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Abstract

Tissue injury due to acute and chronic alcohol consumption has extensive medical consequences,
with the level and duration of alcohol exposure affecting both the magnitude of injury and the time
frame to recovery. While the understanding of many of the molecular processes disrupted by
alcohol has advanced, mechanisms of alcohol-induced tissue injury remain a subject of intensive
research. Alcohol has multiple targets, since it affects diverse cellular and molecular processes.
Some mechanisms of tissue damage due to alcohol may be common to many tissue types, while
others are likely to be tissue-specific. Here we present a discussion of the alcohol-induced
molecular and cellular disruptions associated with injury or recovery from injury in bone, muscle,
skin and gastric mucosa. In every case, the goal of characterizing the sites of alcohol action is to
devise potential measures for protection, prevention or therapeutic intervention.
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OVERVIEW

Alcohol affects virtually every organ and tissue in the body, with multi-factorial actions on
cellular and molecular functions. Alcohol itself alters biological function by direct
interaction with cellular components, and also due to the direct effect of alcohol metabolism
on the systemic oxidative and inflammatory state. Characterization of the cellular and
molecular processes that are disrupted after exposure to alcohol is necessary to
understanding and treating or preventing its pathophysiological effects. Throughout this
report, the term alcohol refers to ethanol.

The metabolism of alcohol results in the generation of acetaldehyde and reactive oxygen
(and other) species, biochemical moieties that damage healthy tissue. The oxidative stress
resulting from these reactive oxygen and nitrogen species originates in many organs and
tissues and varies in severity depending on the systemic inflammatory and oxidative state,
and on systemic and local immune function. In addition, in different tissues, the magnitude
and duration of oxidative stress depends on the metabolic state of the cells and on the ability
of those tissues to metabolize and clear alcohol and its byproducts. Secondary sources of
oxidative stress result from increased endotoxin leakage and increased release of pro-
inflammatory cytokines from both immune and non-immune cells responding to alcohol.
Tissue specific variation in local inflammatory/immune function and in the response to
systemic factors may contribute to organ-specific differences in the pathological effects of
alcohol. Overall, the presence of oxidative stress is balanced by cellular stress response
systems, both those that prevent accumulation of oxidative stress and those that repair
damage caused by oxidative species.

In addition to, and separate from, the consequences of alcohol metabolism, direct
interactions of alcohol with molecular components affect physiological function. Alcohol
has been shown to modify signal transduction at multiple sites through its interaction with
cell membranes (Dolganiuc et al., 2006; Szabo et al., 2007) as well as with signaling
proteins (Higashi et al., 1996; Resnicoff et al., 1994; Saso et al., 1997; Goral et al., 2005)
and ion channels (Dopico, 2003). Modification of the function of receptors and other
signaling molecules leads to altered function of multiple signaling pathways that mediate
many essential processes. This review presents examples of the tissue-specific harm
resulting from the alteration of basic signaling pathways by alcohol and by enhanced
oxidative stress.

Both chronic and acute alcohol consumption have the potential to impair health and well-
being. In addition to being a risk factor for the events that lead up to injuries and accidents,
alcohol also leads to increased morbidity and mortality after those injuries. Alcohol-related
diagnoses are associated with longer hospital stays, more complications, and greater medical
expense. Nearly 50% of adult emergency room visits are associated with alcohol
consumption, and, surprisingly, most of these patients are not chronic alcohol abusers, but
rather those who consume alcohol on an acute or binge basis. As shown herein, acute
alcohol has a negative impact on recovery after injury or illness. The cumulative tissue
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injury resulting from chronic alcohol exposure also results in significant detriment to overall
health and to an impaired capacity to fend off illness.

With the understanding that some mechanisms of tissue damage due to alcohol may be
common to multiple tissue types, while others are likely to be tissue-specific, we present a
discussion of some of the organs systems and pathways affected by alcohol. This review
focuses on mechanisms by which different levels of alcohol exposure yield tissue-specific
injury and how the altered pathways affect repair processes in muscle, bone, gastric mucosa
and skin.

