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NEARLY ONE MILLION BURN INJURIES occur annually in the United
States with ⬃4,000 patients succumbing to their injuries (2a).
Both clinical and laboratory studies indicate that intestinal
permeability and tissue injury increase after burn injury, permitting bacteria to translocate into the lymphatic system and
ultimately the bloodstream (13, 30). In a rodent model of binge
ethanol exposure and burn injury, Kavanaugh and colleagues
(9, 27) demonstrated that the combined insult promotes greater
bacterial translocation to the mesenteric lymph nodes (MLN)
and intestinal permeability than in mice receiving either treatment alone. The distal small intestine and colon contains
enormous volumes of bacteria (105-108 bacteria per gram of
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tissue) and endotoxin; therefore, changes in intestinal permeability could produce systemic complications. Intestinal barrier
dysfunction/failure allowing gut flora and its components to
invade the intestinal mucosa is the basis for the gut-lymph
hypothesis of multiple organ dysfunction syndrome (MODS)
(17), which states that traumatic injury promotes a rise in
intestinal permeability leading to a release of bacteria and
endotoxin into the lymphatic system and ultimately the bloodstream. As the bacteria-laden blood encounters the lung vascular bed first, pulmonary injury is possible, thus promoting the
early stages of MODS (17, 18) and ultimately multiple organ
failure, which are the two most common causes of death after
burn injury (41, 51).
Intestinal epithelial cells, physically connected by multiple
types of junction complexes, create a semipermeable mucosal
barrier that permits absorption of nutrients but prevents other
contents of the lumen from entering the lamina propria (52,
53). Regulation of this barrier can be affected by various
stimuli, including bacteria, cytokines, traumatic injury, and
ethanol (6, 29, 30, 36). Junction proteins, such as the tight
junction proteins zonula occludens protein-1 (ZO-1) and occludin, as well as enzymes important for the maintenance of
this barrier can be affected by these stimuli. One such enzyme,
long (210 kDa) myosin light-chain kinase (MLCK), phosphorylates myosin regulatory light-chain (MLC) at serine 19 allowing it to interact with actin. Myosin-actin interaction causes
cytoskeletal sliding, which induces tight junction disruption
and a gap in the epithelial barrier. Actin reorganization, elevated permeability, and ZO-1 and occludin redistribution away
from tight junctions are associated with MLC phosphorylation
(39, 46).
Inflammatory diseases and traumatic injury amplify proinflammatory cytokines in the gut (10, 41). A rise in proinflammatory cytokines is associated with MLCK activation, and it
has been shown that TNF-␣, IL-1␤, and lymphotoxin-like
inducible protein that competes with glycoprotein D for herpesvirus entry mediator on T cells (LIGHT) can upregulate
MLCK transcription (2, 12, 25, 29, 30, 36). Furthermore,
increased MLCK activation has been linked to intestinal permeability after burn injury or chronic ethanol exposure alone
(29, 50). Traumatic injury, like burn, causes an overexuberant
systemic inflammatory response characterized by a rise in
systemic and tissue levels of IL-6, TNF-␣, and IL-1␤ (22, 34,
43, 44). When injury is combined with ethanol exposure, these
immune responses are often further increased. Recently, a
specific membrane permeant inhibitor of MLCK (PIK), was
found to reduce occludin reorganization away from tight junctions and restore water absorption in a model of T cell-

0193-1857/12 Copyright © 2012 the American Physiological Society

G705

Downloaded from http://ajpgi.physiology.org/ by Jerrold Turner on October 13, 2012

