Indonesian Journal of Biotechnology A

VOLUME 27(4), 2022, 187-194 |

RESEARCH ARTICLE

Hypoxic mesenchymal stem cell-conditioned medium accelerates wound
healing by regulating IL-10 and TGF-f levels in a full-thickness-wound rat
model

Adi Muradi Muhar?, Faizal Makharim?, Dedy Hermansyah?, Agung Putra®*>", Nurul Hidayah®, Nur Dina Amalina®, Iffan
Alif®

1Department of Surgical, Medical Faculty, Universitas Sumatera Utara (USU), Medan 20155, Indonesia

2Graduate student of Medical Faculty, Sultan Agung Islamic University (UNISSULA), Semarang 50112, Indonesia

3Stem Cell and Cancer Research (SCCR), Medical Faculty, Sultan Agung Islamic University (UNISSULA), Semarang 50112, Indonesia
4Department of Pathology, Medical Faculty, Sultan Agung Islamic University (UNISSULA), Semarang 50112, Indonesia

5Department of Postgraduate Biomedical Science, Medical Faculty, Sultan Agung Islamic University (UNISSULA), Semarang 50112,
Indonesia

éPharmacy Study Program, Faculty of Mathematics and Natural Sciences, Universitas Negeri Semarang, Semarang 50229, Indonesia
*Corresponding author: dr.agungptr@gmail.com

SUBMITTED 6 February 2021 REVISED 8 September 2021  ACCEPTED 21 June 2022

ABSTRACT Full-thickness wound healing is a complex process requiring a well-orchestrated mechanism of various factors,
including cytokines, particularly interleukin (IL)-10 and transforming growth factor (TGF)-B. IL-10 and TGF-B act as robust
anti-inflammatory cytokines in accelerating the wound healing process by regulating myofibroblasts. Hypoxic mesenchymal
stem cell-conditioned medium (hypMSC-CM) containing cytokines potentially contribute to accelerate wound repair
without scarring through the paracrine mechanism. This study aims to observe the role of hypMSC-CM in controlling
TGF-B and IL-10 levels to accelerate full-thickness wound repair and regeneration. A total of 24 male Wistar rats were
used in this study. Six healthy rats as a sham group and 18 rats were created as full-thickness-wound animal models using
a 6 mm punch biopsy. The animals were randomly assigned into three groups (n = 6) consisting of two treatment groups
treated with hypMSC-CM at a low dose (200 pL hypMSC-CM with 2 g water-based gel added) and a high dose (400 uL
hypMSC-CM with 2 g water-based gel added) and a control group (2 g water-based gel only). The IL-10 and TGF-B levels
were examined by ELISA. The results showed a significant increase in IL-10 levels on day 3 after hypMSC-CM treatment,
followed by a decrease in platelet-derived growth factor (PDGF) levels on days 6 and 9. In line with this finding, the
TGF-B levels also increased significantly on day 3 and then linearly decreased on days 6 and 9. HypMSC-CM administra-
tion may thus promote wound healing acceleration by controlling IL-10 and TGF-f levels in a full-thickness-wound rat model.
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production in the injured tissue (Sapudom et al. 2017;
Schreier et al. 2018). On the other hand, recent studies
have reported that mesenchymal stem cells (MSCs) in-

1. Introduction

Full-thickness wound healing is a complex process re-

quiring a well-orchestrated mechanism involving the in-
teraction of various cell types particularly inflammatory
cells and fibroblasts with the cytokines, growth factors,
and extracellular matrix components (Zheng et al. 2020).
The potential anti-inflammatory cytokine, IL-10, acts as
an important regulator in accelerating the wound heal-
ing process by promoting the inflammatory phase shift
to the proliferation phase to initiate the regeneration pro-
cess. Several studies reported that TGF-$ also acts as
an anti-inflammatory cytokine responsible of the optimal
wound healing by regulating the fibroblast activation and
differentiation associated with extracellular matrix (ECM)

