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Abstract
Background—Alcohol intoxication occurs in nearly half of all trauma patients and increases the
morbidity, mortality and healing complications of these patients. Prior studies in our lab and
elsewhere have demonstrated impairments in re-epithelialization, angiogenesis, and inflammation
in wounds following acute ethanol exposure. Clinically, acute ethanol has been shown to cause an
increased breakdown of wounds. To date, the mechanisms by which acute ethanol exposure
modifies wound strength have received little experimental attention.

Methods—To examine how ethanol influences functions critical to the development of wound
strength, the effect of ethanol exposure on fibroblast proliferation and extracellular matrix
production was examined. Normal human dermal fibroblasts (NHDF) were exposed to ethanol
(100 mg/dl) and then examined for proliferative capacity and mRNA production of collagen I,
collagen III, and lysyl oxidase (LOX). In in vivo studies, the wound breaking strength, LOX
activity, collagen and hyaluronic acid (HA) contents of wounds of ethanol-exposed (100 mg/dl)
mice were examined.

Results—At 24, 48 and 72 hours after acute ethanol exposure (8 hours duration), NHDF
displayed a significant impairment in proliferative capacity (up to 50% at 24 hours p < 0.001).
After ethanol exposure, NHDF produced less collagen I and LOX mRNA, but more collagen III
mRNA than control fibroblasts (p < 0.05). Ethanol exposure in vivo caused a reduction in wound
breaking strength of up to 40% when compared to control mice (p < 0.01). LOX activity, collagen
and HA contents in the wounds of ethanol-exposed mice were significantly reduced (p < 0.01).

Conclusions—These studies reveal that a single exposure to ethanol prior to injury can cause a
significant decrease in wound breaking strength. Our studies suggest that ethanol directly impairs
fibroblast function, leading to decreased collagen production. The results provide a possible
explanation for how acute ethanol exposure might increase in wound complications and wound
failure.

Keywords
Ethanol; wound healing; fibroblast; collagen

Introduction
Almost half of all trauma patients presenting to the emergency room have an elevated blood
alcohol content (BAC) at the time of admission (Rivara et al., 1993). These patients display
higher morbidity and mortality than non-intoxicated patients, including wound healing
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impairments (Cherpitel, 1993a; Cherpitel, 1993b; Gentilello et al., 1993; Girasek et al.,
2002; McGill et al., 1995; Nickelsen et al., 2005). Ethanol exposure can cause a variety of
local and systemic effects in trauma patients (Choudhry and Chaudry, 2006). Changes seen
with ethanol exposure include impairment of the inflammatory response and increased
complications such as increased infections along with wound and anastomosis breakdown. It
is important to note that nearly 11 million injuries in the United States occur in people with
alcohol exposure (Barnes and Edwards, 2005; Thal et al., 1985). Roughly 25% of alcohol
related trauma victims have acute alcohol exposure not chronic exposure (Rivara et al.,
1993). Thus, there is clearly a need for further understanding the role that acute exposure
plays in trauma and the wound healing setting.

The goal of dermal wound repair is to restore damaged tissue to a state as near normal skin
as possible. This occurs through a series of repair stages including inflammation,
proliferation, and remodeling, all of which are impacted by acute ethanol exposure prior to
injury (Fitzgerald et al., 2007; Radek et al., 2007; Radek et al., 2008; Radek et al., 2005).
While the proliferation and remodeling phases include broad activities such as re-
epithelialization, angiogenesis, and reconstitution of dermal appendages, all of these
activities rely on an intact extracellular matrix (ECM) for coordination. Cell adhesion and
migration are critical processes for wound closure, angiogenesis, and scar formation, and are
dependent upon an intact extracellular matrix (Ehrlich, 1988; Hebda et al., 1993; Raza and
Cornelius, 2000; Tonnesen et al., 2000). The ECM provides the scaffold upon which cells
migrate and also acts as a reservoir for growth factors.