Zahs A, Bird MD, Ramirez L, Turner JR, Choudhry MA,
Kovacs EJ. Inhibition of long myosin light-chain kinase activation
alleviates intestinal damage after binge ethanol exposure and burn
injury. Am J Physiol Gastrointest Liver Physiol 303: G705–G712,
2012. First published July 11, 2012; doi:10.1152/ajpgi.00157.2012.—
Laboratory evidence suggests that intestinal permeability is elevated
following either binge ethanol exposure or burn injury alone, and this
barrier dysfunction is further perturbed when these insults are combined. We and others have previously reported a rise in both systemic
and local proinflammatory cytokine production in mice after the
combined insult. Knowing that long myosin light-chain kinase
(MLCK) is important for epithelial barrier maintenance and can be
activated by proinflammatory cytokines, we examined whether inhibition of MLCK alleviated detrimental intestinal responses seen after
ethanol exposure and burn injury. To accomplish this, mice were
given vehicle or a single binge ethanol exposure followed by a sham
or dorsal scald burn injury. Following injury, one group of mice
received membrane permeant inhibitor of MLCK (PIK). At 6 and 24 h
postinjury, bacterial translocation and intestinal levels of proinflammatory cytokines were measured, and changes in tight junction
protein localization and total intestinal morphology were analyzed.
Elevated morphological damage, ileal IL-1␤ and IL-6 levels, and
bacterial translocation were seen in mice exposed to ethanol and burn
injury relative to either insult alone. This increase was not seen in
mice receiving PIK after injury. Ethanol-exposed and burn-injured
mice had reduced zonula occludens protein-1 and occludin localization to the tight junction relative to sham-injured mice. However, the
observed changes in junctional complexes were not seen in our
PIK-treated mice following the combined insult. These data suggest
that MLCK activity may promote morphological and inflammatory
responses in the ileum following ethanol exposure and burn injury.
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MATERIALS AND METHODS

Mice. Eight- to ten-week-old male (C57BL/6, 23–25 g,) mice were
purchased from Jackson Laboratories (Bar Harbor, ME). Mice were
housed in sterile microisolator cages in the Loyola University Medical
Center Comparative Medicine facility. All experiments were conducted in accordance with the Loyola Institutional Animal Care and
Use Committee.
Murine model of ethanol and burn injury. A murine model of a
single binge ethanol exposure and burn injury was performed as
described previously (20) with minor modifications (38). Briefly, mice
were given a single binge dose of 1.11 g/kg of 20% (vol/vol) ethanol
solution intraperitoneally that resulted in a blood ethanol level of
150 –180 mg/dl at 30 min. The mice were then anesthetized with 100
mg/kg of ketamine and 10 mg/kg of Xylazine (Webster Veterinary,
Sterling, MA), their dorsum was shaved, and they were placed in a
plastic template exposing 15% of the total body surface area and
subjected to a scald injury in 90 –92°C water bath or a sham injury in
room temperature water. The scald injury resulted in an insensate,
full-thickness burn injury of ⬃15% total body surface area (21). Mice
received 1 ml of saline resuscitation, and their cages were placed on
warming pads until mice recovered from anesthesia. At 30 min after
burn injury, mice were given the specific long MLCK inhibitor PIK
(50 M) (40). Mice were killed by CO2 narcosis followed by cervical
dislocation at 2, 3, 6, or 24 h following injury.
Histopathologic examination of the ileum. At 6 and 24 h postinjury,
mice were euthanized by CO2 narcosis, and the ileum was harvested
and fixed overnight in 10% formalin. Samples were then embedded in
paraffin, sectioned at 5 , and stained with hematoxylin and eosin.
Images were taken at magnification, ⫻200.
Immunofluorescent staining of ZO-1 and occludin in the ileum.
Immunofluorescent staining was done as previously described (11)
with minor modifications. Briefly, a small section of ileum (5 mm)
was embedded in OCT and frozen for immunofluorescent staining.
The ileum was sectioned (5 ) and stained with either rabbit anti-

