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Epidermal growth factor (EGF), a well-characterized peptide
that stimulates in vitro cell proliferation, has now been
shown to enhance in vivo resurfacing of porcine wounds.
Topical formulations containing either recombinant EGF or
placebo were applied daily to partial-thickness wounds along
the dorsal surfgce of pigs. Foﬁowing full-thickness removal
of these wounds, tissues were sectioned and stained, and his-
tologic sections were subjected to computerized morphomet-
ric analysis. A significant acceleration of epithelialization

across the wound surface was noted following daily EGF
treatments. EGF delivered in a variety of topical tormulations
also produced a marked increase in the cellularity and thick-
ness in the neodermis. A dose-responsive increase in the
thickness of the granulation tissue was also observed. In con-
clusion, topical application of EGF stimulates epithelializa-
tion of partial-thiciness wounds and produces a positive im-
pact on the underlying dermis during the carly phases of
wound repair. ] Invest Dermatol 94:624-629, 1990

potential candidate for the control of proliferation and

differentiation of epidermis was first described as epi-

dermal growth factor [1]. Over 25 years of predomi-

nantly in vitro studies indicate that EGF and several

other peptide growth factors operate by interacting
with the EGF receptor (EGF-R) [2-4]. With the cloning and large-
scale production oFgrowth factors such as EGF, it became feasible to
conduct more extensive examinations into the in vivo responses of
EGF on wound repair.

Wound healing is a complex biologic event involving inflamma-
tion, chemotaxis, cellular proliferation, differentiation, and remod-
eling [5]. The significance of growth factors on this cascade of
events is still at its infancy [6]. To date, studies using exogenous
applications of EGF have generally reported an enhancement of
epithelialization [7-10]; however, several negative reports have
arso been published [11-13].

Resident cell types which comprise the skin, such as keratinocytes
and fibroblasts, have a proved growth responsiveness to EGF in
tissue culture [14 - 17]. The necessary receptor, EGF-R, for binding
of EGF or TGF-a is present in normal human skin [18]. These data
suggest that wounded skin could respond to either endogenous or
exogenous application of EGF. Published studies of other prolifera-
tive conditions indicate that EGF, TGF-a, or the EGF-R are greatly
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increased in skin [19-26]. In psoriasis, a benign hyperproliferative
discase, EGF-R are increased [24] and TGFa expression is increased
[25]. In malignant melanoma, production of TGFa is associated
with an increase in benign proliferative skin disorders and a con-
comitant increase in EGF-R and urinary TGFa [26]. Thus, several
in vitro and limited in vivo reports suggest that a proliferative pro-
cess such as wound healing should be responsive to exogenous ma-
nipulation using EGF.

The current study was conducted to document the in vivo effect
of recombinant EGF in a porcine wound repair model. The partial-
thickness injury in our studies was designed to evaluate both epider-
mal and dermal responses to topical application of EGF. In addition,
the wounds in this animal study were selected to closely mimic the
human donor site wound which has been previously reported [27].

MATERIALS AND METHODS

Surgical Wounding The porcine wound-healing model used in
these studies was a modification of that described by Eaglstein and
Mertz [28]. Specific pathogen-free domestic male and female pigs
(24-54 kg) (Mr. Mike Snyder, Re. 1, Box 195, Dawson, AL 35963)
were anesthetized using an intramuscular injection of ketamine
(0.22 mg/kg) and rompun (0.22 mg/kg). On the day of wounding
the dorsal region was clipped, shaved, washed with mild soap and
water, and disinfected with Betadine. Ten to 12 surgical wounds
measuring 2.5 X 2.5 cm were produced with a modified Padgett
Dermatome (Kansas City, MO). The actual cutting depth of the
dermatome was 1254 & 20 microns. This determination was ob-
tained by measurement of the removed skin grafts. These paraffin
sections were then cut and stained and the depth of injury assessed
with quantitative morphometric analysis (see below). The wound-
ing procedure with the dermatome created a donor site injury de-
void of surface epithelium and superficial dermis, but which spared
the lower dermis containing epithelial appendages such as hair folli-
cles and sweat glands. After hemostasis was achieved, various pla-
cebo or EGF containing formulations were applied to the partial-
thickness wounds. The dorsal surface of the pig, excluding the
non-treated wounds, was then covered by a semi-occlusive bandage
to prevent wound contamination and to hold the formulations in
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position (Op-site, Smith & Nephew, Massillon, Ohio). Subsequent
dail dosingp:l dressing changcz and wound removals wcrv?s:gcom-
plhged while the animals remained under ketamine /rompun anes-
thesia. On days 3 - 7 after wounding the dermatome was adjusted to
harvest a deeper wound (minimum 1500 microns) for histologic
analysis. Two wounds were removed, a placebo- and an EGF-
treated wound. Excess normal skin at the wound margins and un-
derneath the partial-thickness wounds was included in the removal
of these full-thickness biopsies.

