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ABSTRACT
Objective: As an intricate process, wound healing involves contributions from numerous 
cell types. Fibroblasts critically support wound healing via sustaining the integrity of 
the extracellular matrix, promoting collagen synthesis, and driving contraction during 
proliferation and remodeling. A balanced inflammatory response is essential for 
this repair. The apelinergic system, comprising Apelin and APJ (apelin receptor)—
abundantly found in the skin and scar fibroblasts—plays a significant regulatory role. 
This is among the first to reveal the role of exogenous Apelin-13 in wound healing using 
a scratch model in CCD-1072Sk fibroblast cell line.
Methods: The doses of 2 and 5-µg/ml Apelin-13 were chosen based on the cell viability 
assay result. After seeding cells in 24-well plates, the wound scratch model was applied 
once they reached approximately 90% confluency. Samples of the control (CTL), A-2, 
and A-5 groups were collected and analyzed at 0 h (hour) (baseline), 24 h, 48 h, and 
72 h. After the wound scratch model, the wound gap area was checked at the relevant 
time points. ELISA analysis was performed for levels of TGF-β1, TNF-α, and IL-10. 
Apoptosis was analyzed with a fluorescent microscope using the Annexin V-FITC/PI 
method.
Results: In the viability assay, 2 and 5 µg/ml Apelin-13 doses were used. Wound 
closure decreased significantly at all time points in both Apelin groups vs. 0 h (p<0.001). 
Apoptosis increased significantly in A-2-48 and A-5-48 groups (p<0.001). TNF-α 
decreased in A-2 vs. CTL (p<0.001) and A-5-72 (p<0.001). TGF-β1 increased in A-5-72 
vs. A-2-72 (p<0.05). IL-10 increased in all Apelin groups vs. CTL (p<0.001).
Conclusion: Apelin-13 promoted wound healing by balancing inflammation, enhancing 
fibroblast proliferation, migration, and reducing apoptosis. 2 µg/ml Apelin-13 showed 
notable effects, while 5 µg/ml was superior at certain time points. Apelin-13 appears to 
be a promising wound-healing agent.
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Main Points

•	 Apelin-13 enhances wound healing by modulating 
inflammation and promoting fibroblast migration, 
proliferation, and survival.

•	 The 2 µg/ml dose showed significant effects, while 
5 µg/ml was more effective at certain stages, 
suggesting a stage-specific dosing strategy.

•	 Sequential high-to-low dosing of Apelin-13 aligned 
with wound healing phases may optimize therapeutic 
outcomes, warranting further research.

INTRODUCTION       
Wound healing is a highly orchestrated mechanism in which 
many molecular events take place for the effective repair of 
damaged tissue and for it to regain its former physiological 
functions and integrity [1]. This dynamic phenomenon is carried 
out by the coordinated and synergistic work of signals from 
various cells, growth factors, and biochemical molecules [2]. In 
pathologies where healing is impaired, such as diabetic ulcers 
[3], chronic venous-arterial wounds [4], and pressure ulcers [5], 
the risk of infection is high and causes a decrease in the quality 
of life with consequences ranging from sepsis to limb loss [6]. In 
vitro wound scratch assay is gaining importance in the analysis 
of migration, proliferation, wound gap closure mechanisms at 
the cellular level, and in observing drug-biomolecule testing, as 
it provides repetitive and controlled results [7].  

Fibroblasts are pivotal in fundamental cascades of wound 
healing, including fibrinolysis, wound contraction, rebuilding 
of extracellular matrix (ECM), and collagen structures [8-11]. 
In the inflammatory phase of wound healing, fibroblast cells 
produce tumor necrosis factor-α (TNF-α), a proinflammatory 
cytokine [12]. Interleukin-10 (IL-10), produced by fibroblasts, 
promotes granulation tissue formation during the proliferation 
phase and prevents excessive proinflammatory mediator release 
[13]. During the remodeling phase, IL-10 promotes collagen 
fiber restructuring and enhances scar tissue stabilization [13, 
14]. Tumor Growth Factor-β (TGF-β) is secreted by cells such as 
fibroblasts, epithelial, and immune cells and functions in most 
phases of wound healing [15, 16].   

