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ARTICLE INFO ABSTRACT

Keywords: Ferroptosis plays a crucial role in the progression of diabetic wounds, suggesting potential therapeutic strategies
Ferroptosis to target ferroptosis. Transient receptor potential ankyrin 1 (TRPA1) is a non-selective calcium channel that acts
TRPA1

as a receptor for a variety of physical or chemical stimuli. Cinnamaldehyde (CA) is a specific TRPA1 agonist. In in
vitro experiments, we observed that high glucose (HG) treatment induced endothelial cell ferroptosis, impairing
cell function. CA successfully inhibited endothelial cell ferroptosis, improving migration, proliferation, and tube
formation. Further mechanistic studies showed that CA-activated TRPAl-induced Ca?' influx promoted the
phosphorylation of calmodulin-dependent protein kinase II (CaMKII) and nuclear factor-E 2-related factor 2
(Nrf2) translocation, which contributed to the elevation of glutathione peroxidase 4 (GPX4), leading to the in-
hibition of endothelial cell ferroptosis. In addition, CA was incorporated into an MMP-9-responsive injectable
duplex hybrid hydrogel (CA@HA-Gel), allowing its efficient sustained release into diabetic wounds in an
inflammation-responsive manner. The results showed that CA@HA-Gel inhibited wound endothelial cell fer-
roptosis and significantly promoted diabetic wound healing. In summary, the results presented in this study
emphasize the potential therapeutic application of CA@HA-Gel in the treatment of diseases associated with
ferroptosis.

Diabetes mellitus
Wound healing
Hydrogel

1. Introduction one of the most severe complications of diabetes mellitus, which not
only severely affects the lives of patients but also imposes a heavy

Diabetes mellitus is a chronic metabolic disorder that has the po- economic burden on society [2]. A study suggested that vascular
tential to result in a range of severe complications [1]. Diabetic trauma is dysfunction due to a localized high-glucose (HG) environment was a
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major causative factor in delayed diabetic wound healing, but the spe-
cific pathological and molecular mechanisms required further investi-
gation [3].

Ferroptosis is a recently identified form of regulatory cell death
characterized by intracellular accumulation of free ferrous ions (Fe?h)
and lipid peroxides, which are iron-dependent [4,5]. Recent studies
have shown that when fibroblasts and vascular endothelial cells are
exposed to high glucose concentrations in vitro, they produce more
reactive oxygen species (ROS), lipid peroxidation products, and
ferroptosis-associated proteins, which leads to decreased migration and
survival [6]. Glutathione peroxidase 4 (GPX4) is crucial in scavenging
excess lipid peroxides and is a critical protein in regulating ferroptosis
[7]. In the HG environment, the content and activity of GPX4 protein are
significantly down-regulated in endothelial cells, leading to an excessive
accumulation of reactive oxygen species (ROS) and Fe?", which are
thought to be key triggers of ferroptosis [8]. The Nuclear factor
erythroid 2-related factor 2 (Nrf2) plays a significant role in the regu-
lation of cellular redox stability [9]. The progression of diabetic ne-
phropathy can be slowed by the up-regulation of Nrf2, which inhibits
the ferroptosis of renal proximal tubular cells [10]. Adipose stem
cell-derived exosomes overexpressing Nrf2 can accelerate skin wound
healing by improving diabetic wound angiogenesis [11]. A study has
demonstrated that Poliumoside prevents type 2 diabetes-associated
osteoporosis by inhibiting ferroptosis by activating the Nrf2/GPX4
pathway [12]. However, the effect of ferroptosis on vascular endothelial
cells and its role and mechanisms in diabetic wounds need to be further
investigated.

The transient receptor potential (TRP) ion channels are a group of
channel proteins that are found throughout the central and peripheral
nervous systems [13]. TRP channels act as a non-selective calcium
channel involved in calcium signaling under physiological conditions
[14]. Recent research has provided evidence that TRP channels are
present in various types of skin cells, such as melanocytes, keratinocytes,
and immune cells. These channels have been demonstrated to have a
variety of activities, including skin barrier regulation, hair development,
wound healing, inflammation, and itching [15,16]. TRP channels are
critical for angiogenesis and other endothelial activities [17]. TRPV1 is
involved in simvastatin-activated Ca?t influx in human microvascular
endothelial cells, which promotes angiogenesis in vitro [18]. Recent
research suggests that TRPV1 reduces M1 macrophage polarisation by
triggering Nrf2 nuclear translocation via calcium endocytosis to atten-
uate osteoarthritis [19]. TRPA1 and TRPV1 have similar cellular depo-
larizing and calcium influx effects [20]. Cinnamaldehyde (CA), a TRPA1
agonist, has been demonstrated to alleviate the functional impairment of
endothelial cells in the presence of high glucose through the activation
of Nrf2 [21,22]. The evidence above indicates that TRPA1 may be
implicated in diabetic wound healing by inhibiting endothelial cell
ferroptosis through the Nrf2/GPX4 pathway.

