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Abstract 

From the time of discovery, people have used both alcohol and tobacco in various forms all 

around the world. Alcohol abuse and cigarette smoking causes thousands of preventable deaths in 

the US each year. Several lung diseases such as COPD, asthma, respiratory infections, 

pneumonia, acute respiratory distress syndrome, cancer of neck, throat, mouth and lung are 

associated with smoking and drinking. Even though some studies have examined the role of 

alcohol and cigarette smoke in lung diseases, only a few studies have focused on the role of 

reactive aldehydes generated in the lungs of those who abuse alcohol and smoke cigarettes. In this 

study, we showed that reactive aldehydes formed in lung can attack protein and DNA to form 

various adducts. Malondialdehyde, a reactive aldehydes formed from both alcohol metabolism 

and cigarette smoking forms malondialdehyde deoxyguanosine adduct (M1dG) with guanine base 

of DNA. Our study showed that this adduct is formed in both human bronchial epithelial cells and 

in lungs of mice exposed to alcohol and cigarette smoke. In bronchial epithelial cells, M1dG 

adduct induced DNA damage. Our study also showed that use of dietary supplement such as 

diallyl-disulfide (DADS), a CYP2E1 inhibitor, significantly reduced DNA damage and M1dG 

adduct formation showing the important role of CYP2E1 in M1dG adducts formation. These 

findings suggest that CYP2E1 plays a pivotal role in alcohol-induced M1dG adducts, and the use 

of DADS as dietary supplement can reverse the effects of alcohol on M1dG formation.  

With regard to protein adduction, our other study showed that reactive aldehydes 

acetaldehyde and malondialdehyde, when generated in lung in large concentrations, could form 
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hybrid adduct malondialdehyde-acetaldehyde adducts (MAA) to various biological proteins. Our 

study showed that this hybrid adduct, once formed, could induce inflammation in both cell and in 

vivo model systems. MAA reduced macrophage phagocytic, superoxide ion and nitrite ion release 

functions. Also, MAA induced pro-inflammatory cytokines TNF alpha and IL-6 from 

macrophages. But in the absence of scavenger receptor A (SRA), previously known to bind MAA 

in bronchial epithelial cells, the effects of MAA were diminished; suggesting an important role 

for SRA in MAA-mediated changes to macrophage function. These results further support our 

previous finding that SRA is necessary for MAA binding.  

  In accordance with our in vitro study, our mouse study results suggest that SRA is 

important for SPD-MAA induced lung injury. In the absence of SRA, there were significantly 

fewer total cells and neutrophils in the BAL fluid when mice were intranasally instilled with 

MAA for 3 weeks. In addition, there was less binding of MAA to lung epithelium and decreased 

neutrophil influx in the lung parenchyma of SRA KO mice. These data demonstrate that SRA 

plays an important role in SPD-MAA-induced inflammation in lung as evidenced by the 

diminished inflammation in the absence of this receptor.  

Taken together, our data suggest that aldehyde adducts formation in lung is important and 

may provide an effective mechanism through which alcohol and cigarette smoke could initiate 

lung pathogenesis. Also, the role of CYP2E1 in lung aldehydes generation and SRA in MAA- 

mediated lung effects could be helpful in developing a novel treatment pathway for alcohol 

abusers who smoke cigarettes. 
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CHAPTER ONE: 

1. Background 

1.1 History of cigarette smoke 

Within 150 years of Columbus encountering these “strange leaves”, tobacco was extensively used 

all around the world in various forms during different cultural or religious events (1). Initially, the 

fine ground form of tobacco was used as a mild analgesic and antiseptic to heal minor health 

illnesses such cold, headache and eye problems. Chewing tobacco was recommended for oral 

ailments such as toothache, gum diseases and aches in the throat (2). Later, smoking of tobacco 

was introduced around the mid 17th century. Snuff held sway as popular in the 18th century, 

whereas cigar smoking was popular in the 19th century. It was believed that smoking tobacco 

would calm the nerves and relieve anxiety as well as improve body odor and prevent the plague 

(2). As smoking tobacco became popular over time, there was an increase in both the 

manufacture of cigarettes and the number of cigarette smokers. This led to the industrialization of 

tobacco production (1). Smoking among men was expanded due to free cigarettes being 

distributed to soldiers during World War II (3). People continued to smoke, which resulted in an 

increased trend in deaths from tobacco despite several studies showing the harmful effects of 

tobacco use (4). 

 

1.2 Cigarette smoke and public health threat 

During the initial days of discovery, tobacco was considered to be a magic cure for most ailments. 

Slowly, it was realized that tobacco was not a cure for all. An anonymous pamphlet titled “Work 

for Chimney-Sweeper” distributed in London around 1601 indicated tobacco as a poison. 

Tobacco use, either recreational or medicinal, was thought to weaken the body and was 

considered harmful (2). Still, smoking remained common in several public places such as 

theaters, restaurants and even airplane cabins while almost half of US adults continued to smoke 

cigarettes up to the 1960’s (5). Until the 19th century, tobacco was not even suspected as a cause 
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of lung tumors. But in the middle of the 20th century, four distinct lines of evidence were 

proposed to establish cigarette smoking as a cause of lung cancer (population studies, animal 

experimentation, cellular pathology and identification of carcinogens in cigarette smoke)(6). 

Today, tobacco smoking is the leading cause of approximately 480,000 preventable deaths in the 

US annually. The economic burden of smoking is approximately $300 billion per year due to 

productivity loss and health care cost expenditures (7). Smoking is prevalent among males, adults 

aged between (25-44) years, persons with a high school education or less, and people living 

below the poverty level (8). Smoking rates are high among racial/ethnic minority groups and 

persons of lower socioeconomic status (SES) as a result of tobacco-control disparity (9). Smoking 

is now attributed to about 30% of all cancers in the US. Lung cancer is the most common cause of 

smoking-related mortality in the US. The other smoking cancer risks are oral, pharyngeal and 

esophageal (10). The International Agency for Research on Cancer (IARC) has reported 55 

carcinogens in cigarette smoke that have carcinogenic effects in laboratory animals or humans 

(11). Although the consumption of cigarette smoking is decreased in US, it is increasing in 

developing countries (12). The morbidity and mortality in these countries is likely to surpass that 

of developed countries in the coming next century due to the delayed health effects of smoking 

(13). Deaths from lung cancer, ischemic heart disease and chronic airway obstruction are 

attributed to smoking in adults. In addition to this, several hundred deaths in infant boys and girls 

annually are due to smoking during pregnancy (14). Worldwide prevalence of tobacco use is 

estimated to be about 29% and it is still rising (15). Attractive tobacco promotion and the 

influence of the tobacco industry on policies have led to this continuous growth of smoking (4). 

Nicotine addiction is one of the problems associated with cigarette smoking. Nicotine is 

one of the 4000 chemicals found in the smoke from cigarettes, cigars and pipes. Most US 

cigarettes contain 10 mg or more of nicotine (16). Nicotine is rapidly absorbed through the skin 

and mucus lining of the mouth and nose, or by inhalation in the lung. Once absorbed, nicotine 

rapidly distributes in the blood stream and reaches the brain within seconds (17). In the brain, 
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nicotine increases the level of dopamine, a brain chemical involved in mediating the desire to 

consume more nicotine, causing a smoker to continue smoking throughout the day to maintain 

pleasure effects and prevent withdrawal symptoms (18). This often leads to nicotine 

addiction/dependence and smokers continue to smoke despite negative health consequences (16). 

