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Abstract: Chronic diabetic wounds represent a significant clinical challenge due to impaired healing processes 
characterized by persistent inflammation, compromised angiogenesis, and a hostile microenvironment. Despite the 
therapeutic potential of mesenchymal stem cells (MSCs), their post-transplantation survival remains suboptimal in 
such pathological conditions. Here, we developed a sustained-release oxymatrine-loaded hyaluronic acid methac-
ryloyl (HAMA) hydrogel to enhance placental mesenchymal stem cell (PMSC)-mediated repair in diabetic wounds. 
In a streptozotocin-induced diabetic mouse model with full-thickness dorsal skin defects, photo-crosslinked HAMA-
OMT hydrogels were fabricated and evaluated for their effects on PMSC survival and wound healing outcomes. 
Comprehensive assessments included wound closure rates, histological analysis, angiogenesis, collagen remodel-
ing, macrophage polarization, and the activation status of Nrf2/HO-1 and TLR4/NF-κB signaling pathways. The 
porous HAMA matrix provided structural support for PMSC adhesion and survival, while OMT incorporation improved 
hypoxia resistance and mitigated burst release kinetics. In diabetic wounds, the HAMA-OMT+PMSCs combination 
treatment significantly accelerated re-epithelialization, enhanced regeneration of hair follicles and sweat glands, 
promoted angiogenesis, and improved collagen organization compared to single-treatment groups. Mechanistically, 
OMT exerted dual regulatory effects by suppressing TLR4/NF-κB-driven inflammatory responses, promoting 
CD206+M2 macrophage polarization, and activating Nrf2/HO-1-mediated antioxidant defenses, thereby protecting 
PMSCs from oxidative stress-induced apoptosis. Collectively, these findings demonstrate that OMT-loaded HAMA 
hydrogel synergizes with PMSCs to reconstruct a pro-regenerative microenvironment, offering a promising cell, ma-
terial, and small-molecule combinatorial strategy for the effective treatment of chronic diabetic wounds.
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Introduction

Chronic wounds are injuries that do not prog-
ress through the normal, orderly stages of 
wound healing within a reasonable time frame. 
These wounds typically remain open for long 
periods and exhibit delayed or incomplete heal-
ing [1]. Current treatments for chronic wounds 
include specialized dressings, debridement, 
negative-pressure wound therapy, hyperbaric 
oxygen therapy, and cell- and tissue-based 
products [2]. However, chronic wounds are 
often associated with poor blood supply, ongo-

ing inflammation, and the buildup of necrotic 
tissue, all of which create a hostile environment 
that hampers effective tissue repair [3].

In recent years, stem cell-based therapies have 
become a promising option for treating chronic 
wounds. Among these, mesenchymal stem 
cells (MSCs) have attracted significant interest 
due to their strong immunomodulatory, anti-
inflammatory, and regenerative properties [4]. 
Adipose-derived MSCs can reduce excessive 
inflammation, promote new blood vessel 
growth, and support extracellular matrix remod-
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eling, thereby aiding wound healing [5]. Addi- 
tionally, MSCs can differentiate into various cell 
types involved in tissue repair and secrete 
diverse cytokines and MSC-derived extracellu-
lar vesicles that promote cell growth and ti- 
ssue regeneration [6]. Despite these promising 
results, the effectiveness of MSCs remains lim-
ited by the inflammatory, low-oxygen wound 
environment, and further improvements in their 
survival and function are needed.

Hyaluronic acid (HA)-based photopolymerized 
hydrogels are extensively studied as biomateri-
al scaffolds for wound repair. HA provides a 
supportive microenvironment for cell survival 
and growth, while methacryloyl modification 
enables rapid photocrosslinking with photoini-
tiators under ultraviolet or visible light. These 
hydrogels combine excellent biocompatibility, 
adjustable mechanical properties, and strong 
moisture retention, making them ideal for sup-
porting cell adhesion, proliferation, and differ-
entiation in wound-healing applications [7, 8].

Oxymatrine (OMT), a natural alkaloid derived 
from Sophora flavescens, exhibits diverse anti-
inflammatory, antioxidant, antimicrobial, and 
immunomodulatory activities. Accumulating 
evidence indicates its therapeutic potential in 
psoriasis, parasitic infections, fungal dysbio- 
sis, diabetic neuropathy, and atherosclerosis, 
where it modulates immune homeostasis, sup-
presses inflammatory signaling, and alleviates 
oxidative stress. These findings position OMT 
as a promising candidate for the treatment of 
inflammatory and metabolic disorders [9-11]. 
By reducing the release of inflammatory media-
tors, OMT may lessen inflammatory damage to 
cells involved in repair and improve the survival 
of transplanted mesenchymal stem cells in 
harsh conditions. Notably, OMT has demon-
strated anti-apoptotic effects and may increase 
the viability of placental mesenchymal stem 
cells (PMSCs) under ischemic and hypoxic 
stress. However, the molecular mechanisms 
underlying OMT’s protective effects on PMSCs, 
especially in refractory wound healing, remain 
largely unknown. Therefore, understanding the 
signaling pathways involved in OMT’s enhance-
ment of PMSC survival could lead to new strate-
gies for effective chronic wound repair.

