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Abstract

Alcohol use, and misuse, has been a part of human culture for thousands of years. In the modern
medical era a great deal of attention has been justifiably focused on elucidating the mechanisms
underlying the psychological and biological addiction to alcohol. However, a significant
percentage, if not the majority, of alcohol-related morbidity and mortality occurs in individuals
who do not meet the formal diagnostic criteria for alcohol use disorders. For example, many
serious medical consequences of chronic alcohol ingestion can occur in individuals who do not
have signs or symptoms of alcohol dependence. There is now clear evidence that even in
otherwise healthy-appearing individuals who chronically consume excessive amounts of alcohol
that alveolar macrophage immune capacity is impaired and, as a consequence, these individuals
are at significantly increased risk of pneumonia. This brief review summarizes some of the key
mechanisms underlying this phenomenon and proposes a hypothetical scheme by which alcohol
interferes with zinc bioavailability within the alveolar space and thereby dampens macrophage
function.
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ALCOHOL ABUSE AND PNEUMONIA

Epidemiology

Alcohol consumption began many thousands of years ago and has been a popular aspect of
human culture ever since. Legal alcohol consumption is prevalent, and complete abstinence
by any given individual is the exception in most modern societies including the United
States. In fact, according to the 2008 National Survey on Drug Use and Health, more than 50
percent of the adult population, or roughly 125 million people, in the United States consume
alcohol. In addition to the many salutary ‘social benefits’ of alcohol ingestion that are touted
by those who imbibe, there is in fact epidemiological evidence that moderate alcohol use can
have positive health outcomes. For better or for worse, alcohol consumption has been a
social norm in American society for centuries, even during our so-called ‘Prohibition Era’ in
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the early part of the 201" century. Given the pervasiveness of alcohol consumption in
American culture, there is unfortunately a significant incidence of alcohol use disorders and
‘unsafe’ alcohol use has devastating consequences and places a major burden on society. It
is estimated that there are 15-20 million alcoholics in the United States, and previous reports
place the price tag on alcohol-related problems in our country at more than $185 billion per
year. Data from the National Epidemiologic Survey on Alcohol and Related Conditions
reported that the lifetime prevalence of alcohol abuse is an astonishing 18 percent, making
alcohol not only the most widely used but also the most abused of all drugs.

A connection between excessive alcohol use and serious lung infections has been recognized
for hundreds of years. Benjamin Rush, who was the first Surgeon General of the United
States, made the observation more than two centuries ago that pneumonia and tuberculosis
were more frequently encountered in those who had an affinity for alcohol. One hundred
years later William Osler noted in his Principles and Practice of Medicine that alcohol was
one of the greatest predisposing factors to the development of pneumonia. Despite the
development of vaccines, antimicrobials and the medical technology to support critically ill
individuals with respiratory failure over the past fifty years, pneumonia remains a major
cause of morbidity and mortality in the United States as well as worldwide. According to
recent data from the Centers for Disease Control, pneumonia is the eighth leading cause of
death in the United States and continues to be the leading cause of death from infection 1.
Accumulated data have confirmed that community-acquired pneumonia is more prevalent
and poses a greater risk for poor outcomes in alcoholics 2. In 2000, Watari and colleagues
reported on the mortality and prognostic factors in 231 patients admitted with community-
acquired pneumonia and found that liver cirrhosis (as a marker of chronic alcohol abuse)
was one of three factors that correlated with 30-day mortality, and that ongoing alcoholism
correlated significantly with mortality at hospital discharge 3. In the same year, Marik
reported on the outcomes, clinical and prognostic features, and the microbial pathogens
derived from a database of patients presenting with septic shock secondary to community-
acquired pneumonia 4. Of the 148 patients that met the study criteria, the survival at 28 days
was 53%. As would be expected, Steptococcus pnuemoniae was the most frequently isolated
pathogen but the mortality was particularly high (82%) in those patients infected with
Pseudomonas aeruginosa or Acinetobacter species. Importantly, these more serious
infections were significantly associated with a history of alcohol abuse. Subsequent studies
have confirmed this association of alcoholism with more severe pulmonary infections.

Pathophysiology

Despite our longstanding awareness of the association between alcoholism and pneumonia,
our understanding of the mechanisms responsible for this increased susceptibility to
pulmonary infections is still incomplete. Fortunately, active investigation in both the clinical
and laboratory-based settings is rapidly providing important clues. In general, pneumonia is
a diverse syndrome and depends on several host and pathogen factors. The lungs are a
unique organ in that they maintain constant contact with the outside environment and require
a sophisticated defense system from the mouth to the gas-exchanging alveoli in order to
preserve sterility of the lower airways. For the purposes of this review, we will begin by
briefly discussing the upper airway defenses followed by a more thorough description of the
lower airway responses, paying particular focus to innate immune function of the alveolar
macrophage. Chronic exposure to alcohol undermines almost every aspect of these host
defenses and therefore there are multiple mechanisms that, alone or in combination, likely
explain the longstanding link between alcohol abuse and the development of pneumonia.

