- QA

"
A4 Ce0e06

http://pubs.acs.org/journal/acsodf

Beneficial Effects of a Blended Fibroin/Aloe Gel Extract Film on the
Biomolecular Mechanism(s) via the MAPK/ERK Pathway Relating to
Diabetic Wound Healing

Preeyawass Phimnuan, Zélie Dirand, Marion Tissot, Saran Worasakwutiphong,
Anuphan Sittichokechaiwut, Francois Grandmottet, Jarupa Viyoch,™ and Céline Viennet*

Cite This: ACS Omega 2023, 8, 6813-6824 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations

ABSTRACT: In diabetic patients, the process of wound healing is
usually delayed or impaired. A diabetic environment could be
associated with dermal fibroblast dysfunction, reduced angio-
genesis, the release of excessive proinflammatory cytokines, and
senescence features. Alternative therapeutic treatments using
natural products are highly demanded for their high potential of
bioactive activity in skin repair. Two natural extracts were
combined to develop fibroin/aloe gel wound dressing. Our
previous studies revealed that the prepared film enhances the
healing rate of diabetic foot ulcers (DFUs). Moreover, we aimed to
explore its biological effects and underlying biomolecular
mechanisms on normal dermal, diabetic dermal, and diabetic
wound fibroblasts. Cell culture experiments showed that the y-
irradiated blended fibroin/aloe gel extract film promotes skin wound healing by enhancing cell proliferation and migration, vascular
epidermal growth factor (VEGF) secretion, and cell senescence prevention. Its action was mainly linked to the activation of the
mitogen-activated protein kinases/extracellular signal-regulated kinase (MAPK/ERK) signaling pathway known to regulate various
cellular activities, including proliferation. Therefore, the findings of this study confirm and support our previous data. The blended
fibroin/aloe gel extract film displays a biological behavior with favorable properties for delayed wound healing and can be considered
as a promising therapeutic approach in the treatment of diabetic nonhealing ulcers.

1. INTRODUCTION play important roles in the inflammatory and proliferative
A chronic diabetic foot ulcer (DFU) is described as delayed processes simultaneously With. re-ep it.helialization.f T}}ey
wound healing leading to amputation in impaired glucose regulate cellular responses and stimulate intracellular signaling
tolerance patients. About 15—25% of diabetic patients are pathways involved in the regulation of cell proliferation,
expected to face this complication.l The prevention of DFU is differentiation, migration, and protein synthesis. In diabetes
complicated regarding the adverse incidences on a patient’s well- conditions, the healing process is dysfunctional by the changes
being, and the prevalence is mainly associated with a number of in the levels and timing of TGF-p1, PDGF, bEGF, and VEGF
factors that involves cutaneous cell malfunction and growth expression.” Downregulation of these signals significantly
factor disorder.” Dermal fibroblasts play an important role in reduces cell migration and proliferation, vasculature remodeling,
skin structure formation and maintenance of homeostasis, and maturation, showing critical defects in skin damage repair.
including skin barrier construction, extracellular matrix (ECM) Furthermore, deregulated mitogen-activated protein kinase

production, and angiogenesis support. The decrease of (MAPK) signaling cascades such as extracellular signal-

proliferative and mitogenic .abilities to the essential growtb regulated protein kinase (ERK), p38 MAPK (p38), and c-Jun
factors, as well as the deficiency of collagen and enzymatic

production, occurs in diabetic ulcer fibroblasts compared to
normal fibroblasts.” In the molecular pathway, the metabolic
abnormalities cause insufficient cellular growth factor responses,
including transforming growth factor (TGF-f1), platelet-
derived growth factor (PDGF), basic fibroblast growth factor
(bFGF), and especially vascular epidermal growth factor
(VEGF).*® During normal wound healing, these growth factors
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Figure 1. Preparation procedure of the blended fibroin/aloe gel extract film.

NH,-terminal protein kinase (JNK) have significant effects on
wound healing.® The overproduction of glucose induces
oxidative stress and/or glycation that contribute to impaired
activation of growth factor receptors and serine/threonine
kinases, resulting in downregulation of ERK1/2 activity.”"

We believe that primary healthcare systems and medical
innovations involved in the treatment and management of DFU
are essential. Wound dressing is an alternatively practical tool
that plays a pivotal role in managing diabetic foot ulcers."'
Composed of natural products, they have frequently proved
their efficacy in the treatment of skin disorders. The cooperation
of silk fibroin and aloe gel extract biomaterials has illustrated
potential properties in promoting wound healing in in vitro and
in vivo models, as well as in clinical trials.'>"?

Fibroin protein, comprising the silk cocoon of Bombyx mori,
illustrates the remarkable biocompatibility to several cells and
tissues because of its potent properties in the stimulation of the
migration and proliferation of fibroblasts.>'* Furthermore, at
the molecular level, silk fibroin accelerates signals, including
AKT/mTOR and MAPK pathways extensively involved in cell
migration and proliferation regulation.'® Regarding its excellent
ability, silk fibroin can be considered as a bioactive material for
wound dressing in the medical field.