Materials and methods

Experimental animals and cells

PMSCs used in this study were obtained from 
the Key Laboratory of Stem Cell and Re- 

generative Medicine at the General Hospital  
of Ningxia Medical University. The collection 
and use of these cells were approved by the 
General Hospital of Ningxia Medical University’s 
Ethics Committee (Approval No. 2020-289). 
PMSCs were cultured in a serum-free medium 
(UltraCULTURE Serum-Free Medium supple-
mented with Pall Ultroser G serum substitute 
and penicillin-streptomycin) at 37°C in a humid-
ified incubator with 5% CO2.

Eight-week-old specific pathogen-free (SPF) 
male ICR mice, weighing 25-28 g, were pur-
chased from the Experimental Animal Center  
of Ningxia Medical University (licenses SCXK 
[Ning]2020-0001 and SYXK[Ning]2020-0001) 
and used with approval from the Institutional 
Animal Care and Use Committee (IACUC) of 
Ningxia Medical University (approval no. IACUC-
NYLAC-2020-128). The animals were housed at 
the same center under standard conditions 
with free access to food and water. The housing 
environment was maintained with adequate 
ventilation, proper temperature and humidity, 
and a 12-hour light/dark cycle.

Animal experiment

Seventy-five ICR mice were fed a high-fat diet 
for 7 days. After a 2-hour fast, the mice were 
intraperitoneally injected with citrate-citric acid 
buffer containing streptozotocin (STZ, 150 mg/
kg) [12]. Seven days post-injection, blood glu-
cose levels were measured randomly using a 
Roche glucometer. Mice with blood glucose lev-
els exceeding 16.67 mmol/L were considered 
to have successfully induced diabetes. The dia-
betic mice successfully treated were randomly 
assigned to the model group, hydrogel-only 
group, or low-, medium-, or high-dose oxyma-
trine groups, with 15 mice per group.

All mice were anesthetized with isoflurane 
before surgery. The dorsal hair was removed 
using depilatory cream applied with a cotton 
swab to the shaved area. The cream was wiped 
off with gauze and 75% ethanol, followed by 
iodophor disinfection and air drying. A full-thick-
ness skin defect wound was created on the 
mid-dorsal region using a sterile 12 mm skin 
biopsy punch by applying rotational pressure. 
Any bleeding was controlled by gentle compres-
sion with sterile gauze. A sterile silicone ring 
was then placed around the wound and secure-
ly attached to the dry periwound skin to stabi-
lize the defect.
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The model group received no additional treat-
ment after the wound was created. In the 
hydrogel-only group, 200 μL of HAMA hydrogel 
was applied to cover the wound, then cured 
with 405 nm UV light for 30 seconds before 
dressing and fixation. In the low-, medium-, and 
high-dose oxymatrine groups, 200 μL of HAMA 
hydrogel containing 0.2, 0.4, or 0.6 mM oxyma-
trine, respectively, was applied to the wound, 
cured under 405 nm UV light for 30 seconds, 
and then dressed and fixed, to allow monitoring 
for in vivo transdermal sustained-release 
experiments. After surgery, each mouse was 
housed individually in a separate cage. Animals 
underwent surgery under isoflurane inhalation 
anesthesia, and euthanasia was performed by 
isoflurane overdose in accordance with institu-
tional animal care guidelines.

Preparation of HAMA hydrogel

HAMA (0.05 g) was dissolved in 9 mL of PBS  
by heating in a water bath with continuous 
shaking until fully solubilized. Next, 1 mL of lith-
ium phenyl-2,4,6-trimethylbenzoyl phosphinate 
photoinitiator was added to the HAMA solution. 
The mixture was sterilized by filtration through 
a 0.22 μm sterile syringe filter to produce a 
0.5% sterile HAMA solution. Then, 1, 2, or 4 μL 
of a 50 mg/mL oxymatrine solution was added 
to create HAMA solutions with final oxymatrine 
concentrations of 0.2, 0.4, or 0.6 mM, respec-
tively. After thorough mixing, the solutions were 
exposed to 405 nm UV light for 30 seconds to 
induce crosslinking, forming colorless, trans-
parent hydrogels. The cured hydrogels had an 
elastic modulus (G’) of 79 Pa and a viscosity of 
0.097 Pa·s.

Evaluation of wound healing

Wound healing was evaluated on days 3, 7, and 
14 after treatment. The feeding behavior, 
mouse activity, and wound-healing progress 
were recorded. Digital photographs of the 
wounds were taken, and wound closure was 
measured using ImageJ software. The wound 
healing rate (%) was calculated with the follow-
ing formula: Wound healing rate (%) = [(initial 
wound area - wound area at each time point)/
initial wound area] × 100. The wound area was 
outlined with a dashed line and measured 
using ImageJ software.

Histopathological evaluation of wound tissue

Mice were anesthetized, and wound skin tis-
sues were harvested and fixed in 4% parafor-
maldehyde for 48 hours. The tissues were 
dehydrated through an ethanol series, embed-
ded in paraffin, and sectioned into 5-μm slices. 
After deparaffinization and rehydration, the 
sections were stained with hematoxylin, differ-
entiated, blued, and then stained with eosin. 
The sections were then dehydrated, mounted 
with neutral resin, and visualized under a 
microscope.

