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ABSTRACT

Cutaneous wound healing is a highly complex process, which includes inflammation, cell proliferation, matrix
deposition and remodelling phases. Various growth factors, like epidermal growth factor (EGF), play an important
role during wound healing. However, little is known about relationship between EGF and oxidant—antioxidant
events in cutaneous wound healing models. Thus we planned to evaluate the connection between EGF therapy
and oxidative stress in dermal tissue followed by wounding. Fifty-four adult male Wistar-albino rats were randomly
divided into three groups: control, untreated and topical EGF administrated group. A linear full-thickness excision
of 40 mm in length on both sides of spinal cord was made on the back of each rat and sutured under anaesthesia
and sterile conditions. Excision was closed with 4/0 atraumatic silk suture. EGF solution was freshly prepared
at 10 ng/ml dose in thilotears gel under aseptic conditions. Following the surgery, 1 ml of EGF solution was
administered to wound strips one time in everyday. The animals were euthanised and wound tissues were collected
ondays 1, 5, 7 and 14. Thiobarbituric acid reactive substans (TBARS), glutathione (GSH), reactive nitrogen oxide
species (NOx), ascorbic acid levels and superoxide dismutase activity were measured spectrophotometrically. TBARS
levels decreased and NOXx levels increased on day 5 after operation, and GSH levels were increased on day 14 in
EGF administered group compared with untreated group. Our data showed that EGF may act like an antioxidant
by scavenging toxic oxidation products in wound tissue. In addition, it may contribute healing of the wound tissue
in earlier stages and suggest a potential effective role for antioxidant therapies, especially until day 5.
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Cutaneous wound healing is a highly com- each other like a cascade. The wound heal-
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Epidermal growth factor and oxidative stress

growth factor, transforming growth factor-
B, epidermal growth factor (EGF), insulin-
like growth factor, granulocyte-macrophage
colony-stimulating factor, interleukin-1 (IL-1),
IL-2 and tumour necrosis factor-a play a vital
role during wound healing process (8-12).
EGF, a crucial growth factor in wound heal-
ing, plays an important role in the regulation
of cell growth, proliferation and differentiation.
EGF is a 6045-Da protein with 53 amino acid
residues and has three intramolecular disul-
fide bonds (13). EGF, is a low-molecular weight
polypeptide, first purified from the mouse sub-
mandibular gland (14) and then found in many
human tissues including submandibular and
parotid glands. EGF acts by binding to epider-
mal growth factor receptor (EGFR) with high
affinity on the cell surface and stimulating the
intrinsic protein-tyrosine kinase activity of the
receptor. EGFR is the cell-surface receptor for
members of EGF family of extracellular pro-
tein ligands (15). It is known that many types
of cells, including dermal fibroblasts have EGF
receptors. With stimulation of these receptors,
the growth factors respond by increasing the
proliferation of the cells in cell cultures (16).
The effects of EGF include: a wide range stim-
ulation of target cells, chemotaxis, regulating
mitogenic stimulation of fibroblasts, endothe-
lial cells and keratinocytes (3). EGF has been
shown to stimulate wound healing in skin (17),
cornea (18), gastric (4) and oral mucosa (19,20).
During wound healing, various inflamma-
tory cells such as neutrophils, macrophages,
endothelial cells and fibroblasts produce reac-
tive oxygen species (ROS) (21). ROS such as
superoxide (O;7), hydrogen peroxide (H,0,)
and hydroxyl radical (OH) are natural byprod-
uct of the normal oxygen metabolism (22).
However, during environmental stress (e.g.
wound, ultraviolet or heat exposure), ROS lev-
els can increase, and ROS which are highly
reactive because of the presence of unpaired
electrons, may cause significant damage to cell
structures. This is a situation known as oxida-
tive stress, and is associated with increased
production of oxidising species or a significant
decrease in antioxidant defences. Antioxidant
defence system arising from both antioxidant
enzymes and non enzymatic antioxidant com-
pounds defends the physiological activities of
organisms from oxidative stress in all aerobic
organisms. During the wound healing, acti-
vated neutrophils and macrophages produce
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a large amount of O,  and its derivatives
via the phagocytic isoform of nicotinamide
adenine dinucleotide phosphate (NADPH) of
NADPH oxidases. Damaged endothelial cells
can also produce high concentrations of O™,
H,0O; and OH under ischaemic conditions (23).
Releasing excessive ROS due to inflammation
and ischaemia in wound tissue is a dele-
terious and destructive phenomenon during
the healing process (24) and this activates the
antioxidant defence system (25). Antioxidants
have been shown to promote wound healing
(26-30). Antioxidant levels protect the wound
against ROS, either partially or completely,
during impaired wound healing or in normal
subjects (31).