Aloe vera (Aloe barbadensis Miller) has been broadly utilized
for several traditional therapeutics, especially for wound healing
properties. Many productive components consisting of Aloe vera
exert accelerating effects on fibroblast proliferation and
migration in wound granulation tissue.'® For the cellular
pathway, Aloe vera stimulates wound repair by promoting
collagen type I synthesis, influencing the cyclin-dependent cell
cycle progression, stimulating cross-linking of collagen for
wound contraction and promoting wound-breaking strength.'”
In addition, Aloe vera increases the expression of VEGF and
TGF-f31 genes in the wound of diabetes-induced rats.'® Hence,
it clarifies the enhancing capabilities of growth factor expression
associated with the wound healing process via easy penetration
across the skin."”

Our previous studies found that the blended fibroin/aloe gel
extract film demonstrates potential healing effects, based on
experimentations in vitro and in vivo in streptozotocin-induced
diabetic rats, and clinical trials in diabetic foot ulcer patients.'"*
Additionally, the y-irradiated developed film enhanced the
proliferation and migration of the healthy fibroblast cells. The
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presence of functional groups in the blended fibroin/aloe gel
film, including amides (I, II, III), glucan units, pyranoside ring,
and mannose, promotes tissue repair, but the underlying
molecular mechanism is still unclear.”” In this present study,
we explored the beneficial effects of the y-irradiated blended
fibroin/aloe gel extract film on cell biological activities and
biomolecular mechanism(s) using normal dermal, diabetic
dermal, and diabetic wound fibroblasts. The in vitro experiments
confirmed that our extract film promotes skin wound healing by
enhancing cell viability, proliferation, migration, and VEGF
secretion as well as inhibiting cell senescence. The activation of
the MAPK signaling pathway, particularly ERK1/2, was
involved in the underlying molecular mechanism. We likewise
indicate that the developed film is appropriate for managing
normal or chronic skin wounds such as DFU.

2. MATERIALS AND METHODS

2.1. Ethical Statement. The experiment was approved by
the medical ethics committee of Besangon University Hospital,
France, and patients were informed about the purpose of the
research study and provided written consent (protocol 2010-
104). We confirm that all methods were performed in
accordance with the relevant guidelines and regulations.

2.2, Materials. Yellow silkworm cocoons (Bombyx Mori,
Nang-Laai strain, Chiang Mai Province, Thailand) were
received by Queen Sirikit Sericulture Center, Chiang Mai
Province, Thailand. Aloe vera was cultured and collected from
Phitsanulok Province, Thailand. Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), penicillin—
streptomycin (PS, 10,000 U/mL), 0.05% trypsin/0.02% EDTA,
and Dulbecco’s phosphate buffer saline (DPBS) were purchased
from PAN Biotech, Dominique Dutscher, France. Thiazolyl blue
tetrazolium bromide (MTT reagent), lactic acid solution (88%),
dimethyl sulfoxide (DMSO), 4',6-diamidine-2’-phenylindole
dihydrochloride (DAPI), bovine serum albumin (BSA),
propidium iodide (PI), copper(Il) sulfate solution, bicincho-
ninic acid solution, protease inhibitor cocktail, Triton X-100,
formaldehyde solution 4%, MEK/ERK inhibitor PD98059,
phalloidin—tetramethylrhodamine B isothiocyanate, and sen-
escence cells histochemical staining kit were purchased from
Sigma-Aldrich Co. Human VEGF ELISA kit was purchased
from Diaclone, France. Cell proliferation BrdU ELISA assay was
purchased from MERCK, Germany. Ethanol 96% (EtOH) was
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purchased from Carlo Erba, France. Rabbit anti-human
phospho-p44/42 MAPK (ERK1/2), rabbit anti-human p44/
42 MAPK (ERK1/2), goat anti-rabbit IgG Alexa Fluor 488
conjugate, and rabbit IgG isotype antibodies (mAb) were
purchased from Cell Signaling Technology. Fluoromount G was
purchased from Southern Biotech.

2.3. Preparation of the y-Irradiated Blended Fibroin/
Aloe Gel Extract Film. Fibroin from silk cocoon (Bombyx
Mori, Nang-Laai strain) and aloe gel extract from the gel part of
the aloe vera (Aloe barbadensis miller) leaf were extracted
separately to achieve the lyophilized form. Subsequently, they
were qualified to control the physicochemical characteristics
prior to the preparation of the film according to our previous
study."”'>*” The obtained fibroin commonly provided a
percentage of yield in the range of 54—58% w/w and protein
content in the range of 97.43 + 0.44% w/w. For the infrared
spectra obtained using Fourier transform infrared (FTIR)
spectroscopy, amide I at 1611—1696, amide II at 1501—1550,
and amide III at 1200—1320 cm ™" must be found. Moreover, its
molecular weight pattern would consist of a band of L-chain at
25 kDa and a smear band of H-chain in the range of 30—245
kDa. For aloe gel extract, it generally provided a percentage of
yield in the range 0f 0.04—0.06% w/w and protein content in the
range of 6.86 + 1.15% w/w. The infrared (IR) spectra of the aloe
gel extract indicated peaks at 1730—1740 and 1236—1252 (O-
acetyl ester), 1030—1079 (glucan units), 875—959 (pyranoside
ring), and 805—813 (mannose) cm™'. The molecular weight
pattern presented bands of 14 and 20—100 kDa.