Among the 75%–85% of smokers who would like to stop, less than 50% of them succeed at 

permanent cessation (19). The rates of nicotine dependence are higher among females, whites 

(20) and middle-aged current smokers (21) when compared with males, minorities and older 

adults. In addition to this, a significant correlation exists between daily smoking and lifetime 

nicotine dependence to early age of smoking onset, low education, Hispanic ethnicity, parental 

and peer smoking, novelty seeking, and pleasurable initial smoking experiences (22).  

 Despite widespread knowledge of smoking-related illness, tobacco stores and hookah 

bars continue to operate. The main reason for an increase in hookah and cigar use is due to the 

misinformation about the product. It is oftentimes erroneously believed that smoking hookah or 

cigars involves less toxic chemicals and therefore is a safer alternative to cigarettes (23, 24). 

Electronic cigarettes (e-cig) are an emerging public health concern among the younger 

generation. Similar to the hookah, e-cig are marketed as a safer alternative for conventional 

cigarettes as no burning of tobacco is involved (25). However in 2008, WHO (World Health 

Organization) declared that e-cig cannot be used as a method to help quit smoking. Inadequate 

research demonstrating e-cig effectiveness and evaluation of the possible risks to human health 

derived from nicotine, flavorings and propylene glycol (the major ingredients of e-cig) were the 

main reasons behind this decision (26). 

Secondhand smoke (SHS) generated during cigarette smoking is emerging as a potential 

environmental threat because it is an indoor air pollutant affecting the health of non-smokers (27). 

SHS, often termed environmental tobacco smoke (ETS), is another emerging public health 

problem for the non-smoker population. SHS mainly consists of the mixture of mainstream 

smoke (exhaled by a smoker) and side stream smoke (smoke from the lighted end of the cigarette) 
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(28). As the non-smoker breathes toxic chemicals similar to active smokers, it is also called 

involuntary smoking or passive smoking (29). People are more prone to SHS exposure at work, 

public places, home, and in the car (30). SHS contains about 7000 chemicals among which 70 are 

considered to be carcinogens (31). Therefore, exposure to SHS may increase the risk of 

nasopharyngeal and lung cancer as well as cardiovascular disease. SHS is more problematic in 

young children as it may trigger asthma attacks, ear and lung infections, and even sudden infant 

death syndrome (SIDS)(31). Recently, third hand smoke (THS) is also being considered a 

potential threat to non-smokers. THS mostly consists of residual tobacco smoke pollutants that 

settle on surfaces and react with other indoor pollutants to form a complex mix (32). This mix 

may pose a potential health hazard to non-smokers, especially young children (33). 

 The popularity of smoking decreased slowly around the late 20th century as people 

became aware of the health effects of both active and passive smoking. The public became aware 

about how the cigarette industry could mislead and influence public policy according to their 

interests (4). Public health activism led to the successful implementation of strict 100% smoke 

free workplace laws in 24 states and the District of Columbia, which helped to decrease the 

prevalence of smoking to almost half of what it was in the 1960’s (34). This contributed to a 

lower prevalence of cigarette consumption as smoke-free workplaces encouraged smokers to quit 

smoking (35). 

The real public health problem is to understand and deal with tobacco-related illness. 

Solid evidence has been provided by several epidemiological studies linking smoking with cancer 

and heart disease (36, 37). Cigarette smoke is recognized as important risk factor for chronic 

obstructive pulmonary disease (COPD). It is the third most common cause of death in the US and 

more than 12 million Americans are known to have COPD (38). Approximately 50% of smokers 

will eventually develop COPD, so the longer a person smokes, the higher the risk for COPD (39). 

The number of deaths from COPD among ex-smokers is reported to be much lower than in 

current smokers (40). All these indicate the role of cigarette smoke in the progression of COPD. 
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According to WHO more than 3 million people died of COPD in 2005 and by 2030 it will 

become the third-leading cause of death worldwide (39). It also poses a huge economic burden of 

approximately $50 billion (including $20 billion in indirect costs and $30 billion in direct health 

care expenditures in 2010)(38). In addition, COPD results in chronic inflammation of airways and 

lung parenchyma, mucus hypersecretion, ciliary dysfunction, destruction of alveoli, emphysema 

and gas exchange abnormalities (41). 

A report titled “Smoking and Health” released by the US Surgeon General reinforces the 

perception that cigarette smoke is harmful (14). The report highlighted the strong association of 

cigarette smoke with oral and laryngeal cancer and how smoking promotes the risk of heart 

disease (14). This report has influenced and convinced many smokers to quit (15). This report 

also helped to implement several public health interventions such as laws prohibiting the sale of 

tobacco to minors, restrictions in cigarette smoking, and increases in cigarette prices through 

imposition of taxes (42). The epidemic of smoking-related disease is the greatest public health 

threat of the twentieth century. Therefore, a decline in cigarette smoking and its consequent effect 

on the health of individuals would be surely one of the public health great successes (14). 

 

1.3 History of alcohol 

The Father of Toxicology, Paracelsus, coined the term “alcohol” to describe the product of wine 

distillation. The word alcohol is derived from the Arabic word “alkohol” meaning “bloom,” or the 

thinnest component of wine. Alcohol in its clear form without water was first prepared in 1796 

through a special distillation process (43). In ancient times, alcoholic drink was made from the 

fermentation of berries, honey, grapes, corn or maize (44). Since its discovery, consumption of 

alcoholic beverages has become a part of human life, and an integral part of various religious 

ceremonies and social events. In the initial period after its discovery, alcohol was considered to 

be a medicine rather than a drink for enjoyment (45). Alcohol was extensively served as food, 

medicine, euphoriant and was expected to prolong life as well as revive and maintain the heart. 
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People enjoyed drinking on several occasions, especially during memorial ceremonies offering 

sacrifices to gods and ancestors, celebrating victories, births, marriages, reunions, and even 

deaths (45). Availability of various organic materials and the improvement of fermenting 

techniques has led to increased production of thousands of different alcohol beverages, both 

commercially and non commercially, throughout the world (46).  

 

1.4 Alcohol abuse and public health threat 

During the second half of the 18th century, alcohol was considered an evil. Drinking alcohol was 

considered a sin and it was attributed to personal, economic, criminal, family and social 

problems. The consequences of alcohol abuse were thought to be severe and unacceptable to 

society (45). Today, alcohol is the most frequently abused drug worldwide (46). Alcohol abuse is 

one of the major public health problems. Alcohol is still the third leading cause of preventable 

death in the US resulting in 88,000 deaths annually. Alcohol is also a huge economic burden to 

the US economy. In the US in 2006, alcohol misuse problems cost $223.5 billion. Interestingly, 

three quarters of this total cost was due to binge drinking, while the remaining cost was due to 

underage drinking and drinking during pregnancy (47). In the US half of the general population 

regularly consumes alcohol (46) and approximately 17 million people are diagnosed with an 

alcohol abuse disorder that occurs when a drinking pattern causes both distress and harm. 