Hydrogels are a type of wound dressing designed to create a moist
environment for wounds, absorb exudates from tissue, and facilitate the
delivery of therapeutic drugs to expedite the healing process [23].
Stimulus-responsive drug-loaded hydrogels have garnered significant
interest in the biomedical domain in recent years due to their capacity to
react to external stimuli [24,25]. The overexpression of matrix
metalloproteinase-9 (MMP-9) in wounds is a significant contributing
factor that hinders the process of wound healing in individuals with
chronic diabetes [26-28]. Gelatin can be degraded in the presence of
MMP-9 [29]. HA hydrogels are widely used in bone regeneration,
arthritis, and wound healing because of their non-toxicity, good
biocompatibility, and injectability [30-32]. Based on the need for dia-
betic wound healing, we designed an MMP-9 responsive injectable
duplex hybrid hydrogel (HA-Gel) with the main components of oxidized
hyaluronic acid (HA-CHO) and hydrazide grafted gelatin (Gel-ADH).
The hydrogel was mixed with the drug CA and crosslinked into a gel
after local in situ injection into the wound site, which was shaped to fit
the wound. Then, under the action of MMP-9, gelatin degraded and
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continuously released CA, which inhibited the ferroptosis of traumatic
endothelial cells and accelerated the healing of diabetic wounds.

2. Materials and methods
2.1. Synthesis of oxidized hyaluronic acid (HA-CHO)

Oxidized hyaluronic acid is synthesized using sodium periodate as an
oxidizing agent. In this experiment, a total of 2g of sodium hyaluronate
(obtained from Shandong Focusfreda Biotech Co., Ltd., China) was
introduced into 200 mL of deionized water. Following that, a total of
1.2g of NalO4 (Aladdin, China) was introduced into the mixture and
fully dissolved. The solution was agitated at a speed of 600 revolutions
per minute (rpm) at ambient temperature for a duration of 24 h under
conditions of low light. Add glycol to neutralize any excess NalO4. Then,
the resultant solution was dialyzed in distilled water over 4 days to
eliminate residual NalO4 and by-products (MWCO: 8-14 kDa). Finally,
the product was lyophilized for 4 days and stored at 4 °C for further
characterization and usage.

2.2. Synthesis of hydrazide grafted gelatin (Gel-ADH)

In order to synthesize hydrazide-grafted gelatin (Gel-ADH), a
mixture containing 2g of gelatin and 2.3012g of adipic acid dihydrazide
(ADH, J&K Scientific) was dissolved in 200 mL of morpholine ethane-
sulfonic acid (MES, J&K Scientific). Following that, 0.5066g of EDC
(J&K Scientific) and 0.357g of HOBT (J&K Scientific) were added to the
solution. The mixture was subsequently agitated at ambient temperature
for a duration of 24 h. The resulting product was subjected to dialysis
(molecular weight cut-off 8-14 kDa) against distilled water for a dura-
tion of 5 days. Subsequently, the purified Gel-ADH was obtained by
freeze-drying.

2.3. Fabrication of the injectable HA-Gel hydrogel

The injectable HA-Gel hydrogel was synthesized by combining equal
volumes of HA-CHO and Gel-ADH, which were dissolved in a phosphate-
buffered solution, using a dual syringe. In order to generate different
concentrations of the injectable hydrogel, the Gel-ADH concentration in
the HA-Gel hydrogel was set at a constant value of 16 wt%. By contrast,
the concentrations of HA-CHO in the hydrogel were modified to 4 wt%,
6 wt%, and 8 wt%. The cinnamaldehyde (Selleck, China) was added to
the Gel-ADH solution before injection.

2.4. Morphology characterization

The HA-Gel hydrogel was rapidly frozen using liquid nitrogen in
order to maintain its morphology prior to lyophilization. Following the
application of uniform gold spraying, the cross-section images of the HA-
Gel were obtained using a scanning electron microscope (SEM).

2.5. Swelling ratio test

The measurement of the hydrogel’s swelling rate was conducted
using the gravimetric method. The hydrogel was immersed in
phosphate-buffered saline (PBS) at a temperature of 37 °C for a duration
of 24 h. Subsequently, any extra liquid was removed by gently blotting
the hydrogel with filter paper. The hydrogel was then accurately
weighed and identified as Wy for labeling purposes. The hydrogel un-
derwent freeze-drying and subsequent weighing and was subsequently
designated as Wy. The swelling rate of the hydrogel can be determined
using the following formula: swelling rate (%) = (Wg - Wq)/Wyq x 100.

2.6. Rheological characterization

The rheological analysis of the hydrogels composed of HA-Gel was
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conducted using a TA Discovery-2 Rheometer. The rheometer plates
were characterised by a diameter of 20 mm, with a constant gap of 3 mm
maintained between them. The rheometer was operated at a tempera-
ture of 37 °C. In the time scan test, the strain was maintained at a
constant level of 1 % and the frequency was set to 1 Hz. For the sub-
sequent experimental evaluation, the hydrogel samples underwent four
cycles in which they were exposed to alternating low strain (1 %, 120 s)
and high strain (200 %, 120 s) at a frequency of 1 Hz.

2.7. Invitro degradation

Briefly, degradation assessments were carried out in four distinct
solutions: (1) pure phosphate-buffered saline (PBS); (2) PBS containing
25 nM MMP-9; (3) PBS solution with 50 nM MMP-9; (3) PBS solution
with 100 nM MMP-9 (n = 3). The initial weight of all samples was
documented as Wy. At designated intervals (1, 2, 3, 4, and 5 days), the
hydrogel was removed from the solution, excess surface water was
eliminated, and the weight was measured and recorded as Wy. The
determination of the Gel weight curve was conducted utilising the
subsequent formula: Gel weight (% of original) = (Wy/Wj) x 100.

2.8. Cells and cell culture

The Human umbilical vein endothelial cells (HUVECs) were cultured
in a controlled environment at a temperature of 37 degrees Celsius and a
CO;, concentration of 5 %. The culture medium was DMEM/F12 (Gibco,
USA) supplemented with 10 % fetal bovine serum (FBS, Gibco, USA) and
1 % penicillin-streptomycin mixture.

