. HOKKAIDO UNIVERSITY

Hypoxic culture enhances the antimicrobial activity of amnion-derived mesenchymal stem cells,

Title thereby reducing bacterial load and promoting wound healing in diabetic mice
Author (s) Ishii, Riku; Ohnishi, Shunsuke; Hojo, Masahiro et al.
Citation Biochemica! and biophysigal research communications, 739, 150903
https://doi.org/10.1016/j.bbrc.2024. 150903
Issue Date 2024-10-26
Doc URL https://hdl. handle.net/2115/96192
Rights © 2024. This manuscript version is made available under the CC-BY-NC-ND 4.0 license

https://creativecommons.org/licenses/by-nc-nd/4. 0/

Rights(URL)

https://creativecommons. org/licenses/by-nc-nd/4.0/

Type

journal article

File Information

HUSCAP1001_BBRC-24-6976_R1. pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Title Page

O Joy 0w

O OYOYO OYO Ul U1 U1 U1 Ul Ul Ul Ol OOl BB BS_DSEDSDSSDWWWWWWWWWWNDNDDNDNDNDNDNNDNNDNNDNNNRERRRRRRERRERE
G WNFPFOWO-JOUDdWNhEFOWOJIOUDdWNDNREFPEOWOJOHU D WNREOWOLO-TJOUdWNE OWOoJo U d whEFE O w

10

11

12

13

14

15

17

18

19

20

21

22

23

24

25

26

Title page
Title
Hypoxic culture enhances the antimicrobial activity of amnion-derived mesenchymal stem cells,

thereby reducing bacterial load and promoting wound healing in diabetic mice

Authors

Riku Ishii, M.D.?; Shunsuke Ohnishi, M.D., Ph.D.>; Masahiro Hojo, M.D.?; Kosuke Ishikawa,
M.D., Ph.D.?; Emi Funayama, M.D., Ph.D.*; Takahiro Miura, M.D., Ph.D.?; Naoto Okubo,
D.D.S., Ph.D.*; Kazufumi Okada, Ph.D.¢; Yuhei Yamamoto, M.D., Ph.D.%; Taku Maeda, M.D.,

Ph.D.?

a. Department of Plastic and Reconstructive Surgery, Faculty of Medicine and Graduate
School of Medicine, Hokkaido University, Kita 15, Nishi 7, Kita-ku, Sapporo, Hokkaido
060-8638, Japan

b. Laboratory of Molecular and Cellular Medicine, Faculty of Pharmaceutical Sciences,
Hokkaido University, Kita 15, Nishi 7, Kita-ku, Sapporo, Hokkaido 060-8638, Japan

c. Data Science Center, Promotion Unit, Institute of Health Science Innovation for Medical
Care, Hokkaido University Hospital, Kita 15, Nishi 7, Kita-ku, Sapporo, Hokkaido 060-

8638, Japan

Corresponding author:

Taku Maeda, M.D., Ph.D.

Department of Plastic and Reconstructive Surgery, Faculty of Medicine and Graduate School of
Medicine, Hokkaido University

Kita 15, Nishi 7, Kita-ku, Sapporo, Hokkaido 060-8638, Japan

Email: takumaedal 105@yellow.plala.or.jp



O Joy U wN

O OYOYOYOYOY Ul U1 U1l Ul U1 U1 OO OO BB BSDSDSSDDDDWWWWWWWWWWNDMDNDNDNDNDNDNDNNDNNNRERRRRRRERRERE
O WP OWOJoOUd WNEFPFOWOWOJOUd WNREFPEOWO-JOUd WNEFE O WO JOOUd WNEFE OWOow-Jo) U whEFH O w

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Phone: +81-11-706-6978

Ethics approval statement
The protocols used in our study were approved by the Institutional Animal Care and Use
Committee, Hokkaido University School of Medicine, and were conducted in accordance with

the Guidelines for the Care and Use of Laboratory Animals, Hokkaido University



Highlights

Amnion-derived mesenchymal stem cells (AMSCs) secrete the antimicrobial peptide LL-37

LL-37 secretion is increased when AMSCs are cultured under hypoxic conditions

AMSC:s inhibit Staphylococcus aureus growth in vitro

AMSC:s inhibit the growth of Staphylococcus aureus in infected wounds of diabetic mice
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Abstract

Background: Conditioned medium from amnion-derived mesenchymal stem cells (AMSCs)
enhances wound healing, a process that is further improved under hypoxic culture conditions.
Diabetic foot ulcers are difficult to treat and are frequently complicated by a high rate of bacterial
infections, mainly Staphylococcus aureus, which can lead to limb amputation and death. Here,
we topically applied conditioned medium from AMSCs cultured under hypoxic conditions to S.
aureus-infected wounds in diabetic mice to investigate its effect on bacterial counts and wound
healing.

Methods: We prepared conditioned medium by culturing AMSCs under 21% or 1% O and
investigated its effects on S. aureus. We infected skin wounds of diabetic mice with S. aureus and
treated these with hydrogels containing the conditioned medium to examine its effect on bacterial
inhibition and wound healing.

Results: Conditioned medium from AMSCs cultured under 1% O; contained higher levels of the
antimicrobial peptide LL-37. It significantly inhibited S. aureus growth in vitro, reduced bacterial
counts in infected wounds, and facilitated wound closure in diabetic mice.

Conclusions: Hydrogels containing conditioned medium from hypoxically cultured AMSCs
inhibited the growth of S. aureus and promoted wound healing in a mouse model of diabetic

wounds.

Keywords
Mesenchymal Stem Cells; Diabetic Foot; Bacterial Infections; Cathelicidins; LL-37; Wound

Healing
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1. Introduction

Diabetic foot ulcers are deep tissue-destructive lesions that occur primarily in the lower
extremities of diabetic patients and are refractory and have a poor prognosis. In 2021,
approximately 537 million adults worldwide were living with diabetes, a number expected to

increase to 783 million by 2045. Diabetic foot ulcers affect around 15% of these patients, and

14%—-24% of these ulcers result in lower extremity amputations [1-3]. Infections in diabetic foot

ulcers increase the risk of lower extremity amputation. The 5-year mortality rate for patients who
undergo leg or thigh amputation is extremely high, ranging from 52%-80% [4]. Infections caused
by methicillin-resistant S. aureus (MRSA) are associated with poor prognosis, leading to higher
rates of reamputation and prolonged hospital stays [5]. Infection control of diabetic ulcers is very
important, and the development of more effective treatments is desired.

Mesenchymal stem cells are found in a range of tissues, such as fat and bone marrow,
and can differentiate into mesenchymal cells such as adipocytes, chondrocytes, and osteocytes
[6]. Mesenchymal stem cells promote wound healing and inhibit bacterial growth by releasing
various cytokines [7-11]. Hypoxia enhances the paracrine action of mesenchymal stem cells
[7,8,12-16]. Stem cells derived from the bone marrow and adipose tissue inhibit the growth of
Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus, thereby improving
osteomyelitis and pneumonia [17-19]. These effects are mediated via the secretion of the
antimicrobial peptide LL-37 [17,18], which can kill bacteria, fungi, and viruses. The effects of
LL-37 extend to antibiotic-resistant bacteria, including methicillin-resistant S. aureus [20,21]. No
studies have examined the antimicrobial activity of amnion-derived mesenchymal stem cells
(AMSC:s) or the potential strategies to enhance it.

