISA. Unpaired 

student ttest was used for statistical analysis.

Ex vivo, acute alcohol (50mM) treatment significantly increased spontaneous NETs 

formation in human primary neutrophils. Interestingly, phorbol 12-myristate 13-acetate-

induced NETs production was significantly reduced in neutrophils exposed to alcohol 

compared to alcohol-naïve neutrophils (Bukong et al., 2018). We observed neutrophil 

infiltration, NETs formation and inflammation peak at 9–12 hours, and reduced neutrophil 

count and NETs at 15 hours after LPS challenge in the control group of mice that received 

sugar gavage. Interestingly, binge alcohol in mice resulted in a biphasic response to LPS; 12 

hours after LPS injection, less neutrophil infiltration and NETs formation were detected in 

the liver of mice that received binge alcohol gavage compared to mice that received a sugar 

gavage. However, 15 hours after the LPS injection, significantly higher numbers of 

neutrophils and NETs formation were detected in the liver from mice with binge alcohol 

gavage. In line with increased neutrophil count and NETs formation, an increase in 

inflammatory cytokines including monocyte chemoattractant protein-1 (MCP-1) and 

interleukin-6 as well as increased TUNEL positive cells in the liver were observed. These 

results indicated that binge alcohol delays LPS-induced neutrophil recruitment and NETs 

formation in the mice liver. Given the observations, a hypothesis that acute alcohol affects 

macrophage efferocytosis and thus, delays NETs clearance in liver was generated. RAW 

cells and human primary macrophages exposed to in vitro alcohol were co-cultured with 

PMA-induced NETs-producing (NETotic) neutrophils to test the effect of acute alcohol on 

macrophage efferocytosis. Macrophages treated with alcohol showed less phagocytotic 

capacity compared to the control group. Surface markers of M1 macrophages increased in 

the macrophages after efferocytosis of NETotic neutrophils. In vivo, neutrophil depletion 

prevented LPS-induced neutrophil recruitment and abnormal NETs formation in the liver 

from the mice that received binge alcohol gavage (Bruhn, Dekitani, Nielsen, 

Pantapalangkoor & Spellberg, 2016). Moreover, liver damage and inflammatory cytokine 

production indicated by increased serum AST and MCP-1 levels, respectively, were 
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significantly alleviated upon neutrophil depletion, suggesting that neutrophils are involved in 

alcohol-induced liver damage through increased NETs formation.

To conclude, acute alcohol induces neutrophils to release spontaneous NETs, however, 

delays neutrophil infiltration and reduces NET formation to a subsequent insult. 

Furthermore, alcohol binge delays macrophages to clear up the NETs and NETotic 

neutrophils, which prolongs inflammation and exacerbates alcohol-induced liver damage in 

mice.

2.3 Mechanisms underlying risk for comorbidities associated with at-risk alcohol 
consumption: Metabolic instability in persons living with HIV (PLWH)

According to the World Health Organization, more than 50% of the population in the 

Americas consumes alcohol (2018), and the incidence of HIV infection is strongly 

associated with alcohol consumption (Lefevre et al., 1995). Among persons living with HIV 

(PLWH), 8‒12% report heavy or at-risk drinking (Galvan et al., 2002), and the prevalence 

of alcohol use disorders is 2‒3 greater than that of the general population (Conigliaro, 

Justice, Gordon & Bryant, 2006). Unhealthy alcohol use has significantly impacted the HIV 

epidemic through its effects on the risk and transmission of disease resulting from cognitive 

and executive function impairments. Moreover, alcohol can produce multisystemic effects 

that impact disease processes involved in HIV infection.