2.9. RNA sequencing

RNA sequencing was conducted on HUVECs treated with HG or PBS
for a duration of 24 h. The extraction of total RNA was performed using
the standard TRIzol extraction method provided by Vazyme. The next
RNA sequencing was conducted using the Illumina NovaSeq X Plus
platform (Gene Denovo Biotechnology Co., Ltd, China). Subsequently, a
series of analytical techniques, including heatmap analysis, KEGG
enrichment analysis, and GSEA, were employed to investigate the dif-
ferential expression of genes. A significance level of p < 0.05 and a fold
change of >1.5 were used as the criteria for identifying up-regulated and
down-regulated genes.

2.10. Western blotting

Total proteins were extracted from HUVECs using RIPA buffer
(Beyotime, China) supplemented with 1 % protease and phosphatase
inhibitors. Nuclear and cytoplasmic proteins were isolated by Nuclear
and Cytoplasmic Protein Extraction Kit (Beyotime, China). The dena-
tured proteins were introduced into a 10 % Omni-Easy™ poly-
acrylamide gel and subjected to electrophoresis for approximately 60
min when the bromophenol blue (BPB) dye migrated to the bottom of
the gel. The gel was subsequently transferred onto a 0.22 pm PVDF
membrane (Millipore, Germany) that had been pre-stimulated with
methanol. The PVDF membrane was treated with ncmblot blocking
buffer (NCM, China) for 15 min. Subsequently, the PVDF membrane
underwent three washes with configured TBST. Following this, the
primary antibody was introduced into the incubation box and allowed to
incubate for a period of 2 h at room temperature. Subsequently, the
PVDF membrane underwent three washes with a prepared TBST solu-
tion. Following this, a diluted secondary antibody (1:5000) was intro-
duced into the incubation box. The box was then placed in a warped-
plate shaker and incubated for a duration of 2 h at a temperature of
25 °C. Finally, the enhanced chemiluminescence process was performed
using a Bio-rad Image Capture System.

242

Bioactive Materials 43 (2025) 240-254
2.11. RT-qPCR

First, the cell culture medium was aspirated, and sterile PBS was
employed to perform two rounds of cell washing. Subsequently, 500 pl
of RNA-easy Isolation Reagent (Vazyme, China) was introduced into
each well to facilitate the extraction of total cellular RNA. The concen-
tration of RNA was determined using a NanoDrop, and 1 pg of total RNA
was utilized for reverse transcription. The cDNA was obtained following
reverse transcription and subsequently diluted by adding a 5-fold vol-
ume of enzyme-free water. The cDNA, primers, enzyme-free water, and
gDNA wiper mix were combined in a 96-well PCR plate following the
instructions provided by the SYBR Green Q-PCR Kit (Vazyme, China).
The resulting PCR plate was then placed into a BioRad CFX96 instru-
ment for real-time quantitative PCR detection. The primer sequences can
be found in Supplementary Table S1.

2.12. JC-1 staining and FCM (flow cytometry) analysis

To assess the mitochondrial membrane potential of HUVECs, the
Beyotime JC-1 assay kit was used to evaluate depolarized cells. HUVECs
were mixed with the configured JC-1 staining procedure according to
the manufacturer’s instructions and then placed in a 37 °C cell culture
incubator for 20 min. At the end of the incubation, the cells were washed
twice with JC-1 staining buffer, stored in an ice bath, and then analyzed
by flow cytometry.

2.13. Tube formation assay

Tube formation experiments were conducted using ibidi p-Slide 15
well (Ibidi, Germany) with a Matrigel matrix (Corning, USA). The
HUVECs cell suspension was added to each well at an appropriate
density and subsequently incubated for a period of 6-10 h. Images of the
area of interest were captured using an optical microscope (Olympus,
Japan), and the branching and total branch lengths were quantified
using ImageJ (version 1.8.0).

2.14. EdU assay

The EdU test kit (Beyotime, China) was used to perform cell prolif-
eration experiments, following the manufacturer’s procedure. More
precisely, a solution containing HUVECs was initially introduced into a
96-well plate at a suitable concentration. Subsequently, the cells were
cultivated with EAU markers, fixed, rinsed, and made permeable. Sub-
sequently, the EAU reaction was conducted utilising the assortment of
chemicals supplied in the kit, while the nuclei were marked with
Hoechst 33342, a blue fluorescent dye capable of permeating viable
cells. Ultimately, the fluorescence microscope was utilized to obtain
equivalent fluorescence images by employing the red and blue channels.

2.15. Transwell and scratching assays

In the transwell migration assay, HUVECs were placed in 24-well
transwell chambers (Corning Incorporated, USA) at suitable densities.
Then, 1 mL of complete media was introduced to the bottom chamber.
Following a 24-h period of co-culture, the chambers were taken out and
treated with 4 % paraformaldehyde for fixation. They were then sub-
jected to crystal violet staining, and the migratory cells were captured
and quantified using a light microscope (Olympus, Japan).

In the scratching assay, cells were initially inoculated into a six-well
plate. Once the cell density reached 95 %, the cells were scratched using
a 200ul sterile plastic tip. Following this, the culture was sustained using
a low serum medium. Cell migration was captured by an optical mi-
croscope at different time points and was quantified by ImageJ (version
1.8.0).