Many studies examine the effects of alcohol on wound related areas such as immune
responsiveness and infection resistance, yet there is a dearth of information on alcohol and
wound strength. Several clinical studies have shown an increase in anastomotic leakage rates
in patients undergoing intestinal surgery following alcohol use (Makela et al., 2003;
Sorensen et al., 1999; Tonnesen et al., 1987). While there are a fair number of studies
showing decreased strength in intestinal or mucosal healing, there are relatively few
detailing similar effects in other tissues like long bones (Rai et al., 2008), and virtually none
that do so in dermal wounds. Prior studies have evaluated the role of acute alcohol exposure
on ECM components and processes including increased matrix proteolytic activity,
decreased angiogenesis and decreased collagen content (Radek et al., 2007; Radek et al.,
2008; Radek et al., 2005), but have not specifically looked at the role of fibroblasts, the key
cell responsible for producing the majority of the ECM.

During wound repair, dermal fibroblasts exhibit a significant proliferative response, migrate
across the wound, secrete growth factors, and lay down ECM components (Clark, 1995). As
the fibroblasts migrate towards the center of the wound, they lyse the fibrin clot and replace
it with fibronectin and hyaluronic acid, which develops into early granulation tissue. This is
then replaced first by collagen type III, and then collagen type I. Immature wounds contain a
higher degree of collagen III which is organized in parallel fibrils while mature wounds
contain a high degree of cross-linked collagen I fibers.

The dermis is slowly remodeled through a continued balance of degradative and synthetic
activity, along with the cross linking of collagen. LOX is the enzyme responsible for cross
linking collagen in a specific pattern and maintains an association with the collagen fibrils
preventing non-specific cross linking (Szauter et al., 2005). Enzymatic cross linking occurs
in normal and wounded skin and contributes to improved collagen architecture and tissue
strength. This remodeling process yields an organized matrix that reestablishes the strength
and flexibility of the wounded tissue (Bernstein, 1996; Clark, 1993; Singhal et al., 1999; Soo
et al., 2000; Swift et al., 1999). In normally healing wounds, approximately 90% of the
original strength of the skin is restored upon completion of tissue repair (Bernstein, 1996).
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Our understanding of normal wound repair mechanisms has advanced considerably in recent
years, but this enhanced understanding has also highlighted the lack of knowledge on the
role of exogenous influences on abnormal wound healing. Pathological factors such as old
age, diabetes, and other diseases, as well as exogenous factors including ethanol and its
metabolites have all demonstrated distinct changes in the cellular and tissue response,
resulting in abnormal wound healing (Molina et al., 2002; Swift et al., 1999; Yamaguchi and
Yoshikawa, 2001). The focus of this study is to examine the effect that a single acute
ethanol exposure prior to injury can have on the healing wound. Paying particular attention
to the fibroblast, we demonstrate that ethanol has a direct effect on the ability of fibroblasts
to proliferate and produce vital ECM components. The results demonstrate that the
fibroblast impairment has demonstrable phenotypic changes including decreased collagen
content. Our findings also represent the first demonstration of the negative effects of acute
ethanol exposure on dermal wound breaking strength.

Materials and Methods
Materials

Normal human dermal fibroblasts (NHDF) and appropriate media were obtained from
Promocell (Heidelberg, Germany). All chemicals were obtained from Sigma (St. Louis,
MO) unless otherwise stated. Cell culture reagents, Trizol™, and DNase I kit were
purchased from Invitrogen (Carlsbad, Ca). CellTiter 96 AQueous One Solution Cell
Proliferation Assay was purchased from Promega (Madison, WI). SYBR Green,
RETROscript reverse transcription kits and reagents were purchased from Applied
Biosystems (Foster City, CA).

Cell culture
NHDF were cultured in fibroblast growth medium (Promocell) supplemented with
penicillin/streptomycin (100 IU/ml/100μg/ml). For all experiments, cells were incubated
overnight in low serum fibroblast basal medium prior to experiments. Cells were used
between passages 7 and 10 for all experiments.

