
Episodic Binge Ethanol Exposure Impairs Murine Macrophage
Infiltration and Delays Wound Closure by Promoting Defects in
Early Innate Immune Responses

Brenda J. Curtis, PhD*,5,6, Sara Hlavin, MS*,1,2,4,6, Aleah L. Brubaker, PhD2,3,6, Elizabeth J.
Kovacs, PhD1,2,3,5,6, and Katherine A. Radek, PhD1,2,4,5,6

1Department of Microbiology and Immunology, The Burn and Shock Trauma Research Institute
Loyola University Chicago, Health Sciences Division, Maywood, IL 60153

2Integrative Cell Biology Program, The Burn and Shock Trauma Research Institute Loyola
University Chicago, Health Sciences Division, Maywood, IL 60153

3Stritch School of Medicine, The Burn and Shock Trauma Research Institute Loyola University
Chicago, Health Sciences Division, Maywood, IL 60153

4Infectious Disease and Immunology Research Institute, The Burn and Shock Trauma Research
Institute Loyola University Chicago, Health Sciences Division, Maywood, IL 60153

5Alcohol Research Program, The Burn and Shock Trauma Research Institute Loyola University
Chicago, Health Sciences Division, Maywood, IL 60153

6Department of Surgery, The Burn and Shock Trauma Research Institute Loyola University
Chicago, Health Sciences Division, Maywood, IL 60153

Abstract

Background—Exacerbation of cutaneous wound infections and delayed wound closure are

frequent complications seen in alcohol exposed subjects who sustain injuries. We previously

reported that acute alcohol exposure alters the early dermal inflammatory phase of wound healing

and also several parameters of the proliferative wound healing phase in wounds from ethanol-

treated mice for several days or weeks after ethanol exposure. Hence, it is likely that the

cumulative defects arising in the early phases of the wound healing process directly contribute to

the increased complications observed in intoxicated patients at the time of injury.

Methods—C57BL/6 mice were given intraperitoneal ethanol (2.2g/kg body weight) or vehicle

(saline) ethanol using our episodic binge ethanol exposure protocol (3 days ethanol, 4 days off, 3

days ethanol) to yield a blood alcohol concentration (B.A.C.) of 300 mg/dl at the time of

wounding. Mice were subjected to six 3 mm full-thickness dorsal wounds and immediately treated

topically with 10 μl of sterile saline (control) or diluted Staphylococcusaureus corresponding to 1

× 10^4 CFU/wound. Wounds were harvested at 24 hours post-injury to evaluate wound area,

neutrophil and macrophage accumulation, and the protein levels of cytokines, interleukin (IL)
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IL-6, IL-1β, IL-6, and IL-10, and chemokines, macrophage inflammatory proteins (MIP), MIP-2

and MIP-1α, monocyte chemotactic protein-1 (MCP-1) and KC. The abundance and localization

of cathelicidin-related antimicrobial peptide (CRAMP) and the kallikrein epidermal proteases

(KLK5 and KLK7) were also determined.

Results—Compared to control mice, ethanol-treated mice exhibited delayed wound closure,

decreased macrophage accumulation and impaired production of MIP-1α. Furthermore, skin from

ethanol-treated mice demonstrated a reduction in the abundance of epidermal CRAMP and KLK7.

Conclusion—These findings suggest that ethanol exposure hinders several distinct components

of the innate immune response, including phagocyte recruitment and chemokine/cytokine and

AMP production. Together, these effects likely contribute to delayed wound closure and enhanced

infection severity observed in intoxicated patients.
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Introduction

In the United States, alcohol dependence and/or abuse affects an estimated 20-40% of

hospitalized patients (Smothers et al., 2004, Gerke et al., 1997), and is an independent

predictor of developing Hospital Associated Infections (HAI) (de Wit et al., 2012). Surgical

site-infections (SSI) are a subset of HAI. SSI patients are more likely to need intensive care

admission, are hospitalized for twice as long, have a higher rate of re-admission, and are

twice as likely to die when compared to patients who do not sustain an SSI (Kirkland et al.,

1999). Alcohol-abusing patients are 2.73 times more likely to develop SSIs (de Wit et al.,