crease the release of robust cytokines, chemokines, and
other molecules, including IL-10 and TGF-f, into their
medium under hypoxic culture condition known as hy-
poxic MSC-conditioned medium (hypMSC-CM) (Muhar
et al. 2019; Nakanishi et al. 2017; Sungkar et al. 2020).
Furthermore, hypMSC-CM has been shown to enhance
wound healing in several wounds through paracrine mech-
anism (Zhao et al. 2020). However, the role of hypMSC-
CM on regulating IL-10 and TGF-f3 in wound healing re-
mains unclear. Therefore, in this study, we investigated
the role played by hypMSC-CM in controlling IL-10 and
TGF-f levels regarding the full-thickness wound acceler-
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ation.

HypMSC-CM is a conditioned medium containing
multiple growth factors and cytokines released by MSCs
under hypoxic culture conditions involved in cell prolif-
eration, differentiation, migration, apoptosis, and angio-
genesis (Beegle et al. 2015; Nakanishi et al. 2017; Yew
etal. 2011). Basically, MSCs are multipotent stromal cells
indicated by plastic adherent and fibroblast-like charac-
teristics and can differentiate into various cell types, in-
cluding osteoblasts, chondrocytes, adipocytes, and neuron
cells (El Agha et al. 2017; Numakura et al. 2019). MSCs
are also characterized by the expression of cell surface
markers including CD73, CD90, and CD105 and lack of
the expression of CD45, CD34, CD14 or CD11b, CD79a,
or CD19 and human leukocyte antigen class II (Alage-
san et al. 2022; Dominici et al. 2006). MSCs secrete a
broad range of bioactive molecules, including cytokines,
chemokines, and growth factors, collectively known as
MSC-CM, in response to regulate multiple biological pro-
cesses, including tissue regeneration (Ho et al. 2018).
Several studies have reported that MSC-CM has signifi-
cant positive effects in the treatment of inflammatory dis-
orders through paracrine signaling of MSC-secreted cy-
tokines, particularly IL-10 and TGF-8 (Ahangar et al.
2020; Kucharzewski et al. 2019). Furthermore, IL.-10
and TGF-f1 serve as potent anti-inflammatory cytokines
in accelerating wound healing by controlling excessive
inflammatory responses. Specifically, IL-10 accelerates
the inflammatory phase shift to the proliferation phase by
reducing the pro-inflammatory cytokines such as inter-
feron (IFN)-y, IL-2, and TNF-«, while TGF-f31 acceler-
ates the healing process by promoting fibroblast activation
to produce ECM associated with optimum wound closure
(Mesquita et al. 2018; Xu et al. 2019).

Recent studies also showed that MSC-CM contains
various molecules mainly IL-10 that can induce regener-
ative tissue repairing by regulating an inflammatory path-
way to promote dermal wound closure (Ahangar et al.
2020; He et al. 2019; Darlan et al. 2022). Previous studies
also revealed that hypMSC-CM contained IL-10 and TGF-
B may accelerate cutaneous wound closure through con-
trolling the inflammation process and stimulating fibrob-
last activation (Rahmani et al. 2019; Steen et al. 2020).
IL-10 acts as a major suppressor of the inflammatory re-
sponse in accelerating the shift from inflammatory to pro-
liferation phase by downregulating the expression of the
pro-inflammatory cytokines (Sun et al. 2020). It has also
been reported that IL-10 might induce macrophage polar-
ization from the pro-inflammatory M1 phenotype into an
anti-inflammatory M2 phenotype, particularly associated
with an increase of TGF-f3 expression triggering the fi-
broblast activation associated with the wound healing ac-
celeration without scarring (Ohashi et al. 2016; Putra et al.
2020b; Lurier et al. 2017). Ultimately, these statements
provide direct evidence that IL-10 and TGF-3 are poten-
tial therapeutic targets in resolving full-thickness wounds.
Therefore, controlling the IL-10 and TGF-f levels at the
appropriate time using hypMSC-CM to accelerate the full-
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thickness wound healing is needed. This study aims to ob-
serve the role of hypMSC-CM in controlling TGF-f and
IL-10 levels to accelerate the full-thickness wound heal-
ing.