Nitric oxide (NO), which is involved in many
physiological and pathological processes, is
an important signalling molecule in the body
of mammals including humans (32). NO is
unstable nitrogen radical that is generated in
different cell types through the enzyme NO
synthase (NOS). There are at least three distinct
isoforms of NOS present. Two enzymes,
the neuronal NOS (nNOS) and endothelial
NOS (eNOS), release NO for a short period
in response to physiological stimuli. The
inducible NOS (iNOS), induced by endotoxins
and cytokines, is continuously active and
releases NO for a long period (33). It has
both beneficial and detrimental effects in the
mammalian systems depending on the NOS
isoform (32). There are physiological effects
such as neurotransmission and vasodilatation
of NO which produced by eNOS and nNOS
in nanomolar concentration. However, NO
produced by iNOS has a toxic effect and leads
to tissue damage when reached mikromolar
concentration. It is known that NO is produced
by many different cell types in wounded
tissues. The cells include platelets (nNNOS
and iNOS), macrophages (iNOS), fibroblasts
(eNOS and iNOS), endothelial cells (eNOS)
and keratinocytes (eNOS and iNOS) (34,35).

Ascorbic acid (AA) is found in the biology of
plants, animals and single-cell organisms (36).
Many plants and animals can produce AA from
glucose. Humans, some fruit bats, guinea pig
and human-like primates need to get AA from
diet. Synthesis and signalling properties are
still under investigation (37). AA usually acts
as an antioxidant by being available for ener-
getically favourable oxidation. AA can termi-
nate these chained radical reactions by serving
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as a stable (electron + proton) donor in interac-
tions with free radicals, and converted into the
radical ion called ‘semi-dehydroascorbate” and
then dehydroascorbate. The oxidised forms of
AA are relatively unreactive, and do not cause
cellular damage. They can be converted back
to AA by cellular enzymes. However, excess
AA not only promotes, but also initiates free
radical reactions in the presence of free metal
ions, thus making it a potentially dangerous
pro-oxidative compound in certain metabolic
contexts (38). Glutathione (GSH) is a tripep-
tide that contains an unusual peptide linkage
between the amine group of cysteine and the
carboxyl group of glutamate side chain. It is
an antioxidant, preventing damage, which is
caused by ROS such as free radicals and per-
oxides to important cellular components (39).
Superoxide dismutases (SODs) are enzymes
that catalyse the dismutation of O, into oxy-
gen and H,O». It has been known that treat-
ment with SOD decreases ROS generation and
oxidative stress (40).

There is limited research on relationship
between growth factors and oxidant-antiox-
idant events in experimental wound healing
in skin models. In light of the above, we
planned to investigate that effect of topical EGF
application on the lipid peroxidation level, NO
production, both enzymatic and non enzymatic
antioxidant status on days 1, 5, 7 and 14 after
excisional surgery.

MATERIALS AND METHODS
Animals
This study was carried out in accordance
with the regulations of Animal Experimenta-
tion Ethics Committee at Gazi University. All
experiments were performed with 54 adult,
male Wistar-albino rats weighing 200-250 g.
They were maintained in a 12-h light/12-h
dark cycle at room temperature (254 3°C),
with standard rat chow and tap water pro-
vided ad libitum. Rats were housed in indi-
vidual cages in Gazi University — Laboratory
Animals Breeding and Experimental Research
Center.