The film preparation was performed as in our previous
study.”” Briefly, 540 mg of lyophilized fibroin and 15 mg of
lyophilized aloe gel extract were dissolved for 1 h in lactic acid
solution (pH 4.0 + 0.2), finalizing volume of 15 mL. The mixed
extract solution was then filtered and cast in a square-shaped
mold (6 X 6 cm?) at 47 + 2 °C for 4 h, as shown in Figure 1. The
ratio of the blended fibroin to aloe gel extract in the film (36
cm?) was 97.3 to 2.7% w/w. For sterilization, the obtained film
was performed using a y irradiation technique facilitated by Thai
Adhesive Tapes Industry.,, Ltd., Bangkok, Thailand. Subse-
quently, the physicochemical properties of the sterilized film was
determined to control the quality, including physical appearance
(flexible yellowish film with an approximate thickness of 0.05
mm), nonporous morphology by scanning electron microscopy
(SEM) imaging, and mechanical properties (breaking force of
6.26 + 0.44 N and percentage elongation at break of 1.20 +
0.07%). For the chemical structure analysis, FTIR spectroscopy
presented infrared spectra at 1630—1640 (amide I), 1510—1520
(amide II), 1220—1240 (amide III), 1050—1060 (glucan units),
1010—1020 (pyranoside ring), and 820—830 (mannose) cm ™.

2.4. Film Extract Preparation. The film extract named in
the present study was the film-free supernatant collected from
incubating 1 X 1 X 0.00S cm® of sterilized film in 1 mL of serum-
free DMEM at 37 °C for 24 h. The collected supernatant was
filtered and used in further experiments.

2.5. Fibroblast Cell Culture. Fibroblasts used in this study
were classified into three groups: normal dermal fibroblasts
(NDF), diabetic dermal fibroblasts (DDF), and diabetic wound
fibroblasts (DWF). NDF and DWF were, respectively, obtained
from one patient undergoing skin abdominal plastic surgery and
one patient with diabetic foot ulcers. The isolation and culture
methods of fibroblasts were consistent with previous reports.”'
DDF were purchased from PELOBIOTECH GmbH, Germany.

Cells were cultured in complete DMEM supplemented with
10% FBS and 1% PS (10,000 U/mL penicillin, and 10 mg/mL
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streptomycin) at 37 °C in a humidified 5% CO, atmosphere.
Cells were trypsinized when they reached a confluency of 80%
and used up to passage 8.

2.6. Cytocompatibility and Cell Proliferation. The
fibroblast cells (1 X 10* cells/well) were cultured in a 96-well
plate for 24 h. The incubated medium was replaced with DMEM
with FBS-free (0% FBS), DMEM with 2% FBS, and DMEM
with the film extract, and incubation was conducted for 24 h.
The incubated medium was replaced with 100 L of serum-free
DMEM containing MTT reagent (0.5 mg/mL) for 4 h, and
then, 100 uL of DMSO was added to each well. The absorbance
was read at $17 nm using a spectrophotometer (Multiskan FC,
Thermo Scientific). The experiment was performed in triplicates
(n = 8) for each condition. Additionally, for each group, the
percentage of viability of the control (DMEM with 0% FBS) has
been adjusted as 100% and compared with the other two
conditions (DMEM with 2% FBS and DMEM with the film
extract).

The cell proliferation was quantified by a BrdU assay kit
according to the manufacturer’s protocol. Briefly, fibroblast cells
(1 X 10* cells/well) were seeded in a 96-well plate and incubated
for 24 h. The incubated medium was replaced by DMEM with
0% FBS, DMEM with 2% FBS, and DMEM with film extract for
24 h. BrdU labeling solution (100 uL) was added and incubated
at 37 °C for 24 h. After the incubation, the solution was removed
and 200 uL of FixDeant was added and incubated at room
temperature (RT) for 30 min. Then, 100 uL of the anti-BrdU-
POD working solution was added and incubated at RT for 2 h.
The solution was removed and washed three times with 100 yL
of PBS. After the washing, 100 uL of substrate solution was
added and incubated at RT for 10 min, followed by 25 uL of 1 M
sulfuric acid. The absorbance at 450 nm was detected using a
spectrophotometer. The experiment was performed in tripli-
cates (n = 8) per condition. Additionally, for each group, the
percentage of cell proliferation of the control (DMEM with 0%
FBS) was adjusted to 100% and compared with the other two
conditions (DMEM with 2% FBS and DMEM with film extract).

2.7. Cell Cycle. Fibroblast cells (1 X 10° cells/well) were
seeded in a 6-well plate for 24 h. The incubated medium was
replaced by DMEM with 0% FBS, DMEM with 2% FBS, and
DMEM with film extract for 24 h. After incubation, supernatants
were discarded and cells were detached with 0.25% trypsin/0.01
M EDTA. Cell suspensions were centrifuged, and pellets were
then fixed with 70% EtOH at 4 °C overnight. After being washed
with cold PBS, cell pellets were stained with 300 yL of PBS + 5
uL of PI (from SO pg/mL stock solution) + 1 uL of RNAse
(from 100 pg/mL stock solution). The cell cycle was analyzed
using an LSR Fortessa flow cytometer (Becton Dickinson). The
experiment was performed in triplicate (n = 3) per condition.
The percentage of total cells for each cell cycle phase (GO/G1, S,
and G2/M) and for each cell group was reported.

