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Abstract
BACKGROUND—Ethanol exposure prior to traumatic injury, such as a burn, elevates systemic
and local inflammatory responses and increases morbidity and mortality. Adipose is a large tissue
mass that is often inflamed during obesity or other stresses which disturbs metabolic homeostasis.
To date, there has been little investigation into the inflammatory response of adipose tissue after
combined ethanol exposure and burn injury.

METHODS—Two ethanol exposure regimens were utilized to examine the role of inflammation
in adipose tissue after ethanol and burn injury. Mice were either given a single or episodic binge
exposure to ethanol or saline followed by scald (burn) or sham injury 30 minutes later. Twenty-
four hours post injury, serum and adipose tissue were collected for assessment of inflammatory
mediators.

RESULTS—Single binge ethanol alone induced no inflammation in adipose when compared with
sham vehicle treated mice. However, single binge ethanol followed by burn injury induced
significant elevations in mRNA and protein concentrations of pro-inflammatory mediators
interleukin-6 (IL-6), KC, and monocyte chemoattractant protein 1 (MCP-1) compared to either
insult alone or sham vehicle group. Additionally, ethanol exposure and burn injury significantly
blunted inducible nitric oxide synthase (iNOS), indicating a complex inflammatory response.
Episodic binge ethanol exposure followed by burn injury exacerbated the post-burn adipose
inflammatory response. The magnitude of the episodic binge-induced inflammatory parameters
post-burn were 2- to 5- fold greater than the response detected after a single exposure of ethanol,
indicating ethanol-induced potentiation of burn-induced inflammatory response. Finally,
inflammatory loci and crown-like structures in adipose were significantly increased by episodic
binge ethanol and burn injury.

CONCLUSIONS—This is the first report of binge and burn-induced crown-like structure
formation. Evidence presented herein suggests an important role for alcohol and burn as an
additional mediator of adipose inflammation in post-burn injury, a common complication in burn
patients.
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INTRODUCTION
Burn-induced hyperglycemia, hepatosteatosis, and insulin resistance are common
complications observed in the burn patient population and are associated with poor
outcomes, contributing significantly to morbidity and mortality (Bonab et al., 2010, Silver et
al., 2008). Insulin resistance in liver, skeletal muscle, and adipose can persist even 3 weeks
after burn injury (Carter et al., 2004, Thorell et al., 1999, Cree and Wolfe, 2008). Burn
injury also drives systemic inflammation with elevations in pro-inflammatory cytokines and
suppressed cell-mediated immunity, leading to multi-organ dysfunction (Marshall, 2000).
One mechanism of systemic insulin resistance may be through adipose dysfunction and
inflammation (Johnson, 2012). Macrophages are known to infiltrate adipose during states of
metabolic stress, such as in obesity, and contribute to inflammation, uncontrolled lipolysis,
as well as local and systemic insulin resistance (Johnson, 2012).

Clinical and laboratory studies have demonstrated that ethanol exposure prior to traumatic
injury, such as a burn, markedly elevates systemic and tissue-specific inflammatory
responses (Bird and Kovacs, 2008, Jung et al., 2011) and is associated with poorer outcomes
(McGill et al., 1995). In the United States, half of the patients with burn-related injuries have
alcohol in their system at the time of admission and the vast majority of those subjects are
binge drinkers rather than chronic alcoholics (Albright et al., 2009). It is well-established
that alcohol increases the dysregulated inflammatory and immune response caused by burn
in animal models and patients (reviewed in (Bird and Kovacs, 2008)). We and others have
shown previously that neutrophils infiltrate the gut, lung, and site of injury after the
combined insult (Faunce et al., 1999, Li et al., 2011, Zahs et al., 2012, Bird et al., 2010a,
Zahs et al., 2013, Chen et al., 2013). While the primary role of neutrophils is to clear
pathogens, they often cause damage due to production of enzymes such as elastase, reactive
oxygen species, and pro-inflammatory cytokines including IL-6, IL-1β, and tumor necrosis
factor alpha (TNFα). Serum cytokines IL-6 and TNFα and tissue levels of KC and IL-6, are
elevated in response to the dual insult of ethanol and burn injury compared to either injury
alone (Chen et al., 2013, Zahs et al., 2013, Li et al., 2011).

Chronic ethanol has been shown to drive macrophage infiltration into adipose tissue and it is
associated with reduced fat mass due to upregulated lipolysis (Zhong et al., 2012, Kang et
al., 2007). To date, it is not known how ethanol exposure combined with burn injury affects
the adipose microenvironment. Using an established murine model of binge ethanol
exposure and burn injury, we demonstrated that the combined insults drove systemic and
adipose inflammation 24 hours post-injury. Furthermore, we found that employing an
episodic multi-day binge ethanol exposure paradigm followed by burn injury potentiated
adipose inflammation and induced macrophage infiltration, indicating that binge, and
especially episodic binge ethanol exposure, followed by burn drives adipose inflammation
that could contribute to systemic inflammation.

