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Role of enkephalin derivative in promoting wound 
healing and scar remodeling via increased epidermal 
growth factor in a mouse model

INTRODUCTION 
Wound healing, which refers to a range of mechanisms that restore 
the integrity and function of the skin, is a complex pathophysiolog-

ical process involving the interplay of several cellular and biochem-
ical processes [1]. This highly complex phenomenon includes the 
complex relationship between inflammation, re-epithelialization, 
angiogenesis, granulation tissue formation, and collagen deposi-
tion. Each process is regulated by a complex signaling network that 
is controlled by many growth factors, cytokines, and chemokines. 
Any impairment in the normal reparative process may lead to ei-
ther delayed healing or inadequate fibrosis. Skin ulcers, including 
diabetic foot, venous, and pressure ulcers, are among the most fre-
quent and specific types of chronic non-healing wounds. One of 
the major causes of delayed healing is the persistence of inflamma-
tion or an inadequate angiogenic response [2,3]. In contrast, de-
pressed scars, hypertrophic scars, and keloids are characterized by 
abnormal production and degradation of collagen within the wound 
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Background Enkephalin, an endogenous neuropeptide, binds to the delta (δ) opioid 
receptor and exerts an antinociceptive effect. Recent studies have suggested that neu-
ropeptides might effectuate cutaneous wound healing. Therefore, we investigated the 
effects of an enkephalin derivative on wound healing and scar formation in vivo.
Methods Enkephalin derivatives (leucine-enkephalin) were synthesized using the ala-
nine scan method, and the most promising derivative (E10) was selected for further 
testing. In 15 C57BL/6N mice, two full-thickness skin defects (10 mm in diameter) were 
made on both sides of the back (left side, enkephalin group; right side, control group). 
The enkephalin group was administered 100 μL of E10 (AGGFL, 200 μg/mL), and the 
control group received phosphate-buffered saline. The wound size was digitally ana-
lyzed on days 2, 4, 7, and 10. After 21 days, the scar tissues were histologically evaluated 
for the scar depression index (SDI), and the epidermal growth factor (EGF) concentra-
tion was assessed using an enzyme-linked immunosorbent assay.
Results The skin defect percentages were 98.4%±17.9% (day 2), 83.2%±24.0% (day 4), 
39.7%±17.4% (day 7), and 16.2%±10.0% (day 10) in the control group and 86.1%±15.0% (day 
2), 61.4%±11.6% (day 4), 26.6%±8.8% (day 7), and 16.4%±8.8% (day 10) in the enkephalin 
group. The SDI values were significantly lower in the enkephalin group (0.06±0.19) than 
in the control group (0.22±0.13, P<0.001). The EGF level was significantly higher in the en-
kephalin group (102.2±22.6 pg/mL) than in the control group (42.1±20.5 pg/mL, P<0.001).
Conclusions An enkephalin derivative promoted wound healing and reduced depressed 
scar formation in a mouse model.
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site during the healing process [4,5].
 The development of medicine has increased life expectancy and, 
consequently, the prevalence of chronic diseases, such as hyperten-
sion, diabetes mellitus, and chronic wounds [6]. Various studies 
have been conducted on the treatment of chronic wounds to im-
prove the quality of life. In clinical practice, dressing materials con-
taining not only antibiotics but also growth factors and cytokines, 
and novel devices, such as negative-pressure wound therapy devic-
es, have been developed [7]. In particular, various ointments and 
spray formulations using epidermal growth factor (EGF) have been 
developed, commercialized, and used to treat many chronic wounds 
and skin defects in clinical trials. It is thought that fast wound heal-
ing can help patients promptly return to daily life and benefit the 
economy. Hence, research on wound healing has significant value 
in light of the trend to emphasize quality of life, and efforts to en-
hance wound healing and develop novel dressing materials have 
continued to gain prominence. Increasing evidence has recently 
emerged that cutaneous innervation is an important modulator of 
the normal wound healing process due to the close interactions be-
tween the skin and peripheral nervous system [8]. 
 Skin and nerve cells are both derived from the ectoderm during 
the development of the germ layers. Studies have suggested that 
neuropeptide receptors are expressed in the cellular membrane of 
the skin, and almost all neuropeptides are found in the skin [9]. 
According to Bigliardi-Qi et al. [10,11], deletion of the δ-opioid re-
ceptor delayed wound healing, while its activation promoted cuta-
neous wound healing in a mouse model. Enkephalin is an opioid 
peptide present in the forms of leucine-enkephalin (L-ENK) and 
methionine-enkephalin in the body. It acts as a ligand that binds to 
the μ- and δ-opioid receptors. The basic functions of enkephalin 
and δ-opioid receptors, including antinociceptive actions, are well 
known [12,13].
 A clinical study recently reported that different neuropeptide re-
ceptors are found in various types of scar tissue [9]. Based on the 
evidence for wound healing and cicatrization discussed above, we 
hypothesized that an enkephalin derivative would promote wound 
healing and reduce scar formation. Enkephalin derivatives were 
derived from L-ENK using the alanine scan method. Our prelimi-
nary studies examined the effects of enkephalin on wound recov-
ery in vitro and identified a promising enkephalin derivative [14,15]. 
Based on this, we created a full-thickness skin defect in a mouse 
model, investigated how quickly the wound recovered with L-ENK 
administration, and further investigated its effects on scar formation.

