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Wound healing constitutes a sophisticated biological cascade involving inflammation resolution, tissue regeneration, and extracellular matrix remodeling. Yet it remains a pressing clinical challenge—particularly in refractory cases such as diabetic ulcers, severe burns, and drug-resistant infected wounds (Wang et al., 2023a; Wang et al., 2023b). Against the backdrop of a growing global burden of diabetes, age-related wounds, and traumatic injuries, the development of innovative and translatable wound management strategies has never been more urgent (Wang et al., 2024). This Research Topic brings together 12 selected contributions—comprising 9 original research articles, 2 comprehensive reviews, and 1 thought-provoking opinion piece—each tackling critical unresolved Research Topic in wound care through cutting-edge advances in biomaterial engineering, bioactive compound development, and mechanism-driven therapeutic design.
Two review articles provide foundational frameworks for key research domains in this Research Topic. The first addresses the emerging threat of antibiotic-resistant Cutibacterium acnes by systematically evaluating phytochemicals as promising therapeutic alternatives. It highlights compounds such as resveratrol—a polyphenolic antioxidant derived from plants like Smilax, peanuts, and berries—and punicalagin, detailing antibacterial mechanisms including membrane disruption, lipase inhibition, and redox homeostasis regulation, which collectively offer effective antimicrobial action with reduced adverse effects (Sun et al.). The second review underscores the unique biological properties of silk proteins, sericin and fibroin, which exhibit high biocompatibility, low immunogenicity, and significant immunomodulatory capacities—such as promoting macrophage M2 polarization and modulating cytokine release—thereby supporting their broad applicability in advanced wound dressings and tissue regeneration (Tian et al.).
Complementing these reviews, an opinion piece highlights the broad biomedical potential of cold atmospheric pressure plasma in areas such as sterilization, wound care, and even cancer therapy, attributing its bioactivity to a rich mixture of reactive species, charged particles, and ultraviolet radiation (Li et al.). However, the article also notes a critical limitation in burn wound treatment: the desiccating effect of high gas flow rates and the emission of harmful UV radiation contradict the established principles of moist wound healing, thereby restricting its therapeutic utility.
The Research Topic further presents nine original research articles that introduce innovative, mechanism-driven solutions for wound repair. In the realm of biomaterial engineering, one study reports a novel double-cross-linked PDGA hydrogel (comprising polyacrylamide, dopamine-grafted sodium alginate, glycidyl methacrylate-grafted gelatin, and Angelica sinensis polysaccharide), which rapidly forms in situ, acts as a protective barrier, and accelerates healing through rapid hemostasis, enhanced cell proliferation, collagen deposition, and angiogenesis (Liu et al.). Another study combines biomaterials with stem cell-derived exosomes by constructing rIGF1-enriched exosomes delivered via a silk fibroin–collagen hydrogel, effectively promoting annulus fibrosus wound repair and attenuating intervertebral disc degeneration in rats by stimulating cell proliferation and migration (Tian et al.).
To address bacterial infection-related impairments, a multifunctional nanoplatform (P(H)ZPAg) was developed by embedding palladium hydride into a ZIF-8 framework, modifying its surface with polydopamine, and generating silver nanoparticles in situ. This system enables synergistic antibacterial action through controlled hydrogen release, photothermal conversion, and Ag+ activity, collectively accelerating wound healing in infected models (Wang et al.). Separately, a traditional herbal formula (BaDuShengJi San) was reformulated into a stable carbomer-based hydrogel, which significantly enhanced its antibacterial efficacy (MIC 64 μg/mL), accelerated diabetic wound re-epithelialization by 40%, and reduced its inherent renal toxicity (Zhang et al.).
Beyond biomaterial innovations, several studies focus on bioactive compounds and peptides. Nervonic acid, a key component of myelin and nerve cell membranes, was shown to uniquely synchronize neurogenesis and angiogenesis, enabling holistic repair of both neural and vascular tissues (Liu et al.). Thymoquinone, a natural quinone, enhanced skin flap survival by 44% through dual regulation of SIRT1/NF-κB-mediated pyroptosis and pro-angiogenic activity, providing a synergistic countermeasure to ischemia-reperfusion injury (Yang et al.). The human antimicrobial peptide LL37, the sole cathelicidin-derived peptide in humans, not only exerts broad-spectrum microbicidal and immunomodulatory effects but also acts as a potent angiogenic agent by activating the VEGFA-PI3K/AKT/mTOR pathway, suggesting new translational avenues from antimicrobial to ischemic wound therapy (Yang et al.). Another investigation revealed that narirutin, a citrus-derived flavonoid, accelerates diabetic wound healing by reprogramming macrophage metabolism via the AMPK/Mfn2 axis, shifting energy metabolism from glycolysis to oxidative phosphorylation, promoting M1-to-M2 polarization, and resulting in a 58% improvement in wound closure (Liu et al.).
In preclinical therapeutic development, the combination of sodium houttuyfonate with penicillin G demonstrated strong synergy against MRSA-infected wounds, reducing bacterial load by 91% and lowering key inflammatory cytokines (IL-6, TNF-α) by 50% in rat models, offering a viable alternative for combating drug-resistant infections (Li et al.).
Collectively, this Research Topic offers a holistic perspective on current advances in wound management. The two review articles establish essential background, the opinion piece provides a critical outlook on antibacterial technology, and the nine original research papers deliver actionable, mechanism-based solutions. We extend our gratitude to all contributing authors for their rigorous work and to the editorial team for their dedicated efforts. It is our hope that this Research Topic will foster cross-disciplinary collaboration, accelerate the translation of novel strategies into clinical practice, and, ultimately, improve outcomes for patients suffering from refractory wounds.
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Rapid tissue reconstruction in acute and chronic injuries are challengeable, the inefficient repair mainly due to the difficulty in simultaneous promoting the regeneration of peripheral nerves and vascular, which are closely related. Main clinical medication strategy of tissue repair depends on different cytokines to achieve nerves, blood vessels or granulation tissue regeneration, respectively. However, their effect is still limited to single aspect with biorisk exists upon long-time use. Herein, for the first time, we have demonstrated that NA isolated from Malania oleifera has potential to simultaneously promote both neurogenesis and angiogenesis in vitro and in vivo. First, NA was identified by NMR and FTIR structural characterization analysis. In a model of oxidative stress in neural cells induced by hydrogen peroxide, the cells viability of RSC96 and PC12 were protected from oxidative stress injury by NA. Similarly, based on the rat wound healing model, effective blood vessel formation and wound healing can be observed in tissue staining under NA treatment. In addition, according to the identification of nerve and vascular related markers in the wound tissue, the mechanism of NA promoting nerve regeneration lies in the upregulation of the secretion NGF, NF-200 and S100 protein, and NA treatment was also able to up-regulate VEGF and CD31 to directly promote angiogenesis during wound healing. This study provides an important candidate drug molecules for acute or chronic wound healing and nerve vascular synchronous regeneration.
Keywords: nervonic acid, natural product, neural regeneration, angiogenesis, wound repair

1 INTRODUCTION
The therapy process of wound includes continuous and complex phases and suffering from a variety of adverse factors, particularly chronic wound such as non-healing diabetic ulcer present one of the most difficult therapeutic challenges in the clinical practice, which is due to excessive oxidative stress, multiple infections, poor neuropathy, and angiopathy (Brazil et al., 2019). Emerging evidence suggests that therapeutic strategies for the promotion of neurogenesis in wound can beneficially accelerate wound healing. However, neurogenesis is not an independent event, and it is tightly mediated by both complicated molecular mechanisms from surrounding neural and non-neural cells. The cellular crosstalk between neural cells and vascular endothelial cells (ECs) plays a key role in neurogenesis (Marrella et al., 2018; Gilbert-Honick and Grayson, 2020). ECs can promote neurogenesis by supporting the high metabolic demands of neural cells, and the bioactive molecules released by the neuroepithelium can also drive the growth and maturation of blood vessels (Marenzana and Arnett, 2013; Chen et al., 2015; Das et al., 2020; Guo et al., 2020; Mi et al., 2021). Both neural cells and ECs constitute a “neurovascular niche” that enhances cell function and accelerates wound healing. Previous studies have confirmed that insufficient vascularization and innervation can lead to delayed tissue regeneration (Fan et al., 2023). Therefore, therapeutics with efficacy in both promoting nerve and angiogenesis might be an important and new key to the rapid tissues and organs regeneration.
However, current tissue regeneration drugs are insufficient in promoting the combination of neurovascular networks to induce vascularization and innervation. In addition to debridement and maintaining a wound environment conducive to healing, various strategies including growth factor and gene delivery as well as cell therapy have been used to enhance the healing of non-healing wounds (Kim et al., 2019). Tissue repair drugs such as vascular endothelial growth factor (VEGF) or nerve growth factor (NGF) delivery approaches in regenerative medicine have a short half-life in the body (Levy et al., 1998), because they are rapidly degraded by proteases and subsequently inactive (Huang et al., 2007), they are quickly eliminated when used alone, and high concentrations can have significant side effects on the human body (Tayalia and Mooney, 2009; Simón-Yarza et al., 2012). As a result, few drugs can specifically promote nerve regeneration and angiogenesis and have significant therapeutic effects on both.
Nervonic acid (NA) has been found to be clinically critical in nerve development and regeneration. It is the fundamental component of the white matter, myelin and cell membranes of nerve fibers, supplementing the glial cell differentiation and myelin regeneration. By combining with sphingoside to form sphingolipid, NA plays the indispensable roles in maintaining the development of nerve cells (Amminger et al., 2012; Kageyama et al., 2018; Lewkowicz et al., 2019; Song et al., 2022) and promoting the repair and regeneration of nerve fibers in damaged tissues (Dhobale et al., 2011; Li et al., 2019). Increasing researches have shown that NA are associated with many neurological diseases such as demyelinating diseases, multiple sclerosis (Lewkowicz et al., 2019; Terluk et al., 2022), Alzheimer’s disease (Astarita et al., 2011), Parkinson’s disease (Amminger et al., 2012; Vozella et al., 2017), cognition (Song et al., 2022), mood symptoms (Kageyama et al., 2018; Kageyama et al., 2021), cardiovascular death (Delgado et al., 2017) and even obesity (Keppley et al., 2020). Various nerve damages cause the NA biosynthesis defects that further induce myelin synthesis disorders, thus leading to abnormal nerve regeneration and impaired axon signal transduction (Love, 2006; Alizadeh et al., 2015; Phung et al., 2023). Accordingly, the administration of external NA has the potential in accelerating the nerve repair and regeneration in wound by promoting the repair of myelin and axons (Gerstl et al., 1972; Ledeen et al., 1973; Nave, 2010; Plemel et al., 2017; Kremer et al., 2019). Although the regeneration of blood vessels is closely related to the recovery of nerve function, direct evidence on the effect of neurotropic drugs such as neuronic acid on angiogenesis is still insufficient. It is hypothesized that neuronic acid could first reconstruct the vascular network by repairing the nerve, and investigated its direct promotion effect on vascular regeneration, confirming its prospect of realizing the promotion of wound repair and healing.
Currently, NA can be purified from plant, while its therapeutic efficacy and application prospect are urgent to be identified. However, the scientific evidence for their effectiveness in wound repair, the peripheral nerve repair and angiogenesis is still very limited.
Herein, we have demonstrated for the first time that NA from Malania oleifera has potential to simultaneous promote both neurogenesis and angiogenesis in vitro and in vivo (Figure 1), and location of its physiological mechanism has been investigated. It is expected to provide the scientific evidence for the therapeutic use of NA, as well as identify new effective drug candidate for initiating both nerve and blood vessels regeneration for the complete repair of injured tissues or organs.