2. Materials and Methods

2.1. MSC isolation and characterization

The procedure in this study has been approved by
the Ethical Committee of Medical Faculty Sultan
Agung Islamic University Semarang (approval number:
56/11/2020/Komisi Bioetik). The MSCs were isolated as
previously described (Restimulia et al. 2022). Briefly,
the umbilical cord from a healthy Wistar rat at 19-21-day
gestational period was chopped under sterile condition
and placed on a plastic flask culture. The explants
were immersed in growth medium (GM) containing
Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco,
11885084, NY, USA) with 10% fetal bovine serum (FBS)
(Gibco, 10270106, South American) and 100 IU/mL
penicillin-streptomycin (Sigma-Aldrich) and incubated at
37 °C temperature and 5% CO,. The GM was replaced
twice weekly until the cell reaches 90% confluence.

The MSC surface markers were determined with the
method previously described (Putra et al. 2018a). In
summary, the cells at fourth passage were detached and
stained with anti-rat monoclonal antibodies including
APC-conjugated CD73, FITC-conjugated CD90, PerCP-
conjugated CD105, and PE-conjugated hemopoietic stem
cell lineage Lin (#562245, BD Biosciences) for 30 min
at 4 °C. The labeled cells were analyzed using flow cy-
tometry BD Accuri C6 PLUS (BD Biosciences, San Jose,
CA, USA). The MSC differentiation capacity was de-
termined using osteogenic and adipogenic differentiation
assay by Alizarin red and oil red O staining, respec-
tively. Briefly, the cells were plated on 4x10* cells in 3.5
cm culture dishes under osteogenic medium that is com-
posed of DMEM high glucose supplemented with 10%
FBS, 1% penicillin-streptomycin, 1x102 M sodium -
glycerophosphate, 1x10™* M dexamethasone, and 5x107°
M ascorbic acid. The medium was replaced every 3 days
for 15 days. Then, we evaluated the calcium deposition
by Alizarin red staining (Sigma-Aldrich, USA). Calcium
forms an Alizarin red S-calcium complex in a chelation
process, and the end product is a bright red stain.

2.2. HypMSC-CM gel preparation

The fourth passage of MSCs at 90% confluence was cul-
tured in serum-free GM and incubated in the hypoxic
chamber maintaining a gas mixture composed of 5% O,
5% CO,, and balanced N, at 37 °C. After 24-h incuba-
tion, the GM was harvested as hypMSC-CM, centrifuged
at 1,000 xg, and filtered with a 0.22 mm syringe filter
(Sartorius, 16534, Goettingen, DEU). For the animal treat-
ment, the 200 pL. hypMSC-CM as T1 dose and 400 pL
hypMSC-CM as T2 dose were mixed with 2 g water-based
gel.
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2.3. Full-thickness wound rat model and hypMSC-CM
administration

The 24 healthy male Wistar rats weighing about 250 + 25
g (CV = 10%) were fed ad libitum and reared under 28 °C
temperature and 12-h photoperiod. After a week’s adap-
tation, the rats were anesthetized using an intraperitoneal
injection of ketamine 100 mg/kg and xylazine 10 mg/kg.
Before a full-thickness skin wound was made using a 6
mm punch biopsy, the hair on the back was completely
shaved. The rats were randomly submitted into four treat-
ment groups: sham group or vehicle, control group re-
ceived 2 g water-based gel only, T1 group received 200
pL hypMSC-CM added with 2 g water-based gel, and
T2 group received 400 pL. hypMSC-CM added with 2 g
water-based gel. The CM-mixed gel was topically given
on the wound area.

2.4. IL-10 and TGF-B ELISA assay

The blood samples were obtained from the retro-orbital
plexus using a hematocrit tube on days 3, 6, and 9
and centrifuged at 3000 rpm for serum separation. The
serums were stored at —80 °C for the following analy-
sis. Enzyme-linked immunosorbent assay (ELISA) was
performed based on the manufacturing procedure to de-
termine the concentration of IL-10 and TGF-f (Finetest,
ER0069, Wuhan, China).