ZO-1 or rabbit anti-occludin (Invitrogen, Carlsbad, CA) followed by
goat anti-rabbit Alexa Fluor 488 (Invitrogen). Sections were further
stained with fluorescent-conjugated phalloidin (actin) and Hoechst
nuclear stain (Invitrogen). Using Zeiss software (model LSM 510,
version 4.2 SP1), a 20-epithelial cell section (crypt or villus) was
outlined; only within this outlined section were the number of colocalized (both red and green fluorescence) pixels determined. The
number of colocalized pixels was divided by the total number of
pixels in that section and expressed as a percentage. This process was
repeated on an additional four epithelial cell sections per animal,
leading to 100 total epithelial cells examined for each animal. Results
were averaged for each animal, and this average was then used to
determine the group average.
Bacterial translocation. Bacterial translocation was assessed as
previously described with minor modifications (27). Briefly, 5– 6
MLN per mouse were removed at 6 or 24 h, placed in cold RPMI, and
kept on ice. Nodes were separated from connective tissue and homogenized in RPMI using frosted glass slides. Homogenates were plated
in triplicate on tryptic soy agar plates and placed in a 37°C incubator
overnight. Colonies were counted the following day, averaged, and
divided by the total number of lymph nodes harvested.
Intestinal epithelial cell isolation and Western blot analysis. Intestinal epithelial cells were isolated as previously described (11) with
minor modifications. Briefly, ileum sections were opened lengthwise,
washed with calcium and magnesium-free HBSS, and placed in tubes
containing 10 mM DTT and phosphatase inhibitor cocktail in HBSS.
Samples were placed at 4°C for 30 min, after which tubes were shaken
briefly, and ileum sections moved to tubes containing 1 mM EDTA
and phosphatase inhibitor cocktail in HBSS for 1 h at 4°C. After
incubation, tubes were shaken robustly and large pieces of tissue
removed. Samples were centrifuged at 1,000 g for 10 min, and the
supernatant was discarded. Pelleted cells were lysed in 100 l of cell
lysis buffer according to the manufacturer’s protocol (Bio-Rad, Hercules, CA). Twenty milligrams of whole cell lysate protein was boiled
for 5 min, separated by SDS-PAGE, transferred to polyvinylidene
fluoride membranes and blotted with primary antibodies specific for
phopshorylated MLC (pMLC; Ser19; Cell Signaling Technology,
Danvers, MA), total MLCK (Abcam, Cambridge, MA), and villin-1
(Cell Signaling Technology).
Detection of circulating cytokine levels. Blood was collected from
cardiac puncture, and serum was obtained by centrifugation after
clotting. IL-6 and TNF-␣ levels were then determined using ELISA
according to manufacturer’s instructions (BD Biosciences, San
Diego, CA).
Cytokine determination in ileum. Two one-inch sections of ileum
were homogenized in 1 ml of cell lysis buffer according to manufacturer’s protocol (Bio-Rad). Homogenates were then filtered and analyzed for IL-6 levels using ELISA (BD Biosciences, San Diego CA).
The results were normalized to total protein present in the homogenate
using the Bio-Rad protein assay based on the methods of Bradford (5).
Statistical analysis. Statistical comparisons (GraphPad Instat and
Prism) were made between the sham vehicle, sham ethanol, burn
vehicle, and burn ethanol treatment groups, resulting in four total
groups analyzed. One-way ANOVA was used to determine differences between treatment responses, and Tukey’s post hoc test once
significance was achieved (P ⬍ 0.05). Statistical comparisons made
between the burn ethanol and burn ethanol plus PIK treatment groups
were done using Student’s t-test and Tukey’s post hoc test (P ⬍ 0.05).
RESULTS

