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Abstract

BACKGROUND

Scar formation and loss of cutaneous appendages are the greatest challenges in
cutaneous wound healing. Previous studies have indicated that antler reserve
mesenchyme (RM) cells and their conditioned medium improved regenerative
wound healing with partial recovery of cutaneous appendages.

AIM
To develop hydrogels from the antler RM matrix (HARM) and evaluate the effect
on wound healing.

METHODS

We prepared the hydrogels from the HARM via enzymatic solubilization with
pepsin. Then we investigated the therapeutic effects of HARM on a full-thickness
cutaneous wound healing rat model using both local injections surrounding the
wound and topical wound application.

RESULTS

The results showed that HARM accelerated wound healing rate and reduced scar
formation. Also, HARM stimulated the regeneration of cutaneous appendages
and blood vessels, and reduced collagen fiber aggregation. Further study showed
that these functions might be achieved via creating a fetal-like niche at the wound
site. The levels of fetal wound healing-related genes, including Collagen III and
TGFB3 treated with HARM were all increased, while the expression levels of
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Collagen I, TGFB1, and Engrailed 1 were decreased in the healing. Moreover, the number of stem cells was
increased in the fetal-like niche created by HARM, which may contribute to the regeneration of cutaneous
appendages.

CONCLUSION

Overall, we successfully developed an injectable hydrogel made from antler RM matrix for the regenerative repair
of full-thickness cutaneous wounds. We uncovered the molecular mechanism of the hydrogels in promoting
regenerative wound healing, and thus pave the way for HARM to be developed for the clinic use.

Key Words: Hydrogel; Antler reserve mesenchyme; Regenerative wound healing; Fetal-like niche
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Core Tip: Our study developed an injectable hydrogel made from antler reserve mesenchyme (a tissue suitable for stem cells)
matrix for the regenerative repair of full-thickness cutaneous wounds. Moreover, we uncovered the molecular mechanism of
the hydrogels in promoting regenerative wound healing, and thus pave the way for HARM to be developed for the clinic use.
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INTRODUCTION

As the biggest organ, skin serves multiple critical protective functions, including preventing harmful microorganism
invasion, minimizing body fluid evaporation, and blockage of UV damage[1,2]. Healing in adult skin wounds usually
results in scar formation, and scar consists of thick bundles of collagen fibers in the dermis and lacks functional cutaneous
appendages (such as hair follicles and sebaceous glands). Scarring can result in patients experiencing bodily discomfort,
including heat intolerance, pruritus, thermoregulatory and sensory disabilities, and psychological distress[3,4]. Therefore,
realization of regenerative wound healing is the dream in clinics.

Biomaterials, especially the extracellular matrix (ECM) hydrogels, have become a promising strategy for treating severe
skin injury[5-7]. ECM provides specific physical and chemical cues that regulate cell behaviors such as cell survival,
proliferation, differentiation, and migration[8,9]. Thus far, quite a few types of ECM hydrogels from different animal
tissues have been developed, including pig skin, bladder, and human placenta[10,11], and applied for inducing
appendage regeneration in adult rat/ mouse skin injury models. These hydrogels, however, have limited potential to
maintain proliferation, differentiation, and migration of the cells resident in them, resulting in insufficient regeneration of
nerves, blood vessels and cutaneous appendages in the healing wounds[10,11]. Therefore, the development of more
effective alternative ECM hydrogels is highly desirable.

Deer antlers are the only mammalian organ that can fully regenerate after being lost[12-14]. Antler regeneration begins
with regenerative healing of the wounds left after the previous antler casting. Studies show that this regenerative wound
healing depends entirely on the adjacent pedicle periosteum (PP) or the PP-derived reserve mesenchyme (RM)[15,16].
The RM cells are a type of adult mesenchymal stem cell but with some embryonic stem cell properties[12,13]. The RM-
derived paracrine factors are potential candidates that stimulate cell proliferation, migration and regenerative wound
healing[17]. Recently, we applied RM cells through injection to treat rat cutaneous wounds and found that the healed skin
consisted of basket-wave-like collagen fibers and numerous cutaneous appendages[18], thus at least partially achieving
regenerative wound healing. The ability of the RM cells to stimulate regenerative wound healing is believed to rely on
paracrine factors, because the RM cells did not survive in rats for more than 14 d[18]. Subsequently, we topically applied
RM-cell-conditioned medium to treat the full-thickness wounds in rats and found that outcome of the healed wounds
was comparable to that of using RM cells in a regenerative manner[19]. Therefore, we speculated that the ECM hydrogels
prepared from the RM tissue should have similar if not better effects, as the ECM is the secretion of RM cells. Importantly,
as a novel injectable hydrogel, antler RM matrix (HARM) is simpler to apply compared to RM cells or RM cell
conditioned medium, as it does not need other carrier materials. At the same time, it can also be used as a carrier material
for other factors for skin injury treatment.

