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ABSTRACT

Diabetic wounds are considered one of the most frequent and severe complications of diabetes mellitus.
Recently, the omentum has been used in diabetic wound healing because of its tissue repair properties.
The activated omentum is richer in growth factors than the inactivated, thereby contributing to the wound
healing process. To further investigate the effect of activated omentum conditioned medium (aOCM) on
diabetic wound healing, we injected supernatant from aOCM, saline-OCM (sOCM), inactivated-OCM
(iI0CM), and medium (M) subcutaneously upon creation of a cutaneous wound healing model in diabetic
mice. Wound area (%) was evaluated on days 0, 3, 5, 7, 9, 11, 14, 21, and 28 post-operation. At 9 and
28 d post-operation, skin tissue was harvested and assessed for gross observation, neovascularization,
peripheral nerve fiber regeneration, and collagen deposition. We observed that aOCM enhanced the wound
repair process, with significant acceleration of epidermal and collagen deposition in the surgical lesion
on day 9. Additionally, aOCM displayed marked efficiency in neovascularization and peripheral nerve
regeneration during wound healing. Thus, aOCM administration exerts a positive influence on the diabetic
mouse model, which can be employed as a new therapy for diabetic wounds.
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INTRODUCTION

Global diagnostic criteria for diabetes mellitus has been harmonized by the World Health
Organization, 8" edition of the International Diabetes Federation, and the American Diabetes
Association,'® According to these criteria, the current global diabetes prevalence is 8.8%, with a
further increase expected to be 9.9% by the year 2045.* An increasing number of diabetes cases
and their complications have caused a heavy health and economic burden for patients and their
families. Furthermore, diabetic wounds (DWs) are the most common complications in patients
with diabetes mellitus, which is a result of poor glycemic control, narrowed peripheral vessels,
underlying neuropathy, and poor immune response.” Thus far, the available therapeutic approaches
include good glycemic control, wound management, and surgical operation, but all of them have
limitations and none appear adequate to guarantee successful, conclusive, non-recurrent healing.
Hence, there is an urgent need for a therapeutic alternative to currently available treatments.

The omentum is a highly vascularized fibrous fatty layer of tissue located in the abdominal
cavity, serving as a layer of coverage and protection. It is known to possess healing potential for
over 100 years, mediated by omentum transportation, owing to its angiogenic, immunogenic, and
lymphatic properties.*® Goldsmith et al reported that omental transposition enhanced the healing
and regeneration of neurons across a transected spinal cord in animal (cat) experiments and in
one patient.*!" Omental scaffolds or omentum-derived vascular fractions has been demonstrated
to promote peripheral nerve regeneration.!>'* Additionally, patients who underwent reconstruc-
tive surgery related to the omentum-free flap showed improved peripheral nerve regeneration
compared with other free flaps (in press). Further, it has been reported that the omentum can
be activated in the presence of foreign bodied. Once activated, the flimsy sheet-like omentum
not only increases in size and mass, but is also rich in growth factors,'™'” thus, prin oviding
important clues regarding the activation and application of the omentum in regenerative medicine.
However, the components of the activated omentum and their effects on diabetic wound healing
have not been investigated. The objective of this study was to investigate the exosomal protein
groups that contribute to wound healing in activated omentum conditioned medium (aOCM) by
mass spectrometry and to evaluate the effectiveness of aOCM on DWs using a diabetic mouse
wound model.

MATERIALS AND METHODS

Animal

Animals received care in compliance with Nagoya University Guidelines for Animal Care and
Use, which are based on the US National Research Council’s criteria outlined in the Guide for
the Care and the Use of Laboratory Animals. Sixteen female C57BL/6J mice (8-week-old) and
36 male genetically diabetic C57BLKS/J-Lepr® (db/db) mice (12-week-old) were obtained from
Japan SLC (Hamamatsu, Japan). After 1 week of adaptation, the diabetic mice were housed
individually. All animals had free access to standard food and water, and were housed in an
animal care facility maintained on a 12-h light/dark cycle at 24 °C.