MATERIALS AND METHODS
Mice

Male C57BL/6 mice, 8 to 10 weeks old, were obtained from Jackson Laboratories (Bar
Harbor, ME). They were housed in cages with food and water available ad libitum at the
Loyola University Medical Center Animal Facility in rooms that were temperature and
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humidity controlled on a 12-h light-dark cycle. All animal studies described here were
performed according to the Animal Welfare Act and the Guide for the Care and Use of
Laboratory Animals, National Institutes of Health and were approved by the Loyola
University IACUC. Before each experiment, mice were weighed and those weighing 22 to
27 grams were used in the studies.

Murine model of ethanol exposure and burn injury
The murine model of a single binge ethanol exposure and burn injury was employed as
described previously (Messingham et al., 2000, Faunce et al., 1997) with minor
modifications (Bird et al., 2010b). Briefly, mice were given 1) either a single binge dose of
150 μl of 20% (v/v) ethanol solution (1.12 g/kg) intraperitoneally (i.p.) that resulted in a
blood ethanol level of 150 mg/dl at 30 minutes or saline vehicle (Murdoch et al., 2008) or 2)
for episodic binge exposure, mice were given the same dose of ethanol (or saline) daily for 3
days consecutively, rested for 2-4 days (rest time did not alter outcome, data not shown),
and then given 3 additional daily exposures. Thirty minutes after ethanol exposure (or the
last ethanol exposure in the case of the episodic binge paradigm), mice were anesthetized
with 100 mg/kg of Ketamaine and 10 mg/kg of Xylazine (Webster Veterinary, Sterling,
MA), their dorsum shaved, and placed in a plastic template exposing 15% of the total body
surface area of their back (Faunce et al., 1997) and subjected to a scald injury in a 90 to
92°C water bath for 8 seconds. As a control, sham animals were anesthetized, shaved, and
immersed in room temperature water. The scald injury resulted in an insensate, full-
thickness burn injury of approximately 15% total body surface area (Faunce et al., 1999). To
compensate for fluid loss and prevent circulatory shock, all animals received 1 mL of body
temperature saline i.p. immediately after burn injury and were allowed to recover on
warming pads. No other therapeutic intervention was provided as administration of anti-
inflammatory or analgesic medication may introduce confounding factors into the
assessment of inflammatory responses. Twenty-four hours after burn injury, mice were
sacrificed using carbon dioxide (CO2) inhalation and cervical dislocation. Blood was
collected for serum isolation and measurement of cytokines. Epididymal white adipose
tissue was removed. Tissue was either snap frozen in liquid nitrogen and stored at −80°C for
mRNA isolation or immunologic analysis or fixed in paraformaldehyde, paraffin-embedded,
and sectioned for immunohistochemistry.

RNA isolation and analysis
QIAzol Lysis Reagent was used to isolate mRNA from adipose tissue with DNAse treatment
(RNeasy Lipid Tissue Mini Kit mRNA; Qiagen, Valencia, CA). For quantitative PCR
(qPCR) analysis, cDNA was synthesized using an iScript cDNA synthesis kit (Bio-Rad,
Hercules, CA). Real-time qPCR was completed using TaqMan Assay on Demand primers/
probe sets (Applied Biosystems, Carlsbad, CA) as previously described (Sampey et al.,
2011). qPCR reactions were run using an Applied Biosystems thermocycler and SDS 2.4
software (Applied Biosystems, Carlsbad, CA).

Quantification of IL-6 in serum
Blood was obtained by cardiac puncture after sacrifice. Serum IL-6 levels were determined
by multiplex according to manufacture instructions (Invitrogen, Carlsbad, CA), as
previously described (Bird et al., 2010b).

Analysis of cytokine and chemokine protein levels
Adipose tissue was homogenized in 1 mL of BioPlex Cell Lysis Buffer according to
manufacturer's protocol (BioRad, Hercules, CA). Homogenates were then filtered and
analyzed for IL-6, MCP-1, KC, TNFα, IL-10 and IL-1β protein levels by multiplex (BioRad,
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Hercules, CA) and normalized to the total amount of protein in adipose tissue homogenate
as described (Bird et al., 2010b).

Immunohistochemistry (IHC) examination of episodic binge exposed and burn-injured
adipose

Paraffin-embedded tissues were sectioned at 5 microns and mounted for histological
staining. Briefly, immunohistochemisty was carried out using anti-F4/80 primary antibody
(Abcam ab562), similar to Sampey et al. (Sampey et al., 2011). All histological sections
were digitally scanned on the Aperio ScanScope CS Ultra-Resolution Digital Scanner and
analyzed by ScanScope Image Analysis Toolbox software (Aperio Inc., Vista, CA).
Representative images for adipose tissue from each treatment group were selected. To
determine the inflammatory state of the adipose tissue, ten randomly selected 10× fields per
study animal were quantified for number of crown-like structures and inflammatory loci
including F4/80+ macrophage staining. N=4-7 mice per group.