This study reported the effects of HARM on the healing of full-thickness cutaneous wounds in rats. HARM had a
stronger potential to promote skin cell proliferation and migration compared with the hydrogels from porcine urinary
bladder matrix (HPUB, as a control), resulting in better wound healing quality. We believe that the regenerative wound
healing achieved using the HARM is highly likely through creating a fetal-like niche in the wound area. Thus, HARM has
the potential to be developed as a treatment for regenerative wound healing in clinics.
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MATERIALS AND METHODS

Preparation of HARM

The preparation of HARM is described in the previous study[5]. Briefly, three 2-branch-antlers were collected from three
healthy sika deer (Cervus nippon) about 30 d after casting of the previous hard antler buttons in a commercial deer farm
(Purchased from Dongao Deer Farm). RM tissue located in the antler growth center of each antler tip was sampled and
cut into small pieces (1 mm?®) using two handheld scalpel blades and rinsed with normal saline (NS), ground in liquid
nitrogen to obtain RM powder. The RM powder was further mixed with pepsin in 0.01 M HCI with the ratio of 10:1:1
(w:w:v) and the solution was kept shaking at a constant rate of 200 rpm for 48 h at 25 °C. The final pH of the resultant
solution (3.0 to 4.0) was adjusted to 7.4 by adding 0.1 M NaOH to inactivate pepsin. HARM was formed when 10 x PBS
was added into the solution and stored at 37 °C for 1 h (Supplementary Figure 1A). The predetermined concentration of
the hydrogels was made by adding cool 1 x PBS (4 °C). HPUB, a previously reported ECM hydrogel[20], was prepared by
the same procedure as HARM.

Surface morphology of the hydrogels was visualized using a scanning electron microscope (SEM, JEO JSM-5600LV,
Japan) at a voltage of 10 kV. Lyophilized-HARM (Supplementary Figure 1B) were sputter-coated with a thin layer of gold
before observation.

Two-dimensional cell culture

The cell lines of human umbilical vein endothelial cells (HUVEC) and NIH 3T3 fibroblasts were cryopreserved in our
laboratory. The mouse adipose mesenchymal stem cells (ADSC) and bone marrow mesenchymal stem cells (BMSC) were
obtained from Prof. Yimin Wang of China-Japan Union Hospital of Jilin University. The cells were expanded in DMEM
media supplemented with 10% FBS and 1% penicillin-streptomycin in an incubator at 37°C, 5% CO,.

3D cell culture and related assays
Hydrogels were sterilized with UV for 30 min; then cells (1 x 10°/mL) were mixed into the hydrogels and seeded in 96-

well plates incubated at 37 °C with 5% CO, for 30 min. The growth medium was then added to each hydrogel and

changed every 2 d. The related cells (HUVEC, NIH 3T3, ADSC, BMSC, ADSC, and BMSC) and assays were listed in
Table 1.

Creation and treatment of full-thickness wounds in a rat model

Thirty 8-wk-old female SD rats (200-220 g/rat) were purchased from Liaoning Changsheng Biotechnology Co., Ltd.
(Liaoning, China) and were raised under standard laboratory animal feeding conditions. All the rats received humane
care, and all study protocols and procedures were approved by the Animal Ethics Committee of Changchun Sci-Tech
University (Approval No. CKARI2020012). For skin wounding, rats were anesthetized with 3% pentobarbital sodium (30
mg/kg), and then the hair was removed from the area to be operated (dorsal surface). A 12-mm diameter skin biopsy
punch was used to cut the full-thickness skin and make wounds.