With the advent of combination antiretroviral therapy (cART), HIV infection has become a 

chronic disease. Age-adjusted mortality rates and life expectancy at age 20 for PLWH 

approximates that of the uninfected population (Marcus et al., 2016). Increased survival is 

complicated by a greater risk for comorbidities with progression of biological age in PLWH 

(Bernardino et al., 2019; Debroy et al., 2019; Hulgan et al., 2019; Nguyen et al., 2017; 

Noubissi, Katte & Sobngwi, 2018; Peltenburg et al., 2019; Taramasso et al., 2017; Zicari et 

al., 2019). The Center for Disease Control and Prevention estimates that more than 50% of 

PLWH in the US are 50 years of age or older (Centers for Disease Control and Prevention 

(CDC)). Long-term survivors of HIV have a disease course complicated by several 

comorbidities, including metabolic alterations, diabetes, cardiovascular disease, cancer, 

chronic renal disease, and osteoporosis (Burgess, Zeuli & Kasten, 2015; Carr & Cooper, 

2000; Compston, 2015).

The study of the impact of unhealthy alcohol use on disease progression in the clinical 

setting is obscured by multiple factors, including polysubstance use, differences in 

adherence to ART, and limitations in tissue and blood sampling from these individuals. 

Significant knowledge on the interaction of alcohol with disease progression has been 

derived from integration of molecular, cellular, and animal studies interpreted in the context 

of current knowledge of human disease progression. Using the nonhuman primate (NHP) 

model of HIV infection, our group has identified a significant impact of chronic binge 

alcohol administration (CBA) on simian immunodeficiency virus (SIV) pathogenesis. Our 

studies show that CBA increases viral infectivity (Amedee, Nichols, Robichaux, Bagby & 

Nelson, 2014), decreases time to end-stage in SIV-infected macaques not treated with ART 

(Bagby, Zhang, Purcell, Didier & Nelson, 2006), and produces marked alterations in 

immune function particularly as they impact intestinal mucosal immunity (Veazey et al., 
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2015). Collectively, our studies have shown that alcohol increases lymphocyte turnover and 

decreases the total number of lymphocytes in the small intestine, while increasing the 

percent of gut and vaginal mucosal HIV target cells. The decrease in total lymphocyte count 

in the gut is accompanied by marked increases in both CD4+ and CD8+ T-cell proliferation 

coupled with increased T-cell death, especially in the CD8+ T-cell population (Katz et al., 

2015; Marcus et al., 2016; Poonia, Nelson, Bagby & Veazey, 2006; Siggins et al., 2009; 

Veazey et al., 2015). These intestinal immunopathogenic alterations adversely affect 

mucosal barrier function producing gut barrier leak. Translocation of toxins and bacterial 

products into the systemic circulation system promotes immune activation, leading to a state 

of immune exhaustion and senescence and chronic subclinical inflammation and oxidative 

stress that contributes to tissue injury.

The chronic inflammatory and oxidative stress environment prevailing in the infected host 

increases the risk for comorbidities that form part of the geriatric syndromes, particularly 

metabolic dysregulation. Our studies have shown that CBA accentuates metabolic 

derangements in virally suppressed SIV-infected rhesus macaques. Those studies identified 

amplified localized skeletal muscle (SKM) inflammation, profound depletion of SKM 

antioxidant capacity (oxidative stress), increased SKM proteasomal activity (LeCapitaine et 

al., 2011), and decreased myoblast differentiation potential (Simon et al., 2017; Simon et al., 

2014) as mechanisms preceding loss of SKM mass. In addition to enhanced SKM protein 

degradation and impaired myogenic potential, impaired anabolic signaling and decreased 

whole-body insulin sensitivity, despite viral suppression with ART was observed (Ford et al., 

2016). Moreover, results from a frequently sampled intravenous glucose tolerance test 

(FSIVGTT) with a third-phase insulin infusion (modified minimal model; MINMOD) 

showed that CBA/SIV animals have lower insulin sensitivity (corrected for % lean body 

mass) at 11 months post-SIV infection, irrespective of ART. Data showed decreased 

disposition index (DI), an indicator of insulin resistance, and markedly reduced insulin 

release (impaired endocrine pancreas response) following a glucose load (Ford et al., 2016). 

These metabolic alterations were not associated with fasting hyperglycemia or 

hyperinsulinemia, suggesting they likely precede a phase of overt glucose intolerance 

developing with disease progression.