2.5. Wound closure area analysis

Macroscopic photographs of the wounds were taken at day
9, and the wound area was measured. The percentage of
closed wounds area were calculated at day 9 by using Im-
age J software (Image J version 1.4) (Hamra et al. 2021;
Rezapour-Lactoee et al. 2020).

3. Results and Discussion

3.1. MSC isolation and characterization

The MSC isolation was performed plastic adherent capa-
bility under standard culture conditions 37 °C, 5% CO,,
and has peculiar fibroblast-like spindle-shaped morphol-
ogy (Figure 1a). Alizarin red is a commonly used stain
to identify calcium-containing osteocytes in the differen-
tiated cultures of both human and rodent MSCs (Castrén
et al. 2015). Qil red O is a commonly used stain to iden-
tify lipid droplets in the differentiated cultures of both hu-
man and rodent MSCs (Batsali et al. 2017; Menssen et al.
2011). The osteogenic differentiation assay indicated that
the multipotency of cultured MSCs was well maintained,
which was identified as calcium deposits showing a red
color in Alizarin red staining (Figure 1b). The adipocytic
differentiation was monitored by oil red O staining, as
demonstrated by oil red O staining of lipid droplets, the
MSCs cultures showed an accumulation of cells with
lipid droplets (Figure 1c). Besides the observation of
MSC’s morphology and differentiation, we also analyzed
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FIGURE 1 The morphology, osteogenic differentiation, and immunophenotype characterization of MSCs. (a) Morphological of MSCs after
the fourth passage, MSCs showed homogeneous, spindle-shaped, fibroblast-like cells 10x magnification. (b) The osteogenic differentiation
of MSCs was assessed by means of Alizarin Red, black arrow indicated the kalium disposition (magnification 40x). (c) The adipogenic dif-
ferentiation of MSCs was assessed by means of Oil Red O staining, black arrow indicated the lipid disposition (magnification 40x). (d) Flow
cytometry analysis demonstrated the surface marker of MSCs population, as expected MSCs were positive reactivity to antigens CD90,

CD105, and CD73 and lack expression of Lin-.
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the expression of MSC’s specific markers. The MSC im-
munophenotype characteristics were evaluated using flow
cytometric analysis to determine and verify the specific
marker of MSCs. The results of surface marker anal-
ysis showed that MSCs expressed positive marker such
as CD90 96.7%, CD105 67.1%, and CD73 99.2% and
lack of Lin 0.1% (Figure 1d). The isolation and charac-
terization method are in accordance with the procedures
of the International Society of Cellular Therapy (ISCT)
(www.celltherapysociety.org), as one the global organiza-
tion focused on translational aspects of developing cell-
based therapeutics, advancing scientific research into in-
novative treatments for patients.

3.2. HypMSC-CM control the IL-10 and TGF-B levels

IL-10 and TGF-f are the crucial molecules in the wound
healing process. As an important anti-inflammatory cy-
tokine, IL-10 might shift inflammation to the proliferation
phase by deactivating monocytes and macrophages. At
the same time, TGF-f3 promotes collagen production by
activating fibroblast into myofibroblast leading to wound
closure. To determine the role of hypMSC-CM in full-
thickness wound healing, the levels of IL-10 and TGF-8
were measured using ELISA.