Preparation of activated omentum conditioned medium

Activation of omentum by foreign bodies. C57BL/6 male mice (20-25 g) were randomly
divided into three groups: (1) the control group (c), which served as a negative control without
any interference (n = 6); (2) the saline group (s), where 0.5 mL saline was injected intra-
peritoneally (n = 5); and (3) the activated group (a), where 0.5 mL polydextran particle slurry
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(Biogel P-60, 120 uM; Biorad Laboratories, Richmond Calif; 1:1 in normal saline) was injected
intraperitoneally'® (n = 5). After 2 weeks, the animals were laparotomized, and the omentum
was harvested and processed as described further.

Collection of the supernatant. The harvested omentums were immediately washed using
sterile ice-cold phosphate-buffered saline (PBS) three times. Further, the omentums were immersed
in 6-well plates (1 per well) in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12, 10%
fetal bovine serum, and 1% antibiotic/antimycotic solution (100 ug/mL penicillin and 100 pg/
mL streptomycin; Wako) and cultured in an atmosphere of 5% CO, at 37 °C. The supernatant
was collected after 48 h of culture and centrifuged at 15000 rmp for 10 min at 4 °C two times.
Additionally, a serum-free medium was used for mass spectrometry analysis. Protein content was
measured using the Bradford protein concentration assay after supernatant collection.'® To avoid
degradation, the supernatant was stored at =78 °C. The supernatants collected from the (c), (s),
and (a) groups were named inactivated omentum conditioned medium (iOCM), saline omentum
conditioned medium (sOCM), and activated omentum conditioned medium (aOCM), respectively.

Diabetic mice wound model

An excisional wound-splinting model was generated as described previously."” Briefly,
C57BLKS/J Lepr® (db/db) mice were anesthetized using isoflurane gas (3% induction, 2%
maintenance) and the hair on the dorsal skin was removed. Two 8 x 8 mm full-thickness
circular wounds were created bilaterally on the dorsal thoracic spine. A donut-shaped silicone
ring (Shinoda Gomu Co Ltd, Tokyo, Japan) with an 8-mm inner diameter was placed around
the wound and fixed in place. The ring was then sutured around the wound using six 4-0 nylon
sutures (Fig. 1A). Postoperative mice were randomly assigned to four groups, which were treated
with medium (M) (n = 6), iOCM (n = 6), SOCM (n = 12), and aOCM (n = 12). The supernatant
(250 pL) was injected into 4 sites at the edge of wounds and center of the wound beds evenly
(Fig. 1B). All mice were treated with a Tegaderm dressing (3M, MN, USA) to cover the wounds.

Donut-shaped silicon ring

Injected site

(4]

Fig. 1 Description of operation and administration
Fig. 1A: Diabetic mice wound model — two 8 x 8 mm full-thickness circular wounds were created bilaterally on
the dorsal thoracic spine. A donut-shaped silicone ring with an 8-mm inner diameter was placed around
the wound and fixed in place. The ring was sutured around the wound using six 4-O nylon sutures.
Fig. 1B: Conditioned media administration — the supernatant (250 uL) was injected at four sites at the edge of
wounds and at the center of the wound beds evenly (50 uL per point).

Wound closure analysis

Each wound site was photographed using a digital camera (Canon Inc, Tokyo, Japan) on days
0,3,5,7,9, 11, 14, 21, 28 post-operation and wound areas were analyzed using ImageJ analysis
software (Image J, Bethesda, Maryland, USA). The percentage of wound closure (WC%) was
calculated as follows: WC% = WA/WA, (WAr, wound area at each time point; WA,, wound
area at day 0). The days to first of 50% healing were recorded for every wound and the average
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of 50% healing days were calculated.

Histological Analyses

Skin tissue around surgical defects was harvested at 9- and 28-days post-operation and fixed
in 4% paraformaldehyde, paraffin-embedded, and 4 um paraffin sections were prepared, followed
by hematoxylin and eosin (H&E) staining for gross observation. Collagen fibers were assessed
using Masson’s trichrome staining, and three randomly selected fields from each specimen (n
= 3/group) were imaged using light microscopy (Olympus Tokyo, Japan). The collagen volume
fraction (CVF) of each sample was evaluated using image J software as previously described®
for assessment of full recovery of the impaired skin tissue.

