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Ethanol intake enhances inflammatory mediators in brain: role of glial cells and TLR4/IL-1RI receptors
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1. ABSTRACT

The brain is one of the major target organs of
ethanol actions, and its chronic and acute intoxication
results in significant alterations in brain structure and
function, and in some cases to neurodegeneration. Glial
cells and Toll-like receptors (TLRs) are vital players in
CNS immune response; dysregulation of this response
plays an important role in brain damage and
neurodegeneration. Ethanol has immunomodulatory effects
and induces specific alterations in the TLRs response in
many tissues. These actions depend on the cell type,
ethanol dose and treatment duration, as well as the
concomitant presence of pathogens and their
characteristics. Recent findings indicate that low
concentrations of ethanol (10 mM) promote inflammatory
processes in brain and in glial cells by up-regulating
cytokines and inflammatory mediators (iNOS, NO, COX-
2), and by activating signaling pathways (IKK, MAPKs)
and transcriptional factors (NF-kappaB, AP-1) implicated
in inflammatory injury. TLR4/IL-1RI receptors may be
involved in ethanol-mediated inflammatory signaling, since
blocking these receptors abolishes the production of
ethanol-induced inflammatory mediators and cell death.
We propose that at low physiologically relevant
concentrations, ethanol facilitates TLR4/IL-1RI recruitment
into lipid rafts microdomains, leading to the activation and
signaling of these receptors. In summary, current results
suggest that TLR4/ IL-1RI are important targets of ethanol-
induced inflammatory brain damage.

2. INTRODUCTION

Research and technological advances over the
past two decades have indicated that brain disruption and
damage play crucial roles in the consequences of drug
abuse and addiction. Alcohol is one of the most common
drugs and overdoses can lead to brain damage, even to
death. The World Health Organization examined mental
disorders in primary care offices and found that alcohol
dependence or harmful use was present in 6% of patients.
In Britain, 1 in 3 patients in community-based primary
health care practices presented at-risk drinking behavior.
Heavy binge drinking is also becoming increasingly
frequent in women and high school students from different
countries (1), and the prevalence of both alcohol-related
problems and neurological deficits is more frequently
observed among adolescents (2).

It is well established that the brain is a major
target for alcohol actions, and heavy alcohol consumption
has long been associated with brain damage. Even
uncomplicated alcoholics, with no specific neurological or
hepatic problems, show signs of regional brain damage and
cognitive dysfunction (3). Studies clearly indicate that
alcohol is neurotoxic with direct effects on the nerve cells.
Chronic ethanol abuse and alcoholism are associated with
multiple primary and secondary disease states, which,
typically start with experimentation and gradually progress
to addiction over the course of several years. Frequently,
high-quantity alcohol consumption by alcoholics may
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damage the CNS in ways that contribute to the progression
of addiction. Human alcoholics are known to suffer from a
loss of brain mass and function (4, 5), and experimental
studies have demonstrated that heavy binge drinking can
cause neurodegeneration (6). Although the mechanisms
involved in ethanol-induced brain injury are not clearly
understood, recent evidences suggest the involvement of
inflammatory brain damage.

Inflammation and glial activation are associated
with brain injury, and are involved in the pathogenesis of
neurodegenerative diseases (7, 8). Emerging data also
indicate the role of innate immunity, the Toll-like receptors
(TLRs) in particular, as vital players in this orchestrated
immune response in the CNS. Furthermore, the
dysregulation of this immunological response against CNS-
associated antigens could play a significant role in brain
damage and neurodegeneration (9). Glial cells express
numerous TLRs, which allow for the recognition of
different pathogens and potentially endogenous TLR
agonists (10, 11). The immediate activation of resident glia
via TLR likely serves as an amplification pathway to
maximize proinflammatory response within the CNS
compartment. In the present article we will briefly review
the evidences that demonstrate the role of glial cells and
TLRs in the immune response in the CNS. We will also
describe the current findings which indicate that ethanol
intake can induce inflammatory mediators in brain, and
discuss the potential role of the activation of both glial cells
and the innate immune system in ethanol-induced brain
damage.

2.1. Glial cells as a hallmark of brain inflammation
It is increasingly recognized that the most

important CNS disorders are not merely defined by the
enigmatic emergence of dysfunctional neurons, but are in
fact largely orchestrated by glial-cell-controlled
inflammatory processes. In multiple sclerosis, the
archetypical inflammatory CNS disease, and in Alzheimer's
disease, stroke and Parkinson's disease, inflammation has
been implicated in the disease process and the glial-cell
involvement has been clearly shown. Until recently, glial
cells in the CNS have been considered as elements that
contributed only to feed and support neurons. However,
evidence is rapidly accumulating to suggest that glial cells
indeed play very important roles in CNS development,
repair (12) and neurotransmission (13). They are also
central functional elements in CNS vascularization,
inflammation, neuroprotection and in the innate immune
responses (14-17). In fact, glial cells respond to various
injuries and insults (18), and are capable of proliferating
throughout life, acting as neural stem cells with the
potentiality of generating neurons even in the adult brain
(19).

Among glial cells, microglia and astrocytes are
responsible for the immune functions within the brain, and
they play key roles in inflammatory response. Microglia,
the macrophages of brain parenchyma, is in a down-
regulated state in comparison with other tissue
macrophages in the healthy brain. However, they are
rapidly stimulated in response to injury or infection, and

their morphology changes and acquire an array of
functions, including phagocytosis, up-regulation of cell-
surface molecules, and the production and secretion of
inflammatory mediators (17). Astrocytes are also important
in the immune response, contributing to the establishment
and maintenance of the blood brain barrier (BBB) (20), and
modulating the migration of monocytes and lymphocytes
across the BBB (21). These cells respond vigorously to
brain injury and seem to play an important role in the fine
tuning of brain inflammation (22). Indeed, injury to the
CNS is inevitably accompanied by astrocytic hypertrophy,
proliferation, and altered gene expression, a process
commonly referred to as reactive astrogliosis (23), which is
associated with inflammation (24). Depending on the
disease context, however, astrogliosis can be seen as either
a positive event that promotes neuronal and glial survival
via the production of neurotrophins and growth factors, or
as a negative influence on regeneration via the inhibition of
neuronal and glial growth and migration. The diffuse nature
of reactive astrogliosis in the CNS suggests a role for either
soluble mediators, such as cytokines, and/or the presence of
an integrated astrocyte-to-astrocyte syncytium that enables
the transfer of information across extended distances.

The cytokines for which the evidence is most
compelling in the initiation and modulation of reactive
astrogliosis include IL-1-beta, TNF-alpha, IFN-gamma and
TGF-beta. Glial cells express receptors for all these
cytokines, and each one appears to fulfill a different
functional role in the astrocytes response (25). Activation
of astrocytes in response to a neuropathologic process
triggers the production of inflammatory cytokines,
increases the expression of major histocompatibility
complex II and augments the production of free radicals
(16). This functional reprogramming may be essential for
maintaining homeostasis and the local regulation of
inflammatory and immune reaction (26). Among the
cytokines, IL-1-beta has been considered to be an important
mediator of inflammatory responses in the CNS. It is
involved in Alzheimer´s disease (27), and vastly produced
under conditions of brain damage, disease, or stress (28).
This cytokine is initially released by glial cells acting on
astrocytes and microglia to induce the production of
additional cytokines and growth factors, thereby promoting
inflammatory activity in the brain (29, 30). IL-1-beta
promotes glial scaring or astrogliosis when directly injected
into CNS, thus suggesting a potential role of this cytokine
in mediating astrocytic hypertrophy upon neuronal damage
(31).

2.2. Innate immune response in the CNS: role of
TLR/IL-1R signaling

The immune system encompasses a complex
interrelated network of cellular, molecular, and chemical
mediators that function to protect the body against
environmental stress factors. These stressors can be as
diverse as microorganisms (viral, bacterial, fungal agents),
physical damage (burns), or environmental toxins (snake
venoms, nonessential metals, chemicals). The first line of
defense is innate or natural immunity. The inflammatory
component of this response is important in recruiting cells
from the immune system in the compromised area. The
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mediators for this function are cytokines and chemokines.
While cytokines mediate a specific response that is
appropriately based on the type of foreign antigen that has
penetrated the tissue, chemokines allow cells from the
immune system to reach the area under attack.

Although the brain has been considered to be
immunologically privileged, it is now well accepted
however that immune surveillance indeed occurs in the
normal CNS and that inflammatory responses can take
place in the context of disease. The CNS presents a well
organized series of innate immune reactions in response to
systematic bacterial infections and cerebral injury (32, 33).
Activation of the innate immune system is an important
component of the inflammatory response. However, while
the acute activation of inflammatory events is a necessary
component of the CNS defense against foreign antigens,
prolonged activation can lead to chronic inflammation, and
this can eventually result in neuronal cell death.
Inflammation occurs through the action of proinflammatory
cytokines, and the production of these cytokines is initiated
by signaling through TLRs that recognize host-derived
molecules released from injured tissues and cells.

TLRs are a family of pattern-recognition
receptors expressed in cells of the innate immune system,
that allow for the recognition of conserved structural motifs
on a wide array of pathogens (referred to as pathogen-
associated molecular patterns) as well as some endogenous
molecules. The recent emergence of studies examining
TLRs in the CNS indicates that these receptors respond to
molecules related to either microbial infection or host tissue
injury (34), and that they do not only play a role in innate
immunity in response to infectious diseases, but may also
participate in CNS autoimmunity, neurodegeneration, and
tissue injury (9). Therefore, given the importance of these
receptors in the innate immune response, a great effort has
been made to understand the regulation of the innate
immune system, particularly the TLRs signaling
mechanisms.