The mechanisms by which alcohol abuse increases the risk of pneumonia can be grouped
into three general categories: 1) colonization of the oropharynx with pathogenic bacteria; 2)
increased frequency of aspiration as a result of depressed level of consciousness and
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diminished gag and cough reflexes; and 3) impaired integrity of the host immune system.
We will provide only a brief summary of the first two categories as the focus in this brief
review is on how alcohol impairs alveolar macrophage function. More complete descriptions
of the effects of alcohol on the upper airway defenses are provided in a previous review of
this topic °.

As the lower airways are typically a sterile environment, the majority of pneumonia cases
are the direct result of aspiration of upper airway contents. Beginning with the mouth, one of
the most important components of host defense is saliva, which contains numerous
antimicrobial molecules including secretory immunoglobulin A (IgA). Chronic alcohol
consumption causes sialosis, a disorder characterized by secretory and parenchymal
alterations of the major salivary glands, thereby decreasing saliva output. Additionally, since
saliva is important in its acid buffering functions, chronic alcohol abuse leads to accelerated
gingivitis and favors the colonization of the mouth with anaerobic and gram-negative
bacteria. Therefore, the lower airways are exposed to more virulent bacteria when alcoholics
aspirate oropharyngeal contents. Moreover, alcohol compromises some of the anatomical
defenses in the upper airway as well. Typically, aspiration into the trachea is difficult as it is
protected by several structures including the epiglottis and vocal cords. These barriers
prevent oropharyngeal contents from entering the airway by walling off these structures
during swallowing and vigorously provoke the cough reflex when any such contents reach
these areas. However, the activation of these reflexes is impaired during alcohol intoxication
and this further exacerbates the risk of aspirating virulent anerobic and gram-negative
bacteria into the lower airways with the subsequent development of pneumonia.

The majority of recent literature describing the effects of chronic alcohol consumption on
pulmonary host defense has focused on two particular areas: alterations in host immunity, in
particular the alveolar macrophage, which renders individuals susceptible to lung infections
such as pneumonia; and alterations in barrier function, in particular the alveolar epithelium,
which predisposes individuals to the development of lung injury and pulmonary edema.
While both aspects are equally important, and act in tandem to contribute to the overall
alcoholic lung phenotype, the effects of alcohol on the alveolar epithelial barrier are beyond
the scope of this brief review and the rest of this section will focus on the effects of alcohol
abuse on the alveolar macrophage.