[image: Illustration showing a diagram of cellular and molecular processes related to neuronal repair. The top panel depicts interactions involving neurons, Schwann cells, and reactive oxygen species (ROS) with hydrogen peroxide. The process leads to either cell death or survival, proliferation, and differentiation. The bottom panel highlights a mouse model with zoomed-in sections illustrating axon regrowth and tissue healing, involving proteins like S100 and factors like VEGF. Nervonic acid (NA) plays a role in this process, depicted by lines and symbols illustrating its pathway and effects on healing and cell dynamics.]FIGURE 1 | NA accelerate the repair of nerve injury by promoting schwann cells proliferation and nerve growth factor secretion, and stimulate new blood vessels formation by up-regulating the angiogenesis related growth factors levels.
2 MATERIALS AND METHODS
2.1 Materials
NA (cis-15-Tetracosenoic acid, purity ≥ 99%, CAS No: 506-37-6) was obtained from Yunnan Beimu Biotechnology Co., LTD. Major extraction method: the M. oleifera kernels are dried, crushed and sieved before being put into a Soxhlet extractor. Then the petroleum ether was added and extracted in a 75°C constant temperature water bath for 7 h. After filtration, the filtrate was distilled. The obtained garlic kernel oil was saponified for 8 h in cold storage, and the pH was adjusted to 2 to obtain the mixed crude solution of neural acid. The concentrated crude neurotic acid was added to absolute ethanol, heated and stirred to fully dissolve, and the purified neurotic acid was obtained by fast dry column chromatography.
Normal saline (0.9%, sterile, CAS No: 7647-14-5) and dimethyl sulfoxide (DMSO, purity ≥ 99.9%, CAS No: 67-68-5) were acquired from Beijing Solarbio Technology Co., Ltd. (Beijing, China). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), penicillin, streptomycin, and trypsin were obtained from Gibco BRL (Gaithersburg, MD). H&E staining and Masson’s trichrome staining kit were purchased from Wuhan BiochiDu Biotechnology Co., Ltd. NGF anti-mouse antibody and buffered paraformaldehyde were purchased from Sigma, Inc. (MO, United States). NF-200 (18934-1-AP) and S100 (15146-1-AP) anti-mouse antibody and buffered paraformaldehyde were purchased from Proteintech Group, Inc. (Wuhan, China). CD31 (ab182981) anti-mouse antibody and buffered paraformaldehyde were purchased from Abcam, Inc. (Wuhan, China). VEGF (BA0407) and TGF-β (BA0290) anti-mouse antibody and buffered paraformaldehyde were purchased from Boster, Inc. (Wuhan, China). Horseradish peroxidase (HRP)-labeled (5220-0364) goat anti-mouse antibody and buffered paraformaldehyde were purchased from SeraCare, Inc. (Beijing, China). Hydrogen peroxide solution (500 mL, 3%) was purchased from Sinopharm Chemical Reagent Co., Ltd. and stored at room temperature. All other reagents were of analytical grade.
2.2 Methods
2.2.1 Cell culture
Human neuroblastoma cells PC12 (as a neuronal model, were obtained from the Cell Resource Center of Shanghai Institute of Biological Science, Chinese Academy of Science) and rat Schwann cells RSC96 (as a Schwann cell model, were obtained from the Cell Resource Center of Shanghai Institute of Biological Science, Chinese Academy of Science) were cultured in Dulbecco’s modified Eagle’s medium (DMEM). Both cell culture media were supplemented with 10% fetal bovine serum (FBS). Cells were maintained in the cell standard incubator at 37°C in a humidified atmosphere of 5% CO2.
2.2.2 Cell viability and proliferation tests
Cell viability was evaluated by using cell counting kit-8 (CCK-8) (AR1160-500, Boster, Wuhan, China) according to the manufacturer’s instructions. About 5,000 cells of PC12 and RSC96 cells were seeded in a 96-well plate per cell and cultured for 24 h. NA of different concentrations (0, 25, 50, 75, 100, 125, 150, 175, 200 μM) were added into each well in pentaplicate. 12 μM and 15 μM of H2O2 or NA of different concentrations (0, 10, 20, 40, 60, 80, 100, 125, 150, 175, 200 μM) were added into each well in pentaplicate. After incubation for 24 h, the cells were washed by PBS (pH = 7.4) and the culture medium was replaced with 100 μL fresh medium containing 10 μL CCK-8 solution, and incubated at 37°C for 1 h. Finally, the OD value was measured at 450 nm by a microplate reader (Multiskan FC, Thermo Fisher instruments Co., Ltd., United States) and the relative cell viability was presented as percentage of control.
2.2.3 Skin nerve injury in animal model
All animal-related procedures were reviewed and approved by the Animal Advisory Committee at Zhejiang University (ZJU20170733). Sprague–Dawley rats (8 weeks old) were supplied by Zhejiang University Experimental Animal Center, China. 6 rats were included in each investigational group, prior to wound modeling, each rat was assigned a unique identifier, and the hairs on the back of the rats were shaved and removed. The rats were anesthetized by intraperitoneal injection of 30 mg/kg pentobarbital sodium and the dorsal back skin was sterilized by topical application of 10% w/w povidone-iodine solution, followed by washing three times with sterile water. Skin excisions (20 mm × 20 mm) were made by excising the skin within the confines of the square down to the level of subcutaneous panniculus carnosus. Following surgery, rats were monitored during recovery daily to record wound closure. In the experiment, the rat wounds were treated by: 1) 0.2 mL PBS in 10% DMSO, 2) 0.2 mL NA suspension at a concentration of 5 mg/mL in 10% DMSO, 3) 0.2 mL NA suspension at a concentration of 25 mg/mL in 10% DMSO. The rats were given the drug every other day for 18 days and their weight changes were continuously recorded.
2.2.4 Immunofluorescence staining
Paraffin sections (5 μm) were deparaffinized in xylol and then rehydrated in a graded alcohol series. Endogenous peroxidase was inhibited using 3% H2O2 in methanol for 10 min. The sections were washed with distilled water and then soaked in 0.01 M citrate buffer for epitope retrieval. The sections were washed three times with PBS and incubated with 5% bovine serum albumin at room temperature for 20 min. The samples were subsequently incubated with FITC-conjugated secondary antibodies for 2 h, followed by incubation with DAPI solution (3 μg/mL) for nucleic staining. For immunofluorescence staining, primary antibodies against S100 (1:200, PROTEINTECH GROUP, 15146-1-AP), NF-200 (1:200, PROTEINTECH GROUP, 18934-1-AP), NGF (1:500, Sigma, MO, United States), CD31 (1:1,000, Abcam, ab182981), VEGF (1:200, Boster, BA0407) and TGF-β (1:200, Boster, BA0290), and HRP-labeled anti-rabbit secondary antibodies (1:200, SeraCare, 5220-0364) were used. The cells were observed and photographed under a fluorescence microscope (Olympus BX61) by using Olympus Soft Imaging Solution software (analysis Caseviewer-3DHISTECH Ltd.).
2.2.5 H&E staining
After dewaxing, sections were washed, followed by the addition of hematoxylin (Wuhan BiochiDu Biotechnology Co., Ltd.) for staining for 5 min, hydrochloric acid aqueous solution for 2 s and ammonia aqueous differentiation solution (Wuhan BiochiDu Biotechnology Co., Ltd., B1004) for 15–30 s, and then washed. The slices were dehydrated with 95% alcohol and then stained with eosin solution (Wuhan BiochiDu Biotechnology Co., Ltd.) for 5–8 s. After dehydration and sealing, the slices were observed under microscope.
2.2.6 Masson’s trichrome staining
The reconstituted skin samples, which include full-thickness skin layers, were fixed in 4% paraformaldehyde and processed according to standard procedures for routine light microscopy. The processed tissues were embedded in paraffin. Then, 5 μm sections were stained with Masson’s trichrome stain according to the protocol and were examined and photographed by the Leica image analysis system (Leica, Germany).
2.2.7 Wound healing rate
The wound area was measured on days 0,3, 7, 11, 15 and 19 after the trauma by tracing the wound margin and was calculated using an image analysis program (ImageJ, NIH, MD, United States). The date of complete wound closure was recorded and the wound healing time (WHT) was calculated accordingly.
2.2.8 Structural characterization of NA
The solvent used for NMR analysis is DMSO-d6 ((CD3)2S = O). A range of 20–25 mg of the sample was dissolved in this solvent and analyzed on a Bruker 600 MHz NMR spectrometer using five different modes: 1H experiment, 13C experiment with decoupling, 1H-1H COSY ex-periment, 1H-13C multiplicity edited HSQC with gradient selection BF1 ≤600 MHz, and 1H-13C HMBC with gradient selection, and these five modes were scanned and tested. A Nicolet infrared spectrometer (iS 50 FTIR; Nicolet, Glendale, WI, United States) was used to acquire FTIR spectra of NA. A droplet of oil sample was applied onto the Platinum ATR at a temperature of 25°C. Wavenumber ranged from 4,000 to 400 cm−1 for 16 scans.
2.2.9 Statistical analysis
Statistical analyses were performed with GraphPad Prism 10.1 (GraphPad Software Inc., CA). All data were reported as the mean ± SEM. Student’s t test was used to compare two groups. Two-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test was performed for multiple comparisons. Value p < 0.05 was considered as differences. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ImageJ software was used for quantification of images.
3 RESULTS
3.1 The structural characterization of NA from Malania oleifera
To identify the NA which were isolated and purified from the M. oleifera, 1H and 13C NMR analysis was first performed. 1H-NMR of the NA sample (Supplementary Figure S1) reveals a peak at 11.92 ppm, which corresponds to the carboxyl protons of various fatty acid compounds. The peaks at 5.26 ppm are attributed to the NA. In the spectrum, the signal at 3.42 ppm is from solvent water, while the peak at 2.51 ppm corresponds to protons in the solvent DMSO. The high field range of 0.81–2.13 ppm displays several peaks associated with different saturated alkyl C-H protons of fatty acids. Specifically, the relatively high field signals at 2.13 and 1.94 ppm are attributed to alkyl protons near the carboxyl group, while the -CH3 proton signal appears at 0.81 ppm. The majority of remaining alkyl protons are represented by a strong signal at 1.20 ppm 13C-NMR of the NA compound (Supplementary Figure S2) reveals a peak at 174.72 ppm, attributed to the carboxyl carbons of NA. Multiple peaks near 129.77 ppm correspond to the olefin carbon signals of NA. The peak at 40.21 ppm represents the carbon signal from DMSO. In the high field range of 14–35 ppm, several peaks correspond to saturated alkyl carbon signals, reflecting the saturated carbons in different long-chain fatty acids. The signals at 34.10 and 31.87 ppm are attributed to alkyl carbons near the carboxyl and olefin groups, while the carbon signal for -CH3 appears at 14.16 ppm. A significant number of alkyl carbons are concentrated in the 20–30 ppm range, consistent with the characteristic features of NA 13C-NMR. Consequently, the NMR spectra provide reliable structural information confirming the presence of NA.
In addition, the FTIR analysis was performed to obtain structural evidence and information about functional groups and to determine if there was NA. The FTIR spectrum of the combined treatment samples in the region of 4,000-500 cm-1 are shown in Supplementary Figure S3. The peaks observed at 2,918 cm-1 correspond to functional group hydrogen bond stretching. Specifically, they are indicative of -OH stretching vibrations found in saturated carbon and the symmetric stretching vibrations of the aliphatic CH2 groups present in NA. The carbonyl stretching vibration of the carboxylic acid in NA produces a distinct peak at 1,690 cm-1. The peak observed at 1,473 cm-1 is associated with the -C=C- double bond in NA. The -OH of carboxylic acid has two relatively strong and wide bending vibration absorption peaks at 1,400 cm-1 and 936 cm-1, which can be used as further evidence to determine the existence of carboxylic acid structure. The peak at 717 cm-1 was attributed to the vibration of the disubstituted olefins cis-HC = CH, which overlapped with the vibration of CH2. This structural information is similar to molecular data by FTIR, previously reported in other study (Gao et al., 2024). In-dept comparison of these signals indicated that the extracts match the chemical structures present of NA.