Following exposure to binge ethanol and burn injury, a rise
in IL-6 and intestinal permeability as well as a shortening of
villus heights has been observed in the ileum (42). These
changes can promote further tissue damage and may contribute
to systemic complications. We sought to determine whether
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mediated diarrhea (11). Moreover, TNF-␣ and interferon-␥induced barrier dysfunction was reversed with PIK treatment (57).
Ethanol is a common risk factor in traumatic injury (26, 31),
and ⬃50% of the adult burn patient population has a positive
blood alcohol content at the time of admission (33, 49). Further
evidence suggests that the combination of ethanol and burn
injury leads to enhanced immunosuppression promoting
greater susceptibility to bacterial infection at both the wound
site as well as remote organs, such as the lung and ileum (4,
24, 35).
The combination of insult-induced immunosuppression and
inflammation along with amplified bacterial translocation in
the gut contribute to a physiological state that is ideal for tissue
destruction and dysfunction. We hypothesized that inhibition
of MLCK would alleviate the intestinal damage and inflammatory responses seen after binge ethanol exposure and burn
injury. Mice had greater villus blunting and edema as well as
a redistribution of ZO-1 and occludin following ethanol and
burn injury compared with sham-treated mice. These changes
coincided with elevated phosphorylated MLC (pMLC), bacterial translocation and ileum IL-6 levels. In contrast, PIKtreated mice exposed to ethanol and burn injury had significantly reduced intestinal damage, normal tight-junction protein
localization, and decreased bacterial translocation and IL-6.
This indicates a crucial role for MLCK in intestinal barrier
leakiness and/or inflammation in our model of ethanol and burn
injury.
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Fig. 1. TNF-␣ and IL-6 elevated in serum at 2 h after insult. Levels of TNF-␣ and IL-6 were quantified by ELISA. An increase in serum levels of TNF-␣ (A)
was observed at 2 h after ethanol exposure and burn injury. IL-6 (B) levels were also significantly elevated in the serum at 2 h postinsult. Cytokine concentrations
were normalized to total protein in ileum samples (C and D) as determined by Bio-Rad protein assay. All data are presented as concentration ⫾ SE. *P ⬍ 0.05
vs. both sham groups; n ⫽ 3– 6 per group.
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also altered in mice exposed to the combined insult with gaps
appearing between epithelial cells, although no changes in
ZO-1 or occludin localization were observed at this time (data
not shown). Inhibition of MLCK using PIK yields to little or no
change in the intestinal epithelial barrier morphology following
exposure to ethanol and burn injury (Fig. 3E).
After either traumatic injury or chronic ethanol exposure,
bacterial translocation was reported to be elevated as a result of
epithelial cell damage, bacterial overgrowth, epithelial barrier
permeability and MLN T-cell suppression (8, 27). This translocation occurs in small amounts in healthy individuals, and
under normal conditions, MLN resident T cells clear the
bacteria (8). Six hours after ethanol exposure and burn injury
mice had significantly greater bacterial accumulation in the
MLN compared with all other groups (Fig. 3F). This elevation
in bacterial accumulation was associated with a rise in ileum
levels of IL-1␤ and IL-6 (Fig. 3, G and H). PIK treatment
significantly reduced bacterial accumulation in the MLN of
mice given ethanol and burn injury and also decreased IL-1␤ in
the ileum (Fig. 3, F and G). These data indicate that the
continued inhibition of MLCK preserves intestinal morphology and reduces inflammation following ethanol exposure and
burn injury.
PIK treatment alleviates intestinal epithelial barrier alterations.
Previous work in this model has revealed that the heights of
villi are lower at 24 h following the combined insult (42). This
response was verified in these experiments as villi in mice
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Fig. 2. Ethanol exposure and burn injury elevates total myosin light-chain kinase (MLCK) and phosphorylated MLC (pMLC; Ser19) in intestinal epithelial cells.
Isolated intestinal epithelial cells were lysed and analyzed by Western blot analysis for levels of MLCK (A) and pMLC (B and C) 3 h after exposure to treatment.
Quantification of MLCK and pMLC levels were normalized to villin-1 levels and done using Bio-Rad Image Lab software. Images are representative of 3
experiments, *P ⬍ 0.05 vs. all other groups, #P ⬍ 0.05 vs. burn ethanol ⫹ membrane permeant inhibitor of MLCK (PIK) group. Quantification is of n ⫽ 6 – 8
per group.
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inhibition of MLCK after insult alleviates these detrimental
responses.
MLCK activated early after insult. TNF-␣ often peaks early
systemically after injury (19) and we see an increase in serum
levels at 2 h after ethanol exposure and burn injury (Fig. 1A).
Interestingly, IL-6 levels, thought to peak at later time points,
were also significantly elevated in the serum at 2 h postinsult
(Fig. 1B). Neither TNF-␣ nor IL-6 is significantly elevated in
ileum tissue (Fig. 1, C and D); however, we do see an increase
in total MLCK in intestinal epithelial cells isolated from
ethanol-exposed and burn-injured mice (Fig. 2A) at 3 h after
combined insult. This elevation was not significant, but dually
exposed mice did have a significant increase in pMLC compared with all other groups (Fig. 2B), and PIK treatment
significantly reduced pMLC following ethanol exposure and
burn injury (Fig. 2C). These data suggest that within a few
hours of the combined insult the MLCK pathway has been
activated, possibly due to elevated serum levels of TNF-␣ and
IL-6.
Morphological damage observed by 6 h after ethanol exposure and burn injury. Intestinal damage, characterized by
villus blunting and edema as well as intestinal inflammation,
commonly occurs after traumatic injury (14, 16, 48). Six
hours after exposure to ethanol and burn injury, ileum
morphology begins to change. Mice in both burn groups had
blunted villi (Fig. 3, C and D) compared with mice in either
sham group (Fig. 3, A and B). The intestinal epithelial layer is
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Fig. 3. PIK treatment reduces morphological damage and inflammation at 6 h after combined insult. Ileum sections were stained with hematoxylin and eosin
(A–E) and examined for degree of inflammation and damage (n ⫽ 6 – 8 per group). Mesenteric lymph nodes were isolated from mice killed at 6 h following insult
(F). Lymph nodes were homogenized and plated on tryptic soy agar (TSA) plates. Colonies were counted the next day and normalized on the total number of
lymph nodes removed from each mouse. Levels presented as concentration ⫾ SE. #P ⬍ 0.05 vs. all other groups (n ⫽ 6 –10 per group). Ileum levels of IL-1␤
and IL-6 were quantified by ELISA (G and H) and normalized to total protein. Data presented as concentration ⫾ SE. *P ⬍ 0.05 vs. all groups except the sham
ethanol group; &P ⬍ 0.05 vs. sham vehicle and burn vehicle (n ⫽ 3– 6 per group); @P ⬍ 0.05 vs. sham vehicle (n ⫽ 3– 6 per group).

