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Background: Diabetic foot ulcers (DFUs) are refractory to healing owing to excessive oxidative stress, increased proinflammatory
cytokines, accumulation of senescent cells, and impaired angiogenesis. Local injections of miR-146a-5p and miR-200b-3p have pro-
healing properties in diabetic wounds but are unrealistic in clinical practice. We investigated whether the topical application of miR-
146a-5p and miR-200b-3p using a poloxamer 407-based hydrogel accelerated diabetic wound healing in db/db diabetic mice. In
addition, we compared these two miRNAs to select a better microRNA for further application in patients with DFUs.

Methods: The wound was created using an 8-mm punch biopsy. One hundred microliters of poloxamer P407 hydrogel formulations
(gel, gel+miR-negative control, gel+miR-146a-5p, and gel+miR-200b-3p) were topically applied to each wound, and the hydrogel was
changed every two days. Skin samples were sent for real-time PCR, H&E staining, and immunohistochemical staining.

Results: On the 14th day, the gel+miR-200b-3p group demonstrated the best wound healing performance compared with the other
three groups, as supported by the reduced wound size and enhanced granulation tissue thickness. Mechanistic insights showed that gel
+miR-200b-3p caused significant upregulation of Colla2 gene expression and downregulation of NoxI, Nox4, HO-1, IL-6, IL-1p,
OGT, p21, and p53 gene expression. The CD68 protein levels were significantly decreased in the gel+miR-146a-5p and gel+miR-
200b-3p groups. Furthermore, CD31 proteins showed a significant increase in the gel+miR-200b-3p group compared with the other
three groups. These data demonstrate that the gel+miR-200b-3p group had better pro-healing efficacy than the gel+miR-146a-5p group
through its effects on anti-oxidative stress, anti-inflammation, anti-senescence, and pro-angiogenesis.

Conclusion: Topical application of miR-200b-3p by poloxamer 407 hydrogel showed better results in accelerating diabetic wound
healing than miR-146a-5p. These data suggest that topical miR-200b-3p formulation is an effective treatment approach for DFUs.
Keywords: poloxamer 407 hydrogel, microRNA-146a-5p, microRNA-200b-3p, oxidative stress, inflammation, senescence,
angiogenesis

Introduction

Diabetic foot ulcer (DFU) is a devastating complication, with a lifetime risk of amputation in approximately 20% of
patients.! As a common cause of chronic wounds, only 30-40% of DFU patients achieve complete wound healing by the
end of 12 weeks.” The pathological mechanisms underlying chronic diabetic wounds are complex and include excessive
reactive oxidative stress (ROS), increased proinflammatory cytokines, accumulation of senescent cells, and impaired
angiogenesis.”

In diabetes, hyperglycemia and the accumulation of advanced glycation end-products (AGE) cause an increase in
cellular ROS.* One of the most important ROS-generating systems is the nicotinamide adenine dinucleotide phosphate
oxidase (Nox).” Among the different subtypes, Nox1, Nox2, and Nox5 produced superoxide, while Nox4 mainly
produced hydrogen peroxide.® Although excessive ROS production in diabetes leads to impaired wound healing, its
level is tightly controlled by nuclear factor-erythroid 2 p45-related factor 2 (Nrf2).” Nrf2 is a transcription factor that is
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involved in maintaining redox homeostasis by reducing ROS damage, tissue inflammation, and cellular senescence.® One
of the most important regulators of the Nrf2 signaling pathway depends on its repressor Kelch-like ECH-associated
protein-1 (Keap-1). ROS disrupts the Nrf2 interaction between Keap-1, and the released Nrf2 is translocated into the
nucleus to upregulate multiple antioxidant genes, including NAD(P)H quinone oxidoreductase-1, glutathione peroxidase,
superoxide dismutase, catalase, and heme oxygenase-1 (HO-1).”

During wound healing, tissue macrophages first induce intensive inflammation, which is followed by resolution of
inflammation to remove tissue debris. M1 macrophages express a pro-inflammatory phenotype by secreting tumor
necrosis factor-alpha, interleukin-6 (IL-6), and interleukin-1 beta (IL-1p). Instead, M2 macrophages control the resolu-
tion of inflammation by secreting resolutory cytokines interleukin-4 and interlukin-10."""' The transition from M1 to M2
macrophages is impaired in diabetic wounds, and sustained inflammasome activity in tissue macrophages impairs
diabetic wound healing.'?

Cellular senescence is characterized by irreversible cell cycle arrest due to various stressors, including oncogenic
signaling, genomic instability, telomere shortening, mitochondrial dysfunction, and excessive ROS."*"'* Hyperglycemia
can induce premature senescence in endothelial cells, macrophages, and epithelial cells.'>"'” Moreover, receptors for
AGEs can mediate endoplasmic reticulum stress, inducing premature senescence in tubular epithelial cells.'® Upon
cellular damage, cells activate a DNA damage response to initiate premature cellular senescence and increase the
expression of cyclin-dependent kinase inhibitors (CDKI) such as CDKN2B (p15), CDKN2A (p16), and CDKNI1A
(p21)." The senescent cells expressed multiple senescence-associated secretory phenotype (SASP) factors, such as
proinflammatory cytokines, chemokines, protease, shed cell surface molecules, and matrix metalloproteinases.”**' When
the senescent cells are accumulated in diabetic wounds, the SASP factors drive the persistent low-grade inflammation in
skins and impair the wound healing by an increase of inflammatory mediators, a decrease of cell proliferation and
migration, and an increase of extracellular matrix proteases.”>*

MicroRNAs (miRs) are important post-transcriptional regulators of diabetes.”* Among variable miRs, the miR-146a-
5p acts as an anti-inflammatory miR by targeting IL-1 receptor-associated kinase 1 and TNF receptor-associated factor 6
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proteins,”>*® Nox4,?” and IL-6.%* By utilizing its anti-inflammatory properties, the local injection of miR-146a has been
shown to improve diabetic wound healing.29 In contrast, the miR-200 family (miR-141, miR-200a, miR-200b, miR-200c,
and miR-429) acts as a tumor suppressor in most cancer types to regulate invasiveness, epithelial-mesenchymal
transition, and metastasis of cancer cells.***! Recently, our laboratory reported that a single local injection of miR-
146a-5p and miR-200b-3p could accelerate wound healing in db/db mice.*?