The level of IL-10 in high dose treatment groups sig-
nificantly increased at day 3 (112.359 + 4.105 pg/ml) com-
pared with the control group (87.293 + 1.169 pg/mL), but
it began to decrease at days 6 (92.792 + 2.397 pg/mL) and
9(62.902 £ 1.927 pg/mL) compared with the control group
(109.306 + 2.516 pg/mL), respectively (p < 0.05). We as-
sume that the increased levels of IL-10 at an early stage
indicate that the healing process is still occurring, while
a linear decrease of IL-10 on days 6 and 9 compared to
other groups indicated an accelerated healing process after
hypMSC-CM administration. Besides, the level of IL-10
in the other treatment groups was high due to continued
inflammation (Figure 2a).
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In line with the measurement of the IL-10 levels, the
TGF- levels were also measured on days 3, 6, and 9. The
level of TGF-f in the high dose group on day 3 (211.259
+ 14.317 pg/mL) was significantly higher than that in the
control group (136.401 + 17.972 pg/mL) (p <0.05) and lin-
early decreased on days 6 (167.248 + 19.669 pg/mL) and 9
(130.498 + 40.572 pg/mL) post-hypMSC-CM administra-
tion. On the other hand, the TGF-f levels on the remaining
groups linearly increased from day 3 to day 9 (Figure 2b).
The high levels of TGF-f in the early stages indicated that
the healing process is still in process. Moreover, the lin-
ear decrease in TGF-f3 on days 6 and 9 compared with the
other groups indicated an acceleration of wound healing
after hypMSC-CM administration. Besides, the levels of
TGF-B in the other treatment groups still increased due to
the inflammatory process occurring normally. The results
of the measurement of TGF-f3 and IL-10 levels are also
supported by the progression of wound healing.

The wound healing process for all groups was fol-
lowed by visual monitoring of the wound size (Figure 3a)
and closure rate (Figure 3b), which was measured at day
9. Among different treated groups, the rat wounds covered
with hypMSC-CM gels exhibited the highest percentages
of closed wound area at day 9. On the day 9, the mean of
closed wound area of the high concentration of hypMSC-
CM gel (T2) group was recorded about 62.80 + 2.55%
that was significantly higher than the control group with a
mean closure rate of 31.73 + 2.57% (p < 0.05). Also, there
was significant difference between the T1 and T2 group
(45.64 + 1.15%).

3.3. Discussion

The crucial point in the skin wound healing processes is
the activation and differentiation of dermal fibroblast in
proliferating and migrating into the wound sites associated
with ECM production to accelerate wound closure (Shi
et al. 2014; Wu et al. 2018). Those processes are mainly
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FIGURE 2 The IL-10 (a) and TGF-B (b) concentrations were measured using the ELISA method from serum samples obtained on days 3, 6,
and 9 after hypMSC-CM treatment. Data were presented as mean standard deviation (n = 4). IL-10, interleukin 10; TGF-B1, transforming
growth factor-B1; Sham, placebo group; control, full-thickness wound + 2 g water-based gel only; T1/low dose, full-thickness wound + 200
ul hypMSC-CM added with 2 g water-based gel; T2/high dose, full-thickness wound + 400 ul hypMSC-CM added with 2 g water-based gel.

*p < 0.05.

190


www.celltherapysociety.org

Muhar et al.

Indonesian Journal of Biotechnology 27(4), 2022, 187-194

500 pm

500 um

Control
\
500 pm
(a)
100
s 80
b
; 60
2
[=]
< 40
=g
g
= 20
0
Control
(b)

T1 T2

FIGURE 3 The wound healing progression of all groups in a full-thickness rat model. (a) Photographs by visual monitoring of the wound size
among different treated group at day 9 after wounding. (b) Represented the closed wound area in all group analysis under ImagelJ. *p < 0.05.
T1: group received 200 pL hypMSC-CM and T2: group received 400 pL hypMSC-CM.

controlled by several anti-inflammatory cytokines, such as
TGF-f and IL-10 (Sapudom et al. 2017; Putra et al. 2020a).
Previous studies have reported that IL-10 and TGF-f are
the central elements in accelerating wound healing by fur-
ther differentiating into fibroblasts to enhance the produc-
tion of ECM components leading to scarless wound clo-
sure (Sapudom et al. 2017). On the other hand, several
studies have reported that MSCs increase the release of
robust cytokines, chemokines, growth factors, and other
molecules, including IL-10 and TGF-f, into their medium
under hypoxic culture conditions hypMSC-CM that accel-
erate wound healing process by autocrine and paracrine
signaling mechanism (Putra et al. 2018b; Yustianingsih
et al. 2019; Darlan et al. 2020). However, the role of
hypMSC-CM to accelerate full-thickness wound healing
especially regarding the control of IL-10 and TGF-f ex-
pression has not been investigated. Therefore, studying
the role of hypMSC in accelerating full-thickness wound
healing through controlling IL-10 and TGF-f at the appro-
priate time is needed.