2.8. Cell Migration. Fibroblast cells (3 X 10* cells/well)
were seeded in 96-well ImageLock plates. When the cells
reached the confluent monolayer, the IncuCyte Wound Marker
tool (Sartorius, Germany) was utilized to create a scratching
area. Cells were washed gently with PBS, followed by adding
DMEM with 0% FBS, DMEM with 2% FBS, and DMEM with
film extract for 24 h and incubated in the IncuCyteS3 system
(Sartorius, Germany). To record cell migration, the scratched
areas were photographed immediately after scratching in real
time every 2 h over a period of 48 h. Relative wound density was
quantified using the IncuCyte Software S3 (Sartorius),
measuring the spatial cell density in the wound area relative to
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Figure 2. Determination of (A) viability and (B) proliferation of fibroblasts (NDF, DDF, and DWF) cultured with DMEM with 0% FBS, DMEM with
2% FBS, and DMEM with film extract for 24 h. Cell viability and cell proliferation were measured using XTT assay and BrdU assay. Data for individual
cell types are expressed as the percentage of the control group (FBS-free DMEM), which is considered as 100% cell viability and cell proliferation; each

column represents mean + S.D. in triplicate (n = 8); *** p < 0.001.

the spatial cell density outside of the wound area at every time
point. The experiment was performed in triplicate (n = S) per
condition.

2.9. Cell Senescence. Fibroblast cells (1 X 10* cells/well)
were seeded in a 96-well plate for 24 h. The incubated medium
was replaced by DMEM with 0% FBS, DMEM with 2% FBS, and
DMEM with film extract for 24 h. The SA-f-galactosidase (SA-
f-gal) activity was quantified by the senescence cells
histochemical staining kit according to the manufacturer’s
protocol. Briefly, cells were fixed for 5 min at RT and incubated
with SA-f3-gal staining solution at 37 °C overnight (without CO,
atmosphere). They were counterstained with the DAPI solution
(5 uL/mL) for 10 min at RT. The SA-f-gal positive cells
exhibited a blue color. Three independent fields were randomly
selected in each well to observe cells. Cells were scored by
bright-field and fluorescence microscopy (Olympus IXS0
microscope,_]apan). Data were expressed as the ratio percentage
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of SA-f-gal positive cells to the total cell count. The experiment
was performed in triplicate (n = 8) per condition.

2.10. VEGF Protein Secretion. Fibroblast cells (2 x 10°
cells/well) were seeded in a 12-well plate and incubated for 24 h.
The incubated medium was replaced by DMEM with 0% FBS,
DMEM with 2% FBS, and DMEM with film extract for 24 h.
Supernatants were collected with 10% v/v anti-protease
solution. The concentration of VEGF from the supernatant
was assessed using a VEGF ELISA kit following the
manufacturer’s protocol. Briefly, S0 uL of assay solution was
added, followed by 200 uL of standards or cell culture
supernatant, and incubated at RT for 2 h. Then, 200 uL of
human VEGF-conjugated antibody was added and incubated at
RT for 2 h. After washing, 200 L of substrate solution was
added and incubated at RT for 30 min. The reaction was
stopped with 50 uL of stop solution. Then, absorbance was
measured at 450 nm using a spectrophotometer. The amount of
VEGEF was expressed in pg/mg protein. The protein content was
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Figure 3. Cell cycle phases of fibroblasts (NDF, DDF, and DWF) cultured with DMEM with 0% FBS, DMEM with 2% FBS, and DMEM with film
extract for 24 h. The cell cycle was analyzed by flow cytometry. The figures show the percentage of total cells in the GO/G1 phase, S phase, and G2/M
phase of (A) NDF, (B) DDF, and (C) DWF and (D) the effect of DMEM with film extract in different cell types. Each column represents mean =+ S.D.

in triplicate (n = 4); * p < 0.05, ** p < 0.01, and *** p < 0.001.

determined by the Bradford assay with BSA as the protein
standard. The experiment was performed in triplicate (n=4) per
condition.

2.11. ERK1/2 Signaling Pathway Assays. 2.71.1. Cell
Culture and MEK/ERK Inhibitor Treatment. NDF were
cultured for 24 h in a complete DMEM, which was changed
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during 1 h for serum-free DMEM with or without the PD98059
solution (10 uM), followed by 24 h of incubation in DMEM
with 0% FBS, DMEM with 2% FBS, and DMEM with film
extract. Cell proliferation was quantified by the BrdU assay kit
described above. The experiment was performed in triplicate (n
= 8) per condition.
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Figure 4. Migration of fibroblasts (NDF, DDF, and DWF) cultured with DMEM with 0% FBS, DMEM with 2% FBS, and DMEM with film extract for
48 h. Cell migration was studied by the scratch assay. The figures demonstrate (A) the visualization of the scratching gap at 10X magnification and (B)
the percentage of relative wound density. Each time point represents mean + S.D. in triplicate (n = 5); *** p < 0.001 at 48 h.