Treatment Groups The recombinant EGF and basic FGF for
this study were obtained from Chiron, Inc. (Emeryville, CA). It was
formulated and the activity of the EGF tested by Ethicon, Inc.,
Somerville, NJ, a subsidiary of Johnson & Johnson, Inc. With a few
exceptions, most of the studies reported herein were grformcd
using a topical solution consisting of either EGF or placebo vehicle.
These topical solutions (1 ml per wound) were saturated into an
absorbent, non-adhering dressing (Release, Johnson & Johnson,
Inc., Patient Care Division). On the right side of the animal, six
wounds received a daily EGF treatment, and six paired wounds on
the left side of the pig were treated with placebo. A total of 37 pigs
were included in the present study. For each data point, n = 3 pigs,
except for the 10 ,ugfm] daily dose, where n = 7 pigs.

The dose-response studies were conducted using 0.1, 10, 30, and
50 pg/ml of EGF in daily aqueous solutions. A single-dose study
was also conducted. In this latter study, dressings were left in place
for 48 h before the wounds were cleansed and redressed with op-
site. In the dermal-depth evaluations, different proprietary formu-
lations with or without growth factor were administered daily.
These formulations included powder, cream, aqueous solution, or
two types of gels.

Histologic Purnntion Following the harvesting of wounds on
days 3-7, each biopsy was divided into three pieces. These speci-
mens were fixed in 10% neutral buffered formalin and embedded in

arafhn. Nine random sections were cut from each wound and
stained with either hematoxylin and eosin or Gomori’s Trichrome
stain. Microscopic sectjons were viewed and photographed on an
Olympus Vanox Light Microscope.

Computerized Morphometric Analysis To assure objectivity,
nine random sections were measured in a blinded fashion and an
average mean determined from each wound [29]. Each microscopic
wound section was placed on the stage of the microscope, where the
image was then displayed on a video screen via a camera interfaced
to an IBM AT computer. The wound length (distance across the
wound surface) drawings were superimposed over the video image
of the wound using a cursor and digitizing tablet. The planar mor-
phometry computer software was purchased from Southern Micro
Instruments, Inc. (Atlanta, GA). The percentage of wound resurfac-
ing was determined by measuring the distance from the right
wound margin to the left wound margin. Then the length of new
epithelium across the surface of the wound was determined. This
length was defined as the sum of the islands of new epithelium
Frowing out from regenerating hair follicles and the new epithe-
ium at the wound margins.

Dermal depth (granulation tissue) for cach wound was the aver-
age of 30 measurements randomly collected from the nine sections
taken from each wound. These dermal depth determinations were
not taken near the wound margins, nor were they taken immedi-
ately adjacent to hair follicles. A dermal depth measurement was
defined as the distance from the bottom of the migrating epidermis
to the interface of the granulation tissue (neodermis) with the un-
derlying noﬂ-*.'w:mndn:clg dermis. This parameter of wound healing
could not be reliably determined betore the third day of wound
repair because insufficient new epithelium was present to determine
the future level of migrating epidermal cells. AT] data in the current
report were subjected to statistical analysis of the means using the
Student paired t test (two-tailed).
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RESULTS
Quantitative Evaluation of Epidermal Repair