The animals were randomised into three
groups:

1. Non wounded animals (1 = 6; on day 0)
2. Untreated excisional group (n=6; on
day 1)

Untreated excisional group (1 =6; on

day 5)
Untreated excisional group (1 =6; on
day 7)
Untreated excisional group (1 =6; on
day 14)

3. EGF therapy group (n = 6; on day 1)
EGF therapy group (n = 6; on day 5)
EGF therapy group (n = 6; on day 7)
EGF therapy group (n = 6; on day 14)

Wound excision

The animals were anaesthetised with xylazine
(2-5mg/kg) and ketamine (40-50 mg/kg)
intramuscularly. Their backs were shaved and
cleaned with tincture of iodine. A linear full-
thickness excision of 40 mm in length on both
sides of spinal cord was made on the back
of each rat and sutured under anaesthesia and
sterile conditions. Excision was closed with 4/0
atraumatic silk suture.

On days 1, 5, 7 and 14, animals euthanised
with the same anaesthetic solution. The
wound strips were removed and transported
immediately frozen inliquid nitrogen, and then
the samples were kept at —30°C until assay. At
the same time, skin samples indicating 0 day
were also collected from non wounded animals
(n =6, on day 0).

Preparation and administration

of EGF

EGF was purchased from Sigma-Aldrich
(St. Louis, MO). EGF solution was freshly
prepared at 10ng/ml dose in thilotears
gel under aseptic conditions. Following the
surgery, 1 ml of EGF solution was administered
to wound strips one time in everyday.

Determination of TBARS levels
Thiobarbituric acid reactive substans (TBARS)
level as lipid peroxidation end product was
measured in tissues by spectrophotometric
method of Casini etal. (41). Briefly, tissue
samples were homogenised in ice-cold 10%
trichloroacetic acid (TCA; 1:10, w/v). After
centrifugation at 1008 g for 10 minutes, 750 ul
of supernatant was added to an equal volume
of 0-67% (m/v) TBA and heated at 100°C
for 15 minutes. Absorbance of the samples
was measured at 535nm. A 1mm stock
tetraethoxypropane solution was used as
standard.
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Determination of GSH levels

GSH levels were determined by a modi-
fied Ellman method (42). Briefly, tissue sam-
ples were homogenised in ice-cold 10% TCA
(1:10, w/v). After centrifugation at 1008 g
for 10 minutes, 0-5ml of supernatant was
added to 2ml of 0-3M Na,HPO,4.2 H,O
solutions. A 0-2ml solution of 0-4mg/ml
5,5'-dithiobis-2-nitrobenzoic acid (DTNB) was
added and absorbance at 412 nm was mea-
sured immediately after mixing. GSH levels
were calculated using an extinction coefficient
of 13 600/mol/cm. Results are expressed as
umol/g tissue.

Determination of NOx levels

Levels of reactive nitrogen oxide species
(NO,) stable end products of NO-in tissue
homogenates were determined by Griess reac-
tion (43). Tissue samples were homogenised in
phosphate buffer (pH 7-4) and centrifuged at
2000 g for 5 minutes; to supernatants (0-5 ml),
0-25ml of 0-3M NaOH was added. After
incubation for 5 minutes at room tempera-
ture, 0-25 ml of 10% (w/v) ZnSO4 was added
for deproteinisation. This mixture was then
centrifuged at 14 000 g for 5 minutes and super-
natants were used for Griess assay. Nitrate
levels in tissue homogenates were determined
spectrophotometrically. Nitrate was reduced to
nitrite using vanadium trichloride (VCI3) (44).
Nitrite levels were measured by the Griess
reaction. Sodium nitrite (1, 10, 50 and 100 uM)
was used as standard.