Among the clinical implications of tissue-specific alcohol effects is the fact that injury is
often not limited to a single tissue; for example a fractured bone may also be associated with
skin and muscle or tendon damage. Moreover, devising therapeutic strategies to help
accelerate the repair process in one tissue or organ system may result in a deleterious effect
on others. Hence, gaining knowledge about how the response to alcohol-induced injury
differs among these tissues and organs may aid in the design of treatments that will benefit
the patient as a whole.

BINGE ALCOHOL EXPOSURE IMPAIRS BONE FRACTURE HEALING BY
INHIBITION OF CANONICAL WNT SIGNALING

Social binge drinking of high alcohol content beverages by non-alcoholics is a commonly
observed phenomenon in college aged and older adults in the USA. Approximately 40% of
all orthopaedic trauma patients are intoxicated at the time of hospital admission (Levy et al.,
1996), and delayed or incomplete development of the fracture callus is observed in these
intoxicated patients (Frost, 1989a; Frost, 1989b). Thus, alcohol consumption increases the
risk for incurring a traumatic injury (Savola et al., 2005), is associated with higher
incidences of clinical complications following orthopaedic trauma (Levy et al., 1996) and
also has an inhibitory effect on the fracture repair process (Janicke-Lorenz and Lorenz,
1984). Despite these statistics, little is known about the mechanisms underlying alcohol-
induced effects on bone fracture repair. Early studies in both alcoholic patients and in rodent
models of chronic alcohol consumption demonstrated an inhibition of bone fracture healing
(Kristensson et al., 1980, Janicke-Lorenz and Lorenz, 1984). The lack of normal fracture
callus formation in both intoxicated patients and rodents suggests that alcohol inhibits bone
fracture repair at an early stage in the healing process. More recent studies demonstrate that
production of inflammatory cytokines interleukin-1 (IL-1) and tumor necrosis factor alpha
(TNFo) at the site of fracture injury may be associated with normal bone repair, that an
alcohol-related modulation of this local inflammatory response may inhibit repair and that
fracture healing in alcohol-exposed animals can be improved by administration of IL-1 and
TNF antagonists (Perrien et al., 2004). Recent reports demonstrate that impairments in
osteoinduction, a process by which an externally fixed fracture is stretched along the long
axis of the bone in order to achieve greater limb length, may contribute to deficient bone
repair in alcohol-exposed rodents. This hypothesis supports the supposition that bone
formation is the primary target of alcohol during bone healing (Trevisiol et al., 2007).

Global transcriptome analysis demonstrated that the canonical Wnt pathway, which
regulates bone formation, is targeted by alcohol exposure in rat vertebral bone (Himes et al.,
2008). Alcohol exposure decreased the expression of several genes in bone associated with
canonical Wnt signaling including those coding for Lrp5 and p—catenin (Himes et al., 2008).
As canonical Wnt signaling plays an important role in bone fracture repair (Chen et al.,
2007), the effects of binge alcohol exposure on canonical Wnt signaling activity during the
fracture repair process were evaluated. Using a binge alcohol exposure model (Callaci et al.,
2004), male C57BL/6 mice were given alcohol for 3 days and then subjected to a mid-shaft,
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stabilized tibia fracture, shown previously to heal by both intramembranous and
endochondral ossification, similar to stabilized human fractures (Le et al., 2001). The
fracture callus was recovered from animals at 3, 6, 9 and 14 days post injury, and analyzed
using histological, biomechanical and molecular analysis. Binge alcohol exposure prior to
fracture injury decreased callus size at all time points examined. Callus composition was
markedly different between control and alcohol-treated animals, with decreases in both
cartilage and boney components of the callus at 6, 9 and 14 days post fracture. Material
properties of the callus also differed between control and alcohol treated animals.
Biomechanical 4-point bending analysis revealed a significant decrease in callus strength in
alcohol-treated mice at 14 days post injury. Molecular analysis revealed that -catenin
protein expression in callus from alcohol-treated mice was significantly decreased at post
fracture days 9 and 14. The alcohol-induced changes in Wnt/B-catenin signaling resulted in
spatial and quantitative changes in downstream transcriptional activation of Wnt target gene
expression in transgenic T-cell factor reporter mice (TCF transgenic mice).