METHODS

Synthesis of enkephalin derivatives
L-ENK (YGGFL) was synthesized and provided by BIO-FD&C, 
Co., Ltd. Based on L-ENK, AGGFL (E10) was synthesized using 
the conventional solid-phase peptide synthesis method with 9-flu-

orenylmethoxycarbonyl (Fmoc) as a protector of amino acids. Fmoc-
Leu-Wang resin was used (Wang resin attached to leucine, which is 
an amino group protected by Fmoc). Extension of the amino acid 
residue was achieved by using N-hydroxybenzotriazole (HOBt) 
and N,N´-diisopropylcarbodiimide (DIC) as activators. The amino 
acids, HOBt, and DIC, used in the step-by-step binding process, 
were combined with five equivalents of resin and reacted at room 
temperature for 2 hours. After the reaction was complete, it was 
washed six times with dimethylforma mide, six times with dichloro-
methane, and then dried. Furthermore, AGGFL-resin, a dried pen-
tapeptide, was reacted with a combination of trifluoroacetic acid: 
triisopropylsilane: H2O (90:5:5 [v/v]) for 2 hours at room tempera-
ture to separate the peptide from the resin. Further, the peptide 
was precipitated with cold ether to obtain the crude peptide, using 
a centrifuge. Finally, the obtained AGGFL (E10) derivative was pu-
rified by reverse-phase high-performance liquid chromatography 
(column: Gemini, C18; 5 μ; 110 Å, 250×21.2 mm) using 0.1% tri-
fluoroacetic acid and acetonitrile as the solvent. Other enkephalin 
derivatives were synthesized in the same manner as described above.

Animal model
Fifteen C57BL/6N mice (Orient Bio Inc.), which were 6 weeks old 
and weighed 18 to 24 g, were used. All animal procedures were ap-
proved by the Institutional Animal Care and Use Committee. Mice 
were anesthetized with an intraperitoneal injection of 0.006 mL/10 
g Zoletil and 0.004 mL/10 g Rompun. After hair removal, two full-
thickness skin defects with a diameter of 10 mm were made on both 
sides of the back of the mouse. In each mouse, the right-side defect 
was treated with an enkephalin derivative (enkephalin group), and 
the left-side defect was treated with phosphate-buffered saline (PBS; 
control group). All skin defects were covered with a semiperme-
able film (Tegaderm; 3M Health Care), and prepared enkephalin 
was administered between the skin defect and semipermeable film 
using a syringe and a 26G needle. In the enkephalin group, 100 μL 
of E10 (AGGFL; 200 μg/mL) was injected into the skin defect site, 
and 100 μL of sterile PBS was injected in the control group. To eval-
uate changes in wound size, digital photographs were taken on days 
2, 4, 7, and 10, starting from the first experimental day. The camera 
lens was positioned vertically on the wounds. The camera was fixed 
at a certain distance using a stand to minimize errors in the posi-
tion of the camera. Digital images of the wound were analyzed, and 
the number of pixels in each wound was determined using ImageJ 
software (National Institutes of Health). The proportion of wounds 
on days 2, 4, 7, and 10 were calculated and compared to the initial 
defect size (Fig. 1). 

SDI assessment
The mouse excisional model described above was used to evaluate 
the effect of the enkephalin derivative on cicatrization. After 21 
days, full-thickness scar tissue was harvested from the surrounding 
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normal tissue. The tissue was embedded in paraffin, sectioned, and 
stained with hematoxylin and eosin (H&E). Tissue sections were 
observed under a light microscope and evaluated using CaseView-
er (3DHISTECH Ltd.). The width and thickness of the depressed 
scar were measured and expressed using the scar depression index 
(SDI) (Fig. 2). The SDI was defined as the difference in area be-
tween the unwounded dermis and wounded dermis divided by the 
unwounded dermis. The SDI value is less than 1 by definition, and 
a value closer to 0 indicates a lower degree of dermal depression.