3.2 The promotion of NA on nerve regeneration
3.2.1 The protection and anti-oxidative stress effects of NA in nerve cells in vitro
SCs are glial cells that have been extensively investigated in the context of nerve repair and are recognized as the typical targets for nerve injury therapy. Maintaining the physiological function of neurons and SCs is particularly important in the process of wound nerve repair. The biocompatibility of NA on nerve cells at different concentrations was first investigated by measuring the cell viability of PC12 and RSC9 under normal culture conditions. It can be seen that NA was not cytotoxic to PC12 (Figure 2A1) and RSC96 (Figure 2A2) cells at concentrations of 0–200 μM.
[image: Bar graphs show cell viability percentages at different concentrations of nervonic acid. Panels a₁ and a₂ depict high viability across treatments with no significant differences. Panels b₁ and b₂ indicate significant decreases in viability at higher concentrations, highlighted by asterisks indicating statistical significance. Each bar represents a mean with standard error.]FIGURE 2 | The protection and anti-oxidative stress effects of NA in PC12 and RSC96. (A1,A2) The influence of NA on the cell viability of PC12 (a1) and RSC96 (a2). (B1,B2) The influence of NA on oxidative stress of PC12 (b1) and RSC96 (b2) damage caused by hydrogen peroxide. Statistical significance is indicated as nsp ˃ 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus the DMSO group and the hydrogen peroxide group (M).
Furthermore, in order to study the protective effect of NA on nerve cells and SCs under oxidative stress, the PC12 and RSC96 were treated with H2O2 at concentration of 0–35 μM for 24 h, respectively, to initially construct a H2O2-induced injury mode. According to the cell viability by CCK8 method, NA was found to show protective effects on PC12 under 80–125 μM H2O2 (Figure 2B1) and RSC96 at 150–200 μM H2O2 (Figure 2B2), which indicated that NA can avoid the damage of nerve cells from oxidative stress caused by hydrogen peroxide.
3.2.2 The activation and repair effect of NA on nerve cells in vivo
Neurofilament protein NF-200 is a cytoskeleton protein of nerve cells, which can completely display the morphology and distribution of the entire nerve cells, including the nucleosome, nerve dendrites and axons of neurons. S100 is a specific protein of the nervous system that reflects the activity and damage of glial cells. Therefore, the expression level of NF-200 and S100 around the wound were characterized to show the degree of Schwann cell activation and the neuronal cell repair effect. On the 11th day, the integrated density of NF-200 (Figures 3B1–B3) of the NA high group (p < 0.001) group (Figure 3B4) were significantly higher than the control group. Meanwhile, the integrated density of S100 (Figures 3A1–A3) of both the NA low group (p < 0.001) and NA high group (p < 0.0001) group (Figure 3A4) were significantly higher than the control group. NA has the ability to promote the activation of SCs in the early stage of wound repair, and promote the repair process of neurons in a certain dose dependent manner.
[image: Two sets of microscopy images are shown under "Control," "NA low," and "NA high" conditions. The top row features red markers labeled S100, and the bottom row features green markers labeled NF-200. Beneath are graphs a₄ and b₄ displaying integrated densities, with significant differences marked by asterisks. The graphs depict higher densities under "NA high" conditions compared to "Control" and "NA low," with statistical significance indicated. Scale bars are present in each image.]FIGURE 3 | The promotion of NA for the expression of NF-200/S100 in vivo. (A1–A3) Immunofluorescence staining indicating the S100 expression in the healed skins on 11 days post-treatment. (A4) The semi-quantification of S100 in vivo on day 11. (B1–B3) Immunofluorescence staining indicating the NF-200 expression in the healed skins on 11 days post-treatment. (B4) The semi-quantification of NF-200 in vivo on day 11. Statistical significance is indicated as nsp ˃ 0.05, ***p < 0.001, ****p < 0.0001 versus the Control group.
3.2.3 The promotion of NA for the expression of NGF and TGF-β in vivo
The application of neurotrophic factors was considered to be an effective therapy for the wound peripheral nerve injuries, as they support the regeneration of axons and formation of new myelin sheaths. NGF is the prototype for the neurotrophin family of polypeptides, which are essential for the development and survival of certain sympathetic and sensory neurons in both the central and peripheral nervous systems. The TGF-β was shown to stimulate angiogenesis, fibroblast proliferation, myofibroblast differentiation, and matrix deposition. Experimentally, on the 11th day, the integrated density of NGF (Figure 4A1) and TGF-β (Figure 4B1) in control group maintained at a low level, which indicate the natural expression of NGF was prevented by the wound. By contrast, both the integrated density of NGF (Figures 4A3, A4) and TGF-β (Figures 4B3, B4) in high NA group were significantly higher than the control group. Therefore, NA increased the expression of NGF and TGF-β in the early stage of wound, these results present evidence for the promotion of NA in the accelerated regeneration of neural cells.
[image: Six-panel image showing microscopic views and bar graphs. Top row: Images labeled NGF for Control, NA low, and NA high show increasing intensities of red fluorescence. Bottom row: Images labeled TGF-β for Control, NA low, and NA high display increasing intensities of green fluorescence. Two bar graphs below depict integrated density values for each condition. The NGF graph shows significant differences between groups, marked with asterisks, with NA high displaying increased values. The TGF-β graph also shows significant differences, with NA high showing increased values compared to others. Scale bars are 50 micrometers.]FIGURE 4 | The promotion of NA for the expression of NGF and TGF-β in vivo. (A1–A3) Immunofluorescence staining indicating the NGF expression in the healed skins on 11 days post-treatment. (A4) The semi-quantification of NGF in vivo on day 11. (B1–B3) Immunofluorescence staining indicating the TGF-β expression in the healed skins on 11 days post-treatment. (B4) The semi-quantification of TGF-β in vivo on day 11. Statistical significance is indicated as nsp ˃ 0.05, ***p < 0.001, ****p < 0.0001 versus the Control group.
3.3 The promotion of NA for the expression of CD31 and VEGF in vivo
The formation of new capillaries in the original blood vessel network is a key process of wound healing. CD31 is a marker of angiogenesis and can reflect the remodeling of neovascularization, and VEGF has the ability to induce the regeneration of existing blood vessels or the growth of new blood vessels. Therefore, the CD31 and VEGF expression were detected through immunohistochemical staining. As shown in Figure 5, the integrated density of CD31 in NA low group was up-regulated, and the level in NA high group was significantly higher than the NA low and control group (Figures 5A1-A4). Similarly, the integrated density of VEGF in both NA low group and high group were significantly higher than the control group (Figures 5B1-B4). There results indicate that NA also has the ability to increase the expression of CD31 and VEGF in wound healing, thereby promoting skin angiogenesis.
[image: Fluorescent microscopy images and bar charts comparing CD31 and VEGF expression under different conditions: control, low norepinephrine (NA), and high NA. CD31 is shown in red (a1-a3), and VEGF in green (b1-b3). Bar charts (a4, b4) display integrated density, indicating increased expression with high NA, alongside statistical annotations. Scale bars and significant differences are noted.]FIGURE 5 | The promotion of NA for the expression of CD31 and VEGF in vivo. (A1–A3) Immunofluorescence staining indicating the CD31 expression in the healed skins on 11 days post-treatment. (A4) The semi-quantification of CD31 in vivo on day 11. (B1–B3) Immunofluorescence staining indicating the VEGF expression in the healed skins on 11 days post-treatment. (B4) The semi-quantification of VEGF in vivo on day 11. Statistical significance is indicated as nsp ˃ 0.05, ****p < 0.0001 versus the Control group.
3.4 The promotion of NA on angiogenesis and tissue repair in vivo
No postoperative adverse effects, such as infection, pyogenesis, or body fluid effusion were observed in the animals during the experiment. The wound closure rates on days 0d, 3d, 7d, 11d, 15d and 19d were determined by the percentage of wound surface covered by healed skin and are shown (Figures 6A-D). Briefly, all wounds demonstrated gradual healing, but notably, both the NA low and high group obtained a significantly smaller wound area than the control group from day 11, which indicate that NA has the ability to accelerated the wound closure.
[image: Sequential images of wound healing over 19 days across three groups: NA high, NA low, and control. Visible improvement is noted as days progress. Below, a bar graph shows wound healing rates (%) with days on the x-axis and healing rates on the y-axis. NA high demonstrates notably faster healing compared to NA low and control groups, with statistical significance indicated by asterisks.]FIGURE 6 | Wound closure under different treatment in vivo. (A1–A6) Representative images of skin wound healing of NA high on 0, 3, 7, 11, 15, 19 days. (B1–B6) NA low on 0, 3, 7, 11, 15, 19 days. (C1–C6) Control on 0, 3, 7, 11, 15, 19 days. (D) Wound healing rates at different time points of Control, NA low and NA high groups. Statistical significance is indicated as **p < 0.01, ***p < 0.001, ****p < 0.0001 versus the Control group.
In addition, the wounds and surrounding skin of rats were collected at 11th and 19th days. The results of H&E staining (Figure 7A1–A3) and Masson staining (Figure 7B1–B3) for 19d indicated that the distribution of angiogenesis in the skin of rats in NA low group was significantly increased, and the level of angiogenesis was higher than that in the control group. At the same time, angiogenesis increased significantly with the increase of NA dose, and it was found that the NA high group had better cuticle repair than the other two groups.
[image: Histological images showing tissue samples in two rows with three columns. The top row (HE) depicts samples from control, NA low, and NA high treatments, showing variations in staining intensity. Blue and red arrows indicate specific areas of interest. The bottom row (Masson) shows similar tissue samples with distinct blue and red staining patterns. Green arrows highlight certain regions, suggesting differences in fiber content or structure across control, NA low, and NA high treatments. Scale bars are present for reference.]FIGURE 7 | H&E (A1–A3) and Masson (B1–B3) staining of healed skin on day 19 post-treatment. The green arrows indicate the blood vessel, the blue arrows indicate the epidermis and the red arrows indicate the skin appendages.
4 DISCUSSION
Acute and chronic wounds undergo multiple stages of healing, especially chronic and refractory wounds such as diabetic ulcers, which are often challenged by excessive oxidative stress, inflammation, and infection, leading to adverse neuropathy and vascular damage, delaying the efficiency of healing. The “neurovascular niche” is a novel theory to guide the treatment of acute and chronic wounds, and the cellular crosstalk between nerve cells and vascular endothelial cells may represent a complex physiological mechanism that needs further study to elucidate. In this study, based on individual nerve cell protection experiments, NA has been proven its unique effect in protecting nerve cells against oxidative stress and maintain nerve cell homeostasis, promoting SCs activation and nerve fiber repair, which is consistent with the reported functions of NA (Guo et al., 2022). The mechanism is closely related to growth factors such as NGF, TGF-β and they are really upregulated owing to the NA treatment. Correspondingly, the expression of neurofilament protein, a marker of nerve fibers, also increased significantly, and there was a high colocalization phenomenon with S100 expression (Qian et al., 2023), indicating that the presence of NA also increased the activity of SCs in the peripheral nervous system, which promotes myelin repair and axon regeneration at skin wounds. At the same time, in the rat wound healing model, angiogenesis was indeed promoted by NA which is regard as a neuro-promoting drug. Based on previous studies that mentioned in section “introduction,” the bioactive molecules released by the neuroepithelium can also drive the growth and maturation of blood vessels, the secretions such as NGF following the reconstruction of nerve function are promising to help angiogenesis. The important role and mechanism of NA in promoting angiogenesis was shown for the first time. It is worth noting that both VEGF and CD31 were found to be significantly increased in parallel with neural-related markers in wounds, suggesting that NA has the potential to directly promote angiogenesis in acute and chronic wounds, and the angiogenesis is not caused by bioactive molecules after nerve reconstruction. Owing to the promotion of NA in constituting “neurovascular niche,” NA also showed a significant promoting effect on the comprehensive wound repair. These results further prove and suggest the great potential of NA in initiating the complete repair of organs and tissues by promoting the regeneration of both blood vessels and nerves, and provides a promising new drug candidate for tissue/organ comprehensive repair and functional reconstruction.