The canonical Wnt signaling pathway plays a crucial role in bone formation (Gong et al.,
2001), mesenchymal stem cell differentiation (Hill et al., 2005), and bone fracture repair
(Chen et al., 2007). Recent data implicate the canonical Wnt signaling pathway as a cellular
target in alcohol-induced bone loss (Himes et al., 2008) and the current data suggest
deregulation of this pathway is also responsible for alcohol-induced deficient bone fracture
repair (Figure 1). Alcohol exposure prior to fracture resulted in decreased callus size and
altered cellular composition, indicating that alcohol may inhibit both cartilage and bone
formation in the fracture callus. Osteoblast and chondrocyte cells share a common
mesenchymal stem cell precursor, which requires tight regulation of p-catenin expression
and activity for proper differentiation. These observations suggest that binge alcohol
exposure prior to fracture injury may target the canonical Wnt pathway during the
differentiation of mesenchymal precursors into bone and cartilage-forming cells, ultimately
causing a decrease in the available pool of functional osteoblasts and chondrocytes available
for normal fracture healing. Additionally, B-catenin signaling appears to be essential for
normal osteoblast function and proliferation, which may also indicate that alcohol is capable
of affecting the function of mature osteoblasts to produce osteoid in the callus. Evidence
from TCF transgenic reporter mouse studies suggests that, in addition to alcohol’s
detrimental effects on callus tissue constitution, the spatial organization of activated Wnt/p-
catenin signaling in the callus is disrupted. At post-fracture day 6, active Wnt signaling was
predominantly located in the marrow cavity of alcohol-treated animals rather than in the soft
tissue comprising the callus as found in saline-treated controls, suggesting that alcohol may
cause a delay in the differentiation of mesenchymal precursors into chondrocytes and
osteoblasts following fracture injury. Quantification of B-catenin protein levels in the callus
showed that an acute, three-day binge exposure prior to injury is sufficient to cause long-
term effects on Wnt signaling, as noted by the sharp decline in B-catenin protein levels in
callus tissue at days 9 and 14 post-fracture. This suggests that alcohol may not only have
immediate consequences on the repair process by deregulating stem cell differentiation at
the early stages of healing, but may also trigger significant downstream changes in
osteoblast cells that persist long after alcohol exposure has ceased. Future studies directed
toward the association between canonical Wnt signaling and alcohol exposure may reveal
valuable therapeutic targets to alcohol-abusing patients sustaining orthopaedic injuries.

GLUTATHIONE RESTORATION AS AN INTERVENTION FOR ALCOHOLIC
MYOPATHY

The severity of skeletal muscle derangements due to alcohol abuse is directly proportional to
the quantity and duration of alcohol consumption. Acute alcoholic myopathy, which may
occur after single or multiple episodes of binge drinking, is an extremely rare condition that
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affects ~1% of alcoholics and may manifest in myalgia, muscle weakness and pain, renal
impairment with myoglobinuria, and rhabdomyolysis. In contrast, chronic alcoholic
myopathy has been estimated to occur in up to 70% of alcoholics and is reportedly more
common than other alcohol-induced diseases, such as liver cirrhosis and cardiomyopathy.
Chronic alcoholic myopathy is characterized by severe atrophy and muscle dysfunction, but
appears to be a phenomenon specific to skeletal muscles with a predominantly glycolytic,
fast-twitch phenotype such as the plantaris, while characteristically oxidative, slow-twitch
muscles such as the soleus are largely spared. The fundamental cause(s) of the disease is
unknown; however, the diverse toxicology of chronic alcohol consumption would suggest
that the etiology and pathology are likely multi-factorial. Indeed, the development of
alcoholic myopathy has been attributed to acetaldehyde protein adduct formation, gene
dysregulation, altered growth hormone production, decreased muscle protein synthesis,
increased muscle-derived and circulating catabolic factors, and oxidant stress (for
comprehensive reviews see Lang et al., 2005; Fernandez-Sola et al., 2007).