Daily Treatment: Our initial studies with EGF indicated that 10
ug/ml EGF was an effective dose for wound epithelialization [10].
Accordingly, daily dosages of liquid 10 ug/ml EGF in an absorbent,
non-adherent dressing were used in the treatment of seven pigs.
Partial-thickness wounds were evaluated for the percentage of
wound resurfacing (epithelialization) on days 3 -7 after surgery (Fig
1). The data indicated that daily EGF treatment induced an en-
hancement in wound resurfacing. Epithelialization was complete
by day 5 in the EGF-treated wounds, whereas wounds treated with
placebo treatments reached 100% resurfacing by day 6. Interest-
ingly, the statistically significant differences between EGF and the
liquid vehicle were most marked on days 3 and 4, where p < 0.05
and p < 0.001, respectively. Earlier data points could not be col-
lected in our split-thickness wound model due to lack of sufficient
new epithelium (see Materials and Methods). Although EGF treat-
ment resulted in 100% resurfacing at an earlier date tﬁan its compa-
rable placebo, growth-curve patterns for both treatment groups
were similar. In addition, several wounds received no treatment (no
liquid vehicle, growth factor or semiocclusive bandage) (Fig 1). The
extent of epithelialization in these non-treated wounds at days 4 and
5 was markedly less than wounds receiving either growth &:mr or
placebo. This i{nding was unremarkable, for it has long been known
that hydration of wounds in and of itself enhances wound epithe-
lialization.

Single Treatment: A single initial dose of 10 ug/ml of hEGF was
also evaluated in a small number of pigs (n = 3). The percentage of
epithelialization following the one-time application of EGF was
notably different from repeated daily applications of the identical
EGF formulation (Fig 2). On day 3 after injury, the EGF-treated
wounds showed more cpir.heliar coverage than placebo-treated
wounds. Subsequently on days 4, 5, and 6, the placebo-treated
wounds showed greater resurfacing than the EGF treatment groups.
There was no acceleration in the total number of days until com-
plete healing was observed using a single dose of EGF.

Dose Testings: A dose-response study was conducted using a
daily treatment regime. The dose-response evaluations were con-
ducted using a daily EGF treatment with 0.1 gg/ml, 1.0 ug/ml, 30
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Figure 1. Effect of daily EGF application on resurfacing of porcine wounds.
Ten split-thickness wounds resembling human donor sites were treated
every 24 h for 7 d with either 10 ug/ml EGF in aqueous solution or placebo
(see Materials and Methods). Two additional wounds remained untreated with
either formulation or occlusive bandage. The EGF-treated wounds showed
significant acceleration in epidermal resurfacing on post-wounding days 3
and 4. Wound resurfacing was completed 24 h sooner with the EGF-treated
wounds than the placebo wounds. n = 7.
’
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Figure 2. Effect of asingle application of 10 ug/ml EGF on the resurfacing
of porcine wounds. Ten split-thickness wounds resembling human donor
sites were treated with a one-time dose of EGF in aqueous solution or
placebo (n = 3), This dose was delivered immediately after wounding ac-
cording to Materials and Methods. EGF treatment did not significantly hasten
the resurfacing of porcine wounds as compared to the placebo treatment.

ug/ml, 50 pug/ml. The data from the 50 ug/ml (n= 3) and 0.1
pug/ml (n = 3) doses are shown in Fig 3 while the 10 yug/ml dose
data are shown in Fig 1. The highest dose tested, 50 ug/ml, induced
a slightly greater percentage ofgrcsurfacing than its comparable lig-
uid placebo on day 4. However, the total time until epithelial clo-
sure was no different than its placebo. The percentage of wound
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Figure 3. Dose-responsive effect of daily EGF application on the resurfac-
ing of porcine wounds. Split-thickness wounds resembling human donor
site injuries were treated with 0.1 ug/ml EGF (n = 3) or with 50 ug/ml EGF
(n = 3) according to the Materials and Methods section. Placebo treatments
and untreated wounds were included in each pig. While a trend toward an
increase in epithelial resurfacing in the 50-ug cE:)sc was noted, no statistically
significant improvement in the time until 100% recoverage of the wound
was noted with either 50 or 0.1 ug/ml of EGF.
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resurfacing appeared inhibited at the lowest-dose EGF tested, 0.1
ug/ml, at day 4 after wounding. Epithelial healing was complete by
six days whether the wounds were treated with the highest dose,
lowest dose, or placebo.