AMSCs can be obtained in large quantities from placental amniotic membranes after
birth, which is less invasive to the donor and avoids ethical issues [22,23]. We previously showed
that conditioned medium from AMSCs inhibits the proliferation and activation of keloid

fibroblasts in vitro [24] and promotes wound healing in a diabetic mouse model [7]. In the present
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study, we hypothesized that the topical application of conditioned medium from AMSCs cultured
under hypoxic conditions would inhibit bacterial growth and promote wound healing in diabetic
wounds infected with S. aureus. These findings could have a substantial impact on the field of
diabetic wound healing by providing a novel, non-invasive therapeutic option targeting both

infection control and tissue regeneration.

2. Material & Methods

2.1. Bacterial Strains and Growth Conditions

S. aureus (ATCC 29213) was used for all experiments. The bacteria were first grown on tryptic
soy agar (#236950; BD, Franklin Lakes, NJ) under conditions of 37°C, 21% O, and 5% CO,
for 24 h. A single colony from this initial growth was inoculated into 8§ mL tryptic soy broth
(#211825; BD) and incubated under the same conditions with shaking at 50 rpm for further

expansion.

2.2. Propagation of Amnion-Derived Mesenchymal Stem Cells
AMSCs were kindly provided by Kaneka Corp. (Osaka, Japan) [25]. Cells from the third to
fourth passages were used and incubated at 37°C in an atmosphere containing 21% O and 5%

CO; until they reached sub-confluency.

2.3. Preparation of Conditioned Medium

Upon reaching sub-confluency, the AMSCs were washed twice with phosphate-buffered saline
(PBS) to remove residual serum. The culture medium was then replaced with antibiotic-free a-
MEM (Life Technologies, Carlsbad, CA), and the cells were cultured under either normoxic (21%
0:) or hypoxic (1% O2) conditions for 48 h to create normoxic conditioned medium (NCM) and

hypoxic conditioned medium (HCM), respectively. To remove any cellular debris, the
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conditioned medium was collected, filtered through a 0.2-um filter, and immediately stored at
—80°C until further use [7]. Additionally, standard medium (SM) was prepared by passing
antibiotic-free a-MEM through a 0.2-um filter, and immediately stored at —80°C until further use.
SM served as a control to evaluate any potential antibacterial activity of the medium itself,

independent of factors from AMSCs [7].

2.4. Evaluation of LL-37 Concentrations in Conditioned Medium using an Enzyme-
Linked Immunosorbent Assay

The presence of LL-37, an antimicrobial peptide, in HCM, NCM, and SM was evaluated using

an enzyme-linked immunosorbent assay kit (Hycult Biotech, Uden, The Netherlands).

2.5. Bacterial Inhibition by Conditioned Medium in vitro

A 12-well plate was prepared with HCM, NCM, or SM, each combined with an equal amount
of tryptic soy broth (#211825; BD). Six wells were prepared for each medium. Using a
spectrophotometer at a wavelength of 600 nm, an S. aureus suspension was prepared and added
to each well to achieve a concentration of 5,000 colony-forming units (CFU)/mL. This was then
cultured at 37°C under 21% O; and 5% CO for 2 h. Aliquots of 50 uL were taken from each
well and plated onto tryptic soy agar (#236950; BD), and the number of colonies was counted

after 16-18 h.

2.6. Induction of Diabetes in Mice
The experimental protocol was approved by the Animal Care and Use Committee of Hokkaido
University (approval no. 2022-23-1). Five-week-old male ICR mice (Japan SLC, Hamamatsu,
Japan) were kept in a temperature-controlled room maintained at 24°C on a 12-h light/dark
cycle. Food and water were provided ad libitum.

After a 1-week acclimatization period, diabetes was induced in the mice by
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intraperitoneal injection of 180 mg/kg streptozotocin (Fujifilm Wako Pure Chemical
Corporation, Osaka, Japan). Blood glucose levels were monitored from the tail vein using a
glucometer (One Touch Ultra Vue; LifeScan, Malvern, PA) [26]. Polyuria was noted, requiring
daily cage changes. Blood was collected from the tail vein 4 weeks later, and mice with a blood

glucose level exceeding 300 mg/dL were included in the experiment.

2.7. Creation of Wounds and Bacterial Infection

The mice were anesthetized with 2.5% isoflurane, and the dorsal and ventral hair was removed
completely using a surgical clipper and depilatory cream. The skin of the mice was disinfected
with a 0.05% chlorhexidine gluconate solution, and two 8-mm diameter round full-thickness
wounds were created symmetrically to the spinal line on the panniculus carnosus using a scalpel
[7]. S. aureus cultured in tryptic soy broth was centrifuged at 1,500 rpm for 5 min. The supernatant
was removed, and the bacterial pellet was washed twice with 2 mL PBS. Using a
spectrophotometer at a wavelength of 600 nm, a bacterial suspension of 20,000 CFU/mL was
prepared. A total of 0.05 mL of this bacterial suspension was dripped onto the full-thickness skin
defects of the mice. After bacterial inoculation, the wounds were covered with a sterile film
(IV3000; Smith and Nephew, Watford, UK), and infection was confirmed 48 h later by the

appearance of pus and erythema.

2.8. Evaluation of Bacterial Inhibition and Wound Closure Ratio in vivo

Conditioned medium gels were prepared by adding 7% carboxymethylcellulose to SM, NCM, or
HCM [7]. The day of infection establishment was set as day 1; photographs of the wounds were
taken on days 1, 2, 3, 5, 9, and 10, using a single-lens reflex camera (EOS X10i; Canon, Tokyo,
Japan). Measurement of the wound area was performed using Fiji software (National Institutes of
Health, Bethesda, MD), and the wound closure ratio was calculated according to the following

formula:
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Wound closure ratio (%) = (1 — [remaining wound area / initial wound area]) x 100.

After each photography session, 0.05 mL hydrogel was applied to the wounds and covered with
IV3000 and Tegaderm. Six mice were assigned to SM, NCM, or HCM in each experiment to
measure bacterial counts and histological evaluations of the wounds.

On day 10, the mice were euthanized. The wounds were sampled with a 3-mm skin
punch. The samples were homogenized using a BioMasher Il homogenizer (Nippi, Tokyo,
Japan) with 100 pL PBS; after serial dilution with 100 nL. PBS, 10 pL homogenate was plated
on Baird-Parker agar medium (BD). This was incubated at 37°C for 16—18 h under 21% O- and

5% CO,. The number of colonies was then counted.