Determination of AA levels

AA levels were assayed by a spectrophoto-
metric method (45,46). Tissues were thawed at
0°C, weighed and homogenised on ice in nine
volume of 0-35M perchloric acid (PCA) with
0-1 mg/ml EDTA. Samples were centrifuged at
15 000 g for 3 minutes at 4°C and supernatants
were obtained. A portion (200 ul) of a standard
or sample in a centrifugal analyser tube was
combined with 50 ul of colour reagent. After
incubation for 3 hours at 37°C, samples were
brought to 0°C and 300 pl of 65% (v/v) HySO4
was added. Samples were vortexed and the
optical density at 515 nm was measured.

Determination of SOD activity
SOD activity was detected by the method of
Sun etal. (47). Exactly tissue samples were
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homogenised in ice-cold 0-9% NaCl and
centrifuged at 5488 g and stayed +4°C for
30 minutes. A 2-45ml of assay reagent (con-
taining 3 mm xanthine, 0-6 mm ethylenedi-
aminetetraacetic acid (EDTA), 150 uM NBT,
400 mm NapCOs and 1 g/1 bovine serum albu-
min (BSA)) was combined with 500 pl of
supernatant sample. Xanthine oxidase (50 ul,
167 U/1) was added to initiate the reaction
and the reduction of nitro blue tetrazolium
(NBT) by O,~, which are produced by the
xanthine/xanthine oxidase system, was deter-
mined by measuring the absorbance at 560 nm.
SOD activity was expressed U/l, where 1 U
is defined as that amount of enzyme causing
half-maximal inhibition of NBT reduction.

Statistical analysis

The statistical differences between the mean
values were evaluated by one-way analysis of
variance. Values of P < 0-05 were considered
to be significant. All data were expressed as the
mean =+ standard deviation.

RESULTS
The results of TBARS, GSH, NOx, AA levels
and SOD activity are shown in Table1 and
Figures 1-5.

Thiobarbituric acid reactive substans

As shown in Figure 1, TBARS level was signif-
icantly decreased in EGF therapy group when
compared with the respective control on day 5
after wounding (P < 0-05). A decline in the
lipid peroxidation levels was observed in the
EGF therapy group on day 5. EGF may be an
antioxidant reducing lipid peroxidation. How-
ever, on day 7 after operation TBARS level
was statistically increased in the EGF therapy
group. There was a significant decrease only on
day 14 in the untreated groups when compared
with on day 1 (P < 0-05). TBARS levels were
statistically decreased on day 5 after operation
when compared with on day 1 after operation
in the EGF therapy group.

Glutathione

With the application EGF, the wound tissue
GSH level was increased statistically (P < 0-05)
only on day 14 when compared with the
respective control (Figure2). EGF may be
an antioxidant reducing lipid peroxidation.
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Table 1 The effects of EGF therapy on the TBARS, GSH, NOx, AA levels and SOD activity in skin wound tissue after excisional

surgery’
TBARS (nmol/g tissue)  GSH (umol/g tissue)
Non wounded group ~ 256-99 =+ 35-19 2:448 +0-12
Untreated groups
Day 1 421-50 + 85-84* 2:16 £ 0-39
Day 5 331-93 £ 59-40 2:22 £0-35
Day 7 267-40 + 3285 2.01+0-22
Day 14 206-02 & 20-79 2:11£0:17
EGF therapy groups
Day 1 421-13 £ 62.03* 243 +0-10
Day 5 191.60 + 31.75% 2:33£0-10
Day 7 462-23 + 61.27%# 2-14+0-35
Day 14 259.97 +42.94 3.49 4 0-43**

NOx (umol/g tissue) ~ AA (mg/g tissue) ~ SOD (U/g tissue)
435.957 + 35.77 0-167 4 0-01 969-15 + 18-34
468-25 4 58-80 0-07 £ 0-01*  534.80 & 14.37*
478-74 £ 4112 0-13+0-01*  589-12 £ 11.83*
47279 £ 43.02 0-09 £0-01*  599.16 £ 18-18*
349.41 £12.94 0-1240-02*  554.39 £ 27.07*
470-34 £70-43 0-08 £0-01*  525.94 £ 15.78*
603-32 + 92.97%# 0-1340-02*  630-54 £ 15.05*
418-59 £ 44.87 0-08 +0-01*  576-15 = 23-60*
411.68 £51-17 0-12 +£0-02*  528.87 £ 13.67*

AA, ascorbic acid; EGF, epidermal growth factor; GSH, reduced glutathione; NOx, reactive nitrogen oxide species; SOD, superoxide dismutase;

TBARS, thiobarbituric acid reactive substans.