C. Lin et al.
2.16. Cell cycle

HUVECs were inoculated into six-well plates at appropriate density
by adding different interventions. After 24 h of intervention, cells were
digested with 0.25 % trypsin and collected in 1.5 ml EP tubes, cells were
precipitated by centrifugation at about 1000g for 5 min, then 1 ml of ice-
bath pre-cooled 70 % ethanol was added and blown to mix, and then
stored overnight at 4 °C in a refrigerator. Finally, 0.5 mL of propidium
iodide staining solution was added to resuspend the cells and stored at
4 °C in an ice bath. Finally, cell cycle analysis was performed by flow
cytometry.

2.17. MDA assay

Malondialdehyde is a natural product of lipid oxidation in organ-
isms, and the Lipid Peroxidation MDA Assay Kit (Beyotime, China) can
detect the level of lipid peroxidation. Briefly, HUVECs were lysed with
cell lysate, centrifuged to obtain the supernatant, and then placed on ice
for temporary storage. Next, the MDA assay working solution and the
standards were configured to draw a standard curve. Finally, the
recorded absorbance of the sample is graphed in relation to the standard
curve to obtain the MDA concentration.

2.18. GSH assay

Intracellular GSH levels were determined using Boyetime GSH and
GSSG assay kits. The GSH working solution and standard were prepared
according to the manufacturer’s instructions. Following the steps in the
instructions, the working solution and standards were added to the
appropriate cells, and finally the absorbance of A412 was measured with
an enzyme marker, and the GSH concentration corresponding to this
absorbance was found on the standard curve.

2.19. BODIPY-C11

The lipid peroxidation level of human umbilical vein endothelial
cells (HUVECs) was assessed using the BODIPY 581/591C11 kit (Invi-
trogen, USA). After cell interventions, lipid peroxidation probes were
added at a final concentration of 10 pM at 37 °C and for 30 min.
Visualization was obtained through a laser confocal microscope (Nikon,
Japan).

2.20. Transmission electron microscope (TEM)

The morphological alterations of mitochondria in HUVECs were seen
using a transmission electron microscope. Following the treatment of
the cells, a 2.5 % glutaraldehyde solution was added to fix the cells,
which were subsequently stored in a refrigerator at a temperature of 4 °C
for the duration of the night. Subsequently, the cells underwent dehy-
dration, embedding, sectioning, and staining. The mitochondria were
visualised using a Hitachi HT-7800 transmission electron microscope
(TEM).

2.21. Immunofluorescence

Glass coverslips were placed in 24-well plates and then seeded with a
suspension of HUVECs at the appropriate density. The cells were then
fixed with 4 % PFA, the membrane was permeabilized with 1 % Triton X-
100, and blocked with 10 % goat serum. HUVECs were then incubated
with anti-NRF2 (Proteintech; rabbit mAb) primary antibody overnight
at 4 °C. Next, they were incubated with anti-rabbit IgG (Proteintech;
multi-rAb CoraLite® Plus 488, 1:1000 dilution) secondary antibody for
60 min. The cytoskeleton was then stained with Actin-Tracker Red-
Rhodamine (Beyotime, China). Ultimately, the nuclei were dyed with
DAPI (Solarbio, China). Images were acquired via a laser confocal mi-
croscope (Nikon, Japan).
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2.22. Diabetic mouse wound model and treatment

All animal experiments were approved by the Institutional Animal
Care and Use Committee of Tongji Medical College, Huazhong Univer-
sity of Science and Technology (HUST). In a brief way, male C57/6J
mice that were 8 weeks old were administered intraperitoneal injections
of STZ dissolved in 0.1 M citrate-phosphate buffer at a dosage of 50 mg/
kg. Blood glucose levels were monitored with blood glucose meters, and
diabetes was confirmed when levels exceeded 16.7 mmol/L. Mice were
maintained under diabetic conditions for an additional 4 weeks before
wounding was initiated. Anaesthesia was initiated with an intraperito-
neal injection of 0.3 % pentobarbital sodium at a dosage of 50 mg/kg,
which was then followed by the removal of hair from the back. Defect
sites were identified and delineated with a pen, and then standardised
full-thickness skin wounds (about 1 cm in diameter) were generated
along the designated areas using tweezers and fine scissors. The day of
wound creation was designated as day 0. Mice were randomly assigned
to four groups: DM, DM + CA, DM + HA-Gel, and DM + CA@HA-Gel.
Wound surfaces were examined on days 0, 3, 7, 10, and 14.

2.23. Histological analysis

The wound tissue’s dermal layer was collected on the 7th and 14th
days following the surgery and preserved using a 4 % PFA solution. After
dehydration with ethanol, the tissue was embedded in paraffin for
sectioning, with a thickness of 4 pm. Subsequently, the specimen un-
derwent staining with H&E and Masson’s trichrome for the purpose of
tissue examination.

2.24. Statistical analysis

The data were analyzed using IBM SPSS Statistics 22.0 and were
given as the mean value plus or minus the standard deviation (SD). The
statistical significance of the data was assessed using the Student’s t-test
and one-way analysis of variance (ANOVA), with a P-value less than
0.05 indicating a significant difference.

