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Abstract

Chronic inflammation is often associated with alcohol-
related medical conditions. The key inducer of such
inflammation, and also the best understood, is gut
microflora-derived lipopolysaccharide (LPS). Alcohol
can significantly increase the translocation of LPS
from the gut. In healthy individuals, the adverse ef-
fects of LPS are kept in check by the actions and in-
teractions of multiple organs. The liver plays a central
role in detoxifying LPS and producing a balanced cy-
tokine milieu. The central nervous system contributes
to anti-inflammatory regulation through neuroim-
munoendocrine actions. Chronic alcohol use impairs
not only gut and liver functions, but also multi-organ
interactions, leading to persistent systemic inflamma-
tion and ultimately, to organ damage. The study of
these interactions may provide potential new targets
for therapeutic intervention.
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INTRODUCTION

Chronic inflammation is commonly associated with alco-
hol-related medical conditions. Accumulating evidence
suggests that it acts as an etiological factor in the initia-
tion and progression of many of these conditions. A sig-
nificant number of illnesses of individuals with alcoholic
liver diseases can be explained readily by a high level of
circulating pro-inflammatory cytokines'. Humans with
variants of pro- and anti-inflammatory cytokine genes
show increased susceptibility to alcoholic liver disease®.
Alcohol-mediated activation of inflammation signal-
ing pathways can increase tumorigenesis in mice”. An
alcohol-induced increase of tumor necrosis factor (TNF)
o, a pro-inflammatory cytokine, in the mouse brain is
closely linked to neurodegeneration™. In addition, mice
in which the receptor gene for TNFa has been knocked
out are resistant to alcohol-induced liver injury®.

There are two broad sources of alcohol related in-
flammation inducers: those detived from alcohol dam-
aged cells and those derived from gut microflora, spe-
cifically, lipopolysaccharide (LPS). Alcohol metabolism
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directly leads to the production of reactive oxygen spe-
cies, known for their ability to stimulate activation of a
key inflammation transcription factor nuclear factor-kB
(NF-kB)". Hypoxia, resulting from alcohol metabolism,
is also known to induce the inflammatory responsem. On
the whole, information on such inflammation inducers
and their contribution to alcohol related inflammatory
conditions is still limited.

In comparison, LPS derived from gut microflora has
been extensively studied as a key inducer of inflamma-
tion in alcohol-related conditions. Alcohol stimulates
LPS translocation across the gut #iz a number of mecha-
nisms, and alcoholics with liver diseases are known to
have significantly elevated circulating LPS®. LPS is a
major cell wall component of all Gram-negative bacteria
and can mimic bacterial infection in causing an acute
inflammatory response. Humans have evolved complex
and coordinated defenses against LPS and its adverse
effect, in which the gut, the liver, the brain, as well as in-
nate immune cells within these organs, play crucial roles.
Effects of LPS in combination with alcohol on indi-
vidual organs have been reviewed extensively in the past,
but less attention has been given to the communication
and cooperation among these organs and their actions
against LPS. In this review, our goals are to capture the
latest understanding of (1) the effect of alcohol on LPS
translocation and dissemination; (2) the actions of the
liver and brain to manage the adverse effect of LPS; and
(3) the impairment by alcohol use to the integrated host
control of inflammation. We hope that such an approach
will lead to a better understanding of the pathogenesis
of alcohol-related tissue damage and disease.

INFLAMMATORY RESPONSE

Inflammation, mediated largely by the innate immune
system, is the physiological response triggered by “dan-
ger” signals derived from tissue injury or infection™'”.
In response to such signals, innate immune cells, such as
macrophages, release pro-inflammatory cytokines and
chemokines that stimulate neutrophil recruitment to
the site of injury and increase vascular permeability to
fluid and plasma proteins. Neutrophils, in turn, release
reactive oxygen species and anti-microbial peptides and
phagocytose dead and foreign material. The plasma
proteins contribute proteases and opsonins to combat
infection. The liver is an important innate immune organ
that plays a major role in the inflammatory response by
producing acute phase reactants, including C-reactive
protein, mannose binding protein, complement factors,
ferritin, serum amyloid A and P, and surfactant pro-
teins'"'?. All acute inflammation facets work together
to eliminate the insult, prevent further damage, and pro-
mote tissue repair.