The TLRs, type I integral membrane
glycoproteins, are a member of a large superfamily that
includes the interleukin-1 receptors (IL-1Rs) (35, 36).
TLRs and IL-1Rs have a conserved region of ~ 200 amino
acids in their cytoplasmic tails, which is known as the
Toll/IL-1R (TIR) domain (36-39). By contrast, the
extracellular regions of TLRs and IL-1Rs differ markedly:
the extracellular region of TLRs contains leucine-rich
repeats motifs, whereas the extracellular region of IL-1Rs
contains three immunoglobulin-like domains (see rev.
Takeda and Akira, 2004) (40). TLRs interact with MyD88
(myeloid differentiation primary-response protein 88) (41),
activating downstream signaling molecules which
culminate in the activation of nuclear factor-kappa B (NF-
kappaB), a transcription factor that regulates the expression
of a wide array of genes involved in immune responses, as
well as in the mitogen-activated protein kinases (MAPKs),
such as extracellular signal-regulated kinase (ERK), p38
and c-jun N-terminal kinase (JNK) (42). Stimulation of
MAPKs also results in the activation of the transcriptional
factors NF-kappaB and AP-1 (activator protein-1) (43).

Notably, since NF-kappaB and AP-1 binding sites have
been found in the promoters of many genes that are induced
during inflammation, it has been claimed that the large
number of specific receptors of the innate immune system
exerts their manifold gene activations principally through
the MAP kinases and the IKK-NF-kappaB pathways (36,
44, 45) (figure 1).

Among the 11 different human TLRs, TLRs 1, 2,
4, 5, 6 and 11 are expressed on the extracellular membrane
as opposed to the intracellular localization of TLRs 3, 7, 8
and 9 (46-48). Each TLR recognizes specific components
of bacterial and fungal pathogens, such as LPS
(lipopolysaccharide) from Gram-negative bacteria, PGN
(peptidoglycan) and LTA (lipoteichoic acid) from Gram-
positive bacteria and fungi, which possess common
structural features. Recent evidence indicates that TLRs are
also involved in the recognition of viral invasion. Thus,
TLR3 and TLR4 are presumably involved in the viral
recognition, and these receptors utilize a unique signaling
pathway that is independent of the common signaling
adaptor MyD88, triggering the IRF-3 (interferon regulatory
factor-3) downstream signaling activation and the
subsequent induction of interferon-alpha and –beta (IFN) (49),
in addition to a MyD88-dependent pathway that is common to
all the TLR family. The same occurs with TLR7 (50) that is
also involved in the viral recognition, as well as TLR9 (51).
The different Toll signaling pathways are summarized in
figure 1.

Notably, most of the TLRs, as well as the IL-1RI,
have been identified in neural cells of the human and murine
brain, although the expression of the different TLRs varies
between neural cell types, species, cell maturation, and
activation state (52-54). For example, while human adult and
fetal microglia express a wide range of different TLR family
members, the TLR expression profile is more restricted in
human astrocytes (10, 11). However, a robust expression of
TLR3 has been demonstrated in adult and fetal astrocytes (55,
56), along with low levels of expression for TLR 1, 4, 2, 5 and
9 on human fetal astrocytes (11). Conversely, emerging data
suggest that broader repertoires of TLRs are expressed in
murine astrocytes as compared with human astrocytes (52, 57).
Another striking difference between microglia and astroglia is
the fact that TLR are generally expressed in intracellular
vesicles inside microglia, while they are found in the cell
surface on astrocytes (10, 11). The different TLR profile in the
two types of glial cells, as well as the distinct subcellular
localization of some of TLRs, suggest the possibility of their
differential role in the innate immune response (11). Indeed,
recent findings point to a distinction in TLR expression
between the two glial cell types and illustrate their divergent
functional response to TLR ligands (11).

3. ETHANOL. BRAIN DAMAGE AND
INFLAMMATION

3.1. Ethanol and brain damage: role of inflammatory
mediators
 Alcohol is an addictive substance. Like other
addictive drugs, its continued consumption can induce
adaptive changes in the CNS that lead to tolerance, physical
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Figure 1. Schematic representation of Toll-like receptor (TLRs) signaling pathways. Each TLRs recognizes specific components
of bacterial and fungal pathogens, LPS (Gram-negative bacteria), PGN and LTA (Gram-positive bacteria). All TLRs except
TLR3, 7, 8 and 9 are thought to share the MyD88-dependent pathway that activates NF-kappaB and AP-1, via MAPKs/NIK,
leading to the induction of inflammatory mediators (iNOS, COX-2) and cytokines (IL-1-beta, TNF-alpha, IL-6, IL-8) genes.
TLR3 and TLR4 are presumably involved in the viral recognition, and activate interferon regulatory factor-3 (IRF-3), and the
subsequent induction of the IRF-3-dependent gene expression such as interferon-alpha and –beta (IFN). Although all TLRs share
the cytoplasmic TIR domain, stimulation of TLRs leads to the homo-, heterodimerization or multimerization of TLRs for
signaling. TLR4 and IL-1RI additionally recruit adapter molecules, such as MD-2 and CD14 (for TLR4) and AcP “Accesory
protein” (for IL-1RI) to induce their signaling response.

dependence, sensitization, craving and relapse (58). In
addition, alcohol is a toxic compound that can cause tissue
damage and organ dysfunctions.

The brain is one of the major target organs for
ethanol actions, and heavy alcohol consumption results
in significant alterations of the brain structure,
physiology and function. Alcoholics have reduced brain
weight compared with nondrinking controls (59), and
the degree of brain atrophy correlates with the rate and
amount of alcohol consumed over a lifetime. The
reduction in brain weight and volume has been
attributed to a loss of white matter, which occurs
primarily in the frontal lobe and is specifically
susceptible to alcohol-related brain damage (3, 4),
although a neuronal loss has also been documented in
specific regions of the cerebral cortex, hippocampus and
cerebellum from alcoholic brains (3, 60).

Current neuroimaging studies also indicate that
chronic alcohol use induces important changes in brain
morphology, such as cortical and subcortical atrophy, and
confirm that frontal lobe structures are specifically
vulnerable to the effects of ethanol with shrinkage in this
area, largely owing to a loss of white matter (61). The
mechanisms to reduce white matter loss remain unclear,
although glial impairments in conjunction with astrocytic
loss and death have been reported in the prefrontal cortex
and hippocampus from human alcoholic brains (62-65).
Changes in myelination might also occur during chronic
alcoholism, since the gene expression of both the glial
fibrillary acidic protein GFAP (a marker of astrocytes) and
myelin-associated genes were down-regulated in the brain
of alcoholics (66, 67). A recent report demonstrates that
astrocytes promote myelination in response to electrical
impulses (68), suggesting that alterations and cell death in



Role of TLR4/IL-1RI in ethanol-induced brain inflammation

2620

astrocytes could cause deficits and loss of myelin in
alcoholics.

Experimental evidence also demonstrates that
alcohol is toxic for neural cells in culture (69-72) and that
acute intoxication can cause brain damage, and even
neurodegeneration in some cases (6, 73). Indeed, neural
damage and neurodegeneration have been demonstrated in
short-term binge drinking animal models, leading to
neuronal loss (6) in specific brain regions including
olfactory and forebrain corticolimbic association areas,
entorhinal and pirirhinal cortex and hippocampus, brain
areas that are involved in many aspects of learning and
spatial memory. These results suggest that a drinking
pattern, specifically binge drinking in which high blood
and brain alcohol levels are achieved, is an important factor
in the ethanol-induced neuropathology, and that alcoholic
neurodegeneration could occur primarily as a result of
binge drinking episodes (6, 73, 74).

The neuropathological processes underlying the
effects of ethanol on neural damage are largely unknown,
although several mechanisms and concurring factors have
been proposed to contribute to neurodegeneration. Among
the mechanisms proposed include: the participation of
excitotoxic events and nitric oxide generation (75), the
involvement of glial swelling and brain edema (74), and
the production of free radicals causing oxidative stress
(76). The third mechanism includes the ability of ethanol to
enhance free radical species by inducing the cytochrome
P450 2E1 (CYP2E1) (77), which leads to the generation of
hydroxyethyl radicals (78), reactive oxygen species (ROS)
(79) and the activation of NF-kappaB (76). Interestingly,
the induction of both P450 2E1 (CYP2E1) and ROS was
also noted in ethanol-exposed astrocytes (77), suggesting
that glial activation might contribute to the ethanol
induction of free radical species in the brain.

Recent findings also suggest the involvement of
inflammation in ethanol-induced brain damage. These
studies demonstrate that chronic ethanol treatment not only
increases the levels of cytokines (IL-1-beta, TNF-alpha)
and inflammatory mediators (iNOS and COX-2) in both
the rat's brain and in cultured astrocytes, but also activates
signaling pathways that are classically associated with
inflammation (MAPKs, NF-kappaB, AP-1, see below).
Notably these inflammatory events are associated with an
increase in cell death (72), suggesting that activation of
glial cells and the innate immune system by ethanol might
trigger the production of toxic compounds such as ROS or
nitric oxide (70), inflammatory cytokines and glutamate,
which might contribute to ethanol-induced brain damage,
similar to what occurs in several brain disorders and
neurodegenerative diseases (7, 8, 80).

Evidence indicating that ethanol-induced
inflammatory mediators in the brain originate from several
studies performed mainly in neural cells in culture. These
studies demonstrate that ethanol influences the expression
of inducible nitric oxide synthase (iNOS) and
cyclooxygenase-2 (COX-2) in both the brain and neural
cells exposed to ethanol (72). Both enzymes are induced in

response to different stimuli including stress, inflammation
or neural damage (81-83). Likewise, stimulation of TLRs
signaling triggers NF-kappaB activation, which could lead
to the induction of iNOS and COX-2 expression in the
brain (84-86).