Unhealthy use of alcohol is highest among patients with trauma (50%), but also seen among 

patients in emergency departments (30-40%) and outpatients (1-20%)(48). Alcohol abuse results 

in increased disease and injury, property damage, motor vehicle crashes, alcohol-related crimes, 

and lost work productivity (49). Ethnic and culture disparity in alcohol-related problems is also a 

public health concern as alcohol-related mortality is higher among black than whites. In large 

urban hospitals, approximately 20-40% of patients suffer from illness either caused by alcohol or 

made worse by alcohol consumption (46, 50).  
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Misuse of alcohol is the main problem (44). When the pattern of drinking becomes destructive, 

then it could lead to alcohol abuse. The destructive pattern often termed as binge drinking 

happens after 4 or more drinks in women and 5 or more drinks in men within a 2 hr period time, 

respectively. This could result in a blood alcohol content (BAC) of 0.08% (17.6 mmol/L) and 

increases the risk of immediate adverse consequences (51). According to NIAAA (National 

Institute of Alcohol Abuse and Alcoholism), approximately 18 million adults have alcohol use 

disorders (AUD)(52). People with AUD are unable to control drinking and continue to use 

alcohol despite its negative effects resulting in alcohol dependence. They will show withdrawal 

symptoms when drinking is decreased or completely stopped (53). AUD is the most common 

psychiatric disorder in the general population; more common in men and often going 

undiagnosed (54). Alcohol abuse has several negative health consequences. In liver, heavy 

drinking could result in fatty liver, alcoholic hepatitis and cirrhosis. In brain, heavy drinking 

could have a wide range of effects. Heavy alcohol consumption can change the activity of 

neurotransmitters and cause an imbalance in neurotransmitters resulting in seizure, sedation, 

depression, agitation, mood and behavior disorders. This may also contribute to the “high” of 

intoxication and craving to drink during alcohol withdrawal (55). Also during chronic alcohol 

use, abrupt cessation unmasks the adaptive response of the brain to alcohol resulting in 

withdrawal symptoms (56). Thus, people drink to experience a rewarding stimulus known as 

alcohol-induced euphoria, or to prevent/alleviate the anxiety they experience during alcohol 

withdrawal (53). 

In spite of increased awareness among the public regarding the adverse consequences of 

alcohol abuse, thousands of people die from alcohol-related causes annually making it the third 

leading cause of preventable death in the US. Although the implementation of laws that regulate 

alcohol sale and distribution and penalize alcohol abuse-related activities, alcohol abuse is still 

common throughout the world (46).  
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1.5 Alcohol abuse and cigarette smoking 

One of the important characteristics of alcohol abusers is that they also smoke cigarettes. 

Smoking is common among people who drink large amounts of alcohol. Approximately 90% of 

the people who abuse alcohol smoke cigarettes with 70% of them smoking at least one pack of 

cigarettes per day (58). Smoking is highly prevalent among heavy drinkers (59) and alcoholism is 

more common among smokers than non-smokers. The majority of alcoholic smokers have 

difficulty in quitting smoking when compared to non-alcoholic smokers (60). Drinkers are three 

times more likely to be smokers than non-drinkers and vice versa. Heavy drinkers smoke more 

than a pack of cigarettes a day (61). Increased alcohol use and binge drinking are associated with 

current smoking (35). 

Alcohol dependence among smokers is common as drinking and smoking frequently 

occur together (62). In 2006, 46 million adults reported using alcohol and tobacco together and 

6.2 million had AUD and nicotine dependence (63). The rate of smoking is high among alcohol 

abusers as approximately 90% of outpatient alcohol abusers smoked cigarettes (64). This suggests 

a high prevalence of smoking among alcohol abusers (59). Also a relationship exists between the 

amount of tobacco consumed and the severity of alcohol dependence. Current smokers and ex-

smokers are more likely to consume alcohol than non-smokers (65). In AUD, heavier cigarette 

smoking is more common and persistent than in non-AUD. People who abuse alcohol are more 

likely to consume higher quantity of cigarettes and remain as a smoker for a long time (65). 

Similarly, severe alcohol dependence and consumption of alcohol in greater quantity and 

frequency occur in alcohol-dependent individuals who smoke compared to who those who don’t 

smoke. This results in significant health consequences among alcohol abusers who smoke. When 

these substances are used together, they exert synergistic effects that could potentially lead to 

increased risk for oral/pharyngeal cancer (66). This is greater than the sum of the independent risk 

of those substances (67). Certain cancers of the mouth, throat and esophagus are common in such 

people (68). In addition, people who smoke cigarettes and drink alcohol are known to increase 
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their risk of lung infection by various strains of bacterial, especially Streptococcus pneumoniae 

(69, 70).  

Alcohol has multifactorial actions as it affects every organ and tissue in the body. Both 

oxidative and non-oxidative metabolism of alcohol plays an important role in tissue-specific 

damage (71). Interactions with several signaling proteins and ion channels important for cellular 

signaling are involved in alcohol-mediated injury. This results in disruption of lung defenses, 

cytokines and chemokine release, neutrophil chemotaxis, and production of reactive oxygen 

species (72). Oxidative stress, inflammation, acetaldehyde generation and adduct formation, 

decreased barrier function, and mitochondrial injury are some of the known pathological 

mechanisms identified as causative factors in alcohol-mediated tissue and organ injury (73). In 

the case of cigarette smoking, inflammation is the common feature for the pathogenesis of 

cigarette smoke-associated disease. The recruitment of inflammatory cells, such as monocytes 

and neutrophils, to the lung results in the release of toxic mediators, proteolytic enzymes and 

reactive oxygen species (74). This leads to damage of the extracellular matrix protein and tissue, 

which play a key role in the pathogenesis of tobacco-related disease (75, 76). In addition to tissue 

damage, inflammatory cells and smoke-mediated oxidative injury also participate in the 

pathogenesis of smoking-related illness (77). 

Only a few pathologic mechanisms have been introduced regarding the injury associated 

with combined alcohol and cigarette smoke. As the airways are directly exposed to inhaled 

cigarette smoke and exhaled alcohol, the lung represents the ideal target for the effects of co-

exposure. It is not clear how the co-exposure to smoke and alcohol play a role in lung disease 

even-though aproximately 70% of alcoholics smoke cigarettes. It is known that alcoholics who 

smoke are at increased risk for developing lung infections (78). Alcohol and cigarette smoke 

results in reduced bacterial clearance due to reduced ciliary beat frequency (79). Co-exposure to 

alcohol and cigarette smoke results in increased colonization of S. pneumoniae in lung due to 

decreased mucociliary clearance (70). One important mechanism could be generation of reactive 
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aldehydes because they can be formed both from alcohol metabolism and pyrolysis of tobacco. 

Such aldehydes are accumulated in an increasing amount resulting in the formation of DNA and 

protein adducts by modifying target macromolecules. These modified macromolecules could be 

of clinical importance as they could play an important role in lung pathophysiology (79). 

 

1.6 Significance and clinical relevance 

During consumption of alcohol, about 95% of ingested alcohol is absorbed by the gut while the 

remaining 5% is eliminated in its original form via several excretory organs (kidney, skin and 

lungs). After absorption, 80% of alcohol is metabolized in the liver. The remaining 20% of 

alcohol travels to the lungs via the pulmonary circulation and diffuses from the bronchial 

circulation through epithelium (80). Once in the airways, alcohol vaporizes and tries to escape out 

in the exhaled breadth, but gets condensed back into the airways. Due to this recycling effect 

often called the “rain effect,” the airways are continually exposed to high concentrations of 

alcohol. Therefore, during chronic alcohol consumption or alcohol abuse conditions, the airways 

are bathed in high concentrations of alcohol for a prolonged period of time (81). In the airways, 

alcohol is further metabolized to acetaldehyde by the action of three main enzymes known as 

alcohol dehydrogenase, CYP2E1 and catalase (82). 

