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I Introduction

Alcohol is the most frequently abused drug throughout the world, and alcohol-re-
lated problems are a common occurrence among patients admitted to hospitals and
intensive care units (ICUs). Alcohol affects all tissues of the body. Its effects on im-
mune function and the systemic inflammatory response syndrome (SIRS) remain
topics of active investigation. In regard to immune function, alcohol consumption
alters the response at several points along the inflammatory cascade. Due to these
potent modulating effects on immune function, alcoholic patients have an increased
incidence and severity of infection, particularly in the lung. This association be-
tween alcohol use and infection is especially evident in the post-operative setting.
Among patients with sepsis, a prior history of chronic alcohol abuse confers a sig-
nificant increase in the likelihood of respiratory dysfunction and development of
acute respiratory distress syndrome (ARDS). Chronic alcohol abuse similarly in-
creases the mortality from ARDS. One possible mechanism by which chronic alco-
hol abuse may increase susceptibility to acute lung injury (ALI) is through altera-
tions in pulmonary glutathione homeostasis. This chapter discusses the immuno-
modulatory effects of alcohol and the epidemiological and experimental evidence
associating chronic alcohol abuse, sepsis, and the development of ARDS.

I Background

Alcohol is the most commonly abused drug in the world, with approximately half the
US population consuming alcohol regularly. Fifteen to twenty million individuals
meet the criteria for alcoholism [1]. The economic cost of alcohol in the USA is
around $100 billion (USD), with >10% of this cost directly attributable to medical
services [2]. Alcohol is a leading cause of preventable mortality, and is associated with
100000 deaths per year.

Up to 40% of all hospitalized patients have alcohol-related disorders [3]. Alco-
holism is a problem of particular concern in the ICU, where the morbidity and
mortality in all alcoholic patients admitted to ICU is many-fold times higher than
the rate in non-alcoholics [4]. To further illustrate this point, one study examined
435 patients admitted to the ICU of a tertiary referral center [5]. Of these admis-
sions, 9% were alcohol-related, which generated 13% of overall costs for this ICU.
Alcohol is often associated with major injuries, and nearly 50% of trauma deaths
are related to alcohol ingestion [6]. The prevalence of chronic alcoholics among pa-
tients with trauma admitted to the ICU ranges from 23-68%, and these alcoholics
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will often have a prolonged ICU stay due to infectious complications, including sep-
sis [4].

Alcohol can adversely affect all tissues of the body. The liver appears to be the
organ most susceptible to the effects of alcohol; early changes of fatty liver may
progress to hepatitis and ultimate fibrosis with hepatic cirrhosis [1]. Alcohol can
also affect other parts of the gastrointestinal system, causing acute erosive gastritis,
diarrhea, and pancreatitis. Heavy alcohol consumption can lead to a myriad of car-
diac abnormalities, including cardiomyopathies, arrhythmias, and possibly coro-
nary disease. Alcohol has a potent vasopressor effect, which could explain the asso-
ciation between its use and hypertension [1]. In the central nervous system (CNS),
protracted alcohol use has been associated with cerebellar degeneration.

The effect of chronic alcoholism in the lung is relatively unexplored. In the
1960s, a high incidence of pulmonary disorders among alcoholics was observed,
believed to be attributable to these patients’ coincident poor overall health [7]. Re-
cently, the effects were described of chronic alcohol abuse on the development of
ARDS, a common complication of sepsis. Given the combination of the increased
incidence of sepsis [8] and the extremely high prevalence of alcohol as a drug of
abuse, the effect of alcohol on sepsis bears closer examination.

I Alcohol and Immune Function

Mechanisms by which infections in alcoholics can lead to sepsis include an in-
creased risk of aspiration, malnutrition, and alterations in the gut/liver/lung/inflam-
matory axis [9]. More importantly, alcohol is a potent immunosuppressive drug
that impairs immunity, independent of a patient’s nutritional status [6].

The abnormalities seen in the immune function of alcoholics are protean and in-
clude suppression of neutrophil chemotaxis, spleen cell mitogenesis, and serum im-
munoglobulin production [6]. The effect of alcohol on the immune system varies
depending on whether the ingestion is acute or chronic (Tables 1 and 2). In acute
alcohol abuse, neutrophil adhesion and chemotaxis are impaired, whereas in
chronic alcohol abuse, these activities are unaffected. However, in chronic alco-
holics, the marrow production of neutrophils is diminished, and these cells have re-
duced superoxide production [2].