An inflammatory response is triggered by the bind-
ing of a microbial product or an endogenous product of
tissue damage to pattern recognition receptors (PRRs)
including toll-like receptors (TLRs). Upon ligand binding,
PRRs activate intracellular signaling that ultimately leads
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to the expression of genes encoding pro-inflammatory
cytokines and other effectors that promote, sustain and
amplify the inflammatory response. However, inflam-
mation is a double-edged swotd, equipped to destroy
invading pathogens, but also equally capable of damaging
healthy tissue. Thus, the process also includes the synthe-
sis of anti-inflammatory effectors to regulate the extent
and duration of the inflammatory response. Neuroimmu-
noendoctine mechanisms coordinated in the central ner-
vous system (CNS) also contribute to anti-inflammatory
regulation. In contrast to acute inflammation, chronic
inflammation in alcoholic liver disease is characterized by
persistent expression of pro-inflammatory cytokines and
persistent recruitment of monocytes and neutrophils'>'*,
These cytokines and immune effector cells maintain the
damaging oxidative state, leading to sustained damage to
host tissue.

INTERACTIONS OF GUT, LIVER AND
BRAIN IN INFLAMMATION, AND
ALCOHOL’S ROLE IN ORGAN DAMAGE

Translocation of gut microbial products

Gut microflora and translocation of microbial prod-
ucts: The human gastrointestinal tract is home to ap-
proximately 10" microorganisms, consisting mostly of
commensals. Besides providing the host nutritional and
energy needs and shaping host mucosal and systemic im-
munity, the gut microflora are increasingly recognized as
an important pathogenic factor in chronic inflammation-
related diseases'” . These physiological and pathological
roles of gut microflora are mediated by two interactions:
(1) inside the lumen of the gastrointestinal (GI) tract be-
tween microflora, or their products, and different types of
host cells at the surface of the intestinal epithelium; and (2)
outside the GI tract between microbial products that have
translocated across the intestinal epithelial barrier and the
host cells in the circulation or in different organs.

A causal role for a bacterial factor in human diseases
in the absence of bacterial infection was first demon-
strated in animal models of severe hemorrhagic shock-
associated mortality and dietary hepatic injurym’zm. In
both cases, there was no apparent bacterial infection and
sterilization of gut microflora with oral administration
of non-absorbable antibiotics significantly improved the
clinical outcomes. In addition, germfree animals were
resistant to diet induced liver injurym]. Search for a caus-
ative factor led to the findings that the diseased animals
had increased circulating LPS or endotoxemia™. Oral
administration of LPS resensitized the antibiotic treated
animals to diet-induced liver injurym]. Later studies
showed that in healthy individuals LPS is readily detect-
able in the portal blood that flows from the GI tract
to the liver™. More recently, evidence has emerged for
translocation of microbial products and their potential
pathogenic role in a variety of chronic diseases including
chronic heart failure, spondyloarthritis, chronic fatigue
syndrome, HIV/AIDS and AIDS-associated dementia,
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chronic hepatitis C, non-alcoholic steatohepatitis (as part
of metabolic syndrome), and alcoholic liver disease™ ™.
Translocation of LPS across the gut epithelial barrier
has been frequently ascribed to simple diffusion across
epithelial cell membranes or leaking through tight junc-
tions between adjacent cells™. Consistently, factors that
reduce membrane permeability to various molecules and
improve the function of tight junctions appear to reduce
LPS translocation™ ", Tomita ez o/’ have shown that a
majority of LPS transport across colonic epithelial cells
uses a receptor-mediated endocytosis system involving
LPS binding proteins, CD14 and TLR4. A recent study
demonstrated that LPS can also be translocated across
the gut epithelium by its association with chylomicrons
formed on the surface of the epithelium as a vehicle for
fatty acid transportﬁs]. Whether these two mechanisms,
receptor-mediated endocytosis and chylomicron associa-
tion, represent most, if not all, of 7z vivo LPS transport
across gut epithelial cell membranes is not yet known.