Ethanol proliferation assay
NHDF at 40–50% confluency were incubated for 8 h in 96 well plates with either fibroblast
basal media/10% FBS or fibroblast basal media/10% FBS with 100 mg/dl of ethanol at 37°C
with 5% CO2. After 8 h, the media was removed, cells were washed once with sterile PBS
and ethanol free fibroblast growth media was replaced. At each time point tested
(immediately after media replacement, 24, 48 and 72 hours) proliferation was assessed by
adding 100 μl of media and 20 μl of CellTiter 96 AQueous One Solution Reagent to each
well and incubating at 37°C for 90 minutes. Optical density (OD) was then read at 490 nm
using a microplate spectrophotometer (SPECTRA PLUS, Molecular Devices, Sunnyvale,
CA). Experiments were run in quadruplicate.

Semi-Quantitative real-time PCR of Collagen I, Collagen III and LOX mRNA
NHDF at 70–80% confluency were incubated for 8 h in 6 well plates with either fibroblast
basal media/10% FBS or fibroblast basal media/10% FBS with 100 mg/dl of ethanol at 37°C
with 5% CO2. After 8 hours of ethanol exposure, media was removed and RNA was
extracted from cells using Trizol™, following the manufacturer’s directions. The samples
were then treated with DNase I. One microgram of the total RNA was reverse transcribed
using the RETROscript RT kit. The reactions were then subjected to real time PCR analysis.
Real time primers were designed and constructed using Primer Express software (Applied
Biosystems, Foster City, CA). Real time RT-PCR was performed using the StepOnePlus™
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Real-Time PCR System. Gene expression was determined via the 2−ΔΔCt method
normalized to GAPDH expression. The primers that were used are below in Table 1.

Administration of ethanol and excisional wounds
Six to eight week-old female BALB/c mice (Harlan Sprague Dawley, Indianapolis, IN),
weighing between 17 and 21 g, were administered an intraperitoneal injection of a 20%
ethanol solution (1.4 g/kg) or equivalent volume of saline as a control, as previously
described (Radek et al., 2005). BAC was determined using an enzymatic colorimetric assay
(Pointe Scientific Inc., Canton, MI), as previously described (Faunce et al., 1997). After 30
min, the ethanol treated mice had an average circulating BAC of 100 mg/dl, a BAC that is
just above the legal limit in most states (Messingham et al., 2000). The mice were
subsequently anesthetized with an intraperitoneal injection of Ketamine/Xylazine (100 mg/
kg/5 mg/kg), according to their body weight. When completely anesthetized, each mouse
had its dorsal skin shaved, and six full-thickness excisional wounds were placed on the
dorsum using a 3-mm biopsy punch (Acu Punch, Acuderm, Fort Lauderdale, FL). After 8 h,
the mice had a circulating BAC of 23 mg/dl, but by 24 h the ethanol was undetectable
(Radek et al., 2008). At various times after wound placement, mice were euthanized and
wounds harvested for analyses. For each of the different excisional wound analyses, one of
the six wounds was randomly selected from each mouse, and this single wound utilized for
analysis. Animal protocols used in these studies were reviewed and approved by the
University of Illinois at Chicago Office of Animal Care and Institutional Biosafety.

Wound breaking strength
Six to eight week-old female BALB/c mice (n = 6 per group, per time point) were
anesthetized and prepped as above. A 2-cm longitudinal skin incision was made through the
dermis and panniculus carnosus in a paraspinal location and closed with surgical clips. The
surgical clips were removed on postoperative day 5. At 5, 7, 10, 14, 21, 28 and 35 days post
injury, the animals were sacrificed and the pelts harvested for analysis.

Wound disruption strength was measured as previously described (Greenhalgh and Gamelli,
1987). Skin strips for testing were cut at right angles to the long axis of the wound with
specially designed cutters. The cutters are dumbbell shaped with the narrower portion,
containing the incision, measuring 4 mm across. The wider portions of the skin strips were
placed in the jaws of a motorized tensiometer (Mark-10, Copiague, NY) and held in place
with thumbscrews. Skin strips were stretched at a constant rate (3 cm/min) until disruption
occurred. Wound breaking strength was determined by continuous recording on a digital
readout. Two skin strips per wound were subjected to analysis and the average was recorded
as the wound breaking strength for an individual animal.