3. Result

3.1. The diabetic microenvironment induces endothelial cell ferroptosis in
vivo

In order to examine the potential mechanism underlying the process
of diabetic wound healing, we developed a mouse model of diabetes by
subjecting the mice to a high-fat diet for a duration of 4 weeks and
subsequently administering a low dosage of streptozotocin (STZ) via
injection. Following this, we proceeded to create a full-thickness wound
measuring 1 cm in diameter on the back of the mouse. (Fig. 1A). Wound
size was measured on days O, 3, 7, 10, and 14. As shown in the gross
images, wound healing in the diabetes mellitus (DM) group was signif-
icantly slower than in the control group (Fig. 1B-C). By day 14, wounds
in the DM group had healed to approximately 50 % of their original size,
whereas wounds in the control group had completely healed. We also
collected wound tissue samples for histologic analysis on days 7 and 14
post-injury. Masson’s trichrome staining was used to evaluate the
deposition and remodeling of collagen fibers in the wound. As shown in
Fig. 1D and G, the DM group showed less collagen deposition and fiber
rearrangement than the control group on days 7 and 14. In addition, we
used a panoramic view of H&E staining to evaluate wound size in the
control and DM groups on days 7 and 14. Similar to the gross wound
observations results, the scar widths in the DM group were significantly
larger than those in the control group (Fig. 1E and H).

GPX4 is a lipid hydroperoxidase that decelerates lipid peroxidation
and is an essential regulator of ferroptosis [33]. MMP9 is a matrix
metalloproteinase (MMPs) highly expressed in diabetic wounds [34].
New blood vessel formation, which CD31 marks, plays an essential role
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Fig. 1. The diabetic microenvironment induces endothelial cell ferroptosis in vivo. (A) A diagram illustrating the diabetic mellitus model created using a combi-
nation of high-fat diet (HFD) feeding and low-dose streptozotocin (STZ) injection. The red squares in the figure indicate the duration of processing. (B) Representative
macroscopic pictures of wound healing and closure traces. Scale bar: 2.5 mm. (C) Quantitative analysis of wound closure on days 0, 3, 7, 10 and 14 of control and DM
groups. (D) Representative photographs of Masson’s trichrome staining and (G) statistical evaluation of collagen-occupied area. Scale bar: 50 pm. (E) A representative
panoramic view of H&E staining and (H) quantitative analysis of scar width was used in each group. Scale bar: 1 mm. (F) Representative immunohistochemical
images of MMP-9, CD31, GPX4. Scale bar: 50 pm. (I) Western blotting (WB) images of wound tissues with (J) statistical evaluation of the expression level of GPX4.
(K-M) Quantitative analysis of immunohistochemistry of MMP-9, CD31, GPX4. The results are shown as the mean =+ standard deviation (SD), with a sample size of n
= 3. The symbols *P < 0.05, **P < 0.01, and ***P < 0.001. Each group contained three mice.

in wound healing. Here, we performed immunohistochemical (IHC)
analysis of GPX4, MMP9, and CD31 in wound tissue. Quantitative
analysis revealed an obvious increase in MMP-9 expression and a
reduction in GPX4 and CD31 expression in the DM mice (Fig. 1F and
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K-M). Western blotting (WB) analysis of wound tissue also showed that
GPX4 expression was significantly decreased in DM mice (Fig. 11 and J).
These findings suggest that the diabetic microenvironment induced local
inflammation and ferroptosis of endothelial cells in vivo.
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3.2. HG treatment activates ferroptosis and suppresses TRPA1 expression
in endothelial cells

To further investigate the molecular mechanism of HG-induced fer-
roptosis in endothelial cells, RNA sequencing was conducted to identify
the genes that exhibited differential expression between the control and
HG groups. After 24 h of treatment with HG, a total of 956 genes that
exhibited differential expression (fold change >1.5 and P value < 0.05)
were identified, of which 483 were upregulated, and 473 were down-
regulated (Fig. 2A). Furthermore, we conducted an analysis of the RNA
sequencing data and carried out pathway enrichment analysis using the
Kyoto Encyclopaedia of Genes and Genomes (KEGG) database. As ex-
pected, the ferroptosis pathway indicated significant changes based on
differentially expressed genes. Surprisingly, we also found differential
changes in TRP channels (Fig. 2B). Subsequently, the application of gene
set enrichment analysis (GSEA) provided additional evidence that the
ferroptosis pathway exhibited significant enrichment and activation. In
contrast, TRP channels were significantly enriched but inhibited
(Fig. 2C-D). To verify the RNA sequencing results, we performed RT-
qPCR. Among the genes related to TRP channels, the expression of
TRPA1 was most significantly downregulated (Fig. 2E). High glucose-
induced ferroptosis downregulated trpal expression in endothelial
cells. According to the published literature, activation of trpal reversed
high glucose-induced endothelial dysfunction [21]. Therefore, we

A
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—
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hypothesized that activation of trpal could

glucose-induced endothelial cell ferroptosis.