While the SKM metabolic alterations identified are hypothesized to be significant 

contributors to overall metabolic dyshomeostasis, results from subsequent studies suggested 

additional contribution from adipose tissue and liver as target organs affected by CBA, SIV, 

and ART. Our results showed that in addition to decreasing adiponectin circulating levels, 

CBA resulted in significant alterations in adipose tissue functional structure and increased 

inflammation, particularly in omental adipose tissue (OmAT) of SIV-infected, ART-treated 

macaques. Our results showed decreased OmAT cell size in CBA/SIV/ART animals in 

association with increased collagen expression and increased infiltration of mast cells and 

macrophages (Ford et al., 2018). These structural changes in OmAT were associated with 

decreased gene expression of PPARγ and EGR2 in differentiating adipose-derived stem 

cells, suggesting impaired metabolic capacity of adipocytes. Furthermore, our results 

showed an overall main effect of ART to increase the hepatic mRNA expression of 

gluconeogenic, but not glycolytic enzymes, particularly in the CBA animals. These findings 
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suggest that in addition to CBA, ART exerts changes that can alter the balance of glucose 

metabolic capacity, favoring greater glucose production over glucose utilization.

Interestingly, as the components of frailty syndrome (Fried et al., 2001) are dissected, 

metabolic dysregulation surfaces as one of the main domains for alteration in the alcohol-

consuming, SIV/HIV-infected host. In addition to the alterations in SKM and adipose tissue 

functional mass, blunted endocrine pancreas response, and upregulated hepatic 

gluconeogenic gene expression, marked alteration in SKM expression of genes involved in 

mitochondrial homeostasis was also observed (Duplanty, Simon & Molina, 2017). The 

relative expression of PPARγ coactivator 1 beta (PGC-1β) was significantly decreased in the 

SKM of CBA/SIV NHP compared to uninfected controls. CBA not only prevented the 

significant upregulation of mitophagy-related and anti-apoptotic gene expression but also 

increased expression of proapoptotic genes in SIV-infected NHP (Duplanty, Simon & 

Molina, 2017). These findings suggest that SIV infection disrupts mitochondrial 

homeostasis and when combined with CBA, results in differential expression of genes 

involved in apoptotic signaling. This led to the scientific premise that impaired 

mitochondrial homeostasis may contribute to the underlying pathophysiology of alcoholic 

and HIV-associated myopathy. Furthermore, using the succinate dehydrogenase activity 

assay, it was determined that during the asymptomatic phase of SIV infection, CBA and 

ART significantly decreased SKM oxidative capacity. The dysregulated mitochondrial 

function was confirmed by functional assays using the Seahorse technology. Maximal 

oxygen consumption rate of myoblasts isolated from the CBA/SIV/ART was significantly 

lower compared to that of myoblasts isolated from controls and sucrose (SUC)/SIV/ART 

macaques.

In summary, these data and published reports support the scientific premise that alcohol 

promotes gut leak and immune activation that synergizes with ART resulting in systemic 

chronic inflammation and oxidative stress that likely promotes cellular energy metabolism 

dyshomeostasis in control (pancreas), effector (liver and adipose), and target 

(musculoskeletal) organs implying that altered cellular energy homeostasis is a significant 

contributor to the increased risk for comorbidities in PLWH. Further studies are warranted to 

identify therapeutic targets to prevent or reverse metabolic dyshomeostasis in chronically 

infected PLWH.

2.4. Possible Mechanism of alcohol induced persistence of HBV pathogenesis

HBV and alcohol abuse are two major public health problems worldwide. Approximately 

30% of the world’s population is infected with HBV. Every year, 350 million people are 

infected with HBV, and 887,000 people die from HBV-related diseases (2014., 2014; 

Ganesan et al., 2019). HBV infection and alcohol abuse synergistically progress liver disease 

development and cause chronic persistence of HBV-infection, but the mechanisms 

underlying these detrimental health effects are not fully understood. Current treatment of 

chronic HBV patients is limited to antiviral medications, interferon injections, and liver 

transplants. When chronic HBV is combined with alcohol abuse, these treatments are often 

largely ineffective. Elucidation of the mechanisms behind the exacerbation of HBV 
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pathogenesis by alcohol is crucial to the synthesis of new drugs and treatment options for 

liver diseases in alcohol-abusing HBV patients.