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The excessive proliferation of Cutibacterium acnes (C. acnes) is an important reason for the occurrence of acne vulgaris, and genetic detection ratio of C. acnes in acne is as high as 60.5%. Until now, the treatment of C. acnes is mainly limited to antibiotics, but some strains of C. acnes produce antimicrobial resistances, making it difficult for clinical treatment. Additionally, antibiotics can cause severe adverse effects. Therefore, more and more people are paying attention to phytochemicals. It is well known that plants can synthesize a range of secondary metabolites, named phytochemicals, part of which have antibacterial properties. Additionally, the main advantages of phytochemicals are that they have good efficacies and less side effects, so they are suitable choices for medical treatment. This review mainly discusses the effects and mechanisms of phytochemicals against C. acnes.
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1 INTRODUCTION
Acne vulgaris (AV) is a chronic inflammatory disease of the pilosebaceous unit. The 2010 Global Burden of Disease Study found that AV ranked eighth in the common disease sequelae, with a global prevalence of 9.38% (Vos et al., 2012). Based on a systematic review and meta analysis about relevant studies published between 1 January 1996 and 30 September 2016, the overall pooled prevalence rates of acne in Mainland China were 39.2% (Li et al., 2017). AV is common in adolescents and can be identified by their facial lesion (Silverberg and Silverberg, 2014). It is mainly manifested as a series of clinical signs related to swelling, inflammation or scarring of sebaceous gland units (Ayer and Burrows, 2006), which can be divided into noninflammatory skin lesions (comedones) and inflammatory skin lesions. Noninflammatory lesions include open comedones (blackheads) and closed comedones (whiteheads). Inflammatory lesions can range from papules or pustules to nodules or cysts, and finally scar formation, which is the result of inflammation of the acne dermis, and these processes tend to occur on the face, neck, chest, and back of AV patients (Titus and Hodge, 2012). There are four primary factors in the pathogenesis of acne, which interact with each other to produce acne lesions, including inflammatory mediators released into the skin; alteration of the keratinisation process leading to comedones; sebum production by the sebaceous gland; and colonization by C. acnes (Thiboutot et al., 2009). The occurrence of acne may not cause serious harm physically, but it will cause psychological trauma to teenagers, causing low self-esteem, anxiety, social inhibition and depression (Williams et al., 2012).
Cutibacterium acnes is closely related to the occurrence of acne. The facial acne lesions of 375 acne patients were collected and 227 acne patients were isolated from C. acnes. The positive ratio of C. acnes was 60.5% (Zhu et al., 2019). Cutibacterium acnes is a lipophilic Gram-positive facultative anaerobic bacterium, possessing a typical appearance of corynebacterium, coarse and irregular short branched structure under microscope (Ahle et al., 2023). Excessive proliferation of C. acnes-induced Toll-like receptor (TLR)-2 and protease-activated receptors expressed in keratinocytes activate innate immunity, inducing the production of inflammatory factors and matrix metalloproteinases in early and advanced acne lesions (Williams et al., 2012). Cutibacterium acnes also stimulates increased sebum secretion, increased free fatty acids and abnormal keratinization of sebaceous ducts (Tucker et al., 1980). At the same time, the sebaceous glands of acne lesions provide an anaerobic and fat-rich environment for C. acnes to multiply within the sebum glands. In addition, C. acnes produces protease, lipase and hyaluronidase, which increases free fatty acids in acne lesions, stimulates excessive keratinization of sebaceous duct, resulting in poor sebum excretion, aggravates acne inflammation, and thus forms a vicious cycle to deteriorate acne (Adler et al., 2017). Moreover, besides acne, C. acnes causes severe infections at various body sites, resulting in endophthalmitis (Meisler and Mandelbaum, 1989), endocarditis (Banzon et al., 2017), central nervous system infections (Richards et al., 1989), arthroplastic and osteosynthetic infections (Lutz et al., 2005). Therefore, anti-C. acnes therapies are important in clinical practice tackling C. acnes associated diseases.
The common clinical approach to combat C. acnes is the use of topical or oral antibiotics, such as tetracyclines and macrolides. However, the long-term use of antibiotics can cause a dramatic increase in antimicrobial resistances (AMRs) (Habeshian and Cohen, 2020). Thus, it is not recommended the monotherapy of topical and oral antibiotics, which is replaced by antibiotics combined with benzoyl peroxide (BP). BP is an antibacterial agent that kills C. acnes through the release of free oxygen radicals, but BP therapy is limited by staining and bleaching of fabric, concentration-dependent irritation, dryness, erythema and uncommon contact allergy (Reynolds et al., 2024).
The phytochemicals have been used to ameliorate and cure diseases since ancient times, including the treatments of bacterial infectious diseases (Liang et al., 2022). Discovery of novel drugs can be accomplished with the use of the phytochemicals, which are the broad-spectrum secondary metabolites. The phytochemicals can effectively prevent and ease the toxicity induced by other toxins or drugs (Bhatia et al., 2021). Many studies have shown that some phytochemicals have anti-C. acnes efficacies (Sinha et al., 2014). These phytochemicals are classified as quinones, saponins, tannins, terpenoids, alkaloids, volatile oils, organic acids, phenols, and flavonoids according to the main active components. This review will summarize the ingredients efficiencies, and mechanisms of the phytochemicals that have anti-C. acnes effects.
2 THE EMERGING THREAT OF ANTIBIOTIC THERAPY FOR CUTIBACTERIUM ACNES
Currently, both topical and oral antibiotics are used to treat acne. Erythromycin and clindamycin, belonging to the antibiotic family of macrolides, are the two most commonly used topical antibiotics, and they can slow bacterial growth (Walsh et al., 2016). However, we have to face the problem of AMRs caused by the overuse and abuse of antimicrobial drugs. Many countries have reported that over 50% of C. acnes strains are AMRs (Walsh et al., 2016), and the incidence of C. acnes AMRs increased from 20% in 1978 to 62% in 1996 (Walsh et al., 2016). Approximately 50% of patients with acne develop resistance after oral or topical therapy, and 1 in 4 C. acnes strains are currently resistant to macrolides (Zhang et al., 2022). Although not specific to C. acnes, recent publications have highlighted the dangers of antibiotic resistance, the first comprehensive assessment on the global health impact of antimicrobial resistances (AMRs) in 2022 estimated that 4.95 million deaths in 2019 were associated with AMRs (Antimicrobial Resistance, 2022). The consequences of AMRs to C. acnes may include failure of acne treatment, skin microbiome disturbances, emergence of multidrug-resistant bacteria, and the spread of resistant strains to healthcare workers and the general population.
3 POSSIBLE ALTERNATIVES TO CLASSICAL ANTIBIOTICS
3.1 Bacteriophage therapy
Given the growing burden of AMRs worldwide, bacteriophage therapy is one of the promising solutions for AMRs (Strathdee et al., 2023). Phages are bacterial viruses widely distributed in environments. They attach to the surfaces of bacteria and inject their genomes into the bacterial cells, then manipulate the bacterial metabolic machinery to produce viral proteins and copy the viral genome. Finally, viral proteins and genes assemble to form new viral particles and the bacterial cells are lysed, releasing numerous new phages (Torres-Barceló, 2018). Many studies have shown that the use of phage can indeed reduce the number of C. acnes (Han et al., 2023; Rimon et al., 2023; Xuan G. et al., 2023), but bacteriophage therapy needs to face greater scrutiny in terms of safety and lack of efficacy data from clinical trials, and the low phage variability and phage resistance in C. acnes (Aslan Kayiran et al., 2020).
3.2 Antimicrobial peptides therapy
Antimicrobial peptides (AMPs) are positively charged amphiphilic molecules. Being electrostatically adsorbed on the surface of bacterial membranes, AMPs can easily penetrate and destroy the membrane structures of the bacteria, resulting in bacterial death (Xuan J. et al., 2023). Therefore, most AMPs exhibit a broad spectrum of antimicrobial activity. The effect of AMPs on C. acnes has been widely reported by far. Bombinin-like peptide 7 (BLP-7) has antibacterial activity with a minimum inhibitory concentration (MIC) of 5 μM, which was extracted from Bombina orientalis (Wu et al., 2020). Two novel AMPs WSKK11 and WSRR11 also provide great potentials to kill C. acnes (Theansungnoen et al., 2022). However, AMPs therapy still has shortcomings, including cause systemic and local toxicity, decreased sensitivity to salt, serum, and pH, sensitization and allergy after repeated application, confounding biological functions (e.g., angiogenesis) and high manufacturing costs (Gupta et al., 2018).
3.3 Phytochemicals therapy
The therapies bacteriophage and antimicrobial peptides bear high production costs and display low safety performance, easily causing local or systemic toxicity. Therefore, it is crucial to find a new therapeutic strategy that is easy to implement with little side effects. Phytochemicals have been studied as an alternative therapy to antibiotics. Traditional medicine has used plants to fight diseases for thousands of years, and according to World Health Organization (WHO), 80 percent of the global populations rely on the plant-based medicines for their basic healthcare needs (Kifle et al., 2021). In fact, many reports have pointed to the possibility of antimicrobial use of medicinal plant active ingredients. For example, Ginger essential oil (GEO) inhibits and kills Escherichia coli (E.coli) and Staphylococcus aureus (S. aureus) (Wang et al., 2020). These important bioactive compounds have broad application prospects in the field of biomedical development.
Now the inhibitory effects of phytochemicals, such as phloretin (Cheon et al., 2019), and rhodomyrtone (Saising and Voravuthikunchai, 2012), on C. acnes have been widely studied. Phytochemicals are readily available, effective, and with small numbers of side effects, and are expected to be widely used. Therefore, it is necessary to study the inhibitory effects and underlying mechanisms of phytochemicals on C. acnes.
4 PHYTOCHEMICALS THAT HAVE AN INHIBITORY EFFECT ON CUTIBACTERIUM ACNES
Considerable efforts have been made to find plant-derived antimicrobials against C. acnes. Table 1 summarizes 31 phytochemicals with anti-C. acnes activity, showing their classification, botanical source, MIC, minimum bactericidal concentration (MBC), and tested C. acnes strains. These phytochemicals with anti-C. acnes activities were either isolated from plants or commercially purchased as standard reagents. In view of the antibacterial activity parameters (Kuete, 2010), including significant (MIC ≤10 μg/mL), moderate (MIC ≤100 μg/mL) and low or negligible (MIC ≤100 μg/mL), 17 phytochemicals have significant inhibitory effects, and the hop extract Lupulones has the strongest anti-C. acnes ability.
TABLE 1 | Summary of phytochemicals with anti-C. acnes s activity.
[image: Table listing various phytochemicals along with their classification, botanical source, botanical family, plant part used, bacterial strain, minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) values in micrograms per milliliter, and references. Key phytochemicals include resveratrol, quercetin, kaempferol, with data organized by relevant categories.]In the following section, the inhibitory effects of phytochemicals on C. acnes and their mechanisms will be described in detail according to the classification of plant active ingredients, including phenols, flavonoids, Polyols, essential oils, tannins, saponins, fatty acids and Quinone compounds.
4.1 Phenols and their derivatives, polyols and flavonoids
Phenols, Polyols and flavonoids are widely distributed in the plant kingdom, which have antioxidant, anti-inflammatory, antibacterial and antiviral activities. Antibacterial mechanisms of flavonoids including inhibition of nucleic acid synthesis, cytoplasmic membrane function and energy metabolism (Cushnie and Lamb, 2005).