2012). Alcohol abuse has also been correlated with increased post-operative and cardiac

complications (Bradley et al., 2011), as well as an average of 2.4 days longer length of

hospital stay (de Wit et al., 2012). The need for improved post-operative wound care is

critical, since an estimated 38 million surgical procedures were expected in the United States

in 2012 (Surgery, 2008). Experimental models have demonstrated that a single ethanol

exposure can have negative effects on tissue repair, including a dampened inflammatory

response and impaired endothelial cell signaling necessary for vascular regeneration (Radek

et al., 2005, Radek et al., 2007, Fitzgerald et al., 2007), that likely contribute to the observed

delay in wound repair responses and morbidity in trauma patients (reviewed in (Radek et al.,

2009)).

Binge alcohol consumption is a drinking pattern that results in extremely intoxicating blood

alcohol concentrations (BACs) ranging from 300-500 mg/dl (Urso et al., 1981), and is

combined with repeated withdrawal phases (Lundqvist et al., 1995). Weekend binge

drinking by non-alcoholics is a commonly observed phenomenon in many cultures

(Lundquvist et al., 1995), and this drinking pattern confers the highest risk factor for injury

(Gmel et al., 2006). In America, the majority of binge drinkers consume alcohol an average

of four times per month (Naimi et al., 2003), making it important to understand how

repeated binge alcohol consumption, rather than a single acute dose, contributes to impaired

immunological responses in the context of injury or infection.
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Cutaneous wound healing is a dynamic process involving three overlapping phases:

inflammation, proliferation, and remodeling. The elaborate coordination of events requires

communication amongst multiple cell types and soluble factors, including cytokines and

chemokines, to stimulate immune cell infiltration, keratinocyte proliferation, angiogenesis,

and extracellular matrix renewal (Singer and Clark, 1999). Neutrophils and resident

macrophages are critical for tissue repair and the prevention and clearance of infection

during early wound healing (Leibovich and Ross, 1975). The inflammatory phase is

characterized by platelet, neutrophil, and monocyte infiltration into the wound bed. This

process is primarily mediated by coordinated waves of specific cytokine/chemokine

production and is critical for progression of wound healing. These cytokine/chemokine

waves initially begin with peaks of pro-inflammatory cytokines, including IL-6, IL-1β, and

TNFα, within minutes to hours after initial wounding, which coincides with peaks of

neutrophil and macrophage-specific chemokine production, including KC, MIP-2, MIP-1α,

and MCP-1. These factors first recruit neutrophils, followed by extravasation of monocytes,

which become activated to become macrophages by the specific cytokine/chemokine wound

milieu (Gillitzer and Goebeler, 2001). Macrophages help to control the wound cytokine

milieu by initially secreting pro-inflammatory cytokines (known as an M1 phenotype) and

later secreting anti-inflammatory cytokines (M2 phenotype). This programmed M1/M2

switch facilitates the progression into the proliferative phase of wound healing (Daley et al.,

2010). Compromised macrophage function or impaired tissue infiltration rates have been

correlated with a prolonged inflammatory phase, inadequate wound closure and deficient

restoration of normal cutaneous architecture (Mirza et al., 2009, Singer and Clark, 1999,

Leibovich and Ross, 1975). Moreover, dysregulated cytokine/chemokine production and

leukocyte recruitment has been associated with delayed wound closure, and was observed

following ethanol exposure in animal models (Fitzgerald et al., 2007, Radek et al., 2008).

Currently, the effect of ethanol on wound healing in the context of infection is unknown.

Antimicrobial peptides (AMPs) are a critical component of innate immunity. They are

typically small, cationic peptides produced by epithelia and innate immune cells, can be

induced by injury or pathogen attack. and serve a critical role during cutaneous wound

healing (reviewed in (Lai and Gallo, 2009)). AMPs directly combat microbes, initiate the

wound healing processes by activating innate immune cells, and contribute to the generation

and maintenance of the cutaneous permeability barrier. Impaired AMP activity can

exacerbate the severity of chronic or non-healing wounds by influencing host resistance to

infection (Nizet et al., 2001, Heilborn et al., 2003, Koczulla et al., 2003), wound closure

(Heilborn et al., 2003), angiogenesis (Koczulla et al., 2003) and matrix restoration (Park et

al., 2009), collectively demonstrating the significance of epidermal AMPs in the host

response to injury and infection.