exposed to burn alone or the combined insult (Fig. 4, C and D)
had shorter (115 m ⫾ 9) and wider villi than sham-treated
animals (200 m ⫾ 14, P ⬍ 0.05, Fig. 4, A and B). Furthermore, there was a decrease in intact villi and the epithelial cell
layer in mice given ethanol and burn injury compared with all
other groups. As seen at 6 h, PIK treatment was coupled with
reduced intestinal morphological damage (Fig. 4E) as mice
given PIK after ethanol and burn injury had tall (170 m ⫾ 9)
and narrow villi similar to villi seen in sham-treated mice.
Since greater morphological damage was observed at 24 h
following insult, we examined the effect of ethanol and burn
injury on the localization of two of the major tight junction
proteins in the ileal epithelial cell layer, ZO-1, and occludin
(23). Intact tight junction complexes in the intestinal epithelial
layer prevent bacteria and their products from moving into the
lamina propria and initiating an immune response. Representative images from wild-type sham vehicle and sham ethanol
mice (Fig. 4, F and G) show ZO-1 in its characteristic chickenwire pattern, and its colocalization with actin indicating an
intact tight junction. Animals exposed to burn injury alone had
a slight, but insignificant, decrease in ZO-1 localizing with
actin (Fig. 4H), while almost no ZO-1 colocalizes with actin in
animals exposed to the combined insult (Fig. 4I). Quantification of ZO-1 and actin colocalization (Fig. 4P) indicated that
significantly less ZO-1 colocalized with actin in wild-type mice
exposed to ethanol and burn injury than in sham-treated animals. PIK treatment of wild-type mice exposed to the combined insult preserved ZO-1 localization at the periphery of
cells and its interaction with actin (Fig. 4, J and P). Occludin
position can be affected by a variety of stimuli including burn
injury alone, acetaldehyde (the predominant ethanol metabolite), TNF-␣, and LIGHT (3, 8, 12, 46). Occludin localization
alterations were also observed by visual examination, but this