Ethanol is known to influence both the NO
production and iNOS expression in a number of cellular
systems, and in the presence or absence of additional
stimuli such as cytokines or LPS. For example, depending
on the cell type, ethanol can inhibit or potentiate cytokine-
induced iNOS expression in immortalized astrocytes (87),
and in BBB cells (88) respectively. However, in human
astroglioma cells (A172), ethanol biphasically affects
proinflammatory-induced iNOS expression (50 mM
potentiates and 200 mM is inhibitory) (89, 90). Stimulation
of both the NO production and iNOS expression also
occurs as a direct effect of ethanol, as demonstrated  in
brain homogenates from the prenatal ethanol exposure
model of guinea pigs (91), in brain lysates from chronic-
alcohol fed rats (72) and in cerebral pial cultures (92). In
fact, the induction of iNOS can occur upon 30 min of
ethanol treatment in astrocytes (70).

The up-regulation of the COX-2 expression has
also been observed in the rat´s brain after acute (93) and
chronic ethanol administration (72, 93, 94), as well as in
ethanol-exposed astrocytes (70, 95). Interestingly, the
study by Luo et al (2001) (95), demonstrated that ethanol
selectively increased COX-2 levels in astrocytes, but not in
neurons. However, a clearer demonstration that ethanol
induces COX-2 in astrocytes is seen in a recent study
showing a fast induction of COX-2 upon 30 min of ethanol
treatment (70). This study also demonstrates that the
activation of NF-kappaB is critical for the ethanol-induced
up-regulation of iNOS and COX-2 in astrocytes, since the
inhibition of NF-kappaB activity by either pyrrolidine
dithiocarbamate (PDTC) or BAY 11-7082 suppresses the
induction of iNOS and COX-2, suggesting a transcriptional
regulation of these inflammatory mediators by NF-kappaB
(70). Collectively, these results suggest that ethanol can
induce rapid response genes (iNOS and COX-2),
implicated in the generation of free radicals as well as other
products that could increase neuronal oxidative stress and
contribute to ethanol-induced brain damage. These findings
also suggest that the activation of NF-kappaB is a critical
component in the ethanol-mediated inflammatory
mediators, at least in astroglial cells.

Although the mechanisms by which ethanol-
induced inflammatory mediators in the brain are presently
unknown, recent data suggest that ethanol could activate
the innate immune response and TLRs signaling, resulting
in both NF-kappaB activation and inflammatory mediators
production (see below).

3.2. Ethanol activates signaling pathways and
transcription factors involved in inflammatory brain
damage

As previously commented, stimulation of the
innate immune system triggers NF-kappaB activation (see
figure 1) and the induction of numerous immune and
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inflammatory response genes (96), encoding cytokines,
chemokines, enzymes (iNOS and COX-2) (84-86) and
adhesion molecules.

Several in vitro and in vivo studies clearly
demonstrate that both acute and chronic ethanol treatments
cause NF-kappaB activation. Short-term ethanol treatment
(25-100 mM) has been shown to potentiate cytokine-
induced NF-kappaB activity in human astroglial cells (97),
as well as in long-term ethanol–treated rat astrocytes (72).
Similarly, chronic ethanol treatment also induces NF-
kappaB activation in the liver (98), brain (99), and in the
cerebral cortex of ethanol-fed rats (72). In the last study
mentioned, NF-kappaB stimulation was accompanied by a
significant decrease in the cytoplasmic levels of IkappaB-
alpha, and by elevated levels of cytokines and COX-2 and
iNOS (72). These findings suggest that NF-kappaB is
activated in response to challenge with both acute and
chronic ethanol, although the mechanism involved in these
effects remains unclear.

NF-kappaB activity is controlled at multiple
levels, most notably by the regulation of its subcellular
localization. In resting cells, NF-kappaB is retained in the
cytoplasm and it is transported to the nucleus in response to
a diverse range of stimuli (100, 101) where it binds
specifically to kappaB enhancer elements of DNA and
alters the expression of a great number of proinflammatory
genes (102). Following stimulation, the duration of NF-
kappaB activation may be transient or persistent,
depending on the cellular stimulus and cell type. The
temporal profile is of considerable clinical relevance
because whereas rapid induction of NF-kappaB is
beneficial for immune response, infection or injury, long-
term activation has been demonstrated to be associated
with chronic inflammatory diseases, such as multiple
sclerosis. Notably, chronic ethanol treatment triggers a
sustained NF-kappaB activation in both the rat´s brain and
astrocytes in culture, and this event is associated with
elevated levels of inflammatory mediators, IL-1-beta and
TNF-alpha (72). Likewise, a recent study demonstrated
that NF-kappaB is sustained in astrocytes in response to
stimulation with IL-1-beta (103), which suggests that
elevated levels of IL-1-beta could mediate the persistent
NF-kappaB activation observed in both astrocytes and the
brain of alcohol-fed rats, and might contribute to a
prolonged induction of inflammatory mediators and
ethanol-induced damage in the brain.

Furthermore, despite the fact that the induction of
NF-kappaB is directly regulated by IKK, there is evidence
demonstrating that IKKs themselves are also activated
through phosphorylation by an upstream kinase(s).
Candidates for this kinase include NF-kappaB-inducing
kinase (NIK) and mitogen-activated protein kinase
(MAPK) pathways (p44/p42 ERK, JNK and p38) (104-
106) (see Figure 1). Cumulative data demonstrate the
participation of the MAPKs pathway in inflammation
processes (107). Moreover, the stimulation of this pathway,
apart from activating NF-kappaB, can also trigger the
activator protein-1 (AP-1) transcriptional activity.
Phosphorylation of the AP-1 family by MAPKs (108),

results in the transcriptional activation of genes of the jun
and fos-family. Ethanol withdrawal hyperactivity is
associated with the expression of the early genes c-fos and
c-jun (109) with transient selective increases in the DNA-
binding activity of immediate early genes (IEGs)-encoded
AP-1 in the brain (110, 111). Chronic ethanol treatment
increases the MAPKs and AP-1 expression in the liver,
brain and astrocytes (72, 112), and these effects are
associated with inflammation and cell damage. Finally,
although the activation of MAPKs can mediate the
inflammation and release of neurotoxic molecules, it is
obvious that the activation of MAPK under certain
circumstances may be beneficial for the plasticity of the
CNS. Nevertheless, based on the few in vivo and in vitro
studies available to date, the MAPKs which mediate the
activation of glial cells by ethanol with neurotoxic
consequences represent promising targets for
pharmacotherapy for acute brain insults and
neuroinflammatory injury induced by ethanol.

Neural injury and cell death have been
associated with many neurological and
neuroinflammatory disorders (113), and several reports
demonstrate that one of the mechanisms implicated in
ethanol-induced neurotoxicity is that through apoptosis
promotion. Our recent studies suggest the role of
inflammation in ethanol-induced cell death in both the
brain and astrocytes, as we found that ethanol-induced
activation in MAPKs, NF-kappaB, AP-1 was associated
with increased apoptosis in both the brain and astrocytes
(71, 72). Furthermore, we were able to prevent ethanol-
induced apoptosis in astrocytes by blocking the
receptors TLR4 and IL-1RI (71), suggesting the
involvement of the innate immune response in ethanol-
induced astrocytic death. Nevertheless, although
apoptosis occurs in neurodegenerative disorders (114,
115), we cannot rule out the possibility that ethanol also
causes necrotic cell death since it has been suggested
that necrosis often triggers a prominent inflammatory
reaction, while apoptosis results in the uneventful
removal of dying cells, with little or no inflammation
(116).

Figure 2 illustrates the cascade of events by
which ethanol, through the stimulation of TLRs   signaling
pathways mediated by glial activation, triggers the
production of inflammatory mediators and toxic
compounds that could exacerbate an inflammatory
response leading to astrocytic and neural death.

3.3. Ethanol and innate immune system
Ethanol has an immunomodulatory effect that

increases host susceptibility to infections by producing
specific defects in both innate and cellular immunity (117,
118). Moreover, ethanol adversely impacts the immune
response to other traumatic catabolic insults such as burn,
haemorrhage and ischemia/reperfusion (119-121). Ethanol
is known to alter cytokine levels in a variety of tissues
including plasma, liver, lung and brain (122). Furthermore,
recent studies demonstrate that the effects of ethanol on the
innate immune system are mediated by the ethanol-induced
disruption of TLRs signaling response (123).
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Figure 2. Potential mechanism of ethanol-induced brain damage. Ethanol triggers signaling inflammatory responses (MyD88,
MAPKs, NF-kappaB and AP-1), and the production of inflammatory mediators and toxic compounds (IL-1-beta, iNOS, COX-2,
IL-10, TNF-alpha) by activating TLR4 and IL-1RI in glial cells, and this could exacerbate the inflammatory response leading to
brain damage by astrocytic and neuronal death.