In chronic alcohol consumption, lung alcohol is primarily metabolized through the 

CYP2E1 pathway. During this pathway, reactive oxygen species are produced which leads to 

lipid peroxidation generating another aldehyde, malondialdehyde (83). Because most of these 

alcohol abusers are heavy smokers, a higher concentration of these reactive aldehydes gets 

accumulated in the airways of the smoker-drinker as burning the cigarette itself generates high 

concentrations of acetaldehyde. In addition, reactive oxygen species contained in the smoke can 

lead to lipid peroxidation generating more malondialdehyde (84). Importantly, these aldehydes 

are highly reactive and electrophilic in nature and have the tendency to attack nucleophilic amine 

groups contained in proteins or nucleotides in DNA forming different stable and unstable adducts. 
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Depending upon their target, the adduct could be termed as DNA adduct or protein adduct (85). 

When there is a reaction of amino group with aldehydes, a new aldehyde-modified protein 

(adduct) is formed. These different types of adducts formed have been shown to have different 

physiological effects. DNA adducts have been shown to lead to damage in DNA, especially base 

pair and frame shift mutations (86). The hybrid protein MAA adduct is highly stable and 

immunogenic in nature (87). 

Even though a few studies have been done to identify hybrid protein adduct formation in 

lung, no studies have been done to identify the DNA adduct formed in lung due to drinking and 

cigarette smoking. Most of the studies are focused on the individual effect of either cigarette 

smoke or alcohol exposure on lung function, but it is necessary to study the co-exposure affects 

on various lung adduct formation. Therefore, it would be important to identify the aldehyde DNA 

adduct formed in the lung due to smoking and drinking (84) and understand its lung effects. The 

hybrid adduct has been shown to play an important role in inflammation (88) and is primarily 

taken up by scavenger receptor A (SRA; CD204) predominantly expressed in macrophages. SRA 

is one of the major receptors known to bind aldehyde-modified proteins. In spite of this, no study 

has yet been done to understand the effects of hybrid adduct in macrophage functions and the role 

of scavenger receptor in mediating such effects. It is also necessary to identify the role of SRA in 

aldehyde adduct-induced lung inflammation. Therefore, it is important to identify different 

aldehyde adducts formed in lungs of smokers and drinkers and understand how their formation 

and accumulation in lung affects lung physiologic functions.  

As exhaled alcohol and inhaled cigarette smoke is being continually exposed to airways, 

the lung represents an important target for the effects this co-exposure. Because such a high 

percentage of alcoholics smoke cigarettes, it is necessary to further study how these reactive 

aldehydes generated in the lung in such a high concentration could play a role in pathogenesis of 

lung diseases. Herein, we hypothesize that aldehyde adducts formed in the lung after co-exposure 

to alcohol and cigarette smoke results in lung injury. Our study will help to develop novel 
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pathway targets that might prevent or treat adverse health effects of such exposure. Our study will 

help to identify these aldehydes and their adducts and understand their role in progression of lung 

disease in drinkers who also smoke.	
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CHAPTER TWO: 

2. Alcohol, Aldehydes, Adducts and Airways 

 

2.1 Introduction 

Lung 

The lung is a highly specialized organ charged with the principal role of O2/CO2 exchange 

between atmosphere and bloodstream (89). In addition to this gas exchange, it also serves as an 

interface between host and external environment (89). In this regard, the lungs can be considered 

an external organ due to continual exposure to ambient air (90). The enormous surface area of the 

airways and continuous exposure to external air makes the lung vulnerable to numerous inhaled 

toxicants, gases, pathogens and chemicals (90). All of these exposures make the lung susceptible 

to varying degrees of physical, chemical, and biological insults (91). To combat these insults and 

to defend against inhaled pathogens and other toxicants, the lung employs a defense mechanism 

including exhalation, cough reflex, ciliary beat, and mucus clearance (92), as well as a highly 

complex innate immune system including airway epithelial cells (93) and resident and recruited 

leukocytes (90). This first line of defense is later followed by specific acquired immune responses 

associated with the activation of T and B cells aimed against specific antigens (94). In the case of 

continuous insults, lung defense is compromised; allowing inhaled toxic agents to stimulate the 

generation of reactive oxygen species (ROS)(95). These ROS induce intracellular responses 

resulting in the release of pro-inflammatory cytokines and chemokines (95) that stimulate the 

influx of neutrophils and monocytes into the lung (95). Continuous inhalation of pathogens or 

toxic agents, however, may result in excessive ROS production, leading to chronic inflammation 

and lung injury (96). If not controlled, these ROS may induce inflammation and DNA damage, 

inhibit apoptosis, and may also activate proto-oncogenes through initiation of several signal 

transduction pathways (97). Therefore, oxidative stress associated with increased production of 
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ROS in the lung due to various toxic inhalants may predispose individuals to lung diseases such 

as chronic obstructive pulmonary disease (COPD)(98). 

 

2.2 Role of alcohol in lung disease 

Chronic alcohol abuse or alcoholism costs about $223 billion annually to the U.S. economy (49) 

and is the fourth leading preventable cause of death, causing more than 88,000 deaths annually 

(99). Drinking more than two drinks/day for men and one drink/day for women can have 

deleterious health effects and is associated with increased mortality (100). Among critically ill 

patients alcohol abuse is common and attributed to about 40% of admissions to the intensive care 

unit (101). Tissue injury to liver, stomach and brain as well as cancers of the upper aero-digestive 

tract, stomach, and liver are known health risks associated with chronic alcohol consumption 

(102). In the lung, alcohol over-consumption predisposes the host to infectious diseases such as 

pneumonia (103) as well as acute respiratory distress syndrome (ARDS)(104). After oral 

ingestion, less than 10% of alcohol consumed is excreted unchanged in urine, sweat and breath  

(105, 106). In the lung, due to alcohol’s volatility, it diffuses freely from the bronchial circulation 

into the airways, rapidly condenses with decreasing temperature, and deposits back onto the 

airways. This recycling of alcohol vapor (or “rain effect”) potentially results in a high 

concentration of alcohol in the airways (81). Thus, exhaled alcohol breath tests are commonly 

used to measure alcohol ingestion by law enforcement agencies in estimating blood alcohol levels 

(107). 

Bacterial infection and acute lung injury are the most significant pulmonary effects of 

such alcohol abuse (108). Increased risk for infection with tissue-damaging gram-negative 

pathogens, such as Klebsiella pneumonia, is common in alcoholic patients (109). Other risks 

associated with alcohol abuse are aspiration of gastric acid and/or microbes and impairment of 

mucous-facilitated clearance of bacterial pathogens (108). In part, this explains the increased risk 

of respiratory infections in individuals with alcohol use disorders (AUDs). Alcohol-mediated 
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suppression of host immune response and pathogen-clearing function of alveolar macrophages 

could further explain the increased risk of both bacterial pneumonia and tuberculosis (110). 

Production of white blood cells in the bone marrow and superoxide production in 

neutrophils are also decreased in chronic alcohol consumption (111). Chronic alcohol 

consumption increases alveolar capillary permeability, protein concentration in the alveolar lining 

fluid and pulmonary edema formation in lung (112). Chronic alcohol ingestion also depletes the 

antioxidant, glutathione (GSH), throughout the alveolar lining fluid of the lung and within 

macrophages (104). Other deleterious effects include abnormal synthesis and secretion of lung 

surfactants and increased apoptosis of type II cells (113). 