The major limitation of local therapy in DFUs is the difficulty in maintaining the treatment drugs for a prolonged
period in wound tissues. Patients with DFUs have wound areas far larger than those in the diabetic mouse wound
model. Indeed, the local injection method requires multiple needle punctures to deliver sufficient drug to the wound,
which can be traumatic, painful, and unrealistic in clinical practice for DFUs. Thus, a suitable topical formulation is
required. Poloxamer 407 (trademark Pluronic® F-127)-based hydrogels were initially developed as artificial skin for
burns.>® The FDA-approved poloxamer 407 is a nonionic triblock polymer composed of hydrophobic polyoxypropy-
lene and hydrophilic polyoxyethylene. A unique feature of the poloxamer 407 polymer is its thermoresponsive
property. A thermoresponsive phase transition (solution to gelation, sol-to-gel) occurs when the temperature exceeds
the lower critical solution temperature.®® The in-situ gelling property makes the poloxamer 407 hydrogel a suitable
dressing material for topical application to cutaneous wounds by delivering the desired bioactive compounds for
a prolonged time.

Currently, no known microRNA formulations have been approved by the FDA for clinical applications in patients
with DFUs. In this study, we aimed to investigate the research gap in this study. We hypothesized that topical
formulations of miR-146a-5p and miR-200b-3p by poloxamer 407 hydrogel share similar pro-healing properties with
the local injection administration method in diabetic wounds. We also compared miR-146a-5p and miR-200b-3p
hydrogel formulations to select a better miRNA formulation for further clinical applications.

Materials And Methods
Animal Model

All experiments were approved according to the guidelines of the Institutional Animal Care and Use Committee of
Hungkuang University (Approved Number: HK-P-11114). In 2023, Couturier et al published a meta-analysis to examine
the different mouse models of diabetes-related ulcers and they reported that the db/db mouse model was consistently
associated with the largest delay in wound healing.*> We randomly assigned five db/db mice to different groups in this
study because the difference of wound improvement modified by the miR-200b-3p formulation was easily identified with
small animal numbers.>*>*” Twelve-week-old male db/db mice (National Laboratory Animal Center, Taipei, Taiwan)
were wounded with an 8-mm biopsy punch (Miltex Inc., York, PA) on their left and right back on the Oth day, as
previously described.*” Four groups were investigated: hydrogel alone (gel), hydrogel+miR-negative control (gel+miR
NC), hydrogel+miR-146a-5p mimic (gel+miR-146a-5p), and hydrogel+miR-200b-3p mimic (gel+miR-200b-3p). The
miR-NC was purchased from the manufacturer, and it was a scrambled control. For effective transfection, miR-NC, miR-
146a-5p mimic and miR-200b-3p mimic were mixed with lipofectamine™ 3000 (Thermo Fisher Scientific) immediately
before the wounding surgery. Briefly, 1 uL different miRNAs including 200 ng miR-NC, 200 ng miR-200b-3p mimic and
200 ng miR-146a-5p mimic were mixed evenly with an equal volume of lipofectamine to prepare three lipofectamine-
miRNA complexes. To improve the solubility of the three lipofectamine-miRNA complexes in sticky poloxamer 407
solutions, we first added 18 pL normal saline to make a total of 20 uL lipofectamine-miRNA complexes diluted solution.
Then, the lipofectamine-miRNA complexes were added to poloxamer 407 at a ratio of 1:9 to create different hydrogel
formulations in the final concentration of 17% poloxamer 407 hydrogel. Immediately after surgery, 100 ng of miRNA
prepared in 100 pL poloxamer 407 hydrogel formulation was topically applied to each wound using a pipette (i.c.,
200 pL per mouse in the back of right and left wounds). The wounds were subjected to hydrogel change every two days
until the end of the study. All mice were sacrificed on the 14th day by CO, narcosis and full-thickness skin samples were
obtained from the healing tissues for real-time PCR, hematoxylin and eosin (H&E) staining, and immunohistochemical

examination. The wound area was calculated using the Imagel software (NIH, Bethesda, MD, USA), and the wound area
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(% of wound area on the Oth day) was expressed as a function of time. The granulation tissue thickness was determined
using the following equation: granulation tissue thickness (mm) = granulation tissue area / wound width.>®

Preparation of Poloxamer 407 Hydrogel

Poloxamer 407 was purchased from Sigma-Aldrich, and the stock solution was prepared using the cold stirring method.>?
Briefly, a weighed amount of poloxamer 407 powder was added to ice-cold ddH2O and stirred by using a magnetic bar. The
solution was then cooled to 4° C overnight. After complete liquefaction, the stock solution was stored at 4° C until use.

Tilting Method

The gelation time of poloxamer 407 solutions at concentrations of 14, 17, and 20% (w/w) was determined using the
tilting method. Briefly, 1 mL of each solution was placed at 37° C on a glass slide tilted at 45°. The solution then flowed
slowly on the surface of the glass slide until it completely stopped owing to the gelation.”® The gelation time of
individual hydrogel formulations was recorded. The gelation time at different concentrations was also measured after the
addition of 1% glycerol. Besides, the effects of lipofectamine and lipofectamine plus miR-200b-3p on the gelation time
were also examined.

Real-Time Quantitative PCR

Wound tissues on the 14th day were homogenized in TRIzol (Invitrogen), and total cellular RNAs were isolated and
purified following the manufacturer’s protocol. The first-strand cDNA was synthesized by SuperScript® III First-Strand
Synthesis SuperMix (Invitrogen, Carlsbad, CA, USA). The mRNA expression levels of the 11 genes of interest in the
mouse wound tissues were analyzed using a StepOnePlus Real-Time PCR instrument (Applied Biosystems), as
previously described.’® The individual primer sequences and Universal ProbeLibrary probes (Roche) for B-actin,
collagen type I alpha 2 (CollaZ2), collagen type III alpha 1 (Col3al), Nox-1, Nox-4, HO-1, IL-6, IL-1f, O-linked
N-acetylglucosamine transferase (OGT), CDKNI1A (p21) and p53 were provided in Supplemental Data 1. B-actin was

used as an internal control.