TAll data are expressed as mean = standard deviation.
*P < 0-05 as compared with the non wounded group.
#p < 0.05 as compared with the respective control.
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Figure 1. TBARS levels in all groups on days 1,5,7 and 14 after wounding.

In addition, EGF may promote antioxidant
capacity of wound tissue, especially during
the delayed wound healing. There was not any
significant alteration in all untreated groups. In
the EGF therapy groups, GSH level increased
on day 14 when compared with the other
experimental groups.

Reactive nitrogen oxide species

As shown in Figure 3, NOx level was sig-
nificantly (P < 0-05) increased on day 5 after
wounding in EGF therapy group when com-
pared with the respective control. Excessive
NO production appeared wounded tissue on
day 5 after surgery caused by proliferation of

macrophage which is triggered by EGF. In
the untreated groups, there was a significant
decrease only on day 14 when compared with
the other untreated groups. In the EGF therapy
groups, NOx level was significantly increased
on day 5 after operation when compared with
on day 1. However, NOx levels were signifi-
cantly decreased both on days 7 and 14 when
compared with on day 5 in the EGF therapy
groups.

Ascorbic acid

There was no significant (P < 0-05) alteration
in the EGF therapy group when compared
with the respective control (Figure 4). In the
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Figure 3. NOXx levels in all groups on days 1,5,7 and 14 after wounding.

untreated groups, AA levels were statistically
increased both on days 5 and 14 after operation
when compared with on day 1. In the EGF
therapy groups, AA level was significantly
increased on dayb5 after operation when
compared with on dayl. AA level was
significantly decreased on day 7 after operation
in EGF therapy groups when compared with
on day 5.

Superoxide dismutase

As shown in Figure 5, there was no significant
(P < 0-05) changes in the EGF therapy group
when compared with the respective control.

© 2011 The Authors

In the untreated groups, SOD levels were
statistically increased both on days 5and 7 after
operation when compared with on day 1. SOD
level was significantly decreased on day 14
after operation in the untreated group when
compared with on day 7. In the EGF therapy
groups, SOD level was significantly increased
both on days 5 and 7 after operation when com-
pared with on day 1. However, SOD level was
significantly decreased on day 7 after operation
in EGF therapy group when compared with on
day 5.SOD level was significantly decreased on
day 14 after operation in EGF therapy group
when compared with on days 5 and 7.
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Figure 5. SOD activity in all groups on days 1,5,7 and 14 after wounding.

DISCUSSION

EGF plays a vital role by stimulating wound
healing in skin, cornea, oral and gastric mucosa
(2-7,18). Many studies have reported the
effects of growth factors on the normal healing
or impaired healing of skin wounds in animal
models (2-7). But little is known about the
relationship between the growth factors and
oxidant-antioxidant events in experimental
cutaneous wound healing in skin models.
Thus we have planned this study to evaluate
the relationship between EGF therapy and
oxidative stress in the skin. All this values of
wound tissue following EGF application were
determined after excisional surgery on days 1,
5,7 and 14.

In this study, TBARS level was significantly
decreased in EGF therapy group when com-
pared with the respective control on day5
after wounding. A decline in lipid peroxida-
tion levels was observed in the EGF therapy
group on day 5. For this reason, EGF may be an
antioxidant effect reducing lipid peroxidation.
Consistent with our study, Akbulut et al. found
that EGF reduces lipid peroxidation in rat gas-
tric tissue on stress ulcer healing 4. Similarly,
Erkasap ef al. reported that EGF administration
on ethanol induced gastric ulcer in rats shown
to reduce TBARS levels of gastric tissue (48).
However, on day 7 after operation TBARS level
was statistically increased in the EGF therapy
group. EGF administration caused to decrease

© 2011 The Authors
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significantly the tissue TBARS levels depend-
ing on the days except on day 7 which is the
inflammation phase in the wound healing. On
the other hand, EGF may cause unknown neg-
ative effects for the organisms after the first
5 days.