2.11.2. Confocal Imaging. NDF (1 X 10° cells/well) were
seeded onto coverslips in a 12-well plate for 24 h. The incubated
medium was replaced by 10 uM of PD98059 for 1 h. The cells
were then washed and incubated in DMEM with 0% FBS,
DMEM with 2% FBS, and DMEM with film extract for 1 and 24
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h. They were then fixed with paraformaldehyde (PFA 4% final
concentration in PBS) at RT for 10 min, washed, permeabilized
using 0.1% Triton X-100 for 10 min, washed, and blocked with
5% goat serum + 0.3% Triton X-100 in PBS for 1 h at 4 °C.
Coverslips were incubated with phospho-p44/42 MAPK
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Figure S. Senescence of fibroblasts (NDF, DDF, and DWF) cultured with the DMEM with 0% FBS, DMEM with 2% FBS, and DMEM with film
extract for 24 h. The cell senescence was quantified using the SA-f-gal activity assay. Data are expressed as the ratio percentage of SA-f-gal positive cells
to the total cell count, each column represents mean + S.D. in triplicate (n = 8); * p < 0.0, ** p < 0.01, and *** p < 0.001.

(ERK1/2) (Thr202/Tyr204) XP rabbit mAb (1:200 in diluent
(PBS with 1% BSA + 0.3% Triton X-100)) in a humidified
chamber at 4 °C for overnight. The cells were washed and then
incubated with goat anti-rabbit IgG Alexa Fluor 488-conjugated
secondary antibody (1:100 in diluent) for 1 h at 4 °C. They were
washed and stained with DAPI to visualize nuclei. Coverslips
were mounted with Fluoromount reagent. The immunofluor-
escence images were captured with an LSM 800 laser scanning
confocal microscope (Zeiss, Germany).

2.11.3. Flow Cytometry. NDE (6 x 10° cells/well) were
cultured in a 12-well plate for 24 h. The supernatant was then
discarded and replaced with DMEM with 0% FBS, DMEM with
2% FBS, and DMEM with film extract for 24 h. After incubation,
the cells were detached and fixed with 4% PFA at RT for 10 min.
After washing, the cells were permeabilized with 0.1% Triton X-
100 at RT for 15 min. They were then suspended in blocking
buffer containing 5% goat serum + 0.3% Triton X-100 in PBS for
1 hat 4 °C and incubated overnight at 4 °C with p44/42 MAPK
(ERK1/2) rabbit mAb (1:400 in diluent), phospho-p44/42
MAPK (ERK1/2) (Thr202/Tyr204) XP rabbit mAb (1:800 in
diluent) and rabbit mAb Isotype control (1:200 in diluent).
After washing, the cells were incubated with goat anti-rabbit IgG
Alexa Fluor 488 conjugate (1:100 in diluent) in the dark at 4 °C
for 1 h. Finally, the cells were washed, suspended in 2 mM
EDTA/PBS, and analyzed using a flow cytometer (LSR
Fortessa, Becton Dickinson). FACS analysis was performed
using FACSDiva software (Becton Dickinson); 20,000 events
were recorded for each sample. The results are mean values of
fluorescence intensity + SD of triplicate measurements (n = 4)
per condition.

2.12. Statistical Analysis. The data are presented as the
mean =+ SD. Statistical comparisons between each condition
were performed using a one-way ANOVA test (GraphPad Prism
software).

3. RESULTS

3.1. Cytotoxicity and Cell Proliferation. For the
cytotoxicity, the results showed that NDF, DDF, and DWF
treated with film extract for 24 h have viability percentages of
24277 + 8.95, 19324 + 6.91, and 215.52 + 5.22, respectively,
which are significantly higher than DMEM with 0% FBS (100 +
8.34, 100 + 4.21, and 100 =+ 3.79) and DMEM with 2% FBS
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(151.26 + 5.12,127.15 + 7.83, and 141.64 + 4.69), as shown in
Figure 2A. In the proliferation assay, Figure 2B illustrates that
NDF, DDF, and DWF treated with film extract for 24 h have
proliferation percentages of 608.83 + 6.39, 515.42 + 10.26, and
576.90 + 6.87, respectively, which are significantly higher than
DMEM with 0% FBS (100 + 7.35, 100 + 9.54, and 100 + 9.37)
and DMEM with 2% FBS (231.49 + 9.73, 225.63 + 9.51, and
198.30 + 9.02).