Quantitative analysis of EGF with ELISA 
Wounded skin fragments of the mice were homogenized in RIPA 
buffer (10 mM Tris-Cl, pH 8.0; 1 mM EDTA, 0.5 mM EGTA, 1% 
Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NaCl, 
and 1 mM PMSF) containing a mixture of protease inhibitors for 
30 minutes on ice. Homogenates were centrifuged at 20,000×g for 
15 minutes at 4 °C, and supernatants were collected and measured 
using a Pierce protein bicinchoninic acid assay (Thermo Fisher). 
EGF production was measured using a commercially available en-
zyme-linked immunosorbent assay (ELISA) kit (PeproTech). Sam-
ples and standards (100 µL in each well) were added to washed plates 
in duplicate. The plates were then covered and incubated for 2 hours 
at room temperature. The plates were washed before the addition 
of the antibody detection solution and incubation for 2 hours at 

room temperature. The washed plates were incubated with strepta-
vidin-horseradish peroxidase conjugate solution (Amersham) for 
30 minutes. The plates were washed with PBS and incubated with 
100 µL of tetramethylbenzidine solution for 20 minutes at room 
temperature. The staining reaction was stopped using a stop-solu-
tion, and absorbance was measured at 490 nm. EGF levels were ex-
pressed as picograms per milligram of total protein.

Statistical analysis
Statistical analyses were performed using the IBM SPSS version 20. 
Representative data were presented as mean±standard deviation. 
Statistical significance was set at P<0.05. The Kolmogorov-Smirnov 
test was used to verify data normality. The independent two-sam-
ple t-test and Mann-Whitney U test were used for parametric and 
non-parametric tests, respectively.

RESULTS

Synthesis of enkephalin derivatives
Based on L-ENK, enkephalin derivatives (AGGFL, YAGFL, YGAFL, 
YGGAL, and YGGFA) were synthesized using the alanine scan me-
thod by substituting the position of each amino acid with alanine 
(Table 1). Among these, E10 (AGGFL) and E13 (YGGAL) were the 
most effective in promoting wound healing in our preliminary stud-
ies [14,15]. Furthermore, a pilot test showed that after complete 
wound healing, the total collagen content of the E10 group was low-
er than that of the other groups. Therefore, only the E10 derivative 
was assessed in this study.

Role of the enkephalin derivative in promoting wound 
healing
All 15 mice survived until day 10. In the control group, the percent-

Fig. 1. Schematic diagram. Two full-thickness skin defects with a 
10-mm diameter were made on both sides of the backs of 15 mice. 
The control sites on the left side and the enkephalin group on the 
right side were injected with 100 μL of sterile phosphate-buffered 
saline and the E10 (AGGFL) enkephalin derivative, respectively. To 
identify the effect of enkephalin derivatives on wound healing, the 
size of the wound was measured on days 2, 4, 7, and 10 using a digi-
tal camera and ImageJ software. On day 21, scar tissues were used 
to evaluate the scar depression index and epidermal growth factor 
(EGF) levels were assessed with an enzyme-linked immunosorbent 
assay (ELISA). 

Enkephalin Control
Excisional scar size

1 cm

1 cm

Period      Assessment
Day 0 Wound area (n=15)
Day 2 Wound area (n=15)
Day 4 Wound area (n=15)
Day 7 Wound area (n=15)
Day 10 Wound area (n=15)
Day 21  Scar depression index  

EGF ELISA (n=14)

Fig. 2. Scar depression index (SDI). In this study, the degree of pres-
sure was expressed as the SDI to compare the degree of scar de-
pression. The SDI was defined as the difference in area between the 
unwounded dermis and wounded dermis divided by the unwounded 
dermis. The SDI value is less than 1, and values closer to 0 indicate 
a lower degree of dermal depression.
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Table 1. Synthesis of enkephalin derivatives 

Name Amino acid 
sequence

Molecular  
weight Purity (%)