In HBV infection, viral clearance is largely mediated by the adaptive immune response 

(Guidotti & Chisari, 2006). HBV is not a cytopathogenic virus, and the clearance of HBV-

infected hepatocytes is performed by an immune response that is mediated mainly by 

cytotoxic T-lymphocytes (CTLs) (Isogawa & Tanaka, 2015). Alcohol prolongs HBV 

persistence in infected hepatocytes leading to establishment of chronic hepatitis by 

suppressing adaptive immune response, mainly, by evading recognition of infected cells by 

CTLs (Hughes, Wedemeyer & Harrison, 2011). The discernment between “self” and “non-

self” by CTLs requires the presentation of viral peptides in the context of MHC class I 

(major histocompatibility complex I) on infected hepatocyte surface. This can be achieved 

by processing of viral antigens to peptides by proteasome followed by peptide loading into 

MHC class I in the endoplasmic reticulum. These peptide-MHC class I complexes with the 

help of transporters associated with antigen processing then traffic via trans-Golgi to the cell 

surface (Chefalo, Grandea, Van Kaer & Harding, 2003). Since hepatocyte is a primary site of 

both viral replication and ethanol metabolism, alcohol-induced defects in protein trafficking 

and proteasome function may play role in HBV peptide-MHC class complex presentation on 

these cells.

Many laboratories, including ours have shown that ethanol metabolism enhances the HBV 

viral replication (an increase in HBV RNA, HBV DNA, HBsAg and HBV core protein 

content) in HBV infected and transfected cells (Ganesan et al., 2019; Larkin, Clayton, Liu & 

Feitelson, 2001; Li et al., 2019). Alcohol metabolism interferes with an effective immune 

response (Osna, Ganesan & Kharbanda, 2015), partially, because of impaired presentation of 

antigenic peptides in the context of MHC class I (Osna et al., 2012). However, currently, it is 

not clear whether this is the case for HBV-infection. In light of a recent report showing that 

ethanol metabolite acetaldehyde suppressed the HBV peptide (18–27)-MHC class I complex 

display on HBV-expressing hepatocytes (Ganesan et al., 2019), follow-up studies were 

initiated to examine how ethanol metabolism affects the HBV peptide MHC class I 

presentation on hepatocytes.

HepG2.2.15 cells, stably transfected with HBV and able to replicate virus and produce viral 

particles, were utilized for these studies. Since HepG2.2.15 cells do not metabolize ethanol 

and all harmful effects on antigen presentation are attributed to ethanol metabolism, an 

acetaldehyde generating system (AGS) was employed to mimic ethanol metabolism for 

generation of Ach without transfection with alcohol-metabolizing enzymes (Ganesan et al., 

2016; Ganesan et al., 2015). These cells were treated or not with AGS for 72 hours. For the 

final 24 hours of treatment, cells were exposed (or not) to 2 ng/ml interferon γ (IFNγ) 

because most of proteasome-related phenomena are IFNγ-inducible. Ach suppressed HBV 

core peptide FLPSDFFPSV-HLA-A2 complex presentation in hepatocytes due to impaired 

processing of the peptides by proteasome. As shown recently, chymotrypsin-like (ChT-L) 

and trypsin-like (T-L) proteasome activities were decreased in HepG2.2.15 cells exposed to 