LOX assay
One 3 mm excisional wounds (n=6) at 5, 7, 10, 14, and 21 days post injury were collected
and homogenized in CelLytic tissue lysis buffer (Sigma). Supernatants were harvested after
centrifugation at 13,000rpm for 15 min and stored at −80°C until use. Activity of LOX in
the skin homogenates was determined using an Amplite Fluorimetric LOX assay kit (AAT
Bioquest, Inc, Sunnyvale, CA) according to the manufacturer’s directions. The relative
activity of LOX was recorded as OD570.

Analysis of wound collagen content
The hydroxyproline content of single individual excisional wounds (n = 4–6 mice per group,
one wound per mouse) was determined according to a standard protocol (Woessner, 1961).
Each wound was harvested from the pelt with the use of a uniform 3-mm biopsy punch. The
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initial punch wounds from all animals were retained and used as normal skin samples (n =
59). Briefly, frozen tissue was hydrolyzed in 2 ml of 6N HCl overnight at 90°C, neutralized
with 2.5N NaOH and diluted 40-fold with MilliQ water. A 2 ml aliquot of the sample was
incubated with 1 milliliter of a 0.05 M chloramine-T solution for 20 min at room
temperature, followed by 1 milliliter of 3.15 M perchloric acid for 5 min at room
temperature and 1 milliliter of 20% p-dimethylaminobenzaldehyde for 20 min at 60°C in a
water bath. The samples were then cooled by immersion in cold tap water for 5 minutes. The
amount of hydroxyproline was determined by comparison to a standard curve measured
spectrophotometrically at an absorbance of 557 nm. Samples were analyzed in duplicate.

Analysis of wound HA
The concentration of HA in wound tissue homogenates of ethanol treated and control mice
at different time points were determined using an HA ELISA kit (R&D systems,
Minneapolis, MN) according to manufacturer’s instructions. The quantity of HA is
expressed per milligram of wet weight tissue.

Statistical analysis
Data were analyzed using GraphPad Prism (version 3.02, GraphPad Software, San Diego,
CA). The values were calculated as means ± SEM for each data set. Data were analyzed by a
two-way ANOVA and either Student’s t-test or Bonferroni’s posttest. p values < 0.05 were
considered significant.

Results
Acute ethanol exposure impairs in vitro fibroblast proliferation

Our previous studies demonstrated an impairment of the proliferative phase of wound
healing and the extracellular matrix, but did not specifically look at the role of the key cell
responsible for the ECM (Radek et al., 2007; Radek et al., 2005). In this study, we began by
examining if acute ethanol exposure would have a direct effect on fibroblasts, the primary
cell responsible for the proliferative phase of wound healing. In vitro acute ethanol exposure
(100 mg/dl for 8 hours) had no effect on fibroblast viability but did cause a significant
decrease in fibroblast proliferation when compared to fibroblasts grown in medium alone
(Figure 1). At the end of the 8 hour treatment (time 0), there was no statistically significant
difference in fibroblast number between control or ethanol treated fibroblasts. At 24 hours
after replacement with fresh growth media, control fibroblasts were nearly twice as
numerous as ethanol treated fibroblasts (absorbance values of 0.41 ± 0.02 vs. 0.21 ± 0.02).
By 72 hours, the control fibroblasts were still nearly 1.6 times as numerous as the ethanol
treated fibroblasts (0.81 ± 0.13 vs. 0.49 ± 0.09). These data suggest that acute ethanol
exposure has a direct effect on fibroblast proliferation, and this effect was persistent even
after ethanol removal.