Despite an alcoholic’s generally poor diet and high caloric content of alcohol in excess,
nutritional status does not appear to play a leading role in the development of alcoholic
myopathy. However, reduced plasma and muscle levels of several essential antioxidants
have been reported in alcoholics with myopathy and likely contribute to the development of
the disease (Fernandez-Sola et al., 2002; Ward and Peters, 1992). Accordingly, research has
used antioxidant or antioxidant co-factor supplementation to abate the surge in alcohol-
induced reactive oxygen species, often with limited effectiveness. For example, providing
alcoholics dietary supplements of zinc, an essential cofactor for superoxide dismutase and
glutathione peroxidase, did not alleviate symptoms of alcoholic myopathy (Fernandez-Sola
et al., 1998). Further, a-tocopherol supplementation had little effect on the rates of protein
synthesis or the total protein content in skeletal muscle (Koll et al., 2003). Moreover,
precursors of the non-vitamin antioxidant glutathione have been used to rectify alcohol-
induced derangements to lung and skeletal muscle tissue (Velasquez et al. 2002, Otis et al.,
2007; Otis and Guidot, 2009).

Glutathione is a thiol-based, trimeric amino acid compound comprised of glycine,

glutamate, and cysteine and is the principle nucleophilic scavenger of free radicals in cells.
Additionally, glutathione stabilizes other antioxidants, maintains proteins in a reduced and,
therefore, functional state, attenuates redox-sensitive catabolic factors, and preserves healthy
biomembranes by limiting alcohol-induced lipid peroxidation (Wu et al., 2004). Glutathione
levels can be depleted in certain disease states, but restoration is achievable with precursor
compounds such as S-adenosyl methionine (SAMe), N-acetylcysteine (NAC), or L-2-
oxothiazolidine-4-carboxylate (OTC or procysteine). Specifically, chronic alcohol ingestion
decreases skeletal muscle levels of glutathione and cysteine, and decreases the enzyme
activities of glutathione peroxidase and glutathione reductase (see Figure 2) (Fernandez-Sola
et al., 2002; Wu et al., 2004; Otis et al., 2007; Otis and Guidot, 2009).

Muscle glutathione levels in rats fed alcohol for 6 weeks were replenished by procysteine
administration, while oxidant stress and the expression of two catabolic factors, atrogin-1
and transforming growth factor 1 (TGFp1), were decreased (Otis et al., 2007).
Interestingly, oxidant stress and the induction of atrogin-1 and TGFp, occurred in the
absence of clinically significant myopathy, suggesting that “pro-atrophy” programs may be
remedied with glutathione restoration before the development of overt atrophy. Because the
severity of myopathy progresses along a continuum as alcohol abuse persists, muscle
alterations were also seen in rats that consumed alcohol for up to 35 weeks, a duration of
abuse that produced overt muscle atrophy (Otis and Guidot, 2009). Long term alcohol
ingestion created an overall catabolic state in atrophied rat plantaris muscles, as evidenced
by oxidant stress and by the production of catabolic members of the interleukin-6 (IL-6)
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family (i.e., IL-6 and oncostatin M) and components of the ubiquitin proteasome system
(i.e., atrogin-1 and muscle RING-finger protein-1 (MuRF1)). However, glutathione
restoration was insufficient to attenuate these catabolic factors, but rather stimulated the
production of several anabolic factors (i.e., insulin-like growth factor 1 (IGF-1), ciliary
neurotrophic factor, and cardiotrophin-1) and ultimately led to increased plantaris fiber area
in alcohol-fed rats. Taken together, these data reveal important temporal associations
between early alcohol-induced oxidant stress and the induction of catabolic factors and
resultant muscle atrophy. Further, if these salutary physiological responses to glutathione
supplementation in animal models translate to the clinical setting, then glutathione
replacement provided before the clinical onset of myopathy, and perhaps even after atrophy
is established, could significantly improve muscle mass and function in chronic alcoholics.