QUANTITATIVE EVALUATION OF DERMAL REPAIR

Another aspect of wound repair, the depth of the granulation tissue
or neodermis, was evaluated at 4 days after injury. This interval after
injury was chosen because the growth-factor effect on epithelializa-
tion was most f)ronounccd by this day. In addition, the dermal depth
parameter itself was defined as the distance from the basal surface of
the epidermis to the interface of the neodermis in these partial-
thickness injuries. Therefore, a dermal depth could not be accu-
rately determined until sufficient new epithelium was present.
Data displaying the dermal effect induced by daily EGF treat-
ments are shown in Fig 4. A comparison of the EGF effect when
delivered in various proprietary formulations including gels, lig-
uids, powders, and creams is also illustrated in Fig 4. Each growth-
factor treatment or column (n = 3) is paired to its placebo formula-
tion. Also included are unpaired dermal depth data for untreated
wounds (column A), untreated wounds under occlusion (column
H), and a single-dose treatment with an aqueous solution of 10
pg/ml EGF (column B). The results as shown in columns B-G
indicate that the vehicle for drug delivery by itself has a highly
variable impact on the thickness or depth of granulation tissue in
partial-thickness wounds. Several placebo formulations (columns
D, E, F, and G) without the addition of growth factor appeared to be
inhibitory in comparison with treatment with occlusive bandage
alone (Fig 4). Columns C, D, E, and F indicate that a dose of 10
pug/ml EGF delivered as a daily treatment serves to increase the
thickness of the repairing dermis as compared with its paired pla-

3751
350}
3251 EO UNTREATED
[ VEHICLE ONLY
7 29 mecr
Z 275 EAFGF
S ool MMOCCLUSION
f 2251 %_4
£ 200 g
u 7
o 751 7
" H %
I 150 \ + 7
S 100 § % %
“ 7sp \ N N %
': N N [T
501 \ % § é
25 N | 7
v | \Hi\ny

A B C (o} E F G H

Figure 4. Effect of varied drug delivery on the thickness of granulation
tissue in split-thickness wounds on day 4. Neodermal thickness was deter-
miried by computerized morphometric analysis as described in Materials and
Methods. Group A: pooled data from the few untreated wounds on pigs
(n = 10). Group B: single-dose treatment with liquid 10 ug/ml EGF (n = 3).,
Group C—-F received a daily dosing with 10 gg/ml EGF in various formula-
tions. Group C, daily powder (n = 3); Group D, gel #1 (n = 3); Group E, gel
#2 (n=3); Group F, cream (n = 3); Group G, liquid bFGF (n = 3); and
Group H, pooled data from wounds receiving an occlusive dressing (n = 10).
The EGF-induced effect on the thickness of the granulation tissue was
dependent on the drug-delivery system. Several formulations appeared to
have inhibitory effects in comparison to occlusive bandage alone. EGF treat-
ment resulted in a thicker granulation tissue in comparison to wounds re-
ceiving placebo vehicle. FGF-treated wounds showed an increase in dermal

thickness.
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cebo. In columns D, E, and F, it would appear that EGF treatment
can actually overcome the negative effects of the placebo. Further-
more, basic fibroblast growth factor (bFGF), which has reported
dermal effects, was included in these comparative studies of dermal
depth (granulation tissue). The positive effect of bBFGF (n = 3) on
the thickness of the granulation tissue is shown in column G (Fig 4).
A 10-ug/ml dose of bFGF in a gel was administered daily to each
wound in a gel formulation (1 ml/wound).