Live/dead staining of PMSCs in OMT-loaded 
HAMA hydrogels

To study the effect of OMT on the survival of 
PMSCs in HAMA hydrogels, hydrogels contain-
ing 0.2, 0.4, or 0.6 mM OMT were prepared. P3 
passage PMSCs were digested with trypsin, 
counted, and mixed with HAMA hydrogel at a 
density of 1.0 × 106 cells/mL. A total of 200 μL 
of the mixture was transferred into molds and 
photocrosslinked to produce HAMA+PMSCs 
hydrogels without OMT (HAMA+PMSCs), as  
well as OMT-loaded HAMA+PMSCs hydrogels 
(HAMA+PMSCs+OMT). The photocured hydro-
gels were cultured in PBS. On days 1, 2, 3, and 
4, the hydrogels were stained with Calcein-AM/
PI Live/Dead staining solution, photographed 
under a fluorescence microscope, and the pro-
portion of live cells in each group was quanti-
fied. Cell survival rate (%) = live cells/(live cells 
+ dead cells) × 100.

Live/dead staining of PMSCs in OMT-loaded 
HAMA hydrogels at diabetic wound sites

After establishing the diabetic skin defect 
model, mice were randomly assigned to five 
groups (n = 5 per group). In the sham group, 
skin injury surgery was performed without 
hydrogel coverage, whereas in the HAMA group, 
only hydrogel coverage was applied. In the 
HAMA+PMSCs group, 200 μL of HAMA hydrogel 
containing PMSCs at a concentration of 1.0 × 
106 cells/mL was applied to the skin defect. In 
the HAMA+PMSCs+OMT groups, the wound 
was covered with 200 μL of HAMA hydrogel 
containing PMSCs and 0.4 mM OMT, respec-
tively. After photocrosslinking, the wounds were 
bandaged, and the mice were housed individu-
ally. On days 1, 2, 3, and 4 postoperatively, the 
mice were euthanized, and hydrogel samples 
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were collected from the wound sites and placed 
into 6-well plates. Live/dead staining was per-
formed using Calcein-AM/PI, and the samples 
were imaged via fluorescence microscopy. The 
proportion of viable cells in each group was 
then calculated.

THP-1 cell culture and treatment

The human monocytic leukemia cell line THP-1 
was obtained from Hefei Wanke Biotechnology 
Co., Ltd. THP-1 cells were cultured in RPMI-
1640 medium (Gibco, USA) supplemented with 
15% fetal bovine serum (FBS; Gibco, USA), 1% 
penicillin-streptomycin (antibiotic-antimycotic; 
Gibco, USA), and 0.05 mM β-mercaptoethanol 
(cell culture grade) at 37°C in a humidified  
incubator with 5% CO2. The cells were divided 
into five groups: control, LPS, OMT+LPS, PMSC-
cultured medium (CM)+LPS, and high OMT+ 
PMSC-CM+LPS. The control group cells were 
maintained under standard culture conditions 
without any treatment. The LPS group cells 
were treated with 0.1 μg/mL Lipopolysacchari- 
de (LPS, MedChemExpress, China) for 24 
hours.

Immunofluorescent detection of CD206 and 
CD68 expression in macrophages

THP-1 cells were seeded into 24-well plates 
and differentiated by culturing in Phorbol 
myristate acetate (PMA)-containing medium for 
24 hours. The cells were then stimulated with 
100 ng/mL interferon-γ and 100 ng/mL lipo-
polysaccharide, followed by OMT treatment. 
The grouping and treatment conditions ma- 
tched those described in Section 2.1. After 
treatment, the cells were permeabilized with 
0.5% Triton X-100 for 10 minutes and blocked 
with 5% BSA for 30 minutes. Cells were incu-
bated overnight at 4°C with primary antibodies 
against CD206 and CD68, then for 2 hours with 
secondary antibodies. After DAPI staining for 5 
minutes, PBS was added, and images were 
captured using an inverted fluorescence 
microscope.

5-ethynyl-2’-deoxyuridine (EdU) and immuno-
fluorescence staining for cell proliferation

The experimental grouping and treatments 
matched those used in the Cell Counting Kit-8 
(CCK-8) assay. After 24 hours of culture, the 
EdU working solution, prepared in the culture 

medium, was added to the cells, which were 
then incubated for 2 hours in a cell incubator. 
The cells were subsequently washed with PBS 
and fixed with 4% paraformaldehyde. Next, they 
were treated with a 2 mg/mL glycine solution, 
washed again with PBS, permeabilized with 
0.5% Triton X-100 for 10 minutes, and twice 
blocked with 3% BSA in PBS. The Click-iT work-
ing solution was added, and the cells were incu-
bated at room temperature in the dark for 30 
minutes. After removing the Click-iT solution 
and washing twice with PBS, the Ki67 antibody 
(1:1,000) was added and incubated for 1 hour 
at room temperature. The cells were then 
washed twice with PBS, incubated with a fluo-
rescent secondary antibody for 1 hour in the 
dark, washed twice with PBS again, and coun-
terstained with Hoechst 33342 for 10 minutes 
in the dark. Finally, the cells were washed twice 
with PBS and imaged under a fluorescence 
microscope.

JC-1 staining for mitochondrial membrane po-
tential

The grouping and treatments were the same as 
those used in the CCK-8 assay. After 24 hours 
of culture, the JC-1 working solution was added 
to cover the cell surface, and the cells were 
incubated for 15 minutes. The dye was 
removed, the cells were washed once with PBS, 
and DAPI was added for 15 minutes in the dark 
at room temperature. After removing the DAPI 
solution, the cells were washed twice with 100 
μL PBS. Green and red fluorescence signals 
were detected using a multifunctional micro-
plate reader, and the cells were observed under 
a fluorescence microscope.