Statistical Analysis
Data are shown as means ± SEM. Analysis was performed using two-way analysis of
variance (ANOVA). Post hoc comparisons were made with the Tukey post hoc test using
JMP (SAS Institute, Cary, NC) and significant interactions are described. P < 0.05 was
considered significant.

RESULTS
Single and episodic binge and burn injury drive inflammation in adipose tissue

In our previous work, we demonstrated that serum IL-6 was higher at 24 hours after
combined ethanol exposure and 15% total body surface area scald compared to either insult
alone (Bird et al., 2010b). To determine if adipose tissue might contribute to the elevated
systemic inflammation seen after ethanol and burn injury, we examined the expression of
IL-6 and other inflammatory mediators in adipose tissue. As shown in Figure 1A, IL-6
mRNA levels were not altered by ethanol exposure alone and increased 4-fold with burn
injury compared to sham mice. IL-6 mRNA was significantly upregulated after the
combined insult when compared to all other groups (P<0.001). Likewise, the adipose tissue
level of IL-6 protein was unchanged after ethanol exposure alone, and was 6-fold higher in
adipose tissue from burn vehicle mice compared to sham mice (Figure 1B). Ethanol
exposure doubled the burn-induced elevation in adipose IL-6 protein (Figure 1B, P<0.05
burn ethanol vs. sham groups).

Further studies were conducted to determine if a more severe alcohol exposure paradigm,
such as a multi-day episodic binge prior to burn would drive adipose inflammation when
compared to a single binge followed by burn. To accomplish this, mice were given ethanol
(or saline) for 3 days, rested 2-4 days, and exposed again for 3 days prior to burn or sham
injury. Ethanol alone did not modulate IL-6 mRNA or protein expression (Figures 1C and
D). After episodic binge ethanol exposure and burn, adipose tissue IL-6 mRNA levels were
18-, 42- and 12-fold higher than sham vehicle, sham alcohol and burn vehicle, respectively,
(Figure 1C, P<0.001 all groups versus burn ethanol). Significant interactions existed
between burn and ethanol in single binge treatment and in episodic binge for IL-6 mRNA
expressions. No significant interactions were found in single and episodic binge for IL-6
protein expression. Moreover, adipose levels of IL-6 protein reached 110 pg/mg, a value
which is approximately 2 times that of burn alone and 8-fold that of sham groups (Figure
1D, P<0.05). Of note, IL-6 protein levels in adipose tissue were 3 times greater in tissue
obtained from episodic binge and burn injury mice compared to tissue from mice exposed to
a single binge and burn (Figure 1B compared to Figure 1D).
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The presence of neutrophils in adipose tissue after either ethanol exposure or burn injury
alone, or the combined insult was investigated, as was previously observed in gut and lung
(Bird et al., 2010b, Li et al., 2011). Like IL-6, levels of the neutrophil chemokine KC were
not increased after a single binge ethanol exposure, however, burn alone (in the absence of
ethanol exposure) elevated KC mRNA and protein by approximately 5-fold, although this
did not reach significance (Figures 2A and B). A statistically significant interaction between
single binge and burn existed in the mRNA expression of KC (p<0.05), but this was lost at
the protein level. Combined binge ethanol and burn exposure significantly elevated
expression of KC 8-fold at the mRNA level compared to all other groups (Figure 2A,
P<0.01), while ethanol plus burn increased KC protein levels 50% over burn alone (Figure
2B, P<0.05 versus sham groups). Based upon elevations in neutrophil chemokine, we next
examined if there was neutrophil infiltration into adipose tissue in response to ethanol
exposure and burn injury by measuring expression of elastase, an enzyme enriched in
neutrophils and demonstrated to correlate with neutrophil infiltration into adipose (Talukdar
et al., 2012). There were no significant changes in adipose tissue mRNA levels of neutrophil
elastase following any treatment (Figure 2C). Although burn elevated KC mRNA levels
compared to sham in episodic binge treatment, there were no statistically significant
alterations between groups (Figure 2D). In contrast, while adipose tissue KC protein levels
were not altered by ethanol alone, KC protein levels were nearly 4 times higher after burn
alone compared to sham ethanol mice and were elevated 4-fold in ethanol plus burn injured
mice compared to both sham groups (P<0.05, Figure 2E). There were no statistically
significant interactions between burn and episodic binge in KC mRNA or protein
expression. Relative to sham vehicle mice, mRNA levels of elastase were not significantly
elevated after episodic binge exposure (Figure 2F). Burn alone was not different than sham
vehicle, but was reduced to 40% the level of sham episodic binge (Figure 2F, P<0.05).
However, episodic binge ethanol and burn injury dramatically blunted elastase expression
83% compared to sham vehicle (P<0.01) or by 89% versus sham ethanol treated mice
(P<0.001, Figure 2F). This latter observation in episodic binge exposure differs from the
adipose response to single ethanol exposure with and without injury where no significant
differences were detected (Figures 2C and 2F). No interaction was found in elastase mRNA
expression in single binge, but there was a significant interaction (p<0.05) between burn and
ethanol in episodic binge.