Neodermal (granulation tissue) depth was also evaluated in the
dose-response trials (Fig 5). A highly variable placebo effect was
attributed to pig variability because only three pigs were used for
cach dose with the exception of 10 ug/ml, where n = 7 pigs. Signif-
tcant increases in dermal depth were apparent in wounds which
received either 10 or 30 ug/ml of the daily aqueous EGF treatment.
The 30-ug/ml dose produced a positive increase in the thickness
that was almost twice that seen in its paired placebo (Fig 5). Essen-
tially, no effect on dermal thickness was observed at the highest dose
tested (50 pug/ml) as compared to its placebo.

QUALITATIVE ANALYSIS OF WOUND REPAIR

While many growth-factor-induced differences in wound repair,
such as epidermal resurfacing or dermal depth, were amenable to
morphometric analysis, other responses were subtle and difficult to
quantify. Qualitative examination of histologic sections revealed
dramatic differences between the wounds treated with EGF and
wounds treated with placebo. In the epidermis, the degree of kerat-
inocyte differentiation was striking in the EGF-treated wounds. In
these comparisons, the EGF-treated epidermis was multilayered
(16-20 cells deep) and a cornified layer was apparent in many
regions on day 5 after injury (Fig 6b). Placebo-treated epidermis was
thin (4-5 cells deep) and the cells were pale and poorly differen-

375
350

UNTREATED
[J LIQUID VEHICLE
3 EGF DOSE

3251
300
275

1

250

(MICRONS)

T

225
200t
175 _}
150 - N\

125

T

100

NEODERMAL DEPTH

Ta

S0

251

g O pg/ml 10pug/ml 30pg/ml SOug ml

Figure 5. Dose-responsive effect of daily EGF application on the thickness
of granulation tissue in split-thickness wounds on day 4. Neodermal thick-
ness or depth of the granulation tissue was determined by computerized
morphometric analysis (sce Materials and Methods). EGF or placebo was ap-
plied in daily dosages of 0.1 (n = 3), 10 (n = 7), 30 (n = 3), or 50 ug/ml
(n = 3), The maximal increase in dermal thickness was noted in the wounds
treated with the 30 ug/ml dose of EGF as compared to its liquid vehicle
(p < 0.05). A significant increase in dermal thickness was also noted with a
dose of 10 ug/ml (p < 0.05).
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Figure 6. Micrographs of representative split-thickness wounds after 5 days
of topical application of a) placebo or b) 10 g /ml EGF. Epidermis receiving
placebo treatment is poorly differentiated with only 4-5 cell layers. EGE-
treated epidermis is a well-differentiated multilayered structure. Granula-
tion tissuc is thicker, more densely populated, and better organized in EGE-
treated wounds as compared to placebo-treated wounds. Hematoxylin and
eosin staining. Size bar, 50 m.

tiated (Fig 6a). In other regions of the placebo-treited wounds, no
epithelium was present on the surface after 5 days (Fig 1).

In the granulation tissues, both major and subtle differences were
noted in response to growth-factor treatment. Measurable differ-
ences in dermal depth are displayed in graphic form in Figs 4 and 5,
but this difference in thickness is also quite apparent in Fig 6a,b
which was photographed at the same magnification. After 5 days of
repair, the EGF-treated granulation tissue exhibits increased cellu-
larity and more organization (Fig 6b) than its comparable control
(Fig 6a).

DISCUSSION

The experiments described here reveal that pharmacologic dosages
of exogenous EGF have positive effects on both t.].vidernml and
dermal components during wound repair. These data collected
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from a porcine partial-thickness wound model add further substan-
tiation to the clinical report that EGF has a stimulatory impact on
cutaneous wound repair [27].

Earlier wound-healing studies with smaller mammals such as
mice and rabbits suggested that EGF serves to enhance wound heal-
ing [7-10]. However, a number of attempts to show enhanced
epidermal regeneration using EGF have also been unsuccessful [11 -
13]. With the cloning and large-scale manufacture of peptide
growth factors such as EGF, PDGF, FGF, TGF-a, and TGF-f the
[arge-scale testing of growth factors on wound-healing mechanisms
became possible. A brief report from Brown et al [9] suggested that
recombinant EGF enhanced epidermal regeneration in pigs. In the
present study, the scope of the porcine-wound model was expanded
(n = 37) to evaluate a variety of formulations, dosages, and treat-
ment schemes. The porcine wounds were designed to closely resem-
ble human donor site injuries where a definitive effect of recombi-
nant EGF was recently reported [27].