Many studies have consistently described that
ethanol acutely suppresses the cytokine/chemokine
response. For example, acute ethanol treatment suppresses
the LPS-induced increase of TNF-alpha, IL-1-beta and IL-
6 in blood, as well as in vitro responsiveness of various
types of isolated cells, including macrophages and
monocytes (124, 125). Recent findings demonstrate that
ethanol suppresses the production of cytokines and
chemokines in macrophages and monocytes by impairing
the signaling response associated with the activation of
TLR3 (126), TLR4 (127), TLR2 and TLR9 (128).
Specifically, acute ethanol treatment has been shown to
inhibit p38 and ERK pathway associated with the
activation of TLR4, TLR2, and TLR9 (128), and suppress
TLR3 signaling, resulting in an inhibition of interferon-
related amplification and of several effector molecules of
innate immunity and inflammation (126). Recent findings
suggest that ethanol may affect inflammatory pathways
differently depending on the complexity of TLR-mediated
signals (129). These studies show that while acute ethanol

treatment attenuates TLR4 but not TLR2-induced TNF-
alpha and NF-kappaB, the production of TNF-alpha
increases when both TLR4 and TLR2 activation are
present. These studies also demonstrate that while ethanol
inhibits IRAK and ERK phosphorylation in TLR4-
stimulated cells, JNK and AP-1 nuclear binding are
augmented in the presence of combined TLR4 and TLR2
stimulation. These results show that the complex
interactions between TLRs may determine attenuation or
augmentation of inflammatory responses by acute ethanol
treatment. Similarly, Frost et al (2005) (130) reported that
acute ethanol regulates the TLR2 and TLR4 mRNA
expression differently in a tissue-specific manner and that
these changes might influence the subsequent host
response to an invading bacterial pathogen.

In contrast to the general depressing effects of
acute ethanol treatment on the innate immune system and
TLRs response, chronic ethanol abuse often leads to an
exaggerated inflammatory response, especially by the liver
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(131) characterized by elevated levels of proinflammatory
cytokines in this tissue (132), and in plasma (133, 134).
The gastrointestinal tract seems to be the initial target of
ethanol, leading to an activation of the innate immune
response. Alcohol consumption impairs the intestinal
barrier function, leading to elevated plasma levels of
endotoxins such as lipopolysaccharide (LPS) (135).
Increased exposure to LPS and TLR4 activation seems to
significantly contribute to the activation of the innate
immune response in liver. In addition, chronic ethanol also
exacerbates the response of Kupffer cells to LPS, resulting
in an increased production of inflammatory cytokines,
especially TNF-alpha (see rev., Nagy et al., 2003) (112).
Recent findings have identified a number of intermediates in
the TLR4 signaling cascade that are affected by chronic
ethanol, including an increased expression of CD14, as well as
an enhanced activation of NF-kappaB and the MAPK family
members, p44/p42 ERK and p38 (see rev., Nagy et al., 2003)
(112). Furthermore, although the importance of TLR4 in the
development of alcohol liver disease has been demonstrated in
knockout mouse models, in which the deficiency of TLR4
protects against alcohol-induced liver injury (136), recent
studies demonstrate that chronic ethanol treatment upregulates
multiple TLRs such as TLR1, TLR2, TLR4, TLR6, TLR7,
TLR8 and TLR9 in mice liver, suggesting that the ethanol-
exposed liver is sensitive to inflammation induced by multiple
bacterial products recognized by TLRs (137).

At present, the mechanisms by which ethanol can
either inhibit or augment TLR signaling have not been
elucidated, but some findings support the idea that ethanol
might affect the early steps in the TLRs signaling, such as
the TLRs clustering and recruitment into the lipid rafts (see
below). Although the exact nature of interaction between
TLRs (e.g. TLR4 and TLR2) and their agonists has not yet
been fully elucidated to date, it is clear that any changes in
the physical or chemical state of the cell membranes would
affect cell processes that involve membrane-associated
proteins. Ethanol interacts with membrane lipids and
influences the function of membrane proteins (138). Acute
ethanol treatment is known to increase membrane fluidity
(139), which may interfere with receptor clustering and signal
transduction processes. Conversely, the fluidizing effects of
ethanol during chronic ethanol exposure are counterbalanced
by changes in membrane lipids toward more saturated fatty
acids (140), allowing TLRs specific ligands binding and
exacerbating the inflammatory response.

In summary, the results presented demonstrate
that the effects of ethanol on both the immune system and
TLRs are complex, and they depend on the ethanol dose,
treatment duration (acute vs. chronic), type of cell and
tissue analyzed, as well as the concomitant presence of
pathogens and their characteristics. Clearly, further studies
are required to ascertain the molecular and cellular
mechanisms underlying the different effects of ethanol on
the TLRs immune response.

3.4. Role of TLR4/IL-1RI signaling in ethanol-induced
inflammatory response in brain and in astrocytes.

As already commented, the CNS exhibits well
organized innate immune reactions, and glial cells, in

response to injury (32, 33) and infections (141, 142), are
capable of mounting a quick and effective response to
control an infection until the cells of the peripheral
adaptative immune system can be recruited (143, 144).
Microglia and astrocytes respond functionally with
cytokine and chemokine production (57, 145) and they  are
capable of contributing to an inflammatory environment in
the CNS (16, 146) following a variety of infectious or
inflammatory insults (52).

TLR4 and IL-1RI trigger common signaling
pathways (figure 1), and both are absolutely necessary in
the expression of a large number of genes that are
characteristic of inflammation. TLR4 is critical for the
LPS-induced innate immune response and injury in the
CNS (147), and members of the interleukin-1 (IL-1) family
of cytokines are key mediators in both the regulation of
host defense responses and development of inflammation in
response to acute and chronic injury to the brain (148).
Results in our laboratory have shown that both chronic and
acute ethanol are capable of inducing intracellular signal-
transduction events associated with the TLR4 and IL-1RI
signaling response in both the brain and astrocytes (70-72).
Specifically, these studies demonstrate that ethanol at
physiological relevant concentrations such as those found
in alcoholics (10-50 mM, approximately 0.05-0.2 g/dl),
rapidly stimulate the phosphorylation of IRAK, p44/p42
ERK, SAPK/JNK and p38 MAPK, followed by the
activation of NF-kappaB and AP-1, and also the
transcriptional activation of iNOS and COX-2.
Interestingly, these events were associated with cell death
(71). Conversely, high ethanol concentrations (>100mM,
0.4 g/dl) inhibit the TLR4/IL-1RI response or have no
effect (71). Blocking TLR4 and IL-1RI abolishes most of
the inflammatory signals events and prevents cell death,
supporting the notion that ethanol-induced inflammatory
mediators in the brain are induced via the activation of glial
TLR4/IL-1RI signaling pathways (71).

How does ethanol interacts with TLR4/IL-1RI to
either activate or inhibit their signaling response remains
uncertain. Nevertheless, some recent findings suggest that
ethanol might influence the early steps in the TLRs
signaling, affecting clustering and recruitment of TLRs into
the lipid rafts (127, 149). Lipid rafts are membrane
microdomains enriched in cholesterol and sphingomyelin
which are known to be involved in signal transduction by
promoting the recruitment and clustering of specific
receptors (150, 151). Recent reports demonstrate the
presence of TLR2 and TLR4 within lipid rafts and their
subsequent clustering in response to LPS (152, 153),
supporting their role in the innate immune response (152-
155). Indeed, disruption of lipid rafts leads to an inhibition
of TLRs internalization and signaling (152). Interestingly,
recent findings demonstrate that high concentrations of
ethanol can perturb membrane lipid microdomains,
interfering with lipid raft clustering and leading to the
suppression of TLR4 signaling (127, 149). However, low
concentrations of ethanol might facilitate the aggregation
and interaction of proteins within the membrane, promoting
receptor recruitment into lipid rafts, and leading to
dimerization and signaling.
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Figure 3. Suggested model by which ethanol mediates activation of TLR4/IL-1RI through its interactions with lipid rafts. We
hypothesized that low concentrations of ethanol (10-50 mM) or LPS might facilitate TLR4 and IL-1RI aggregation and the
recruitment into lipid rafts, leading to the clustering of these receptors and the activation of its signal transduction. On the
contrary, high ethanol concentrations (>100 mM) or the LPS plus ethanol combination, can perturb membrane lipids, including
lipid rafts, resulting in a disruption of the receptor clustering which suppress TLR4 and IL-1RI activation by its ligands binding
and signaling.

Furthermore, several studies demonstrate that
ethanol suppresses both cytokine-induced iNOS expression
(87, 156) and LPS-induced NO production (157) and NF-
kappaB activation, but not IFN-alpha-induced signaling in
glial cells (158). These results confirm previous findings
demonstrating that ethanol affects inflammatory pathways
differently depending on the complexity of TLR-mediated
signals (129). In addition, these findings also suggest that
ethanol could interfere with the TLR4 recruitment into the
lipid rafts when other stimuli (e.g. LPS, cytokines) are
present, leading to an inhibitory rather than an additive
effect on the TLR signaling transduction.

Since lipid rafts are considered to be important
for TLRs signaling, alterations in the membrane lipid
composition, such as those occurring after chronic ethanol
intake, would be expected to lead to different ethanol
effects on TLRs response. Indeed, while acute ethanol
treatment down-regulates the production of pro-
inflammatory cytokines induced by LPS in human
monocytes (159, 160), chronic ethanol treatment (7 days in
vitro) results in the augmentation of LPS-induced TNF-
alpha (122). A schematic model of the suggested effects of

low and high concentrations of ethanol in the absence or
presence of LPS on both lipid rafts and the signal
transduction of TLR4 and IL-1RI is provided in figure 3.

To summarize, although the ethanol effects on
TLRs response are complex, some data suggest that these
receptors, particularly TLR4/IL-1RI, are important targets
of ethanol-induced inflammatory damage in many organs,
including the brain.

4. CONCLUSIONS AND PERSPECTIVES

Results of studies reviewed in this article indicate that
ethanol consumption activates a wide range of
inflammatory mediators and signaling pathways in the
brain, which are associated with inflammation and the
immune response. In particular, ethanol-induced
inflammatory responses seem to involve activation of LPS
and IL-1-beta specific receptors, such as TLR4 and IL-1RI.
It is important to emphasize that the actions of ethanol on
inflammation and host defense mechanisms are strictly
time-, dose- and cell type-dependent. However, there is still
much to be understood about the nature of CNS
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inflammation and molecular effects of ethanol in the brain
before any clinical treatment development may be
successfully explored. Further studies are required to
understand the mechanisms by which ethanol activates
TLR4/IL-1RI, as well as to ascertain whether other TLRs
are also involved in the ethanol-induced inflammatory
damage in both the brain and astrocytes. In the search for
answers, it is necessary to use as many kinds of tools as
possible, bearing in mind that specific deficits may be
observed only with certain methods, specific tissue regions,
and conditions of ethanol administration. Although these
results contribute to our understanding of ethanol-related
brain injury, they may also lead to the potential of new
treatment and/or intervening strategies to restore ethanol-
induced brain damage.