Immunofluorescence staining

Skin sections, 9- days post-operation, were immunostained with anti-alpha-smooth muscle actin
(0-SMA) antibody (1:300 dilution, Proteintech, USA) and CD31 (1:20 dilution, Dianova, Hamburg
Germany) to evaluate neo-vascularization and with neurofilament (NF-L) antibody (1:300 dilution,
Proteintech USA) to assess the degree of nerve regeneration degree induced by the aOCM in
the wounded skin. Incubation was done overnight at 4 °C. To enable fluorescence detection,
sections were incubated with Alexa Fluor 555-labeled goat anti-rabbit IgG (1:500 dilution, Cell
Signaling) and 488-labeled goat anti-rat IgG (1:500 dilution, Cell Signaling) secondary antibody
at 25 °C for 40 min. The nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI, Southern
Biotech). Stained tissue sections were imaged using a light microscope (Olympus, Tokyo, Japan).
We randomly selected two areas at two sides of wound under 200x and 400x magnification at
the edge of the wounds on day 9 post-operation as previously described®! to count vessel and
nerve fiber numbers respectively. All quantification experiments were performed by a blinded
investigator.

Statistical analyses

All statistical analyses were performed using GraphPad Prism 6.0 for Windows (GraphPad
Software, San Diego, CA, USA, www.graphpad.com). Data are reported as mean + standard
deviation (SD) and were analyzed using one-way analysis of variance (ANOVA). The differences
were considered significant at p < 0.05.

RESULTS

Characteristics of activated omentum and aOCM

The intraperitoneal injection of polydextran particles caused the omentum to spread rapidly and
was activated within 2 weeks (Fig. 2A). Notably, the omentum of group (a) gained significantly
more weight than that of groups (c) and (s) (Fig. 2B). To investigate the protein abundance
in the supernatant, we measured the protein content. In the iOCM, sOCM, and aOCM groups,
the protein concentration was 1.059 + 0.1097, 1.172 + 0.074, and 2.602 + 0.8177 (ug/uL),
respectively, with group (a) having significantly higher protein than that in the (c) and (s) groups
(p < 0.05) (Fig. 2C).
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Fig. 2 Characteristics of activated omentum and aOCM

Fig. 2A: Representative images of harvested omentum from control (c), saline-injected (s), polydextran particle-
injected (a) groups.

Fig. 2B: Omentum weight in each group. ****p < (0.0001.

Fig. 2C: Protein concentration in each group. *p < 0.05. Results are represented as mean + standard deviation
(SD).

iOCM: inactivated omentum conditioned medium

sOCM: saline omentum conditioned medium

aOCM: activated omentum conditioned medium

aOCM accelerated re-epithelialization in a diabetic murine wound model

To investigate whether aOCM could promote wound repair, we evaluated wound healing rates
after M, iOCM, sOCM, and aOCM treatment. Wound areas diminished in a time-dependent
manner in all treated groups, as shown in the time-course images (Fig. 3A). According to wound
closure analysis, the aOCM group showed smaller WC% than that in the other three groups,
thus demonstrating that aOCM significantly accelerated wound closure from day 7 to day 11
compared to that in the M, iOCM, and sOCM groups (Fig. 3B). The rate of wound healing
was significant at around day 9 post-operation, hence we performed histological analysis on day
9 after operation. Furthermore, the time taken for 50% wound healing was 8.13 + 0.99, 8.83+
1.47, 8.22 £ 1.35, 5.35 £ 0.79% days in the M, iOCM, sOCM, and aOCM groups, respectively,
where healing time in aOCM was significantly faster than that in the other three groups (p <
0.0001) (Fig. 3C). However, time taken for complete wound healing for 4 groups was 17.88 +
2.36, 18.00 £ 1.27, 19.28 + 2.89, 16.76 + 2.86 days, respectively (Fig. 3D), and no statistical
difference was detected between four groups. H&E staining of the healed tissue at 9 and 28 days
revealed gross wound processing. The four groups achieved complete wound healing at day 28,
and on day 9, aOCM had a higher degree of re-epithelization than that in the M, iOCM, and
sOCM groups (Fig. 3E), which is consistent with the wound closure analysis.
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Fig. 3 Wound closure analysis of aOCM in diabetic mice wound model

Fig. 3A: Representative time-course images of wound closure on 8§ mm biopsy punch excisional wound model
after treatment with M, iOCM, sOCM, and aOCM.

Fig. 3B: The wound closure percentage (WC%) was determined on days O, 3, 5, 7, 9, 11, 14, 21, 28 post-
operation in each group. *p < 0.05; **p < 0.01; *** p < 0.001.