Enhancement of LPS translocation by alcohol: It
has been well established in humans that heavy alcohol
consumption is associated with an increase in gut per-
meability and LPS leakage, with or without liver disease.
Abstinence for 2 wk or longer is necessary for increased
gut permeability to return to a baseline level™. Acute
heavy alcohol consumption is associated with a transient
appearance of LPS in the circulation in normal human
subjects™”. Individuals with alcoholic fatty liver but not
severe liver disease also show an elevated LPS level in
plasma’®. Studies of animal models show that acute
alcohol feeding in mice increases LPS in plasma ap-
proximately five-fold within 30-90 min*"*, Daily binge
feeding of alcohol in rats for 4 wk increases the plasma
LPS level approximately 15-fold compared to control
animals™,

Alcohol may increase LPS leakage from the gut by a
variety of mechanisms. Recent studies have demonstrated
that alcohol and/or acetaldehyde can directly alter gut
permeability and leakiness by induction of inducible ni-
tric oxide synthase (iINOS) and NF-kB signaling, which,
in turn, modulates a differential expression of tight junc-
tion proteins that involves the action of miRNA-122144,
In addition, chronic alcohol use can cause bartier struc-
ture defects™*”, In addition, alcohol can also alter gut
integrity and permeability indirectly. First, the Zn”"
deficiency that is common in alcoholics also adversely af-
fects gut epithelial integrity[48’49]. Second, in patients with
alcoholic liver disease, increased circulating inflammatory
cytokines and LPS may promote further increases in gut
leakiness”™". Third, alcohol use also alters the mucosal
immune system, which, in turn, could have an adverse
effect on the structure or function of the gut barrier. For
example, alcohol feeding in Rhesus Macaques alters the
number of CD4+ and the ratio of CD4+/CD8+ cells
in the mucosal immune compartmentmj. Whether these
changes affect gut barrier structure and function is yet to
be explored. Finally, alcohol might also affect gut perme-
ability vz its stimulatory effect on neuroendocrine hot-
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mones, known to regulate gut permeability. Locally re-
leased corticotropin-releasing hormone can stimulate the
degranulation of mast cells in the GI tract thus releasing
mediators for “enhanced” gut permeabilitym.

In addition to the adverse effect on gut barrier struc-
ture and permeability, chronic alcohol exposure also
alters microflora content and composition. Alcoholics
have an overgrowth of microflora compared to non-
alcoholic individuals®**. Such overgrowth includes LPS-
producing Gram-negative bacteria and is expected to
increase microbial products in the gut and thus promote
their translocation. Chronic alcohol consumption also al-
ters the composition of the microflora™ >, Consistent
with these findings, probiotic or synbiotic treatments in
alcoholic patients and animals with alcoholic liver disease
restore gut permeability and reduce tissue injurym’ss"w}.

Routes of LPS dissemination and their distinct re-
sponses: After passing through the gut epithelium, LPS
in the interstitial fluid can enter the systemic circulation
by two routes: the portal vein and the GI tract lymphatic
vessels”'. By the lymphatic route, lymph fluid from the
Gl tract moves through the ascending lymphatic vessel
and the mesenteric lymph node and eventually releases
LPS into the blood stream at the thoracic duct opening;
By the portal vein route, LPS in the portal blood is deliv-
ered directly into the liver, whete only a minor fraction
that is not detoxified or excreted enters the systemic cir-
culation zia the hepatic central vein. In rats, under nos-
mal conditions, a vast majority of LPS absorbed from
the GI tract is delivered to the liver »iz portal blood",
possibly due to a faster flow rate of portal blood com-
pared to that of lymph.

A recent study revealed, surprisingly, that dietary
fatty acids can drive LPS dissemination vz the lymphatic
route!™, Significant increases of lymphatic LPS dissemi-
nation have also been observed in experimental peritoni-
tis and intestinal ischemic injury caused by hemorrhage
or burn'®*. Although experimental data are lacking, in-
creased portal hypertension and intestinal interstitial fluid
volume associated with liver disease would be expected to
drive more LPS into the lymphatics. Whether alcohol af-
fects the routes of dissemination remains to be explored.