In our study, with the application EGF,
wound tissue GSH level was increased statisti-
cally only on day 14 when compared with the
respective control. EGF may promote antiox-
idant capacity of wound tissue, especially
during the delayed wound healing. In addi-
tion, the increased levels of GSH may have
occurred to eliminate the negative effects of
the TBARS levels and EGF therapy in wound
tissue. Consistent with our study, Akbulut
etal. determined that there were no signifi-
cant changes in the gastric GSH levels among
all the groups with the EGF application 4. Also,
Gulec et al. reported that there were no alter-
ations in the GSH levels with EGF therapy on
the oral mucosa (49). In addition, Gupta et al.
found that GSH levels reduced during wound
healing process for 14 days in immunocompro-
mised rats (50).

NO s a critical signal molecule and mediator
for wound healing. In addition, excessive NO
production in the early wound healing is
necessary for the healing process. In our study,
NOx level was significantly increased on day
5 after wounding in EGF therapy group when
compared with the respective control. Thus
excessive NO production appeared wounded
tissue on day 5 after surgery may caused
by proliferation of macrophage which is
triggered by EGF. These findings indicated
that EGF administration decreased tissue NOx
levels. In addition, there is a relationship
with EGF and NO production. In accordance
with this finding, Coskun etal. determined
that NO production maximised 24 hours after
wounding and the EGF administration caused
a decrease in NO production (19). Heck et al.
pointed that EGF suppresses NO and H,O,
production by keratinocytes. They showed
the treatment of both human and mouse
keratinocytes with EGF to result in decreased
NO production (51). It has been known
that the expression of iNOS is localised in
macrophages, keratinocytes and fibroblasts in
the healing of wounds (52).

In our study, there was no significant
alteration in term of AA levels in the EGF
therapy group when compared with the

© 2011 The Authors

respective control. In the EGF therapy groups,
AA level was significantly increased on day 5
after operation when compared with on day 1.
AA level was significantly decreased on
day 7 after operation in EGF therapy groups
when compared with on day 5. Cells required
AA for collagen production and neutrophil
phagocytes during impressive wound healing.
These events may cause fluctuations of AA
levels in wound healing process. There were no
significant alterations in the AA levels of EGF
treatment when compared with the respective
control. Consistent with our study, Peker et al.
reported that there was no change in the AA
levels on oral mucosa with EGF treatment (49).

SOD is an inducible enzyme and its
activity depends on O, concentration (51).
Kiyohara et al. pointed that EGF may play an
important role in wound healing after burns
by increasing SOD activity (53). In addition,
Nishiguchi et al. reported that EGF application
to cultured fibroblast obtained from rat skin
increased SOD activity (54). In this study, there
were no significant changes in the EGF therapy
group when compared with the respective
control. In EGF therapy groups, SOD level
was significantly increased both on days5
and 7 after operation when compared with on
day 1. However, SOD level was significantly
decreased on day7 after operation in EGF
therapy group when compared with on day 5.
SOD level was significantly decreased on
day 14 after operation in EGF therapy group
when compared with on days5 and 7. EGF
administration may increase SOD level by its
antioxidant effect in day 5 of wound healing.

There is strong evidence that EGF may
be able to protect tissue from oxidative
damage. Our data show that EGF, like other
antioxidants, may act by scavenging already
formed toxic oxidation products. It may
also fail to show the beneficial effects on
wounded tissue while also suggesting new
and potentially effective causal antioxidant
therapies for the first 5days. Hence, we
suggest the use of EGF administration to
wound tissue for the first 5 days with regard to
inhibit the harmful effects of EGF.
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