Although alcohol has many adverse effects on lung function, only a limited number of 

studies have examined the biochemical processes involved in the mechanism of such injury. 

Interaction of alcohol’s metabolites with other exposures could be one of several possible causes 

(114). Therefore, development of alcohol co-exposure markers in the lung could be of interest in 

understanding the pathogenesis of lung disorders associated with alcohol abuse. 

 

2.3 Role of cigarette smoking in lung disease 

Cigarette smoking is the number one preventable cause of death in the United States, resulting in 

480,000 deaths each year (115). A causal association between cigarette smoking and cancers of 

lung, liver, nasopharynx, oropharynx, and larynx has been established by epidemiological studies 

(68, 116, 117). In developed countries, cigarette smoking attributes to approximately 90% of lung 

cancer cases in males and 80% in females (118, 119). The number of cigarettes smoked, 

inhalation practice, duration and early start of smoking are the critical risk factors (120). 

Thousands of chemicals contained in tobacco smoke are known to have carcinogenic properties 

and can undergo metabolic activation in tissue leading to formation of reactive intermediates 

(121, 122). Besides being a risk factor for cancer development, smoking is also the main cause 

for COPD development (123).  
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Cigarette smoke contains high concentrations of free radicals in both the gas and tar 

phases (120). These stable oxidized intermediates induce endogenous oxidative stress and 

inflammation (124). Oxidative DNA damage and lipid peroxidation (LPO) of cell membranes are 

important effects of cigarette smoke-induced oxidative injury (125). LPO provides a continuous 

supply of free radicals for the oxidation of polyunsaturated fatty acids in membranes causing 

oxidative cell damage (126). Cigarette smoke-mediated oxidative stress induces local 

inflammation resulting in increased numbers of macrophages in the lung (127). These 

macrophages recruit additional inflammatory cells into the lung including neutrophils, 

monocytes, eosinophils, and T lymphocytes (128). The result is a destructive cascade of exposure 

of the elastolytic compounds and ROS that destroy the lung structure resulting in emphysema and 

obstructive bronchitis (129). In addition, high carbonyls content such as acrolein and 4-

hydroxynonenal (4-HNE) in the cigarette smoke also leads to carbonyl stress in the lung (130). 

Other carbonyl compounds present in cigarette smoke are formaldehyde, acetaldehyde, propanal 

and malondialdehyde (131). These carbonyls generated as a result of oxidative stress may play an 

important role in the progression of lung disease such as COPD (132). 

 
2.4 Other environmental oxidants 

In recent years, ambient air pollutants and diesel exhaust particles have been linked to oxidative 

damage in cells and in tissue (133). Air pollutants also contribute to oxidative stress in the 

pulmonary system and play a role in adverse lung effects (134). Ozone, a secondary air pollutant, 

is a known pulmonary irritant (135). In addition to a single agent, exposure to combined air 

pollutants, such as ozone and particulate matter (PM), greatly induces pulmonary oxidative stress 

and inflammation (135). This could explain the association between environmental air pollutants 

and increase in pulmonary diseases and mortality demonstrated by several clinical and 

epidemiological studies (136-138). 
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2.5 Source of aldehydes in the lung 

Significant amounts of ingested alcohol reach the airways via the bronchial circulation where it is 

either metabolized or is excreted by exhaling the vapor (82). Although the majority of ingested 

alcohol is metabolized in the liver, the mammalian lung can also metabolize ingested alcohol 

through the action of alcohol dehydrogenase (ADH) to acetaldehyde (82). Thus, after alcohol 

consumption, airways are exposed to high concentrations of acetaldehyde, a primary metabolite 

(139). In addition to ADH, during chronic alcohol consumption, alcohol is metabolized by 

microsomal cytochrome P450 2E1 (CYP2E1) and peroxisomes to generate ROS leading to 

oxidative stress (140). Human lung cells, especially bronchial epithelium, club cells, type II 

pneumocytes, and alveolar macrophages, have been shown to express CYP enzymes (141). 

CYP2E1-generated ROS easily react with lipid membranes causing LPO (142), which is 

important in the generation of reactive aldehydes such as malondialdehyde (MDA) and other 

products, like 4-HNE (143, 144). 4-HNE forms Michael adducts with nucleophilic sites in DNA, 

lipids and proteins (144). Another major source of reactive aldehydes in the lung is from the 

vapor phase of cigarette smoke, which is known to contain several aldehydes including 

butyraldehyde, isobutyraldehyde, propionaldehyde, and acetaldehyde (145)(Fig. 1). Among the 

different aldehydes contained in cigarette smoke, acetaldehyde is the major one, presenting in 

very high concentrations (146)(approximately 920 µg per cigarette)(147). Additionally, 

acetaldehyde is widely used as a natural constituent of foods and is present in the environment as 

a pyrolysis product (148). Acetaldehyde and MDA also are produced in biologically significant 

amounts during the metabolism of alcohol (149). Higher levels of aldehydes have also been 

reported in exhaled breath condensate and saliva in current smokers and patients with COPD 

(150, 151). Aldehydes have also been identified in the bronchoalveolar lavage (BAL) fluid of 

animals exposed to ozone (152). These aldehydes, especially acrolein, MDA, formaldehyde and 

crotonaldehyde, are highly reactive and could form DNA adducts in a variety of human tissues 

(153)(Table. 1). Additionally, significantly elevated levels of DNA adducts and smoking-related 
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protein adducts were detected in BAL cells as well as in the bronchial epithelium and the 

peripheral lung of smokers (154, 155). Lung is also vulnerable to oxidative injury as a result of 

exercise and high altitude exposure due to oxidative stress (156). In addition to the lung, 

increased MDA levels are also reported in excreted urine of patients with COPD after exercise as 

a result of exercise-induced stress (157). 

 

2.6 Pathological implications of lung aldehydes 

The accumulation of LPO products in human tissues is a major cause of cellular and tissue 

dysfunction as it may lead to membrane dysfunction and oxidative stress-related diseases (158). 

Reactive α, β-unsaturated aldehydes generated as a result of LPO could contribute to vascular 

disease and other oxidative stress-related pathologies due to modification of biomolecules 

(159)(Table. 1). Because oxidative stress plays an important role in the development and/or 

progression of vascular diseases such as atherosclerosis, serum malondialdehyde & 

malondialdehyde-acetaldehyde levels are used as biological markers of oxidative stress (160). 4-

HNE, a highly reactive end product of LPO (98) has been linked to a number of pathologies such 

as alcoholic liver disease, COPD, emphysema, asthma, Alzheimer’s disease and Parkinson’s 

disease (161). In the lung during oxidative stress, reactive LPO products are degraded very 

slowly, resulting in greater accumulation of these products leading to extensive adduct formation 

and tissue damage (144). Acetaldehyde may also trigger asthma attacks in individuals with 

genetic alcohol dehydrogenase polymorphisms (162). Inhalation of acetaldehyde for 30 minutes 

causes mild respiratory irritation (163). Acetaldehyde also has a significant role in the etiology of 

lung cancer (143). Aldehydes in cigarette smoke are able to induce the pro-inflammatory 

cytokines, tumor necrosis factor alpha (TNF-α) and interleukin-6 (IL-6) from macrophages, and 

the neutrophil chemokine, interleukin-8 (IL-8), from human bronchial epithelial cells (164, 165). 