Immunohistochemistry (IHC) Staining

Wound samples were fixed with 10% formaldehyde and prepared for H&E and IHC staining of paraffin sections. Each
group consisted of five db/db mice. IHC staining was performed on 5 pum section using anti-CD31 primary antibody
(Abcam, 1:2000) and anti-CD68 primary antibody (Abcam, 1:500), as previously described.*

Statistical Analysis

All data are expressed as mean + standard error of the mean (SEM) of five animals. Data were analyzed using a paired
t-test when pairwise comparisons were performed within the same group. Data were analyzed using an unpaired #-test
when pairwise comparisons were performed between different groups. Statistical significance was set at p < 0.05.

Results

Effects of Different Additives on Gelation Time of Poloxamer 407 Hydrogel

The phase transition (sol-to-gel) of the poloxamer 407 hydrogel occurred at a physiological temperature of 37° C
(Figure 1A). The three different concentrations resulted in gelation time of 90.6, 44.6 and 16.4 seconds at a gel
concentration of 14%, 17%, and 20%, respectively. Three different concentrations with 1% glycerol additive caused
the gelation time of 101.8, 54.4 and 14.2 seconds at a gel concentration of 14%, 17%, and 20%, respectively. Our data
showed that the addition of 1% glycerol did not significantly change the gelation time of the hydrogel at a concentration
of 17%. However, the addition of lipofectamine™ 3000 to the gel/glycerol formulation resulted in an increase of the
gelation time to 123.0, 71.4 and 36.6 seconds at a gel concentration of 14%, 17%, and 20%, respectively. Further addition
of miR-200b-3p to the gel/glycerol/lipofectamine™ 3000 formulation resulted in a minimal change of the gelation time
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Figure | Effects of hydrogel concentrations and different additives on gelation time. (A). The thermoresponsive phase transition (sol-to-gel) occurred at a physiological
temperature of 37 "C. (B). Different concentrations of hydrogel changed the gelation time at 37°C. The addition of 1% glycerol did not significantly change the gelation time of
hydrogel at a concentration of 17% (w/w). The addition of lipofectamine to the gel/glycerol formulation caused a 17.0 second increase of the gelation time at a gel concentration
of 17%, as compared with the gel/glycerol formulation. However, further addition of miR-200b-3p to the gel/glycerol/lipofectamine formulation had no discernible effect on the
gelation time at different gel concentrations. Data represent mean * SEM. n=5. **P < 0.01 and ***P < 0.001 vs |7% of their respective groups. *P < 0.05, "P<0.01, ##p< 0.001 vs
gel groups. @p < 0.05, @@p < 0,01, @@@p < 0,001 vs gel+glycerol group.

Abbreviations: gel, hydrogel; G, glycerol; lipo, lipofectamine.

of 123.4, 69.4 and 37.2 seconds at a gel concentration of 14%, 17%, and 20%, respectively. The therapeutic formulation
of poloxamer 407 hydrogel at a concentration of 17% was selected for all animal experiments (Figure 1B).

Effects of gel+miR-200b-3p on Body Weight Loss

The relative body weight (%) of the mice in the four treatment groups gradually decreased from the Oth day to 14th day.
Although the relative body weight loss between groups on the 14th day was not statistically significant, the relative body
weight loss between the Oth day and 14th day was the greatest in the gel group (—10.17%) compared to that in the gel
+miR-NC (—8.48%), gel+miR-146a-5p (—8.05%), and gel+miR-200b-3p groups (—6.47%) (Figure 2).
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Figure 2 Effects of gel+miR-200b-3p on relative body weight. The four treatment groups represented gel, gel+miR-negative control (NC), gel+miR-146a-5p, and gel+miR-
200b-3p. The relative body weight loss (% of Oth day) of mice in the gel, gel+miR-146a-5p, and gel+miR-200b-3p groups decreased significantly on day 7 post-wounding
compared with that on the Oth day. The relative body weight loss (% of Oth day) of mice in the gel, gel[+miR-NC, gel+miR-146a-5p, and gel+miR-200b-3p groups decreased
significantly on the 14th day post-wounding compared with that on the Oth day. The relative body weight loss between groups on the 14th day was not statistically significant.
Data are presented as the mean * SEM. n=5. *P < 0.05 vs Oth day.

Effects of gel+miR-200b-3p on Wound Size and Granulation Tissue Thickness
Representative wound photographs of the four treatment groups are shown in Figure 3A. The percentages of wound
size related to the Oth day are shown in Figure 3B. The relative wound size between the Oth day and 14th day was
67.2%, 51.5%, 32.1%, and 28.5% in the gel, gel+miR-NC, gel+miR-146a-5p, and gel+miR-200b-3p groups, respec-
tively. The wounds healed significantly on the 13th, 8th, 8th, and 6th day in the gel, gel+miR-NC, gel+miR-146a-5p,
and gel+miR-200b-3p groups, respectively, compared with that on the Oth day. The statistically significant reduction of
relative wound size between gel (67.2%) and gel+miR-200b-3p (28.5%) groups on the 14th day confirmed the efficacy
of gel+miR-200b-3p formulation. In addition, the wound size of the gel+miR-200b-3p group consistently reached
a significant reduction compared with that of the gel group since the 4th day. The granulation tissue thickness of the
gel+miR-200b-3p group significantly increased to 1.267 times in gel+miR-200b-3p group compared with that in the
gel group (Figure 3C).

Effects of gel+miR-200b-3p on Colla2 and Col3al Gene Expression

On the 14th day, Colla2 gene expression increased by 1.319, 1.327 and 1.553 times in the gel+miR-NC, gel+miR-146a-
5p, and gel+miR-200b-3p groups, respectively, compared to that in the gel group. In addition, Colla2 gene expression
was significantly increased in the gel+miR-200b-3p group compared with that of the gel group (Figure 4A). Col3al gene
expression in wound tissues increased by 1.089, 1.077, and 1.223 times in the gel+miR-NC, gel+miR-146a-5p, and miR-
miR-200b-3p groups, respectively, compared to that in the gel group. However, no significant differences in Col3al
expression levels were observed between the groups (Figure 4B).