Western blotting analysis

The grouping and treatments were consistent 
with those used in the flow cytometry assay for 
ROS detection. After 24 hours of culture, sam-
ples from each group were lysed, and nuclear 
and cytoplasmic proteins were extracted using 
RIPA lysis buffer. Protein concentration was 
measured with a BCA assay. Equal amounts of 
protein were loaded, separated by SDS-PAGE, 
and transferred onto membranes. The mem-
branes were blocked with 5% skim milk for 1 
hour and then washed three times with TBST. 
Primary antibodies against Nrf2, HO-1, and 
SOD (all 1:1,000), Lamin B1 (1:1,000), and 
β-actin (1:6,000) were incubated overnight at 
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4°C. After bringing the membranes to room 
temperature and washing three times with 
TBST, they were incubated with horseradish 
peroxidase-conjugated goat anti-mouse IgG 
and goat anti-rabbit IgG secondary antibodies 
(both 1:10,000) for 1 hour at room tempera-
ture. The membranes were then washed three 
times with TBST, developed with enhanced che-
miluminescence, and analyzed by densitometry 
using ImageJ software.

Statistical analysis

Statistical analyses were conducted using 
SPSS 20.0 and GraphPad Prism 8.0. The 
Shapiro-Wilk test was used to assess normali-
ty. Data that followed a normal distribution 
were presented as mean ± standard deviation  
(
_
x  ± s). Comparisons among multiple groups 

were performed using one-way analysis of vari-
ance (ANOVA), followed by the least significant 
difference (LSD) test for pairwise comparisons. 
For data that were not normally distributed, the 
Kruskal-Wallis test was used for multiple-group 
comparisons, followed by Dunn’s test for pair-
wise comparisons. A two-tailed significance 
level of α = 0.05 was applied, and P<0.05 was 
considered statistically significant.

Results

HAMA-OMT hydrogel: preparation, structure, 
drug release kinetics, and effects on the 
survival of transplanted PMSCs in the wound 
environments

Given its excellent biocompatibility and biode-
gradability, HAMA (methacryloyl-modified hyal-
uronic acid) is a promising material for drug 
delivery. However, a key challenge in wound 
repair is the delivery method, as skin wounds 
create a highly dynamic and complex microen-
vironment, and few surgical or other techniques 
can effectively preserve and protect transplant-
ed stem cells within the wound bed. To over-
come this issue, HAMA was chosen as a deliv-
ery matrix for both cells and OMT.

The microstructure of the HAMA cell-laden 
hydrogel was examined using scanning elec-
tron microscopy (SEM) (Figure 1A). The 0.5%, 
1%, and 1.5% HAMA hydrogels displayed a lay-
ered, porous internal structure with hollow fea-
tures. During drying, water droplets trapped in 
the hydrogel evaporated, creating hemispheri-

cal pits on the inner surface. Cells adhered to 
and survived within the three-dimensional 
hydrogel network, and no significant cytotoxici-
ty was observed at any tested concentration in 
vitro.

To evaluate the drug-release characteristics, 
hydrogels prepared with different HAMA con-
centrations were further analyzed. In vitro 
release assays showed that BSA release was 
relatively rapid in solution and that higher 
HAMA concentrations were associated with 
sustained release over 12 hours (Figure 1C). In 
vivo release kinetics were assessed by measur-
ing the penetration of the lipophilic fluorescent 
probe DiD into cell membranes. The results 
indicated that the 1.5% HAMA hydrogel exhibit-
ed a slower release profile than the lower-con-
centration formulations (Figure 1B, 1D). These 
findings suggest that the multilayered hydrogel 
structure slowed drug release, reduced the ini-
tial burst effect, and prolonged the release 
time in a HAMA concentration-dependent 
manner.

To explore the therapeutic potential of 
HAMA+OMT hydrogel in treating refractory 
wounds, a mouse full-thickness skin defect 
model was created on the animals’ dorsal sur-
face (Figure 1E). The 1% HAMA+OMT hydrogel 
was applied to the wound and cured with ultra-
violet light. Among them, PMSCs transplanted 
into the hydrogel containing 0.4 mM OMT 
showed extended survival and higher cell viabil-
ity (Figure 1F). Under in vitro hypoxic conditions 
for 24 hours, OMT also provided a protective 
effect on PMSC survival (Figure 1E, 1F).