The model rats were randomly divided into three groups (HARM, HPUB, and PBS), with each group having 10 rats.
HARM was diluted with cold 1 x PBS to the final concentration of 20 ng/mL before use. HARM was administered via
injection around the wound margins (25 pL/injection X 4 injections) together with topical application over each wound
(100 pL/wound) once every 5 d in the first 15 d, thereafter via local injection (100 pL) only in the remaining 15 d. The
wound healing status was photographed every 5 d and the healing area was calculated using Image-Pro Plus software.
PBS solution and HPUB were used as negative control (N-CTRL) and positive control (P-CTRL), respectively. The healed
tissues were collected on 15 d post wounding (DPW) and 30 DPW respectively, and each tissue sample was divided into
two halves: (1) For protein and RNA extraction; and (2) fixed in 4% paraformaldehyde for histological examination.

Histology

Healed skin tissue was embedded in paraffin and sliced into 5 pm sections. The sections were stained with hematoxylin
and eosin (HE), Masson, or immunofluorescence (IF). All antibodies used in IF were listed in Supplementary Table 1.
Sections stained with HE and Masson were photographed using the Digital Imaging Scanning System (Precipoint MS§;
Freising, Germany); and stained with IF and photographed using Fluorescence Microscopes (BX63, Olympus, Japan). The
collagen fibers (blue area on micrograph) in Masson staining and the positive expression (fluorescence area on
microphage) of the target genes in IF staining were analyzed statistically using Image-Pro Plus software; then the ratio of
the target area to the whole area was calculated.

RNA isolation and quantitative real time PCR

Trizol reagent (Sigma-Aldrich, United States) was used for total RNA isolation from the healed skin tissue samples.
c¢DNA was prepared via reverse transcription of RNA. cDNA, primers (Supplementary Table 2) and SYBR premix (Roche,
Basel, Switzerland) were mixed on quantitative real time PCR (qRT-PCR) using the qTOWER *G (Analykit Jena AG, Jena,
Germany). Results of mRNA quantification were normalized against GAPDH and calculated using the “*Ct method.
Every experiment was repeated three times.

Western blot

Total proteins were isolated from the healed tissues: 20 pg of total protein was separated via polyacrylamide SDS gel and
then transferred to a polyvinylidene fluoride membrane (Millipore, MA). After blocking in 5 % (w/v) non-fat milk, the
membrane was first incubated with primary antibodies (Engrailed 1, Bioss; GAPDH, ProteinTech) at 4 °C overnight and
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then with HRP-conjugated secondary antibody at 25 °C for 2 h. The bands were visualized using an ECL system and
quantified using Image J software.

Statistical analysis
Results were expressed as mean + SEM. Multi-comparisons were made using ANOVA in the package of GraphPad Prism

9.0. Significant differences were evaluated using t-test and one-way ANOVA. The difference was considered statistically
significant (*P < 0.05), or highly significant (°P < 0.01, or °P < 0.001).

RESULTS

Characterization of HARM

We prepared HARMs (Figure 1A), which had typical gel properties (Figure 1B; Supplementary Figure 1). The effects of
HARM on cell proliferation were evaluated in vitro. Firstly, the optimum concentration of HARM was determined based
on cell proliferation rates. The results showed that proliferation rates of HUVEC, NIH 3T3, ADSC, and BMSC cultured in
the medium containing 20 ng/mL HARM all reached their peaks across the concentration range from 0 to 40 pg/mL 7 d
after culture (Figure 1C). Further, the proliferation rate of ADSC cultured in 20 pg/mL HARM was significantly higher
than in N-CTRL (P < 0.05; Figure 1D), and that of BMSC cultured in 20 pg/mL HARM was significantly higher than N-
CTRL and P-CTRL (P < 0.001; Figure 1E). The differences in cell proliferation rate between cells cultured in HARM and
those cultured in N-CTRL or P-CTRL were increased at 10 d after further culture. These results suggest that HARM has
great potential to stimulate cell proliferation in vitro.