Several AMPs, including cathelicidin, are initially translated into pro-proteins and

subsequently processed into smaller bioactive peptides by epidermal proteases. Such

proteases include two members of the kallikrein (KLK) family of serine proteases, stratum

corneum tryptic enzyme (SCTE/ KLK5) and stratum corneum chymotryptic protease

(SCCE/KLK7) (Morizane et al., 2010, Yamasaki et al., 2006). The active forms of

cathelicidin are human LL-37 and murine cathelicidin-related antimicrobial peptide

(CRAMP). Aside from pathogen attack, LL-37/CRAMP is chemotactic for peripheral blood
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monocytes, macrophages, and neutrophils (De et al., 2000, Agerberth et al., 2000),. LL-37/

CRAMP also has the capacity to activate phagocytes, mast cells, and epithelial cells (Scott

et al., 2002), induce macrophage chemokine production and chemokine receptor expression

(Scott et al., 2002), promotes adaptive immune responses (Kurosaka et al., 2005), alters

MCP-1 production in LPS stimulated cultured epithelial cells (Scott et al., 2002),and

promote angiogenesis (Koczulla et al., 2003), all of which are critical components of normal

cutaneous wound repair.

In this manuscript, our goal was to determine if the delayed tissue repair of an infected

cutaneous wound following ethanol exposure involves diminished AMP responses and

impaired leukocyte recruitment. Although alcohol exposure and wound healing have been

extensively studied independently, no investigations have directly evaluated the impact of

ethanol exposure on infected wound healing (Radek et al., 2005, Fitzgerald et al., 2007,

Radek et al., 2007), including ethanol-mediated defects in AMP production or leukocyte

recruitment. Since S. aureus is a major cause of nosocomial infections, including SSIs

(National Nosocomial Infections Surveillance, 2004), and since alcohol abusing patients are

more likely to sustain an SSI (de Wit et al., 2012), we utilized a murine model of episodic

binge ethanol exposure and excisional wounding with topical S. aureus infection. Our

studies demonstrate that ethanol exposure has multi-factorial effects on innate immune

responses, including altered macrophage infiltration kinetics, impaired production of the

macrophage chemoattractant MIP-1α, the pro-inflammatory cytokine, IL-1β, and the anti-

inflammatory cytokine, IL-10 and reduced production of the antimicrobial peptide CRAMP.

We also observed that ethanol-treated mice had decreased levels of KLK7 within the

epidermis, suggesting that ethanol exposure likely alters proteolytic processing of CRAMP

to contribute to delayed wound closure and decreased macrophage accumulation within the

wound bed.

Materials and Methods

Murine ethanol wound model

Eight week old, male C57BL/6 mice (Jackson Laboratories) were given 100μl ethanol (2.2

g/kg body weight) or vehicle (saline) by intraperitoneal injection using a well-documented

episodic binge ethanol exposure protocol (3 days ethanol, 4 days off (no ethanol), 3 days

ethanol), as previously described (Lauing et al., 2008). Thirty minutes after the last ethanol

(B.A.C. of 300 mg/dl) or saline administration, mice were anesthetized and shaved to allow

for six excisional, full-thickness dorsal wounds to be made using a 3mm biopsy punch

(Acuderm, Fort Lauderdale, FL) as previously described (Fitzgerald et al., 2007, Radek et

al., 2007, Radek et al., 2005). Staphylococcus aureus (Newman strain) was grown to an

optical density of 600nm corresponding to 1 × 10^8 CFU/ml and then diluted 1:100 in

tryptic soy broth. Immediately following excisional wounding, wounds were treated

topically with 10 μl of sterile saline (control) or diluted S. aureus corresponding to 1 × 10^4

CFU/wound. Mice from each group were either sacrificed immediately following wound

infection (to determine the baseline wound area) or were sacrificed 24 hours later. All

experiments were performed between 8 and 9 am to avoid confounding factors related to
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circadian rhythms. All animal protocols were approved by the Loyola University Chicago

Institutional Animal Care and Use Committee.