The apelin peptide ligand and the G-protein-coupled apelin 
receptor (APJ) together constitute the apelinergic system [17]. 
Apelin is initially synthesized in adipose tissue as a 77-amino 
acid pre-proapelin and is then cleaved by peptidases to convert 

into various endogenous bioactive isoforms, including apelin-13, 
12, 17, 36, 55 [18]. Endogenous apelin has been reported to 
be involved in angiogenesis during ischemia, and exogenous 
apelin administration is involved in wound healing [19-21]. The 
apelinergic system has been reported to be expressed in a broad 
spectrum in scar tissue fibroblasts and normal skin fibroblasts [22]. 

Based on this information, the objective of this study is to 
investigate the role of fibroblasts in the wound healing process 
by creating a scratch wound model in the CCD-1072Sk normal 
skin fibroblast cell line and the effect of the apelin/APJ signaling 
pathway on this process with exogenous apelin-13 treatment.

MATERIALS AND METHODS
Cell Culture
Experiments were performed in Haliç University Faculty of 
Medicine and Istanbul University-Cerrahpaşa, Cerrahpaşa 
Faculty of Medicine, Physiology Research Laboratories. The 
CCD-1072Sk Human Skin Fibroblast Cell Line used in our 
experiments was obtained from the American Type Culture 
Collection (CCD-1072Sk (ATCC-CRL-2088); USA) by passage 
six and cultured in a sterile laminar flow. Cells from the liquid 
nitrogen tank at -196 °C were gradually thawed and transferred 
to 25 cm2 flasks. Cells were cultured in Dulbecco’s Modified 
Eagle Medium Nutrient Mixture F-12 (DMEM-F12, Gibco, 
Thermo Fisher) supplemented with 1% antibiotic (Penicillin/
Streptomycin, Gibco, Thermo Fisher) and incubated at 37 °C 
with 5% CO2 in an incubator (CO2 Incubator, MCO-170AC-PE, 
PHC Corporation, Japan). After incubation, CCD-1072Sk cells 
were checked with an inverted (PrimoVert-Inverted Microscope-
Carl Zeiss Microscopy) microscope, and trypsinization was 
carried out with Trypsin-EDTA (Gibco, Thermo Fisher) once 
cells reached 80-90% confluency. 

Cell Passaging
During the passaging process, the medium was aspirated, and 
debris was removed by PBS washing. Trypsin-EDTA (0.25%) 
was added and incubated for 3 minutes at 37 °C with 5% CO2. 
Cells were taken into sterile tubes and centrifuged at 1300 rpm; 
the supernatant was discarded, and medium was added to the 
pellet. Cells placed in T75 flasks were incubated at 37 °C with 
5% CO2. 

Cell Viability Test (MTT Assay)
The 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium 
bromide (Cell Proliferation Kit I (MTT) 11465007001, Roche) 
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assay was conducted on CCD-1072Sk cell line at 24, 48, and 72 
hours. For the evaluation of cytotoxic responses ​​in Apelin-13 
(Cayman Chemicals, 13523, USA) treated groups, cells were 
distributed into 96-well plates at a seeding density of 1 × 105. 
Apelin-13 was applied at doses of 1, 2, 5, 10 µg/ml. Formazan 
crystals were quantified according to the kit manual. 2 and 5 μg/
ml Apelin-13 doses were selected. Three experimental groups 
were formed: Control, A-2, and A-5.   

Wound Scratch Assay
5x104 cells were cultured in 24-well plates, and after verifying 
that the cells reached 90% confluency with an inverted 
microscope, in the center of each well was marked with a scratch 
with a 300 µL pipette tip. Then, the wound line was checked 
under an inverted microscope for 0, 24, 48, and 72 hours, with 
10x-40x magnification applied and photographs were taken with 
the integrated camera. The area of wound closure was measured 
with ImageJ.