Macrophage infiltration is evident in adipose tissue after episodic binge exposure and
burn injury

We next sought to examine if macrophages were responsible for the observed elevations in
adipose IL-6 levels by investigating the degree of macrophage infiltration into adipose tissue
after episodic binge ethanol exposure and burn injury. We and others have demonstrated that
the formation of crown-like structures is a well-documented measure of adipose tissue
inflammation that correlates with insulin resistance (Sampey et al., 2011, Kang et al., 2007,
Johnson, 2012). Immunohistochemical (IHC) analysis was used to quantitate the number of
F4/80-positive (F4/80+) crown-like structures. Representative images are shown in Figure
3A. No crown-like structures were detected in sham vehicle mice (Figure 3B). Mice exposed
to ethanol or burn injury alone had detectable crown-like structures, but these measures did
not reach statistical significance compared to sham vehicle mice (Figures 3B). However, the
combined injury of episodic ethanol exposure and burn yielded a significant 2.5-and 4-fold
increase in the crown-like structures compared to sham episodic binge, and burn vehicle,
respectively (Figure 3B, P<0.01 both vehicle groups vs. burn ethanol, P<0.05 sham ethanol
vs. burn ethanol). Sham ethanol treated adipose samples displayed an 8-fold elevation in
F4/80+ inflammatory loci compared to sham vehicle (Figure 3C, P<0.05). There was a
significant 12-fold increase in inflammatory loci in adipose tissue from burn vehicle, and a
16-fold increase from episodic binge and burn mice, over that of sham vehicle mice (Figure
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3C, P<0.01 sham vehicle vs. burn vehicle and P<0.001 sham vehicle vs. burn ethanol). No
interaction between burn and ethanol was found in episodic binge with the numbers of
crown-like structures or inflammatory loci.

The expression of monocyte chemokine MCP-1 was next examined because it is a pro-
inflammatory mediator demonstrated to be necessary and sufficient to drive macrophage
infiltration into adipose tissue and induce crown-like structure formation (Johnson, 2012). In
the absence of burn injury, mRNA and protein levels of MCP-1 were not altered by single
binge ethanol alone (Figures 4A and B). The ethanol plus burn group displayed significant
5-fold increases in MCP-1 mRNA expression compared to both vehicle groups (Figure 4A,
P<0.05). Burn injury alone doubled MCP-1 protein content in adipose versus sham vehicle
(Figure 4B). MCP-1 protein was significantly increased in ethanol plus burn injured mice
compared to sham treated groups (Figure 4B, P<0.01 sham vehicle versus burn ethanol,
P<0.05 sham ethanol versus burn ethanol). Adiponectin is an anti-inflammatory adipokine
that promotes insulin sensitivity (Johnson, 2012). Nagy et al. demonstrated down regulation
of adiponectin mRNA associated with chronic ethanol-induced adipose inflammation (Kang
et al., 2007). Single binge and burn significantly blunted adiponectin mRNA expression by
75% (Figure 4C, sham vehicle (P<0.001) or burn vehicle (P<0.05 vs. burn ethanol).
Episodic binge did not change MCP-1 mRNA expression in mice, nor were levels
significantly upregulated after burn (Figures 4D). MCP-1 protein levels were elevated more
than 2-fold in mice exposed to episodic binge plus burn injury versus sham vehicle controls,
although this increase was not statistically significant (Figure 4E). Importantly, MCP-1
protein levels were nearly 3 times as high in adipose tissue obtained from mice with episodic
binge alcohol exposure prior to burn relative to single ethanol exposure plus burn injury
(Figure 4B compared to Figure 4E). Episodic binge did not modulate adiponectin levels
(Figure 4F). No significant interactions between burn and ethanol were found in MCP-1 or
adiponectin mRNA or protein expression with single or episodic binge treatment.

Protein levels of other pro-inflammatory (TNFα, IL-1β) or anti-inflammatory (IL-10)
cytokines were not significantly different between each treatment group in single binge and
burn studies (Figure 5 A-C). Interestingly, inducible nitric oxide synthases (iNOS) mRNA
was not altered by ethanol exposure alone, but was significantly suppressed by 75% in both
burn groups when compared to respective sham treated groups with greatest attenuation due
to the combination of ethanol and burn (Figure 5D, P<0.001 burn treated groups vs. sham
treated groups). Episodic binge followed by burn did not significantly change protein levels
of TNFα, IL-1β and IL-10 (Figures 5 E- G). Similar to acute binge exposure and burn injury,
the adipose iNOS mRNA level was not significantly altered by episodic ethanol, and was
reduced by burn injury regardless of ethanol exposure. Compared to sham ethanol, burn
ethanol iNOS mRNA was blunted 54% (Figure 5H, P<0.05). There were no significant
interactions between burn and ethanol in any of the cytokines with single or episodic binge
treatment.