Determination of Blood Alcohol Content (BAC)

Whole blood was collected via cardiac puncture, incubated at room temperature for 20

minutes and then centrifuged at 3000 rpm at 4° C for 20 minutes. Serum was isolated and

BAC was measured using the GM7 Micro-Stat Analyzer (Analox, London, UK). All

animals had a B.A.C. of approximately 300 mg/dl at the time of injury.

Wound size quantification

To assess wound closure, the pelt was removed and photographs were taken with a mounted

Canon EOS Rebel XT camera. Using Photoshop, the number of pixels of each open wound

(n=6 per mouse) was measured and averaged for each mouse. Mice were sacrificed

immediately following wounding to obtain baseline wound size or were sacrificed 24 hours

after injury (n =18, saline, n=12 ethanol). The open wound area was calculated using the

formula: (# pixels open wound area at 24 hours) / (# pixels open wound area at baseline) *

100 = % open wound area. The experiment was performed twice and data is presented as

mean % open wound area +/- SEM. Statistical analyses were performed using Student's t-

test where p < 0.05 was considered significant.

Leukocyte quantification by IHF

Wound macrophages and neutrophils were quantified using a standard protocol for

sequential immunohistochemical analyses. Frozen sequential sections (6μm) were fixed in

4% paraformaldehyde for 15 minutes, washed, and then incubated with blocking solution

(10% bovine serum albumin (BSA)/3% normal goat serum in sterile phosphate buffered

saline (PBS)) for 1 hour. For neutrophil detection, sections were incubated with 1° rat

monoclonal anti-mouse-Gr-1 (Invitrogen, Carlsbad, CA) (1:200)) overnight at 4° C. Slides

were washed and then incubated with goat anti-rat-Alexa Fluor 488 2° antibody (Invitrogen,

Carlsbad, CA) (1:500) for 1 hour at room temperature. For macrophage detection, sections

were then washed with PBS and incubated with 1° antibody (biotinylated monoclonal anti-

mouse MOMA-2 (BMA Biomedicals (1:500)) for 1 hour, washed, and then incubated with

2° antibody (Streptavidin conjugated Alexa Fluor 495 (Invitrogen, Carlsbad, CA) (1:500).

Slides were washed, dried and mounted using VectaShield mounting media with 4′,6-

diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA). Fluorescent

microscopy was used at 40× magnification to count the number of positively stained

neutrophils and macrophages in ten high-powered fields along the wound edge.

Mean fluorescent intensity (MFI) of MOMA-2 positive cells

Moma-2+ cells from our leukocyte quantification experiments (Gr-1/Moma-2 sequential

IHF) were visualized using an Axiovert 200M fluorescence microscope and analyzed using

the Axiovision 8.1 program (Carl Zeiss Microscopy, Jena, Germany). The densitometric

mean of 10 Moma-2+ cells per section was determined as previously described (Karavitis et

al., 2008), (n = 4-7 mice per group). Data is reported as the MOMA-2 densitometric mean
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+/- SEM. Statistical analyses were performed using Student's t-test where p < 0.05 was

considered significant. Reported results are an average of 2 separate animal experiments.

Determination of cytokine and chemokine levels in skin wound homogenates

Wounds were individually homogenized in 1 ml of BioPlex cell lysis buffer and filtered,

according to the manufacturer's instructions (BioRad, Hercules, CA). Cytokine and

chemokine levels were determined using Enzyme linked immunosorbent assays (ELISA) for

MCP-1, KC, MIP1-α, and MIP-2 (R&D Systems, Minneapolis, MN), or BioPlex multiplex

bead array for IL-6, TNFα, IL-1β, and IL-10. Total protein was determined using the

Bradford-based BioRad protein assay (BioRad, Hercules, CA) and ELISA/BioPlex results

were normalized to total protein. Results were presented as the geometric mean cytokine/

chemokine level (picograms of cytokine/chemokine per milligram of total protein) with 95%

CIs. Experiments were performed twice, with a combined n= 12-17 mice per group.