decrease in colocalization was not as obvious as found with
ZO-1 (Fig. 4, K–O). Quantification, however, of occludin and
actin colocalization indicated that association of occludin and
actin was significantly reduced in mice exposed to the burn
injury alone or the combined insult, and this localization was
reestablished in mice receiving PIK after ethanol exposure and
burn injury compared with mice not receiving PIK treatment
(Fig. 4, O and Q). As seen at 6 h after insult, MLCK inhibition
continues to decrease intestinal damage and intestinal epithelial
cell barrier alterations induced following ethanol exposure and
burn injury.
Intestinal damage and inflammation reduced following PIK
treatment. In conjunction with a reduction in intestinal morphological damage as observed in Fig. 4, PIK treatment also
led to a 33% reduction in bacterial translocation at 24 h after
insult; however, this difference was not significant (Fig. 5A).
This reduction is likely due to the decrease seen at 6 h, but to
maintain this reduction another dose of PIK may be needed.
Although bacterial translocation was not reduced following
PIK treatment, IL-6 levels in the ileum were significantly less
in PIK-treated mice exposed to ethanol and burn injury compared with mice not receiving PIK (Fig. 5B). By 24 h following
insult, no differences in IL-1␤ levels were observed between
groups (Fig. 5C). As seen in Fig. 4, early inhibition of MLCK
alleviates intestinal damage and inflammation and preserves
tight junctions in the intestinal epithelial barrier at 24 h after
combined insult.
These data confirm previous studies that gut inflammation is
greater after ethanol exposure and burn injury than burn injury
alone. Furthermore, the loss or inhibition of MLCK promotes
maintenance of intestinal epithelial tight junctions after ethanol
and burn, thereby preventing bacterial translocation and the
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Fig. 4. MLCK inhibition preserves intestinal morphology and tight junction protein localization following ethanol exposure and burn injury. Ileum sections from
mice were stained with hematoxylin and eosin (A–E) and then examined for degree of inflammation and damage. Representative hematoxylin and eosin (H&E)
images were taken at magnification, ⫻200. Frozen ileum sections were stained with antibodies against zonula occludens protein-1 (ZO-1; green, F–J) or occludin
(green, K–O) as well as phalloidin (red) and nuclei (blue). Representative immunofluorescent images were taken at magnification, ⫻400 (n ⫽ 6 – 8 per group).
Immunofluorescent images were analyzed for colocalization of ZO-1 or occludin with actin (P and Q). Colocalization is presented as % colocalized pixels/100
epithelial cells. *P ⬍ 0.05 vs. all groups except burn vehicle, #P ⬍ 0.05 vs. sham groups (n ⫽ 4 – 6 per group).

subsequent immune response and leading to less intestinal
damage and inflammation.
DISCUSSION

Previous studies in a rodent model have shown that binge
ethanol exposure and burn injury can cause intestinal permeability and bacterial translocation (8, 9); however, the possible
mechanism of these changes has not been determined. The
results described in the present study indicate that after the

combined insult of ethanol exposure and burn injury MLCK
contributes to alterations in tight junction localization, bacterial
translocation, along with intestinal inflammation and damage.
PIK-treated mice had a reduction in these parameters including
less villus blunting, edema, destruction of the intestinal epithelial layer, and tight junction protein localization alterations
compared with similarly treated wild-type mice not receiving
PIK (Fig. 4). Although MLCK is an enzyme necessary for
epithelial barrier maintenance, inhibition of MLCK could be
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Fig. 5. Decreased IL-6 following PIK treatment in mice exposed to ethanol and burn injury. Mesenteric lymph nodes were isolated from mice killed at 24 h
following insult (A). Lymph nodes were homogenized and plated on TSA plates. Colonies were counted the next day and normalized to the total number of lymph
nodes removed from each mouse. Levels are presented as concentration ⫾ SE. *P ⬍ 0.05 vs. all other groups except burn ethanol ⫹ PIK (n ⫽ 6 – 8 per group).
IL-6 (B) and IL-1␤ (C) levels in the ileum were measured by ELISA and normalized to total protein per sample. Data presented as concentration ⫾ SE. #P ⬍
0.05 vs. all other groups (n ⫽ 4 – 6 per group).