OMT combined with PMSCs promotes diabetic 
wound healing in mice

To assess the therapeutic effects of OMT  
and PMSCs on diabetic wound healing, an isch-
emic diabetic ulcer model was developed in 
mice, which were randomly assigned to five 
groups: the sham group, the HAMA hydrogel 
control group, the HAMA+OMT group, the 
HAMA+PMSCs group, and the HAMA+OMT+ 
PMSCs group. OMT was added to commercial 
HAMA hydrogel at a final concentration of 0.4 
mM, and 5 × 10^6 PMSCs were applied to each 
wound. Macroscopic analysis indicated that 
OMT alone, and especially OMT combined with 
PMSCs, significantly accelerated wound clo-
sure compared with the hydrogel control. 
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Figure 1. Characterization of hyaluronic acid methacryloyl (HAMA) hydrogels and evaluation of placental mesenchymal stem cells (PMSCs) survival and probe re-
lease behavior. A. Scanning electron microscope images of hyaluronic acid methacryloyl hydrogels with different concentrations (0.5%, 1%, 1.5%) and HAMA+PMSCs 
composites. Scale bars are indicated in the images and correspond to 100 μm. B. In vivo fluorescence images of DiD lipophilic probe release at 0, 1, 3, and 5 days 
after implantation. Color scales represent fluorescence intensity. C. Release kinetics of FITC-labeled bovine serum albumin from 0.5%, 1%, and 1.5% HAMA hydro-
gels over 40 hours. Data are shown as mean ± SD, n = 3. D. Quantitative analysis of DiD probe fluorescence intensity in the region of interest (ROI) at 0, 1, 3, and 5 
days in vivo. ***P<0.001, n = 3. E. Live/dead staining of PMSCs cultured in HAMA hydrogels supplemented with different concentrations of oxymatrine (OMT, 0, 0.2, 
0.4, and 0.6 mM) in vitro and in the wound bed. Live cells were detected in the FITC channel (Calcein AM), dead cells in the TRITC channel (PI), and merged channel 
images are shown. Scale bars are indicated in the images and correspond to 100 μm. F. Survival rate of PMSCs treated with various OMT concentrations under in 
vitro and in vivo conditions. ***P<0.001, Data are shown as mean ± SD, n = 3.
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Importantly, the HAMA+PMSCs and HAMA+ 
OMT+PMSCs groups showed quicker reduc- 
tion in wound area, with significant differen- 
ces on days 7 and 14. By day 7, the HAMA and 
HAMA+OMT groups demonstrated increased 
granulation tissue formation and collagen 
deposition, which are vital for extracellular 
matrix remodeling. By day 14, complete re-epi-
thelialization was observed in the HAMA+OMT 
and HAMA+OMT+PMSCs groups (Figure 2A-D).

Hematoxylin-Eosin (H&E) staining images 
showed improved wound closure, increased 
epidermal thickness, and enhanced re-epitheli-
alization in the HAMA+OMT+PMSCs group com-
pared to other groups, especially on day 14. 
Regeneration of skin appendages, including 
hair follicles and sweat glands, was also more 
noticeable in the combined treatment group. 
Immunohistochemical staining indicated that 
the HAMA+OMT+PMSCs group had a thicker 
regenerated epidermis than the other groups at 
day 14. Additionally, the regeneration of skin 
appendages was more prominent in the com-
bined treatment group (Figure 3A). Since 
wound re-epithelialization and hair follicle 
regeneration relies on the proliferation and  
differentiation of Keratin10-positive cells,  
their distribution was examined on day 14. 
Histological analysis revealed that both the 
HAMA+PMSCs and HAMA+OMT+PMSCs groups 
achieved full-thickness skin repair and re-epi-
thelialization by day 14, with the combined 
group showing more significant follicular regen-
eration. CD31 staining demonstrated increa- 
sed angiogenesis in the HAMA+PMSCs and 
HAMA+OMT+PMSCs groups. Masson’s trichro- 
me staining showed active collagen remodeling 
during wound healing, with the combined treat-
ment group exhibiting more organized collagen 
deposition and a less fibrotic architecture by 
day 14 (Figure 3A). In contrast, the HAMA group 
displayed dense, disorganized scar-like colla-
gen, while the OMT-only group showed limited 
collagen deposition. Overall, these findings 
suggest that both PMSCs and the combined 
OMT+PMSC treatment significantly improve epi-
dermal thickness, re-epithelialization, collagen 
remodeling, vascular regeneration, and hair fol-
licle regeneration, thereby accelerating diabet-
ic wound healing. Western blot analysis con-
firmed that the expression levels of CD31 and 
col1a1 were significantly higher in the 
HAMA+OMT+PMSCs group compared to the 

control group; meanwhile, the expression of 
TGFβ1 was reduced in all groups except the 
sham group (Figure 3B-E).

OMT reduces M1 macrophage polarization in 
skin wounds by blocking TLR4

The inhibitory effect seemed to promote macro-
phage recruitment and differentiation in the 
wound microenvironment, as observed on day 
7 after injury. Additionally, analysis of pro-
inflammatory cytokines, including tumor necro-
sis factor-α, TLR4, interleukin-6 (IL-6), and p65 
at the wound site, showed that, under the regu-
lation of immunosuppressive factors secreted 
by mesenchymal stem cells, macrophages pri-
marily differentiated into the M2 phenotype, 
while immune activation was quickly downre- 
gulated (Figure 4A-E). The number of CD206-
labeled M2 macrophages was higher in wounds 
treated with OMT+PMSCs (Figure 4F, 4G). 
Macrophages preferentially polarized toward 
the anti-inflammatory M2 phenotype, thereby 
reducing tissue damage and fibrosis caused  
by pro-inflammatory signaling. In vitro LPS-
induced THP-1 polarization, both OMT and 
PMSC-conditioned medium reduced the pro-
portion of M1 cells and increased the number 
of CD206-positive macrophages (Figure 4H, 
4I).