Statistical analyses were performed using the Student's t-test where p < 0.05 was considered

significant.

Immunohistofluorescence (IHF) analysis of CRAMP, KLK5 and KLK7

6 μm thick frozen wound sections were analyzed. 1° rabbit anti-mouse CRAMP antibody

(Abcam, Cambridge, MA) was used with Alexafluor488-donkey-anti-rabbbit IgG 2°

antibody. 1° rabbit anti-human KLK5 or KLK7 antibodies (R&D Systems, Minneapolis,

MN) were used with 2° Cy3-goat anti-rabbit-IgG. Rabbit IgG was used as a negative

control. Slides were mounted with ProLong® Gold Antifade Reagent with DAPI

(Invitrogen, Carlsbad, CA). Photographs were taken at 20× using an Evos Digital Inverted

microscope and interpreted in a blinded manner. (n= 7-9 mice per group).

Results

We previously demonstrated that acute ethanol exposure delayed multiple components of

the inflammatory and proliferative phase of wound repair in the absence of wound infection

(Radek et al., 2007, Radek et al., 2005, Fitzgerald et al., 2007). In the current manuscript,

our first goal was to identify wound healing defects in a model of multi-day episodic binge

ethanol exposure (Lauing et al., 2008), in the presence of S. aureus wound infection. We

first determined if binge ethanol exposure prior to wound infection would result in more

prominent wounds after 24 hours compared to saline controls. We observed that wounds

from ethanol-treated mice were larger than vehicle-treated controls (Figure 1A), which

corresponded with a statistically significant increase in open wound area after 24 hours.

Wounds from saline-treated control mice had 54% open wound area, whereas wounds from

ethanol treated mice had 74% open wound area (Figure 1B).

Since we previously demonstrated that acute ethanol exposure impaired early stages of

normal cutaneous wound healing (Fitzgerald et al., 2007), we performed IHF on sequential

wound section to quantify the number of neutrophils and macrophages along the wound

margin (Figure 2A). We found no difference in the number of Gr1+ cells, suggesting that

episodic binge ethanol exposure did not alter neutrophil influx 24 hours after wound

infection (Figure 2B, C). However, we observed a 57% decrease (p< 0.05) in the number of
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MOMA-2+ cells, where an average of 118 MOMA-2+ cells/ 10 high power fields were

counted in saline treated control wounds compared to an average of 63 MOMA-2+ cells/10

high power fields in ethanol-treated mice (Figure 2B,D). To verify that the reduction in

MOMA-2+ cells was specifically due to decreased macrophage infiltration and not from

ethanol-induced down regulation of MOMA-2 expression on the cell surface, we determined

the MFI of MOMA-2+ cells and observed no statistical difference between groups (Figure

2E).

We next investigated whether ethanol exposure altered production of pro- and anti-

inflammatory cytokines, and neutrophil or macrophage-recruiting chemokines in infected

wounds. We observed similar levels of the potent neutrophil chemoattractants, MIP-2 and

KC, in both treatment groups (Figure 3A, B). This finding was not surprising, since ethanol

did not affect neutrophil accumulation in the wound bed. No difference in the production of

MCP-1 was observed (Figure 3C). In contrast, ethanol suppressed the production of MIP-1α
by 41% (p < 0.05) compared to saline-treated controls (Figure 3D). We observed that

infected wounds from ethanol treated animals had 43% less IL-6 (p=0.0978) (Figure 3E), a

53% reduction in IL-1β (p < 0.05) (Figure 3F), but no difference in TNFα levels was

observed (Figure 3G). Lastly, levels of the anti-inflammatory cytokine, IL-10 were reduced

by 43% (p < 0.05) in wounds from ethanol-treated animals. Together, these findings suggest

that ethanol treatment alters the cytokine/chemokine milieu in infected mouse wounds.