HARM accelerates wound healing rate

To determine the effects of HARM on the rate and quality of cutaneous wound healing, HARM (20 pg/mL) was used to
treat full-thickness skin wounds in rats (Figure 2A). The results showed that the areas of the wound in the HARM group
were significantly smaller than those in the N-CTRL and P-CTRL groups (P < 0.001; Figure 2B and C) on 5 or 10 DPW;
wound healing in the HARM group was completed on 20 DPW, but those in N-CTRL and P-CTRL groups were not
completed until 30 DPW. These results suggest that HARM can effectively accelerate wound healing rate in the full-
thickness skin wounds in rats.

HARM improves the quality of wound healing

Quality of wound healing was examined at histological level. The results showed significantly more appendages in the
HARM group than in the N-CTRL or P-CTRL groups (P < 0.001; Figure 3A and B). The collagen fibers of healed skin in
the HARM group were fewer and thinner than those in the N-CTRL group (P < 0.001; Figure 3A and C) on 15 DPW;
moreover, the collagen fibers in the HARM group consisted of basket-wave-like collagens, which were drastically
different from the thick-bundle-like collagens in the N-CTRL and P-CTRL groups. Likewise, healed skin in the HARM
group on 30 DPW was similar to that in the N-CTRL and P-CTRL groups (P < 0.01; Figure 3A, D, and E). The expression
levels of CD31 (the surface marker of neovascular endothelial cells[21]) and Ki67 (the marker of cell proliferation and
division[22]) in the HARM group were significantly more than those in the N-CTRL or P-CTRL groups both on 15 DPW
and 30 DPW (CD31: P < 0.001; Figure 3F-H); Ki67: (P < 0.001; Supplementary Figure 2). Overall, the results suggest that
the HARM treatment can effectively improve the quality of wound healing in rats, and the effects are even better than the
HPUB treatment.

HARM promotes the expression of fetal wound healing-related genes in rats

The expression levels of IL10 and TGFf3, the fetal wound healing-related genes[23,24] were detected in the healed tissues.
The results showed that expression levels of IL-10 and TGFp3 in the healed skin of the HARM group were significantly
higher than in those of the N-CTRL or P-CTRL groups on 15 DPW (P < 0.001; Figure 4A-C). Likewise, on 30 DPW, these
gene expressions had a similar trend to those on 15 DPW (P < 0.01; Figure 4A-C). We further evaluated the status of
expression of some other fetal wound healing-related genes using qRT-PCR. The results showed that the healed skin of
the HARM group favored expression of fetal wound healing genes including collagen III (15 DPW: P < 0.001, P < 0.001; 30
DPW: P < 0.01, P < 0.01) and TGFp3 (15 DPW: P < 0.01, P < 0.01; 30 DPW: P < 0.001, P < 0.001); but did not favor
expression of scar healing genes including collagen I (15 DPW: P < 0.01, P < 0.05; 30 DPW: P < 0.001, P < 0.01) and TGFp1
(15 DPW: P < 0.01, P < 0.01) when compared with those in the N-CTRL and P-CTRL groups to varying degrees
(Figure 4D, E, G, and H). The ratios of collagen III to collagen I and TGFB3 to TGFp1 in the healed tissue of the HARM
group were all significantly higher than in those of N-CTRL or P-CTRL groups (P < 0.05; Figure 4F and I). Furthermore,
the expression of Engrailed 1, activated in adult wound healing and prevented in fetal wound healing[25], was also
down-regulated with the HARM treatment in the healed tissues (Figure 4] and K). These results suggest that HARM
promotes regenerative wound healing which may be achieved via creating a fetal-like wound healing niche.