OMT accelerates wound healing by enhancing 
mitochondrial biosynthesis and activating the 
Nrf2/HO-1 pathway to reduce oxidative stress 
in local stem cells

Compared with the HAMA group, the PMSCs 
and OMT+PMSCs groups showed significantly 
increased nuclear Nrf2/Lamin B1 levels (both 
P<0.05). Total Nrf2 expression was also signifi-
cantly elevated in the PMSCs and OMT+PMSCs 
groups versus HAMA (both P<0.05). For down-
stream antioxidant proteins, HO-1 was signifi-
cantly higher in the OMT, PMSCs, and OMT+ 
PMSCs groups compared with HAMA (all P< 
0.05), while SOD1 was markedly increased in 
the same three groups (OMT: P<0.01; PMSCs: 
P<0.001; OMT+PMSCs: P<0.001). Notably, the 
OMT+PMSCs group showed the highest overall 
trend in Nrf2/HO-1/SOD1-related protein ex- 
pression, indicating enhanced activation of  
the antioxidant Nrf2/HO-1 axis in vivo (Figure 
5A-E). Additionally, evaluation of mitochondrial 
damage showed that H2O2-treated PMSCs 
exhibited typical injury features, including 
reduced mitochondrial count, atrophy, loss of 
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Figure 2. Oxymatrine combined with placental mesenchymal stem cells promotes diabetic wound healing in mice. A. Representative macroscopic images of wound 
closure across five treatment groups at 3, 7, and 14 days post-wounding. Wound boundaries are outlined with white dashed lines. B. Quantitative analysis of the 
wound healing rate at 7 days. C. Quantitative analysis of wound healing at 14 days. Data are shown as mean ± SD. Statistical significance: ***P<0.001, ****P<0.0001 
(n = 5, sham vs. all other groups). D. Hematoxylin and eosin (H&E) staining of wound tissue sections at 3, 7, and 14 days (scale bar = 200 μm).
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Figure 3. Oxymatrine combined with PMSCs promotes wound angiogenesis, epithelialization, and hair follicle formation. H&E staining and Masson’s trichrome stain-
ing of tissue sections from different treatment groups. A. CD31 immunostaining (red arrowheads indicate CD31-positive microvessels); Keratin 10 immunostaining 
(yellow arrowheads: epithelial layer; blue arrowheads: hair follicle regions); Masson’s trichrome staining (blue: collagen fibers; red: cytoplasm/nuclei). Scale bars: 
100 μm. B. Western blot analysis of Col1A1, CD31, TGF-β1, and β-actin in tissue lysates from each group. C-E. Quantitative analysis of Western blot results. Data are 
presented as mean ± SD. *P<0.05 vs sham, n = 3.
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Figure 4. The effect of different treatments on the TLR4/NF-κB signaling pathway and macrophage polarization. (A) Western blot analysis of TLR4, P65, P-P65, 
β-actin, IL-6, and TNF-α protein expression. (B-F) Quantitative analysis of TLR4/β-actin (B), P-P65/P65 (C), TNF-α/β-actin (D), IL-6/β-actin (E), and the mean per-
centage of CD206-positive cells (F). (G) Immunohistochemical staining of CD206 (red arrows indicate positive cells; scale bar = 100 μm). (H) Immunofluorescence 
staining of CD206 (603 channel), CD68 (488nm channel), DAPI (360nm channel), and merged channel images. (scale bar = 100 μm). (I) Quantitative analysis of 
the mean intensity of CD206 and CD68. Data are presented as mean ± SD. *P<0.05, **P<0.01, ***P<0.001, n = 3.
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Figure 5. Oxymatrine enhancing mitochondrial biosynthesis and Nrf2/HO-1 pathway. (A) Western blot analysis of nuclear Nrf2, Lamin B1, cytoplasmic Nrf2, HO-1, 
SOD1, and β-actin in wound tissues from the Sham, HAMA, OMT, PMSCs, and OMT+PMSCs groups in vivo. (B-E) Quantitative analysis of nuclear Nrf2/Lamin B1 (B), 
cytoplasmic Nrf2/β-actin (C), HO-1/β-actin (D), and SOD1/β-actin (E) protein levels in wound tissues. (F) JC-1 staining showing mitochondrial membrane potential in 
PMSCs (aggregates, red; monomers, green; scale bar = 100 µm). (G) Transmission electron microscopy (TEM) images of PMSCs. (H) Quantitative analysis of the JC-1 
aggregate/monomer ratio. (I-M) Quantitative analysis of nuclear Nrf2/Lamin B1 (J), cytoplasmic Nrf2/β-actin (K), HO-1/β-actin (L), and SOD1/β-actin (M) protein 
levels in PMSCs. Data are presented as mean ± SD. *P<0.05, **P<0.01, ***P<0.001, n = 3.



Oxymatrine hydrogel improves stem cell therapy for diabetic wounds

6338	 Am J Transl Res 2026;18(7):6325-6342

cristae, increased membrane density, and sig-
nificant mitochondrial membrane potential 
depolarization (Figure 5F, 5G). OMT notably 
restored mitochondrial morphology and struc-
ture and recovered the mitochondrial mem-
brane potential (P<0.001) (Figure 5H).

Western blot analysis further showed that H2O2 
stimulation reduced nuclear Nrf2 translocation 
and downregulated the expression of antioxi-
dant proteins, including HO-1 and SOD1, in 
PMSCs (Figure 5I-M). In contrast, OMT treat-
ment significantly promoted Nrf2 nuclear accu-
mulation and increased the protein levels of 
HO-1 and SOD1 under oxidative stress condi-
tions. Notably, these protective effects were 
largely abolished by the Nrf2 inhibitor ML385, 
as reflected by decreased nuclear Nrf2, HO-1, 
and SOD1 expression in the H2O2+OMT+ML385 
group. Together, these findings indicate that 
OMT protects PMSCs against H2O2-induced oxi-
dative injury, at least in part, by preserving 
mitochondrial function and activating the Nrf2-
mediated antioxidant pathway. These results 
suggest that OMT reduces oxidative stress inju-
ry in PMSCs by enhancing mitochondrial func-
tion and activating the Nrf2/HO-1 pathway.