The airways are continuously in contact with the external environment and, even under
healthy conditions, various pathogens and particles get past the upper airway defenses and
reach the alveolar space. Within this unique microenvironment, the resident alveolar
macrophage is the first line of defense in terms of cellular immunity. As the primary
phagocyte on the gas exchange surface of the lung, it has the capacity to efficiently ingest
and clear any inhaled microbes and foreign particulate matter. However, alveolar
macrophages in the alcoholic lung are severely impaired. Experimentally, alveolar
macrophages isolated from rats fed an alcohol-containing diet for six weeks have
significantly impaired bacterial phagocytic capacity 87, Further, experimental findings from
multiple laboratories demonstrate that chronic alcohol ingestion interferes with the ability of
alveolar macrophages to release cytokines, chemokines, and other factors that are essential
for microbial killing and activation of the adaptive arm of the immune response 8. These
experimental findings are consistent with defects in alveolar macrophage function in
alcoholic human subjects °. These and other studies implicate alveolar macrophage immune
dysfunction as an important factor underlying the link between pulmonary infections and
chronic alcohol consumption. Although the precise molecular mechanisms by which alcohol
abuse interferes with alveolar macrophage function are not yet completely understood,
recent studies have identified several unexpected perturbations within the alveolar space.
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Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a 23-kDa peptide that is
secreted by alveolar epithelial cells and is essential for terminal differentiation of circulating
monocytes into mature, functional alveolar macrophages. GM-CSF was originally isolated
from mouse lung extracts, but was named because of its potent effects on hematopoiesis.
Interestingly, when the gene for GM-CSF was knocked out in mice, there was no
appreciable effect on bone marrow maturation (contrary to what had been predicted) but
instead the mice developed lung pathology that resembled pulmonary alveolar proteinosis
(PAP), a rare human disease in which the alveolar macrophage fails to scavenge and clear
surfactant protein and lipid within the airways. This serendipitous discovery led to the
recognition that surfactant recycling by the alveolar macrophage required stimulation by a
GM-CSF-mediated pathway, and that in fact most patients with the idiopathic form of PAP
have acquired auto-antibodies to GM-CSF that prevent binding of the active peptide to its
receptor on the macrophage membrane 19, Conversely, transgenic mice that over-express
GM-CSF have alveolar epithelial cell hyperplasia, increased lung sizes, and improved
removal of surfactant proteins from the alveolar space 1. It is now clear that although GM-
CSF is indeed a potent stimulator of granulopoiesis and is used clinically to promote bone
marrow recovery following chemotherapy, it is in fact absolutely required within the lung
for the maturation and host immune function of the alveolar macrophage 12. Interestingly,
there was some early evidence that the levels of GM-CSF within the alveolar space of
patients with ARDS were associated with an improved survival. Therefore, several years
ago we hypothesized that alcohol-mediated alveolar epithelial and macrophage dysfunction
might involve impaired GM-CSF signaling. Consistent with the experimental findings in the
alveolar epithelium discussed in the previous section, there is parallel experimental evidence
that chronic alcohol ingestion interferes with GM-CSF-dependent ‘priming’ of the alveolar
macrophage. Specifically, alcohol ingestion decreased expression of the GM-CSF receptor
in the surface membrane of the alveolar macrophage and, in turn, dampened intracellular
GM-CSF signaling as reflected by decreased expression and nuclear binding of PU.1, the
master transcription factor for GM-CSF signaling 6. More importantly, treatment with
exogenous GM-CSF restored GM-CSF receptor expression and PU.1 nuclear binding, and
normalized bacterial phagocytic capacity in the alveolar macrophages of alcohol-fed
animals 8. Although these experimental findings have not yet been confirmed in human
studies, they provide the intriguing possibility that treatment with recombinant GM-CSF, as
is done routinely to stimulate bone marrow recovery following chemotherapy for many
malignancies, might improve alveolar macrophage (and epithelial) function in alcoholics
with pneumonia and/or acute lung injury.

Alcohol-induced depletion of the critical anti-oxidant glutathione within the alveolar space
also has profound implications for alveolar macrophage function. For example, chronic
alcohol ingestion in experimental animals increases the susceptibility of the lung to group B
streptococcus infection, and supplementation with dietary glutathione precursors improves
clearance of bacteria and attenuates acute lung injury 3. In a similar study in neonatal
guinea pigs, pups exposed to alcohol in utero had increased lung infection and sepsis, and
the ability of their alveolar macrophages to phagocytose group B streptococcus was
significantly impaired 14. However, when a glutathione precursor was supplemented in the
maternal diet, lung and systemic infections were attenuated and macrophage phagocytosis
was restored, suggesting that fetal alcohol exposure alters neonatal host lung defenses
against bacterial infection and that treatment with exogenous glutathione could augment
neonatal macrophage immune function. These findings have been corroborated in many
other experimental models.
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Zinc and Alcohol-Mediated Alveolar Macrophage Dysfunction

Another potential mediator of the macrophage dysfunction that is inherent to the alcoholic
lung phenotype is zinc deficiency. Zinc is a key participant in normal host immune response,
is critical for normal protein metabolism, is a co-factor required for the function of more
than 300 metalloenzymes, and is necessary for membrane integrity 1°. Additionally,
adequate zinc levels are essential for healthy immune function, including both innate
defenses (such as the alveolar macrophage) and adaptive defenses such as those provided by
T and B lymphocytes. Alcohol abuse is often complicated by malnutrition, and zinc
deficiency has been postulated to cause some of the skin changes and immunodeficiency
associated with alcoholic liver disease. The primary source of zinc in the diet is meat,
although vegetarians eating a balanced diet can have adequate intake and zinc transport in
the intestine can be up-regulated significantly when dietary zinc is low. Therefore, the
assumption has been that the zinc deficiency in alcoholics is the result of poor nutrition.
However, there is recent experimental evidence in an animal model that chronic alcohol
ingestion significantly decreases the expression of the primary zinc transporter in the
intestinal epithelium, and that systemic zinc deficiency develops even when adequate zinc is
present in the diet 7. Although not yet validated in humans, these findings nevertheless
suggest that individuals who abuse alcohol could develop zinc deficiency even with a
balanced diet, and that this zinc deficiency would be even more profound if their diet is
poor. Consistent with this are other experimental findings in cell culture, animal models, and
humans that alcohol can interfere with zinc transport and/or bioavailability, including
maternal transfer to the fetus across the placental barrier 16,