Acute ethanol exposure alters in vitro fibroblast mRNA expression of collagen and lysyl
oxidase

The above experiment established that acute ethanol exposure has a direct impairment on the
regulatory function of fibroblasts. Next we wanted to see if it would also have a direct effect
on the genetic expression of collagen I, collagen III and lysyl oxidase, all of which are vital
ECM components produced by fibroblasts during wound healing. For collagen I and lysyl
oxidase, 8 hours of exposure to ethanol led to a significant reduction in the mRNA levels
compared to control fibroblasts (60% ± 7 and 70% ± 6, respectively). For collagen III, 8
hours of exposure led to double the mRNA level compared to control fibroblasts (Figure 2).
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Acute ethanol exposure reduces wound breaking strength and wound lysyl oxidase
activity

The previous experiments established that acute ethanol exposure can directly impair
fibroblast function in vitro. To determine if this direct in vitro fibroblast impairment would
manifest any detectable in vivo phenotypic changes in wound healing, wound breaking
strength was analyzed in a murine incisional wound model. The major component
contributing to wound breaking strength changes over time with early strength determined
by the epithelial layer, later breaking strength correlates with the relative amount of collagen
present in the wound and at prolonged time frames the architecture of the collagen in the
wound and the remodeling of the ECM are the greatest contributors to wound breaking
strength. Prior to day 10 post wounding, there was no significant difference between ethanol
treated and control mice (Figure 3A). At day 14 post wounding, the ethanol treated mice had
wound breaking strengths only 60% as great as control mice. By day 28 post wounding the
ethanol treated mice still showed a 20% reduction in wound breaking strength compared to
the control mice. Day 21 presented what might be considered an anomaly as the breaking
strength actually decreased in each experimental replicate for the control wounds. While this
result is puzzling, the finding was consistent and reproducible in duplicate experiments. This
might possibly reflect the time point at which the wound switches from active collagen
synthesis to remodeling, a period known to involve proteolytic activity.

We further investigated if ethanol treatment affected the LOX activity in the wounds. A
LOX assay was used to detect LOX enzymatic activity in homogenates from normal skin
and skin wounds from ethanol treated or untreated mice. The results demonstrated that LOX
activity in non-ethanol treated group was significantly increased after wounding at day 5 to
day 21 compared to normal skin. In control wounds, LOX activity reached its peak at day 7
at a level that was more than a 2 fold increase over normal tissue (p<0.05, Figure 3B). This
result was consistent with our previous genearray study which showed that LOX gene
expression in mouse skin wounds was indeed significantly elevated from day 3 after
wounding and peaked at day 5 (data not shown). In contrast to wounds of control mice,
LOX activity in the wounds of ethanol treated mice was significantly decreased from normal
skin levels at all time points (p<0.05, Figure 3B). Moreover, LOX activity was significantly
lower in wounds of ethanol treated mice than control at all time points from day 5 to day 21
(p<0.01, Figure 3B).

Acute ethanol exposure delays and reduces peak in vivo collagen content
Based on the time points that breaking strength were significantly reduced it seemed likely
that an impairment in the ECM may be responsible for the decreased breaking strength. To
assess whether collagen content may be responsible for the decreases in breaking strength
observed, hydroxyproline testing was performed on 3mm excisional punch wounds at the
given time points (Figure 4A). Hydroxyproline, used as an index for total collagen content,
was significantly reduced at day 10 post wounding in wounds from ethanol-treated mice
compared with saline controls (46.6 ± 2.2 vs. 37.8 ± 0.5 μg per wound). Day 10 represents
the time of maximal collagen content in control wounds. The decrease in total collagen that
was seen at this time point in ethanol treated mice suggests that ethanol prevents maximal
collagen synthesis. In other words, an ethanol induced deficit in collagen production is most
pronounced when collagen synthetic demands peak. The time to peak collagen content was
also delayed in wounds of ethanol treated mice, moving from day 10 in control wounds to
day 14 in wounds of ethanol treated mice. When peak HP content was compared irrespective
of time point (day 10 control, day 14 ethanol), the result was a statistically significant
reduction in collagen content (46.6 ± 2.2 vs. 40.2 ± 0.6, p < 0.05).
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Acute ethanol exposure further reduces hyaluronic acid level in wounds
To examine if ethanol treatment could affect HA in the wounds, HA contents were
determined after ethanol exposure at day 5 to day 21 after wounding. Results demonstrated
that normal skin had HA of 26.6±5.6 ng/mg tissue. After wounding, HA levels fell sharply
to 10.8–12.54ng/mg between day 5 and d 21 in non-ethanol treated group (p<0.01 compared
to normal skin, Figure 5). However, ethanol treatment further significantly decreased the
levels of HA in the wounds to levels between 5.5–7.2ng/mg, which were significantly lower
not only than normal skin, but also non-ethanol treated group (p<0.01, Figure 4B).