Since the observed decrease in pro-inflammatory cytokines and MIP-1α likely contributes to

reduced macrophage accumulation in the wound bed, we next elected to determine if other

factors with known roles in monocyte/macrophage chemotaxis were down-regulated by

ethanol exposure. To address this question, we performed IHF on wounds to determine if

episodic binge ethanol exposure suppressed CRAMP production. We found that compared

to saline-treated control mice, wounds from episodic binge ethanol-treated mice had

dramatically reduced levels of CRAMP in the epidermis (Figure 4A,B), suggesting that

ethanol exposure may impair keratinocyte production of CRAMP. Since we observed a

decrease in epidermal CRAMP production in wounds from ethanol treated mice, we next

determined if ethanol exposure altered the localization or abundance of two key epidermal

proteases involved in CRAMP processing into its bioactive form, which include KLK5 and

KLK7 (Ekholm et al., 2000). We observed that saline and ethanol-treated mice had similar

levels of KLK5 (Figure 4C,D). In contrast, ethanol-exposed mice exhibited a robust

reduction in the epidermal abundance of KLK7 (Figure 4E,F) compared to saline controls.

However, no changes in KLK5 or KLK7 localization were seen. These findings suggest that

the reduced abundance of epidermal CRAMP observed in ethanol-exposed mice may result

from impaired proteolytic processing by KLK7.

Discussion

Multiple components of the innate immune response could be affected by ethanol exposure

during wound infection, including leukocyte chemotaxis, cytokine production, bacterial

recognition, immune cell signaling, and AMP production. We report for the first time that

episodic binge ethanol exposure diminishes macrophage infiltration during early wound

repair, which parallels a reduction in IL-1β, MIP-1α, IL-10 and CRAMP. We previously
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demonstrated that a single dose of acute ethanol dampened neutrophil activation and

reduced the production of the neutrophil chemoattractants, MIP-2 and KC, as well as the

pro-inflammatory cytokine IL-1β within 12 hours following skin wounding (Fitzgerald et

al., 2007). Here, we demonstrate that in the context of wound infection, multiple days of

binge ethanol exposure appear to have more robust effect on macrophages, by altering

macrophage infiltration kinetics and the production of the macrophage chemoattractant,

MIP-1α, as well as reducing both pro- and anti-inflammatory cytokine production 24 hours

following post wound infection. Since we previously demonstrated that a single ethanol

exposure altered later phases of wound healing, including re-epithelialization (Day 2),

reduced collagen deposition (Day 7), and decreased wound vascularity (Days 7, 10, and 14)

(Radek et al., 2005), it is evident that the cumulative consequences of ethanol exposure on

wound repair are not transient. Thus, these alterations can promote wound complications

that may arise days after cutaneous injury, including wound infection.

During wound healing, impaired macrophage function and altered rates of macrophage

infiltration/duration have been correlated with a prolonged inflammatory phase, delayed

wound closure, and poor restoration of the extracellular matrix (Singer and Clark, 1999,

Mirza et al., 2009). We observed that infected wounds from ethanol-treated mice contained

53% fewer macrophages compared to saline-treated controls, which likely contributes to the

enlarged wound size in episodic binge ethanol-exposed mice. Ethanol exposure both

decreased pro-inflammatory cytokine (IL-1β) and CRAMP levels, which would presumably

reduce the efficacy of pathogen clearance. Human cathelicidin (LL-37) was previously

found to synergistically enhance the IL-1β-mediated induction of several cytokines in

human mononuclear cells, including IL-6 and IL-10 (Yu et al., 2007). These data suggest

that the reduction in epidermal CRAMP observed in our studies may synergistically

suppress IL-1β-mediated production of wound IL-6 and IL-10 by infiltrating macrophages

and neutrophils in our murine wound model by a complex mechanism that warrants further

investigation. In parallel, separate studies determined that IL-1β had the capacity to

stimulate both KC and MIP1α in keratinocyte and fibroblasts cell lines (Hu et al., 2010a),

while an IL-1β antagonist administered in vivo decreased the production of KC and MIP1α
in murine wounds (Hu et al., 2010b). These data further highlight the role of IL-1β as a

critical regulator of the sustained pro-inflammatory wound macrophage phenotype,

particularly in models of impaired wound healing (Mirza et al., 2013). In the current study,

we speculate that ethanol exposure prior to wounding decreases IL-1β production, which in

turn blocks the production of key cytokines and chemokines necessary for macrophage

recruitment and activation. This notion is supported by a recent study demonstrating that

ethanol dose-dependently suppressed the production of mature IL-1β induced by

inflammasome activators in macrophages (Nurmi et al., 2013), indicating a potential role for

an IL-1β antagonist as a therapeutic to reverse macrophage and innate immune dysfunction

in wounds sustained in intoxicated trauma patients.