Effects of gel+miR-200b-3p on Nox-I, Nox-4 and HO-| Gene Expression

On the 14th day, Nox-1 gene expression decreased by 0.813, 0.516 and 0.283 times in the gel+miR-NC, gel+miR-146a-5p, and
gel+miR-200b-3p groups, respectively, compared to that in the gel group. Nox-/ gene expression was significantly decreased
in the gel+miR-146a-5p and gel+miR-200b-3p groups compared with that in the gel group. In addition, Nox-1 gene expression
was significantly decreased in the gel+miR-200b-3p group compared to that in the gel+miR-NC group (Figure 5A). Nox-4
expression decreased by 0.643 and 0.606 times in the gel+miR-146a-5p and gel+miR-200b-3p groups, respectively, compared
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Figure 3 Effects of gel+miR-200b-3p on wound healing and granulation tissue thickness. (A). Representative photographs of wounds from four treatment groups were
shown. L: left back, R: right back. Scale bar, 2.0 mm. (B). Percentage of wound areas from the four treatment groups compared to that on the Oth day. Gel+miR-200b-5p
group caused the most significant wound healing improvement compared to that of the other three groups. Data represent mean * SEM. n=5. *P<0.05, **P < 0.01, and ***P
< 0.001 vs Oth day. $p<0.05, **P<0.01, and ***P<0.001 vs gel group. #P<0.05 vs gel+miR-NC group. (C). The granulation tissue thickness of the gel+miR-200b-3p group
significantly increased to 1.267 times in gel+miR-200b-3p group compared with that in the gel group on the |4th day. Data represent mean + SEM. **P<0.01 vs gel group.
#P<0.01 vs gel+miR-NC group. @p<0.05 vs gel+miR-146a-5p group.
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Figure 4 Effects of gel+miR-200b-3p on gene expression of Colla2 and Col3al. (A). On the 14th day, the gene expression of Coll a2 significantly increased to 1.553 times in
gel+miR-200b-3p group compared with that in the gel group. Data represent mean + SEM. n=5. *P<0.05 vs gel group. (B). On the |4th day, the gene expression of Col3a/
non-significantly increased to 1.223 times in miR-200b-3p group compared with that in the gel group. Data represent mean + SEM. n=5.

to that in the gel group. In addition, Nox-4 gene expression was significantly decreased in the gel+miR-146a-5p and gel+miR-
200b-3p groups compared with that in the gel group (Figure 5B). HO-1 gene expression decreased by 0.970, 0.768 and 0.582
times in the gel+miR-NC, gel+miR-146a-5p, and gel+miR-200b-3p groups, respectively, compared to that in the gel group.
The HO-1 gene expression was significantly lower in the gel+miR-200b-3p group than the gel group (Figure 5C).
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Figure 5 Effects of gel+miR-200b-3p on gene expression of Nox/, Nox4, and HO-I. (A). On the |4th day, the Nox/ gene expression in the gel+miR-146a-5p and gel+miR-200b-3p
treatment groups significantly decreased to 0.516 and 0.283 times, respectively, compared with that in the gel group. Besides, the Nox/ gene expression in the gel+miR-200b-3 group
significantly decreased, as compared with that in the gel+miR-NC group. Data represent mean + SEM. n=5. %P < 0.0 and **P < 0,001 vs gel group. ™P < 0.001 vs gel+miR-NC group.
(B). On the 14th day, the Nox4 gene expression in the gel[+miR-146a-5p and gel+miR-200b-3p treatment groups significantly decreased to 0.643 and 0.606 times compared with that in
the gel group. Data represent mean * SEM. n=5. *P < 0.05 and **P < 0.01 vs gel group. (C). On the |4th day, the HO-/ gene expression in the gel+miR-200b-3p treatment groups
significantly decreased to 0.582 times compared with that in the gel group. Data represent mean + SEM. n=5. *P < 0.01 vs gel group.

Diabetes, Metabolic Syndrome and Obesity 2025:18 heeps: 3853



Lo et al

Effects of gel+miR-200b-3p on IL-6, IL-1B3 and OGT Gene Expression

On the 14th day, /L-6 gene expression decreased by 0.950, 0.402 and 0.255 times in the gel+miR-NC, gel+miR-146a-5p,
and gel+miR-200b-3p groups, respectively, compared with that in the gel group. /L-6 gene expression was significantly
decreased in the gel+miR-146a-5p and gel+miR-200b-3p groups compared with that in the gel group. In addition, /L-6
gene expression was significantly decreased in the gel+miR-200b-3p group compared to that in the gel+miR-NC group
(Figure 6A). IL-1p gene expression decreased by 0.717, 0.500 and 0.142 times in the gel+miR-NC, gel+miR-146a-5p,
and gel+miR-200b-3p groups, respectively, compared with that in the gel group. /L-1 gene expression was significantly
decreased in the gel+miR-146a-5p and gel+miR-200b-3p groups compared with that in the gel group. In addition, /L-15
gene expression was significantly decreased in the gel+miR-200b-3p group compared to that in the gel+miR-NC and gel
+miR-146a-5p groups (Figure 6B). OGT gene expression decreased by 0.725 times in the gel+miR-200b-3p group
compared with that in the gel group. In addition, OGT gene expression was significantly lower in the gel+miR-200b-3p
group than the other three groups (Figure 6C).

Effects of gel+miR-200b-3p on p2| and p53 Gene Expression

The cyclin-dependent kinase inhibitor p21 is a key regulator of cellular senescence in DFUs.*’ In addition, the
transcription factor p53 is a central tumor suppressor that regulates p21 expression.*' On the 14th day, p21 expression
decreased by 0.927-, 0.500 and 0.364 times in the gel+miR-NC, gel+miR-146a-5p, and gel+miR-200b-3p groups,
respectively, compared to that in the gel group. The p2/ gene expression was significantly decreased in the gel+miR-
146a-5p and gel+miR-200b-3p groups, as compared with that in the gel and gel+miR-NC groups. In addition, p2/ gene
expression was significantly decreased in the gel+miR-200b-3p group compared to that in the gel+miR-146a-5p group
(Figure 7A). The p53 gene expression decreased by 0.885 and 0.643 times in the gel+miR-146a-5p and gel+miR-200b-3p
groups, respectively, compared with that in the gel group. In addition, pS3 gene expression was significantly decreased in
the gel+miR-200b-3p group compared to that in the gel and gel+miR-NC groups (Figure 7B).