HARM promotes stem cell recruitment and/or plasticity maintenance

Next, the effects of the fetal-like wound healing niche created by HARM on recruitment of stem cells and maintenance of
plasticity were detected. IF staining results showed that healed skin of the HARM group expressed significantly higher
CD73 and CD90 than that of the N-CTRL or P-CTRL groups (P < 0.01, P < 0.001; Figure 5A-C) on 15 DPW. Likewise, on 30
DPW, a similar expression trend was observed as on 15 DPW (P < 0.001; Figure 5A, D, and E). These results suggest that
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Figure 1 Preparation of hydrogels from the antler reserve mesenchyme matrix and its effects on cell proliferation in vitro. A: Location of
reserve mesenchyme (RM) and fabrication of hydrogels from the antler reserve mesenchyme matrix (HARM); B: HARM (top) and lyophilized-HARM (bottom); C:
Screening of the optimal concentration of HARM on cell [HUVEC, NIH 3T3, adipose mesenchymal stem cells (ADSC), and bone marrow mesenchymal stem cells
(BMSC)] proliferation rate; D and E: Comparison of HARM with hydrogels from porcine urinary bladder matrix (HPUB) on cell (ADSC and BMSC) proliferation rate.
Note that the concentration of 20 ug/mL HARM had the strongest stimulation over the others on proliferation rate of HUVEC, NIH 3T3, ADSC, and BMSC; moreover,
proliferation rates of ADSC and BMSC in HARM were stronger than in N-CTRL (PBS) or in P-CTRL (HPUB). RM: Reserve mesenchyme; PC: Pre-cartilage; TZ:
Transitional zone; CA: Cartilage; NS: Normal saline; LN2: Liquid nitrogen; HARM: Hydrogels derived from antler reserve mesenchyme; HPUB: Hydrogels from
porcine urinary bladder matrix; HUVEC: Human umbilical vein endothelial cells; NIH 3T3: Mouse embryonic fibroblasts; ADSC: Adipose mesenchymal stem cells;
BMSC: Bone marrow mesenchymal stem cells; N-CTRL: Negative control; P-CTRL: Positive control. n = 3; mean + SEM; statistically significance set at 2P < 0.05, °P
<0.01, and °P < 0.001.

HARM may promote recruitment of stem cells or maintenance of plasticity which grows in the fetal-like wounding
healing niche.

DISCUSSION

Scarring in wound healing is still a challenge in the clinic, where the goal is regeneration. The regeneration of functional
cutaneous appendages and organized collagen is a complex process involving multiple factors and cells related to the
microenvironment. Keeping the cells that regenerate the injured tissues in the optimum environment may be a practical
approach to induce cutaneous regeneration and prevent abnormal scar formation. Although many approaches, such as
synthetic hydrogels or ECM hydrogels, have been evaluated to improve the environment during wound healing, the
outcomes have been unsatisfactory. This study is the first to report the role of an acellular ECM hydrogel prepared from
stem cell tissue (antler RM) in cutaneous wound healing. Through a full-thickness rat model, we found that HARM
improved the regeneration of cutaneous appendages and blood vessels and reduced the aggregation of disorganized
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Figure 2 Effects of hydrogels from the antler reserve mesenchyme matrix on wound healing rate in full-thickness skin defects in rats. A:
Experimental procedure; B: Macroscopically observation of the wound healing status; C: Quantification of the wound area using the Image J software according to
macroscopical images. Note that the fastest wound healing rate and the smallest scar area were observed in the hydrogels from the antler reserve mesenchyme
group. DPW: Days post-wounding; HARM: Hydrogels derived from antler reserve mesenchyme; N-CTRL: Negative control; P-CTRL: Positive control. Mean + SEM;
statistical significance set at 2P < 0.05, °P < 0.001.

collagen fiber, which may be achieved via creating a fetal-like niche at the wound site.