Leu-enkephalin YGGFL 555.6 96.0

E10 AGGFL 463.5 60.1

E11 YAGFL 569.6 56.2

E12 YGAFL 569.6 63.5

E13 YGGAL 479.5 54.8

E14 YGGFA 513.5 62.6

age areas of the skin defects were 98.4%±17.9%, 83.2%±24.0%, 
39.7%±17.4%, and 16.2%±10.0% on days 2, 4, 7, and 10, respec-
tively. In the enkephalin group (E10 derivative), the percentage ar-
eas of the skin defects were 86.1%±15.0%, 61.4%±11.6%, 26.6%± 
8.8%, 16.4%±8.8% on days 2, 4, 7, and 10, respectively. The wound 
healing rate of the enkephalin group was much higher than that of 
the control group, and the enkephalin group showed a statistically 
significant reduction in the wound area on days 2, 4, and 7 (P=0.023, 
P=0.006, and P =0.040, respectively) (Fig. 3A). Changes in the 

wound area over time were also confirmed in the gross photographs 
(Fig. 3B). The residual wound areas in the control group were sta-
tistically significantly larger on days 2, 4, and 7.

Role of the enkephalin derivative in depression scar 
formation
One of the 15 mice was lost before day 21, and the scar tissues of 
14 mice were evaluated to prove the effectiveness of the enkephalin 
derivative on cicatrization. After the wound was completely healed 
on day 21, the SDI values were 0.22±0.13 in the control group and 
0.06±0.19 in the enkephalin group. The SDI values of the enkeph-
alin group were significantly lower than those of the control group 
(P<0.001) (Fig. 4A). Given the difference in SDI values, it could be 
interpreted that the enkephalin group had flatter skin surfaces in 
scar tissue. In the representative H&E-stained slides, the degree of 
depression of the wounded dermis between the two groups was 
markedly different (Fig. 4B).

Role of the enkephalin derivative in enhancing EGF levels 
in scar tissue
The study was conducted using 14 samples from each group. To 

Fig. 3. Comparison of wound area between the control and the en-
kephalin groups (n=15 per group). (A) In the defect sites with the 
E10 derivative, the wounds healed at a very rapid rate from day 2, 
and the slope of the wound healing rate was relatively steep com-
pared to the control group throughout the experimental period. On 
days 2, 4, and 7, the enkephalin group showed a smaller wound area 
than the control group and the difference was statistically significant 
(P<0.05). (B) It was also revealed that the enkephalin group (left) 
healed faster than the control group (right) during the 10-day experi-
mental period, showing a noticeable difference on days 2, 4, and 7.
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compare the concentrations of EGF in the enkephalin and control 
groups, an ELISA kit was used with excised scar tissues on day 21. 
The EGF levels of the control group and the enkephalin group were 
42.1±20.5 pg/mL and 102.2±22.6 pg/mL, respectively, which show-
ed a statistically significant difference (P<0.001) (Fig. 5).

DISCUSSION
In our preliminary studies, enkephalin derivatives were synthesized 
using the alanine scan method, and we investigated the dermal in-
tracellular safety, enhancement of wound healing in cell migration 
assays, procollagen synthesis, and moisturizing performance of five 
enkephalin derivatives in vitro [15]. Of these five derivatives, we 
conducted an in vivo experiment with the E10 derivative, one of 
the most promising derivatives in our previous study, and found 
that the wounds healed quickly enough to be identified with the 
naked eye compared to the control group. To the best of our knowl-