DISCUSSION
Half of burn patients admitted to the hospital consumed alcohol prior to sustaining their
injuries (Albright et al., 2009, Nelson and Kolls, 2002, Thai et al., 1985) . The vast majority
of inebriated burn patients are not chronic alcohol abusers, but rather binge drinkers. Recent
evidence suggests that binge drinking is on the rise with 1 in 6 Americans reporting an
average of four binge drinking episodes per month. Thus, gaining a better understanding
about the effects of episodic binge alcohol exposure on post burn morbidity and mortality is
of immediate public health relevance. Burn injury induces dramatic insulin resistance,
hyperlipidemia, and hyperglycemia, contributing to elevated morbidity and mortality (Bonab
et al., 2010, Carter et al., 2004). Ethanol exacerbates burn-induced inflammation and impairs
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the immune response, thus increasing a patient's susceptibility to infection (Bird and
Kovacs, 2008).

Previous work by our lab has demonstrated that IL-6 is elevated in serum, lungs and gut of
animals exposed to ethanol and burn (Zahs et al., 2013, Chen et al., 2013, Li et al., 2011).
We provide evidence herein that cytokines and chemokines are also elevated in adipose
tissue suggesting that this tissue may be an additional source of circulating inflammatory
mediators. Adipose tissue plays a critical role in maintaining systemic metabolic
homeostasis, and adipose inflammation leads to metabolic dysregulation characterized by
insulin resistance, hyperlipidemia and hyperglycemia – all of which commonly occur in
burn patients. We set out to examine the role of adipose inflammation in response to the
combined insult of ethanol exposure and burn injury. We have demonstrated that mice
singly or episodically exposed to ethanol alone did not mount a dramatic inflammatory
response in adipose tissue in the absence of a secondary insult such as burn. However, in
mice administered a single ethanol binge and burn injury, there was a dramatic elevation in
the pro-inflammatory response in adipose tissue indicated by elevations of cytokine and
chemokines IL-6, KC, and MCP-1, along with a blunting of adiponectin, an anti-
inflammatory adipokine. IL-6 is primarily secreted by macrophages and T cells to stimulate
the immune response, e.g. during infection and after burn (Bird and Kovacs, 2008), and
elevated serum IL-6 in injured patients is correlated with negative outcomes (Biffl et al.,
1996). While we detected elevations in KC, we found that there was no change in neutrophil
elastase in adipose tissue after single binge ethanol exposure, burn injury, or the combined
insults. It is likely that 24 hours post-injury may not be the correct time point for the
neutrophil composition of adipose to be dramatically regulated, unlike the neutrophil
response in lung, skin, or gut. Furthermore, Nagy et al. reported down regulation of the anti-
inflammatory adipokine adiponectin in chronic ethanol-induced adipose inflammation, while
Xu et al. showed that increasing adiponectin improves alcoholic fatty liver disease (Kang et
al., 2007, Xu et al., 2003). We demonstrate dramatic blunting of adiponectin after single
binge and burn, which may aid in driving the pro-inflammatory milieu. Finally, iNOS was
down-regulated by single binge ethanol and burn injury. Interestingly, Syapin et al. have
demonstrated that iNOS is inhibited by ethanol in glial cells (Sanchez et al., 2007). In other
tissues, burn has been shown to elevate iNOS expression or have no effect (Oppeltz et al.,
2012, Babcock et al., 2012). Hence, iNOS regulation by ethanol and burn in adipose needs
further investigation. Taken together, our data support the findings that adipose tissue may
be a source of some circulating cytokines after single binge ethanol and burn injury.

Binge drinking is not usually a single acute event; binge drinkers tend to consume alcohol in
multiple binge episodes. Using an episodic binge model, we demonstrated that burn-induced
inflammation was markedly elevated in mice given multiple exposures to binge levels of
ethanol and that this occurred to a greater extent than following a single binge exposure.
Similar to single binge, after episodic binge and subsequent burn, IL-6 and KC were
elevated compared to either insult alone or sham vehicle controls. Despite elevations in KC
protein in combined injury, neutrophil elastase mRNA level was dramatically reduced in
burn ethanol groups relative to either insult alone. This was a surprising finding because
other insults such as a 3 day exposure to high fat diet have been shown to induce neutrophil
infiltration into adipose tissue (Elgazar-Carmon et al., 2008, Talukdar et al., 2012), which
persisted for up to 90 days (Talukdar et al., 2012). Perhaps a more detailed study of episodic
binge and burn injury over a time course might capture neutrophil infiltration in response to
high levels of KC. Even with dramatic increases in IL-6, KC, and MCP-1 associated with
episodic binge ethanol exposure, iNOS was blunted similar to a single binge. It is evident
that while some production of pro-inflammatory cytokines or chemokines occurs in response
to burn and ethanol, some immunosuppression is concurrent. Future studies will include
examining the role of IL-6 in adipose inflammation as it has been shown to be both pro-
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inflammatory and anti-inflammatory in binge and burn injured animals, and may mediate
some of the divergent effects demonstrated.