Discussion

Diabetic ulcers are characterized by persistent 
inflammation, excessive oxidative stress, im- 
paired angiogenesis, and delayed tissue remod-
eling, all of which contribute to refractory wound 
healing [13, 14]. In this study, we showed that 
OMT combined with PMSCs transplantation  
significantly accelerated full-thickness wound 
healing and enhanced skin appendage regen-
eration in diabetic mice. The therapeutic effects 
were linked to improved keratinocyte migration, 
increased dermal cell activity, enhanced vascu-
lar regeneration, and modulation of the inflam-
matory microenvironment.

In this context, OMT has emerged as a promis-
ing therapeutic candidate due to its well-docu-
mented anti-inflammatory and antioxidant 
properties [15]. Accumulating evidence indi-
cates that OMT exerts beneficial effects in a 
broad range of pathological conditions, includ-
ing psoriasis, sepsis-induced organ injury, dia-
betic neuropathy, and atherosclerosis, largely 
through modulation of inflammatory responses 
and cellular stress pathways [10, 16-18]. In the 
present study, although the release kinetics of 

OMT were not directly quantified, we adopted a 
surrogate strategy to indirectly evaluate the dif-
fusion behavior of the hydrogel system, as 
described in previous reports [19]. Specifically, 
fluorescently labeled BSA was used to assess 
macromolecular diffusion in HAMA hydrogels of 
different concentrations, whereas DiD was 
used to track lipid-associated fluorescent sig-
nals in the wound bed. Although these proxy 
experiments cannot substitute for direct mea-
surement of OMT release, they nevertheless 
provide supportive evidence that the hydrogel 
possesses sustained diffusion properties.

Functionally, the combined treatment promot-
ed keratinocyte migration and re-epithelializa-
tion, enhanced the migratory capacity of der-
mal fibroblasts and microvascular endothelial 
cells, and increased the production of repair-
associated cytokines. These changes were 
accompanied by accelerated granulation tis-
sue formation, improved collagen organization, 
and enhanced microvascular regeneration in 
the treated wounds. In addition, OMT combined 
with PMSCs appeared to facilitate extracellular 
matrix remodeling and wound contraction, both 
of which are essential for effective closure of 
full-thickness skin defects. Notably, the com-
bined treatment also promoted the regenera-
tion of skin appendages, including hair follicles. 
Because appendage regeneration is typically 
limited in refractory wounds, particularly dia-
betic ulcers, where persistent inflammation 
and impaired stromal signaling disrupt normal 
tissue patterning, this finding suggests that the 
OMT+PMSCs strategy may support a more 
advanced and functionally complete mode of 
tissue repair. Collectively, these results indi-
cate that the combination strategy not only 
accelerates wound closure but also promotes 
more complete structural regeneration of 
injured skin.

A key finding of this study is that OMT signifi-
cantly attenuated the inflammatory response in 
wound tissue. Excessive and prolonged inflam-
mation represents a major barrier to healing in 
chronic wounds because it impairs the transi-
tion from the inflammatory to the proliferative 
phase [20]. Our data showed that OMT inhibit-
ed activation of the TLR4/NF-κB signaling path-
way and reduced the expression of downstream 
pro-inflammatory mediators, including IL-6 and 
TNF-α. These changes suggest that OMT may 
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help restore inflammatory homeostasis. These 
findings suggest that OMT may restore inflam-
matory homeostasis and protect vascular en- 
dothelial structures from inflammatory injury 
[18, 21]. In addition, OMT promoted macro-
phage polarization toward the M2 phenotype, 
which is closely associated with tissue repair, 
extracellular matrix remodeling, and the resolu-
tion of inflammation [22, 23]. Thus, suppres-
sion of excessive inflammation together with 
enhancement of pro-reparative macrophage 
responses may represent important mecha-
nisms underlying the beneficial effects of OMT 
on wound healing. Given that dysregulated 
inflammation and oxidative injury are central 
pathological features of diabetic wounds, these 
results further support the therapeutic poten-
tial of OMT in diabetic wound repair.

More importantly, our findings support the con-
cept that OMT serves not merely as an anti-
inflammatory agent, but as a pharmacological 
adjuvant that enhances PMSC-based therapy 
in diabetic wound healing. Rather than acting 
solely through an independent therapeutic 
effect, OMT appears to improve the wound 
microenvironment by alleviating oxidative stre- 
ss, restraining excessive inflammation, and 
enhancing cell survival within the wound bed. 
This is particularly relevant in diabetic wounds, 
where the hostile pathological niche markedly 
compromises stem cell retention, viability, and 
functional efficacy after transplantation. By 
reshaping the local inflammatory milieu, OMT 
may help preserve the biological activity of 
PMSCs and potentiate their reparative para-
crine effects, thereby amplifying the overall 
therapeutic efficacy of stem cell-based 
treatment.