Discussion
The reconstitution of the ECM is a dynamic process with synthetic and proteolytic activity
both occurring concomitantly. When these processes are appropriately balanced, the result is
a wound that approximates unwounded tissue, with well organized matrix and minimal
scarring. As the balance of these two opposing processes shifts, the final outcome of the
healing wound is changed. Derangements to this process can occur as a result of changes in
signaling events, pathologic conditions or exogenous factors (Branton and Kopp, 1999;
Kovacs and DiPietro, 1994; Leask and Abraham, 2004; Radek et al., 2007; Steffensen et al.,
2001; Uchiyama et al., 2000; Yamaguchi and Yoshikawa, 2001). Shifts can favor enhanced
ECM synthesis and/or decreased proteolytic activity resulting in hypertrophic scars or
keloids; alternatively they can favor depressed ECM synthesis and/or enhanced proteolytic
activity resulting in fragile wounds and dehiscence (Beare et al., 2003; Casini et al., 1999;
Lois et al., 1999; Molina et al., 2002).

Interestingly, the fibroblast sits at the crossroads of the ECM as it is responsible for the
majority of the ECM synthesis and is also involved in the proteolytic activity directly
through secretion of MMPs and indirectly through cytokine production. The results of this
study demonstrate that acute ethanol exposure directly inhibits fibroblast function during
wound healing. Our results demonstrate that ethanol exposure can inhibit fibroblast
proliferation. Acute ethanol exposure also reduces the production of mRNA for the major
structural component, collagen I by fibroblasts. This data supports our previous finding that
collagen I mRNA was reduced in vivo in wounds from ethanol treated mice (Radek et al.,
2007). The mechanisms that explain the ability of ethanol exposure to reduce collagen I
gene expression are currently unknown. One mechanism that might explain this reduction in
collagen I mRNA in vivo is an indirect effect resulting from decreased transforming growth
factor (TGF)-β1. In vivo, wounds from ethanol exposed mice contain significantly less
TGF-β1 at the later time points. Since TGF-β1 is known to promote collagen synthesis in
fibroblasts (Branton and Kopp, 1999; Kovacs and DiPietro, 1994), an ethanol mediated
reduction in TGF-β1 might contribute to decreased collagen I production. Other studies
corroborate this notion and have shown that acute ethanol exposure reduces TGF-β1 induced
collagen synthesis in fibroblasts using an in vitro model (Stephens et al., 1996).

Taken together, our data suggests that at least two levels of inhibition are at work regarding
collagen production. A baseline decline in type I collagen mRNA production as a direct
result of acute ethanol exposure is likely, given our current findings. A decline in TGF-β1
levels in wounds at later time points, as demonstrated in prior studies, would serve to limit
pro-fibrotic responses of fibroblasts by removing their primary stimulus for collagen I
mRNA production.