alleviate high

3.3. TRPA1 alleviates HG-induced ferroptosis in endothelial cells

Cinnamaldehyde (CA) is a specific TRPA1 agonist whose hypogly-
cemic and hypolipidemic effects have been extensively evaluated in
several animal studies [35-38]. We investigated its potential role in
HG-induced ferroptosis. To determine the potential toxicity of CA in
vitro, we exposed HUVECs to different concentrations of CA solution and
found that it was harmless to the cells at CA concentrations up to 100
uM. Furthermore, we examined the effect of CA on HUVECs in HG
environment, and our results showed that 30 uM concentration of CA
significantly increased the activity of HUVECs. Therefore, we chose this
concentration for the following experiments (Fig. S1). Liproxstatin-1
(Lip-1) is a ferroptosis inhibitor that alleviates lipid peroxide accumu-
lation [39]. We used the C11-BODIPY lipid peroxidation probe to
characterize the role of TRPAL1 in cellular ferroptosis. The C11-BODIPY
results showed that endothelial cells exposed to the HG environment
exhibited significant lipid peroxidation (fluorescence shifted from red to
green), and CA and Lip-1 treatment effectively counteracted this effect
(Fig. 3A and J). Glutathione (GSH) and malondialdehyde (MDA) are
important indicators of lipid peroxidation [40]. In response to HG
stimulation, there was a significant decrease in GSH activity
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accompanied by a marked increase in MDA production, and this change
could be reversed by CA and Lip-1 (Fig. 3C-D). Ferroptosis was also
accompanied by marked changes in mitochondrial morphology and
mitochondrial dysfunction [41]. Transmission electron microscopy
(TEM) results showed that mitochondria showed obvious morphological
changes (mitochondrial atrophy, reduction or disappearance of mito-
chondrial ridges, and increase of membrane density) after HG treatment.
In contrast, HG-induced mitochondrial morphological changes were
alleviated by CA and Lip-1 intervention (Fig. 3B). JC-1 is a probe used to
measure the mitochondrial membrane potential. When the mitochon-
drial membrane potential is high, JC-1 forms aggregates in the matrix of
mitochondria. However, when the mitochondrial membrane potential is
low, JC-1 remains in its monomeric form and does not aggregate in the
matrix of mitochondria. Flow cytometry (FCM) results showed that JC-1
monomer was significantly lower in the CA and Lip-1 groups compared
with the HG-treated group (Fig. 3E-F). Finally, further analysis of
Western blotting showed that TRPA1 and GPX4 were upregulated in the
presence of CA and Lip-1 (Fig. 3G-I). The above results suggested that
CA-activated TRPA1 can reverse HG-mediated ferroptosis in endothelial
cells.
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3.4. TRPA1 alleviates HG-induced dysfunction of endothelial cells

We further investigated the effects of TRPA1 on the proliferation,
migration, tube formation, and cell cycle of HUVECs. Our results
confirmed that under the influence of HG, EdU-positive cells were
significantly reduced, and fewer cells were in the S phase. Interestingly,
CA and Lip-1 treatment reversed the HG-induced reduction of EdU-
positive cells (Fig. 4A-B), resulting in more cells in the S phase
(Fig. 4J-K). The above results indicated an increase in newly synthesized
DNA in cells, confirming that CA alleviated the inhibitory effect of HG on
cell proliferation. The results obtained from Western blotting analysis
also demonstrated that HG treatment led to a decrease in the expression
levels of CyclinD1, CyclinD3, and VEGF in HUVECs. Similarly, the HG-
induced reduction in protein expression was counteracted by treat-
ment with CA and Lip-1 (Fig. 4C and S2). Subsequently, we found
similar results in the scratching assay (Fig. 4D-E) and migration assay
(Fig. 4F and H). In addition, the tube formation assay results showed
that the CA and Lip-1 groups exhibited more branching and total branch
lengths under HG conditions compared with the HG group, suggesting
that CA could alleviate the detrimental effects of HG on angiogenesis in
HUVECs (Fig. 4G and D). In conclusion, our data emphasized that CA-
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activated TRPA1 alleviated HG-induced dysfunction of HUVECs.

3.5. TRPA1 promotes Nrf2 nuclear translocation and inhibits ferroptosis
of endothelial cells

The above results prompted us to investigate further how TRPA1
inhibits ferroptosis in HUVECs. The role of Nrf2 in ferroptosis has

A
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recently received considerable attention [12,42,43]. Under typical cir-
cumstances, the Nrf2 protein is found in the cytoplasm as part of the
Nrf2/Keapl complex. However, when activated, Nrf2 separates from the
complex and moves to the nucleus, activating various genes involved in
antioxidant and anti-inflammatory responses [44]. Thus, we conducted
an investigation into the nuclear localization of Nrf2 subsequent to the
activation of TRPA1l using immunofluorescence techniques. In the
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CA-treated group, we observed a significant nuclear translocation of
Nrf2 compared to the control and HG groups (Fig. 5A). Analysis of
Western blotting results showed a decrease in nuclear Nrf2 in the HG
setting. TRPAl activation induced by CA treatment significantly
increased nuclear Nrf2 but not cytoplasmic Nrf2 (Fig. 5B-D), confirming
our hypothesis that TRPA1 activation affects Nrf2 nuclear translocation.
However, administration of the Nrf2-specific inhibitor ML385 signifi-
cantly decreased nuclear Nrf2 under TRPA1 activation (Fig. 5A-D).
These results suggested that Nrf2 mediates TRPA1l signaling
downstream.

Subsequently, an investigation was conducted to determine the ne-
cessity of Nrf2 in the inhibition of ferroptosis mediated by TRPA1 in

>

Control
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HUVECs.C11-BODIPY results showed that lipid peroxide accumulation
by HG treatment could be alleviated by TRPA1 activation through CA
treatment, which was partially blocked by ML385 (Fig. 5E and I). The
same results were observed in GSH and MDA measurements and flow
cytometry of JC-1. (Fig. 5F-H and J). These results revealed the mech-
anism of action of CA-activated TRPA1, which primarily involved the
nuclear translocation of Nrf2, thereby inhibiting ferroptosis in HUVECs.
Collectively, these results suggested that TRPA1 activation inhibited
ferroptosis in HUVECs through activation of the Nrf2 signaling pathway.
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3.6. TRPAI1-mediated CaMKII activation facilitates Nrf2 nuclear
translocation