Resveratrol (RSL) is a polyphenolic compound derived from the Smilax plant, peanuts, blueberries and cranberries, and it is an antioxidant with a variety of biological effects, including antibacterial properties. Studies have shown the beneficial effects of RSL in fighting C. acnes (Docherty et al., 2007; Taylor et al., 2014). After RSL treatment, C. acnes shows changes in bacterial morphology under electron microscope, represented by intracellular edema and destruction of intracellular structural integrity (Taylor et al., 2014). As a membrane permeable compound, RSL may be able to alter the bacterial membrane structure of C. acnes and disrupt intracellular machinery (Taylor et al., 2014). At present, the specific mechanism of resveratrol inhibiting C. acnes is not clear, but studies have shown that RSL can bind to E. coli adenosine triphosphate (ATP) synthase and inhibit ATP hydrolysis and synthesis (Dadi et al., 2009). Filamentous temperature sensitive protein (FtsZ, a GTP-dependent prokaryotic cell division protein) is a key protein in septum formation during cell division, and it is responsible for cell division by forming a dynamic Z ring in the middle of the cell. In E. coli, RSL can inhibit FtsZ-mediated Z ring formation and inhibit cell division (Hwang and Lim, 2015; Ma et al., 2018). Furthermore, RSL can also alter the expression of bacterial virulence characteristics, thereby reducing toxin production, inhibiting biofilm formation, reducing motility, and interfering with quorum sensing (Vestergaard andIngmer, 2019). These might be the mechanisms for anti-C. acnes activities of RSL.
Honokiol (HON) and magnolol (MAG) are two major phenolic constituents of Magnoliaceae, which have anti-C. acnes activities (Park et al., 2004). In addition, they have anti-inflammatory effects and can be used as acne-mitigating candidates for topical application (Park et al., 2004). HON and MAG have effective antibacterial effects against Gram-positive bacteria, showing inhibitory effects on the bacterial thioredoxin (Trx) system (the main thiol-dependent disulfide reductase system in bacteria) (Ouyang et al., 2023). Most Gram-positive bacteria have a Trx system but lack a glutathione (GSH)/glutaredoxin (Grx) system, so in these Gram-positive bacteria, the Trx system plays irreplaceable roles in DNA synthesis and repair, cell proliferation and antioxidant defense. The inhibition of Trx by HON and MAG can disrupt the intracellular redox environment of bacteria. HON and MAG lead to dysregulation of cellular redox environment homeostasis and increase intracellular ROS levels, eventually contribute to their bactericidal efficacies (Ouyang et al., 2023).
Phloretin (PHL) is a flavonoid found in free form and glycoside form in apples and strawberries, with antioxidant, anti-inflammatory and antibacterial activities. H. Kum et al. demonstrate that PHL has inhibitory effects on C. acnes, propionibacterium granulosum and Staphylococcus epidermidis (S. epidermidis) (Kum et al., 2016). Fatty acids are essential for bacterial survival, hence molecules involved in fatty acid synthesis can be targeted by antimicrobial agents (Cheon et al., 2019). β-ketoacyl acyl carrier protein synthase III (KAS III) is one of the important enzymes in bacterial fatty acid synthesis. PHL can bind to the active site of C. acnes KAS III, block the extension reaction between C. acnes KAS III and its substrate, and finally inhibit the synthesis of fatty acids in C. acnes to obtain antibacterial effect (Cheon et al., 2019; Lee et al., 2009).
Erythritol is a kind of sugar alcohol compound, belonging to the polyalcohol sweetener, which is widely found in fruits such as melons, grapes and various fermented foods. Erythritol acts as an antioxidant in vivo and may prevent blood vessel damage caused by hyperglycemia (den Hartog et al., 2010). It also has an antibacterial effect, including Streptococcus gordonii (Hashino et al., 2013), Corynebacterium minutissimum, Corynebacterium striatum, and S. epidermidis (Fujii et al., 2022a). Fujii T et al. demonstrated that erythritol contributed to the growth of C. acnes ribotype 2 (RT2) and RT6 associated with healthy skin, inhibiting RT4 and RT5 associated with the progression of acne (Tadashi Fujii et al., 2022b). Glycerol 3-phosphate dehydrogenase encoded by g3pD is one of the key enzymes in erythritol metabolism. Due to the low expression level of g3pD in RT5, phosphorylated erythritol might accumulate intracellularly in the presence of erythritol in the environment, thereby directly inhibiting the activity of glycolytic enzymes (Tadashi Fujii et al., 2022a). Xylitol is a sugar alcohol compound with one more carbon atom than erythritol. L Trahan reveals that the antibacterial effect of xylitol is mainly through direct inhibition of the phosphoenolpyruvate phosphotransferase system (PEP-PTS), which causes the accumulation of xylitol-derived xylitol 5-phosphate inside bacterial cells, thus inhibiting the activity of glycolytic enzyme (Tadashi Fujii et al., 2022b; Trahan, 1995). Erythritol may have a growth inhibiting effect on C. acnes similar to xylitol (Tadashi Fujii et al., 2022a).
4.2 Volatile oil
Volatile oil, also known as essential oil, is a general term for an oily liquid that can be volatilized at room temperature and can be distilled with steam. The basic compositions of volatile oil include aliphatic compounds, aromatic compounds and terpenoids. In addition, it also contains other compounds, such as ligustilide, a phenol component in Angelica. Volatile oil is an important active ingredient, which can be directly used in the clinical application of crude drugs mainly containing volatile oil (Vora et al., 2024).
Oregano essential oil (OEO) contains thymol, carvacrol and ursolic acid, which is a kind of Volatile oil. OEO plays a spectral antibacterial activity, especially on C. acnes (Taleb et al., 2018). After OEO treatment, the bacteria mainly show protrusions on the cell surface without typical bacterial morphology, and the number of bacteria decreases (Scandorieiro et al., 2022). Though the specific antibacterial mechanisms of OEO against C. acnes are occult, OEO can inhibit the production and activity of lipase and coagulase of S. aureus, thus down-regulating the growth of bacteria (Soltani et al., 2021). In addition, OEO, as an anti-biofilm agent, has broad-spectrum anti-biofilm activity, which can inhibit and destroy the formation of Streptococcus pyogenes and Enterococcus faecalis biofilms (biofilm is composed of bacterial clusters and extracellular polymer matrix, ensuring the survival environment of bacteria) (Ogawa et al., 2011; Sirati et al., 2024; Wijesundara and Rupasinghe, 2018; Zhan et al., 2022). Ultee A et al. reveal that in Bacillus cereus, thymol and carvacrol, as ingredients of OEO, can damage cellular membranes and reduce the pH gradient in the cellular membranes, resulting in proton motive force, reduced ATP pools, and cell death (Ultee et al., 2002). Therefore, it is speculated that OEO may play its anti-C. acnes role via the above mechanisms.
4.3 Tannins
Tannins are a kind of polyphenolic compounds with complex structure in plants, which can be divided into hydrolyzable tannins and condensed tannins according to their chemical structures. Many tannins have pharmacological activities. The tannins contained in Cyrtomium fortunei have strong inhibitory effect on a variety of influenza viruses, the tannins contained in Castanea sativa mill leaf are effective substances in the treatment of acne (Piazza et al., 2024), and some tannins also can be used as effective antibacterial agents for C. acnes.
Punicalagin (PUN) is a tannin compound isolated from Punica granatum Linne (Lee et al., 2017). It is a low polymeric compound of 2-3 ellagic acids and can be degraded to produce ellagic acid. PUN has anti-inflammatory, antioxidant and antibacterial properties (Lee et al., 2017). Studies have revealed that PUN can destroy the cell structures of C. acnes. The bacterial surface exhibits obvious shrinkage and the surrounding environment is damaged under the electron microscope after 12 h treatment with PUN (Lee et al., 2017). In addition, PUN also has the effect of inhibiting lipase, which is an enzyme that hydrolyzes lipids. Many bacteria, such as C. acnes, can secrete lipase to decompose lipids and promote the absorption of lipid-related nutrients from external media, thus benefiting the growth of bacteria itself. The fluorescence determination of the lipase treated by PUN shows that PUN can inhibit the lipase activity of C. acnes (Lee et al., 2017). Moreover, Bakkiyaraj D et al. show that ellagic acid, a degradation product of PUN, has anti-biofilm potential against a large number of pathogenic bacteria (Bakkiyaraj et al., 2013).
4.4 Saponins
Saponins are a special class of glycosides existing in the plant kingdom. According to the structure produced by hydrolysis, saponins are divided into two categories, including triterpenoid saponins and steroid saponins. Saponins have anti-inflammatory, antibacterial and anti-tumor effects, having pharmacological activities in clinical practice (Passos et al., 2022).
Sapindus saponins are a group of Saponins, which extracted from Sapindus mukorossi Gaertn (S. mukorossi). S. mukorossi is a wide distributed medicinal plant. The Compendium of Materia Medica reports that S. mukorossi extract traditionally can be used to treat cough, excess salivation and whitening skin (M. P. Wei et al., 2021). Sapindus saponins have antibacterial (Alberice et al., 2012), antifungal (Hu et al., 2018), antitumor (Kuo et al., 2005) biological activities. Wei MP et al. point out that Sapindus saponins have anti-C. acnes activity (Wei et al., 2021). They mainly investigate the synergistic antibacterial mechanism of two saponins [saponins A and B (SAB)] against C. acnes 6919. The compositions of fatty acids in the cell membrane of C. acnes are changed with the treatment of SAB. 12-methyl-tetraalkanoic acid and octadecanoic acid decreases and increases, respectively. Meanwhile, the genes related to fatty acid biosynthesis are significantly downregulated. The changes of fatty acid composition in the membrane of C. acnes increase the hydrophobicity of the cell surface and decrease the fluidity of the membrane (Wei et al., 2021). In addition, molecular docking calculations show that SAB interacts with Malonyl-CoA-acyl carrier protein transacylase (FabD; an essential enzyme for bacterial type II fatty acid synthesis), through hydrogen bonding and hydrophobic interactions, thus SAB have a competitive inhibitory effect on fatty acid biosynthesis (Wei et al., 2021). In summary, SAB alter the fatty acid composition of C. acnes and further disrupt cell membrane properties, suggesting that Sapindus saponins may be natural additives against C. acnes.
P. polyphylla saponins, the mixture of saponins extracted from Paris polyphylla, have spectral antibacterial activity and have been shown to inhibit C. acnes, S. aureus and S. epidermidis (Thapa et al., 2022). The MIC of P. polyphylla saponins against C. acnes NCTC737L and C. acnes ATCC6919 are 97.5 μg/mL and 48.7 μg/mL, MBC are 198 μg/mL and 97.5 μg/mL, respectively (Li et al., 2024). Among the known saponins extracted from P. polyphylla, including PP I, PP II, PP VI, PP H and PP VII, PP I has the strongest antibacterial effect, while PP H has a relatively weak antibacterial effect (Li et al., 2024). However, the mechanism of P. polyphylla saponins against C. acnes need to be further explored.
4.5 Fatty acid
Fatty acids are divided into essential fatty acids and non-essential fatty acids according to whether they can be synthesized by the body. Non-essential fatty acids are fatty acids that can be synthesized by the body without relying on the food supply, and they include saturated fatty acids and some monounsaturated fatty acids. Essential fatty acids are essential for human health and life, but the body can’t synthesize it itself and must rely on the food supply, they are unsaturated fatty acids. Fatty acids are closely related to growth and development, intellectual development, memory and physiological functions (Yashodhara et al., 2009). Such as linoleic acid and arachidonic acid can promote the transport of cholesterol in the blood and reduce its deposition on the blood vessel wall (Demetz et al., 2014). Besides, some fatty acids can inhibit the growth of bacteria (Lamas et al., 2019).
Lauric acid (LA), a natural free fatty acid, which is the main acidic compound in coconut oil, has anti-C. acnes activity and can completely kill C. acnes at 80 μg/mL (Yang et al., 2009). LA may kill bacteria by breaking down the cell membrane of Gram-positive bacteria while the cell wall of the bacteria is intact, leading to the disintegration of the bacterial cytoplasm (Bergsson et al., 2001). LA is difficult to be dissolved in water. Therefore, to dissolve LA into creams and gels for better application, Darren Yang loads LA into liposomes and prepares LipoLA (Yang et al., 2009). LipoLA also has anti-C. acnes activity similar to that of LA. LipoLA was labeled by FRET chromophobe, and the change of FRET signal when LipoLA mixed with bacteria under different conditions was monitored to detect the bacteriostatic mechanism. The data suggest that LipoLA fuses with the membrane of C. acnes and releases the carried LA into the bacterial membrane, which is consistent with the bacteriostatic mechanism of LA (Yang et al., 2009).