The current studies demonstrate that ethanol exposure can directly impair fibroblast
proliferation. In the context of the healing wound, as reduction of the number of fibroblasts
within the wound, along with reduced production of collagen I, would be expected to lead to
reduced collagen content. In the current study ethanol exposure resulted in a highly
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significant decrease in wound collagen deposition at day 10, which is the time point of
maximal collagen content in this wound model As discussed above, the ability of ethanol to
significantly decrease the total amount of collagen in wounds seems to involve direct effects
on fibroblasts. Other aspects of healing that have been described to be affected by ethanol
may also contribute to an impairment of ECM production. These include increased collagen
degradation, and decreased nutrients in the form of hypoxia and decreased angiogenesis
(Grenett et al., 1998; Lois et al., 1999; Radek et al., 2005). Our previous studies have shown
that the inflammatory response in wounds is perturbed following ethanol exposure
(Fitzgerald et al., 2007). Because inflammatory cells can influence protease production, this
effect of ethanol might lead to altered protease activity. The enzymes that are most
responsible for the balance of collagen degradation and synthesis are the matrix
metalloproteinases (MMPs) and their naturally occurring inhibitors, tissue inhibitors of
metalloproteinases. The MMPs are secreted by various cells including keratinocytes,
endothelial cells and fibroblasts and collectively are known to degrade collagen, gelatin, and
other ECM components (Salo et al., 1994). Previous studies in our lab have investigated the
effect of ethanol on MMPs. These studies demonstrated that levels of matrix
metalloproteinase-8, a collagen type I proteinase, are increased in the wounds of ethanol
treated mice, contributing to an overall inhibition of appropriate ECM formation (Radek et
al., 2007).

As previously stated, mature wounds contain a high degree of cross-linked collagen I fibers,
while immature wounds contain high degrees of parallel collagen III fibers. The ratio of
collagen I to collagen III fibers, and their degree of architecture strongly influence the
rapidity that the collagen can be remodeled and the resulting strength of the wound
(Bornstein and Sage, 1980; Clark, 1995; Ehrlich, 1988). The excisional mouse wounds for
the early time points in this study showed no difference in HP content, while the in vitro
study showed a decrease in collagen I mRNA with an increase in collagen III mRNA. In the
presence of acute alcohol exposure, early wound fibroblasts are directed to produce fewer
collagen I fibers and more collagen III fibers. These collagen III fibers provide less strength
for the wound than collagen I fibers, and place an additional burden on the wound as they
need to first be degraded and replaced with collagen I prior to remodeling. This combination
of decreased overall collagen content and shifting the ratio of collagen away from collagen I
should impair the strength of the wound, and this is indeed borne out by our study.
Furthermore, we found that injury increased LOX activity in the skin wounds at least from
day 5 to day 21 and peaked at day 7. The result was consistent with a previous report in a rat
skin wound model (Fushida-Takemura et al., 1996). However, ethanol exposure
significantly reduced LOX activity, both compared to normal skin and control wounds.
Given the critical roles that LOX plays in the cross linking of collagen (Szauter et al., 2005)
the reduced wound breaking strength in ethanol treated mice may be partially due to the
decreased activity of LOX.

In addition to collagen, HA is a major component of the ECM. HA is a nonsulfated, high-
molecular-weight glycosaminoglycan with a simple, repeated disaccharide linear copolymer
structure (Chen and Abatangelo, 1999; Jiang et al., 2007). Recently studies suggested that
HA multifaceted roles in biology, but the main function seems to be in tissue repair. HA is
involved in activation and moderation of the inflammatory response, promoting cell
migration and proliferation as well as angiogenesis (Chen and Abatangelo, 1999; Jiang et
al., 2007). Topical use of HA for acute or chronic wounds has been shown to improve
wound healing (Gao et al., 2010; Nolan et al., 2006; Voinchet et al., 2006). In the current
study, we found that the HA content of wounds was significantly decreased by acute ethanol
exposure. Alterations in both collagen and HA might therefore contribute to the reduced
wound breaking strength seen in ethanol treated mice. One possibility is that the decrease of
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HA levels in the wounds of ethanol treated mice involves an inhibition of HA synthetases;
this will need to be examined in future studies.