5. ACKNOWLEDGMENTS

The work of the authors is supported by Grants
from Ministerio de Educacion y Ciencia (SAF 2003-06217
and SAF 2006-02178), Instituto Carlos III, FIS-Red RTA
G03/005, Direccion General Drogodependendecias, GV,
and Fundacion de Investigacion Medica Mutua Madrileña.
We wish to thank Marisa March for her assistance in the
preparation of the manuscript.

6. REFERENCES

1. Smart, R. G. & A. C. Ogborne: Drug use and drinking
among students in 36 countries. Addict Behav, 25, 455-60
(2000)
2. Brown, S. A. & S. F. Tapert: Adolescence and the
trajectory of alcohol use: basic to clinical studies. Ann N Y
Acad Sci, 1021, 234-44 (2004)
3. Harper, C. & I. Matsumoto: Ethanol and brain damage.
Curr Opin Pharmacol, 5, 73-8 (2005)
4. de la Monte, S. M.: Disproportionate atrophy of cerebral
white matter in chronic alcoholics. Arch Neurol, 45, 990-2
(1988)
5. Crews, F. T., T. Buckley, P. R. Dodd, G. Ende, N. Foley,
C. Harper, J. He, D. Innes, W. Loh el, A. Pfefferbaum, J.
Zou & E. V. Sullivan: Alcoholic neurobiology: changes in
dependence and recovery. Alcohol Clin Exp Res, 29, 1504-
13 (2005)
6. Crews, F. T., C. J. Braun, B. Hoplight, R. C. Switzer, 3rd
& D. J. Knapp: Binge ethanol consumption causes
differential brain damage in young adolescent rats
compared with adult rats. Alcohol Clin Exp Res, 24, 1712-
23 (2000)
7. Giovannini, M. G., C. Scali, C. Prosperi, A. Bellucci, G.
Pepeu & F. Casamenti: Experimental brain inflammation
and neurodegeneration as model of Alzheimer's disease:
protective effects of selective COX-2 inhibitors. Int J
Immunopathol Pharmacol, 16, 31-40 (2003)
8. Hunot, S. & E. C. Hirsch: Neuroinflammatory processes
in Parkinson's disease. Ann Neurol, 53 Suppl 3, S49-58;
discussion S58-60 (2003)
9. Campbell, A.: Inflammation, neurodegenerative diseases,
and environmental exposures. Ann N Y Acad Sci, 1035,
117-32 (2004)
10. Bsibsi, M., R. Ravid, D. Gveric & J. M. van Noort:
Broad expression of Toll-like receptors in the human

central nervous system. J Neuropathol Exp Neurol, 61,
1013-21 (2002)
11. Jack, C. S., N. Arbour, J. Manusow, V. Montgrain, M.
Blain, E. McCrea, A. Shapiro & J. P. Antel: TLR signaling
tailors innate immune responses in human microglia and
astrocytes. J Immunol, 175, 4320-30 (2005)
12. Wurmser, A. E., T. D. Palmer & F. H. Gage:
Neuroscience. Cellular interactions in the stem cell niche.
Science, 304, 1253-5 (2004)
13. Araque, A. & G. Perea: Glial modulation of synaptic
transmission in culture. Glia, 47, 241-8 (2004)
14. Aschner, M.: Astrocytes as mediators of immune and
inflammatory responses in the CNS. Neurotoxicology, 19,
269-81 (1998)
15. Aschner, M., U. Sonnewald & K. H. Tan: Astrocyte
modulation of neurotoxic injury. Brain Pathol, 12, 475-81
(2002)
16. Dong, Y. & E. N. Benveniste: Immune function of
astrocytes. Glia, 36, 180-90 (2001)
17. Hanisch, U. K.: Microglia as a source and target of
cytokines. Glia, 40, 140-55 (2002)
18. Chen, Y. & R. A. Swanson: Astrocytes and brain
injury. J Cereb Blood Flow Metab, 23, 137-49 (2003)
19. Sanai, N., A. D. Tramontin, A. Quinones-Hinojosa, N.
M. Barbaro, N. Gupta, S. Kunwar, M. T. Lawton, M. W.
McDermott, A. T. Parsa, J. Manuel-Garcia Verdugo, M. S.
Berger & A. Alvarez-Buylla: Unique astrocyte ribbon in
adult human brain contains neural stem cells but lacks
chain migration. Nature, 427, 740-4 (2004)
20. Prat, A., K. Biernacki, K. Wosik & J. P. Antel: Glial
cell influence on the human blood-brain barrier. Glia, 36,
145-55 (2001)
21. Weiss, J. M. & J. W. Berman: Astrocyte expression of
monocyte chemoattractant protein-1 is differentially
regulated by transforming growth factor beta. J
Neuroimmunol, 91, 190-7 (1998)
22. Dietrich, P. Y., P. R. Walker & P. Saas: Death receptors on
reactive astrocytes: a key role in the fine tuning of brain
inflammation? Neurology, 60, 548-54 (2003)
23. Ridet, J. L., S. K. Malhotra, A. Privat & F. H. Gage:
Reactive astrocytes: cellular and molecular cues to biological
function. Trends Neurosci, 20, 570-7 (1997)
24. Little, A. R. & J. P. O'Callagha: Astrogliosis in the adult
and developing CNS: is there a role for proinflammatory
cytokines? Neurotoxicology, 22, 607-18 (2001)
25. John, G. R., S. C. Lee, X. Song, M. Rivieccio & C. F.
Brosnan: IL-1-regulated responses in astrocytes: relevance to
injury and recovery. Glia, 49, 161-76 (2005)
26. Benveniste, E. N.: Cytokine actions in the central nervous
system. Cytokine Growth Factor Rev, 9, 259-75 (1998)
27. Mrak, R. E. & W. S. Griffin: Potential inflammatory
biomarkers in Alzheimer's disease. J Alzheimers Dis, 8, 369-75
(2005)
28. Patel, H. C., H. Boutin & S. M. Allan: Interleukin-1 in the
brain: mechanisms of action in acute neurodegeneration. Ann
N Y Acad Sci, 992, 39-47 (2003)
29. Merrill, J. E. & E. N. Benveniste: Cytokines in
inflammatory brain lesions: helpful and harmful. Trends
Neurosci, 19, 331-8 (1996)
30. Benveniste, E. N.: Cytokines: influence on glial cell
gene expression and function. Chem Immunol, 52, 106-53
(1992)



Role of TLR4/IL-1RI in ethanol-induced brain inflammation

2626

31. John, G. R., L. Chen, M. A. Rivieccio, C. V. Melendez-
Vasquez, A. Hartley & C. F. Brosnan: Interleukin-1beta
induces a reactive astroglial phenotype via deactivation of
the Rho GTPase-Rock axis. J Neurosci, 24, 2837-45 (2004)
32. Tanga, F. Y., N. Nutile-McMenemy & J. A. DeLeo:
The CNS role of Toll-like receptor 4 in innate
neuroimmunity and painful neuropathy. Proc Natl Acad Sci
U S A, 102, 5856-61 (2005)
33. Owens, T., A. A. Babcock, J. M. Millward & H. Toft-
Hansen: Cytokine and chemokine inter-regulation in the
inflamed or injured CNS. Brain Res Brain Res Rev, 48,
178-84 (2005)
34. Medzhitov, R.: Toll-like receptors and innate immunity.
Nat Rev Immunol, 1, 135-45 (2001)
35. O'Neill, L. A. & C. A. Dinarello: The IL-1
receptor/toll-like receptor superfamily: crucial receptors for
inflammation and host defense. Immunol Today, 21, 206-9
(2000)
36. Akira, S. & K. Takeda: Toll-like receptor signalling.
Nat Rev Immunol, 4, 499-511 (2004)
37. Kurt-Jones, E. A., L. Popova, L. Kwinn, L. M. Haynes,
L. P. Jones, R. A. Tripp, E. E. Walsh, M. W. Freeman, D.
T. Golenbock, L. J. Anderson & R. W. Finberg: Pattern
recognition receptors TLR4 and CD14 mediate response to
respiratory syncytial virus. Nat Immunol, 1, 398-401 (2000)
38. O'Neill, L.: The Toll/interleukin-1 receptor domain: a
molecular switch for inflammation and host defence.
Biochem Soc Trans, 28, 557-63 (2000)
39. Takeda, K., T. Kaisho & S. Akira: Toll-like receptors.
Annu Rev Immunol, 21, 335-76 (2003)
40. Takeda, K. & S. Akira: TLR signaling pathways. Semin
Immunol, 16, 3-9 (2004)
41. Wesche, H., W. J. Henzel, W. Shillinglaw, S. Li & Z.
Cao: MyD88: an adapter that recruits IRAK to the IL-1
receptor complex. Immunity, 7, 837-47 (1997)
42. Yang, Y., H. Zhou, W. Li, M. Zhou, Z. Zeng, W.
Xiong, M. Wu, H. Huang, Y. Zhou, C. Peng, C. Huang, X.
Li & G. Li: Lipopolysaccharide  (LPS) regulates TLR4
signal transduction in nasopharynx epithelial cell line 5-8F
via NFkappaB and MAPKs signaling pathways. Mol
Immunol (2006)
43. Kracht, M. & J. Saklatvala: Transcriptional and post-
transcriptional control of gene expression in inflammation.
Cytokine, 20, 91-106 (2002)
44. Dunne, A. & L. A. O'Neill: The interleukin-1
receptor/Toll-like receptor superfamily: signal transduction
during inflammation and host defense. Sci STKE, 2003, re3
(2003)
45. Martin, M. U. & H. Wesche: Summary and comparison
of the signaling mechanisms of the Toll/interleukin-1
receptor family. Biochim Biophys Acta, 1592, 265-80
(2002)
46. Takeda, K. & S. Akira: Toll-like receptors in innate
immunity. Int Immunol, 17, 1-14 (2005)
47. Kopp, E. & R. Medzhitov: Recognition of microbial
infection by Toll-like receptors. Curr Opin Immunol, 15,
396-401 (2003)
48. Akira, S. & S. Sato: Toll-like receptors and their
signaling mechanisms. Scand J Infect Dis, 35, 555-62
(2003)
49. Doyle, S., S. Vaidya, R. O'Connell, H. Dadgostar, P.
Dempsey, T. Wu, G. Rao, R. Sun, M. Haberland, R.