2.9. Histology and Immunohistochemistry
Specimens were fixed in 4% paraformaldehyde (Fujifilm Wako Pure Chemical Corporation)
and embedded in paraffin prior to hematoxylin-eosin and Masson’s trichrome staining, Gram
staining, and immunohistochemical analysis. Sections (4-um thick) were incubated with the
following antibodies: rabbit anti-myeloperoxidase (MPO; 1:2,000; #A0398; Agilent
Technologies, Santa Clara, CA), rabbit anti-CD31 (1:2,000; #ab182981; Abcam, Cambridge,
UK), and rabbit anti-Ki-67 (1:150; #ab16667; Abcam). A goat anti-rabbit secondary antibody
conjugated with horseradish peroxidase (Histofine® Simple Stain™ Mouse MAX PO; Nichirei
Biosciences, Tokyo, Japan) was used as a secondary antibody for MPO, CD31, and Ki-67.

Digital images of the slides were created using a whole-slide scanner (NanoZoomer
Digital Pathology; Hamamatsu Photonics, Hamamatsu, Japan) and visualized using NDP.view2
software (Hamamatsu Photonics). Quantification of the Gram-, MPO-, CD31-, and Ki-67-
positive areas was performed using Fiji software (National Institutes of Health) by observing three
randomly selected fields of view (x40 magnification) for each specimen.

Histological wound healing was assessed from hematoxylin-eosin and Masson's

trichrome staining using a histology scoring system. Briefly, total scores were calculated with the



154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

sum of the following four items rated on a scale of 0, 1, or 2: percentage of epithelial elongation
relative to the wound (Re-epithelialization), thickness of granulation that grew on the wound
(Granulation tissue), degree of regeneration of collagen and skin appendages (Remodeling), and
thickness of the regenerated dermis (Scar elevation index) [27]. The higher the total score, the

more advanced the wound healing.

2.10. Statistical Analysis

Data are shown as the mean =+ standard error. Comparisons were performed using the Tukey—

Kramer test. P < 0.05 was considered statistically significant. Statistical analysis was performed

using JMP Pro (ver. 17.0.0; JMP Statistical Discovery LLC, Cary, NC).

3. Result

3.1. High LL-37 Concentrations in HCM

The concentrations of LL-37 were 1.26 + 0.13 ng/mL in HCM, 0.60 £ 0.26 ng/mL in NCM, and
below the detection limit in SM. HCM had significantly higher LL-37 concentrations than NCM

(Fig. 1).

3.2. Conditioned Medium Under Hypoxic Conditions Inhibits Bacteria in vitro

SM exhibited S. aureus counts of 760 + 40 CFU/mL, NCM exhibited 543 + 140 CFU/mL, and
HCM exhibited 360 + 53 CFU/mL in vitro. HCM demonstrated a statistically significant
inhibition of S. aureus growth by 52.6% compared with SM. Additionally, NCM exhibited a
28.5% inhibition of bacterial growth compared with SM, although this difference was not

statistically significant (Fig. 2).

3.3. Conditioned Medium Under Hypoxic Conditions Inhibits Bacteria in a Mouse
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Model

In S. aureus-infected wounds of the diabetic mouse model, SM exhibited S. aureus counts of
1,750 + 480 CFU/mL and NCM was 1,800 + 800 CFU/mL, while HCM was 70 + 30 CFU/mL.
NCM did not significantly reduce S. aureus levels compared with SM. However, HCM
significantly inhibited the growth of S. aureus by 96.0% compared with SM and by 96.1%

compared with NCM (Fig. 3).

3.4. Conditioned Medium Under Hypoxic Conditions Accelerates Wound Healing
Regarding wound healing promotion, SM showed a 40.1% + 3.8% reduction in wound area and
NCM showed a 42.0% + 5.2% reduction in wound area. However, for HCM, the reduction in
wound area was 76.0% = 4.1%, which was significantly higher than for SM and NCM (Fig. 4).

These findings indicated that HCM significantly accelerated wound healing.

3.5. Conditioned Medium Under Hypoxic Conditions Improves the Histological

Findings of Wounds

Gram staining revealed that HCM had 90.5% and 89.3% lower S. aureus counts at the wound
site than SM and NCM, respectively, which was consistent with the results of the direct
assessment of tissue bacterial content. HCM had an 86.8% smaller MPO-positive area than SM
and an 84.7% smaller area than NCM, indicating that HCM reduced neutrophil infiltration.
HCM had 624% and 481% larger CD3 1-positive areas than SM and NCM, respectively. HCM
also had 1,552% and 454% larger Ki-67-positive areas than SM and NCM, respectively. HCM
also promoted angiogenesis and cell division under S. aureus infection (Fig. 5).

In Masson’s trichrome staining, HCM showed a higher re-epithelialization rate, more
granulation tissue, greater regeneration of collagen and skin appendages, and more dermal
regeneration than NCM and SM. Therefore, the histology score was significantly higher for
HCM (3.67 + 0.38) than for SM (0.66 £ 0.38) and NCM (1.17 + 0.44) (Fig. 6).

8



205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

Histological analysis revealed that HCM-treated wounds exhibited enhanced

angiogenesis, re-epithelialization, and collagen regeneration compared with SM and NCM.

4. Discussion
We investigated the inhibitory effect of hypoxically cultured AMSCs on the proliferation of S.
aureus in diabetic conditions. The results demonstrated that (1) conditioned medium from AMSCs
inhibited the proliferation of S. aureus, (2) AMSCs secreted the antimicrobial peptide LL-37, (3)
in a diabetic mouse model with S. aureus-infected wounds, conditioned medium inhibited the
proliferation of S. aureus and promoted wound healing, and (4) the aforementioned effects were
enhanced when AMSCs were cultured under hypoxic conditions. To our knowledge, this is the
first study to demonstrate that AMSCs secrete the antimicrobial peptide LL-37, exhibit
antimicrobial activity in vivo, and have enhanced antimicrobial activity under hypoxic culture
conditions.

It is well established that mesenchymal stem cells derived from adipose tissue, bone
marrow, and umbilical cord blood possess antimicrobial activity both in vitro and in vivo [7,8,12-
16]. Bone marrow-derived mesenchymal stem cells and their conditioned medium have inhibitory
effects on the proliferation of E. coli, S. aureus, and P. aeruginosa [17]. Moreover, in a mouse
model of E. coli pneumonia, conditioned medium from human mesenchymal stem cells inhibits
bacterial growth and neutrophil infiltration [18]. These effects are due to bioactive substances in
the conditioned medium [17,18]. However, it has been reported that there is no difference in
antimicrobial activity between mesenchymal stem cells derived from adipose tissue and those
derived from bone marrow [17].

Previous studies have indicated that the antimicrobial activity of mesenchymal stem
cells is due to the secretion of LL-37 by the cells [17,18,28]. It is well established that humans
and other mammals as well as birds and fish possess antimicrobial peptides called cathelicidins

[29,30], which are expressed in neutrophils, macrophages, natural killer cells, and epithelial cells.
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Cathelicidins are induced by inflammatory pathways, the vitamin D pathway, and endoplasmic
reticulum stress [20,31-34]. In humans, LL-37 is the only identified cathelicidin and is formed by
the cleavage of its precursor, the 18-kDa human cationic antibacterial polypeptide [31]. LL-37
exerts antimicrobial activity against both Gram-positive and -negative bacteria by binding to
bacterial lipopolysaccharides and lipid bilayers and permeabilizing microbial membranes,
thereby inducing cell death [35-37]. Moreover, LL-37 exhibits antifungal and antiviral properties
[20,38]. In addition to its direct effects against pathogens, LL-37 also exerts antimicrobial activity
through indirect mechanisms such as recruiting monocytes, neutrophils, and CD4+ T cells to the
site of pathogen entry and activating dendritic cells [39-41]. The combination of LL-37 with
antibiotics can achieve greater efficacy than antibiotics alone. In addition to its effects against
drug-resistant bacteria, LL-37 is also effective against a wide range of other pathogens, including
fungi and viruses, making LL-37 a promising treatment option for infections [42,43].