Aldehydes contained in cigarette smoke have been shown to inhibit human neutrophil apoptosis 

and contribute to neutrophilic accumulation, resulting in the delayed resolution of inflammation 
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(166). Acrolein, one of the major constituents of cigarette smoke, is involved in increased mucin 

production and regulation of lung matrix metalloproteinase 9 (MMP-9), which may result in 

decreased lung function in COPD patients (167). In addition to this, glutathione is irreversibly 

modified by acrolein and crotonaldehyde in human airway epithelial cells (168). Acetaldehyde is 

also considered a toxin with epigenetic and genetic effects (169). Ethanol-induced hepatic 

steatosis, fibrosis, carcinoma and gastrointestinal injury are attributed to alcohol-mediated 

oxidative stress (170). Lipid peroxidation affects mitochondrial membrane permeability (171). 

Similarly, acetaldehyde could also inhibit mitochondrial reactions and functions (171). Acrolein 

may have a role in epigenetic modification as it is known to form adducts with histone protein 

(172). In brief, in addition to oxidative stress and immune dysfunction, membrane disruption, 

histone modification and mitochondrial dysfunction are other major pathological implications of 

aldehydes. 

Even though chronic alcohol ingestion and cigarette smoke are two major sources of 

aldehydes in the lung, few studies have been conducted on the co-exposure of alcohol and 

cigarette smoke in the lung. This co-exposure is important because the highest level of aldehydes 

is generated when lungs are co-exposed to cigarette smoke and alcohol (84). This co-exposure 

often leads to oxidative stress resulting in high concentrations of acetaldehyde and 

malondialdehyde in the lung (84). Therefore, the reactive aldehydes generated in the lung could 

be related to various lung pathologies associated with alcohol abuse and cigarette smoking.  

 

2.7 Lung aldehydes and protein adduction 

Reactive aldehydes are electrophilic and react with a nucleophilic site that donates an electron to 

form a strong covalent bond leading to adduct formation (173)(Fig. 1). Generally, one of two 

chemical reactions are involved in adduct formation (174). One is a Michael addition, which is 

the reaction between β-carbon of aldehydes and nucleophilic groups to form 1,2-addition with the 

double bond. Secondly, there is a base reaction that involves formation of Schiff bases between 
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the carbonyl carbon of aldehyde and the primary amino group of lysine or N-terminal residues 

(175). Various stable and unstable adducts are formed when reactive aldehydes generated 

covalently bind to amino acid residues of proteins (176). Such adduction may disturb protein 

cellular functions (177)(Table. 1). Aldehydes damage protein structure by forming adducts 

through covalent bonding with cysteine, lysine or histidine residues (178). In the lung, both 

ADH- and CYP2E1-catalyzed metabolism of alcohol is associated with generation of 

acetaldehyde, a reactive aldehyde capable of binding to cellular proteins (142). Acetaldehyde, the 

first metabolite of alcohol, is highly reactive and forms adducts primarily by binding to reactive 

lysine residues of preferred target proteins (179). Acetaldehyde also has the ability to covalently 

bind to several proteins that could be detrimental to the protein function (180) due to formation of 

both stable and unstable adducts with various proteins (181). In addition, other lipid peroxidation-

generated aldehydic products such as MDA and HNE also form Schiff base adducts with proteins 

(182). 

Several proteins such as albumin, tubulin, lipoproteins, collagens and erythrocyte 

membrane proteins serve as targets for aldehyde adduction (183). Accumulation of acetaldehyde 

due to excess alcohol consumption can lead to increased interaction of this aldehyde with 

biomolecules (114). Tobacco smoke is another source of oxidative stress in the lung as it induces 

the production of aldehyde-mediated injury through oxidative DNA damage and lipid 

peroxidation of cell membranes (184). In addition to acetaldehyde, 4-HNE has been known to 

form protein adducts with insulin and histidine residues in proteins (185). 
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Figure 1. Generation of lung aldehydes and adduct formation.  

Alcohol is metabolized by alcohol dehydrogenase (ADH) to acetaldehyde (AA). But during chronic alcohol 

consumption, CYP2E1 is induced leading to generation of ROS like superoxide, hydrogen radical and 

hydrogen peroxide. This promotes lipid peroxidation and generation of malondialdehyde (MDA) and 4-

hydroxynonenal (4-HNE). Cigarette smoke itself contains high concentration of AA, acrolein and 

formaldehyde. In addition to this, smoking cigarettes also induces local inflammation in lung causing more 

generation of ROS. This further promotes lipid peroxidation generating more MDA and 4-HNE. Acetaldehyde 

and MDA could form hybrid adduct through Schiff base reaction when 2 mole of MDA react with 1 mole of 

AA to form a stable hybrid adduct. Aldehydes like AA, MDA, acrolein, 4-HNE and formaldehyde could also 

form protein adduct and DNA adduct. The main reactions involved are Schiff base (involves binding of 

aldehyde to the alpha group of a N-terminal amino acid of the protein) and Michael addition (involves of 

binding of aldehyde on amino groups (Lys and His) or thiols (Cys or GSH)(88, 186-188). 
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2.8 Pathological implications of protein adducts 

Slow cilia beating and decreases in cilia dynein ATPase activity have been reported as a result of 

acetaldehyde binding with dynein and tubulin proteins important for cilia motion (189)(Table. 1). 

Adduction of acetaldehyde with GSH inhibits the anti-oxidative defense system (AODS) 

responsible for the detoxification of ROS and reactive nitrogen species (RNS)(190). Stimulation 

of nuclear factor-kappa B (NFκB), which regulates the secretion of pro-inflammatory cytokines, 

is another effect of acetaldehyde (191). Aldehyde products stimulates fibro genesis by increasing 

the expression of connective tissue proteins and extracellular matrix components (192, 193) and 

induces immune responses (194-196). Also, 4-HNE formed during lipid peroxidation after ozone 

exposure appears to form specific protein adducts which is toxic and cause apoptosis of murine 

lung cells (197). Acute alcohol toxicity may lead to formation of malondialdehyde protein adduct 

in the muscle (198). The presence of HNE-protein adducts has also been studied in diseases 

related to oxidative stress such as neurodegenerative diseases and atherosclerosis (199). 

Similarly, protein adducts of acrolein may have a role Alzheimer's disease, Parkinson's disease 

(200) atherosclerosis (201) and chronic obstructive lung disease (202). Exposure of 4-HNE to 

THP-1 cells resulted in modification of proteins and enzymes involved in cytoskeleton 

organization, stress responses, and other metabolic pathways (203). MDA and 4-HNE protein 

adduct formation in the liver could play an important role in the development and progression of 

alcoholic liver disease (204, 205). In COPD patients, a large number of carbonyl-modified 

proteins has been reported in the peripheral lung tissue and correlated with disease severity 

measured by the decline in forced expiratory volume in 1 second (FEV1)(206). Aldehyde-

modified protein formation also has an effect on cellular responses. 4-HNE adduction with 

extracellular signal-regulated kinases (ERK1/2) decreased ERK-1/2 phosphorylation and nuclear 

localization (207). Similarly, the modification of adenosine monophosphate-activated protein 

(AMP) kinase with 4-HNE inhibits its kinase activity and attenuates downstream AMP kinase 

signaling pathway in MCF-7 breast cancer cells (208). HNE forms adducts with c-Jun amino-
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No staining was observed in WT and SRA KO mice instilled with saline (Fig. 22A) or non-

adducted SPD (Fig. 22C). No staining was observed with isotype control antibody (data not 

shown). In contrast to WT mice, a remarkable decrease in MAA adduct reactivity was observed 

in SRA KO mice (Fig. 22E). These results suggest that SRA is important for MAA binding in 

airways as no such staining was detected in KO mice. This could further explain the decreased 

response to MAA adduct in SRA KO mice.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. Representative lung tissue sections immunohistochemically stained for SPD-

MAA.  