Modlin & G. Cheng: IRF3 mediates a TLR3/TLR4-specific
antiviral gene program. Immunity, 17, 251-63 (2002)
50. Hemmi, H., T. Kaisho, O. Takeuchi, S. Sato, H. Sanjo,
K. Hoshino, T. Horiuchi, H. Tomizawa, K. Takeda & S.
Akira: Small anti-viral compounds activate immune cells
via the TLR7 MyD88-dependent signaling pathway. Nat
Immunol, 3, 196-200 (2002)
51. Blasius, A. L. & M. Colonna: Sampling and signaling
in plasmacytoid dendritic cells: the potential roles of
Siglec-H. Trends Immunol, 27, 255-60 (2006)
52. Carpentier, P. A., W. S. Begolka, J. K. Olson, A.
Elhofy, W. J. Karpus & S. D. Miller: Differential activation
of astrocytes by innate and adaptive immune stimuli. Glia,
49, 360-74 (2005)
53. McKimmie, C. S. & J. K. Fazakerley: In response to
pathogens, glial cells dynamically and differentially
regulate Toll-like receptor gene expression. J
Neuroimmunol, 169, 116-25 (2005)
54. Rehli, M.: Of mice and men: species variations of Toll-
like receptor expression. Trends Immunol, 23, 375-8 (2002)
55. Bsibsi, M., C. Persoon-Deen, R. W. Verwer, S.
Meeuwsen, R. Ravid & J. M. Van Noort: Toll-like receptor
3 on adult human astrocytes triggers production of
neuroprotective mediators. Glia, 53, 688-95 (2006)
56. Farina, C., M. Krumbholz, T. Giese, G. Hartmann, F.
Aloisi & E. Meinl: Preferential expression and function of
Toll-like receptor 3 in human astrocytes. J Neuroimmunol,
159, 12-9 (2005)
57. Bowman, C. C., A. Rasley, S. L. Tranguch & I.
Marriott: Cultured astrocytes express toll-like receptors for
bacterial products. Glia, 43, 281-91 (2003)
58. Cami, J. & M. Farre: Drug addiction. N Engl J Med,
349, 975-86 (2003)
59. Kril, J. J. & G. M. Halliday: Brain shrinkage in
alcoholics: a decade on and what have we learned? Prog
Neurobiol, 58, 381-7 (1999)
60. Harper, C., G. Dixon, D. Sheedy & T. Garrick:
Neuropathological alterations in alcoholic brains. Studies
arising from the New South Wales Tissue Resource Centre.
Prog Neuropsychopharmacol Biol Psychiatry, 27, 951-61
(2003)
61. Alexander-Kaufman, K., G. James, D. Sheedy, C.
Harper & I. Matsumoto: Differential protein expression in
the prefrontal white matter of human alcoholics: a
proteomics study. Mol Psychiatry, 11, 56-65 (2006)
62. Ikegami, Y., S. Goodenough, Y. Inoue, P. R. Dodd, P.
A. Wilce & I. Matsumoto: Increased TUNEL positive cells in
human alcoholic brains. Neurosci Lett, 349, 201-5 (2003)
63. Miguel-Hidalgo, J. J., J. Wei, M. Andrew, J. C. Overholser,
G. Jurjus, C. A. Stockmeier & G. Rajkowska: Glia pathology
in the prefrontal cortex in alcohol dependence with and
without depressive symptoms. Biol Psychiatry, 52, 1121-33
(2002)
64. Kril, J. J., G. M. Halliday, M. D. Svoboda & H.
Cartwright: The cerebral cortex is damaged in chronic
alcoholics. Neuroscience, 79, 983-98 (1997)
65. Korbo, L.: Glial cell loss in the hippocampus of alcoholics.
Alcohol Clin Exp Res, 23, 164-8 (1999)
66. Lewohl, J. M., J. Wixey, C. G. Harper & P. R. Dodd:
Expression of MBP, PLP, MAG, CNP, and GFAP in the
Human Alcoholic Brain. Alcohol Clin Exp Res, 29, 1698-
705 (2005)



Role of TLR4/IL-1RI in ethanol-induced brain inflammation

2627

67. Liu, J., J. M. Lewohl, R. A. Harris, V. R. Iyer, P. R.
Dodd, P. K. Randall & R. D. Mayfield: Patterns of Gene
Expression in the Frontal Cortex Discriminate Alcoholic
from Nonalcoholic Individuals. Neuropsychopharmacology
(2005)
68. Ishibashi, T., K. A. Dakin, B. Stevens, P. R. Lee, S. V.
Kozlov, C. L. Stewart & R. D. Fields: Astrocytes promote
myelination in response to electrical impulses. Neuron, 49,
823-32 (2006)
69. Guerri, C., M. Pascual & J. Renau-Piqueras: Glia and
fetal alcohol syndrome. Neurotoxicology, 22, 593-9 (2001)
70. Blanco, A. M., M. Pascual, S. L. Valles & C. Guerri:
Ethanol-induced iNOS and COX-2 expression in cultured
astrocytes via NF-kappa B. Neuroreport, 15, 681-5 (2004)
71. Blanco, A. M., S. L. Valles, M. Pascual & C. Guerri:
Involvement of TLR4/type I IL-1 receptor signaling in the
induction of inflammatory mediators and cell death induced
by ethanol in cultured astrocytes. J Immunol, 175, 6893-9
(2005)
72. Valles, S. L., A. M. Blanco, M. Pascual & C. Guerri:
Chronic ethanol treatment enhances inflammatory
mediators and cell death in the brain and in astrocytes.
Brain Pathol, 14, 365-71 (2004)
73. Fadda, F. & Z. L. Rossetti: Chronic ethanol
consumption: from neuroadaptation to neurodegeneration.
Prog Neurobiol, 56, 385-431 (1998)
74. Collins, M. A., J. Y. Zou & E. J. Neafsey: Brain
damage due to episodic alcohol exposure in vivo and in
vitro: furosemide neuroprotection implicates edema-based
mechanism. Faseb J, 12, 221-30 (1998)
75. Lancaster, F. E.: Alcohol, nitric oxide, and
neurotoxicity: is there a connection?--a review. Alcohol
Clin Exp Res, 16, 539-41 (1992)
76. Sun, A. Y., M. Ingelman-Sundberg, E. Neve, H.
Matsumoto, Y. Nishitani, Y. Minowa, Y. Fukui, S. M.
Bailey, V. B. Patel, C. C. Cunningham, T. Zima, L.
Fialova, L. Mikulikova, P. Popov, I. Malbohan, M.
Janebova, K. Nespor & G. Y. Sun: Ethanol and oxidative
stress. Alcohol Clin Exp Res, 25, 237S-243S (2001)
77. Montoliu, C., M. Sancho-Tello, I. Azorin, M. Burgal, S.
Valles, J. Renau-Piqueras & C. Guerri: Ethanol increases
cytochrome P4502E1 and induces oxidative stress in
astrocytes. J Neurochem, 65, 2561-70 (1995)
78. Vallett, M., T. Tabatabaie, R. J. Briscoe, T. J. Baird, W.
W. Beatty, R. A. Floyd & D. V. Gauvin: Free radical
production during ethanol intoxication, dependence, and
withdrawal. Alcohol Clin Exp Res, 21, 275-85 (1997)
79. Montoliu, C., S. Valles, J. Renau-Piqueras & C. Guerri:
Ethanol-induced oxygen radical formation and lipid
peroxidation in rat brain: effect of chronic alcohol
consumption. J Neurochem, 63, 1855-62 (1994)
80. Owens, T.: The enigma of multiple sclerosis:
inflammation and neurodegeneration cause heterogeneous
dysfunction and damage. Curr Opin Neurol, 16, 259-65
(2003)
81. Heales, S. J., J. P. Bolanos, V. C. Stewart, P. S.
Brookes, J. M. Land & J. B. Clark: Nitric oxide,
mitochondria and neurological disease. Biochim Biophys
Acta, 1410, 215-28 (1999)
82. O'Banion, M. K.: Cyclooxygenase-2: molecular
biology, pharmacology, and neurobiology. Crit Rev
Neurobiol, 13, 45-82 (1999)