4.6 Quinone compound
Quinones are mainly divided into four types, benzoquinone, naphthoquinone, phenanthrene quinone and anthraquinone, which usually have anti-cancer, anti-bacterial and anti-reactive oxygen activities.
Shikonin (SHI) is a naphthoquinone compound extracted from the root of Lithospermum erythrorhizon Siebold and Zucc, which has been widely used in Asia, and is currently believed to have less obvious side effects, and has anti-tumor (Wang et al., 2024), anti-viral (Borde et al., 2023), antioxidant (Gautam et al., 2024) and antibacterial (Watson et al., 2023) effects. A recent study explores the effects of SHI on C. acnes strains ATCC 6919 and KCCM 42791. SHI inhibits the growth and biofilm formation of C. acnes in a dose-dependent manner (Kim et al., 2024). The study also shows that SHI reduces biofilm formation by decreasing the production of extracellular polymeric substances (EPS) and increasing the production of porphyrin in C. acnes (Kim et al., 2024). In addition, quantitative real-time PCR (qRT-PCR) displays that the expression of 11 genes related to biofilm and virulence in C. acnes is changed after the application of SHI. For example, the mRNA levels of adhesin, lipase, hyaluronate lyase and virulence related genes is downregulated (Kim et al., 2024). ATP production is essential for bacterial survival and related functions, and inhibition of ATP synthase destroys cellular energy and leads to bacterial death. Zulfiqar Ahmad et al. propose that SHI inhibit the ATP synthase of E. coli, thus inhibiting the activity of E. coli, which may also be one of the reasons why SHI play antibacterial roles, including against C. acnes (Watson et al., 2023).
5 COMBINATION THERAPY
Many phytochemicals have shown good anti-C. acnes ability, but some studies have shown that the combination of some phytochemicals with other substances will have better bactericidal properties. Lim et al. studied the efficacy of quercetin and kaempferol combined with two commonly used antibiotics (erythromycin and clindamycin) against C. acnes and found that the bactericidal activity of quercetin or kaempferol was significantly increased when combined with clindamycin (Lim et al., 2007). Taylor et al. evaluated the effect of resveratrol in combination with BP on C. acnes. Resveratrol showed sustained antibacterial activity against C. acnes, while BP showed a short-term bactericidal response. The combination of resveratrol and BP showed high initial antibacterial activity and sustained bacterial growth inhibition, with better antibacterial activity (Taylor et al., 2014).
6 CONCLUSION AND PROSPECT
Overgrowth of C. acnes produces extracellular enzymes and specific inflammatory factors that break down triglycerides in sebum into free fatty acids and glycerol, leading to worsening of acne. A large number of studies have suggested that phytochemicals, including phenolic compounds, flavonoids, Polyols, essential oils, tannins, saponins, fatty acids and Quinone compounds, have inhibitory effects on C. acnes. The mechanisms of these components against C. acnes mainly include changing membrane permeability, inhibiting protein and nucleic acid synthesis, inhibiting enzyme activity, controlling pathogenic bacteria and preventing biofilm formation (Figure 1). However, current studies lack detailed investigation or demonstration of these mechanisms, which may reduce the depth of scientific analysis. Among the phytochemicals discussed in this review, myrtucommulone B and lupulones show extraordinary activity with MIC of 0.3 μg/mL and 0.1 μg/mL, followed by rhodomyrtone with MIC of 0.12–0.5 μg/mL.
[image: Diagram illustrating the mechanism of action against C. acnes. Various compounds like LA/SAB, OEO, and PHL act by inhibiting or inducing processes such as cell membrane permeability, ATP synthesis, and lipid degradation. Enzymes like FabD, KAS I, ATP synthase, and others are shown at various stages in processes like fatty acid synthesis, cell division, and disruption of the redox environment. Biofilm formation and lipid degradation are also highlighted. Arrows indicate inhibition or induction, while key molecules like ATP and ADP are depicted across these processes.]FIGURE 1 | The mechanisms of phytochemicals against C. acnes were summarized. In this figure, the inhibition of ATP synthase and Ftsz protein by RSL on C. acnes was speculated by the inhibition mechanism of RSL on E. coli, which has not been confirmed by relevant studies. Oregano essential oil has broad-spectrum anti-biofilm activity, but its anti-C. acnes biofilm effect is only speculated and has not been confirmed. Abbreviations in the Figure: ADP, adenosine diphosphate; ATP, adenosine triphosphate; FabD, Malonyl-CoA-acyl carrier protein transacylase; FtsZ, filamentous temperature sensitive protein; HON, honokiol; KAS III, β-ketoacyl acyl carrier protein synthase III; MAG, magnolol; resveratrol, RSL; SAB, saponins A and B; SHI, shikonin; Trx, thioredoxin; LA, Lauric acid; OEO, oregano essential oil; PHL, Phloretin; PUN, punicalagin.
In addition to the phytochemicals mentioned above, there may be numerous phytochemicals in nature that have better inhibitory activity against C. acnes, which have not been discovered until now. For example, cannabinoids have inhibitory activities against a variety of Gram-positive bacteria, including Listeria monocytogenes, S. aureus and so on (Saleemi et al., 2022). Cannabinoids can act on the membrane of bacterial cells, change the membrane permeability, and block the release of bacterial vesicles (Saleemi et al., 2022). We hypothesize whether cannabinoids may also have inhibitory effects on C. acnes, which needs further exploration.
Some phytochemicals have anti-C. acnes activity due to their phytoactive ingredients. These ingredients can be used as alternative candidates for drug development to alleviate AMRs and adverse drug reactions.
However, most current research relies on vitro experiments to demonstrate the efficacy of phytochemicals against C. acnes. In vivo, the studies mainly prove the anti-inflammatory and anti-lipid effects of phytochemicals, lacking phytochemicals anti-C. acnes experiment validation. In other words, their antibacterial effects haven’t been authenticated in vivo, and their therapeutic potential hasn’t been validated using clinical trials yet. Therefore, further investigation is needed in this field. In addition, in the practical application of anti-C. acnes, the stability and bioavailability of phytochemical in the acne treatment formula are key factors to achieve the therapeutic effect. pH value, temperature, light, metal ions, and co-pigments can directly affect the stability of phytochemicals (Kumar et al., 2023). Through studying the stability and bioavailability of these ingredients, more effective and safer acne treatment formulations can be developed. For example, the scientists package and deliver phytochemicals using nanoparticle drug delivery systems, leading to enhanced stability and bioavailability of phytochemicals (Melim et al., 2022).
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Compliant immune response of silk-based biomaterials broadens application in wound treatment
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The unique properties of sericin and silk fibroin (SF) favor their widespread application in biopharmaceuticals, particularly in wound treatment and bone repair. The immune response directly influences wound healing cycle, and the extensive immunomodulatory functions of silk-based nanoparticles and hydrogels have attracted wide attention. However, different silk-processing methods may trigger intense immune system resistance after implantation into the body. In this review, we elaborate on the inflammation and immune responses caused by the implantation of sericin and SF and also explore their anti-inflammatory properties and immune regulatory functions. More importantly, we describe the latest research progress in enhancing the immunotherapeutic and anti-inflammatory effects of composite materials prepared from silk from a mechanistic perspective. This review will provide a useful reference for using the correct processes to exploit silk-based biomaterials in different wound treatments.
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1 INTRODUCTION
Silk is a natural fiber with a long history. It is formed by the solidification of the silk liquid secreted by the mature silkworm during the cocoon phase. Silk is mainly composed of hydrophobic silk fibroin (SF), which forms the core fiber, and hydrophilic sericin, a globular protein that binds to SF (Johari et al., 2022; Silva et al., 2022). SF is rich in glycine, alanine and serine, while sericin mainly contains serine and threonine (Silva et al., 2022; Takahashi et al., 1999).
Initially, sericin was often discarded in large quantities as textile waste, resulting in environmental pollution and wastage of natural resources (Aramwit et al., 2012). With the rapid development of biomaterials, the use of sericin in medicines has received increasing attention. Sericin possesses outstanding antioxidant, anti-inflammatory, antibacterial, antiviral, and biological characteristics that promote tissue regeneration, making it important in curing diseases such as hypertension, cancer, and diabetes (Hu et al., 2022). In addition, sericin biomaterials exhibit good biocompatibility and low immunogenicity, and have been engineered into various biomaterials, including films, hydrogels, scaffolds, fiber pads, particles, coatings, conduits, and nanoparticles for tissue repair, regeneration, and disease cure (Qi et al., 2018; Shah et al., 2019; Li et al., 2020; Wang et al., 2021; Xu et al., 2022; Deng Y. et al., 2022; Ghensi et al., 2019; Fu et al., 2022). Over the past decade, sericin-based biomaterials have developed rapidly in drug-delivery and tissue engineering.
SF has superior biocompatibility, marked mechanical properties, controlled biodegradation rates, and ideal cellular-SF interactions (Gholipourmalekabadi et al., 2020; Wani et al., 2022; Wang et al., 2008). The application of silk in the textile industry has a long history and the preparation technology for silk is very mature; therefore, the source of SF is rich (Huang W. et al., 2018). These characteristics have made SF emerge among biomaterial applications in recent years. SF can be transformed into scaffolds, hydrogels, films, microspheres, and nanoparticles alone or in combination with other materials for tissue engineering such as nerves, bone and muscles, and can also be used in drug delivery systems for skin wound treatment, tumor immunotherapy, and other medical treatments (Cui et al., 2020; Wang D. et al., 2022; Wenhao et al., 2020; Del Bianco et al., 2022; Cai et al., 2023; Hassan et al., 2024).
The body possesses intricate and precise protective mechanisms. When silk is used as a medical material, the immune system often faces challenges. Silk medical materials require different processing techniques before implantation into the body, which can cause significantly alteration of the protein structure of the original silk, resulting in varying levels of immune system activation. This difference may be due to surface chemistry, protein conformation, and polymer formation with other proteins in the treated silk-based materials (Majumder et al., 2024). This has expanded the application of silk in the medical field and has extended the proinflammatory effects to anti-tumor, antibacterial, and vaccine adjuvant fields, although a low immune response contributes to bone, skin, and vascular repair. In this review, we aimed to provide profound discussion of the activation of a wide range of immune responses in vivo using silk-based biomaterials and describe the rigorous and accurate processing methods required for different clinical applications in subsequent research.
2 IMMUNE RESPONSES INDUCED BY SILK MATERIAL IN MAMMALS
One of the most important characteristics of biomaterials is their biocompatibility, the initiation of the innate immune cells is the decisive factor in the biocompatibility of biomaterials. This process usually causes an inflammatory response, and the degree of the response resides mainly on the properties of the biomaterial (Ekdahl et al., 2011). In this section, we summarize and discuss the biosafety, immunogenicity and immunomodulatory properties of sericin and SF.
2.1 Sericin
2.1.1 Favorable biocompatibility and low immunogenicity
The biosafety of sericin has long been controversial. Studies have confirmed that sericin has good biocompatibility from the three standpoints of inflammation, allergy, and immunogenicity: (i) sericin only causes low response of inflammatory cells in vivo (macrophages and neutrophils) (Jiao et al., 2017; Li et al., 2015) (Figures 1A, B); (ii) neglected allergens (Jiao et al., 2017) and (iii) sericin only causes mild innate and adaptive immune responses (Jiao et al., 2017; Zhang et al., 2006; Zhang Y. et al., 2021; Panilaitis et al., 2003). Furthermore, the addition of sericin to a mixture of chitosan and silver nanoparticles (AgNPs) can reduce their immunogenicity (Nayak et al., 2021). Various forms of materials such as nanoparticles, hydrogels, scaffolds, sponges and films prepared from sericin have also not been found to cause marked immune responses or inflammatory reactions (such as mast cell degranulation) (Hassan et al., 2024; Ampawong and Aramwit, 2016). An important reason for the low immunogenicity of serine is that it is rich in hydrophilic amino acids. Inspired by this, poly-β-homoserineand poly-DL-serine materials can substantially reduce foreign body reactions and are expected to replace polyethylene glycol as an ideal implantable biological material (Zhang et al., 2020; Zhang D. et al., 2021) (Table 1).