Enzyme-Linked Immunosorbent Assay (ELISA) Analyses
Anti-inflammatory cytokines IL-10, TGF-β1, and the 
proinflammatory cytokine TNF- α were measured in the 
supernatants of CCD-1072Sk cells via ELISA kits following 
the kit manual (Interleukin-10 IL-10 Cat. No. E0102Hu, tumor 
necrosis factor-alpha TNF-α Cat. No. E0082Hu, transforming 
growth factor-beta TGF-β1 Cat. No. E0134Hu; BT LAB, 
Shanghai, China).

Apoptosis Staining
Annexin-V-FITC/PI Apoptosis Kit was obtained from the 
manufacturer (Elabscience Bionovation Inc., Annexin V-FITC/
PI Apoptosis Kit, Cat. No: E-CK-A211, Texas, US). Annexin 
V is a high-affinity binding protein for Ca2+-dependent 
phosphatidylserine. Annexin V is used with propidium iodide 
(PI), which can bind to nucleic acids, allowing apoptotic staining 
[23]. CCD-1072Sk cells cultured in a 24-well plate, seeding 
density of 1 × 105 cells/well. The manufacturer’s instructions 
were followed when performing the apoptosis analysis. 

For the quantitative evaluation of Annexin V-PI fluorescence 
staining, five fields were randomly selected in 3 replicate wells 
for each group and 300-350 CCD-1072Sk cells photographed 
using 10x-40x magnifications using an inverted fluorescence 
microscope (Carl Zeiss TM, Axio Vert.A1 FL-LED Inverted 
Microscobe, Germany) and software (Carl Zeiss, Axiocam 506, 
ZEN 2 Lite Software, Germany). Automatic cell counts were 

performed using ImageJ (ImageJ, NIH, United States) and were 
also confirmed by manual counting. Apoptosis photographs are 
representative of five randomly selected fields per group under 
40x magnification [24, 25].

Statistical Analyses
All statistical analyses were conducted with the GraphPad 
Prism program (Version 10.2.0, United States). The normality 
was tested using the Shapiro-Wilk test, and homogeneity was 
tested using the Levene Test. Data were normally distributed 
and homogeneous. Comparisons across groups were analyzed 
with one-way ANOVA and Bonferroni post hoc correction. 
Wound healing gap closure percentage and Annexin-V-FITC/
PI apoptosis were analyzed through repeated measures ANOVA 
and subsequent Bonferroni correction. All results are shown 
as mean ± SD (standard deviation), considering p<0.05 as 
statistically significant. 

RESULTS
Cell Viability Assay
In the MTT viability analysis, no statistically significant 
difference was observed between the groups at hours 24 and 72. 
However, at hour 48, a decrease in cell count in the CCD-1072Sk 
fibroblast cell line was noted in A-10-48 compared to CTL-48 
(p<0.01). 1 µg/ml Apelin-13 showed a weak protective effect, 
while 10 µg/ml caused cytotoxicity. Therefore, 2 µg/ml and 5 
µg/ml Apelin-13 doses were selected. The results of the Cell 
Viability analysis are summarized in the related figure and table 
(Figure 1, Table 1). 

Wound Healing Gap Closure Percentage
When the wound healing closure percentages of Apelin-13 were 
considered, compared to the CTL-0 group, a decrease (p<0.001) 
was observed in the CTL-24, CTL-48, and CTL-72. Compared 
to the A-2-0, a decrease (p<0.001) was found in the A-2-72. 
Compared to the A-5-0, decrease (p<0.001) was found in the 
A-5-72 group (Figure 2).