Injectable hydrogels, as a promising strategy, are being used with increasing frequency for the treatment of wound
healing. They have several desirable features, including targeted delivery by minimally invasive techniques, ability to fill
an irregularly shaped space quickly, and polymerization to form a support structure suitable for host cell infiltration and
remodeling[26]. The injectable hydrogels derived from naturally occurring biologic materials are claimed to possess
superior biocompatibility and bioactivity compared to their synthetic counterparts, which are usually composed of the
ECM of decellularized tissues, and can be partially digested with pepsin, solubilized, and polymerized in situ to form a
hydrogel[20,27,28]. Intact ECM hydrogels retain numerous molecular constituents found in the native tissue, such as cell
adhesion proteins and growth factors, and these hydrogels support a constructive, site appropriate, remodeling response
when implanted in a variety of anatomical sites[29]. It is possible that a hydrogel formed from enzymatically degraded
and solubilized ECM may maintain some of the biological activity found in the intact ECM. ECM hydrogels have been
prepared from various tissues, including urinary bladder[20], dermis[27], cardiac tissues[28], adipose tissue[30], small
intestine[31], and skeletal muscle[32]. The hydrogels derived from these tissue types differ in their composition and
activity. However, a common problem is the lack of practical factors to stimulate tissue regeneration/repair, although
they do induce a certain level of repair on tissue injury. Therefore, selecting suitable tissue for ECM hydrogel preparation
is essential, especially if the tissue is rich in regeneration-stimulated factors; a tissue suitable for stem cell survival may be
suitable and advantageous. In the annual regeneration of deer antlers, the RM tissue layer in the growth center is
responsible for the growth of deer antlers with a growth rate of up to 2.75 cm/d[33]. RM-derived cells have the character-
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Table 1 In vitro experiment design

Cell Culture Required
Test purposes Culture system . Test type q

type time reagents
Screen the optimum HUVEC HARM (0 HARM (10 HARM (20 HARM (30 HARM (40 7d CCK-8 assay CCK-8
concentration of HARM pg/mL) pg/mL) pg/mL) pg/mL) pg/mL) (Beyotime,
on cell culture NIH 3T3 Shanghai,

China)

ADSC

BMSC
Compare the ADSC HARM (20 P-CTRL (HUPB, 20 N-CTRL (PBS) 1,4,7,10 CCK-8 Nuclear  CCK-8
performance of HARM pg/mL) pg/mL) d assay staining (Beyotime,
to HUPB on cell prolif- BMSC Shanghai,
eration China)

HUVEC: Human umbilical vein endothelial cells; NIH 3T3: Mouse embryonic fibroblasts; ADSC: Adipose mesenchymal stem cells; BMSC: Bone marrow
mesenchymal stem cells; HARM: Hydrogels from antler reserve mesenchyme; HUPB: Hydrogel from porcine urinary bladder matrix; P-CTRL: Positive
control; N-CTRL: Negative control.
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Figure 3 Effects of hydrogels from the antler reserve mesenchyme on the quality of wound healing. A: Histological sections of the healed skin
stained with HE and Masson; B-E: Quantification of cutaneous appendages and the collagen fiber accounts (blue area in Masson staining); F: CD31
immunofluorescence staining; G and H: Expression percentage of CD31. Note that the highest number of cutaneous appendages, least account of collagen fibers,
and highest percent were found in the HARM group in the healed tissues compared to the N-CTRL and P-CTRL groups. DPW: Days post-wounding; HARM:
Hydrogels derived from antler reserve mesenchyme; N-CTRL: Negative control; P-CTRL: Positive control. n = 3; mean + SEM; statistical significance set at °P < 0.05,
®P < 0.01,°P < 0.001.

istics of both mesenchymal and embryonic stem cells with strong abilities of proliferation/division and paracrine
function, and low immunogenicity[12,13,17].

In the present study, we developed a hydrogel from the antler RM matrix, which may retain similar components and
characteristics of the RM tissue. It can be kept as a solution at 4 °C and quickly transitions to a hydrogel at 37 °C (average
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Figure 4 Effects of hydrogels from the antler reserve mesenchyme on the expression of typical genes related to fetal wound healing in
healed skin of rat wounds. A: IL 10 and TGFB3 immunofluorescence staining; B and C: Expression percentages of IL-10 and TGFB3; D-I: mRNA expression
levels of collagen Il (D), collagen | (E), TGFB3 (G), and TGFB1 (H) via quantitative real time PCR assay; the ratios of collagen lll/collagen | and TGFB3/TGFB1 (F
and 1); J and K: Protein expression of Engrailed 1 in the healed skin via Western blot assay. Note that hydrogels from the antler reserve mesenchyme up-regulated
the expression levels of IL10, TGFB3, and collagen IIl; but down-regulated the expression levels of collagen |, TGFB1, and Engrailed 1. IL 10: Interleukin 10; TGFB1:
Transforming growth factor B1; TGFB3: Transforming growth factor 3; DPW: Days post-wounding; HARM: Hydrogels derived from antler reserve mesenchyme; N-
CTRL: Negative control; P-CTRL: Positive control. n = 3; mean + SEM; statistical significance set at 2P < 0.05, °P < 0.01, °P < 0.001, ns: No significance.