Finally, we report for the first time that F4/80+ macrophages were detected in adipose
crown-like structures and inflammatory loci resulting from episodic binge ethanol exposure
and burn injury, likely due to elevations in MCP-1. MCP-1 and its receptor CCR2 have been
shown to mediate macrophage infiltration into adipose tissue in response to obesity
(Johnson, 2012), and these infiltrating macrophages often surround dying adipocytes
forming crown-like structures (Johnson, 2012). Kang et al. have demonstrated infiltration of
macrophages and production of pro-inflammatory cytokines, IL-6, MCP-1and TNFα, in
adipose tissue after chronic ethanol exposure for 4 weeks (Kang et al., 2007). Our data
demonstrate that macrophage infiltration occurs within days after burn and ethanol
exposure.

From our studies it is evident that burn injury primarily drives inflammation in adipose
tissue, and ethanol exposure prior to burn potentiates this response. The dramatic increase in
magnitude of response between single and episodic binge exposure suggests that the driving
factor in the inflammatory response is the frequency of the ethanol exposure, since the burn
injury and time of sacrifice is identical in each group. Our findings support the relevance of
adipose inflammatory response to ethanol and burn insult that warrants further investigation.
Like ethanol, obesity is also associated with a prolonged increase in pro-inflammatory
mediators, such as IL-6 and MCP-1, an impaired immune response, and an increased
susceptibility to bacterial infection (Johnson, 2012, Milner and Beck, 2012). Work from our
group and others over the past decade has linked adipose inflammation to obesity and
insulin resistance (Johnson, 2012, Sampey, 2012, Sampey et al., 2011).

One mechanism linking both obesity-induced inflammation and ethanol exposure that could
drive insulin resistance is an increase in gut permeability, resulting in bacterial translocation
into tissues to induce both organ-specific and systemic inflammation. We have previously
reported on increased gut permeability and bacterial translocation in ethanol and burn
models (Zahs et al., 2013, Rendon et al., 2013, Zahs et al., 2012, Kavanaugh et al., 2005). In
humans and murine models, elevated morbidity and mortality result after burn injury due to
inflammation secondary to intestinal permeability and septicemia (Zahs et al., 2013, Zahs et
al., 2012, Magnotti and Deitch, 2005, Kavanaugh et al., 2005, Messingham et al., 2002),
which is often followed by an exaggerated alcohol-induced suppression of immune function
through a lower delayed-type hypersensitivity (DTH) response and blunted lymphocyte
proliferation (Messingham et al., 2002, Choudhry et al., 2000, Messingham et al., 2000,
Faunce et al., 1998). At 6 and 24 hours post ethanol plus burn injury, gut permeability is
compromised, which could account for elevated leukocyte infiltration, and IL-1β and IL-6 in
mice exposed to ethanol then burn as compared to either insult alone (Zahs et al., 2013, Zahs
et al., 2012). Gut bacteria also regulate obesity susceptibility and systemic inflammation in
response to high fat diet (Turnbaugh et al., 2006). Additionally, we have previously
demonstrated the dependence of toll-like receptor 4 (TLR4, but not TLR2) in ethanol and
burn-induced lung pathology and pro-inflammatory response (Bird et al., 2010b). TLR4 has
also been shown to be necessary for obesity-induced inflammation (Shi et al., 2006).
Elevated gut permeability and bacterial translocation after the combined insult of ethanol
and burn may be responsible for the rise in lipopolysaccharide (LPS, endotoxin) burden and
a TLR4 dependent inflammatory response in adipose, similar to obesity.

A second mechanism regulating ethanol and burn-induced alterations in adipose
inflammation is lipolysis and adipocyte apoptosis, which would release free fatty acids into
the local microenvironment and circulation. In humans, chronic alcohol use correlated with
reduced fat mass (Addolorato et al., 1997). Burn injury also results in loss of fat mass
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through apoptotic cell loss (Yasuhara et al., 2006). Duffy et al. (2009) demonstrated that
insulin and glucose are elevated in patients post-burn compared to healthy controls, with
burn-induced increases in cytokine release from adipose tissue macrophages and circulating
monocytes, which could interfere with insulin signaling (Duffy et al., 2009). In rodents,
single binge and burn drive a transient microvesicular steatosis, while chronic alcohol
exposure also leads to reduced fat mass and adipocyte size, along with an increase in
hepatosteatosis and induction of systemic insulin resistance (Zhong et al., 2012, Emanuele et
al., 2009). It has been shown that alcohol-driven lipolysis is not catecholamine-mediated
(Kang and Nagy, 2006). Ethanol has been shown to increase levels of phosphatase and
tensin homolog (PTEN) and suppressor of cytokine signaling (SOCS3), which are important
negative regulators of insulin signaling in both liver and adipose and can lead to elevated
lipolysis and cytotoxicity (Zhong et al., 2012, Shulga et al., 2005). It is possible that
saturated free fatty acids liberated by lipolysis, which are known to signal through TLRs
during obesity-induced inflammation and insulin resistance (Suganami et al., 2007), may
mediate a pro-inflammatory response after ethanol and burn exposure. Additionally,
reduction in fat mass through apoptosis or lipolysis contributes to reduced insulin sensitivity
because fat is redistributed from adipose to other metabolically sensitive tissues, such as the
liver where hepatosteatosis ensues (Johnson, 2012). Liver IL-6 and other pro-inflammatory
mediators increase with ethanol and/or burn exposure (Colantoni et al., 2000, Li et al.,
2011). Emanuele et al. demonstrated single and/or combined injury increased hepatic
ICAM-1, IL-1β, TNFα, and nuclear NF-KB (Emanuele et al., 2007) which can lead to
insulin resistance. Indeed, we have previously reported that insulin administration to rodents
after ethanol and burn, improves liver inflammation and microvesicular steatosis,
demonstrating further evidence of links between metabolic homeostasis and inflammatory
response (Emanuele et al., 2007).