AGS (in both IFNγ-treated and non-treated cells) (Ganesan et al., 2019). However, the 

magnitude of AGS-triggered suppression of ChT-L and T-L activities was higher in IFNγ-

treated cells. Further, determining β5i-LMP7 activity (immunoproteasome, IPR activity) in 
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IFNγ untreated and treated cells demonstrated that IFNγ induces the activation of 

immunoproteasome (IPR), and increased sensitivity of IFNγ-exposed cells to AGS is due to 

suppression of the activity and expression of IPR subunits. These findings indicate that 

ethanol metabolism, particularly Ach, suppresses proteasome activity and IPR expression 

leading to decreased HBV peptide-MHC class-I complex presentation on hepatocytes. The 

exact molecular mechanisms by which Ach affects antigen presentation machinery in HBV-

infected cells is not known. However, our earlier studies indicated that proteasome activity 

can be dose-dependently modified by 3-nitrotyrosine adducts induced by peroxynitrite, 

whose enhanced release is triggered by ethanol metabolism. Peroxynitrite blocks proteasome 

function at high nitration levels (Osna, Haorah, Krutik & Donohue, 2004). It is possible that 

the Ach generated impairs proteasome activity via adducting to its subunit proteins, thereby 

contributing in suppressing HBV peptide processing and their presentation in the context of 

MHC class I.

It is also possible that the downregulation of immunoproteasome by Ach occurs at the level 

of IFNγ-induced signaling via the JAK-STAT1 pathway. In fact, we observed Ach-impaired 

IFNγ signaling (STAT1 phosphorylation) in HBV-expressing HepG2.2.15 cells (Ganesan et 

al., 2019). Thus, HBV-AGS-suppressed IFNγ signaling dysregulates the processing of HBV 

peptides and hence, the display of HBV peptide-MHC class I complex on cell surface 

(Ganesan et al., 2019).

In addition to impaired HBV peptide processing, a reduced expression of the transporter for 

the peptide-MHC class I complex, (TAP1) and tapasin, was observed in HepG2.2.15 cells 

exposed to AGS and IFNγ (Ganesan et al., 2019). This decreased protein expression of 

TAP1 and tapasin, due to the Ach-induced suppression of IFNγ signaling in hepatocytes, 

may have an impact on delivery of cleaved HBV peptide-HLA-A2 complex to the surface. 

Previous reports also support these observations on the role of TAPs and tapasin for 

expression of HBV CTL epitopes as well as IPR for IFNγ-activated MHC class I-restricted 

antigen presentation on hepatocytes (Chen et al., 2014; Lee et al., 1997). The changes in 

TAP1 and tapasin protein expression in HepG2.2.15 cells exposed to AGS may not be 

related to post-translational modification of these proteins via Ach-induced adduct formation 

since the mRNA expression of these proteins was also suppressed when cells were exposed 

to IFNγ (Ganesan et al., 2019).

In summary, these data suggest that in HBV-expressing hepatocytes, ethanol metabolism 

impairs proteasome function and IFNγ-signaling via the Jak-STAT1 pathway in hepatocytes, 

thereby decreasing HBV peptide cleavage by immunoproteasome and activation of protein 

loading complex (PLC) components, TAP and tapasin, necessary for HBV peptide-MHC 

class I trafficking to the membrane. Acetaldehyde-induced defects in both HBV peptide 

processing and PLC finally suppress the display of HBV core peptide 18–27- MHC class I 

(FLPSDFFPSV-HLA-A2) complex (a CTL epitope) on cell surface. All these events may 

limit the activation of CTLs and reduce their ability to recognize/eliminate HBV-expressing 

hepatocytes, thereby promoting HBV-infection pathogenesis.
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3. Final Summary

Overall, this symposium provided an update on the roles of pathogen-related (HIV, HBV, 

sepsis) and pathogen-unrelated (smoking) factors in progression of alcohol-induced organ 

damage. (Fig. 2) The following summarizes the take-home message of the session’s 

presentations: (i) Data presented showed that the alcohol- and smoking co-exposure-

dependent formation of adducted collagen may significantly contribute to the severity and 

the progression of CP. Both cigarette smoke-extract and ethanol exposure alone and in 

combination upregulate the expression of ECM proteins, including fibronectin; (ii) Alcohol 

induces spontaneous NETs production in human primary neutrophils, and that alcohol 

delays neutrophil infiltration and NETs production in response to LPS in mice liver. Further, 

alcohol reduces macrophage efferocytosis of NETs and NETotic neutrophils to prolong 

inflammation and increase liver damage in mice. Acute alcohol induces neutrophils to 

release spontaneous NETs, however, reduces NET formation to a subsequent insult. 