[image: Panel A shows histology images of skin sections with inflammation and cell markers. Panel B presents bar graphs comparing inflammatory cytokine levels across multiple treatments. Panel C includes box plots and bar graphs showing gene expression differences. Panel D features a bar graph depicting inflammation and ulceration data. Panel E contains bar graphs and western blots for protein expression analysis. Panel F displays fluorescent microscopy images of cells stained to show different markers. Each panel compares various treatment groups.]FIGURE 1 | Sericin presents characteristics of good biocompatibility, low immunogenicity, inhibition of inflammatory responses, and good immune regulatory function. (A) Hematoxylin and eosin (H&E) staining following 10 days of implantation of AL, SF, SS1 and CH. AL, alginate; SF, silk fibroin; SS, sericin; CH, chitosan; MU, mouse muscles; HY, hydrogel-implanted sites. (B) ELISA results measuring total IgE, allergen-specific IgE, IgG (total) and induced by sericin, fibrinogen, PBS, and ovalbumin (OVA). Reprinted with permission from (Jiao et al., 2017). Copyright (2017) Wiley-VCH. (C) mRNA expression and cytokine production of proinflammatory factor in hPBMC from the psoriasis patients, who exposure to naringin (20 μg/mL), sericin (100 μg/mL), or sericin/naringin. Reprinted with permission from (Deenonpoe et al., 2019). Copyright (2019) BMC. (D) Expression of microphthalmia-associated transcription factor (MITF) and IL-4, IL-10, and TGF-β on melanocytes and DC 48 h after allergy induction treated with PEG or sericin (5, 10 and 20 μg/mL) + PEG. Reprinted with permission from (Aramwit et al., 2018). Copyright (2018) BMC. (E) Western blotting results of IL-10, IL-1β, and TNF-α in the young mice, adult mice, and older adult mice + oral sericin treatment groups (250 mg/kg, 21 days). Reprinted with permission from (Seyedaghamiri et al., 2021). Copyright (2021) Springer nature. (F) Arg-1 and iNOS immunofluorescence staining of macrophage treated with 0.1 mg/mL, 1 mg/mL LMW-sericin (<10 kDa) and 10 ng/mL lipopolysaccharide (LPS). Reprinted with permission from (Cherng et al., 2022).Copyright (2022) Frontiers.
TABLE 1 | Application of sericin in the pharmaceutical field and induced immune responses.
[image: A table with columns for Biomaterial, Biomedical Field, Immune Cellular Response, Effect, and Reference. It lists various materials like nanomicelles, hydrogels, and microparticles, detailing their medical applications such as tumor immunotherapy and psoriasis treatment, alongside their immune responses and effects. References include authors and publication years.]2.1.2 Anti-inflammatory properties
Inflammation is the body’s defense response to injury or infection and involves a variety of cellular and molecular mechanisms. In the process of tissue healing, inflammatory cells such as macrophages and neutrophils are first recruited to the injury site and release pro-inflammatory factors such as interleukin-1 beta (IL-1β), IL-6, tumor necrosis factor α (TNF-α), etc. These factors promote vascular dilation and increased permeability, attracting more immune cells to participate in the inflammatory response. It also activates the degradation and remodeling of extracellular matrix. Subsequently, anti-inflammatory factors such as IL-4 and IL-10 begin to play a role, inhibiting the production of pro-inflammatory factors, reducing the activity of inflammatory cells, and promoting tissue repair and regeneration (Eming et al., 2017). The balance of inflammation and inflammatory factors is crucial for tissue healing. Excessive inflammatory response may lead to increased tissue damage, while insufficient anti-inflammatory factors may delay the healing process.
Sericin preparations have found application in skin repair, blood sugar reduction, and treatment of acute myocardial infarction (Wang D. et al., 2022; Aramwit et al., 2013; Tuentam et al., 2022; Song et al., 2016) (Figure 1C). There are three main mechanisms through which sericin inhibits the inflammatory response: (i) inhibits infiltration and proliferation of inflammatory cells (Zhaorigetu et al., 2003; Chlapanidas et al., 2013); (ii) inhibits expression of IL-1β, IL-6, IL-23, etc (Song et al., 2016; Chlapanidas et al., 2013; Deenonpoe et al., 2019; Kumar J. P. et al., 2018; Dong et al., 2020; Farajdokht et al., 2021); and (iii) increases the expression of IL-4 andIL-10, etc (Seyedaghamiri et al., 2021; Aramwit et al., 2018) (Figures 1D, E). Notably, Sun et al. revealed the mechanism of sericin inhibiting lipopolysaccharide (LPS) induced inflammation by multi omics integration: (i) sericin inhibits LPS-activated PRRs, Toll-like receptors and NOD-like receptors pathways; (ii) sericin significantly downregulates the expression of the MyD88 and NOD1; (iii) sericin decreases the expression of IL-1β, IL-6, INOS, etc (Sun et al., 2022). Interestingly, I-sericin is induced by γ-irradiation of sericin, and exhibits potent anti-inflammatory activities as the parent molecule, including reduction of oxidative stress-induced inflammatory cytokines cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), TNF-α, IL-1β and alleviation of LPS-induced inflammation (Choi et al., 2023; Song et al., 2020).
2.1.3 Good immune regulatory function
Sericin reportedly modulates epidermal immune responses in patients with psoriasis by reducing cytokine production by Th17 cells, upregulating galectin-3 (Lgals3) and down-regulating sphingosine-1-phospholyase 1 (Sgpl1) (Rujimongkon et al., 2021). As recently shown, low molecular weight (LMW) sericin (<10 kDa) enhances immune regulation in vitro: LMW-sericin (0.1 mg/mL) can upregulate the expression of CXCL9, IL-12A, BMP-7, and IL-10 in macrophages; balance Th1 and Th2 levels; and induce M2 polarization of macrophages. Sericin regulates macrophage proliferation to achieve immune regulation (Cherng et al., 2022) (Figure 1F). In addition, I-sericin has immune-enhancing effects, manifested as a significant increase in lymphocyte proliferation and activation of NK cells (Song et al., 2020). In addition, biosynthetic sericin 1-like protein can induce tolerant dendritic cells (DCs), which have excellent immunomodulatory capabilities. The purity of sericin 1- like protein is positively correlated with the anti-inflammatory effect of sericin; therefore, it is expected to be developed as an immune modulator (Song et al., 2020; Ritprajak et al., 2021).
In summary, the good biocompatibility and low immunogenicity of sericin are now widely recognized, making it a new avenue for drug delivery and tissue engineering (Wang C. et al., 2022; Sapru et al., 2021). Moreover, the anti-inflammatory properties and good immune regulatory functions of sericin will greatly expand its clinical applications.
2.2 Silk fibroin (SF)
SF exhibits good biocompatibility and low immunogenicity; therefore, it is favored for application in biological materials. Many studies have explored inflammatory processes in vitro or in vivo of SF-based biomaterials in the form of hydrogels, scaffolds, films, and nanoparticles (Table 2).
TABLE 2 | Application of SF in the pharmaceutical field and induced immune response.
[image: A table listing different biomaterials and their effects in various biomedical fields. Columns include Biomaterial, Biomedical Field, Immune Cellular Response, Effect, and Reference. It outlines responses like M1 activation, dendritic cell maturation, and M2 macrophage polarization across applications in cancer, vaccine enhancement, rheumatoid arthritis, and more, with beneficial outcomes like tumor clearance, improved inflammation responses, and enhanced tissue repair. References are provided for each entry from various authors.]2.2.1 SF hydrogel induce only a mild inflammatory response
SF can achieve solution-gel transition by altering the pH, temperature, and solvation state, or by increasing biopolymer dynamics (Matsumoto et al., 2006). Studies on the biocompatibility and low immunogenicity of hydrogels are often based on the histological evaluation of tissue reactions, with the main focus of observing changes in inflammatory markers, such as neutrophils, eosinophils, and macrophages, in the SF hydrogel and the surrounding tissues (Fu et al., 2022; Etienne et al., 2009; Maity et al., 2022) (Figure 2A). However, these methods are not sufficiently precise to determine the biocompatibility and low immunogenicity of SF hydrogels. Therefore, advanced equipment and technical means are required to explore the inflammatory reaction caused by SF hydrogels in detail. Recently, using noninvasive bioluminescence imaging, Gorenkova et al. demonstrated that SF hydrogels elicited an acute but mild local inflammatory response in vivo, which elicited an innate immune response similar to that elicited by polyethylene glycol (PEG) hydrogels (Gorenkova et al., 2021) (Figure 2B). The Forster/fluorescence resonance energy transfer (FRET)-based sensor experiment developed by Kambe et al. first exposed the initial immune response of SF hydrogels. SF hydrogels are surrounded or invaded by matrix metalloproteinases (MMP) within 24 h after implantation and undergo biodegradation within 3 h after implantation, which may favor immune cells (macrophages, foreign body giant cells) to achieve major degradation of the hydrogel over a period of weeks (Kambe and Yamaoka, 2021; Janani et al., 2022) (Figure 2C).
[image: A collection of scientific images and graphs related to tissue and cellular studies. Panel A shows tissue histology slides, possibly stained for analysis. Panel B contains line graphs illustrating experimental data over time and images related to mucosal condition. Panel C includes several bar graphs showing different quantitative data, with labels for measurement conditions. Panel D displays bar graphs comparing levels of IL-6 and IL-8, highlighting statistical significance. Panel E consists of histological images of tissue at different time points labeled as control, porous, and non-porous. Panel F includes histological images with bar graphs indicating measurement results.]FIGURE 2 | Biomaterials constructed with SF causes a modest inflammatory response and has low immunogenicity and anti-inflammatory properties. (A) The H&E staining of skin tissue from the backs of mice subcutaneously transplanted with SF after 12 weeks. Reprinted with permission from (Etienne et al., 2009). Copyright (2009) Wiley-VCH. (B) Non-invasive imaging of the acute and chronic inflammatory response towards implanted SF and PEG hydrogels. Reprinted with permission from (Gorenkova et al., 2021). Copyright (2021) the ROYAL SOCIETY of CHEMISTRY. (C) Relative expression of proinflammatory and pro-remodeling genes after exposure to degradation products of silk (Bombyx mori (BM) silk; Antheraea assamensi (AA) silk, and BA silk and ECM (liver ECM (LECM) and small intestinal submucosa ECM (SIS)) bioscaffolds on proinflammatory activated macrophages. Reprinted with permission from (Janani et al., 2022). Copyright (2022) Elsevier. (D) H&E staining of colon in non-colitic, colitic control, SFNs and RGD-SFNs group. Reprinted with permission from (Rodriguez-Nogales et al., 2016) Copyright (2016) Dovepress. (E) Proinflammatory gene expression of diabetic wounds treated with PBS, nanosilk (made from SF), and nanosilk + cerium oxide nanoparticle-microRNA146a (CNP-miR146a) after 7 days. Reprinted with permission from (Niemiec et al., 2020). Copyright (2020) Frontiers. (F) H&E and Masson trichrome staining were performed on the control group, porous SF membrane group, and non porous SF membrane group at 1 and 4 weeks postoperatively. Reprinted with permission from (Yao et al., 2019). Copyright (2019) Wiley-VCH.