In the present study, ethanol exposure prior to wounding also reduced IL-10 levels, which is

a key factor for progressing the wound healing process from the inflammatory to the

proliferative phase (Eming et al., 2007). Epidermal cells and infiltrating mononuclear cells

serve as a key source of IL-10 in wounds, which may contribute to the normal biphasic
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response of IL-10 at 24 and 72 hours post-wounding (Sato et al., 1999). This indicates a

regulatory function for IL-10 in the phase-specific recruitment of macrophages to the wound

bed, which is impaired in infected wounds following ethanol exposure.

Extravasation of monocytes from the circulation into an infected wound also requires

sufficient chemotactic signals. Thus, the observed reduction in both in MIP-1α and IL-1β is

a likely mechanism for the reduction in macrophages in wound from ethanol-exposed mice,

which would limit monocyte extravasation into the wound bed (Chavakis et al., 2009).

MIP-1α is also critical for promoting wound healing, as mice treated with anti-MIP-1α
neutralizing antiserum demonstrated delayed wound repair (DiPietro et al., 1998),

suggesting the reduced MIP-1α levels observed in infected mouse wounds from ethanol

treated animals directly contributes to the diminished macrophage accumulation within the

wound bed and delayed wound closure. Future studies will be necessary to characterize the

divergent mechanisms which specifically target wound macrophages following ethanol

exposure.

Many in vivo and in vitro model systems suggest that ethanol exposure generates a state of

oxidative stress via ethanol metabolism (El-Assal et al., 2004, Kurose et al., 1997).

Metabolites generated from the breakdown of ethanol induce tissue damage and can be

detrimental to wound healing, in part, through the production of reactive oxygen species

(ROS) (Molina et al., 2002, Shukla et al., 2001). However, in response to infection,

keratinocyte cells produce a substantial amount of ROS for direct pathogen killing. In the

stratum corneum of the epidermis, excessive oxidative stress caused by ROS production can

alter epidermal pH which disrupts the permeability barrier and increase the progression of

wound infection (Grange et al., 2009). A minor increase in skin pH can have several

deleterious effects by increasing serine protease activity, leading to degradation of

antimicrobial peptides, elevated cytokine activation, and impaired permeability and

antimicrobial barriers (reviewed in (Elias, 2005)). Epidermal pH may alter the activity of

KLK proteases, since activation of another epidermal chymotrypsin-like serine protease,

chymase, is inhibited by ROS in cultured NHEKs (Firth et al., 2008). Moreover, IL-1β
activation, which requires proteolytic processing of its biologically inactive precursor,

occurs through a pH-dependent increase in the serine protease activity of KLK7 in the

epidermis (Nylander-Lundqvist and Egelrud, 1997). Our current finding that ethanol

decreased KLK7 levels in the epidermis suggests one possible mechanism for the decrease

in IL-1β in infected wounds.

Kallikreins also regulate the physical and innate antimicrobial barriers in the epidermis

(Yamasaki et al., 2006). Reduced epidermal CAMP production has been associated with the

prevalence and severity of eczema-related skin infections (Ong et al., 2002). Our data that

infected mouse wounds from ethanol treated animals have decreased levels of KLK7

suggests that intoxication at the time of injury may directly contribute to delayed wound

healing.