Table 1. Effects of acute alcohol abuse on immune function

Immune component Effects

¥ Neutrophil function Diminished adhesion and chemotaxis
Normal phagocytosis
Normal intracellular killing

§ Pulmonary clearance Decreased ciliary activity
Decreased bacterial clearance
§ Macrophage function Decreased production of tumor necrosis factor

Decreased production of granulocyte colony
stimulating factor
Decreased superoxide activity
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Table 2. Effects of chronic alcohol abuse on immune function

Immune component Effects

I Neutrophil function Decreased marrow production
Decreased superoxide production
Normal adherence and chemotaxis

§ Surfactant function Reduced anti-pneumococcal activity
I Macrophage function Decreased superoxide production

After exposure to bacterial toxins, macrophages secrete tumor necrosis factor
(TNF) and reactive oxygen intermediates. In a rat model of sepsis, lipopolysaccha-
ride (LPS) was demonstrated to induce a dramatic release of TNF [10]. When these
study animals were given alcohol shortly before an LPS infusion (to simulate acute
ingestion), the release of TNF was markedly attenuated. Additionally, in another
model of acute alcohol abuse [11], septic rats exhibited diminished alveolar macro-
phage hydrogen peroxide production. In contrast, animals chronically fed ethanol
do not exhibit reductions in their TNF production [10]. However, isolated alveolar
macrophages from chronic alcoholic patients release less TNF in response to stimu-
lation than alveolar macrophages from normal individuals [12].

Alcohol has been reported to have direct suppressive effects on the bone mar-
row, and can inhibit neutrophilic granulopoiesis through inhibition of granulocyte
colony stimulating factor (G-CSF) release from T cells [13]. Leukopenia appears to
be a phenomenon of chronic alcoholics, and is not observed in acute ethanol inges-
tion [14].

Surfactant has a demonstrated, potent bactericidal activity against invading pul-
monary pathogens, which is believed to be secondary to the detergent-like activity
of surfactant long-chain free fatty acids (FFAs) [15]. Chronic alcohol abuse causes
deficiencies in the amount of these FFAs produced by alveolar type II cells [16,.17],
and induces the release of surfactant inhibitors, thus preventing optimal surfactant
function [17]. These abnormalities lead to decreased opsonization of microorgan-
isms and reduced bactericidal activity.

Alcohol has been reported to enhance intestinal permeability, leading to abnor-
malities in intestinal epithelial barrier function [18]. Increased intestinal permeabil-
ity can facilitate bacterial translocation, a process by which gut flora or bacterial
products traverse the abnormal intestinal barrier and ultimately reach mesenteric
lymph nodes and the portal circulation. The translocation of bacteria can ulti-
mately lead to sepsis and provoke the release of inflammatory cytokines such as
TNF-a. Chronic low-grade immune system stimulation, such as this, is believed to
decrease the efficacy of the defenses necessary to ward off secondary infectious
challenges {9].

I The Relationship between Alcohol and Infectious Diseases

The recognition of alcohol as a contributing factor for infectious diseases has been
noted since the 1700s [19]. The prototypic infection of alcoholics is pneumonia and
many investigations have been performed examining the association between alco-
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holism and pneumonia. In 1905, Sir William Osler postulated that the single most
important predisposing condition for bacterial pneumonia was alcohol abuse [20].
Typically, 25-50% of all general hospital patients admitted with pneumonia will
carry a concomitant diagnosis of alcoholism. One study examined the hospital dis-
charge data of all adults hospitalized with a principal diagnosis of pneumonia dur-
ing 1992 in Massachusetts, USA [21]. Over 23000 cases of pneumonia were identi-
fied. Although the patients who carried an alcohol-related diagnosis were younger
and had fewer co-morbid illnesses (such as diabetes), hospital charges, length of
stay, and ICU utilization were significantly higher for this group.

The type of organisms causing pneumonia in alcoholics differs from those in the
general community, with a predominance of intracellular pathogens. These bacteria
include Listeria monocytogenes, Streptococcus pneumoniae, Klebsiella pneumoniae,
and Mycobacterium tuberculosis. In both animal and human models, alcohol ap-
pears to increase susceptibility to these types of infections, decrease the ability of
the host to clear organisms, and enhance the spread of these organisms to the
bloodstream, resulting in bacteremia [22, 23]. In addition, alcoholics typically have
a higher incidence of gingivodental disease and higher likelihood of aspiration, re-
sulting in a higher frequency of anaerobic lung infections [2].