Finally, a third mechanism linking ethanol intake to exacerbated inflammation is oxidative
stress resulting from alcohol metabolism. Besides alcohol dehydrogenase (ADH), ethanol
can also be metabolized through the microsomal ethanol oxidizing system (MEOS) by
cytochrome P4502E1 (CYP2E1), which has been shown to lead to increased oxidative stress
(Nagy, 2004). CYP2E1 is mainly expressed in the liver, but also found in the white adipose
tissues (Tang et al., 2012). Sebastian et al. demonstrated that CYP2E1 protein levels in
adipose tissue were increased after chronic ethanol feeding (Sebastian et al., 2011). In our
study, we failed to find a significant increase in mRNA or protein expression of CYP2E1 in
adipose tissue of episodic binge, burned mice, or the combined exposure (data not shown).
This may due to the type or length of exposure, as our treatment was shorter with either a
one-dose single binge or episodic binge constituting a total of 6 days of ethanol exposure.

Taken together, we report for the first time that there is an inflammatory response in adipose
tissue after the combined insult of ethanol and burn injury, and that this response is
augmented after episodic binge relative to a single ethanol exposure. While binge drinking
leads to unintentional injuries such as falls, crashes and burns, it may also lead to more
insidious tissue inflammation as a co-morbidity with obesity leading to insulin resistance.
Future studies in lean versus obese rodents could yield further mechanistic insight into burn
and ethanol-induced effects on local and systemic inflammation.
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Figure 1. Interleukin-6 (IL-6) levels increase after single and episodic binge ethanol exposure
and burn injury
Mice received single binge (A-B), episodic binge (C-D), or vehicle control. Thirty minutes
after ethanol, mice were either subjected to burn or sham injury, sacrificed 24 hours later,
and adipose tissue was isolated, as described in methods. A. IL-6 mRNA was measured by
quantitative (q)PCR and normalized to 18S. N=16, 16, 18 and 19 for sham vehicle, sham
ethanol, burn vehicle and burn ethanol, respectively. There was a significant interaction
between burn and ethanol (p<0.05). *** P<0.001 versus (vs.) all groups. B. Whole adipose
tissue was homogenized and IL-6 protein levels were determined and normalized to the total
amount of protein in the homogenate. N=4, 3, 5 and 5 for sham vehicle, sham ethanol, burn
vehicle and burn ethanol, respectively. No significant interaction was found between burn
and ethanol. *P<0.05 vs. sham groups. C. After episodic binge and burn, IL-6 mRNA was
measured by qPCR and normalized to 18S. N=7, 4, 7 and 10 for sham vehicle, sham ethanol,
burn vehicle and burn ethanol, respectively. There was a significant interaction between
burn and ethanol (p<0.05). ***P<0.001 vs. all groups. D. IL-6 protein levels were detected
after episodic binge in adipose tissue and were normalized to total protein as above. N=7, 5,
12 and 10 for sham vehicle, sham ethanol, burn vehicle and burn ethanol, respectively.
There was no significant interaction between burn and ethanol in episodic binge
treatment.*P<0.05 vs. sham groups.
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Figure 2. Adipose expression of neutrophil chemokine KC after single and episodic binge ethanol
and burn injury
Mice received single (A-C) or episodic binge (D-F), or vehicle control and burn, as
described above. A. Adipose tissue KC mRNA levels were measured by qPCR and
normalized to 18S. N=20, 20, 27 and 21 for sham vehicle, sham ethanol, burn vehicle and
burn ethanol, respectively. There was a significant interaction between burn and ethanol
(p<0.05). ** P<0.01 vs. all other groups. B. Whole adipose tissue homogenate levels of KC
protein were determined and normalized to the total protein. N=4, 3, 5 and 4 for sham
vehicle, sham ethanol, burn vehicle and burn ethanol, respectively. No significant interaction
was found between burn and ethanol. * P<0.05 vs. sham groups. C. Neutrophil elastase
mRNA level was quantified by qPCR in adipose tissue and normalized to 18S. N=12, 11, 16
and 15 for sham vehicle, sham ethanol, burn vehicle and burn ethanol, respectively. There
was no significant interaction between burn and ethanol. D. After episodic binge and burn,
adipose tissue KC mRNA levels were measured by qPCR and normalized to 18S. N=6, 4, 7
and 8 for sham vehicle, sham ethanol, burn vehicle and burn ethanol, respectively. E. Whole
adipose tissue KC protein levels were determined and normalized to total protein. N=7, 5, 12
and 10 for sham vehicle, sham ethanol, burn vehicle and burn ethanol, respectively. There
was no interaction between burn and ethanol (p<0.05) in episodic binge treatment. *P<0.05
vs. sham vehicle. ^P<0.05 vs. sham ethanol group. F. Neutrophil marker elastase mRNA
level was quantified after episodic binge or burn by qPCR in adipose tissue. N=7, 4, 7 and
13 for sham vehicle, sham ethanol, burn vehicle and burn ethanol, respectively. There was a
significant interaction between burn and ethanol (p<0.05). *P<0.05 vs. sham ethanol.
**P<0.001 vs. sham vehicle. ***P<0.001 vs. sham ethanol.