IMPACT OF ACUTE ALCOHOL EXPOSURE ON DERMAL WOUND HEALING

The detrimental impact of alcohol exposure on tissue repair has been evident for decades,
influencing multiple pathways across a wide range of tissues. These changes have been
attributed to the metabolism of alcohol and production of toxic metabolites that directly
impact normal cellular function required for efficient would repair. Intoxicated patients have
a higher incidence of associated injuries, many of which sustain traumatic cutaneous wounds
that demonstrate a correlation between alcohol intoxication and wound healing
complications. For example, a blood alcohol level (BAL) of >200 mg/dl has been associated
with a 2.6 fold increase in the incidence of wound-related infections (Gentilello et al., 1993).
Although most studies have focused on chronic alcohol, the awareness of the frequency of
acute alcohol abuse has led to the development of clinically relevant acute alcohol exposure
models. Until recently, a comprehensive analysis identifying the effects of acute alcohol
exposure on tissue repair was not established in vivo.

Wound repair is comprised of three overlapping phases that orchestrate a variety of cellular
functions, with the endpoint being healed tissue up to 90% of its original integrity (Bernstein
et al., 1996). The inflammatory phase initiates the healing process and involves the
recruitment of proinflammatory cells into the wound site where they participate in host
defense through secretion of chemokines and cytokines. This cascade subsequently activates
the next phase, the proliferative phase, to increase cellular migration and proliferation to
repopulate the wound bed that is devoid of epithelial, vascular, and matrix-producing cells.
The final phase allows for remodeling and reorganization of newly synthesized matrix
molecules to regain near normal functional capacity of the injured tissue. Thus, any
disruption between the delicate balance of cellular recruitment and/or activation can lead to
devastating defects in tissue regeneration.

The development of an acute alcohol model in mice in conjunction with an established
wound healing model identified multiple defects in the wound repair process following one
dose of acute alcohol thirty minutes prior to excisional injury. This model parallels a binge
alcohol model yielding a blood alcohol concentration of 100 mg/dl that represents many of
the clinical patients that frequent the emergency room with trauma injury. Wounds from
alcohol-treated mice exhibited a significant reduction in the myeloperoxidase activity of
neutrophils compared to saline controls, indicating a defect in neutrophil function. In
addition, the levels of two major proinflammatory chemokines involved in macrophage
recruitment, macrophage inflammatory protein-2 (MIP-2) and KC, the murine homolog of
human interleukin-8, were significantly reduced compared to their saline-treated
counterparts (Fitzgerald et al., 2007). Subsequent studies revealed that early defects in the
inflammatory phase following acute alcohol exposure may have contributed to a delay in
wound closure (Radek et al., 2005). Wounds from alcohol-treated mice were approximately
50% less re-epithelialized after two days following wounding compared to saline-treated
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mice. However, wounds from both groups were completely re-epithelialized after 5 days,
indicating a transient effect of alcohol on keratinocyte migration.

Since angiogenesis is a critical element of the wound repair process, as it restores the
underlying vasculature to restore oxygenation of the wound bed, an assessment of vascular
density was made in wounds from alcohol-treated mice. Previous studies demonstrated that
direct intragastric alcohol exposure (50% v/v) can actually promote vascular endothelial
growth factor (VEGF)-induced angiogenesis in gastric epithelia (Jones et al., 1999).
However, these concentrations are far beyond what would be available to cutaneous tissue
following ingestion. In the presence of acute alcohol exposure, wound vascularity was
significantly reduced up to 10 days following wounding compared to saline controls, despite
near-normal levels of the pro-angiogenic cytokine, VEGF, and the wounds of alcohol-
treated mice were notably more hypoxic. Subsequent in vitro studies revealed that the defect
in vascularity seen with acute alcohol in vivo is attributed, in part, to reduced
phosphorylation of the VEGF receptor, critical to a signaling pathway involved in
endothelial cell proliferation and differentiation into capillaries (Radek et al., 2008).
Markers of matrix integrity were also assessed and revealed that wounds from alcohol
treated animals had significantly less collagen, while exhibiting an increase in matrix
proteolytic activity. Stimulation of fibroblasts, the matrix producing cells of the skin, with
alcohol (100 mg/dl) in vitro also reduced the gene expression of collagen type | (Radek et
al., 2007). Previously, alcohol exposure (>5% v/v) diminished the ability of fibroblasts to
proliferate and sufficiently produce collagen type | in the presence of TGF-B1 in vitro
(Stephens et al., 1996). Together, these data demonstrate that acute alcohol exposure renders
fibroblasts unable to properly synthesize the required matrix molecules to re-establish
dermal stability. This defect can reduce the capacity of endothelial cells to properly migrate
to form capillary networks within the newly synthesized matrix, culminating in a
functionally defective wound bed that is more vulnerable to wound dehiscence and
infection.