3.2. Cell Cycle. The effect of the film extract on the fibroblast
cell cycle as the percentage of cells in cell cycle phases (G0/Gl,
S, and G2/M) was determined. The percentage of NDF in the
G0/G1 phase was significantly lower with film extract (48.76 +
1.15) than with DMEM with 0% FBS (73.80 + 1.65) and
DMEM with 2% FBS (57.38 & 2.54), whereas, in the S phase,
the percentage of NDF was significantly higher with film extract
(51.03 + 1.45%) compared to DMEM with 0% FBS (21.12 +
3.40%) and DMEM with 2% FBS (40.22 + 5.12%), as shown in
Figure 3A. The same trend was observed for DDF and DWF; the
percentage of NDF in the S phase was significantly higher with
film extract (45.81 + 3.98%, 47.92 + 0.93%, respectively)
compared to DMEM with 0% FBS (28.72 + 2.43%, 11.28 +
9.82%) and DMEM with 2% FBS (29.12 + 3.60%, 40.78 +
0.50%) (Figure 3B,C). Figure 3D also indicates the effect of the
film extract in different cell types as the percentage of total cells
in each cell cycle phase. The data showed that the percentage of
total cells for each cell cycle phase was not significantly different
in each cell type.

3.3. Cell Migration. Cell migration was studied by the
IncuCyte scratch assay modified by An et al.”* The results
showed that NDF, DDF, and DWF treated with film extract for
24 h elucidated a completely healed scratch after 48 h, while
under other conditions (DMEM with 0% FBS and DMEM with
2% FBS), they exhibit no wound closure at the same time, as
shown in Figure 4A. At 48 h, percentages of relative wound
density for NDF, DDF, and DWF treated with film extract were
99.73 + 5.01, 98.01 + 2.90, and 93.47 + 2.86%, respectively,
which reached approximately 100% of relative wound density,
whereas they were lower for NDF, DDF, and DWEF cultured
with DMEM with 0% FBS (32.65 + 3.52, 37.01 + 1.75, and
38.63 + 2.36%) and DMEM with 2% FBS (68.15 + 4.91, 59.37
+ 6.85, and 48.27 + 2.71%) (Figure 4B).
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Figure 6. Determination of VEGF secretion by fibroblasts (NDF, DDF, and DWF) cultured with DMEM with 0% FBS, DMEM with 2% FBS, and
DMEM with film extract for 24 h. The level of VEGF was assessed by the VEGF ELISA colorimetric assay. Data are expressed as the VEGF content
(pg/mg protein), and each column represents mean + S.D. in triplicate (n = 4); *** p < 0.001.
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3.4. Cell Senescence. The film extract contributed to
significantly inhibiting the percentage of cell senescence in NDF,
DDF, and DWEF as 0.39 + 0.43, 11.30 + 2.39, and 0.63 + 0.51%,
respectively, compared to DMEM with 0% FBS (2.04 + 1.09,
35.18 + 3.22, and 12.43 + 2.57%) and DMEM with 2% FBS
(1.77 + 1.16, 21.15 + 1.67, and 2.27 + 1.03%), as shown in
Figure S.

3.5. VEGF Secretion. Figure 6 illustrates that NDF, DDF,
and DWF treated with film extract for 24 h secrete significantly
higher levels of VEGF (1072 = 35.85, 979.28 + 70.97, and
828.24 + 87.33 pg/mg protein, respectively) than those treated
with DMEM with 0% FBS (448.06 + 70.96, 349.62 + 39.20, and
140.59 + 62.68 pg/mg protein) and DMEM with 2% FBS
(650.51 + 41.41, 569.87 + 43.77, and 430.69 + 50.26 pg/mg
protein).

3.6. MAPK/ERK Pathway. Whatever the culture condition
(DMEM with 0% FBS, DMEM with 2% FBS, film extract), the
pretreatment for 1 h with the PD98059 suppressed cell
proliferation and phospho-p44/42 MAPK (ERK1/2) expres-
sion, as shown in Figure 7A,B. For the quantitative flow
cytometry data on p44/42 MAPK (ERK1/2) phosphorylation,
we found that the film extract activates the phospho-p44/42
MAPK (ERK1/2), confirmed by immunofluorescence images
shown in Figure 7B. The mean fluorescence intensity value of
phospho-p44/42 MAPK (ERK1/2) was significantly higher
with the film extract (2082.50 + 41.41) than with DMEM with
0% FBS (1206.00 + 56.23) and DMEM with 2% FBS (1611.50
+ 126.74), as shown in Figure 7C.

4. DISCUSSION

The wound healing process is usually delayed or impaired for
patients under diabetic conditions. A major chronic complica-
tion is diabetic foot ulcers. A diabetic environment could be
associated with dermal fibroblast dysfunction, reduced angio-
genesis, the release of proinflammatory cytokines, and
senescence features. Alternative therapeutic treatments using
natural products are highly demanded for their high potential of
bioactive activity in skin repair. We developed a dressing
comprising silk fibroin and Aloe vera gel extract for a novel
approach to the treatment of chronic wound pathologies.
Previously, the main markers during the wound healing process
were investigated. This study aimed to elucidate the possible
MAPK/ERK signaling pathway related to the biological effects
of the dressing on fibroblast cells. This investigation was
conducted on NDF, DDF, and DWF for the cellular responses
and on NDF for the MAPK/ERK signaling pathway.

The cytotoxicity of fibroblasts was evaluated using the MTT
colorimetric assay, which provides a readout of cell viability and
growth by measuring the metabolic activity of any viable or
proliferative cells with NADPH-dependent enzymes that reduce
MTT. These results implied that the film extract behaved as
having a noncytotoxicity effect on fibroblast cells and might also
have the potential to stimulate cell viability and proliferation.
Also, the results were similar to our previous study.”’