Fortunately, zinc deficiency is not very common in the general population in the United
States. However, it contributes to a significant burden of disease in developing parts of the
world such as sub-Saharan Africa and Southeast Asia 17. In these regions there is clear
evidence, especially among children, that zinc deficiency is associated with pneumonia, and
that dietary zinc supplementation in these children reduces both the incidence and severity
of respiratory tract infections 8. These observations have led to a growing recognition that
zinc is important for airway health 15, including experimental evidence that zinc deficiency
interferes with the ability to mount an appropriate immune response to pneumococcal
antigen and renders the host more susceptible to severe pneumococcal pneumonia 19, In this
context, it is not surprising that we now have experimental evidence that zinc deficiency
appears to be a major factor in the alveolar macrophage immune dysfunction that is
characteristic of the alcoholic lung.

Our group recently determined that chronic alcohol ingestion in experimental animals alters
the expression of zinc transporters and causes significant intracellular zinc deficiency in the
alveolar macrophage /. Remarkably, dietary zinc supplementation in these animals (in doses
that are comparable to those used to treat zinc deficiency clinically) restored macrophage
zinc levels and bacterial phagocytic function 7. In a subsequent study with even stronger
potential clinical implications, dietary zinc supplementation restored the ability of these
alcohol-fed animals to clear a bacterial challenge from their lungs as efficiently as animals
on a control diet 20, In that study, dietary zinc supplementation also improved nuclear
binding of PU.1, the master transcription factor for GM-CSF signaling, and of Nrf2, the
master transcription factor required to activate the anti-oxidant response element (both
discussed earlier) 20,

Taken together, the experimental findings discussed above reveal a complex interplay
between alcohol-induced zinc deficiency and two fundamental signaling pathways that are
required for robust host immune capacity within the alveolar macrophages. Specifically, it
appears that alcohol interferes with dietary zinc absorption in the gut but also impairs zinc
transport into the alveolar space and its uptake by the alveolar macrophage. As a
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consequence of this intracellular zinc deficiency, GM-CSF signaling is dampened as
reflected by decreased surface expression of its receptor as well as decreased expression and
binding of its master transcription factor, PU.1. As GM-CSF signaling is critical to ‘prime’
the mature immune function of the alveolar macrophage, the result is decreased phagocytic
function. In parallel, alcohol-induced zinc deficiency dampens activation of the anti-oxidant
response element by decreasing the expression and nuclear binding of its master
transcription factor, Nrf2. As a result, the production of a broad array of critical anti-
oxidants, including glutathione, is severely limited and leaves the macrophage susceptible to
the oxidative stress that accompanies acute insults such as pneumonia. Although these recent
and exciting experimental findings need to be confirmed in clinical studies (that are in
progress), they elucidate discrete molecular targets by which alcohol abuse disrupts
signaling pathways in the alveolar macrophage and thereby renders the lung susceptible to
infection. The figure below depicts this hypothetical scheme. In addition to identifying
potential mechanisms by which alcohol impairs lung health, it suggests specific therapeutic
interventions, most notably zinc and glutathione supplementation, which we hypothesize
could decrease the enormous morbidity and mortality associated with the “alcoholic lung’ in
our society.

It remains to be seen if these experimental studies that are elucidating the underlying
mechanisms by which chronic alcohol ingestions renders the lung susceptible to various
injuries can be translated into novel therapies that can improve or even restore lung health in
these vulnerable individuals. Although many challenges remain in diminishing the
devastating effects of alcohol use disorders in our society, it would appear that we are at
least getting closer to developing comprehensive treatment regimens that can address the
medical consequences of this age-old problem.
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Figure 1. Hypothetical scheme for alcohol-mediated alveolar macrophage dysfunction

There is evolving experimental evidence that chronic alcohol abuse inhibits transport-
mediated absorption of dietary zinc in the small intestine and, in parallel, decreases zinc
transport into the alveolar space and uptake by the alveolar macrophage. As a consequence,
the surface expression of GM-CSF receptors and the intracellular signaling of GM-CSF, via
its master transcription factor, PU.1, are both decreased and thereby impair alveolar
macrophage phagocytic capacity. In parallel, the alcohol-mediated zinc deficiency inhibits
activation of the anti-oxidant response element by decreasing signaling through its master
transcription factor, Nrf2. As a result, the alveolar macrophage becomes profoundly
deficient in glutathione and other anti-oxidants, and is therefore vulnerable to further cellular
damage and dysfunction during the acute oxidative stress imposed by pneumonia or sepsis.
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