Effects of gel+miR-200b-5p on CDé68 Protein Expression

IHC staining images of CD68 (tissue macrophage marker) are shown in Figure 8A (brown). On the 14th day, CD68
immunoreactivity decreased by 0.759 and 0.646 times in the gel+miR-146a-5p and gel+miR-200b-3p groups, compared
with that in the gel group. In addition, CD68 immunoreactivity was significantly decreased in the gel+miR-146a-5p and
gel+miR-200b-3p groups compared to that in the gel and gel+miR-NC groups (Figure 8B).

Effects of gel+miR-200b-5p on CD3| Protein Expression

IHC staining images of CD31 (endothelial cell marker) are shown in Figure 9A (brown). On the 14th day, CD31
immunoreactivity increased by 1.164 and 1.993 times in the gel+miR-146a-5p and gel+miR-200b-3p groups, respec-
tively, compared with that in the gel group. In addition, CD31 immunoreactivity was significantly increased in the gel
+miR-146a-5p and gel+miR-200b-3p groups compared to that in the gel+miR-NC group (Figure 9B). Importantly, miR-
200b-3p caused a significant increase in CD31 protein levels compared with the other three groups.

Discussion

The present study demonstrates that both miR-146a-5p and miR-200b-3p poloxamer P407-based hydrogel formulations
can accelerate diabetic wound healing, but the miR-200b-3p hydrogel showed better pro-healing properties than miR-
146a-5p hydrogel. The miR-200b-3p hydrogel decreases Nox-1, Nox-4, HO-1, IL-6, IL-15, OGT, p21 and p53 gene
expression in diabetic wounds, findings that represent anti-oxidative stress, anti-inflammation, and anti-senescence as
important mechanisms for improving wound healing by miR-200b-3p hydrogel. The miR-200b-3p hydrogel also
increases CD31 protein expression in diabetic wound tissues, representing pro-angiogenesis also as a pro-healing
characteristic of miR-200b-3p hydrogel. Our animal experiments demonstrate that the topical application of miR-
200b-3p hydrogel formulation is a feasible and effective therapeutic adjuvant for treating diabetic wounds.
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Figure 6 Effects of gel+miR-200b-3p on gene expression of IL-6, IL-13, and OGT. (A). On the |4th day, the IL-6 gene expression in the gel+miR-146a-5p and gel+miR-200b-3p
treatment groups significantly decreased to 0.402 and 0.255 times compared with that in the gel group. Besides, the IL-6 gene expression in the gel+miR-200b-3p group
significantly decreased, as compared with that in the gel+miR-NC group. Data represent mean * SEM. n=5. *P< 0.0 and **P<0.001, vs gel group. “P<0.05 vs gel+miR-NC
group. (B) On the |4th day, the IL-1/ gene expression in the gel+miR-146a-5p and gel+miR-200b-3p treatment groups significantly decreased to 0.500 and 0.142 times
compared with that in the gel group. Besides, the IL-6 gene expression in the gel+miR-200b-3p group significantly decreased, as compared with that in the gel+miR-NC and
gel+miR-146a-5p groups. Data represent mean * SEM. n=5. **P<0.01 and ***P < 0.001 vs gel group. *P<0.05 vs gel+miR-NC group. @P<0.05 vs gel+miR-146a-5p group. (C).
On the |4th day, the OGT gene expression in the gel+miR-200b-3p treatment group significantly decreased to 0.725 times compared with that in the gel group. Besides, the
OGT gene expression in the gel+miR-200b-3p group significantly decreased, as compared with that in the gel+miR-NC and gel+miR-146a-5p groups. Data represent mean *
SEM. n=5. ¥*P < 0.0 vs gel group. "P < 0.05 vs gel+miR-NC group. @p<0.05 vs gel+miR-146a-5p group.
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Figure 7 Effects of gel+miR-200b-3p on gene expression of p2/ and p53. (A). On the 14th day, the p2/ gene expression in the gel+miR-146a-5p and gel+miR-200b-3p
treatment groups significantly decreased to 0.500 and 0.364 times compared with that in the gel group. Besides, the p2/ gene expression in the gel+miR-200b-3p group
significantly decreased compared with that in the gel+miR-NC and gel+miR-146a-5p groups. Data represent mean + SEM. n=5. ***P<0.00| vs gel group. ###p<0.001 vs gel
+miR-NC group. @@P<0.01 vs gel+miR-146a-5p group. (B) On the |4th day, the p53 gene expression in the gel+miR-200b-3p treatment groups significantly decreased to
0.643 times compared with that in the gel group. Besides, the p53 gene expression in the gel+miR-200b-3p group significantly decreased, as compared with that in the gel
+miR-NC group. Data represent mean  SEM. n=5. **P<0.0| vs gel group. “P<0.01 vs gel+miR-NC group.

The concentrations of the poloxamer 407 hydrogel and additives changed the gelation time of the hydrogel. Previous
studies have reported that poloxamer 407 hydrogel at a concentration of 15-20% (w/w) is a useful drug carrier in
physiological temperature ranges.>*** In this study, three different concentrations were examined to determine the
gelation time. In addition, 1% glycerol was added to the hydrogel to maintain wound moisture and act as a membrane-
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Figure 8 Effects of gel+miR-200b-3p on protein expression of CD68. (A). On the 14th day, CD68 immunoreactivity (brown) in the four different treatment groups.
Magnification 400%. Scale bar, 100 um. (B). Quantification of CD68 immunoreactivity showed a significant decrease in the miR-146a-5p and miR-200b-3p groups, as
compared with that of the gel and gel+miR-NC groups. Data represent mean + SEM. n=5. *P < 0.01 and ***P<0.001 vs gel group. **P<0.001 vs gel+miR-NC group.