One of the major difficulties involved in deciphering the direct effects of alcohol from
indirect effects on the various cell populations involved in wound repair is due to the
promiscuity of alcohol and its metabolites. Collectively, the prolonged consequences of
alcohol exposure on dermal tissue repair (Figure 3) evoke concern for intoxicated trauma
patients who may succumb to opportunistic infections after injury and/or surgical
intervention. Ultimately, more detailed insight into the specific alcohol mediated changes on
cell signaling pathways that occur during tissue repair will be essential to develop more
effective treatment strategies to limit physiologic perturbations in intoxicated patients.

ROLE OF SURVIVIN IN ADAPTIVE CYTOPROTECTION AGAINST ALCOHOL
INDUCED GASTRIC INJURY

In 1983, Andre Robert and co-workers first described the phenomenon they termed
“adaptive cytoprotection” whereby pre-ingestion (or experimental pre-administration in
animal models) of “mild-irritant” alcohol concentrations (~10-20% v/v) resulted in the
preservation of gastric mucosal (stomach) integrity against the damaging effects of
subsequent ingestion (administration) of strong (=50% v/v) alcohol (Robert et al., 1983).
They and numerous other groups have since verified this phenomenon and attributed it to an
increase in the production of prostaglandins. Although there is no doubt that prostaglandins
(particularly prostaglandin E; and prostacyclin) play important contributory roles in gastric
adaptive cytoprotection, several studies suggest that other, prostaglandin-independent,
factors also participate in this phenomenon. These include nitric oxide, vagal innervation,
sensory nerves, blood flow, calcium (Ca2*) influx, heat shock proteins and a physical barrier
resulting from mucosal surface exfoliation (Jones et al., 2008).
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Survivin is a recently discovered protein that possesses a dual function as both a regulator of
cell division and cell survival. This protein is highly expressed in most organ tissues during
embryonic development where it plays an essential role in organ tissue remodeling through
the regulation of cell proliferation and apoptosis. Following the completion of development,
survivin expression disappears in most adult differentiated organ tissues where its function
is presumably no longer needed. Interestingly, however, survivin is highly expressed in all
known forms of human cancer thus classifying it as a “universal tumor antigen” (Andersen
et al., 2007). This has opened a floodgate of investigation into the most efficacious means by
which to universally target/inhibit survivin expression as a component of cancer therapy.
Nevertheless, survivin has also been shown to be a factor in liver regeneration (Deguchi et
al., 2002), angiogenesis (O’Connor et al., 2000) and vascular injury and repair (Simosa et
al., 2005; Conte and Altieri, 2006). In at least some normal adult organ tissues, therefore,
survivin may be a crucial player in maintaining the physiologically important balance
between cellular proliferation and apoptosis.

Survivin is expressed in normal, non-cancerous, adult differentiated gastric mucosa (Chiou
et al., 2003). In addition, in response to exposure of gastric epithelial cells to cytoprotective
alcohol concentrations, survivin accumulation is required for the full cytoprotective effect
against subsequent exposure to cytotoxic alcohol concentrations (Jones et al., 2008). The
latter was demonstrated by showing that: a) the cytoprotection produced by pre-exposure to
“mild irritant” alcohol against subsequent exposure to cytotoxic alcohol was blocked by
inhibiting survivin accumulation/expression using small interfering RNA (an experimental
strategy used to attenuate targeted protein expression); and, b) forced overexpression of
survivin by transfection, or gene transfer, produced substantial cytoprotection against
exposure to a cytotoxic alcohol concentration even in the absence of pre-exposure to “mild
irritant” alcohol.