Fig. 4. Histologic comparison of depressed scar between the control and the enkephalin group. (A) Comparison of the scar depression index 
(SDI) between the control and the enkephalin groups (n=14 per group). After complete wound healing at 21 days, the SDI values were 0.06±0.19 
in the enkephalin group and 0.22±0.13 in the control group. The SDI values of the enkephalin group were significantly lower than those of the 
control group (P<0.001). (B) Comparison of representative histologic findings between the control and the enkephalin groups. As shown using 
hematoxylin and eosin staining, the degree of depression of the wounded dermis was severe in the control group, while the degree of depres-
sion of the wounded dermis was lower in the enkephalin group (magnification is recorded in the lower right corner of each photo).
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Fig. 5. Comparison of epidermal growth factor (EGF) levels in the 
scar tissues between the control and the enkephalin groups at 21 
days (n=14 per group). EGF levels were significantly higher in the 
enkephalin group than in the control group (P<0.001).
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edge, this is one of the few preclinical in vivo studies in which opi-
oids were involved in wound healing and showed a positive effect. 
In addition, our findings suggest that the atrophic scars were reduced 
in terms of SDI values, which might be partly associated with in-
creased EGF levels.
 Although various studies have been conducted on the effects of 
many neurotransmitters, such as enkephalin derivatives, on wound 
recovery, the precise biomolecular mechanism is unclear. However, 
the skin is abundant in various neurotransmitters and can affect 
wound recovery through interference with the complex signaling 
networks of different cells [8]. Additionally, in vitro studies have in-
dicated that the mu (µ) opioid receptor/delta (δ) opioid receptor 
agonist, L-ENK, and its analogs can accelerate healing by fibroblast 
interaction, capillary growth, fibroblast proliferation, granulation 
tissue maturation, and epithelization [14,16,17]. Similarly, the in-
crease in EGF concentration in the enkephalin group tissues in this 
study suggests that enkephalin derivatives stimulated wound heal-
ing directly by stimulating fibroblasts and increasing the synthesis 
of collagen matrixes [18]. These findings indicate the potential of 
these derivatives to replace commercially available EGF synthetic 
formulations, such as EGF ointments and sprays. If clinically appli-
cable, neuropeptides as upstream modulators may be more effec-
tive in aiding homeostasis than EGF alone [11].
 In this study, we showed that an enkephalin derivative improved 
wound healing in vivo, suggesting the possibility of its clinical ap-
plication. Similarly, if enkephalin derivatives can promote wound 
healing in clinical practice, secondary infections could be prevent-
ed, and mortality or complications could be reduced in patients 
with many underlying diseases. As an increased emphasis is being 
placed on quality of life, rapid wound recovery would enable pa-
tients to return to their daily routine as soon as possible. In addi-
tion, highly efficient wound therapy can reduce the time until re-
covery and associated costs from an economic perspective [6]. En-
kephalin derivatives can have antinociceptive actions in addition to 
wound healing, alleviating the pain that most patients with severe 
wounds experience [12,19,20]. Reducing pain can substantially im-
prove patients’ quality of life. This is expected to be a major advan-
tage compared to the synthetic EGF agents that are presently used 
in clinical practice.
 In this study, the enkephalin derivative showed a positive effect 
on the inhibition of depressed scar formation after complete wound 
recovery. This indicates that the enkephalin derivative, as a cutane-
ous modulator, plays a role in both wound healing and the forma-
tion of scars. Currently, most early-stage scar products used after 
the complete epithelialization of a wound are dominated by silicone 
ointments or patches [21]. Enkephalin derivatives have the poten-
tial to replace these expensive scar products; however, large-scale 
clinical studies are required to confirm these findings. A clinical 
study reported that certain neuropeptide-containing nerves were 
found in painful hypertrophic human scar tissue, but no enkepha-

lin-immunoreactive nerves were found [9]. This suggests that the 
enkephalin derivative analyzed in this study is a neuropeptide that 
may have a low probability of causing pain in scar tissue.
 In this study, the increased EGF concentration in the scar tissue 
may have also played a role in the inhibition of scar formation. One 
clinical study showed that EGF levels and cicatrization were inverse-
ly proportional, whereas another showed that EGF in surgical wound 
healing may improve cutaneous scar quality [22,23]. In another 
preclinical study, a murine model of full-thickness wound healing 
suggested that EGF can reduce cutaneous scars by suppressing in-
flammatory reactions, decreasing the expression of transforming 
growth factor-β1, and mediating collagen formation [24]. Another 
preclinical study analyzed a rat model during the repair of depressed 
scars and found that autologous skin fibroblasts enhanced collagen 
production and filled depressed scars, which were also stimulated 
by EGF [25]. Based on these results, we can assume that, in our study, 
EGF played a key role in scar remodeling, which was stimulated by 
enkephalin derivatives.
 This study has the following limitations. First, investigating the 
effects of cicatrization may require longer follow-up periods, as a 
longer period may lead to the formation of a hypertrophic scar 
rather than a depressed scar. In the mouse model, scar models are 
very diverse, such as incisional scars, excisional scars, and scar re-
pair models; however, there is no research on which is optimal as a 
human scar model, so research will be needed in various scar mod-
els to be widely applied to the human body. As there are few studies 
on the effects of enkephalin derivatives on cicatrization, research is 
needed on various growth factors and cytokines other than EGF. 
In future studies, it is necessary to study the long-term effects, causes, 
and mechanisms of these factors in different scar models by sup-
plementing the above descriptions.
 In this mouse model study, an enkephalin derivative showed a 
positive effect of inducing wound healing more quickly and inhib-
iting depressed scar formation, which was partly associated with 
an increase in EGF concentration in scar tissues.
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