We previously demonstrated that culturing mesenchymal stem cells under hypoxic
conditions enhances their wound-healing effect through a paracrine effect [7]. Not only are
AMSCs readily available from the amniotic membrane of postpartum placental tissue, a source
typically considered medical waste, but their collection poses no risk to the donor, minimizing
ethical concerns [22,23]. In addition, AMSCs exhibit superior proliferative capacity compared
with other mesenchymal stem cells, suggesting their potential high efficacy when used clinically
[44]. However, no studies to date have reported that AMSCs have antimicrobial activity. Based
on the above findings, we hypothesized and demonstrated that AMSCs secreted LL-37 and that
hypoxic culture increased its secretion. However, the relationship between hypoxic conditions
and the antimicrobial activity of various cells has not been fully elucidated. The antimicrobial
activity of menstrual blood-derived mesenchymal stem cells against S. aureus is attenuated under
hypoxic conditions [45]. Moreover, macrophages enhance their antimicrobial activity through
increased expression of B-defensin 2 in a hypoxic environment [46]. The activation of hypoxia-

inducible factor-1 (HIF-1) by hypoxic conditions and the administration of a HIF-1 activator
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increases the secretion of LL-37 by human urothelial cells and inhibits E. coli growth in urinary
tract infection in diabetic mice [47]. There is a paucity of literature on the relationship between
hypoxic conditions and antimicrobial activity, and a consensus on this matter has yet to be reached
[48]. However, in light of several studies showing that HIF-1a is activated in MSCs under hypoxic
conditions [49,50], and that activation of HIF-la activates transcription of the CAMP gene
encoding LL-37 [51], it is conceivable that HIF-1a is activated by hypoxia in AMSCs, which
promotes transcription of the CAMP gene and increases expression of LL-37, thereby enhancing
antimicrobial activity.

It is known that AMSCs exhibit anti-inflammatory effects by promoting the secretion
of anti-inflammatory cytokines [52,53]. The administration of AMSCs or their conditioned
medium suppresses the infiltration of neutrophils and macrophages in mouse colitis and in pigs
following endoscopic submucosal dissection of the esophagus and rectum [54-56]. We previously
demonstrated that in a mouse model of non-infectious diabetic wounds, HCM prepared under the
same conditions as in the present study suppresses neutrophil and macrophage infiltration and the
expression of inflammatory cytokines such as interleukin (IL)-1B, IL-6, chemokine ligand
(CXCL)-1, and CXCL-2 [7]. However, bone marrow-derived mesenchymal stem cell conditioned
medium activates neutrophil bacterial phagocytosis and the formation of neutrophil extracellular
traps, thereby reducing methicillin-resistant S. aureus counts in a mouse model of infected skin
wounds [28]. The present study demonstrated the significant suppression of neutrophil infiltration.
This is believed to be because bacterial counts were sufficiently reduced by the neutrophils
activated by the mesenchymal stem cell conditioned medium and the LL-37 present in the
conditioned medium, which resulted in decreased neutrophil activity by day 10.

In the process of wound healing, HCM demonstrated significantly superior outcomes
compared with NCM and SM. AMSCs secrete angiogenic factors, including vascular endothelial
growth factor (VEGF)-A, basic fibroblast growth factor (b-FGF), epidermal growth factor,

insulin-like growth factor 1, and IL-8. It is well documented that conditioned medium enhances
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angiogenesis in skin wound models [52,57-59]. We demonstrated that HCM has high levels of
VEGF-A and b-FGF and that applying this conditioned medium significantly promotes
angiogenesis and wound healing of non-infected wounds in diabetic mice [7]. In the present study,
as in our previous research, HCM promoted active angiogenesis and cell proliferation. As a result,
it was found that HCM aids wound healing by promoting epithelialization and angiogenesis
through paracrine action under S. aureus infection. In particular, HCM promoted re-
epithelialization, granulation, and regeneration of collagen and skin appendages due to its high
growth factor content and scored highly in a histology scoring system (Fig. 6).

Furthermore, LL-37 is known to activate the proliferation and migration of
keratinocytes and fibroblasts, which are essential for wound healing. In addition, by reducing
bacterial load and biofilm formation, LL-37 promotes wound healing by creating a more favorable
environment for tissue regeneration and repair [60,61]. In our previous study, we concluded that
VEGF-A and b-FGF [7], which are abundant in HCM, are important for wound healing, and that
LL-37, which is increased by hypoxic culture, also seemed to play an important role. It is possible
that there are pathways beyond the direct actions of these bioactive substances. Epidermal stem
cells are known to promote diabetic wound healing via the Notch signaling pathway [62].
However, future research needs to investigate whether the AMSC conditioned medium has a
similar pathway.

As mentioned above, AMSCs, like other MSCs, promote wound healing by increasing
the release of growth factors such as VEGF-A and b-FGF through hypoxic culture [7].
Furthermore, the present study has revealed that LL-37 exerts an antibacterial effect similar to
that of other MSCs. However, there are no reports that the amount of LL-37 produced by other
MSCs increases through hypoxic culture, and there is no evidence to suggest that LL-37, which
increases through hypoxic culture, promotes wound healing [63]. The present study is the first to
demonstrate that AMSCs have antibacterial properties and that the antibacterial properties of

MSCs are enhanced by hypoxic culture.
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Hypoxically cultured AMSCs are also expected to be effective under other conditions.
For example, biofilms present a problem in device infections; however, LL-37 can destroy
biofilms and hypoxically cultured AMSCs may also be effective [61]. In addition, because human
umbilical cord MSCs are reported to promote wound healing in mice with severe burns, it is
expected that hypoxically cultured AMSCs will not only promote wound healing with severe
burns but also have an effect on bacterial infections [64].

This study is limited in that it did not investigate antimicrobial substances other than
LL-37. In general, mesenchymal stem cells secrete other antimicrobial substances, including [3-
defensin 2, hepcidin, and lipocalin [28]. However, the effects of hypoxic culture on these
substances have not been examined. Further investigation of other antimicrobial substances
would provide a more comprehensive understanding of the antimicrobial activity of AMSCs.
Other limitations of this study include the focus on a single bacterial strain, S. aureus. Although
S. aureus is a major cause of diabetic wound infections, future studies should also investigate the
effects of other clinically important pathogens such as P. aeruginosa and MRSA. In addition,
because the duration of infection was relatively short, it is possible that the long-term effects of
AMSCs therapy on chronic wound healing could not be fully assessed. Further studies using

longer-term models are needed to fully evaluate the sustained effects.