The lymphatic LPS dissemination, rather than the
portal vein, plays a dominant role in determining the
level of LPS in systemic circulation!™*, Upon entering
the liver from the portal route most LPS is detoxified
and only that escaping the process can enter circula-
tion. However, the lymphatic route, with no significant
detoxification organ in transit, will release most of the
bioactive LPS into the circulation and thus make it avail-
able to different organs. Consequently, LPS released
from the lymphatics is responsible for most of the LPS-
induced inflammatory injury in many organs. Indeed,
preference of the lymphatic LPS transport in the case of
experimental peritonitis is associated with lung injury[()sl.
Interestingly, acute alcohol feeding causes a rapid rise of
circulating LPS in healthy animals*"*] implicating the
involvement of the lymphatic route in alcohol use.
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The most important host cell types that bind LPS
and produce a large amount of inflammatory media-
tors are macrophages and monocytes. The liver contains
the largest pool of tissue macrophages, Kupffer cells
(KCs), whereas the spleen contains the largest reserve
of monocytes'®. In response to LPS, KCs produce a
significant amount of both pro- and anti-inflammatory
cytokines, whereas monocytes produce predominantly
pro-inflammatory cytokines (see below). Therefore, the
route of LPS dissemination will also influence the types
of inflammatory mediators released into circulation,
which would, in turn, affect the inflammatory state in an
individual.

Liver plays a key role in controlling the impact of
microbial products and bears its burden during
pathogenesis

Dampening the inflammatory response by detoxifi-
cation and induction of anti-inflammatory cytokines:
Both clinical observation and experimental research sug-
gest that the liver plays a critical role in LPS clearance
and inactivation. Two of the best known mechanisms
for dampening LPS-induced inflammation are: (1) the
liver’s ability to detoxify (by both Kupffer cells and he-
patocytes) and excrete (by hepatocytes) LPS; and (2) the
Kupffer cell’s ability to generate a large amount of the
anti-inflammatory cytokine, interleukin (IL)-10.

This role of liver in LPS detoxification (clearance and
inactivation) has been best demonstrated by tracking the
fate of labeled LPS introduced by i.v. injection. Most LPS
is rapidly concentrated in the liver and either degraded in
hepatocytes or excreted into the gut iz the bile duct ™,
In a healthy liver, LPS rapidly loses its biological activ-
ity™, and its uptake by the spleen increases when liver is
diseased™. Thus, the liver plays a primary role in protect-
ing cells from exposure to microbial products.

IL-10 is a major anti-inflammatory cytokine. Like
TNFaq, it is produced mainly by KCs in response to LPS.
IL-10 has a pleiotropic inhibitory effect on innate and
adaptive immune responses. In KCs and macrophages,
II.-10 strongly inhibits LPS-induced production of cy-
tokines, including TNFa, IL-1, IL6, and 1L-10 itself ™.
IL-10 also inhibits the differentiation and maturation of
pro-inflammatory Th1 T cells of the adaptive immune
system[72’73].

Significantly, KCs are responsible for producing most
infection- or LPS-induced I1-10 in circulation™". Two
recent studies reveal that cell-cell interactions in the liver
play an important role in KC’s ability to make IL-10. A
liver endothelial cell-derived factor, hepatocyte growth
factor (HGF), enhances the expression of the heme
oxygenase-1 (HO-1) gene, which, in turn, stimulates
IL-10 production in the KCs"™. A study in a hepatocyte-
monocyte coculture model also showed that LPS-TLR4
signaling in hepatocytes stimulates IL.-10 production in
monocytes and likely in KCs'"”.

When liver function is compromised, more microbial
products enter and/or stay in circulation™, I.PS can ac-
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cumulate in other organs, especially the spleenm. Con-
sequently, the inflaimmatory response to the microbial
products becomes amplified and prolonged. The impact
of such circulating LPS on many organs might be sig-
nificant, especially on the brain, and might exacerbate
disease conditions in these organs.

Interconnections among microbial products, liver
innate immune function, injury, and repair: Gut mi-
croflora and its products also play an important role
in shaping hepatic innate immunity. Livers from germ-
free animals have a significantly lower number of KCs,
which also show reduced activity in response to LPs™.
Translocation of microbial products including LPS from
the gut is thus necessary for the host to maintain a suf-
ficient number of KCs in the liver piaz proliferation or
recruitment, and to stimulate and sustain (by priming) the
maturation of these cells. Although additional definitive
studies are needed, such primed KCs could play a number
of important roles in the liver’s innate immune defense.
First, by phagocytosis and by producing immune media-
tors, primed KCs are effectors for immune attack against
infection in the liver and for clearing microbial products,
damaged tissue and debris. In addition, such primed KCs
are responsible for initiating the acute phase response
(APR), another important innate immune function of
liver, in which hepatocytes synthesize many accessory fac-
tors involved in combating infection by phagocytosis, leu-
kocytosis and leukocyte infiltration™. Finally, primed KCs
are likely to be competent in producing IL-10 to protect
the host against an overzealous inflammatory response.