Researchers have gained significant insight into several key aspects of the wound healing

process by utilizing the murine excisional wound healing model, but it should be noted that

a few limitations exist with this model. Mouse wounds close primarily through contraction,
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whereas human wounds close mostly through re-epithelialization (Wong et al., 2011)

(Tranquillo and Murray, 1993). Furthermore, murine wound repair processes occur more

rapidly with respect to the duration of each phase compared to human wound healing

(Tranquillo and Murray, 1993). This suggests that the kinetics of leukocyte recruitment are

likely different between humans and mice. However, the work presented herein

demonstrates that several conserved factors involved in early in the wound healing process

are altered by episodic binge ethanol exposure.. Such factors include macrophage

recruitment, chemokine/cytokine production, and AMP regulation, factors which are

conserved as part of the human wound healing process. Aberrant innate immune responses,

such as these, may contribute to the increased rates of infection, morbidity, and mortality in

patients intoxicated at the time of cutaneous injury.

In conclusion, our research suggests that episodic binge ethanol intoxication prior to skin

wound infection impairs the normal macrophage inflammatory response and epidermal

AMP production. These defects likely limit the transition into the proliferative phase of the

normal wound healing process to increase morbidity in intoxicated patients.
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Figure 1. Ethanol exposure increases the percentage of open wound area
(A) Representative images of wounds from saline and ethanol-treated mice (n=18 per group). Scale bars = 1 cm. (B) Percentage

of open wound area quantification. % open wound area = (average # pixels per wound 24hours after injury/ average # pixels per

wound immediately following injury) *100. Data are represented as mean ± SEM. * p<0.0001 by Student's t-test.
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Figure 2. Ethanol exposure decreases macrophage infiltration into infected wounds, but does not affect neutrophil infiltration
(A) H&E histological staining. Left image: Low-power magnification of skin sections. The boxed area indicates the wound

margin. Right image: High-power magnification of the wound margin demonstrating large numbers of infiltrating cells. (B) IHF

of wound margin from saline (n=9) or ethanol (n=5) treated mice. Arrows (→) indicate Gr-1+ neutrophils, stained green.

Arrowheads (▶) indicate Moma-2+ macrophages, stained red. DAPI nuclear stain is blue. No antibody control did not show any

staining (data not shown). (C) Quantification of Gr-1+ neutrophils. (D) Quantification of Moma-2+ macrophages. (E)

Quantification of Mean Fluorescence Intensity of Moma-2+ cells. Data are represented as mean ± SEM. * = p < 0.05 by

Student's t-test.

Curtis et al. Page 15

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

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. Ethanol exposure specifically decreases the production of the chemokine, MIP1-α, the pro-inflammatory cytokine, IL-1β,
and the anti-inflammatory cytokine, IL-10

Chemokine levels were determined by ELISA. (A-D), Cytokine levels were determined by multiplex bead array (E-H). (A)

MIP-2 levels in wounds from saline (n=13) or ethanol (n=12) treated mice. (B) KC levels in wounds from saline (n=13) or

ethanol (n=12) treated mice. (C) MCP-1 levels in wounds from saline (n=13) or ethanol (n=11) treated mice. (D) MIP-1α levels

in wounds from saline (n=18) or ethanol (n=17) treated mice. (E-H) (E) IL-6, (F) IL-1β, (G)TNFα, and (H) IL-10 levels in

wounds from saline (n=18) or ethanol (n=16) treated mice. Data are represented as geometric mean with 95% Cl.* = p < 0.05 by

Student's t-test.
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Figure 4. Ethanol exposure decreases epidermal CRAMP and KLK7 production, but not KLK5
(A,B) IHF using rabbit-anti-CRAMP 1° antibody and Alexafluor 488-donkey-anti-rabbit 2° antibody. Whole rabbit sera

negative control showed minimal background staining (data not shown). CRAMP levels in the epidermis are higher in saline-

treated (A) mice as compared to ethanol-treated (B) mice. (C,D) IHF using goat anti-human KLK5 1° antibody and Cy3-

donkey-anti-goat 2° antibody. Goat IgG control showed minimal background staining (data not shown). KLK5 levels in saline-

treated (C) and ethanol-treated (D) mice. (E,F) IHF using goat anti-human KLK7 1° antibody and Cy3-donkey-anti-goat 2°
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antibody. Goat IgG control showed minimal background staining (data not shown). KLK7 levels in saline-treated (E) and

ethanol-treated (F) mice. The wound edge is located on the right side of all images.
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