human body temperature; Supplementary Figure 1A). This is clinically important since the biomaterial as a solution can
be used in the injection method and quickly reach a gel state that protects the integrity of the tissue and allows for native
cells to adhere and grow. Importantly, HARM exhibits pores on the order of 100 um (Supplementary Figure 1), providing
an ideal space for cell division and proliferation. Further, we found that the concentration of 20 pg/mL HARM showed
the strongest stimulation over the other concentrations on the proliferation rate of HUVEC, NIH 3T3, ADSC, and BMSGC;
moreover, proliferation rates of ADSC and BMSC cultured in HARM in vitro and cutaneous cells treated with HARM in
vivo were both stronger than the previously reported hydrogel, HPUB. In general, our results demonstrated the
advantage of HARM for cell proliferation, which is essential for reconstructing the lamellar stromal structure using
acellular biomaterial.
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Figure 5 Effects of hydrogels from the antler reserve mesenchyme on the expression of stem cell markers in healed skin of rat wounds.
A: CD73 and CD90 immunofluorescence staining; B and C: Expression percentages of CD73 and CD90 on 15 DPW; D and E: Expression percentages of CD73 and
CD90 on 30 DPW. Note that the HARM group had the highest percent of CD73 and CD90 compared to the other two groups. DPW: Days post-wounding; HARM:
Hydrogels derived from antler reserve mesenchyme; N-CTRL: Negative control; P-CTRL: Positive control. n = 3; mean + SEM,; statistically significant at °P < 0.01, °P
<0.001.

Based on the above characteristics of HARM, we used the full-thickness rat wound to evaluate the effects of HARM on
wound healing. As expected, HARM effectively promoted the healing rate and improved the healing quality; these effects
were better overall than the HPUB. To the best of our knowledge, this is the first report that a hydrogel derived from a
tissue matrix can promote not only the healing rate but also healing quality. However, hydrogels from other tissue
matrices can only promote wound healing[34,35]. The microenvironment of wound healing has been reported to be
critical in influencing the type of healing. An ideal microenvironment, such as fetal wound healing, results in scarless
regenerative healing; a normal microenvironment, such as adult wound healing, results in scarring[23,24]. There are
many differences between fetal and adult wound healing, such as inflammatory reactions, growth factors and collagen
synthesis[23,24]. It has been reported that IL10 expression is up-regulated in fetal wounds without scars, and wound
healing occurs with scar formation in fetal mice with IL-10 deficiency. However, in clinical trials by intradermal injection
of recombinant human IL-10 into the wound edge for 1 mo, IL-10 treatment reduced scar formation[36]. In the present
study, we found that the expression of IL10 was increased in the healed tissues that had been treated with HARM. TGEFB,
including TGFp1, TGFB2, and TGF3, signals are required for wound repair and regeneration. TGFp1 causes scar
formation after skin injury; on the contrary, TGF3 has an anti-fibrotic effect because the ratio of TGFf3/TGFp1 in fetal
wounds was found to be higher than that in adults[36-38]. We also found that TGFB3 was increased by HARM in the
wound, while TGFB1 was the opposite. Fetal wound healing differs from adult wound healing in collagen synthesis in
terms of the speed of deposition, variation in collagen type ratios, and quantity of collagen. Most striking is the
persistence of excess collagen III over collagen I, with healed wounds in the fetus; higher levels of collagen III yield
smaller, reticular structures with more cross-linking than collagen I and contribute toward scarless wound healing. In the
present study, we found that collagen III was increased by HARM in the wound, while TGFp1 was the opposite.
Engrailed 1 is another typical gene that is activated in adult wound healing, and preventing the activation would inhibit
the scarring and achieve fetal-like wound healing[25]. This gene was also down-regulated with HARM treatment in the
healed tissues. Above all, the HARM treatment favored expressions of fetal wound healing genes, including IL10,
collagen III, and TGFp3; but did not favor expression of scar healing genes, including collagen IS, TGFp1, and Engrailed 1,