By playing a central role in detoxifying microbial
products and supplying mediators for immune defense,
the liver also uniquely subjects itself to non-specific
inflammatory damage. The pro-inflammatory cytokines
TNFa, IL-1, and 1L-6, produced by KCs in response
to LPS and endogenous inflammatory inducers (e.g.
from apoptotic cells), are critical for inducing secondary
cytokines and chemokines, and the acute phase pro-
teins, which, in turn, play roles in other vascular events
associated with inflammation, including infiltration of
neutrophils. Neutrophils are cytotoxic due to the release
of superoxides (via the respiratory burst) and proteolytic
enzymes that can cause cell injury. Activation of the liver
APR and chemokine production, for example, due to
injury in the brain, can cause liver injury”®. The same cy-
tokines also play important roles in liver tissue regenera-
tion and repair™”. Therefore, it is important to identify
and recognize those conditions under which this balance
of injury and regeneration is disrupted and a pathologi-
cal course ensues.

Alcohol’s synergistic interaction with LPS in ampli-
fying liver and systemic inflammatory conditions:
The liver is the first internal organ after the GI tract
to be exposed to alcohol and the principal organ for
its metabolism. Simultaneously, the liver is exposed to
increased alcohol concentrations and LPS translocated
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from the gut microflora. Alcohol and its metabolism
can modulate the cellular response to LPS in the liver
and independently generate endogenous inflammatory
inducers. Thus, both alcohol and LPS act simultaneously
to influence the inflammatory response in the liver and
other organs.

There are four broad mechanisms by which alcohol
can modulate inflammatory conditions in the liver and
circulation. First, chronic alcohol exposure can amplify
inflaimmation in the liver »iz a short term sensitizing/
priming of KCs. For example, daily alcohol feeding for
up to 8 wk sensitizes KCs in their response to LPS. KC
sensitization depends on the increased LPS transloca-
tion by alcohol feedinglsﬂ. The sensitized KCs produce
an increased amount of the pro-inflammatory cytokine
TNFo that contributes to liver inflammation and in-
jury®. Consistent with these observations, depletion of
KCs can prevent early liver injury associated with alcohol
exposure[gs].

Second, long term alcohol exposure impairs the liver’s
ability to produce pro-inflammatory, and more signifi-
cantly, anti-inflammatory cytokines. Circulating mono-
cytes in alcoholics show reduced IL-10 production in re-
sponse to LPS®™*, Similarly, production of plasma I1.-10
in mice is depressed after 7 wk of alcohol exposure[ssl.
Although it remains to be confirmed in this setting, KC
dysfunction may be responsible for the reduced plasma
IL-10 because depletion of them abolishes circulating
1.-10*". The reduced IL-10 production in alcoholics co-
incides with an increased production of plasma TNFq by
circulating monocytes™ . In supporting the anti-inflam-
matory function of IL-10, knockout of IL-10 and mac-
rophage/neutrophil specific knockout of STAT3, a key
IL-10 downstream target, drastically increased alcohol-
induced liver inflammation in mice™ (Bin Gao, personal
communication). In addition, reduced circulating 1L-10,
in combination with increased IL-6, might also play a
direct role in the appearance of pro-inflammatory Th17
cells in circulation and in the liver”". Thus, chronic alco-
hol exposure creates an imbalance in the cytokine milieu
favoring systemic inflammatory conditions that can cause
cell injury in various tissues.