How do survivin expression levels accumulate in the gastric mucosa in response to
cytoprotective alcohol ingestion or exposure? The complete answer to this question, at
present, remains moot since the mechanism(s) by which survivin expression levels
accumulate in gastric epithelial cells grown in the laboratory and the mechanism(s) by which
survivin expression levels accumulate in the mammalian gastric mucosa, including that of
humans, is likely to differ somewhat. For instance, exposure of gastric epithelial cells to
cytoprotective alcohol results in an increase in survivin protein levels by virtue of being
stabilized against normal degradation via phosphorylation of amino acid residue,
threonine-34. Evidence suggests that this modification occurs or is enhanced, following
cytoprotective alcohol exposure, by the induction/activation of one or more regulatory
kinases, including the cell cycle-dependent kinase, p3492 (Jones et al., 2008). The same
modification has been observed in the gastric mucosa from experimental animals
administered mild irritant alcohol; further, preliminary data also suggest that de novo
transcription of the survivin gene may be involved in gastric cytoprotection to whole
animals.

A key question remaining is how cytoprotective alcohol exposure enhances the activation of
the kinase(s) that lead(s) to survivin stabilization/accumulation in gastric epithelial cells.
One possibility, supported by as yet unpublished data, is that this may occur via Ca?*
mobilization and the resulting activation of calmodulin-dependent kinase, CaM kinase I1.
Nevertheless, an alternative possibility, that the activities of upstream membrane-associated
kinases (e.g. receptor kinases) are influenced by physical perturbations in the surface
membranes of cells exposed to cytoprotective alcohol, cannot be ruled out.
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SUMMARY

The examples presented here attest to the multifactorial and multisystemic mechanisms by
which, even after a single acute or binge exposure, alcohol leads to tissue damage. In gastric
mucosa and in bone, alcohol exposure alters basic signaling processes. In the repair of skin
damage following injury or surgery, alcohol disrupts signaling in a broader context, in
multiple tissue types. The derangement of the inflammatory response by alcohol leads to
altered cytokine and chemokine production by multiple cell types and this, in turn,
influences the responses of other cell types. Disruption of multiple molecular processes by
alcohol contributes to myopathy and muscle atrophy, with the accumulation of oxidative
stress playing a major role.

In every case, the goal of characterizing the sites of alcohol action is to identify potential
targets for intervention, either preventative or therapeutic. Recovery from bone injury after
alcohol exposure is adversely affected by alterations in the Wnt signaling pathway, which is
essential to the repair process. Undisturbed Whnt signaling is essential to bone formation,
since disruption of mesenchymal stem cell differentiation compromises both bone and callus
formation. Restoration or protection of Wnt signaling may improve the prognosis for
recovery from bone fractures sustained with alcohol exposure.

Preclinical testing of methods for correcting alcoholic myopathy has generated promising
results. The causes of alcohol-induced myopathy are multifaceted, with the disruption of
oxidative balance playing a significant role. Alcohol affects levels of antioxidant compounds
as well as the activity of enzymes involved in oxidative balance. Significantly, restoration of
the antioxidant compound glutathione by precursor supplementation restores oxidative
balance. Supplementation of the glutathione precursor after binge alcohol consumption,
prior to the appearance of muscle atrophy, has the potential to prevent or reduce muscle
damage. Further, replenishing glutathione by precursor supplementation even in the
presence of full-blown atrophy after chronic alcohol consumption restores some measures of
metabolic balance in an animal model, suggesting the potential for correction of cumulative
tissue injury.

The derangements of the inflammatory response in the presence of alcohol consumption
adversely affect the process of wound healing. Many aspects of the inflammatory response
are essential to proper healing of dermal wounds, potentially providing multiple therapeutic
targets. The many cytokines and chemokines released in response to tissue damage and the
many cell types that are mobilized during inflammation all contribute to the process of
wound healing. Normalization of the inflammatory response in the presence of alcohol
would improve the outlook for recovery after dermal injury, particularly in the context of
wound infections.

The fact that mechanisms of injury and of repair processes differ among tissues brings to the
fore the potential for complications in patients with multiple injuries. For example, targeting
survivin in tumor tissue has the potential to lead to unanticipated or undesired elimination of
necessary survivin functions, including protection of gastric mucosa. Survivin protein
function is essential to the development of cytoprotection. Maintenance of survivin levels
result from modification of the kinase activity of p34¢dc2 after modest alcohol exposure.
Other evidence suggests modification at the expression level may also be occurring.