Furthermore, alcohol binge delays macrophage clearance of NETs and NETotic neutrophils, 

which exacerbates alcohol-induced liver damage in mice; (iii) In SIV/HIV-infection, alcohol 

induces gut leak and immune activation that synergizes with ART resulting in systemic 

chronic inflammation and oxidative stress that may promote cellular energy metabolism 

dyshomeostasis in control (pancreas), effector (liver and adipose), and target 

(musculoskeletal) organs. This altered cellular energy homeostasis could be a significant 

contributor to the increased risk for comorbidities in PLWH. Further studies are warranted to 

identify therapeutic targets to prevent or reverse metabolic dyshomeostasis in chronically 

infected PLWH; (iv) Ethanol metabolism impairs proteasome function and IFNγ-signaling 

via the Jak-STAT1 pathway in HBV-expressing hepatocytes, thereby decreasing HBV 

peptide cleavage by immunoproteasome and activation of protein loading complex (PLC) 

components, TAP and tapasin, necessary for HBV peptide-MHC class I trafficking to the 

membrane. Acetaldehyde-induced defects in both HBV peptide processing and PLC finally 

suppress the display of the CTL epitope, HBV core peptide 18–27- MHC class I 

(FLPSDFFPSV-HLA-A2) complex on cell surface. All these events may limit the activation 

of CTLs and reduce their ability to recognize/eliminate HBV-expressing hepatocytes, 

thereby promoting HBV-infection pathogenesis.
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Abbreviations

Ach acetaldehyde

AGS acetaldehyde generating system

ALD alcoholic liver diseases

AP acute pancreatitis
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AST aspartate aminotransferase

ART antiretroviral therapy

cART combination antiretroviral therapy

CBA chronic binge alcohol administration

CHOP C/EBP homologous protein

ChT-L chymotrypsin-like

CP chronic pancreatitis

CSC cigarette smoke condensate

CTLs cytotoxic T-lymphocytes

DI disposition index

ECM extracellular matrix

EGR2 early growth response protein 2

EtOH alcohol

FSIVGTT frequently sampled intravenous glucose tolerance test

HBV hepatitis B virus

HIV Human immunodeficiency virus

4HNE 4-hydroxy-2-nonenal

IF immunofluorescence

IPR immunoproteasome

LPS lipopolysaccharide

MAA MDA-acetaldehyde-protein adduct

MCP-1 monocyte chemoattractant protein-1

MDA malondialdehyde

MHC major histocompatibility complex

MINMOD modified minimal model

NE neutrophil elastase

NETs neutrophil extracellular traps

NETotic NETs-producing

NHP nonhuman primate
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OmAT omental adipose tissue

PAMPs pathogen-associated molecules

PGC-1β peroxisome proliferator-activated receptor gamma coactivator 1 beta

PLC protein loading complex

PLWH persons living with HIV

PPARγ peroxisome proliferator-activated receptor gamma

PSC pancreatic stellate cells

SIV simian immunodeficiency virus

SUC sucrose

SKM skeletal muscle

α-SMA smooth muscle actin

TAP1 transporter for the peptide-MHC class I complex

T-L trypsin-like
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HIGHLIGHT

• Alcohol potentiated by “second hits”, such as smoking, bacterial or viral 

infections exacerbate disease pathogenesis and increase downstream organ 

injury.
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Figure 1: 
Picro Sirius Red staining demonstrating the higher deposition of extracellular matrix protein 

(collagen) in presence of combined alcohol (EtOH) and smoke exposure in murine model of 

chronic pancreatitis. Bar scale = 100 μm.
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Figure 2: 
Non-genetic risk factors in exacerbating alcohol-related organ damage summarized in the 

Symposium: Alcohol potentiated by “second hits”, such as smoking, bacterial or viral 

infections exacerbate disease pathogenesis and increase downstream organ injury.
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