The increase of IL-10 levels after hypMSC-CM ad-
ministration during the early healing phase day 3 and then
followed by the linearly decreased level of IL-10 at days
6-9 that reflected the late healing phase may indicate that
hypMSC-CM can accelerate the healing process by con-
trolling IL-10 expression. We suggested that hypMSC-
CM-contained IL-10 can enhance the shift from the in-
flammatory phase to the proliferation phase instead of the
normal healing process by reducing the inflammatory cy-
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tokines. A previous study reported that IL-10 facilitates
the transition from the inflammatory to the proliferation
phase by reducing the pro-inflammatory secretion such as
TNF-a during the inflammatory phase leading to the heal-
ing phase-shifting acceleration (Drawina et al. 2022; Sa-
heli et al. 2020; Steen et al. 2020). Besides, IL-10 also has
a function as an antifibrotic cytokine in regulating ECM
remodeling activity to promote regenerative wound heal-
ing by controlling fibroblast activation (Li et al. 2016).
A previous study also revealed that high levels of IL-10
may facilitate a full de-differentiation of myofibroblasts
back into fibroblasts without apoptosis leading to the scar-
less wound closure (Sapudom et al. 2017). Our finding
was in line with those studies that hypMSC-CM contain-
ing IL-10 in the injury site has the beneficial effects on
accelerating regenerative wound healing without scar for-
mation (Jiang and Scharffetter-Kochanek 2020). On the
other side, the IL-10 levels in the control group are high
because the inflammation process has not yet been con-
trolled. Besides, the fibroblast transformation leading to
scarless wound closure is also controlled by growth factor
signaling, particularly TGF-f.

Interestingly, in this study, we found that the TGF-3
levels also significantly increased at day 3 and then fol-
lowed by a linear decrease on days 6 and 9 after hypMSC-
CM administration in the high dose treatment group. This
finding indicated that hypMSC-CM administration may
promote rapid wound healing without scarring through
controlling TGF-f levels. Previous studies have shown
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that MSCs secrete various growth factors including TGF-
B1 to promote wound closure without scar formation by
regulating the resident fibroblast function (Putra et al.
2018b; Sapudom et al. 2017). In cutaneous wound heal-
ing, TGF-f is being responsible for optimum wound re-
pair without scar formation by regulating the proliferation
of dermal fibroblast (Xu et al. 2020). Furthermore, myofi-
broblasts exhibit a high expression of alpha-smooth mus-
cle actin a-SMA, which is incorporated into actin stress
fibers, associated with a higher contractile activity to fa-
cilitate the ECM production, essentially the collagen (Sa-
pudom et al. 2017). TGF-f1 prevents collagen degrada-
tion and enhances the maturation of type III collagen into
type I, which will replace the immature type III collagen
to accelerate wound closure (Sabry et al. 2019). There-
fore, at the late healing phase, the TGF-f3 levels decrease
because the inflammation has been controlled and the cell
metabolism processes have returned to normal condition.
Besides, TGF-f3 levels in the control group were still high
due to continued inflammation.

The limitation of this study is that we did not measure
the a-SMA expression as the main indicator of the myofi-
broblasts associated with wound closure acceleration. We
also did not analyze collagen accumulation as the main in-
dicator of optimum tissue repair and regeneration. There-
fore, the role of hypMSC-CM in controlling a-SMA asso-
ciated with collagen production leading to full-thickness
wound closure acceleration remains unclear.

4. Conclusions

In conclusion, our results showed that hypMSC-CM ac-
celerates a full-thickness wound repair and regeneration
by regulating the IL-10 and TGF-p levels. Recommenda-
tions for future research can be continued at the level of
clinical studies in humans.
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