Compared to the CTL, it was observed that A-2 and A-5 
Apelin-13 doses increased cell migration and wound closure 
rate. In the 0th hour images, the baseline was similar in all 
groups. At 24h, it was observed that cell migration was faster in 
the A-2 and A-5 compared to the CTL. At 48h, the closure rate 
of cells was higher compared to the CTL, especially in the A-2. 
At 72h, it was determined that the wound area closed more in the 
A-2 and A-5 compared to the CTL (Figure 3).
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Figure 1. Statistical graphs of viability assay (MTT) in CCD-1072Sk fibroblast cell line. Cell Viability results of Apelin-13 on the 
CCD-1072Sk fibroblast cell line at 24th hour (A), 48th hour (B), 72th hour (C). Data were normalized to the control groups. CTL: 
control group; A-2: Apelin-13 group (2 μg/ml); A-5: Apelin-13 group (5 μg/ml). Each condition was tested triplicate. Statistical 
analysis was performed using one-way ANOVA with Bonferroni post-hoc correction and data are presented as mean ± SD (GraphPad 
Prism software). Statistical significance: p<0.05 (*), p<0.01 (**), p<0.001 (***).

Table 1. Viability Assay Values (Mean ± SD)

Viability Assay 24h CTL-24 A-1-24 A-2-24 A-5-24 A-10-24

Mean ± SD 100.0 ± 6.4 95.85 ± 4.7 100.7 ± 8.1 81.99 ± 13.4 82.71 ± 15.6

48h CTL-48 A-1-48 A-2-48 A-5-48 A-10-48

Mean ± SD 100.0 ± 2.1 98.68 ± 2.02 97.64 ± 3.8 87.55 ± 3.8 79.79 ± 8.9

72h CTL-72 A-1-72 A-2-72 A-5-72 A-10-72

Mean ± SD 100.0 ± 1.3 96.60 ± 3.5 100.5 ± 5.6 92.93 ± 7.6 88.83 ± 4.5

Figure 2. Quantitative analysis of Apelin-13 
on wound healing gap closure percentage at 
0, 24, 48, 72 hours in CCD-1072Sk fibroblast 
cell line. Data were normalized to the control 
groups. CTL: control group; A-2: Apelin-13 
group (2 μg/ml); A-5: Apelin-13 group (5 μg/ml). 
Each condition was tested triplicate. Statistical 
analysis was performed using one-way ANOVA 
with Bonferroni post-hoc correction and data 
are presented as mean ± SD (GraphPad Prism 
software). Statistical significance: p<0.05 (*), 
p<0.01 (**), p<0.001 (***).
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Apoptosis Analysis
Apoptosis % Cell Count
In the Apoptosis % Cell Count analysis, apoptosis rate compared 
to CTL-24 increased in A-2-24 (p<0.001), decreased in A-2-24 
(p<0.05). Compared to CTL-48, increased in A-2-48 and A-5-48 
(p<0.001). Compared to CTL-72 decreased in A-2-72 (p<0.05) 
and A-5-72 (p<0.001). A decrease (p<0.001) observed in A-2-
24 compared to A-5-24. A-2-48 group compared to the A-2-24, 
A-2-72, and A-5-48 compared to A-5-24, A-5-72 group showed 
higher apoptosis rate (p<0.001) (Figure 4). 

Annexin-V-FITC/PI Apoptosis staining 
In the Annexin-V-FITC/PI Apoptosis staining the highest 
apoptosis rate was observed in the A-2-48. An increase was 
observed in A-2-24 Annexin V(+) early apoptotic cells compared 
to CTL-24. In the A-5-24, although the rate of Annexin V(+) 
early apoptotic cells was higher compared to A-2-24, the number 
of PI(+) dead/necrotic cells was low compared to the CTL and 
A-2-24. In the A-2-48, an increase in the number of Annexin 
V(+) early apoptotic cells compared to A-5-48. Number of 
Annexin V(+) early apoptotic cells quite low in the A-2-72 and 
A-5-72 compared to 24., 48. hour groups. In merged images, it 
is especially noticeable that the late apoptosis rate decreased 
significantly in the A-5-24, A-5-48, A-5-72 groups (Figure 5). 