This adjuvant role is consistent with previous 
studies showing that OMT exerts anti-inflam-
matory effects by modulating the TLR4/NF-κB, 
TLR/NF-κB, and p38 MAPK/NF-κB signaling 
pathways across diverse disease models [16, 
24-27]. As these pathways are central media-
tors of inflammatory amplification and are fre-
quently overactivated in chronic wounds, it is 
plausible that OMT improves the therapeutic 
performance of PMSCs, at least in part, by sup-
pressing pro-inflammatory signaling and restor-
ing a microenvironment conducive to tissue 
regeneration. In this context, OMT should be 
regarded not simply as a bioactive small mole-

cule, but as a microenvironment-modifying ad- 
junct that potentiates stem cell-based repair.

Mechanistically, this effect may involve coordi-
nated regulation of inflammatory and oxidative 
stress pathways. NF-κB is a key regulator of 
chronic inflammation in diabetic wounds, where 
sustained activation drives the production of 
pro-inflammatory mediators and disrupts the 
normal healing process [28]. In contrast, the 
NRF2 pathway constitutes a major endogenous 
defense system against oxidative stress and is 
essential for maintaining redox homeostasis 
and supporting tissue repair [29]. Previous 
studies have shown that OMT can suppress 
NF-κB-mediated inflammatory signaling while 
activating NRF2-associated antioxidant res- 
ponses in multiple disease models, suggesting 
a dual regulatory effect on inflammatory and 
oxidative stress pathways [18]. Therefore, it is 
reasonable to speculate that OMT promotes 
diabetic wound healing by coordinating the 
attenuation of inflammatory injury and the 
enhancement of antioxidant defense, thereby 
creating a more favorable environment for tis-
sue repair.

Importantly, this combinatorial strategy may 
address two major barriers in diabetic wound 
therapy: impaired stem cell retention/function 
and persistent inflammatory blockade of heal-
ing. The present study, therefore, provides both 
mechanistic insight and translational support 
for incorporating OMT into PMSC-based regen-
erative platforms. Future studies are needed to 
determine whether the adjuvant effect of OMT 
in vivo depends predominantly on NF-κB signal-
ing suppression, NRF2-related antioxidant pro-
gram activation, or coordinated regulation of 
both pathways.

Similarly, OMT appears to augment PMSC func-
tion under ischemic and hypoxic conditions. 
The wound microenvironment is characterized 
by oxidative stress and nutrient deprivation, 
both of which compromise cell viability and 
regenerative potential [30]. In the present 
study, OMT activated the Nrf2/HO-1 signaling 
axis, thereby strengthening the antioxidant 
defense capacity of injured cells and preserv-
ing mitochondrial redox homeostasis. Con- 
sistent with these findings, live/dead staining 
and hypoxia-associated survival assays further 
supported the conclusion that OMT improves 
PMSC survival under hypoxic conditions both in 
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vitro and in vivo. This cytoprotective effect may 
be particularly important for transplanted 
PMSCs, which are highly susceptible to oxida-
tive and ischemic injury after implantation. By 
mitigating hypoxia-induced damage in both 
resident wound cells and transplanted PMSCs, 
OMT may enhance graft persistence and ulti-
mately improve tissue repair outcomes.

This study has several implications. First, it sup-
ports the idea that modulating the inflammato-
ry microenvironment is a key therapeutic target 
for treating refractory wound repair. Second, it 
indicates that OMT may effectively complement 
stem cell-based therapy by enhancing cell sur-
vival and function in challenging wound envi-
ronments. Third, combining OMT with PMSCs 
could be a promising strategy to enhance both 
structural repair and functional recovery in dia-
betic wounds.

This study has several limitations that should 
be acknowledged. Our primary objective was  
to evaluate the therapeutic efficacy of the 
OMT+PMSCs combination and to provide pre-
liminary mechanistic insights based on path-
way-related expression changes. Therefore, the 
current mechanistic evidence remains largely 
associative. Although we observed modulation 
of TLR4/NF-κB and Nrf2/HO-1 signaling, de- 
finitive causal validation (e.g., inhibitor-based 
intervention, gene silencing/knockdown, or 
rescue experiments) is still required to estab-
lish pathway dependence. In addition, although 
we provide survival-associated evidence for 
PMSCs in both in vitro and in vivo contexts, we 
did not directly characterize changes in para-
crine factor secretion after OMT protection, nor 
did we perform depletion/ablation experiments 
to determine whether the wound-healing bene-
fit is strictly dependent on transplanted PMSCs 
survival. Finally, long-term outcomes, including 
persistence of transplanted PMSCs and dura-
bility of regenerated skin appendages, were not 
fully evaluated. This model still cannot fully 
recapitulate the chronic complexity of geneti-
cally diabetic models (e.g., db/db mice). We will 
further validate the therapeutic efficacy of 
OMT+PMSCs in chronic genetic diabetic wound 
models. Future studies should address these 
gaps and further examine the translational 
potential of this strategy in large-animal mod-
els and, ultimately, in clinical settings.

In conclusion, OMT combined with PMSC  
transplantation significantly enhances diabetic 

wound healing by reducing excessive inflamma-
tion, promoting M2 macrophage polarization, 
boosting antioxidant defenses, aiding cell sur-
vival under hypoxic stress, stimulating re-epi-
thelialization, angiogenesis, and skin append-
age regeneration. These findings offer a mech-
anistic basis for a new combinational strategy 
to treat refractory wounds.
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