5. Conclusion

Conditioned medium obtained from hypoxically cultured AMSCs contained LL-37 and exhibited
antibacterial activity. Furthermore, this conditioned medium inhibited bacterial growth and
promoted wound healing when applied to skin wounds of diabetic mice infected with S. aureus.
These findings suggest that conditioned medium obtained from hypoxic cultured AMSCs may be

a potential treatment for infected diabetic foot ulcers.

Funding

13



335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

This work was supported by a Grant-in-Aid for Early-Career Scientists from the Japan Society

for the Promotion of Science (20K 184006).

Data availability
The datasets generated and analyzed during the present study are available from the

corresponding author on reasonable request.

CRediT authorship contribution statement

Riku Ishii: Conceptualization, Methodology, Investigation, Writing — original draft, Data
curation. Shunsuke Ohnishi: Methodology, Writing — review & editing, Supervision.
Masahiro Hojo: Conceptualization. Kosuke Ishikawa: Methodology, Writing — review &
editing, Supervision. Emi Funayama: Writing — review & editing. Takahiro Miura: Writing —
review & editing., Supervision. Naoto Okubo: Writing — review & editing. Kazufumi Okada:
Data curation. Yuhei Yamamoto: Conceptualization, Writing — review & editing, Supervision.

Taku Maeda: Methodology, Writing — review & editing, Supervision.

Declaration of competing interest

The authors received amnion-derived mesenchymal stem cells from Kaneka Corp. (Osaka, Japan).

Acknowledgments

We would like to thank Keita Takahashi for his assistance with the statistical analysis.

14



Declaration of Interest Statement

Funding

This work was supported by the Grant-in-Aid for Early-Career Scientists from the Japan

Society for the Promotion of Science (20K 18406).

Declaration of competing interest

The authors declare neither competing interests nor conflict of financial interest.



360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

Reference

[1]

[4]

[5]

[6]

[7]

[8]

I.LD.  Federation, IDF  Diabetes Atlas 9th  Edition. Available at:

https://www.diabetesatlas.org/en/. Accessed October 4, 2023.

D.G. Armstrong, A.J.M. Boulton, S.A. Bus, Diabetic foot ulcers and their recurrence, N

Engl J Med 376 (2017) 2367-2375. https://doi.org/10.1056/NEJMral 615439

A.D. Association, Consensus development conference on diabetic foot wound care, 7-8
April 1999, Boston, Massachusetts, Diabetes Care 22 (1999) 1354-1360

J.C. Thorud, B. Plemmons, C.J. Buckley, N. Shibuya, D.C. Jupiter, Mortality after
nontraumatic major amputation among patients with diabetes and peripheral vascular
disease: a systematic review, J Foot Ankle Surg 55 (2016) 591-599.

https://doi.org/10.1053/1.jfas.2016.01.012

T. Richards, A.A. Pittathankel, R. Pursell, T.R. Magee, R.B. Galland, MRSA in lower
limb amputation and the role of antibiotic prophylaxis, J Cardiovasc Surg (Torino) 46
(2005) 37-41

M.F. Pittenger, A.M. Mackay, S.C. Beck, R.K. Jaiswal, R. Douglas, J.D. Mosca, M.A.
Moorman, D.W. Simonetti, S. Craig, D.R. Marshak, Multilincage potential of adult
human  mesenchymal  stem  cells, Science 284  (1999) 143-147.

https://doi.org/10.1126/science.284.5411.143

H. Takahashi, S. Ohnishi, Y. Yamamoto, T. Hayashi, N. Murao, M. Osawa, T. Maeda, K.
Ishikawa, N. Sakamoto, E. Funayama, Topical application of conditioned medium from
hypoxically cultured amnion-derived mesenchymal stem cells promotes wound healing
in  diabetic  mice, Plast Reconstr  Surg 147  (2021) 1342-1352.

https://doi.org/10.1097/PRS.0000000000007993

L. Chen, E.E. Tredget, P.Y. Wu, Y. Wu, Paracrine factors of mesenchymal stem cells
recruit macrophages and endothelial lineage cells and enhance wound healing, PLoS One

3 (2008) e1886. https://doi.org/10.1371/journal.pone.0001886

15



386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

[10]

[11]

[12]

[13]

[14]

[15]

A.L. Arno, S. Amini-Nik, P.H. Blit, M. Al-Shehab, C. Belo, E. Herer, C.H. Tien, M.G.
Jeschke, Human Wharton's jelly mesenchymal stem cells promote skin wound healing
through  paracrine  signaling, Stem Cell Res Ther 5 (2014) 28.

https://doi.org/10.1186/scrt417

R.F. Irons, K.W. Cahill, D.A. Rattigan, J.H. Marcotte, M.W. Fromer, S. Chang, P. Zhang,
E.M. Behling, K.C. Behling, F.J. Caputo, Acceleration of diabetic wound healing with
adipose-derived stem cells, endothelial-differentiated stem cells, and topical conditioned
medium therapy inaswine model, J Vasc Surg 68 (2018) 115s-125s.

https://doi.org/10.1016/7.jvs.2018.01.065

D.K. Sung, Y.S. Chang, S.I. Sung, H.S. Yoo, S.Y. Ahn, W.S. Park, Antibacterial effect of
mesenchymal stem cells against Escherichia coli is mediated by secretion of beta-
defensin- 2 via toll- like receptor 4 signalling, Cell Microbiol 18 (2016) 424-436.

https://doi.org/10.1111/cmi.12522

E.K. Jun, Q. Zhang, B.S. Yoon, J.H. Moon, G. Lee, G. Park, P.J. Kang, J.H. Lee, A. Kim,
S. You, Hypoxic conditioned medium from human amniotic fluid-derived mesenchymal
stem cells accelerates skin wound healing through TGF-f/SMAD2 and PI3K/Akt

pathways, Int J Mol Sci 15 (2014) 605-628. https://doi.org/10.3390/ijms 15010605

L. Liu, J. Gao, Y. Yuan, Q. Chang, Y. Liao, F. Lu, Hypoxia preconditioned human adipose
derived mesenchymal stem cells enhance angiogenic potential via secretion of increased

VEGEF and bFGF, Cell Biol Int 37 (2013) 551-560. https://doi.org/10.1002/cbin.10097

E.Y. Lee, Y. Xia, W.S. Kim, M.H. Kim, T.H. Kim, K.J. Kim, B.S. Park, J.H. Sung,
Hypoxia-enhanced wound-healing function of adipose-derived stem cells: increase in
stem cell proliferation and up-regulation of VEGF and bFGF, Wound Repair Regen 17

(2009) 540-547. https://doi.org/10.1111/5.1524-475X.2009.00499.x

L. Chen, Y. Xu, J. Zhao, Z. Zhang, R. Yang, J. Xie, X. Liu, S. Qi, Conditioned medium

from hypoxic bone marrow-derived mesenchymal stem cells enhances wound healing in

16



412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

[16]

[17]

[19]

[20]

[21]

mice, PLoS One 10 (2015) e0145565. https://doi.org/10.1371/journal.pone.0145565

J. Paquet, M. Deschepper, A. Moya, D. Logeart-Avramoglou, C. Boisson-Vidal, H. Petite,
Oxygen tension regulates human mesenchymal stem cell paracrine functions, Stem Cells