Third, chronic alcohol consumption can indepen-
dently stimulate inflammation »iz the formation of
endogenous inflammation inducers: (1) Alcohol metabo-
lism generates highly reactive byproducts, including reac-
tive oxygen species and acetaldehydem’w. These reactive
byproducts modify proteins and lipids to form adducts
that are processed as foreign antigens by the host im-
mune system. Antibodies and lymphocytes against these
products are commonly found in patients with alcoholic
liver diseases”™”. A recent study has shown that alco-
holics with liver disease have increased levels of the pro-
inflammatory T-cell, Th17, both in circulation and in the
liver™!, which might be related to a cytokine imbalance
caused by chronic alcohol, as in the case of 1L-10 knock-
out mice”; (2) Alcohol metabolism can promote necro-
sis or apoptosis of hepatocytes that can independently
induce inflammation. Alcohol metabolism, especially
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by pericentral hepatocytes, can lead to mitochondrial
damage and hypoxia, events that cause cells to undergo
necrosis and apoptosis” . Intracellular components
derived from these dead cells can also act as endogenous
“danger signals” to activate the inflammatory responsem;
and (3) Alcohol metabolism also leads to dysregulation
of fatty acid metabolism, which invariably contributes
to the accumulation of fatty acids in hepatocytes. Fat ac-
cumulation in cultured cells can induce the synthesis of
IL-8, a pro-inflammatory chemokine important for neu-
trophil recruitment"". Though the relative contribution
to systemic inflammation remains unknown, the above
alcohol-involved mechanisms are expected to signifi-
cantly affect the inflammatory state within the liver.

Finally, chronic alcohol use impairs the liver’s ability
to detoxify LPS and other microbial products. Circulat-
ing LPS increases significantly even in those alcohol-
ics with no clinical liver disease other than fatty liver'™.
Thus, it is likely that fat accumulation in hepatocytes can
significantly reduce their ability to detoxify LPS. Other
alcohol-induced effects, such as reactive oxygen species
formation, decrease in antioxidants, hypoxia, reduc-
tion of ATP production, and mitochondrial defects can
cause cell injury or death. Such liver damage is expected
to further diminish the liver’s ability to detoxify LPS.
Consequently, more LPS will escape from the liver and
stay in the circulation, which in turn increases systemic
inflammatory conditions and injuty among different or-
gans. This conclusion is supported by the observations
that in alcoholic hepatitis patients there is a significant
increase of multi-organ failure"", Interestingly, the rise
of circulating LPS and increased production of pro-
inflammatory cytokines also raises the possibility that
circulating LPS (monocyte response), not liver LPS (KC
response), plays a more important role in liver and other
organ injury®""1",

Brain participates in the regulation of peripheral
inflammation and also bears its burden
Inflammation induces brain damage: Any event lead-
ing to an increased pro-inflammatory cytokine presence
in the brain creates the potential for oxidative conditions,
which can result in neuronal damage. In cases of CNS
trauma or infection, further escalation of the cytotoxic
conditions occurs when leukocytes infiltrate the brain.
While necessary to stem the infection, leukocytes in the
brain are also believed to contribute to neurodegenera-
tion in CNS disorders such as Alzheimet’s disease and
multiple sclerosis. Surprisingly, even when the injury ini-
tiating event is CNS inflammation, chemokines originat-
ing in the liver are responsible for mobilizing neutrophils
from the bone marrow into circulation, making them
available for infiltration into the brain. Although the
mechanism by which CNS inflammation is signaled to
the liver has not been determined, there is evidence that
liver KCs are the source of the chemokines that mobi-
lize the neutrophils“[)3’1(]4j.

Peripheral LPS injection, as a model of bacterial infec-
tion in rodents, leads to elevation of the pro-inflammatory
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cytokine TNFa in the serum and the CNS, even though
LPS does not cross the blood brain barrier. Remarkably,
TNFq remains elevated in the brain for months after
exposure to LPS, thus exerting a prolonged detrimental
effect on the brain!".

The central pro-inflaimmatory cytokines induced by
peripherally-injected LPS, in particular I1.-6, inhibit neu-
rogenesis in the hippocampus through blockade of the
differentiation of neural progenitor cells into neurons' L
The TLR signaling pathway can also be activated by cur-
rently unidentified endogenous ligands and is believed
to contribute to inflammation-mediated cell damage in

neurodegenerative disorders such as Alzheimer’s dis-
[107-109]
ease .