Fig. 3C: Average time taken for 50% wound healing in M, iOCM, sOCM, and aOCM groups. ***¥p < 0.0001.

Fig. 3D: Average time taken for complete wound healing in M, iOCM, sOCM, and aOCM groups.

Fig. 3E: Representative H&E-stained sections on day 9 and 28, as indicated, after treatment with M, iOCM,
sOCM, and aOCM. The wound edges are indicated by red arrows. Scale bar = 500 pum. Results are
represented as mean = SD.

M: medium

iOCM: inactivated omentum conditioned medium

SOCM: saline omentum conditioned medium

aOCM: activated omentum conditioned medium

aOCM effects on angiogenesis and regeneration of peripheral nerve fibers

Angiogenesis is vital for wound healing due to the increased demand for nutrients and oxygen
delivery to the wound bed. Peripheral nerve fibers are also important for the recovery of diabetic
wounds. Newly formed vessels at the wound sites were examined by CD31 and o-SMA co-
staining. As shown in Fig. 4A, the aOCM-treated group showed new blood vessel formation 9
days post-operation. The average vessel number in the aOCM group was significantly higher than
other three groups (p < 0.001) (Fig. 4B). Additionally, newly formed peripheral nerve fibers were

CD31 a-SMA DAPI Merge

(4]
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Fig. 4 Immunofluorescence assessment of angiogenesis and peripheral nerve fibers regeneration

Fig. 4A: Representative images of CD31 (green) and o-SMA (red) co-staining in the wound tissue on day 9
after treatment with M, iOCM, sOCM, and aOCM. Scale bar = 100 pm.

Fig. 4B: Quantitative analysis of angiogenesis assessed by CD31 and a-SMA co-staining. **p < 0.01.

Fig. 4C: Representative images of NF-L staining (green) in the wound tissue on day 9 after treatment with M,
iOCM, sOCM, and aOCM. Scale bar = 50 pm.

Fig. 4D: Quantitative analysis of peripheral nerve fiber stained by NF-L on day 9. *p < 0.05. Results are
represented as the mean + SD. Nuclei were counterstained with DAPI (blue).

M: medium

iOCM: inactivated omentum conditioned medium

sOCM: saline omentum conditioned medium

aOCM: activated omentum conditioned medium

stained with NF-L antibody (Fig. 4C) and quantified in M, iOCM, sOCM, and aOCM groups
at day 9 which were 20.67 + 5.28, 20.17 + 4.17, 20.83 + 8.70, and 36.50 + 11.0, respectively
(p < 0.05) (Fig. 4D).

aOCM promoted collagen density in diabetic mice model

Collagen fibers are indispensable in the wound healing process because they provide strength
and maintain structural integrity of the skin tissue, which is attributed to fibroblast proliferation,
differentiation, and aggregation. Thus, collagen density is an important parameter in evaluating the
histological state of wound healing. Masson’s trichome staining was performed 9- and 28-days
post-operation (Fig. 5SA) to observe collagen density. aOCM administration significantly enhanced
CVF as demonstrated by increased blue-stained, especially on day 9 post-operation. The CVF
was 58.94 + 8.84, 57.11 + 5.65, 57.11 = 5.65, and 73.25 += 6.74% in M, iOCM, sOCM, and
aOCM, respectively (p < 0.0001) (Fig. 5B). Additionally, after day 28 post-operation, the extent
of collagen deposition was similar between the four groups (Fig. 5C).
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Fig. 5 Masson’s trichome staining assessment of collagen deposition

Fig. 5A: Representative images of Masson’s trichome staining of full-thickness excisional wounds in mice on day
9 and 28 after treatment with M, iOCM, sOCM, and aOCM. Collagen fibers are stained blue. Scale
bar = 500 pm.

Fig. 5B: Collagen volume fraction (CVF) against stained section of each group was calculated through collagen-
stained area (blue) relative to total stained area on day 9 post-operation. ****p < 0.0001.

Fig. 5C: CVF of each group on day 28 post-operation. Results are represented as mean = SD.