Figure 3. Images of the scratch wound assay in the CCD-1072Sk fibroblast cell line in CTL, A-2, and A-5 groups at 0, 24, 48, and 72 
hours. CTL: control group; A-2: Apelin-13 group (2 μg/ml); A-5: Apelin-13 group (5 μg/ml). Yellow lines indicate cell migration and 
wound line closure during wound healing. Wound line edges were automatically delineated with the Straight-Line Tool using the 
yellow line. Wound surface area was measured using the Analyze Particles command. Measurements were performed using ImageJ 
software. The raw images were assembled in PowerPoint to create a publication-ready format and enriched by adding group and 
time bars. Wound gap closure line, CTL group at 0 hour (A), 24th (B), 48th (C), 72th hours (D), 2 µg Apelin-13 group at 0 (E), 24th (F), 
48th (G), 72th hours (H) and 5 µg Apelin-13 group at 0 (J), 24th (K), 48th (L), 72th hours (M). Scale bars are 100 μm (10x magnification).
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Enzym-Linked ImmunoSorbent Assay Analysis
TNF-α levels showed a gradual decrease at 24, 48, 72 hours in 
A-2 dose compared to CTL groups (p<0.001), while A-5 groups 
showed an increase at the same time points compared to A-2 
groups (p<0.001) and no significance was found in A-5 groups 
compared to CTL. 

TGF-β1 levels were increased in A-5-72 compared to CTL-72 
(p<0.01). IL-10 levels were increased in all A-2 groups compared 
to CTL groups at the same time point (p<0.001), while A-5 
groups were decreased compared to A-2 groups (p<0.001). 
Furthermore, all A-5 groups were increased compared to CTL 
(p<0.001). The results of ELISA analysis are summarized in the 
table (Figure 6, Table 2). 

DISCUSSION
This study is the first to show that Apelin-13 supports wound 
healing in the CCD-1072Sk Human fibroblast cell line by 
suppressing the proinflammatory response and increasing the 
anti-inflammatory response, cell migration, and proliferation in 
a dose and time-dependent manner.

Wound healing is developed under the management of different 
molecules and cells, consisting of inflammation, proliferation, 
and remodeling phases [26]. The MTT test is the gold standard 
for evaluating drug toxicity [27].

Apelin-13 at doses of 0.01 μM, 0.1 μM, 1 μM, and 10 μM 
was reported to have no significant cytotoxicity in PC-12 
pheochromocytoma cells according to MTT results at 24h, 
and 1 μM Apelin-13 dose significantly increased viability [28]. 
Apelin-13 doses of 1, 2.5, 5 and 10 µg/ml were tested in the MTT 
test on the SH-SY5Y cell line and it was shown that the doses 
of 2.5 and 5 µg/ml were not toxic and provided antioxidative 
protection [29]. In our study, 10 μg/ml Apelin-13 was eliminated 
due to its cytotoxicity. Apelin-13 dose of 2 µg/ml (≈1.33 µM) 
showed cell viability equivalent to the control group at 24, 48, 
and 72h. The fact that a 5 µg/ml (≈3.33 µM) Apelin-13 dose 
temporarily decreased fibroblast viability at 24h, then gradually 
increased proliferative activity at 48h and 72h, approaching 
the CTL, indicates that the relevant dose only has a reversible 
cytostatic effect and transient cellular stress. These results 
support that we obtained results consistent with the literature in 
terms of dose. 

One of the most important methods used to demonstrate cell 
migration and proliferation is the scratch wound healing test 
[30]. Wound healing consists of four basic phases: hemostasis, 
inflammation, proliferation, and remodelling [31]. The 
hemostasis phase is completed within the first hour, primarily 
mediated by thrombocytes, while the inflammation phase begins 
between 1-10 hours with the accompaniment of neutrophils, 
circulating and resident macrophages, and fibroblasts. 