As a non-selective calcium channel, TRPA1 provides a pathway for
calcium ions (Ca?") to enter the cell. Calcium ions play a crucial role as
second messengers in organisms and participate in a diverse range of
cellular signaling pathways [45]. Therefore, we hypothesized that Nrf2
nuclear translocation might be regulated by TRPAl-mediated Ca®*
influx. Using the Ca?* probe Fluo-4 AM, we found that CA significantly
enhanced the fluorescence intensity of intracellular Ca?*. The intracel-
lular fluorescence intensity was attenuated considerably after using
EGTA (a calcium ion chelator), suggesting that CA could activate
TRPA1, leading to Ca®" influx. (Fig. 6A-B). CaMKII is a downstream
molecule of Ca?* signaling that exerts physiological functions through
phosphorylation and participates in various signaling pathways. We
hypothesized that CaMKII may mediate signaling between Nrf2 and
Ca2". Western blotting results showed that HG treatment resulted in a
decrease in p-CaMKII and a significant decrease in the p-CaMKII/CaMKII
ratio. The p-CaMKII/CaMKII ratio was significantly increased by CA

Bioactive Materials 43 (2025) 240-254

treatment, suggesting that CaMKII was activated upon CA treatment.
GPX4 showed a similar trend (Fig. 6C-E). KN-93, a competitive inhibitor
of p-CaMKI], significantly decreased the p-CaMKII/CaMKII ratio upon
CA activation while significantly decreasing the nuclear translocation of
Nrf2 (Fig. 6C and G-I). In addition, the same results were observed in
Nrf2 immunofluorescence (Fig. 6F). In conclusion, the above experi-
mental results demonstrated the effect of Ca®t/CaMKII-mediated acti-
vation of TRPA1 on Nrf2 nuclear translocation.

3.7. Characterization of HA-Gel hydrogel

CA-activated TRPA1 can restore endothelial cell function by inhib-
iting ferroptosis. However, local injection of CA is prone to loss and
difficult to maintain at the wound site, limiting its clinical application. In
order to achieve sustained and effective delivery of CA to the wound, we
developed an injectable hydrogel utilising natural hyaluronic acid (HA)
and gelatin (Gel) as a carrier for CA. The synthesis of hydrazide-grafted
gelatin (Gel-ADH) and oxidized hyaluronic acid (HA-CHO) was carried
out, followed by the addition of CA to the Gel-ADH solution. The two
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solutions were then mixed in equal volumes via a dual syringe to form a
CA-loaded hydrogel that could be adapted to a variety of wound shapes
and sizes. Due to the rapid Schiff base reaction between the hydrazide
group of Gel-ADH and the aldehyde group of HA-CHO, our HA gel
hydrogel was able to achieve rapid gelation. Subsequently, an exami-
nation was conducted to assess the impact of varying concentrations of
HA-CHO on the HA-gel hydrogels. Based on the scanning electron mi-
croscopy (SEM) images, it is evident that all three groups of HA-gel
hydrogels exhibited interconnected porous structures. Furthermore, it
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can be observed that the density of the pores increased as the concen-
tration of HA-CHO increased (Fig. 7A-B). The swelling ratio experi-
ments showed that the swelling ratio of HA-gel hydrogels decreased as
the concentration of HA-CHO increased (Fig. 7C). A high swelling ratio
enhances the capacity to absorb wound exudate and guarantees efficient
filling of the wound. In addition, we also performed the rheological
mechanical test, and the results showed that different concentrations of
HA-CHO had no significant effect on the modulus of the HA-Gel
hydrogels (Fig. 7D).
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Given this information, we have selected the HA-Gel hydrogel, which
is composed of 4 % HA-CHO and 16 % Gel-ADH, as the carrier for the
following tests. We tested the shear thinning properties of HA-Gel
hydrogels (Fig. 7E). The results showed that the HA-Gel hydrogel
could cycle between “high strain” (200 %, G’>G") and “low strain” (1 %,
G’>G"), indicating that the hydrogel had a good self-healing function.
Gelatin is a well-defined substrate for matrix metalloproteinases
(MMPs). Therefore, we tested the degradation properties of HA-Gel
hydrogels in vitro using MMP-9 (Fig. 7F). The findings indicated that
even at lower concentrations, MMP-9 had a notable impact on acceler-
ating the degradation rate of HA-Gel hydrogels. Diabetic wounds are
often accompanied by excessive local inflammation, so MMP-9-
responsive HA-Gel hydrogels degrade faster and continue to release CA.

We then tested the biocompatibility of HA-gel hydrogels in vivo and
in vitro. H&E staining showed no histological abnormalities in the heart,
lung, liver, spleen, and kidney in the HA-Gel group, indicating that the
hydrogel was not significantly toxic (Fig. 7G). We then performed cell
live/dead staining of HA-Gel-treated HUVECs or NIH3T3 and found
none of the cell morphologies were significantly different (Fig. 7H and
S3). Taken together, these results demonstrated that HA-Gel hydrogels
had excellent biocompatibility.