The effects of acute alcohol exposure on the healing process persist many days out in wound
healing, in recovery from bone fracture (both reported here), as well as after burn injury
(Messingham et al., 2002), and other forms of traumatic injury. While the sustained
disruption of healing is discouraging, it presents multiple potential approaches for
intervention. The response to a short term alcohol state suggests that a seminal process is
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altered, leading to branching downstream effects. Identifying and targeting the primary
disruption would be ideal, but if missed, the potential to intervene to restore downstream
functions may also be considered.
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Figure 1. Alcohol targets Wnt signaling during bone fracture repair

Bone fracture triggers the mobilization of mesenchymal stem cells from local and distant
compartments to the site of injury, where they undergo differentiation into osteoblasts and
chondrocytes under the control of canonical Wnt signaling. Wnt proteins bind to surface
Frizzled receptors, leading to stabilization and translocation of cytosolic B-catenin to the
nucleus. Nuclear B-catenin activates transcription of Wnt-related genes necessary for bone
and cartilage formation, and its expression is tightly regulated throughout the repair process.
Binge alcohol exposure prior to injury decreases protein levels of B-catenin and disrupts its
precise pattern of expression, decreases downstream Wnt target gene expression, and
ultimately causes decreased formation of osteoblasts and chondrocytes within the fracture
callus. These effects lead to alcohol-induced deficient bone repair and fracture nonunion.

Alcohol Clin Exp Res. Author manuscript; available in PMC 2012 March 1.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Page 14

H0,(1) 2H,0

PROCYSTEINE
t 5(1)
' Glutathione (]) Glutathione
Ma. Glycine disulfide
A 6(1)
m \{( ADP +P, )
Cystine Cysteine (|) NADP* NADPH+H*

ATP

y-Glutamyl-Cysteine

H.0 0;7(1)

Glutamate
ADP+P,

ATP

Figure 2. Glutathione metabolism in alcoholic skeletal muscle

Alcoholic myopathy is characterized by increased formation of superoxide (O, ™), lipid and
hydrogen peroxide (H»0,), and reactive oxygen species. Glutathione cycling is also altered
suggesting a reduced capacity to sequester these alcohol-induced oxidants. Supplementing
the diets of alcoholics with L-2-oxothiazolidine-4-carboxylate, a proform of L-cysteine
(Procysteine), normalizes thiol levels of cysteine and glutathione. Enzymes that catalyze
these reactions are: (1) glutathione dependent thiodisulfide, thioltransferase, and non-
enzymatic reactions; (2) protein disulfide isomerase; (3) y-glutamylcysteine synthetase; (4)
glutathione synthetase; (5) glutathione peroxidase; and (6) glutathione reductase. Arrows (1,
1) denote direction of change as a result of chronic alcohol abuse. Other abbreviations used:
ADP, adenosine diphosphate; ATP, adenosine triphosphate; H*, hydrogen ion; H,O, water;
NADP*, nicotinamide adenine dinucleotide phosphate, NADPH, reduced form of NADP™;
P;, inorganic phosphate.

Alcohol Clin Exp Res. Author manuscript; available in PMC 2012 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jung et al.

Inflammatory Phase:

Cytokines and immune cells

Proliferative Phase:

Migration and Angiogenesis

Proliferative Phase:
Matrix Integrity

4 Pro-inflammatory
cytokines

4 Neutrophil
function

4 wound closure
{ vascular density

4 EC responsivness
to VEGF

1 tissue hypoxia

{ collagen content

{ matrix degradative
enzymes

4 wound breaking
strength

1 Incidence of Wound Infection

Figure 3. Detrimental effects of acute alcohol exposure on cutaneous wound repair

Acute alcohol exposure disrupts the balance of cellular processes to favor diminished
cellular function leading to matrix degradation. Impaired immune cell function, vascularity,
and matrix regeneration contribute to the increase in susceptibility to wound infection. EC=
endothelial cell, VEGF= Vascular Endothelial Growth Factor.
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