Figure 4. Apoptosis % Cell Count on CCD-
1072Sk Fibroblast cell line. Data were normalized 
to the control groups. CTL: control group; A-2: 
Apelin-13 group (2 μg/ml); A-5: Apelin-13 group 
(5 μg/ml). Each condition was tested triplicate. 
Statistical analysis was performed using one-way 
ANOVA with Bonferroni post-hoc correction 
and data are presented as mean ± SD (GraphPad 
Prism software). Statistical significance: p<0.05 
(*), p<0.01 (**), p<0.001 (***).
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Figure 5. Representative fluorescence microscopy images showing apoptotic and necrotic cell populations in CTL and A-2, A-5 
groups at 24, 48, 72 hours by Annexin-V-FITC/PI Apoptosis staining in the CCD-1072Sk fibroblast cell line. Green fluorescence 
indicates Annexin V-FITC positive (+) cells (early apoptosis), red fluorescence indicates PI positive (+) cells (dead/necrotic), and 
merge panels indicate late apoptotic cells. Control group at 24th hour (A), 48th hour (B), 72nd (C) hour.  CTL: control group; A-2: 
Apelin-13 group (2 μg/ml); A-5: Apelin-13 group (5 μg/ml). Scale bars represent 100 μm (10x magnification) for 24 h images and 50 
μm (40x magnification) for 48 and 72 h images. Images are representative of three independent experiments. 

Figure 6. Statistical graphs of ELISA analysis performed on the CCD-1072Sk fibroblast cell line. TNF-α (A), TGF-β1 (B), IL-10 
(C) ELISA analysis values ​​in CTL, A-2 and A-5 groups at 24th, 48th and 72nd hours. Data were normalized to the control groups. 
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Following the proliferation phase led by fibroblasts, which 
can last from 10 hours to 1 month, the matrix formation and 
remodelling phase continues from 72 hours to 1 year, and the 
wound eventually closes in about a year. These four stages also 
include sub-stages such as polymorphonuclear cell influx, M1-
M2 macrophage class switch, re-epithelialization-granulation 
tissue formation (fibroblast proliferation), collagen deposition, 
angiogenesis, wound contraction, and maturation, which occur 
interdependently. Depending on the type of wound formation, 
the processes may be extended or shortened [11]. In this context, 
the time points we used as the basis in our study were modeled 
to symbolize the hemostasis process at the time of the damage 
at 0th hour, the inflammatory phase at 24th hour, the early phase 
of the proliferation phase at 48th hour, and the late phase of the 
proliferation phase and the remodeling phase at 72nd hour. In 
the wound model, exogenous pyr-apelin-13 suppresses pressure 
ulcer formation by inhibiting angiogenesis and oxidative stress 
[21]. Apelin has been reported to play a protective role in 
myocardial infarction by increasing vascular endothelial growth 
factor-2 expression, reducing cardiac microvascular endothelial 
cell permeability, and promoting angiogenesis [32]. Controlled 
release of Apelin-13 from thermosensitive biocompatible 
hydrogel decreased oxidative stress markers, increased anti-
inflammatory response, and angiogenesis in skin flap treatment 
[33]. Apelin has also been reported to increase fibroblast cell 
migration [34]. In our study, the significant decrease in the wound 
gap percentage and increased migration in fibroblast cells at 0, 
24, 48, and 72h with a dose of 2-µg Apelin-13 compared to the 
control indicates that Apelin-13 supports healing and migration. 
A dose of 5-µg Apelin-13 provided more effective wound 
closure at 24h compared to the control and 2-µg Apelin-13 
doses. It is seen that the 2-µg Apelin-13 played a primary role 

at 48-72h. This suggests that, depending on the dose and time, 
high-dose Apelin-13 treatment is effective in the early stages of 
wound healing in the first 24h, while low-dose Apelin treatment 
provides more effective healing and wound closure at 48-72h. 
This indicates that wound treatment can be started with high-
dose Apelin and switched to low-dose.

APJs expressed in normal skin fibroblasts and scar tissue regulate 
the secretion of ECM proteins by fibroblasts. The apelin/APJ 
complex has been suggested as a new target for the treatment of 
scar tissue prevention [22]. TGF-β1-induced fibrosis in systemic 
sclerosis patients was suppressed by apelin/APJ signaling [35]. 