83. Yamada, K., Y. Komori, T. Tanaka, K. Senzaki, T.
Nikai, H. Sugihara, T. Kameyama & T. Nabeshima: Brain
dysfunction associated with an induction of nitric oxide
synthase following an intracerebral injection of
lipopolysaccharide in rats. Neuroscience, 88, 281-94 (1999)
84. Konstantinopoulos, P. A., G. P. Vandoros, G.
Sotiropoulou-Bonikou, A. Kominea & A. G. Papavassiliou:
NF-kappaB/PPARgamma and/or AP-1/PPARgamma
'on/off' switches and induction of CBP in colon
adenocarcinomas: correlation with COX-2 expression. Int J
Colorectal Dis (2006)
85. Hwang, D., B. C. Jang, G. Yu & M. Boudreau:
Expression of mitogen-inducible cyclooxygenase induced
by lipopolysaccharide: mediation through both mitogen-
activated protein kinase and NF-kappaB signaling
pathways in macrophages. Biochem Pharmacol, 54, 87-96
(1997)
86. Chen, J. C., F. M. Ho, C. Pei-Dawn Lee, C. P. Chen, K.
C. Jeng, H. B. Hsu, S. T. Lee, W. Wen Tung & W. W. Lin:
Inhibition of iNOS gene expression by quercetin is
mediated by the inhibition of IkappaB kinase, nuclear
factor-kappa B and STAT1, and depends on heme
oxygenase-1 induction in mouse BV-2 microglia. Eur J
Pharmacol, 521, 9-20 (2005)
87. Wang, J. H. & G. Y. Sun: Ethanol inhibits cytokine-
induced iNOS and sPLA2 in immortalized astrocytes:
evidence for posttranscriptional site of ethanol action. J
Biomed Sci, 8, 126-33 (2001)
88. Naassila, M., F. Roux, F. Beauge & M. Daoust: Ethanol
potentiates lipopolysaccharide- or interleukin-1 beta-
induced nitric oxide generation in RBE4 cells. Eur J
Pharmacol, 313, 273-7 (1996)
89. Davis, R. L., J. Dertien & P. J. Syapin: Ethanol-induced
modulation of inducible nitric-oxide synthase activity in
human A172 astrocytoma cells. Alcohol Clin Exp Res, 26,
1404-11 (2002)
90. Davis, R. L. & P. J. Syapin: Acute ethanol exposure
modulates expression of inducible nitric-oxide synthase in
human astroglia: evidence for a transcriptional mechanism.
Alcohol, 32, 195-202 (2004)
91. Dizon, M. L., L. A. Brown & S. M. Black: Brain nitric
oxide synthase levels increase in response to antenatal
ethanol exposure. Alcohol Alcohol, 39, 101-5 (2004)
92. Shih, C. L., S. I. Chi, T. H. Chiu, G. Y. Sun & T. N.
Lin: Ethanol effects on nitric oxide production in cerebral
pial cultures. Alcohol Clin Exp Res, 25, 612-8 (2001)
93. Knapp, D. J. & F. T. Crews: Induction of
cyclooxygenase-2 in brain during acute and chronic ethanol
treatment and ethanol withdrawal. Alcohol Clin Exp Res,
23, 633-43 (1999)
94. Simonyi, A., D. Woods, A. Y. Sun & G. Y. Sun: Grape
polyphenols inhibit chronic ethanol-induced COX-2
mRNA expression in rat brain. Alcohol Clin Exp Res, 26,
352-7 (2002)
95. Luo, J., C. L. Lindstrom, A. Donahue & M. W. Miller:
Differential effects of ethanol on the expression of cyclo-
oxygenase in cultured cortical astrocytes and neurons. J
Neurochem, 76, 1354-63 (2001)
96. Fubini, B. & A. Hubbard: Reactive oxygen species
(ROS) and reactive nitrogen species  (RNS) generation by
silica in inflammation and fibrosis. Free Radic Biol Med,
34, 1507-16 (2003)



Role of TLR4/IL-1RI in ethanol-induced brain inflammation

2628

97. Davis, R. L. & P. J. Syapin: Ethanol increases nuclear
factor-kappa B activity in human astroglial cells. Neurosci
Lett, 371, 128-32 (2004)
98. Wheeler, M. D., H. Kono, I. Rusyn, G. E. Arteel, D.
McCarty, R. J. Samulski & R. G. Thurman: Chronic
ethanol increases adeno-associated viral transgene
expression in rat liver via oxidant and NFkappaB-
dependent mechanisms. Hepatology, 32, 1050-9 (2000)
99. Ward, R. J., Y. Zhang, R. R. Crichton, B. Piret, J. Piette
& P. de Witte: Identification of the nuclear transcription
factor NFkappaB in rat after in vivo ethanol administration.
FEBS Lett, 389, 119-22 (1996)
100. Mercurio, F., B. W. Murray, A. Shevchenko, B. L.
Bennett, D. B. Young, J. W. Li, G. Pascual, A. Motiwala,
H. Zhu, M. Mann & A. M. Manning: IkappaB kinase
(IKK)-associated protein 1, a common component of the
heterogeneous IKK complex. Mol Cell Biol, 19, 1526-38
(1999)
101. Mercurio, F., H. Zhu, B. W. Murray, A. Shevchenko,
B. L. Bennett, J. Li, D. B. Young, M. Barbosa, M. Mann,
A. Manning & A. Rao: IKK-1 and IKK-2: cytokine-
activated IkappaB kinases essential for NF-kappaB
activation. Science, 278, 860-6 (1997)
102. DiDonato, J. A., M. Hayakawa, D. M. Rothwarf, E.
Zandi & M. Karin: A cytokine-responsive IkappaB kinase
that activates the transcription factor NF-kappaB. Nature,
388, 548-54 (1997)
103. Griffin, B. D. & P. N. Moynagh: Persistent
interleukin-1beta signaling causes long term activation of
NFkappaB in a promoter-specific manner in human glial
cells. J Biol Chem, 281, 10316-26 (2006)
104. Ling, L., Z. Cao & D. V. Goeddel: NF-kappaB-
inducing kinase activates IKK-alpha by phosphorylation of
Ser-176. Proc Natl Acad Sci U S A, 95, 3792-7 (1998)
105. Lee, F. S., J. Hagler, Z. J. Chen & T. Maniatis:
Activation of the IkappaB alpha kinase complex by
MEKK1, a kinase of the JNK pathway. Cell, 88, 213-22
(1997)
106. Nakano, H., M. Shindo, S. Sakon, S. Nishinaka, M.
Mihara, H. Yagita & K. Okumura: Differential regulation
of IkappaB kinase alpha and beta by two upstream kinases,
NF-kappaB-inducing kinase and mitogen-activated protein
kinase/ERK kinase kinase-1. Proc Natl Acad Sci U S A, 95,
3537-42 (1998)
107. Dong, C., R. J. Davis & R. A. Flavell: MAP kinases in
the immune response. Annu Rev Immunol, 20, 55-72 (2002)
108. Karin, M.: The regulation of AP-1 activity by
mitogen-activated protein kinases. J Biol Chem, 270,
16483-6 (1995)
109. Ryabinin, A. E., J. R. Criado, S. J. Henriksen, F. E.
Bloom & M. C. Wilson: Differential sensitivity of c-Fos
expression in hippocampus and other brain regions to
moderate and low doses of alcohol. Mol Psychiatry, 2, 32-
43 (1997)
110. Beckmann, A. M., I. Matsumoto & P. A. Wilce: AP-1
and Egr DNA-binding activities are increased in rat brain
during ethanol withdrawal. J Neurochem, 69, 306-14
(1997)
111. Beckmann, A. M., I. Matsumoto & P. A. Wilce:
Elevated AP-1 DNA-binding activity in rat brain during
ethanol withdrawal. Alcohol Alcohol Suppl, 2, 223-7 (1994)

112. Nagy, L. E.: Recent insights into the role of the innate
immune system in the development of alcoholic liver
disease. Exp Biol Med  (Maywood), 228, 882-90 (2003)
113. Walker, D. G. & L. F. Lue: Investigations with
cultured human microglia on pathogenic mechanisms of
Alzheimer's disease and other neurodegenerative diseases.
J Neurosci Res, 81, 412-25 (2005)
114. Emerit, J., M. Edeas & F. Bricaire: Neurodegenerative
diseases and oxidative stress. Biomed Pharmacother, 58,
39-46 (2004)
115. Takuma, K., A. Baba & T. Matsuda: Astrocyte
apoptosis: implications for neuroprotection. Prog
Neurobiol, 72, 111-27 (2004)
116. Wyss-Coray, T. & L. Mucke: Inflammation in
neurodegenerative disease--a double-edged sword. Neuron,
35, 419-32 (2002)
117. Cook, R. T.: Alcohol abuse, alcoholism, and damage
to the immune system--a review. Alcohol Clin Exp Res, 22,
1927-42 (1998)
118. Nelson, S. & J. K. Kolls: Alcohol, host defence and
society. Nat Rev Immunol, 2, 205-9 (2002)
119. Yamagishi, Y., Y. Horie, S. Kato, M. Kajihara, H.
Tamai, D. N. Granger & H. Ishii: Ethanol modulates gut
ischemia/reperfusion-induced liver injury in rats. Am J
Physiol Gastrointest Liver Physiol, 282, G640-6 (2002)
120. Phelan, H., P. Stahls, J. Hunt, G. J. Bagby & P. E.
Molina: Impact of alcohol intoxication on hemodynamic,
metabolic, and cytokine responses to hemorrhagic shock. J
Trauma, 52, 675-82 (2002)
121. Colantoni, A., L. A. Duffner, N. De Maria, C. V.
Fontanilla, K. A. Messingham, D. H. Van Thiel & E. J.
Kovacs: Dose-dependent effect of ethanol on hepatic
oxidative stress and interleukin-6 production after burn
injury in the mouse. Alcohol Clin Exp Res, 24, 1443-8
(2000)
122. Crews, F. T., R. Bechara, L. A. Brown, D. M. Guidot,
P. Mandrekar, S. Oak, L. Qin, G. Szabo, M. Wheeler & J.
Zou: Cytokines and alcohol. Alcohol Clin Exp Res, 30, 720-
30 (2006)
123. Szabo, G., A. Velayudham, L. Romics, Jr. & P.
Mandrekar: Modulation of non-alcoholic steatohepatitis by
pattern recognition receptors in mice: the role of toll-like
receptors 2 and 4. Alcohol Clin Exp Res, 29, 140S-145S
(2005)
124. Bautista, A. P. & J. J. Spitzer: Cross-tolerance
between acute alcohol intoxication and endotoxemia.
Alcohol Clin Exp Res, 20, 1395-400 (1996)
125. Nelson, S., G. J. Bagby, B. G. Bainton & W. R.
Summer: The effects of acute and chronic alcoholism on
tumor necrosis factor and the inflammatory response. J
Infect Dis, 160, 422-9 (1989)
126. Pruett, S. B., C. Schwab, Q. Zheng & R. Fan:
Suppression of innate immunity by acute ethanol
administration: a global perspective and a new mechanism
beginning with inhibition of signaling through TLR3. J
Immunol, 173, 2715-24 (2004)
127. Dai, Q., J. Zhang & S. B. Pruett: Ethanol alters
cellular activation and CD14 partitioning in lipid rafts.
Biochem Biophys Res Commun, 332, 37-42 (2005)
128. Goral, J., M. A. Choudhry & E. J. Kovacs: Acute
ethanol exposure inhibits macrophage IL-6 production: role