Transl Med 4 (2015) 809-821. https://doi.org/10.5966/sctm.2014-0180

H. Yagi, A.F. Chen, D. Hirsch, A.C. Rothenberg, J. Tan, P.G. Alexander, R.S. Tuan,
Antimicrobial activity of mesenchymal stem cells against Staphylococcus aureus, Stem

Cell Res Ther 11 (2020) 293. https://doi.org/10.1186/s13287-020-01807-3

A. Krasnodembskaya, Y. Song, X. Fang, N. Gupta, V. Serikov, J.W. Lee, M.A. Matthay,
Antibacterial effect of human mesenchymal stem cells is mediated in part from secretion
of the antimicrobial peptide LL-37, Stem Cells 28 (2010) 2229-2238.

https://doi.org/10.1002/stem.544

S.D. McCarthy, E. Horgan, A. Ali, C. Masterson, J.G. Laffey, R. MacLoughlin, D.
O'Toole, Nebulized mesenchymal stem cell derived conditioned medium retains
antibacterial properties against clinical pathogen isolates, J Aerosol Med Pulm Drug

Deliv 33 (2020) 140-152. https://doi.org/10.1089/jamp.2019.1542

D. Vandamme, B. Landuyt, W. Luyten, L. Schoofs, A comprehensive summary of LL-37,
the factotum human cathelicidin peptide, Cell Immunol 280 (2012) 22-35.

https://doi.org/10.1016/j.cellimm.2012.11.009

0. Simonetti, O. Cirioni, G. Goteri, G. Lucarini, E. Kamysz, W. Kamysz, F. Orlando, G.
Rizzetto, E. Molinelli, G. Morroni, R. Ghiselli, M. Provinciali, A. Giacometti, A. Offidani,
Efficacy of cathelicidin LL-37 in an MRSA wound infection mouse model, Antibiotics

(Basel) 10 (2021) 1210. https://doi.org/10.3390/antibiotics 10101210

P.S. In 't Anker, S.A. Scherjon, C. Kleijburg-van der Keur, G.M. de Groot-Swings, F.H.
Claas, W.E. Fibbe, H.H. Kanhai, Isolation of mesenchymal stem cells of fetal or maternal
origin  from  human placenta, Stem Cells 22 (2004) 1338-1345.

https://doi.org/10.1634/stemcells.2004-0058

17



438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

[25]

[26]

[27]

[28]

[29]

F. Alviano, V. Fossati, C. Marchionni, M. Arpinati, L. Bonsi, M. Franchina, G. Lanzoni,
S. Cantoni, C. Cavallini, F. Bianchi, P.L. Tazzari, G. Pasquinelli, L. Foroni, C. Ventura,
A. Grossi, G.P. Bagnara, Term amniotic membrane is a high throughput source for
multipotent mesenchymal stem cells with the ability to differentiate into endothelial cells

in vitro, BMC Dev Biol 7 (2007) 11. https://doi.org/10.1186/1471-213x-7-11

C. Sato, Y. Yamamoto, E. Funayama, H. Furukawa, A. Oyama, N. Murao, H. Hosono, K.
Kawakubo, N. Sakamoto, S. Ohnishi, Conditioned medium obtained from amnion-
derived mesenchymal stem cell culture prevents activation of keloid fibroblasts, Plast

Reconstr Surg 141 (2018) 390-398. https://doi.org/10.1097/prs.0000000000004068

S. Takamiya, M. Kawabori, K. Yamazaki, S. Yamaguchi, A. Tanimori, K. Yamamoto, S.
Ohnishi, T. Seki, K. Konno, K.K. Tha, D. Hashimoto, M. Watanabe, K. Houkin, M.
Fujimura, Intravenous transplantation of amnion-derived mesenchymal stem cells
promotes functional recovery and alleviates intestinal dysfunction after spinal cord injury,

PLoS One 17 (2022) €0270606. https://doi.org/10.1371/journal.pone.0270606

C.A. Dal Pozzo, R. Cappellesso, The morpho-molecular landscape of spitz neoplasms,

Int J Mol Sci 23 (2022) 4211. https://doi.org/10.3390/ijms23084211

M. van de Vyver, K. Boodhoo, T. Frazier, K. Hamel, M. Kopcewicz, B. Levi, M. Maartens,
S. Machcinska, J. Nunez, C. Pagani, E. Rogers, K. Walendzik, J. Wisniewska, B.
Gawronska-Kozak, J.M. Gimble, Histology scoring system for murine cutaneous wounds,

Stem Cells Dev 30 (2021) 1141-1152. https://doi.org/10.1089/scd.2021.0124

L. Chow, V. Johnson, R. Impastato, J. Coy, A. Strumpf, S. Dow, Antibacterial activity of
human mesenchymal stem cells mediated directly by constitutively secreted factors and
indirectly by activation of innate immune effector cells, Stem Cells Transl Med 9 (2020)

235-249. https://doi.org/10.1002/sctm.19-0092

L. Tomasinsig, M. Zanetti, The cathelicidins - structure, function and evolution, Curr

Protein Pept Sci 6 (2005) 23-34. https://doi.org/10.2174/1389203053027520

18



464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

[33]

[35]

[38]

M. Zanetti, The role of cathelicidins in the innate host defenses of mammals, Curr Issues
Mol Biol 7 (2005) 179-196

J.W. Larrick, M. Hirata, R.F. Balint, J. Lee, J. Zhong, S.C. Wright, Human CAP18: a
novel antimicrobial lipopolysaccharide-binding protein, Infect Immun 63 (1995) 1291-

1297. https://doi.org/10.1128/i2i.63.4.1291-1297.1995

J. Schauber, R.L. Gallo, The vitamin D pathway: a new target for control of the skin's

immune response?, Exp Dermatol 17 (2008) 633-639. https://doi.org/10.1111/1.1600-

0625.2008.00768.x

K. Park, PM. Elias, Y. Oda, D. Mackenzie, T. Mauro, W.M. Holleran, Y. Uchida,
Regulation of cathelicidin antimicrobial peptide expression by an endoplasmic reticulum
(ER) stress signaling, vitamin D receptor-independent pathway, J Biol Chem 286 (2011)

34121-34130. https://doi.org/10.1074/jbc.M111.250431

P.T. Liu, S. Stenger, D.H. Tang, R.L. Modlin, Cutting edge: vitamin D-mediated human
antimicrobial activity against Mycobacterium tuberculosis is dependent on the induction
of cathelicidin, J Immunol 179 (2007) 2060-2063.

https://doi.org/10.4049/jimmunol.179.4.2060

R. Bucki, P.A. Janmey, Interaction of the gelsolin-derived antibacterial PBP 10 peptide
with lipid bilayers and cell membranes, Antimicrob Agents Chemother 50 (2006) 2932-

2940. https://doi.org/10.1128/aac.00134-06

J. Turner, Y. Cho, N.N. Dinh, A.J. Waring, R.I. Lehrer, Activities of LL-37, a cathelin-
associated antimicrobial peptide of human neutrophils, Antimicrob Agents Chemother 42

(1998) 2206-2214. https://doi.org/10.1128/aac.42.9.2206

C.C. Lee, Y. Sun, S. Qian, HW. Huang, Transmembrane pores formed by human
antimicrobial ~ peptide = LL-37, Biophys J 100  (2011)  1688-1696.

https://doi.org/10.1016/1.bpj.2011.02.018

P.G. Barlow, P. Svoboda, A. Mackellar, A.A. Nash, I.A. York, J. Pohl, D.J. Davidson, R.O.