Apoptosis is essential for the clearance of cells involved in 
inflammation in the early phase of wound healing and controlling 
scar formation [36]. Apelin-13/APJ signaling has been reported 
to suppress apoptosis [37-40]. In our study, the gradual 
increase in apoptosis in the A-2-24 group, which corresponds 
to the inflammatory phase following the normal wound healing 
process. The lower apoptotic rate observed in the A-5-24 group 
compared to CTL suggested that high-dose Apelin-13 may 
suppress inflammation more rapidly in the first 24 hours. At the 
48h, which indicates the early phase of proliferation, compared 
to the CTL, suggested that there was a controlled elimination 
of active fibroblasts that had completed their task. The fact that 
apoptosis fell below control levels at 72h in both dose groups 
suggested that apoptotic signals decreased due to the successful 
and balanced completion of wound healing. In line with this 
information, the increased apoptosis in A-2 and A-5 groups 
(except A-5-24) and then a significant decreasing at the 72h, 
showed that apoptosis was carried out in a controlled manner 
within the context of physiological wound healing. This biphasic 

Table 2. TNF-α (A), TGF-β1 (B), IL-10 (C) ELISA analysis values ​​in CTL, A-2 and A-5 groups at 24th, 48th and 72nd hours (Mean 
± SD).

ELISA CTL-24 A-2-24 A-5-24 CTL-48 A-2-48 A-5-48 CTL-72 A-2-72 A-5-72

TNF-α 306.9 ± 1.6 258.9 ± 1.3 342.6 ± 3.2 308.9 ± 0.5 232.2 ± 1.2 310 ± 3.5 309.9 ± 0.7 160.7 ± 6..1 265.4 ± 9.8

TGF-β1 154.7 ± 13 166.1 ± 6.2 172.1 ± 17.9 176 ± 5.1 173.7 ± 5.5 186.9 ± 5.9 186.3 ± 21.2 202.2 ± 4.1 239.6 ± 15.1

IL-10 254.7 ± 3.4 439.7 ± 8.8 361.5 ± 9.4 236 ± 2.3 438.7 ± 5.7 320.8 ± 6.8 233 ± 1.8 437.2 ± 13.2 366 ± 3.4

CTL: control group; A-2: Apelin-13 group (2 μg/ml); A-5: Apelin-13 group (5 μg/ml). Each condition was tested triplicate. Statistical 
analysis was performed using one-way ANOVA with Bonferroni post-hoc correction and data are presented as mean ± SD (GraphPad 
Prism software). Statistical significance: p<0.05 (*), p<0.01 (**), p<0.001 (***).
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pattern may be due to dose- and time-dependent modulation of 
apelin-13 for apoptosis. It may reflect ethe early survival signals, 
subsequent cellular stress, and adaptation.

TNF-α is a proinflammatory cytokine with multifactorial effects 
on cells [41]. In the early stages of cutaneous wound healing, 
TNF-α facilitates fibroblast and keratinocyte proliferation and 
immune cell mobilization, contributing to wound healing. 
However, excessively high levels can lead to scar tissue formation 
in persistent inflammation, which delays and impairs the wound 
healing process [42]. It has been reported in the literature 
that the use of anti-TNF-α monoclonal antibodies reduces the 
number of inflammatory cells and fibroblasts, delays wound 
closure, and accelerates wound healing with subuent application 
of exogenous TNF-α treatment [43]. In our study, the increase 
in TNF-α in the 5-µg Apelin-13 at 24h compared to the CTL 
shows that the high dose of Apelin-13 can be a trigger in the 
inflammatory context, but the speed of wound closure can be 
increased at this stage.  