3.8. CA@HA-Gel accelerates diabetic wound healing in vivo

Subsequently, we investigated whether CA-activated TRPA1 could
accelerate diabetic wound healing in vivo. We created a circular full-
thickness skin defect wound (diameter ~ 1 cm) on the back of diabetic
mice with PBS (DM group), CA alone (DM + CA group), and HA-Gel
alone (DM + HA-Gel group) as controls. As shown in Fig. 8A-C,
wounds treated with CA@HA-Gel (DM + CA@HA-Gel group) were
significantly shrunken compared with wounds treated with PBS, CA, and
HA-Gel at the time of observation at day 3. At day 14, the area of the
wounds treated with CA@HA-Gel was reduced by approximately 95 %,
whereas the area of the wounds treated with PBS, CA, and HA-Gel was
decreased by only 46 %, 83 %, and 51 %, respectively. In addition, we
used H&E-stained panoramas of the wounds on days 7 and 14 to assess
the size of the wounds in the different subgroups (Fig. 8D and G). The
results showed that in the CA@HA-Gel treatment group, the wound size
was reduced to approximately 2 mm on day 7, and the wound was
almost completely closed on day 14. These results are consistent with
the gross wound healing images, wound closure traces, and quantitative
analysis shown in Fig. 8A-C. Next, we stained the wound tissue on days
7 and 14 with Masson’s trichrome to obtain high-magnification maps of
the wound edges to assess collagen fiber deposition and remodeling.
Histological analysis showed that CA@HA-Gel significantly increased
collagen fiber deposition in the wound tissue compared with other
groups (Fig. 8E and H). Meanwhile, we also took the wound tissues of
mice in each group on day 7 for Western blotting, which showed that
adding CA significantly increased the expression of Nrf2 and GPX4
proteins (Fig. 8F and K). Immunohistochemical staining of the wounds
for GPX4 was consistent with Western blotting (Fig. 81-J). These results
indicated that treatment with CA and CA@HA-Gel inhibited diabetic
wound ferroptosis, whereas PBS and HA-Gel did not attenuate diabetic
wound ferroptosis. Finally, we collected wound tissues from the 4
groups on day 7 for angiogenesis and collagen deposition assays. We
observed that CA@HA-Gel treatment significantly upregulated the
expression of CD31, a-SMA, and COL1Al, followed by the DM + CA
group (Fig. 81-J and L-N). These results indicated that CA@HA-Gel
treatment could promote neovascularization in diabetic wounds. The
aforementioned in vivo experimental findings indicated that the pro-
longed release of CA of CA@HA-Gel had the potential to enhance the
healing of diabetic wounds by suppressing ferroptosis and restoring
angiogenesis in wounds.
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4. Discussion

The wound healing process is divided into 4 dynamic and over-
lapping phases: hemostasis, inflammation, proliferation, and remodel-
ing. The process is closely linked to cell migration, proliferation,
extracellular matrix deposition and tissue remodeling [46]. A large body
of evidence suggested that diabetes has a detrimental effect on wound
healing in the form of persistent inflammation of the wound, impaired
angiogenesis, delayed healing, and wound infection [3,47-49]. Recent
studies have implicated ferroptosis in the pathogenesis of diabetic
wounds [6,8,50]. In the present study, we obtained a diabetic mouse
model by HFD feeding and low-dose STZ injection. Consistent with these
studies, we found that GPX4 expression was down-regulated in diabetic
wounds, suggesting the presence of ferroptosis in the wounds. Also, we
found delayed healing of diabetic wounds, reduced neovascularization,
and less collagen fiber deposition and remodeling.

TRP channels are widely expressed in various types of skin cells [15].
Recent research has indicated that TRP channels have a significant
impact on the process of angiogenesis [17,18]. Previous studies have
documented that TRPV1 inhibits the polarisation of M1 macrophages by
triggering Nrf2 nuclear translocation through the influx of Ca* [19].
TRPA1 and TRPV1 have similar calcium influx effects [20]. Further-
more, adipose stem cell-derived exosomes overexpressing Nrf2
improved diabetic wound angiogenesis [11]. Several studies have
indicated the role of the Nrf2/GPX4 pathway in inhibiting ferroptosis in
diabetes-related diseases [12,51,52]. However, the regulatory role of
TRPA1 in diabetic wounds, especially on Nrf2/GPX4-mediated ferrop-
tosis in endothelial cells, remains unknown. Our experimental results
suggested that TRPAl-induced Ca?" influx enhanced CaMKII phos-
phorylation, which in turn activated Nrf2 nuclear translocation, leading
to upregulation of GPX4, inhibition of ferroptosis in HUVECs, and ulti-
mately reversal of HG inhibition of HUVEC proliferation, migration, and
tube formation.

CA, an active ingredient in cinnamon and a TRPA1-specific agonist,
is now receiving increasing attention for its role in treating diabetes [53,
54]. The standard mode of administration for this type of small-molecule
drug is a local injection [12], which makes it difficult to realize its full
efficacy due to its rapid clearance. Hydrogel is widely used in tissue
repair due to its good biocompatibility [55]. The capacity of responsive
hydrogels to react to internal and external stimulus conditions,
including biochemical signals and physical stimuli, has garnered sig-
nificant interest in the domain of tissue repair and regeneration in recent
years [24,56,57]. Therefore, we designed an MMP-9-responsive inject-
able duplex hybrid hydrogel loaded with CA in this experiment. When
CA@HA-Gel was applied to diabetic wounds, CA was continuously
released by the inflammatory response. The experimental results
demonstrated that the hydrogel displayed favorable biocompatibility
and effectively suppressed vascular ferroptosis in diabetic wounds,
promoting collagen deposition, neovascularization, and wound healing.

5. Conclusion

Collectively, our findings indicate that TRPA1 serves as a significant
candidate for the inhibition of endothelial cell ferroptosis in the context
of diabetic wound healing. Specifically, CA-activated TRPA1 inhibited
ferroptosis of HUVECs through the Ca%*/CaMKII/Nrf2/GPX4 signaling
pathway, which enhanced endothelial cell migration, proliferation, and
tube formation. Meanwhile, based on the characteristics of diabetic
wounds, we designed an MMP-9 responsive injectable duplex hybrid
hydrogel as a carrier for CA, which effectively filled different wound
shapes and responded to the release of contents. In conclusion, this
research offers a promising and novel therapeutic approach to expedite
the healing process of diabetic wounds.
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