6 h and IL-6 at 24 h following the combined insult (Figs. 3 and
5). Interestingly, IL-6 was also elevated in the serum at 2 h
after combined insult, and previous work indicates that it
remains elevated until at least 24 h (22). Taken together, these
data indicate that both TNF-␣ and IL-6 may have a role in
activation of the MLCK pathway and later tissue damage,
inflammation, and alterations in the intestinal barrier.
Our studies support previous work that ethanol exposure
combined with burn injury causes additive damage on intestinal barrier dysfunction than burn injury or ethanol exposure
alone. Choudhry and colleagues (8, 27) have shown greater
bacterial translocation to the MLN in a rat model of ethanol
exposure and burn injury. This correlated with increased in
vivo gut permeability and bacterial overgrowth, but not with
changes in intestinal morphology. Furthermore, intestinal
edema and MPO were higher in mice exposed to the combined
insult than in mice given either injury alone (28). Neutrophil
depletion or anti-IL-18 antibody treatment reduced ileum neutrophil infiltration and MPO levels in the same model (1, 28).
The findings presented in this study are similar to those
previously published by our group and others despite using a
slightly different model (27, 42). We do, however, find greater
intestinal morphological damage than was observed seen in
other models of ethanol exposure and burn injury. This difference in intestinal damage might be attributed to subtle differences in ethanol administration, timing of administration relative to injury, peak blood alcohol level, or small variations in
burn injury protocol; however, both models produce elevations
in inflammation and barrier dysfunction.
Unlike previous studies, data presented here show, for the
first time, a possible mechanism, which could explain how the
previously reported marked elevation in systemic and local
levels of cytokine might trigger the observed increase in
intestinal damage after exposure to ethanol and burn injury.
While MLCK has been extensively studied in chronic inflammatory diseases, the role of this enzyme after a combined insult
or other acute insults has not been as well defined. Using a
MLCK inhibitor, we have demonstrated that MLCK functions
in tight junction protein localization and subsequent bacterial
translocation and inflammation in a model of ethanol exposure
and burn injury. The mechanism of this restoration is currently
being studied with several possible pathways being involved.
MLCK activation is highly correlated with TNF-␣, and while
we do not see changes in TNF-␣ in the ileum after insult, it
may very well be the predominant signal for MLCK activation.
TNF-␣ signaling causes increases in both expression and
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beneficial for decreasing intestinal morphological damage and
inflammation following ethanol and burn injury. This decline
in morphological damage corresponded with reduced ileum
IL-6 levels in PIK-treated mice (Fig. 5). While PIK-treated
mice did not have significantly lower bacterial translocation
24 h after the combined insult, it was 33% less than ethanolexposed and burn-injured mice not given PIK. It is likely that
more than one PIK administration would be necessary to
significantly reduce bacterial translocation at later time points,
which is an ongoing study in our laboratory. Studies examining
immune cell function suggest that bacterial accumulation in the
MLN occurs in a model of ethanol exposure and burn injury,
likely due to decreased T cell proliferation and reduced production of IL-2 and interferon-␥ (8, 9). Moreover, previous
work in our model indicates an increase in ileum levels of
IL-10 at 24 h after combined insult (42). Overall these data
suggest that the combination of ethanol exposure and burn
injury not only affect barrier permeability but also delay
resolution of bacteria in the MLN allowing for bacterial accumulation and the possibility of bacterial dissemination.
Alterations in intestinal permeability have long been studied
as the cause or outcome of numerous diseases and injuries.
Common in chronic inflammatory disorders, such as inflammatory bowel syndrome, elevated intestinal barrier dysfunction
may contribute to progression of the disease due to a continuous immune response (47). Proinflammatory mediators, particularly TNF-␣, LIGHT (a member of the TNF-␣ superfamily), IL-1␤, and IL-6 have all been shown to increase intestinal
permeability in animal models of hemorrhagic shock and
resuscitation, diarrhea, and epithelial barrier dysfunction (12,
55, 56). Of these cytokines, most studies have focused on
TNF-␣ in barrier dysfunction. TNF-␣ was shown to directly
upregulate MLCK transcription as well as protein levels (25,
54) and the cytokine also promotes occludin internalization
(12, 45). In models of inflammatory bowel disease, antagonism
of TNF-␣ resulted in partial restoration of T-cell mediated
barrier dysfunction (11); however, in our model of binge
ethanol exposure and burn injury, we only see an early rise in
serum levels of TNF-␣. This initial rise in TNF-␣ suggests that
it could still be an activator of MLCK, as our elevation in
MLCK and pMLC are observed early after the insult as well.
Furthermore, TNF-␣ is also known to increase levels of other
proinflammatory cytokines, such as IL-1␤ and IL-6, which
may be important regulators of the alterations seen in the
intestine after exposure to the combined insult. In line with this
thought, we observed an increase in ileum levels of IL-1␤ at
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