WIJSC | https://www.wjgnet.com 8 July 26,2023 | Volume15 | Issue7 |

Jaishideng®



Zhang G et al. Antler-derived hydrogel induces skin regeneration

Scar formation

Collagen I
TGFB1
: / Engrailed 1
HARM -
RM JUTTTILL Adult wound
i i healing niche

High level

Collagen III
TGFB3
IL10

2
2
3
o
4

N eieetaesaseenaasttoetsesentattosetstaaatotsestentatetoeieetattotetnsetttocttentnttttettistttttttetttatttttttettatatttttennns

Skin regeneration

Collagen I
TGFB1 \
Engrailed 1
> —

Creation of a fetal-like Collagen ITI

wound healing niche TGFB3
IL10

Dorsal wound

DOI: 10.4252/wjsc.v15.i7.0000 Copyright ©The Author(s) 2023.

Figure 6 Hydrogels from the antler reserve mesenchyme promoted regenerative wound healing via creating a fetal-like niche. FMT
inhibition. hydrogels from the antler reserve mesenchyme up-regulated the expression levels of fetal wound healing-related genes [interleukin 10, transforming growth
factor B3 (TGFP3), and collagen I11]; but down-regulated the expression levels of adult wound healing-related genes (collagen |, TGFB1, and Engrailed 1). HARM:
Hydrogels derived from antler reserve mesenchyme; IL 10: Interleukin 10; TGF: Transforming growth factor.

in the healed tissues. Thus, we speculate that the effects of HARM on regenerative wound healing may be achieved via
creating a fetal-like niche.

CONCLUSION

This study prepared a new injectable hydrogel using a stem cell tissue matrix, the antler reserve mesenchymal matrix.
The therapeutic effects of the hydrogels were evaluated using full-thickness rats. The results revealed that the hydrogels
effectively increased the healing rate and improved the healing quality of the wound, including regeneration of the
cutaneous appendages and formation of the basketweave-like pattern of collagens. Further study showed that these
effects of the hydrogels were likely achieved through creating a niche similar to the regeneration of fetal skin, thereby
promoting skin regeneration without scars (Figure 6). Overall, we believe that our prepared hydrogels may have clinical
benefits for stimulating regenerative wound healing, especially those large cutaneous wounds caused by burns, scalds, or
machinery.

ARTICLE HIGHLIGHTS

Research perspectives
It believes that hydrogels from the antler reserve mesenchyme matrix (HARM) may have clinical benefits for stimulating
regenerative wound healing, especially those large cutaneous wounds caused by burns, scalds, or machinery.

Research conclusions

This study prepared a new injectable hydrogel from antler reserve mesenchyme (RM) for regenerative wound healing via
creating a fetal-like niche.

Research results

HARM was successfully prepared from antler RM. Through a full-thickness rat model, it was found that HARM
improved the regeneration of cutaneous appendages and blood vessels and reduced the aggregation of disorganized
collagen fiber, which may be achieved via creating a fetal-like niche at the wound site.

Research methods

The HARM was prepared via enzymatic solubilization with pepsin. Then the therapeutic effects of HARM on a full-
thickness cutaneous wound healing rat mode were investigated.
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Research objectives

To develop an injectable hydrogel made from antler RM matrix for the regenerative repair of full-thickness cutaneous
wounds, which may have clinical benefits for stimulating regenerative wound healing, especially those large cutaneous
wounds caused by burns, scalds, or machinery.

Research motivation

Deer antlers are the only mammalian organ that can fully regenerate after being lost. Antler regeneration begins with
regenerative healing of the wounds left after the previous antler casting. Studies show that this regenerative wound
healing depends entirely on the adjacent pedicle periosteum (PP) or the PP-derived RM.

Research background

Scarring in wound healing is still a challenge in the clinic, where the goal is regeneration. Keeping the cells that
regenerate the injured tissues in the optimum environment may be a practical approach to induce cutaneous regeneration
and prevent abnormal scar formation. Although many approaches, such as synthetic hydrogels or extracellular matrix
hydrogels, have been evaluated to improve the environment during wound healing, the outcomes have been unsatis-
factory.
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