The quantification of cell proliferation of fibroblast cells was
performed using the colorimetric BrdU assay. This quantifica-
tion of cell proliferation is based on the measurement of the
incorporation of BrdU (bromodeoxyuridine is a synthetic
nucleoside, a structural analogue of thymidine) during DNA
synthesis. The results were related to cell viability, which implied
a higher rate of cell viability as a higher rate of cell proliferation.
In the hyperglycemic environment, the declined cell prolifer-
ation is caused by several issues such as the increase of L-lactate
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secretion, proinflammatory mediators, and advanced glycation
end-products (AGE), leading to enhanced apoptosis via
activation of ROS, proapoptotic transcription factor FOXO],
and caspase.” As the outcome, the film extract is composed of
factors that enhance cell proliferation, which is concurrent to the
previous findings. As its remarkable properties, silk fibroin
regulates the NF-kB signaling pathway and expression of
proteins involved in cell proliferation, including vimentin, cyclin
D1, VEGF, and fibronectin.** Two fibroin-derived peptides,
VITTDSDGNE and NINDFDED, located in the N-terminal
region, were identified as active agents targeting fibroblast
growth.” Also, a 29 kDa glycoprotein displayed the potential to
stimulate the proliferative activity of kidney cells in hamsters and
human dermal fibroblasts.”® Moreover, acemannan is one of the
main polysaccharide compounds of Aloe vera, providing
synergistic effects to promote cell proliferation and skin
wound healing through the AKT/mTOR signaling pathway.”’

Stain DNA with PI and flow cytometry experiments were
performed for cell cycle analysis. Typically, p21<?' and p27"®"
are the cyclin-dependent kinase (CDK) inhibitors (CKIs) that
play an essential role in interfering with the kinase activities
related to the cell cycle. These CKlIs are significantly elevated at
high glucose levels and inhibit the cyclin/CDK complexes. In
cell cycle progression, cells are arrested in the G1 phase, and the
proliferation rate is restricted, followed by impaired wound
healing processes.”® As the depicted cell cycle data implies, the
film-treated cells shifted from the GO/G1 phase to the S phase by
binding to cyclin D/CDK4,6 complexes that regulate G1-S
phase transit. The film extract promoted cells to enter the S
phase via the pathway of acemannan, which is an important stage
for mitosis and cell growth by influencing cyclin-dependent cell
cycle progress through translational regulation of cyclin D1.*
Our cell cycle finding was liable to Yuan et al. who reported that
after treating with aloe polysaccharide, the number of cells was
increased in the S and G2/M phases preparing for mitosis, and
cyclin D1 protein was upregulated in a concentration-dependent
manner.”’ Thus, we hypothesized that the film extract stimulates
cyclin D1 expression in cultured fibroblasts and functions as a
transcriptional coregulator ensuing to initiate the shift from cell
arrest (GO/G1 phase) to cell synthesis (S phase).

Cell migration was studied by the IncuCyte scratch assay.
Regarding the hyperglycemic condition, the excessive produc-
tion of ROS led to their accumulation, resulting in protein
structure dysfunction and aberration of cell migration directly by
over-activation of the small Rho GTPase Racl, thus affecting the
cell polarity and morphology.” Following the effect of film
extract to promote cell migration was coincident with the study
on mouse embryonic fibroblasts and damaged skin rats, which
showed that silk fibroin stimulates the pathway of canonical NF-
kB signaling, which is associated with fibroblast migration and
the wound healing process.”* Moreover, a 5.5 kDa glycoprotein
isolated from the Aloe vera gel improved cell proliferation and
migration using keratinocyte scratch wound monolayer.*’

SA-f-gal staining was used to measure senescence, a
regulatory cell response to multiple types of cellular stress
leading to the permanent cell-cycle arrest. The process of cell
cycle arrest is regulated by activating p53/p21“"! and p16 'N¥42/
Rb tumor suppression pathways.”’ Under diabetic conditions,
several downstream cellular abnormalities, especially for
cutaneous fibroblasts, are present via enhanced activation of
p53/p21-dependent pathways and increased senescence-
associated f-galactosidase (SA-f-gal) activity, resulting in cell
senescence and wound healing dysfunction.32 Thus, cell
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senescence can compromise tissue repair and regeneration. In
this study, the film extract contributed to significant inhibition of
fibroblast senescence. These data corresponding to Ma et al.
reported that fibroin improved the osseointegration of porous
titanium implants under diabetic conditions via activation of the
PI3K/Akt signaling pathway.33 Also, Hu et al. found that
polysaccharides and flavonoids contained in Aloe vera possess
free radical scavenging activity.”* We suggested that the film
extract has a protective effect on cellular senescence by
regulating ROS-induced stress pathways.