Our report of accelerated epidermal resurfacing in partial-thick-
ness injuries in response to exogenous application of EGF was not
surprising. The responsiveness of keratinocytes to EGF has been
well documented in numerous in vitro experiments [reviewed in
2,4,14-16]. Also, EGF binding and the presence of EGF receptors
have been detected in the normal epidermis and epidermal appen-
dages [18,30]. These earlier studies provided evidence that the nec-
essary growth-factor machinery, a requirement for EGF binding,
was present in the epidermis.

Although exogenous EGF produced an enhancement of epider-
mal resurfacing of the wounds in our experiments, its mode of
action following binding to EGF-R i1s unknown. Historically, EGF
is best known for its mitogenic action [2-4], but recent evidence
also suggests that rapid resurfacing of wounds could be due to an
increased rate of cell migration after EGF exposure [31]. Either or
both mechanisms could explain our observed acceleration in the
resurfacing of the wound surface.

The EGF-induced effect on the thickness of the granulation tis-
sue in a split-thickness wound model was an original observation.
These quantitative studies were undertaken after observing the
marked stimulation of granulation tissue on histologic sections. A
mesenchymal response to EGF has previously been reported from
both in vitro and in vivo experiments. In vitro data with fibroblasts
indicates that EGF binds to EGF-R, and increases mitosis and syn-
thesis of proteins [17]. In granulation tissue models of wound repair,
sustaiucdp release of EGF showed stimulatory effects, i. e., an in-
creased number of fibroblasts, increased neovascularization, and ac-
cumulations of collagen [32]. Incisional wounds showed an increase
in tensile strength after EGF treatment [33]. In a hamster check
model, EGF served as an angiogenic mediator [34]. Thus our
present finding of EGF-induced stimulation of dermal repair in a
donor site wound model complements the existing literature.

In our studies, we noted a tendency for increased dermal thickness
following EGF treatment using a wide variety of formulations.
However, when assessing the depth of granulation tissue, care must
be taken because the eftect of vehicle itself can be dramatic [13].
Although several placebo formulations appeared to inhibit dermal
thickness, the addition of EGF to these formulations showed a tend-
ency to overcome this negative effect. Statistically signihcant in-
creases in dermal thickness were noted at both 10 ug/ml and 30
pg/ml EGF. Because our wound-healing model so closely resem-
bles the human partial thickness injury, our data further suggest that
EGF could stimulate dermal repair in other clinical situations such
as donor sites, partial thickness burns, or chronic skin ulcers.

Although exogenous EGF induced a dose-responsive effect in the
neodermis, these initial studies were not designed to determine
whether EGF produced a direct or indirect effect. Endogenous
growth factors such as EGE, PDGF, TGFa, and TGES, which are
most certainly delivered to the wound via platelets [35,36], may also
have substantial impact on both epidermal and dermal wound re-
pair. Various wound-repair studies with exogenous delivery of
TGEf [33,37-39], TGFax [40], PDGF [39,41,42], and platelet ex-
tracts [43,44] have shown the potential of these growth factors.

THE JOURNAL OF INVESTIGATIVE DERMATOLOGY

Although the complexities of the untreated wound milieu are
poorly understood at this time, autocrine/paracrine theories of
growth-factor interaction suggest that cell types within the wound
should respond to endogenously produced growth factor [45]. The
production of growth factors by macrophages in wound fluid has
already been reported [46]. Also in situ hybridization studies have
indicated that exogenous TGFf increases the expression of endoge-
nous TGEB, collagen, and fibronectin [47].

In conclusion, the porcine wound-repair model system described
hercin shows the pharmacologic stimulation of both epithelializa-
tion and granulation tissue by EGF. This report provides additional
histologic and quantitative data from a porcine donor site wound to
complement the limited data from the Euman donor site trials with
EGF [27]. Together these data suggest that clinical application for
EGF treatment could extend to deeper cutaneous injuries such as
chronic wounds or burns.
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