Role of TLR4/IL-1RI in ethanol-induced brain inflammation

2629

of p38 and ERK1/2 MAPK. J Leukoc Biol, 75, 553-9
(2004)
129. Oak, S., P. Mandrekar, D. Catalano, K. Kodys & G.
Szabo: TLR2- and TLR4-mediated signals determine
attenuation or augmentation of inflammation by acute
alcohol in monocytes. J Immunol, 176, 7628-35 (2006)
130. Frost, R. A., G. Nystrom, P. V. Burrows & C. H.
Lang: Temporal differences in the ability of ethanol to
modulate endotoxin-induced increases in inflammatory
cytokines in muscle under in vivo conditions. Alcohol Clin
Exp Res, 29, 1247-56 (2005)
131. Kishore, R., J. R. Hill, M. R. McMullen, J. Frenkel &
L. E. Nagy: ERK1/2 and Egr-1 contribute to increased
TNF-alpha production in rat Kupffer cells after chronic
ethanol feeding. Am J Physiol Gastrointest Liver Physiol,
282, G6-15 (2002)
132. Valles, S. L., A. M. Blanco, I. Azorin, R. Guasch, M.
Pascual, M. J. Gomez-Lechon, J. Renau-Piqueras & C.
Guerri: Chronic ethanol consumption enhances interleukin-
1-mediated signal transduction in rat liver and in cultured
hepatocytes. Alcohol Clin Exp Res, 27, 1979-86 (2003)
133. McClain, C. J. & D. A. Cohen: Increased tumor
necrosis factor production by monocytes in alcoholic
hepatitis. Hepatology, 9, 349-51 (1989)
134. McClain, C. J., S. Barve, I. Deaciuc, M. Kugelmas &
D. Hill: Cytokines in alcoholic liver disease. Semin Liver
Dis, 19, 205-19 (1999)
135. Parlesak, A., C. Schafer, T. Schutz, J. C. Bode & C.
Bode: Increased intestinal permeability to macromolecules
and endotoxemia in patients with chronic alcohol abuse in
different stages of alcohol-induced liver disease. J Hepatol,
32, 742-7 (2000)
136. Uesugi, T., M. Froh, G. E. Arteel, B. U. Bradford & R.
G. Thurman: Toll-like receptor 4 is involved in the
mechanism of early alcohol-induced liver injury in mice.
Hepatology, 34, 101-8 (2001)
137. Gustot, T., A. Lemmers, C. Moreno, N. Nagy, E.
Quertinmont, C. Nicaise, D. Franchimont, H. Louis, J.
Deviere & O. Le Moine: Differential liver sensitization to
toll-like receptor pathways in mice with alcoholic fatty
liver. Hepatology, 43, 989-1000 (2006)
138. Peoples, R. W., C. Li & F. F. Weight: Lipid vs protein
theories of alcohol action in the nervous system. Annu Rev
Pharmacol Toxicol, 36, 185-201 (1996)
139. Peters, T. J. & V. R. Preedy: Metabolic consequences
of alcohol ingestion. Novartis Found Symp, 216, 19-24;
discussion 24-34 (1998)
140. Rubin, E. & H. Rottenberg: Ethanol and biological
membranes: injury and adaptation. Pharmacol Biochem
Behav, 18 Suppl 1, 7-13 (1983)
141. Marcolini, J., M. Nguyen & C. Ericsson: Klebsiella
pneumoniae brain abscess in a Taiwanese adult. J Infect,
44, 205-10 (2002)
142. Rivest, S.: Molecular insights on the cerebral innate
immune system. Brain Behav Immun, 17, 13-9 (2003)
143. Aloisi, F.: Immune function of microglia. Glia, 36,
165-79 (2001)
144. Mack, C. L., C. L. Vanderlugt-Castaneda, K. L.
Neville & S. D. Miller: Microglia are activated to become
competent antigen presenting and effector cells in the
inflammatory environment of the Theiler's virus model of
multiple sclerosis. J Neuroimmunol, 144, 68-79 (2003)

145. Esen, N., F. Y. Tanga, J. A. DeLeo & T. Kielian: Toll-
like receptor 2  (TLR2) mediates astrocyte activation in
response to the Gram-positive bacterium Staphylococcus
aureus. J Neurochem, 88, 746-58 (2004)
146. Minagar, A., P. Shapshak, R. Fujimura, R. Ownby, M.
Heyes & C. Eisdorfer: The role of macrophage/microglia
and astrocytes in the pathogenesis of three neurologic
disorders: HIV-associated dementia, Alzheimer disease,
and multiple sclerosis. J Neurol Sci, 202, 13-23 (2002)
147. Laflamme, N., H. Echchannaoui, R. Landmann & S.
Rivest: Cooperation between toll-like receptor 2 and 4 in
the brain of mice challenged with cell wall components
derived from gram-negative and gram-positive bacteria.
Eur J Immunol, 33, 1127-38 (2003)
148. Andre, R., D. Lerouet, I. Kimber, E. Pinteaux & N. J.
Rothwell: Regulation of expression of the novel IL-1
receptor family members in the mouse brain. J Neurochem,
95, 324-30 (2005)
149. Dolganiuc, A., G. Bakis, K. Kodys, P. Mandrekar &
G. Szabo: Acute ethanol treatment modulates Toll-like
receptor-4 association with lipid rafts. Alcohol Clin Exp
Res, 30, 76-85 (2006)
150. Pike, L. J.: Lipid rafts: bringing order to chaos. J Lipid
Res, 44, 655-67 (2003)
151. Simons, K. & D. Toomre: Lipid rafts and signal
transduction. Nat Rev Mol Cell Biol, 1, 31-9 (2000)
152. Triantafilou, M., K. Miyake, D. T. Golenbock & K.
Triantafilou: Mediators of innate immune recognition of
bacteria concentrate in lipid rafts and facilitate
lipopolysaccharide-induced cell activation. J Cell Sci, 115,
2603-11 (2002)
153. Triantafilou, M., S. Morath, A. Mackie, T. Hartung &
K. Triantafilou: Lateral diffusion of Toll-like receptors
reveals that they are transiently confined within lipid rafts
on the plasma membrane. J Cell Sci, 117, 4007-14 (2004)
154. Triantafilou, M. & K. Triantafilou: The dynamics of
LPS recognition: complex orchestration of multiple
receptors. J Endotoxin Res, 11, 5-11 (2005)
155. Olsson, S. & R. Sundler: The role of lipid rafts in
LPS-induced signaling in a macrophage cell line. Mol
Immunol, 43, 607-12 (2006)
156. Syapin, P. J., J. D. Militante, D. K. Garrett & L. Ren:
Cytokine-induced iNOS expression in C6 glial cells:
transcriptional inhibition by ethanol. J Pharmacol Exp
Ther, 298, 744-52 (2001)
157. Syapin, P. J.: Alcohol and nitric oxide production by
cells of the brain. Alcohol, 16, 159-65 (1998)
158. Choi, D. K., H. Lee, J. Jeong, B. Lim & K. Suk:
Differential effects of ethanol on glial signal transduction
initiated by lipopolysaccharide and interferon-gamma. J
Neurosci Res, 82, 225-31 (2005)
159. Vinson, R. B., J. L. Carroll & S. B. Pruett: Mechanism
of suppressed neutrophil mobilization in a mouse model for
binge drinking: role of glucocorticoids. Am J Physiol, 275,
R1049-57 (1998)
160. Boe, D. M., S. Nelson, P. Zhang & G. J. Bagby: Acute
ethanol intoxication suppresses lung chemokine production
following infection with Streptococcus pneumoniae. J
Infect Dis, 184, 1134-42 (2001)

Key Words: Ethanol, Brain Damage, Glial Cells,
Inflammation, Toll-like receptors, Review



Role of TLR4/IL-1RI in ethanol-induced brain inflammation

2630

Send correspondence to: Dr Consuelo Guerri, Centro de
Investigacion Principe Felipe (CIPF), Cell Pathology
Laboratory,  Avda Autopista del Saler 16, 46013-Valencia,
Spain, Tel: 34 96 328 96 80, Fax: 34 96 328 97 01, E-mail:
guerri@cipf.es

http://www.bioscience.org/current/vol12.htm