Over 15 years ago, the association of alcoholism, leukopenia, and pneumococcal
sepsis was described as a distinct clinical entity [13]. This syndrome, known as
ALPS, occurred mainly in younger men and carried with it an extremely high mor-
tality. However, more recent data pertaining to mortality ascribable to pneumonia
among alcoholics are conflicting, with some reports in the literature showing no ef-
fect on mortality in the post-antibiotic era [24]. A meta-analysis attempting to elu-
cidate prognostic factors for increased mortality from community-acquired pneu-
monia (CAP) reviewed 120 studies of CAP, excluding those patients with nosoco-
mial pneumonia, non-infectious pneumonia, and human immunodeficiency virus
(HIV). In nine studies, alcoholism was listed as a co-morbid illness, and was found
in 1414 of the 33148 patients eligible for the study. The presence of alcohol abuse
was 1.6 times more likely to be associated with a fatal case of pneumonia than with
a non-fatal case [25].

Carbohydrate-deficient transferrin (CDT) has been demonstrated to be a poten-
tial biomarker of chronic alcohol abuse. Individuals who consume alcohol regularly
appear to have elevated levels of this transferrin isoform. In a group of 66 male
trauma patients, CDT measurements were taken on arrival to the emergency de-
partment. Patients were assigned a priori to ejther a high CDT group (>20 U/l) or
a low CDT group (<20 U/l). The high CDT group had a significantly prolonged
median ICU stay when compared with the low CDT group (13 days vs. 5 days).
Morbidity was also significantly higher in the elevated CDT group, with an increase
in complications, such as the alcohol withdrawal syndrome, pneumonia, and sepsis.
Importantly, 32 of the 36 patients with high CDT levels were classified as alcoholics
by Diagnostic and Statistical Manual (3rd ed., rev.) (DSM-III-R) criteria, compared
with 9 of the 30 low CDT level patients [26].

Alcoholism in individuals undergoing an operative procedure can also have dele-
terious consequences. In a group of 213 patients presenting for resection of upper
digestive tract tumors, 121 were diagnosed as being chronic alcoholics by DSM-III-
R criteria [27]. Although the patients had no significant differences between their
Acute Physiology and Chronic Health Evaluation (APACHE) III scores upon admis-
sion to the ICU, the incidence of pneumonia post-operatively was 38% in the alco-
holics compared with 7% in non-alcoholics. Moreover, 13% of the alcoholics devel-
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Table 3. Differences in post-operative outcomes between alcoholic and non-alcoholic patients

ICU and major Chronic alcoholicsSocial drinkers ~ Non-alcoholics  p
intercurrent | Il [l
complications (n=121) (n=39) (n=61)
APACHE Il score on admission® 40+ 11 39+8 3610 0.3742
MOF score on admission* 23420 21+14 19+13 0.2322
Cases of mechanical ventilation 118 (98%) 38 (97%) 59 (97%) 0.9880
on admission
Highest APACHE Il 56+43 3949 40+11 0.0134
score during stay* =11, 1=
Highest MOF score 4+3 3t 3+1 0.0000
during stay* =11, 1=
Period of mechanical 6+ 13 days 11 days 11 days 0.0010
ventilation* =11, 111
Cases of pneumonia 46 (38%) 4 (10%) 4 (7%) 0.0000
1-1, -1
Cases of sepsis 16 (13%) 0 (0%) 0 (0%) 0.0014
=11, 1=l
Cases of death 9 (7%) 0 (0%) 0 (0%) 0.0438

=11, 1=

* mean tstandard deviation; APACHE: Acute Physiology and Chronic Health Evaluation; ICU: intensive care
unit; MOF: multiple organ failure. Adapted from [27]

oped sepsis, and 7% of this group died. No sepsis or deaths were reported in the
non-alcoholic group (Table 3). In a prospective study of 106 patients with surgically
documented intra-abdominal infections, the effects of several variables on the inci-
dence of organ dysfunction and death were examined [28]. The prevalence of
chronic alcoholism in this group was approximately 20%, and these alcoholic pa-
tients had a 45% mortality rate. Consistently significant risk factors of death from
intra-abdominal sepsis in this study included old age, alcoholism, intestinal infarc-
tion, and malnutrition. If any of these risk factors occurred in conjunction with
shock, the likelihood of a patient developing death or organ dysfunction increased
substantially.