stabilizing agent.*> To study the effects of transfection reagent lipofectamine and miR-200b-3p on the gelation time, the
final therapeutic formulations were also examined. Our data showed that lipofectamine addition to the gel/glycerol
formulation caused an increase of the gelation time of 21.2, 17.0 and 11.8 seconds at a gel concentration of 14%, 17%,
and 20%, respectively, as compared with the gel/glycerol formulation. Further addition of miR-200b-3p to the gel/
glycerol/lipofectamine formulation did not change the gelation time. The final formulation consisted of glycerol,
lipofectamine, miR-200b-3p and 14% concentration of poloxamer 407 hydrogel had a gelation time up to 123.4 seconds,
a time that was too long to stably keep the microRNA formulation on the wound surface. In contrast, the final

formulation of 20% concentration of poloxamer 407 hydrogel had a gelation time of 37.2 seconds, which were relatively
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Figure 9 Effects of gel+miR-200b-3p on protein expression of CD3I. (A). On the 14th day, CD3| immunoreactivity (brown) in the four different treatment groups.
Magnification 400%. Scale bar, 100 pm. (B). Quantification of CD3| immunoreactivity showed a significant increase in the miR-146a-5p and miR-200b-3p groups, as
compared with that of the gel+miR-NC group. Besides, the CD3 | immunoreactivity in the gel[+miR-200b-3p group significantly increased, as compared with that in the other
three groups. Data represent mean * SEM. n=5. ¥*P<0.001 vs gel group. *P < 0.01 and P < 0.001 vs gel+miR-NC group. @@@p < 0,001 vs gel+miR-146a-5p group.

too short to adequately handle animal experiments. At a middle 17% concentration of the final formulation of poloxamer
407 hydrogel, the gelation time was 69.4 seconds, an appropriate time that was selected for further animal experiments.
Importantly, in vivo the topical administration of poloxamer 407 hydrogel is safe for skin applications,*® and multiple
poloxamer 407 hydrogel formulations with various active compounds have been developed for mucosal applications.*

In diabetes, progressive loss of lean body weight is a common problem, and body weight loss worsens further in the
presence of wounding. Wound healing is a hypercatabolic process because the inflammatory and proliferative phases of
wound healing are highly energy dependent.*> A previous study also showed that poorly healed wounds were associated
with significant weight loss in diabetic mice.** Using a single local injection method in a diabetic wound mouse model,

we previously showed that relative body weight loss (% of baseline) on the 14th days was —7.90% and —8.93% in the
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miR-146a-5p and mR-200b-3p groups, respectively.’” In this study, the relative body weight loss on the 14th day was
—8.05% and —6.47% in gel+146a-5p and gel+miR-200b-3p, respectively, suggesting that gel+miR-200b-5p achieved
a better protein-energy balance toward an anabolic state than gel+miR-146a-5p.

The cellular uptake of miRNAs is poor for their therapeutic applications. In addition, abundant nucleases in wound
tissues further compromise the efficacy of miRNA. The commercial transfection reagent lipofectamine is a catatonic
lipid-based reagent by encapsulating miRNAs within the lipid bilayer for efficient cellular uptake.** Our previous studies,
both in vitro and in vivo, also demonstrated the efficacy of miR-146a-5p and miR-200b-3p cellular transfection by
lipofectamine. 2627324447 The release of miRNA from hydrogels follows two phases. The initial rapid phase is caused by
hydrogel swelling due to water penetration into the hydrogel. The following slower, sustained phase is caused by the
gradual hydrogel degradation.*® Dai et al loaded two antagomiR-467a-3p and antagomiR-874-5p into extracellular
vesicles. They reported that 30% poloxamer 407 hydrogel formulation only released around 50% cumulative DiO-
labelled extracellular vesicle in 12 days.*’ In our study, the miRNAs were pre-complexed with lipofectamine to ensure
the miR-146a-5p and miR-200b-3p cellular uptake. The miRNA/lipofectamine complexes were then mixed with 17%
poloxamer 407 hydrogel scaffolds to prevent rapid clearance and degradation from diabetic wounds. The wound healing
efficacy of this simple formulation preparation is quite impressive.

In a proof-of-concept study, we initiated a single injection of miR-146a-5p and miR-200b-3p around the wound edges
on the Oth day. In that study, the wound area was significantly reduction on the 14th day, 13th and 12th in the miR-NC,
miR-146a-5p, and miR-200b-3p groups, respectively, compared with that on the Oth day.>® In this study, the treatment
frequency was increased to the Oth, 2nd, 4th, 6th, 8th, 10th, and 12th days by the topical application of poloxamer
407 hydrogel. This approach appeared to maintain the integrity and stability of miRNAs in wound tissues, as shown by
the wound healing acceleration in the gel+miR-146a-5p and gel+miR-200b-3p groups on the 8th and 6th day, respec-
tively, compared to that on the Oth day. Interestingly, the topical application of gel alone only reached statistically
significant healing on the 13th day compared to that on the Oth day, suggesting that gel alone as a wound dressing
material is not effective for wound healing improvement and that active compounds such as miR-146a-5p or miR-200b-
3p are needed. The early improvement and sustainability of wound healing acceleration in the gel+miR-200b-5p group
were further supported by its consistently reduced wound area compared to the gel group after the 4th day, when only
two treatments of gel+miR-200b-3p were administered. Compared to the single injection study with a wound area
reduction of 68.4% (% of Oth day) in the miR-200b-3p group on the 14th day,’” the benefit of treatment frequency
increase was further supported by the reduction of wound area to 28.5% (% of Oth day) in the gel+miR-200b-3p group on
the same 14th day in this study. In addition, granulation tissue thickness of the gel+miR-200b-3p group was also
significantly increased, as compared with that of the gel+miR-146a-5p group on the 14th day. These data suggest that the
topical application of gel+miR-200b-3p achieves better wound healing performance than gel+miR-146a-5p in diabetic
wounds, and the treatment frequency is an important factor in promoting wound healing.