Alcohol-related inflammation causes brain damage:
Even in the absence of specific neurological or hepatic
complications, excessive drinking can lead to regional
structural brain damage and cognitive dysfunction"”,
neuronal death and inhibition of neurogenesis“m, re-
sulting in a reduction in brain volume, including white
matter! ',

Similar to the CNS response to peripheral LPS,
TNFa, and the pro-inflammatory chemokine MCP-1 are
induced in the brains of mice treated intragastrically with
alcohol™. Separately, it has been proposed that alcohol
causes neurodegeneration by reducing the activity of the
pro-neuronal survival transcription factor CREB and by
activating the inflammation-promoting transcription fac-
tor NF-kB""". Alcohol can also inhibit neuronal differen-
tiation by disrupting activity-dependent neuroprotective
protein signaling!' .

Neuroimmune sensing and regulation of peripheral
inflammation: The brain plays a vital role in coordi-
nating defense against systemic infection or injury and
in restoring homeostasis to safeguard the integrity of
the entire organism. Physiologically important CNS re-
sponses include fever, hyperalgesia, and other sickness
behaviors, as well as activation of homeostatic stress
responses [the hypothalamo-pituitary-adrenal (HPA) axis
and the sympathetic nervous system (SNS)]. The pres-
ence of systemic infection or injury is rapidly signaled to
the brain, both by neural routes and by circulating pro-
inflammatory cytokines' ¥,

The very ecarly effectors of the immune response
also communicate to the CNS that homeostasis has been
threatened. The CNS, in turn, responds by activating the
HPA axis and the SNS, the actions of which are largely
anti-inflammatory, to keep inflammation in check. The
anti-inflammatory signals of the HPA and SNS supple-
ment intrinsic immune anti-inflammatory mechanisms to
restrict the extent and duration of inflammation.

Signals reaching the paraventricular nucleus of the
hypothalamus lead to the activation of the HPA axis,
resulting in the synthesis of corticotropin releasing hor-
mone by the hypothalamus, which in turn activates the
pituitary gland to produce adrenocorticotropic hormone,
which subsequently induces synthesis and release of the
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glucocorticoid cortisol from the adrenal cortex. Gluco-
corticoids inhibit the production of pro-inflammatory
cytokines and promote the release of anti-inflammatory
cytokines including 11.-10 following binding to glucocor-
ticoid receptors on leukocytes' >,

In parallel, the SNS is also activated by peripheral in-
flammation. SNS activation leads to petipheral release of
epinephrine and norepinephrine, which also have anti-
inflammatory effects at the systemic level. These cat-
echolamines act through specific receptors expressed on
innate immune cells to suppress the pro-inflammatory
response and promote anti-inflammatory cytokine syn-
thesis"*”. Thus, the glucocorticoids and neuroendocrine
catecholamines produced by the HPA axis and SNS
response work in concert with the anti-inflammatory
cytokines produced by immune cells to contain inflam-
mation. Since an unchecked pro-inflammatory response
will damage healthy tissue due to the highly oxidative
and cytotoxic milieu, the counter-regulatory mechanisms
are essential to maintain tissue integrity.

Alcohol interferes with neuroimmune response and
regulation: Alcohol ingestion is recognized as a stressful
event by the HPA axis; a single dose of alcohol resulting
in a blood alcohol level of 100 mg percent activates the
HPA axis, leading to elevated cortisol levels"”". Chronic
exposure to alcohol increases the tolerance of the HPA
axis to alcohol, such that serum cortisol after alcohol
consumption is lower than in non-alcohol-dependent
controls'”". In addition, chronic alcohol also leads to
a blunting of the HPA axis in response to external
stressors other than alcohol. Tolerance to alcohol by the
neuroendocrine system seems to begin to develop prior
to full blown alcohol dependence and may correlate
with the amount of alcohol consumed"*”. In addition,
alcohol-induced complications can uncouple the HPA
axis and the SNS responses to stress. Patients with alco-
holic cirrhosis have increased basal sympathetic tone, as
measured by neuropeptide Y production, compared to
healthy controls while displaying reduced serum cortisol
levels compared to controls'™. The absence of corti-
sol due to the blunting of the stress responses allows
inflammation to persist beyond the point where it is
beneficial. Furthermore, in the context of alcoholic cit-
thosis, the uncoupling of the HPA axis and the SNS has
harmful hemodynamic consequences'””. The potential
role of neuroendocrine factors to mediate the effects of
acute alcohol on inflammation has been investigated“M.
However, whether the blunting of the HPA axis directly
mediates the effect of chronic alcohol consumption on
the inflammatory state remains to be determined.