I Linking Alcohol Consumption and Lung Injury

ARDS results from a diverse group of biological insults, including trauma, pancrea-
titis, and sepsis. Sepsis remains the most common risk factor for the development
of ARDS, and is a major cause of mortality in trauma patients as well as in general
medical patients. The chronic use of alcohol may enhance a patient’s susceptibility
to the development of sepsis, as evidenced by one study prospectively examining a
cohort of 2559 patients admitted after blunt or penetrating trauma [29]. It was
found that chronic, but not acute, alcohol abuse led to a two-fold higher risk for
the development of pneumonia and increased risk of infection of any kind. Another
study emphasizing the relationship between alcohol, sepsis, and ARDS prospec-
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Fig. 1. The incidence of acute respiratory distress syndrome (ARDS) when stratified by the ‘at risk’ diag-
nosis and history of alcohol abuse. Adapted from [30]

tively followed a cohort of 351 critically ill individuals, all of whom had one of sev-
en ‘at risk’ diagnoses for ARDS, such as sepsis, pancreatitis, or severe trauma [30].
Ultimately, patients with a prior history of chronic alcohol abuse had an increased
incidence and severity of ARDS, regardless of the ‘at risk’ diagnosis, with a relative
risk (RR) of 1.98 for the development of this disorder in alcoholic patients. Ap-
proximately 50% of the patients developing ARDS carried a prior history of alco-
holism, making this a common association. In the subset of patients with sepsis,
the effects of chronic alcohol abuse on the development of ARDS were even more
striking, with a RR for developing ARDS of 2.59 (Fig. 1). It was also apparent from
these data that alcoholic patients had a higher mortality rate from ARDS (65%)
than those non-alcoholics who developed ARDS (36%). These observations distin-
guished chronic alcohol abuse as the first reported co-morbid variable that signifi-
cantly increased a patient’s risk of developing ARDS. Further, it posed questions
about the pathophysiology and treatment of ARDS, and the effects of alcoholism
on the lungs.

In ARDS, the type II alveolar cell, while comprising only 5-10% of the total al-
veolar cell surface, is critical in the regeneration of a normally functioning lung.
Processes that delay alveolar repair will eventually lead to increased collagen de-
position from lung fibroblasts, and thus the progression of ARDS [31]. Glutathione
(GSH), a tripeptide predominantly synthesized in the liver, is involved in many im-
portant biological pathways, including:

I detoxification of reactive oxygen species (ROS)
I conjugation and excretion of toxic molecules
I control of inflammatory cytokine production.

Based on extensive evidence implicating the depletion of GSH in the pathogenesis of
alcohol-mediated liver disease [32], abnormal GSH homeostasis within the lungs of
chronic alcoholics may represent one mechanism contributing to these individuals’
susceptibility for ALL The lung is unable to synthesize its own supply of GSH and
is dependent upon its importation from the liver. Alveolar type II cells normally main-
tain a concentration in the epithelial lining fluid >80 times that found in the plasma.
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Fig. 2. Levels of glutathione (GSH) in the lung lavage fluid of rats fed on a standard control diet with or
without ethanol (20% v/v in water). Adapted from [33]
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Fig. 3. Levels of glutathione (GSH) in alveolar type Il cells isolated from rats fed on a standard control
diet with or without ethanol (20% v/v in water). Adapted from [33]

ARDS is characterized by oxidant stress to the lung, and GSH represents an important
anti-oxidant in the human body. It follows that an inadequate supply of GSH to the
lung may render these patients more likely to develop ALL

To support this hypothesis, we examined the effects of chronic alcohol consump-
tion on an in vivo rat model. When rats were fed a diet containing 20% v/v etha-
nol, GSH levels in the plasma, lung tissue, and lung lavage fluid were significantly
decreased, with a large percentage of the remaining GSH present in its oxidized
form (Fig.2). Additionally, the chronic alcohol diet appeared to deplete alveolar
type 11 cell GSH concentration (Fig. 3), and decrease the synthesis and secretion of
surfactant by these cells. Furthermore, the viability of alveolar type II cells was re-
duced [33].
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A central feature of alcohol-induced liver disease is the inhibition of GSH trans-
port from the cytosol to the mitochondria within hepatocytes. GSH transport may
similarly be impaired in alveolar type II cells, as demonstrated in a study examin-
ing rats chronically fed alcohol. These animals exhibited depletion of their mito-
chondrial GSH within alveolar type II cells. Additionally, TNF-a induced generation
of mitochondrial ROS and apoptosis were enhanced. These activities could be nor-
malized by the addition of GSH replacement therapy when this was added to the
rats’ diet [31].

Additional investigation using an in vivo rat model of chronic alcohol abuse ex-
amined rats fed a liquid diet containing 36% of caloric intake from ethanol for 6
weeks. Net vectorial fluid transport across the alveolar epithelium decreased, while
bidirectional protein permeability increased in the alcoholic animals compared with
controls. These findings are indicative of impaired alveolar liquid clearance and in-
creased alveolar epithelial permeability to protein. Treatment of these alcoholic ani-
mals with the GSH precursor, L-2-oxothiaxolidine-4-carboxylate, normalized GSH
levels in alveolar epithelial cells and epithelial lining fluid, and appeared to help
maintain alveolar epithelial barrier function [34].