Acute ethanol exposure has been previously shown to increase the risk of intestinal
anastomosis leakage (Makela et al., 2003; Nickelsen et al., 2005; Sorensen et al., 1999), but
an effect on wound breaking strength has not been demonstrated in dermal wounds until
now. Our finding may explain many of the clinical observations that demonstrate increased
incidence of wound failure with alcohol exposure. Our finding that even a low BAC can
cause such impairment raises the significance of ethanol as a risk factor for trauma patients
as the BAC of such patients are typically 2 to 3 times the ethanol level in our study.
Ultimately, therapeutics aimed at reversing the ethanol impairment that might be
administered to intoxicated trauma patients prophylactically. The development of such
therapeutics will be needed to counteract the effects of ethanol on the repair process.
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Figure 1.
Acute ethanol exposure impairs in vitro fibroblast proliferation. Fibroblasts were exposed to
ethanol (100mg/dl) or control medium for 8 hours, and then fresh medium was replaced.
Cell proliferation was assayed immediately after exposure and at 24, 48, and 72 hours after
exposure. Data presented are absorbance (OD 450) means ± SEM for each time point; n = 4
for each treatment group and time point. * p < 0.05, *** p < 0.001
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Figure 2.
Acute ethanol exposure alters in vitro fibroblast mRNA expression of collagen and lysyl
oxidase. Fibroblasts were exposed to ethanol (100mg/dl) or control medium for 8 hours, and
then RNA was extracted, subjected to real time RT-PCR, normalized to GAPDH expression
and compared to control fibroblasts (n = 7 – 10). Data are expressed as mean fold change in
target expression level ± SEM. Ethanol exposure reduced collagen I mRNA expression, and
LOX expression, but increased collagen III mRNA expression. * p < 0.05
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Figure 3.
Acute ethanol exposure reduces wound breaking strength and LOX enzymatic activity. 30
minutes prior to incisional wounding, mice were injected with an ethanol solution resulting
in a BAC of 100 mg/dl. (A) At time points indicated, groups of mice were harvested and two
test strips were prepared for each mouse and the breaking strength results (in kg of force)
were averaged for a single data point (n = 13 for normal skin, n = 9 – 10 for all others).
Breaking strength was then normalized as a percentage of normal skin strength and is
presented as % relative strength ± SEM. At 14 days after acute exposure and wounding,
ethanol treated mice had a breaking strength only 60% as great as control mice. At 28 days
after acute exposure and wounding, ethanol treated mice still showed a 20% reduction in
wound breaking strength as compared to control mice. (B) At the time points indicated, a
single wound from each mouse was harvested and tissue homogenates were prepared. LOX
activity was then determined as described in Materials and Methods. Acute ethanol exposure
significantly reduces LOX activity in wounds compared to non-treated group. * p < 0.05, **
p < 0.01
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Figure 4.
Acute ethanol exposure delays and reduces peak in vivo wound collagen and hyaluronic acid
contents. 30 minutes prior to a 3mm excisional punch biopsy wound, mice were injected
with an ethanol solution resulting in a BAC of 100 mg/dl. (A) At time points indicated,
groups of mice were harvested and wounds were hydrolyzed. Hydroxyproline content, used
as an index for the presence of collagen, was determined using a standard biochemical assay
and represented as micrograms of HP per wound. HP content data are means ± SEM for
each day; n = 59 for normal skin, n = 4–6 for all others. At day 10 post wounding, ethanol
treated mice displayed a 20% reduction in HP content compared to control mice. Peak HP
content irrespective of time (day 10 for control, day 14 for ethanol, represented by the
bracket) was reduced in ethanol treated mice by nearly 15%. Time to peak HP content was
delayed in ethanol treated mice. (B) At the time points indicated, the quantity of HA per mg
wound tissue homogenates was determined by an HA ELISA as described in Materials and
Methods. The results show that wounds contain less HA than normal skin. Importantly,
when compared to control, ethanol exposure causes a significant reduction in wound HA
content. * p < 0.05, ** p < 0.01
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Table 1

PCR primers

Forward Reverse

GAPDH 5′-GGCTGCTTTTAACTCTGGTAAAGT-3′ 5′-AACCATGTAGTTGAGGTCAATGAA-3′

Collagen I 5′-GCTTCACCTACAGCGTCACTGTCG-3′ 5′-AGAGGAGTTTACAGGAAGCAGACAG-3′

Collagen III 5′-CCGATGGGTTGCCAGGATCCATG-3′ 5′-GAAGGGCATTGTGCTGAACTTGCG-3′

Lysyl Oxidase 5′-ATGATCACAGGGTGCTGCTCAGAT-3′ 5′-TTCCCAGGAATATCTTGGTCGGCT-3′
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