The production of VEGF by fibroblasts induces angiogenesis
by stimulating the formation of blood vessels and the expansion
of an existing vascular bed as it acts as a highly specific mitogen
for endothelial cells.>® It is, therefore, one of the essential
mediators associated with the wound healing process. VEGF
secretion was determined by a colorimetric ELISA kit. An
impaired glucose tolerance condition leads to the malfunction of
VEGF expression, resulting in cell proliferation and cell
migration disturbances, and also affects the prolonged wound
healing rate.’® These results confirmed that the film extract
could improve the skin repair process by stimulating VEGF
secretion. The increase of VEGF secretion was interrelated to
the finding of acetyl groups in acemannan and its derivatives, and
the f-sitosterol compounds of Aloe vera have been investigated
to be essential stimulators of VEGF expression.”” Additionally,
Aloe vera likewise upregulated the expression of the VEGF gene
in the diabetes-induced rats.®

In summary, whatever the origin of fibroblasts including NDF,
DDF, and DWF, we demonstrated that the film extract enhances
cell proliferation and migration, stimulates VEGF secretion, and
prevents cell senescence features. All of these results suggested
that the blended fibroin/aloe gel extract film has significant
effects on wound healing. Next, we selected NDF to elucidate
the underlying mechanism, particularly the principal intra-
cellular signaling pathway targeted by the film extract.

MAPK pathways are the primary key driving signaling events
that facilitate wound healing processes, including cell prolifer-
ation, cell migration, cell differentiation, and angiogenesis.”
Activation of MAPK complexes regulates transcription factors
by phosphorylating downstream proteins and finally initiates cell
proliferation and differentiation signals to the nucleus. In this
study, to investigate the biomolecular mechanism(s) of the film
extract, we focused on three MAPK signaling pathways,
including ERK, JNK, and p38, which play a major role in the
development of nonhealing wound pathologies such as DFU.
We used confocal microscopy imaging of immunofluorescence-
labeled NDF over different time points (1, 4, 18, and 24 h) to
reveal the abundance of ERK1/2, JNK1/2, and p38-MAPK
phosphoproteins. We observed that film extract leads to higher
levels of ERK1/2 phosphorylation compared to JNK1/2 and
p38-MAPK (data not shown). So, we further investigated more
precisely the effect of the film extract on the MAPK/ERK
pathway, focusing on phospho-p44/42 MAPK (ERK1/2), a
transcription factor related to cell proliferation. The activation of
the MAPK/ERK cascade can be stimulated via various factors,
including (1) a variety of growth factors and cytokines; (2) Ca**
influx; (3) activation of receptor tyrosine kinase Ras, protein
kinase-mediated, G-protein-coupled receptor ligands; and (4)
membrane depolarization.”” We utilized the PD98059 inhibitor,
a flavonoid compound considered as a potent inhibitor of MEK/
ERK1/2 cascade by binding to MEK/ERK1/2, inducing an
inactive MEK/ERK1/2 form and preventing the activation of
the upstream activator (c-Raf).”” For the effect of the MEK/

ERK1/2 inhibitor, these results confirmed the positive
correlation between the level of MAPK (ERK1/2) activity and
the cellular growth rate. They also indicated the direct effect of
FBS and film extract on cell proliferation, mediated by the
MAPK/ERK pathway. Regarding the quantitative flow
cytometry data on p44/42 MAPK (ERK1/2) phosphorylation,
the film extract can activate the phospho-p44/42 MAPK
(ERK1/2) confirming immunofluorescence images. The
confocal microscopy images allowed the detection and local-
ization of intracellular MAPK/ERK activity. The green
fluorescent staining indicated that the film extract stimulates
the upregulation of phospho-p44/42 MAPK (ERK1/2),
promoting downstream protein synthesis involved in the
wound healing process. The obtained results were concurrent
to Maemura et al. who reported that the MAPK/ERK signaling
pathway promotes cell proliferation and inhibits the apoptotic
cell by influencing the activity of downstream cell cycle
regulatory proteins, apoptosis-related proteins, and other
effector molecules, such as G1/S-specific cyclin D1.*' We
proposed that the film extract via its functional components,
Aloe vera and fibroin, acts through the common MAPK/ERK
signaling pathway. Nevertheless, according to the literature, it
should regulate other signaling molecules and processes
involved in dynamic signaling crosstalk, such as the NF-xB
signaling system.*>*’

Our previous clinical study indicated the wound healing
efficacy of the blended fibroin/aloe gel extract film."* The film
could accelerate the healing rate of diabetic foot ulcers after
application for 4 weeks, implying the sufficient delivery of the
bioactive compounds from the film to the wound site. In this
study, to regulate the amount of the bioactive compounds
released from the film, the film-free supernatant obtained from
incubating the sterilized film in serum-free DMEM for 24 h (film
extract) was used to clarify the molecular mechanisms of the film
on the wound healing enhancer.

5. CONCLUSIONS

In this study, the experiments confirm and support the beneficial
effects of the blended fibroin/aloe gel extract film on cell
proliferation and migration, VEGF secretion, and prevention of
cell senescence. The blended fibroin/aloe gel extract film
displays a biological behavior with interesting properties for
delayed wound healing. Its mechanism of action is mainly linked
to the activation of the MAPK/ERK pathway known to regulate
various cellular activities, including proliferation. Therefore, the
blended fibroin/aloe gel extract film can be considered as a
promising therapeutic approach in the treatment of diabetic
nonhealing ulcers.
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