M: medium

iOCM: inactivated omentum conditioned medium

sOCM: saline omentum conditioned medium

aOCM: activated omentum conditioned medium

DISCUSSION

Omentum has been used for diabetic wounds in the past decades because of its biological prop-
erties, including neovascularization, immunomodulatory activity, tissue healing and regeneration.”
In clinics, the omentum-free flap has a wide variety of applications in reconstructive surgery
and has been shown to be a reliable donor tissue.” Studies have indicated that the regenerative
efficacy of the omentum is mediated by a potent paracrine mechanism involving molecules that
contribute to tissue regeneration.?** Further, it has been reported that activated omentum become
a rich source for growth factors including fibroblast growth factor and vascular endothelial growth
factor.'®* However, the effect of supernatant from aOCM on DWs has not been reported. Here,
we demonstrate for the first time that aOCM can accelerate wound healing in diabetic mice.

DWs are induced by vascular insufficiency and peripheral nerve damage, therefore, therapy
for vascular and nerve recovery is important for patients with diabetes mellitus. Transgenic
diabetic mice have been reported to show properties similar to of patients with DWs.?’ In the
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present study, animal experiments demonstrated that aOCM significantly accelerated the re-
epithelialization rate from days 7 to 11 post-operation. In early wound healing process, aOCM
tended to promote angiogenesis and peripheral nerve fibers regeneration at the edges of the
wound. Moreover, our findings indicate that aOCM can promote collagen deposition in the early
stages of wound healing in diabetic mice. Interestingly, the result of peripheral nerve regeneration
degree treated with aOCM is different from our previous study, which used exosomes derived
from induced pluripotent stem cells for skin regeneration.?! Additionally, according to our mass
spectrometry analysis, the aOCM group had abundant proteins, which potentially contributed to
re-epithelialization, granulation tissue formation, inflammatory regulation, neovascularization, and
peripheral nerve regeneration (Table 1).

Tablel Proteins potentially contributed to wound healing process

Accession Description MW [kDal] PSM Contribution to Reference
iOCM  sOCM  aOCM wound healing
070370 Cathepsin S 38.45 1 6 53 Angiogenesis; 28.29.30
Wound closure
Q61292 Laminin subunit 196.45 2 8 62 Angiogenesis; 3
beta-2 Re-epithelization
Q91X72 Hemopexin 51.29 15 12 333 Enhanced peripheral nerve 32,33, 34
regeneration
P35441  Thrombospondin-1 129.56 6 17 67 Re-epithelization ¥
Q61554 Fibrillin-1 312.08 30 68 259 Formation of granulation %6, 37
Q8VCM7 Fibrinogen gamma  49.36 12 17 98 Angiogenesis; 38, 39
chain Formation of granulation
Q61001 Laminin subunit 403.79 6 13 44 Re-epithelization; 40, 41
alpha-5 Collagen deposition
P01027 Complement C3 186.37 54 64 394 Collagen deposition 2
P11276 Fibronectin 273.36 102 161 512 Re-epithelization, 43,44
Collagen deposition;
angiogenesis
Q62009 Periostin 93.08 - - 91 Collagen deposition 45, 46
P16110 Galectin-3 27.50 - - 33 Angiogenesis; 42, 48, 49

Peripheral nerve regeneration;
Re-epithelization;
Fibrous formation

009049 Regenerating 19.294 - - 26 Peripheral nerve 50, 51, 52
islet-derived protein regeneration;
3-gamma Re-epithelization

iOCM: inactivated omentum conditioned medium
sOCM: saline omentum conditioned medium
aOCM: activated omentum conditioned medium
MW: molecular weight

PSM: peptide spectrum match
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Although we did not clarify the detailed mechanisms of aOCM-induced effects, it is possible
that the protein groups identified by mass spectrometry analysis contribute to wound healing.
Moreover, several identified proteins are already being used as clinical therapeutics such as
fibrillin-1,>* fibronectin,®* and laminin subunit beta-2Fu.® Nevertheless, further experiments are
necessary to determine the molecular mechanisms underlying these observed effects. Additionally,
despite the fact that the omentum is regarded as a reliable donor site in recent studies,'#*26 the
donor-site morbidity and complications such as intestinal obstruction and herniation remain after
omentum harvesting. Our study used conditioned medium from the activated omentum, which is
abundant in groups of proteins and potentially contributes to wound healing in a diabetic mouse
wound model. Our findings in animals support the potential use of aOCM for wound treatment in
patients with diabetes. Taken together, the cocktail gel or mixture minimizes donor-site morbidity
in the future and it may provide a new therapeutic method for treating DWs.
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