Examining the effects of chronic alcohol on sepsis in animal models has been
revealing. In the lungs of rats fed a diet of ethanol (20% in water for >3 weeks)
then given endotoxin (2 mg/kg peritoneally), a significantly greater hydrostatic
weight gain was observed when compared to controls, indicating pulmonary edema
formation. When the septic, alcohol-fed rats were treated with the GSH precursors
S-adenosyl-L-methionine and N-acetylcysteine (GSH precursors) in the final week
of their ethanol ingestion, the development of lung edema was ameliorated [33].

Matrix metalloproteinases (MMPs) are enzymes that contribute to the develop-
ment of ALI through degradation of the extracellular matrix. The activity of MMPs
is influenced by GSH homeostasis. We hypothesized that the abnormal GSH
homeostasis seen in chronic alcoholics may increase MMP activity within the
alveolar epithelial space [35], leading to damage of the extracellular matrix during
sepsis. In a septic rat model of chronic alcohol consumption [35], MMP-9 and
MMP-2 activity within the lungs was increased. Elevated levels of the 7S fragment
of type IV collagen were also present in the lung lavage fluid of the ethanol-fed
rats, suggesting increased degradation of the alveolar epithelium. The administra-
tion of a GSH supplement significantly increased lung GSH levels, blocked MMP-9
and MMP-2 activation, and decreased levels of the 7S fragment of type IV collagen
in these ethanol-fed septic animals. These findings in septic animal models suggest
that GSH may have a vital role in protecting the lung from the oxidative damage
associated with sepsis, and also allude to possible treatment modalities for ALI and
ARDS.

Mechanisms of Disease Related to Alcoholism

The effects of chronic alcohol abuse on pulmonary GSH homeostasis and alveolar
permeability have also been examined in humans. A recent study examined plasma
and bronchoalveolar lavage (BAL) fluid from otherwise healthy alcoholics (normal
liver function tests, spirometry, and chest radiographs). GSH in both its reduced
and oxidized (GSSG) forms were measured in blood and epithelial lining fluid (de-
termined from the BAL fluid). Although GSH levels were decreased only slightly in
plasma, the concentration of reduced GSH in epithelial lining fluid was dramati-
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cally decreased in alcoholic patients compared with controls. In contrast to this,
the percentage of GSH present as GSSG was elevated, indicating increased utiliza-
tion of an already diminished store of GSH [36]. Recent data show that the de-
crease in GSH appears to persist in the alcoholic patients despite a week of absti-
nence from alcohol [37]. Additionally, increased levels of total protein present in
the epithelial lining fluid of the alcoholic patients are increased when compared
with controls. These findings may indicate a relationship between the abnormality
in GSH homeostasis and alveolar epithelial permeability in humans, and are consis-
tent with the observation that alcoholic ARDS patients have significantly greater ex-
travascular lung water than non-alcoholic ARDS patients [38].

ALI is characterized by neutrophil activation with the release of oxygen-free rad-
icals. The production of these compounds may play a role in the pathophysiology
of this disorder. As mentioned previously, the concentration of oxidized glutathione
is significantly elevated in individuals who abuse alcohol chronically, despite a peri-
od of abstinence, perhaps signifying on-going oxidative stress. We recently mea-
sured hydrogen peroxide levels from the lavage fluid of chronic alcoholic patients
and found the level of this oxygen-free radical to be significantly higher when com-
pared to the level measured in control patients, indicating the occurrence of oxida-
tive stress without overt disease (Burnham et al., unpublished data).

I Condlusion

Alcohol is a common drug of abuse that can adversely alter the immune system
through a variety of mechanisms, causing an increased risk of infection among
individuals who abuse this substance. Its use has been implicated in injuries such
as trauma and burns, where it may exacerbate already abnormal immune function-
ing elicited by these injuries. Alcoholism is a contributing factor causally in sepsis,
and also leads to more adverse outcomes from sepsis. A variety of organs are af-
fected by this drug, including ones not usually thought of as being prone to alco-
hol’s deleterious effects, such as the lung. Alcoholics are believed to be susceptible
to the development of ARDS secondary to their decreased levels of pulmonary
GSH. GSH replacement has been used therapeutically in ARDS patients with en-
couraging results. The role of GSH replacement in the treatment of alcohol-related
ARDS is presently not known. The mechanisms behind these abnormalities are
myriad, and have only recently begun to be elucidated, mostly in animal models.
Outcomes of sepsis in alcoholic patients remain poor; however, with new ap-
proaches to treating what are perhaps fundamental abnormalities on the cellular
level in these patients, there is hope for better therapy in the future.
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