Collagen types I and III are the main types of collagens present in the extracellular matrix. Collagen type I is a stiff
fibrillar protein that provides tensile strength to the skin, whereas collagen type III produces elastic strength.’® After the
inflammation phase wanes out, fibroblasts produce a large amount of collagen type III in the proliferative phase, and the
nascent collagen type III is replaced by collagen type I in the remodeling phase to increase wound strength.’’ In this
study, Colla2 gene expression on the 14th day was significantly increased by 1.553 times in the gel+miR-200b-3p group
compared to the gel group. These data suggested that the remodeling phase of wound healing was more effective in the
gel+miR-200b-3p group than the other three groups.

The excessive Nox1 and Nox4 expressions have been shown to play a detrimental role in diabetic complications in
several literatures. Zhu et al reported that Nox1-driven ROS activated protein kinase C by modulating the p38/p27
signaling pathway and causing deterioration of diabetic nephropathy.’* Harb et al reported that alagebrium (i.e., an AGE-
crosslink breaker) treatment reduced Nox1 expression and accelerated diabetic wound healing.>* Sangartit et al reported
that high-fat diet-induced type 2 diabetic mice exhibited an increase in Nox4 expression and tetrahydrocurcumin (i.e.,
a major metabolite of curcumin) treatment suppressed Nox4 expression to attenuate the severity of diabetic
nephropathy.>* We also reported that high-glucose/thrombin-stimulated human aortic endothelial cells (HAEC) exhibited
a significant increase in Nox4 expression, and miR-146a-5p attenuated the high glucose/thrombin-induced upregulation
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of Nox4 expression, ROS generation, and inflammatory phenotypes.?’ In this study, the gene expression of Nox-I and
Nox-4 in wound tissues was significantly decreased in the gel+miR-146a-5p and gel+miR-200b-3p groups. However, we
observed a greater reduction in the gene expression of Nox-/ and Nox-4 in the miR-200b-5p group than that in the miR-
146a-5p group. The reduced Nox-1 and Nox-4 driven ROS production in the miR-200b-3p group was further supported
by lower antioxidant HO-1 gene production to prevent excessive antioxidant activity. These data suggest that the efficacy
of gel+miR-200b-5p in wound healing is partially attributable to the stronger anti-ROS ability of gel+miR-200b-3p than
that of gel+miR-146a-5p.

IL-6 and IL-1B are important inflammatory mediators that are involved in acute wound healing."" In this study, the gel
+miR-200b-3p group showed a more significant downregulation of /L-6 and /L-1f gene expression than the gel+miR-
146a-5p group. Although both the gel+miR-146a-5p and gel+miR-200b-3p groups showed a significant decrease in
CD68 proteins compared to the gel and gel+miR-NC groups, the relative reduction in CD68 proteins was more obvious
in the gel+miR-200b-3p group (64.6% of gel group) than the miR-146a-5p group (75.9% of gel group). These data
demonstrated the advantage of gel+miR-200b-3p over gel+miR-146a-5p in decreasing tissue macrophages and pro-
inflammatory cytokines in diabetic wound tissues.

O-GIcNAcylation is an important post-translational modification process that regulates the activity of cellular protein
activity.”> The tissue levels of O-GlcNAcylation modifications are tightly controlled by OGT>® and an increase in cellular
O-GlcNAcylation levels has been implicated in the development of cardiovascular complications in diabetes.”>>’ We
previously reported that both miR-146a-5p and miR-200b-3p groups act as important post-transcriptional regulators of
OGT to exert the anti-inflammatory effect on endothelial cells of high-glucose-stimulated HAECs and db/db mice.***’
The current study showed a consistently larger reduction in /L-6, IL-1f, and OGT gene expression in the gel+miR-200b-
3p group than the gel+miR-146a-5p group, suggesting that the anti-inflammatory effect of gel+miR-200b-3p is partially
attributed to a significant downregulation of OGT expression in diabetic wound tissues.

When transiently present, early cellular senescence is crucial for normal wound healing response by regulating tissue
inflammation, fibrosis, extracellular matrix deposition, and epithelization for optimal wound healing.’®**° However,
persistent chronic inflammation increases premature cellular senescence in diabetes, and SASP factors further drive
inflammation aggravation to impair wound healing.”*** In addition, the paracrine effect of SASP factors can cause
a small number of primary senescent cells in diabetes to induce cellular senescence in anatomically distant sites and
cause an increase in the number of senescent cells, which further contributes to wound healing impairment.®® Wilkinson
et al reported that an increase in senescent cells was associated with p21 upregulation in diabetic mice compared to
young wild-type mice in an acute wound healing model.®’ Recently, Yu et al reported that skin biopsies of DFUs
increased the expression of CDKNIA (p21), CXCLS8, IGFBP2, IL1A, MMP10, SERPINE1, and TGFA compared with
that of uninvolved diabetic foot skin biopsies and they concluded that p21 is a key senescent regulator in DFUs.* These
findings suggest that p21 may be a potential therapeutic target in diabetic wounds. In this study, both gel+miR-200b-3p
and gel+miR-146a-5p significantly downregulated the gene expression of p2/ compared to gel and gel+miR-NC groups.
Notably, the present study demonstrated the superiority of gel+miR-200b-3p over gel+miR-146a-5p in decreasing the
expression of senescent marker p21 in diabetic wound tissues.

Both retinoblastoma protein (RB) and transcription factor p53 are key tumor suppressors. Following the activation of
p53 by a DNA damage response, p21 expression was upregulated by p53 activation. High levels of p21 can cause an
increase in RB-E2F transcription factor complex formation, resulting in the transcriptional repression of many cell cycle
genes to arrest the cell cycle.*! In this study, p53 expression was significantly lower in the gel+miR-200b-3p group than
that in the gel and gel+miR-NC groups. These data suggest that miR-200b-3p possesses a more potent anti-senescent
effect than miR-146a-5p and this anti-senescent effect is p53-dependent.