19



490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

[39]

[44]

[45]

Donis, Antiviral activity and increased host defense against influenza infection elicited
by the human cathelicidin LL-37, PLoS One 6 (2011) e25333.

https://doi.org/10.1371/journal.pone.0025333

B. Agerberth, J. Charo, J. Werr, B. Olsson, F. Idali, L. Lindbom, R. Kiessling, H. Jornvall,
H. Wigzell, G.H. Gudmundsson, The human antimicrobial and chemotactic peptides LL-
37 and alpha-defensins are expressed by specific lymphocyte and monocyte populations,
Blood 96 (2000) 3086-3093

Y. De, Q. Chen, A.P. Schmidt, G.M. Anderson, J.M. Wang, J. Wooters, J.J. Oppenheim,
O. Chertov, LL-37, the neutrophil granule- and epithelial cell-derived cathelicidin,
utilizes formyl peptide receptor-like 1 (FPRL1) as a receptor to chemoattract human
peripheral blood neutrophils, monocytes, and T cells, ] Exp Med 192 (2000) 1069-1074.

https://doi.org/10.1084/jem.192.7.1069

F. Niyonsaba, K. Iwabuchi, A. Someya, M. Hirata, H. Matsuda, H. Ogawa, 1. Nagaoka,
A cathelicidin family of human antibacterial peptide LL-37 induces mast cell chemotaxis,

Immunology 106 (2002) 20-26. https://doi.org/10.1046/1.1365-2567.2002.01398.x

M.S. Zharkova, D.S. Orlov, O.Y. Golubeva, O.B. Chakchir, I.E. Eliseev, T.M. Grinchuk,
0.V. Shamova, Application of antimicrobial peptides of the innate immune system in
combination with conventional antibiotics-a novel way to combat antibiotic resistance?,

Front Cell Infect Microbiol 9 (2019) 128. https://doi.org/10.3389/fcimb.2019.00128

N. Malanovic, K. Lohner, Antimicrobial peptides targeting gram-positive bacteria,
Pharmaceuticals 9 (2016) 59

B.L. Yen, H.I. Huang, C.C. Chien, H.Y. Jui, B.S. Ko, M. Yao, C.T. Shun, M.L. Yen, M.C.
Lee, Y.C. Chen, Isolation of multipotent cells from human term placenta, Stem Cells 23

(2005) 3-9. https://doi.org/10.1634/stemcells.2004-0098

F. Alcayaga-Miranda, J. Cuenca, A. Martin, L. Contreras, F.E. Figueroa, M. Khoury,

Combination therapy of menstrual derived mesenchymal stem cells and antibiotics

20



516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

[47]

[49]

[50]

[51]

[52]

ameliorates survival in  sepsis, Stem Cell Res Ther 6 (2015) 199.

https://doi.org/10.1186/s13287-015-0192-0

D. Nickel, M. Busch, D.C. Mayer, B. Hagemann, V. Knoll, S. Stenger, Hypoxia Triggers
the Expression of Human [ Defensin 2 and Antimicrobial Activity against
Mycobacterium tuberculosis in Human Macrophages, The Journal of Immunology 188
(2012) 4001 - 4007

S. Mohanty, W. Kamolvit, S. Zambrana, E. Gonzales, J. Tovi, K. Brismar, C.G. Ostenson,
A. Brauner, HIF-1 mediated activation of antimicrobial peptide LL-37 in type 2 diabetic

patients, J Mol Med (Berl) 100 (2022) 101-113. https://doi.org/10.1007/s00109-021-

02134-7

C. Peyssonnaux, V. Datta, T. Cramer, A. Doedens, E.A. Theodorakis, R.L. Gallo, N.
Hurtado-Ziola, V. Nizet, R.S. Johnson, HIF-la expression regulates the bactericidal
capacity of  phagocytes, J Clin Invest 115  (2005)  1806-1815.

https://doi.org/10.1172/ici23865

H. Liu, W. Xue, G. Ge, X. Luo, Y. Li, H. Xiang, X. Ding, P. Tian, X. Tian, Hypoxic
preconditioning advances CXCR4 and CXCR?7 expression by activating HIF-1a.in MSCs,
Biochem Biophys Res Commun 401 (2010) 509-515.

https://doi.org/10.1016/1.bbrc.2010.09.076

W. Xu, R. Xu, Z. Li, Y. Wang, R. Hu, Hypoxia changes chemotaxis behaviour of
mesenchymal stem cells via HIF-1a signalling, J Cell Mol Med 23 (2019) 1899-1907.

https://doi.org/10.1111/jcmm.14091

E. Miraglia, F. Nylén, K. Johansson, E. Arnér, M. Cebula, S. Farmand, H. Ottosson, R.
Stromberg, G.H. Gudmundsson, B. Agerberth, P. Bergman, Entinostat up-regulates the
CAMP gene encoding LL-37 via activation of STAT3 and HIF-1a transcription factors,

Sci Rep 6 (2016) 33274. https://doi.org/10.1038/srep33274

K. Yamahara, K. Harada, M. Ohshima, S. Ishikane, S. Ohnishi, H. Tsuda, K. Otani, A.

21



542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

[53]

[56]

[57]

Taguchi, T. Soma, H. Ogawa, S. Katsuragi, J. Yoshimatsu, M. Harada-Shiba, K. Kangawa,
T. Ikeda, Comparison of angiogenic, cytoprotective, and immunosuppressive properties
of human amnion- and chorion-derived mesenchymal stem cells, PLoS One 9 (2014)

e88319. https://doi.org/10.1371/journal.pone.0088319

J.W. Kang, H.C. Koo, S.Y. Hwang, S.K. Kang, J.C. Ra, M.H. Lee, Y.H. Park,
Immunomodulatory effects of human amniotic membrane-derived mesenchymal stem

cells, J Vet Sci 13 (2012) 23-31. https://doi.org/10.4142/jvs.2012.13.1.23

R. Onishi, S. Ohnishi, R. Higashi, M. Watari, K. Yamahara, N. Okubo, K. Nakagawa, T.
Katsurada, G. Suda, M. Natsuizaka, H. Takeda, N. Sakamoto, Human amnion-derived
mesenchymal stem cell transplantation ameliorates dextran sulfate sodium-induced
severe  colitis in  rats, Cell  Transplant 24  (2015)  2601-2614.

https://doi.org/10.3727/096368915x687570

T. Mizushima, S. Ohnishi, H. Hosono, K. Yamahara, M. Tsuda, Y. Shimizu, M. Kato, M.
Asaka, N. Sakamoto, Oral administration of conditioned medium obtained from
mesenchymal stem cell culture prevents subsequent stricture formation after esophageal
submucosal dissection in pigs, Gastrointest Endosc 86 (2017) 542-552.e541.