Since the low-grade chronic inflammation associated
with chronic alcohol consumption is present even in the
absence of any obvious infection, it is possible that L.PS
leakage from the gut and poor clearance by the liver may
be underlying factors. In view of the tolerance that hu-
mans and animals develop to the stimulation of the HPA
axis by either alcohol"”"*" or LPS"* LPS will not be
able to sufficiently activate the HPA axis and subsequent
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Figure 1 Gut microflora derived lipopolysaccharide (LPS)-dissemination,
detoxification, and multi-organ host response and effects of alcohol use.
A number of key events in LPS translocation and host response are depicted.
First, upon translocation across the gut barrier, LPS enters circulation via two
different routes: the portal vein or lymphatic vessels. LPS in the portal vein is
directly delivered to the liver and most of it is detoxified and excreted, whereas
most LPS in lymphatics are released into the circulation at the thoracic duct
opening. Between the two routes, portal dissemination is dominant under normal
conditions whereas a few known conditions including fatty diet and ischemic
injury stimulate lymphatic dissemination. Second, a healthy liver plays a key
role in the detoxification of LPS in the portal vein and systemic circulation but
also generates a balanced cytokine milieu that lead to a contained inflammation
and limited damage. Third, LPS in circulation is accessible to many organs and
plays a major role in multi-organ damage, especially when LPS detoxification in
liver is compromised. Lastly, LPS and its immune mediators (pro-inflammatory
cytokines) can activate the neuroendocrine response in the central nervous
system (CNS) that leads to the activation of the hypothalamo-pituitary-adrenal
(HPA) axis and then the synthesis of cortisol, which down-regulates inflammatory
responses in the periphery. A number of key sites under alcohol influence are
depicted. First, alcohol enhances LPS translocation across the gut barrier
by increasing microflora content and impairing gut barrier function. Second,
alcohol stimulates LPS dissemination via lymphatics, evidenced by a rapid
rise in circulating LPS in healthy animals fed with acute alcohol. The potential
use of the portal route remains to be determined. Third, chronic alcohol use
not only adversely affects the liver's ability to detoxify LPS but also affects the
liver's ability to synthesize a key anti-inflammatory cytokine, interleukin (IL)-10.
Lastly, chronic alcohol reduces the synthesis of neuroendocrine effectors that
regulate systemic inflammation. Together, chronic alcohol impairs the balance
of microflora in the gut, gut barrier function, the liver’s ability to detoxify bacterial
products and to generate a balanced cytokine milieu, and the brain’s ability to
regulate inflammation in the periphery. Gl: Gastrointestinal.

glucocorticoid release. The net outcome is that the alco-
hol-dependent individual would have a reduced capacity
to suppress LPS-induced inflammation.

CONCLUSION

Heavy alcohol consumption contributes to systemic in-
flammation by interfering with the body’s natural defens-
es against the influx of gut microbiota and its products.
Chronic alcohol use impairs the balance of microflora
in the gut, the gut barrier function, the liver’s ability to
detoxify bacterial products and to generate a balanced
cytokine milieu, and the brain’s ability to regulate in-
flammation in the periphery. When these defenses are
impaired, systemic inflammation ensues. The sustained
inflammation has the potential to damage host tissues,
beyond the local injury to the gut and the liver, including
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the brain. It also has the potential to alter adaptive im-
munity that can leads to lymphocyte-mediated inflamma-
tion and tissue injury.

As detailed in this review and Figure 1, many potential
sites for alteration of gut and liver function and the com-
plex network of neuroimmunoendocrine interactions by
alcohol remain to be explored. Both acute and chronic al-
cohol consumption can cause devastating morbidity and
mortality in the drinking population. Research into the
effects of alcohol on gut leakiness and LPS translocation,
mucosal and liver immunity, and CNS-liver interactions
are important to the understanding of alcohol’s potential
to disrupt host inflammation control mechanisms and
consequent damage to all tissues in the body. Delineating
the mechanism by which alcohol disrupts homeostatic
control of inflammation may provide insights into effec-
tive preventative or therapeutic measures.
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