Qin et al. Page 14

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Episodic binge ethanol and burn injury drives crown like structure formation
A. Representative immunohistochemical images of macrophage marker F4/80-positive
staining in adipose tissue from vehicle, episodic binge, sham or burn injured mice (10X, N=
4,5, 5 and 7 for sham vehicle, sham ethanol, burn vehicle and burn ethanol, respectively).
Inflammatory loci (arrow) and crown like structure (*, and inset) are indicated. Ten
randomly selected 10× fields were assessed for F4/80+ crown like structures (B, P<0.01 vs.
both vehicle groups, P<0.05 vs. sham ethanol) and inflammatory loci (C, *P<0.05, **
P<0.01, ***P<0.001 vs. sham vehicle mice and ^ P<0.05 vs. sham ethanol). No significant
interaction was found between burn and ethanol.
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Figure 4. Adipose chemokine levels of monocyte chemotactic protein-1 (MCP-1) and adiponectin
were inversely regulated after single and episodic binge ethanol and burn injury
Mice received single (A-C) or episodic binge (D-F), or vehicle control and burn. A. Adipose
tissue MCP-1 and 18S mRNA levels were measured. N=16, 16, 20 and 19 for sham vehicle,
sham ethanol, burn vehicle and burn ethanol, respectively. * P<0.05 vs. vehicle. B. MCP-1
protein levels were examined and normalized to total protein. N=4, 3, 3 and 4 for sham
vehicle, sham ethanol, burn vehicle and burn ethanol, respectively. *P<0.05 vs. sham
ethanol, **P<0.01 vs. sham vehicle. C. Adipose tissue adiponectin and 18S mRNA levels
were measured. N=8, 8, 9 and 8 for sham vehicle, sham ethanol, burn vehicle and burn
ethanol, respectively. *P<0.05 vs. burn vehicle, ***P<0.001 vs. sham vehicle. D. In adipose
tissue from mice exposed to episodic binge or burn, MCP-1 and 18S mRNA levels were
measured. N=6, 4, 6 and 13 for sham vehicle, sham ethanol, burn vehicle and burn ethanol,
respectively. E. MCP-1 protein was normalized to the total amount of protein lysate. N=7, 4,
12 and 11 for sham vehicle, sham ethanol, burn vehicle and burn ethanol, respectively. F.
After episodic binge, adipose tissue adiponectin and 18S mRNA levels were measured. N=7,
4, 7 and 14 for sham vehicle, sham ethanol, burn vehicle and burn ethanol, respectively. No
significant interactions between burn and ethanol were found with single or episodic binge
treatment for MCP-1 and adiponectin levels.
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Figure 5. Single and episodic binge followed by burn injury failed to upregulate pro-
inflammatory mediators
Mice received single (A-D) or episodic binge (E-H), or vehicle control and burn. A-C.
Adipose tissue TNFα, IL-1β, or IL-10 was measured and normalized to total protein. N=4,
3, 5 and 5 for sham vehicle, sham ethanol, burn vehicle and burn ethanol, respectively. D.
Adipose tissue iNOS mRNA level was measured by qPCR . N=12, 12, 15 and 15 for sham
vehicle, sham ethanol, burn vehicle and burn ethanol, respectively. ***P<0.001 vs. sham
groups. ^^^P<0.001 vs. sham groups. E-G. After episodic binge and burn, adipose tissue
levels of TNFα, IL-1β, or IL-10 were measured and normalized to total protein. N=6, 5, 12
and 11 for sham vehicle, sham ethanol, burn vehicle and burn ethanol, respectively. H.
Adipose tissue iNOS mRNA level was measured after episodic binge by qPCR as above.
N=7, 4, 7 and 13 for sham vehicle, sham ethanol, burn vehicle and burn ethanol,
respectively. *P<0.05 vs. sham ethanol. There were no significant interactions between burn
and ethanol detected.
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