https://doi.org/10.1016/j.¢1e.2017.01.024

M. Tsuda, S. Ohnishi, T. Mizushima, H. Hosono, K. Yamahara, M. Ishikawa, S. Abiko,
T. Katsurada, Y. Shimizu, N. Sakamoto, Preventive effect of mesenchymal stem cell

culture supernatant on luminal stricture after endoscopic submucosal dissection in the

rectum of pigs, Endoscopy 50 (2018) 1001-1016. https://doi.org/10.1055/a-0584-7262

J. Ertl, M. Pichlsberger, A.C. Tuca, P. Wurzer, J. Fuchs, S.H. Geyer, B. Maurer-Gesek,
W.J. Weninger, D. Pfeiffer, V. Bubalo, D. Parvizi, L.P. Kamolz, 1. Lang, Comparative
study of regenerative effects of mesenchymal stem cells derived from placental amnion,

chorion and umbilical cord on dermal wounds, Placenta 65 (2018) 37-46.

https://doi.org/10.1016/j.placenta.2018.04.004

22



568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

[59]

[60]

[62]

[63]

[64]

S.W. Kim, H.Z. Zhang, L. Guo, J.M. Kim, M.H. Kim, Amniotic mesenchymal stem cells
enhance wound healing in diabetic NOD/SCID mice through high angiogenic and
engraftment capabilities, PLoS One 7 (2012) e41105.

https://doi.org/10.1371/journal.pone.0041105

X. Liu, Z. Wang, R. Wang, F. Zhao, P. Shi, Y. Jiang, X. Pang, Direct comparison of the
potency of human mesenchymal stem cells derived from amnion tissue, bone marrow and

adipose tissue at inducing dermal fibroblast responses to cutaneous wounds, Int J Mol

Med 31 (2013) 407-415. https://doi.org/10.3892/ijmm.2012.1199

M. Carretero, M.J. Escamez, M. Garcia, B. Duarte, A. Holguin, L. Retamosa, J.L. Jorcano,
M.D. Rio, F. Larcher, In vitro and in vivo wound healing-promoting activities of human
cathelicidin LL-37, J Invest Dermatol 128 (2008) 223-236.

https://doi.org/10.1038/s1.jid.5701043

A.J. Duplantier, M.L. van Hoek, The human cathelicidin antimicrobial peptide LL-37 as
a potential treatment for polymicrobial infected wounds, Front Immunol 4 (2013) 143.

https://doi.org/10.3389/fimmu.2013.00143

R.H. Yang, S.H. Qi, B. Shu, S.B. Ruan, Z.P. Lin, Y. Lin, R. Shen, F.G. Zhang, X.D. Chen,
J.L. Xie, Epidermal stem cells (ESCs) accelerate diabetic wound healing via the Notch

signalling pathway, Biosci Rep 36 (2016). https://doi.org/10.1042/bsr20160034

E. Andalib, M. Kashfi, G. Mahmoudvand, E. Rezaei, M. Mahjoor, A. Torki, H. Afkhami,
Application of hypoxia-mesenchymal stem cells in treatment of anaerobic bacterial
wound infection: wound healing and infection recovery, Front Microbiol 14 (2023)

1251956. https://doi.org/10.3389/fmicb.2023.1251956

L. Liu, Y. Yu, Y. Hou, J. Chai, H. Duan, W. Chu, H. Zhang, Q. Hu, J. Du, Human umbilical
cord mesenchymal stem cells transplantation promotes cutaneous wound healing of
severe burned rats, PLoS One 9 (2014) e88348.

https://doi.org/10.1371/journal.pone.0088348

23



594

24



Figure captions

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

26

Figure captions

Fig. 1. LL-37 concentrations in conditioned medium from amnion-derived mesenchymal stem
cells. LL-37 concentrations were significantly higher in HCM compared to NCM (p < 0.05), and
no LL-37 was detected in SM. Culturing AMSCs under hypoxic conditions increased the
secretion of LL-37. Data are shown as the mean + standard error. *p <0.05. SM, standard medium;

NCM, normoxic conditioned medium; HCM, hypoxic conditioned medium.

Fig. 2. Antimicrobial activity of conditioned medium from amnion-derived mesenchymal stem
cells against Staphylococcus aureus. HCM significantly inhibited the growth of S.aureus
compared to SM. Data are shown as the mean + standard error from six independent replicates (n
= 6). *p < 0.05. SM, standard medium; NCM, normoxic conditioned medium; HCM, hypoxic

conditioned medium.

Fig. 3. Bacterial inhibition by conditioned medium from amnion-derived mesenchymal stem
cells in Staphylococcus aureus-infected wounds in diabetic mice. (Left) Colonies sampled from
S. aureus-infected wounds of diabetic mice, homogenized, and incubated on tryptic soy agar for
2 h. (Right) Colony-forming units counted on day 10. HCM significantly reduced the bacterial
load compared to SM and NCM, indicating its potential to enhance infection control in diabetic
wounds. Data are shown as the mean =+ standard error from six independent replicates (n = 6).
*n < 0.05. SM, standard medium; NCM, normoxic conditioned medium; HCM, hypoxic

conditioned medium.

Fig. 4. Effect of conditioned medium from amnion-derived mesenchymal stem cells on the wound
closure ratio in diabetic mice. (Leff) Macroscopic images of wounds on days 0 and 10. (Right)
Wound closure ratio on day 10. The group treated with HCM showed a significantly greater

reduction in wound area compared to SM and NCM (p < 0.05). Data are shown as the mean =+
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standard error. n = 6, *p < 0.05. Scale bar = 500 pum. SM, standard medium; NCM, normoxic

conditioned medium; HCM, hypoxic conditioned medium.

Fig. 5. Effect of conditioned medium from amnion-derived mesenchymal stem cells on the
histological findings of wounds in diabetic mice. (4bove) Representative histological images and
(Below) percentages of the Gram-, myeloperoxidase (MPO)-, CD31-, and Ki-67-positive areas.
There was less bacterial growth and fewer neutrophils in the group treated with HCM. The group
treated with HCM exhibited increased angiogenesis and cell proliferation. Data are shown as the
mean =+ standard error. n =6, *p <0.05. Scale bar =25 um. SM, standard medium; NCM, normoxic

conditioned medium; HCM, hypoxic conditioned medium.

Fig. 6. Histology score of wound healing in diabetic mice. HCM scored significantly higher than
SM and NCM (p < 0.05). Re-epithelialization: the black dotted lines show the original wounds
and the red dotted lines show the elongated epithelium. Scale bar = 1 mm. Granulation tissue:
the yellow dotted lines show the granulation and the black dotted lines show its thickness. Scale
bar = 500 um. Remodeling: the yellow dotted lines show the collagen and circular black dotted
lines show regenerated skin appendages in the granulation tissue. Scale bar = 500 um. Scar
elevation index: the black dotted lines indicate the thickness of the epithelium, and in NCM and
HCM, the left sides show normal epithelium and right side show regenerated epithelium. Scale
bar = 500 pm. Data are shown as the mean + standard error. n = 6, *p < 0.05. SM, standard

medium; NCM, normoxic conditioned medium; HCM, hypoxic conditioned medium.
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