Fibroblasts secrete TGF-β and fibroblast growth factor along 
with the formation of the granulation tissue, thus providing 
wound contraction [44]. Subtype TGF-β1 has important 
functions such as cellular growth and wound regeneration [45]. 
In the proliferative phase, re-epithelialization, angiogenesis, 
and fibroplasia occur. During fibroplasia, ECM components 
are produced by fibroblast migration, proliferation, and 
granulation tissue formation in the wound area. Migration of 
fibroblasts in the proliferation phase occurs via TGF-β1 [16]. 
TGF-β1 levels increase after the onset of epithelialization in 
the final stage of wound healing. Studies have shown that the 
use of TGF-β1 antibodies in wound treatment can mimic intact 
skin [46]. TGF-β promotes wound contraction, increases ECM 
production, and promotes fibroblast differentiation [47]. Our 
study results, similar to the literature, show that low and high 
doses of Apelin-13 reduce the risk of fibrosis by increasing 
TGF-β1 production in a controlled manner in the late phase of 
wound healing and increase fibroblast migration in the wound 
gap closure percentage. 

IL-10 is an important anti-inflammatory cytokine in preventing 
scar tissue formation during wound healing and is expressed 
and secreted by granulocytes, keratinocytes, fibroblasts, 
endothelial cells, and mast cells [13, 44]. It regulates the type 
and number of immune cells that migrate to the injury site in 
the primary phase and the levels of proinflammatory cytokines, 

facilitating the transition from the inflammatory phase to 
the proliferative phase. IL-10 is also protective against scar 
tissue formation in processes such as pulmonary fibrosis and 
myocardial infarction by reducing collagen production. In 
addition, proteolytic enzymes lyse the ECM through IL-10, and 
TGF-β1 expression is reduced to prevent fibrosis [44]. IL-10 
suppresses the inflammatory response and inhibits proliferation 
and collagen synthesis [48]. In our study findings, parallel to 
the literature, it was observed that IL-10 levels increased stably 
in all inflammation, proliferation, and remodeling stages in low 
and high dose Apelin-13 applications compared to the control. 
However, the low dose of Apelin-13 increased anti-inflammatory 
IL-10 levels more significantly. This effect suggested that 
low-dose Apelin-13 effectively supported the transition to 
proliferation in the resolution of the inflammatory phase. The 
fact that IL-10 levels remained constantly high in Apelin-13 
applied groups is because it prevented TGF-β1 production from 
reaching pathological levels. Apelin-13 supports IL-10-mediated 
wound healing in the CCD-1072Sk fibroblast cell line, provides 
balanced healing, and limits fibrosis formation.

Limitations
This study was conducted on an in vitro scratch wound model 
using a single human fibroblast cell line (CCD‑1072Sk), which 
may not fully recapitulate the complex cellular and molecular 
interactions of wound healing in vivo. The lack of a positive 
control such as epidermal growth factor (EGF) or TGF-β is a 
limitation of our study. However, our design compensated for 
this by comparing the control group with the 2 and 5 µg/ml 
doses of Apelin-13 and time points. The use of positive controls 
planned for future in vitro validation studies. This study did not 
investigate the molecular mechanisms of Apelin‑13 in detail; 
future protein-level analyses (e.g., immunohistochemistry, 
Western blotting) could provide further insights.

CONCLUSIONS
We investigated the possible effects of Apelin-13 on 
inflammation, proliferation, migration, and cell survival in the 
wound model created in the CCD-1072Sk human skin fibroblast 
cell line. Apelin-13 maintained the proinflammatory and anti-
inflammatory balance and facilitated the progression from the 
inflammatory phase to the proliferation and resolution stages 
of wound healing. It increased fibroblast cell migration and 
proliferation, which are necessary for the closure of the wound 
line, and directed apoptosis in a manner that complies with the 
physiological wound healing mechanism. 2 µg-Apelin-13 dose 
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played a prominent role in showing these effects. However, the 
5 µg-Apelin-13 dose was more effective than the low dose at 
certain time points. Successful wound healing could be achieved 
if the treatment initiated with high-dose Apelin-13 in the early 
stages is supported with low-dose Apelin-13 in the later stages, 
depending on the physiological time points of wound healing. 
This may be a hypothesis that needs to be tested in future in 
vivo studies. Further molecular studies are required in this 
therapeutic strategy.
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