Immunohistochemical staining of SPD-MAA in lung airways of both WT and SRA KO mice treated intranasally with 

saline, SPD-MAA (50 µg/mL) and SPD (50 ug/mL) for 3 weeks. A representative 4-5 um-thick section of one mouse 

per treatment group is shown (20 X magnification). WT Saline (A), SPD-MAA (B), SPD (C) and SRA KO Saline (D), 

SPD-MAA (E), SPD (F). Line scale represents approx. 100 µM. Arrow denotes the staining and binding of MAA 

adduct 
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5.4 Discussion 

In this study, we demonstrated that SRA plays an important role in regulating MAA-adduct 

induced lung inflammation and lung injury. Repetitive instillation of MAA adduct in mouse lung 

resulted in inflammation as a result of influx of neutrophils influx in the peri-bronchial region. 

Increased lung cellularity and increased influx of neutrophils were observed in the lungs of WT 

mice, but in SRA KO mice all of these effects caused by MAA adduct after repetitive instillation 

were significantly diminished. This diminished inflammation in SRA KO mice could be further 

explained by a decrease in MAA adduct binding to the airway cells. As a result, a decrease in 

chemokine KC release from the lung slices was observed. Similarly, no significant increase in KC 

release in BAL from SRA KO mice instilled with SPD-MAA at 1 week and 2 weeks was 

observed. This could explain the decreased neutrophil influx in the lung of the SRA KO mice 

after MAA adduct instillation. An increase in KC release in BAL from WT mice instilled for 1 

week and 2 weeks suggests earlier KC release leading to the recruitment of the neutrophils in the 

airways at 3 weeks. Our study is the first one to show the importance of SRA in MAA-induced 

lung inflammation in mouse lung.  

Previous studies show that macrophages scavenge chemically modified proteins such as 

formaldehyde-treated bovine serum albumin, maleylated albumin and malondialdehyde-modified 

and acetylated low-density lipoprotein by endocytosing these modified proteins via a receptor 

mediated mechanism (365). Highly reactive aldehydes formed as a result of smoking and 

drinking have the ability to modify lung proteins to produce a highly stable and immunogenic 

product, malondialdehyde-acetaldehyde (MAA) adduct (87, 231). In contrast to individual protein 

adducts formed by AA and MDA, which are unstable and dissociate rapidly, this MAA adduct is 

stable and can remain in the lung for a long time (366, 367). In mouse lung, surfactant proteins A 

(SPA) and D (SPD) are equally MAA-adducted when exposed to both ethanol and cigarette 

smoke  (88). This suggests that surfactant proteins are ideal targets for MAA adduction in lung. 

The presence of this adduct in liver, lung and recently in the rheumatoid arthritis (RA) synovial 
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tissue could suggests its importance as a marker of inflammation (250). In lung, SRA expressed 

on bronchial epithelial cells is reported to bind MAA adduct and internalize them (237). In 

support of this result, we earlier reported that SRA was involved in MAA-adducted protein-

stimulated, PKC/ε-mediated KC production in mouse airway epithelial cells (237). We show that 

MAA adduct binding to bronchial epithelial cells is blocked when pretreated with fucoidan, a 

ligand for scavenger receptor A (239). Additionally, a decreased antibody response to MAA-Alb 

in SRA KO mice was also reported (235). Because SRA is extensively expressed in macrophages, 

a similar result was also reported when macrophages from SRA KO mice were treated with MAA 

adduct. A decrease in the pro-inflammatory cytokines, TNF alpha and IL-6, was observed when 

compared to macrophages from WT mice (360). Willis et al. also reports that MAA-haptenated 

proteins are preferentially bound by scavenger receptors on macrophages, which internalize the 

ligands and shuttle them to lysosomes (368). Our result further supports these published results 

that SRA is one of major receptors involved in the effects mediated by MAA-modified proteins.  

There is a similarity between the mechanism by which both oxidized LDL (ox-LDL) and 

modified MAA protein initiate toxicity (369). Both of these are recognized by scavenger 

receptors and Ox-LDL is associated with the pathogenesis of atherosclerosis (370). There are also 

various theories suggesting the specific feature of the ligand that make it suitable for the 

scavenger receptor. Reaction of amino groups of protein with short-chain α-hydroxy aldehydes 

may yield a moiety that is important for recognition by scavenger receptor A (371). Negative 

charges in the ligands could be another important feature for bonding reaction (372). Change in 

protein confirmation after binding with aldehydes could be another determinant in receptor 

binding (373). MAA adduct formed as a result of Schiff base reaction between 2 moles of 

malondialdehyde and 1 mole of acetaldehyde with lung protein, such as SPD, therefore, may 

fulfill the above-mentioned requirements, making it a ligand for SRA. 

Our study also showed a difference in MAA staining in the lung after repeated intranasal 

instillation for 3 weeks in WT and SRA KO mice. Interestingly most of the positive staining for 
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MAA was seen in airway epithelial cells, the cells that first come into contact with MAA after 

intranasal instillation. Airway epithelial cells express SRA and take up MAA as previously 

reported (237). The remarkable finding of our study was that in SRA KO mice, significantly less 

MAA staining was observed. This further supports the observation that the diminished response 

to MAA in SRA KO mice is due to less uptake of MAA by airway epithelial cells. Our results 

also suggest that binding of MAA to airway epithelial cells is important to initiate the 

inflammatory responses to MAA. 

Our study also demonstrated an increase in SRA expression after repetitive instillation of 

MAA adduct for 3 weeks. The increased inflammation in the lung of WT mice after MAA 

instillation could be due to increased binding as a result of increased expression of the SRA on 

the lung. This modulation of SRA expression in lung is important as it could modulate the 

inflammatory responses to MAA adduct. Chronic lung inflammation is one of the characteristic 

features of COPD, which is predicted to be the third leading cause of death worldwide by 2030 

(374). Smoking is the primary risk factor for COPD (375) and about one-third of smokers are 

drinkers. This is why it is important to study the role of co-exposure of cigarette smoke and 

alcohol on lung inflammation. One of the pathways through which this co-exposure could induce 

lung injury is the formation of MAA adduct from reactive aldehydes. Our results suggest that 

SRA is important to initiate MAA-mediated inflammation in lung. Previous studies have also 

reported that genetic polymorphisms in macrophage scavenger receptor-1 gene (MSR1) could 

result in increased macrophage adhesion, receptor expression, and cell number (376). It has been 

also linked to COPD susceptibility (377). 

 

5.5 Conclusion 

In summary, this study demonstrates the functional role of SRA in MAA adduct-induced 

inflammation in lung. SRA is important for initiation of inflammation after instillation of MAA 

as absence of SRA is protective against MAA mediated lung inflammation and injury. Future 
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studies involving individuals with genetic polymorphisms in SRA would be important to better 

understand the role of SRA on susceptibility to lung inflammation in smokers and drinkers.  
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CHAPTER SIX: 

6. Discussion 

 

Collectively, alcohol abuse and cigarette smoking are known for causing hundreds of thousands 

of preventable deaths each year. In lung, several reactive aldehydes such as acetaldehyde, 

malondialdehyde and 4-HNE are generated as a result of drinking and smoking. High 

concentrations of these aldehydes lead to the formation of DNA and protein adducts. In this 

study, we showed that malondialdehyde can form DNA adduct (M1dG) in both bronchial 

epithelial cells and mouse lung, leading to the induction of DNA damage. But after treatment 

with the CYP2E1 inhibitor DADS, the formation of this adduct and DNA damage was reduced. 