For the wound to heal, adequately controlled angiogenesis is necessary to provide new blood vessels within the
granulation tissues. However, angiogenesis is impaired in diabetic wounds owing to endothelial dysfunction.®® In
addition, recruitment of endothelial progenitor cells from bone marrow into the diabetic wounds are impaired.'®* In
a study using micro-computed tomography imaging technology, the vessel surface area, branch junction number, total
vessel length, and total branch number of diabetic mice were significantly lower than those of wild-type mice.®* Type
I collagen has been shown to stimulate angiogenesis by ligation of endothelial cell surface a1B2/a2p1 integrin receptors
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by its GFPGER (502-507) sequence in the type I collagen.® In this study, the superiority of the proangiogenic effect of
the miR-200b-3p group was consistent with its greater increase in Colla2 gene expression than that of the other groups.
Similar to our previous study with a single local injection treatment,*” the current study demonstrated that multiple
topical applications of gel+miR-146a-5p and gel+miR-200b-3p formulations increased angiogenesis in diabetic wounds.
Crucially, the pro-angiogenic effect of gel+miR-200b-3p was superior to that of gel+miR-146a-3p. The active component
of the FDA-approved Regranex ™ gel in 1997 was composed of 0.01% human recombinant platelet-derived growth
factor-BB (PDGF-BB), which promotes angiogenesis as a pro-healing mechanism.®® However, the pharmacological
concentration of Regranex™ (15 g/tube) is at least > 1000-times the physiological PDGF-BB level, which once caused
a warning label of an increased risk of cancer mortality in patients who require treatment with > 3 tubes of
Regranex ™.°7 In contrast to the potential tumorigenic potential of Regranex ™" the role of miR-200b-3p as a tumor
suppressor is clear.>' The multilevel efficacy of miR-200b-3p against impaired diabetic wound healing suggests that it is
an ideal adjuvant therapy for patients with DFUs.

Recent developments have focused on integrating various miRNAs into different gel dressings for wound healing
application. Sener et al conjugated miR-146a with cerium oxide nanoparticles (CNP) and incorporated the miR-146a/
CNPs into the zwitterionic cryogel. Their gel formulation promoted diabetic wound healing and reduced wound
inflammation in db/db mice.®® Wei et al prepared small miR-17-5p-engineered extracellular vesicles (sEVs) and
incorporated the sEVs into the gelatin methacryloyl hydrogel. Their hydrogel formulation accelerated diabetic wound
healing and promoted collagen deposition and angiogenesis by targeting p21 and phosphatase and tension homolog
(PTEN) in db/db mice.®® Like our study by utilizing poloxamer 407 hydrogel as a carrier dressing, other investigators
utilized it as a microRNA carrier for promoting wound healing. Li et al reported that liposome-formulated miR-132
mimics mixed with Pluronic® F-127 hydrogel (i.e., trade name of poloxamer 407) improved re-epithelialization of human
ex vivo skin wounds.”® Lou et al reported that miR-155-5p antagomir mixed with Pluronic® F-127 hydrogel promoted
diabetic wound healing and angiogenesis by enhancing growth differentiation factor 6 in db/db mice.”" In this study, we
provided the first evidence that miR-200b-3p hydrogel formulation can accelerate diabetic wound healing through
multiple mechanisms. The ease of preparation favors this kind of topical therapy as an adjuvant strategy for patients
with DFUs.

Current standard therapies of DFUs include surgical debridement, traditional inert dressings, wound decompression,
management of peripheral arterial vascular diseases, intensive glycemic control and infection treatments.”* Traditional
dressing such as dry gauze, cotton pads and bandages are effective to prevent wound contamination and absorb exudate.
However, they do not accelerate wound healing and tend to cause secondary damage to the healing granulation tissues
when the dressing is replaced.”® Our poloxamer 407-based hydrogel is a thermoresponsive hydrogel. The hydrogel in the
solution phase can completely cover the uneven surface of diabetic ulcers, even in a deep lesion cracking into the tendon
or capsule. The hydrogel in the gelation phase can create a physiological barrier to provide excellent insulation ability.
Besides, the addition of 1% glycerol helps to increase moisturizing ability. Most importantly, the addition of miR-200b-
3p as an active component of composite hydrogel dressing demonstrates its superiority in promoting wound healing.
When the dressing is replaced, the cold saline washing can help poloxamer 407 hydrogel removal to prevent secondary
damage. Based on the current study, we recommend that our miR-200b-3p composite hydrogel dressing is suitable in the
management for DFU patients with Wagner classification of grade 1 and 2.”* The incorporation of different microRNAs
into composite dressing is in the early stage. However, the excellent potential in accelerating diabetic wound healing in
a relatively short time by our miR-200b-3p formulation points to an important implication in clinical practice.
Specifically, the topical application of easily prepared miR-200b-3p formulation in patients with DFUs can transform
unhealed chronic wounds into healed wounds and lessen the further amputation risks and associated high medical costs.
Further clinical investigations are necessary to validate miR-200b-3p-based therapeutic applications.

In conclusion, the topical application of the miR-200b-3p poloxamer 407-based hydrogel shows a more promising
result in accelerating diabetic wound healing than the miR-146a-5p hydrogel. These therapeutic differences are attributed
to multiple pro-healing properties, including anti-oxidative stress, anti-inflammation, anti-senescence, and pro-
angiogenesis. Some of major limitations of the current study deserved mention. First, the db/db mouse is a small animal
model of type 2 diabetic mouse and it’s not clear whether the same miR-200b-3p hydrogel formulation is effective in the
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type 1 diabetes. Second, we do not evaluate our hydrogel formulation in the infected wounds. The small db/db mouse
wounds are relatively clean, which are completely different to many wounds of DFUs, a clinical scenario that is
frequently infected with multiple bacterial pathogens. Therefore, adequate debridement before application of miR-
200b-3p hydrogel formulation is necessary to avoid the detrimental effects of infections. Third, the off-target effects
of microRNA therapeutics potentially exist. Although we did not examine the inner organs, Li et al reported that local
injections with miR-132 mimics resulted in a significant elevation of miR-132 mimics in the skin wounds but no
discernible elevation in the inner organs such as liver, spleen, lungs and kidneys in db/db mice.”® The more body weight
gain and the better pro-healing properties of the miR-200b-3p group compared to the gel group suggested a low systemic
toxicity of the current hydrogel formulation. Our data suggest that the topical application of the miR-200b-3p formulation
with poloxamer 407 hydrogel is a feasible and effective treatment approach for patients with DFUs.
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