In addition to this, our study also showed that a hybrid adduct (MAA), formed when reactive 

acetaldehyde and malondialdehyde covalently bind to proteins to form a stable hybrid adduct in 

lung, could initiate several inflammatory reactions in both in vitro macrophage and in vivo mouse 

models. Our study further confirmed that SRA is one of the major receptors for MAA adducted 

protein in macrophage and mouse models. 

Individuals who abuse alcohol and smoke cigarettes are at risk for generating reactive 

aldehyde and ultimately adducts in lung, which may represent an early biomarker for adverse 

health outcomes. Thus, it would be beneficial to implement an easy to use technique for the 

detection of high levels of relative aldehydes and adducts in biological fluids. Such techniques 

would be helpful to identify individuals at risk for developing adduct-related inflammation and 

lung injury. The early detection of these aldehyde adducts could help in development of 

interventions to further prevent the progression of lung diseases. Aldehydes and MAA adducts in 

BAL fluid and exhaled breath condensate could be easily measured by liquid chromatography-

tandem mass spectrometry to monitor the disease and its response to therapy. These biomarkers 

may help to identify smokers and drinkers who are at a greater risk of developing alcoholic lung 

disease and COPD. This would also provide a rationale for the evaluation of conventional 
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therapies and for the development of novel drugs. These markers could be of prognostic value for 

lung disease in smokers and drinkers. Importantly, adduct formation could be one of several 

potential mechanisms of how drinking alcohol and smoking cigarettes could increase the risk of 

DNA damage and inflammatory lung disease.  

Our study also showed that CYP2E1 is important for the formation of reactive aldehydes. 

Inhibiting this enzyme would be beneficial to minimize the adverse effects of these adducts. 

Implementation of this strategy would play an important role for screening at risk individuals and 

targeting individuals at need for clinical testing and/or dietary supplementation. Genetic 

difference plays an important role in how an individual responds to aldehydes and their respective 

adducts because some people may have an increased risk of aldehyde-related disease, whereas 

others are protected by their genetic CYP2E1 profile. Detailed future studies concerning 

individual susceptibility to high aldehydes and adducts stratified by polymorphisms in CYP2E1 is 

necessary before recommending a particular dose of DADS.  

DNA adduct formation is considered a critical step in the process of carcinogenesis. 

M1dG adduct formation could lead to DNA damage that is quite persistent, with a relatively long 

half-life of 12.5 days. Therefore it is of clinical importance to study how these DNA adducts 

induce mutations and chromosome abnormalities. M1dG could be established as a biomarker of 

oxidative stress and lipid peroxidation due to dietary habits and environmental exposures. This 

would help to predict risk for cancer development and tumor progression. Our study has tried to 

broaden knowledge about the importance of dietary supplementation in the prevention of 

oxidatively damaged DNA. To date, little is known about M1dG adduct formation and its effects 

on lung tumor progression, but no correlation has yet been established between them. Therefore, 

it is difficult to establish an association between exposure and disease because the process is 

complex and their real impact are unknown or not easily estimable due to many factors such as 

individual genetic profile, age, diet, lifestyle, health status, and mode of exposure. With this in 

mind, our preliminary findings could be useful to characterize the risk, at least in term of DNA 
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damage, for those individuals who abuse alcohol. Still, more detailed studies on these adducts, 

their receptors, and their signaling pathways are warranted in the future. We also need to analyze 

the levels of M1dG adduct, a biomarker of oxidative stress and lipid peroxidation, in a cohort of 

alcohol abusers. Furthermore, the relationship between alcohol exposure levels and M1dG 

adducts need to be evaluated. The dose of alcohol to which the workers are consuming and 

consequent DNA adduct formation will help in planning future preventive actions. These findings 

would be of clinical importance to develop effective preventive interventions.  

Not all alcohol abusers who smoke cigarettes will develop symptoms of injury due to 

aldehyde adducts suggesting genetic factors may likely be important. Keeping this in 

consideration, polymorphisms in SRA may be important, as it is the major receptor for the MAA 

adduct. This will help to identify individuals at risk as well as suggest novel targets for drug 

treatments. Previously the role of SRA polymorphism in COPD susceptibility among smokers has 

been established, but the role of SRA in alcohol and cigarette smoke mediated lung effects have 

not. Therefore, it is necessary to investigate SRA genetic polymorphisms in disease susceptibility 

in such individuals. Our study highlighted the role of SRA on MAA-mediated lung inflammation 

and injury. The data from macrophage and mouse studies further confirmed that SRA is 

necessary for MAA-mediated effects. This opens future directions to further exploring the role of 

SRA in alcohol abusers who also smoke cigarettes. In addition, a future SRA genetics study may 

help to predict who will get lung disease or who will be protected from unfavorable outcomes 

among drinkers who also smoke cigarettes.  

Modification of surfactant protein D (SPD) due to MAA adduction is another important 

mechanism that could be addressed in future studies. Surfactant protein plays an important role in 

innate defense as well as in inflammatory regulation within the lung. Deficiency in oligomerized 

SPD might contribute to the pathogenesis of a variety of human lung diseases. Multimeric SPD is 

anti-inflammatory because its hydrophobic N-terminus is hidden and thus not able to bind to its 

calreticulin/CD91 receptor complex and initiate pro-inflammatory responses. But chemical 
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modification of SPD can lead to disruption of its multimeric structure into trimers exposing the 

hydrophobic N-terminus. Such modification enhances SPD ability to bind to its calreticulin/CD91 

receptor complex and initiate a pro-inflammatory response. This suggests that any modification in 

SPD structure is important for its role in inflammation. Also, depletion of SPD results in 

decreased clearance of microorganisms and exaggerated pro-inflammatory response in lung 

damage. Because MAA adduct is formed when acetaldehyde and malondialdehyde attack SPD 

protein, it is necessary to study whether such adduction will alter SPD structure, its receptor 

binding ability, and its biological functions. In addition to direct structure-function modifications, 

it should be determined whether MAA adduction of SPD results in decreasing free SPD levels in 

lung and if this could lead to significant changes in innate defense. Such findings will help to 

better understand the mechanism behind the observed reduced innate immunity of alcohol abusers 

who also smoke cigarettes.  

 In conclusion, our findings demonstrate that alcohol abuse and cigarette smoking are 

involved in the process of aldehyde adduct formation, such as M1dG and MAA in the airways 

and play an important role in airway inflammatory and DNA damage processes. Our study will 

help to establish links between aldehyde formation and lung disease, especially in a population of 

those with alcohol use disorders (AUDs) who also smoke cigarettes. This doctoral thesis gives a 

comprehensive overview about reactive aldehyde and their role in various lung pathologies. 

These findings provide fundamental data for further analysis in the clarification of the relevance 

of genetic variations in CYP2E1 and SRA genes in relation to aldehyde adduct-mediated lung 

injury. Hopefully, this will help to advance the development of nutritional strategies and health 

recommendations to address disease susceptibility through the use of a biomarker for early 

identification of alcohol abuse and cigarette smoking-related lung injury. 
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