2.2.2 SF scaffolds have low immunogenicity
The surface morphology, physical structure, and chemical structure of the scaffold play a decisive role in the reaction with immune cells, and these features also regulate macrophage polarization at the host tissue implant interface (Antmen et al., 2021). The SF scaffold reportedly has good biocompatibility and low immunogenicity through histological and immunofluorescence staining analysis (Fu et al., 2022; Wang et al., 2008; Guan et al., 2013; Yang et al., 2021; Ge et al., 2012; Suzuki et al., 2019; Singh et al., 2018). Recent studies have revealed the effects of SF scaffolds on macrophages. SF scaffold implants can inhibit classical activated macrophages (M1) and stimulate alternatively activated macrophages (M2) to regulate local inflammatory responses (Janani et al., 2022; Yang et al., 2021). Mast cells, an important type of immune cells, can be activated by biomaterials, which can trigger inflammation by releasing histamine, cytokines and other mediators, promote recruitment and activation of macrophages and other immune cells, and affect the immune microenvironment at the transplant site of biomaterials. Garg K et al. found that SF scaffolds were not conducive to mast cell adhesion and proliferation, suggesting that they were largely immune inert (Garg et al., 2011). The origin, protein conformation, amino acid sequence, fiber thickness, and porosity of SF play important roles in determining the macrophage phenotype, monocyte responsiveness, and T-cell activity (Janani et al., 2022; Yang et al., 2021; Bhattacharjee et al., 2013). Therefore, it is necessary to consider factors that affect the immune response when designing SF scaffolds.
2.2.3 SF nanoparticles/nanofilaments have anti-inflammatory properties and low immunogenicity
Evaluation of the innate and adaptive immunity of SF nanoparticles (SFNPs) in vivo demonstrate low immunogenicity and anti-inflammatory properties (Zhang Y. et al., 2021). SFNPs play an anti-inflammatory role and immunomodulatory properties in intestine of trinitrophenyl sulfonic acid-induced experimental colitis in rats, which is specifically manifested as reducing neutrophil infiltration, decreasing the expression of IL-1β and promoting the expression of IL-10, while functionalization of arginine–glycine–aspartic acid (RGD) peptide can significantly improve its anti-inflammatory properties (Rodriguez-Nogales et al., 2016) (Figure 2D). In addition, a SF nanosilk solution reportedly reduces gene expression of the proinflammatory factor IL-6 accompanied by a tendency to reduce inflammatory cell infiltration early in the healing process (Niemiec et al., 2020) (Figure 2E).
SF films are also biocompatible, have low immunogenicity, and can reduce the infiltration of inflammatory cells. SF films are mainly used in wound healing and tissue repair (Ge et al., 2012; Arthe et al., 2020; Yao et al., 2019) (Figure 2F). In addition, the transparent artificial dura made from SF effectively reduces the expression of IL-1β, IL-6, and TNF-α (Kim et al., 2011).
Notably, peptides produced by SF hydrolysis exhibit anti-inflammatory potential. SF peptide alone inhibits TPA-induced increase in COX-2, IL-6, IL-1β, and TNF-α levels, and significantly enhances the anti-inflammatory activity of Tat-SOD and PEP-1-FK506 binding proteins (Kim et al., 2011; Kim et al., 2012). γ-irradiated SF significantly enhances various aspects of the immune systems by activating NK cells, T-cell proliferation, NO production, and increasing cytokine levels (Byun et al., 2010). The anti-inflammatory potential of the SF hydrolysate and irradiation products suggests that further processing and treatment of SF will be a new strategy to explore its value.
3 STRATEGIES TO REDUCE THE IMMUNOGENICITY AND FOREIGN BODY REACTION (FBR) OF SERICIN-BASED AND SF-BASED BIOMATERIALS
Compared with the current artificial materials, such as polylactic acid, PEG, etc., the degradation products of sericin and SF are small molecular amino acids, and possess lower inflammatory response and better biocompatibility, while the degradation products of artificial materials such as polylactic acid will produce obvious inflammatory response by reducing the pH value of the environment (Ma et al., 2024). Chemical crosslinking is an important strategy to reduce the immunogenicity of biomaterials. Based on the active groups on various amino acid residues in sericin and SF, it can be chemically modified to meet the needs of different applications. For instance, by introducing methacrylic acid group into the amino acid side chain of SF protein, the water solubility of SF protein can be improved, thus reducing the immunogenicity (Kim et al., 2021). Reducing the antigenic epitopes exposed by material surface modification is another important strategy to reduce the immunogenicity. For example, the introduction of specific bioactive molecules, such as PEG, on the surface of fibroin proteins can reduce the immunogenicity of SF (Wei et al., 2020).
Biomaterials implanted in the body will cause FBR, including local aseptic inflammatory responses, such as inflammatory cell infiltration, including macrophages, lymphocytes, neutrophils, etc. Over time, foreign-body giant cell form and eventually lead to fibrosis (Cai et al., 2024). In order to overcome the FBR, it is necessary to pay attention to the following characteristics when preparing sericin-based and SF-based biomaterials. Firstly, the mechanical properties of the hydrogels should be suitable for the implant site, and the lower stiffness helps to mitigate FBR (Blakney et al., 2012). Secondly, preventing protein adsorption by binding hydrogels with PEG or other novel anti-fouling biomaterials (such as zwitterionic or hydroxyl-rich polypeptides) is another attractive option (Zhou et al., 2024). Another method to mitigate FBR is to use biomimetic materials (such as decellularized extracellular matrix and mucins) mimic the extracellular matrix (ECM) of native tissues (Bhunia et al., 2023; Werlang et al., 2024). In regard to nanoparticles, surface functionalized by different chemical groups can affect the intensity of the FBR (Huang Y. J. et al., 2018; Huang et al., 2015). It is noteworthy that the membrane encapsulation to reduce the FBR of the nanoparticle has become another novel way (Fan et al., 2018).
Finally, the composition and MW of sericin and SF also play a key role in its immunogenicity. SF is a fibrous protein consisting of a heavy chain (H chain) (390 kDa), a light chain (L chain) (26 kDa), and a glycoprotein P25 (30 kDa), which are assembled in a ratio of 6:6:1 (Inoue et al., 2000). Sericin is also a macromolecular protein, with MW ranges from about 10 kDa to over 300 kDa (Zhang, 2002). The MW of them is greatly affected by the extraction conditions. LMW-sericin (below 10 kDa) not only displays good biocompatibility, but also owns good anti-inflammatory ability to regulate macrophage polarization towards the M2 phenotype (Cherng et al., 2022). Therefore, it is another way to reduce the immunogenicity of sericin-based and SF-based biomaterials by optimizing the extraction and purification process to obtain the appropriate MW of sericin and SF.
4 APPLICATION OF SERICIN BIOMATERIAL IN MEDICINE
Due to the good biocompatibility, low immunogenicity and outstanding immunomodulatory properties, sericin is highly favored in the biomedical field. Sericin-based biomaterials have shown excellent effects in improving immunotherapy and anti-inflammatory.
4.1 Improving immunotherapy
Immunotherapy is mainly a method of treating diseases by artificially enhancing or inhibiting the body’s immune function. It is suitable for treating various diseases, including cancer and autoimmune diseases. Currently, the drug delivery system using sericin as a biological material for immune agents become a very promising method for immunotherapy.
4.1.1 Enhance anti-tumor immunotherapy
Small interfering RNA (siRNA) is essential for the effective inhibition of tumorigenesis, targeting of tumor metastasis, and activation of tumor-associated immune cells via silencing the specific gene (such as p65 and PD-L1) responsible for different cancer hallmarks (Ngamcherdtrakul and Yantasee, 2019). Using an effective delivery system, siRNAs can be selectively targeted to tumor microenvironment (TME), sent to regulatory T cells (Tregs), macrophages, myeloid-derived suppressor cells, and other cells to “silence” immunosuppressive cells, and enhance therapeutic immunotherapy (Deng K. et al., 2022; Qian H. et al., 2022; Li S. Y. et al., 2016; Hossain et al., 2015). Currently, sericin as a biological material has been designed as a delivery system for targeted delivery of siRNA. For example, a system consisting of superparamagnetic iron oxide nanoparticles (SPIONs) modified with sericin can target triple-negative breast cancer, accelerate tumor necrosis, and inhibit tumor proliferative growth (Shirangi et al., 2022). Furthermore, hyaluronic acid/poly-L-lysine-siRNA/albumin-sericin (2:1) nanoparticles can be used as siRNA delivery system for laryngeal cancer treatment (Yalcin et al., 2019). Therefore, it is expected that, in the future, serine will be increasingly used as a biological material to design a drug delivery system to target siRNA to immunosuppressive cells in the TME, which will be a potential new direction for enhancing immunotherapy.
Photothermal therapy (PTT) and photodynamic therapy (PDT) are two novel cancer treatments. Their anti-tumor efficacy can be improved by inducing non-invasive pyroptosis of cancer cells and stimulating anti-tumor immune responses. For example, recently prepared VB12-Sericin-PBLG-IR780 nanomicelles not only trigger programmed pyroptosis in cancer cells but also activate DC maturation, initiate T-cell recruitment, and play a key role in anti-tumor processes (Guo et al., 2022) (Figure 3A).
[image: Diagram A depicts mitochondrial functions. Chart B illustrates skin cell processes and interactions. Panel C shows histological images of skin tissue in various staining methods. Section D presents tissue samples with antibody labeling. Graph E includes flow cytometry data comparing treatment groups, featuring cell marker expression levels and bar charts summarizing results.]FIGURE 3 | Application of sericin-based biomedical composites in immune regulation. (A) The preparation process and mechanism of VB12-sericin-PBLG-IR780 nanomicelles mediated pyroptosis are related to DC maturation, T cell recruitment, and tumor inhibition efficiency. Reprinted with permission from (Guo et al., 2022). Copyright (2022) ACS. (B) Treatment of atopic dermatitis in mice with siRelA sericin (SC) hydrogel. Observation of ear swelling (HE staining) and mast cell infiltration (TB staining) in tissue sections through optical microscopy. Reprinted with permission from (Kanazawa et al., 2015). Copyright (2015) MDPI. (C) Se-CuSrHA@EGCG Preparation and functional model diagram of nanoplatforms, including clearance of ROS, regulation of immune response, angiogenesis, and bone formation. Reprinted with permission from (Ming et al., 2025). Copyright (2025) Elsevier. (D) Chitosan (CS) - NPs gel, CS Lupeol (L) - NPs gel, CS Ag NPs gel and CS Ag L-NPs gel were used to treat skin wounds. The expression of TNF - α and IL-1 β in tissues was detected by immunohistochemistry. Reprinted with permission from (Chu et al., 2023). Copyright (2023) Elsevier. (E) Treated with IL-4 and alginate/sericin/graphene oxide (Alg/Ser/GO) hydrogel, the frequency of CD206+CD163+and CD11b+CD80+cells was analyzed by flow cytometry. Reprinted with permission from (Jiang et al., 2021a). Copyright (2021) Elsevier.
In addition, during the treatment for tumors, although the use of chemotherapy drugs inhibits tumor formation and development, it can also have a negative impact on the immune system. Lactoferrin (LF), a common iron-binding glycoprotein, not only has the function of regulating iron metabolism, but also plays a crucial role in antibacterial, antiviral, anti-tumor and immune regulation (Jańczuk et al., 2022). A sericin hydrogel system for the delivery of recombinant human LF (SSH-rhLF) can prolong the bioactivity and bioavailability of rhLF and may have a therapeutic effect on the cyclophosphamide (CTX) induced immunosuppression mice by enhancing the function of liver macrophages, promoting the expression of immunoregulatory factors (IL-2, IL-21, IL-18, and CD-3), and promoting the proliferation of splenic lymphocytes (Xu et al., 2021). This provides a new strategy for enhancing immunity in patients undergoing cancer chemotherapy.
4.1.2 Involvement in immune regulation of autoimmune diseases
Atopic dermatitis (AD) is a common chronic inflammatory disease, for which immunotherapy is an important treatment (Li and Man, 2022). Sericin prepared in emulsion gel and hydrogel forms is very effective in correcting the abnormal immune response caused by AD by loading levocetirizine (an antihistamine), anti-RelA siRNA, and functional peptides (Pal et al., 2019; Kanazawa et al., 2015) (Figure 3B). Intra-articular injection of sericin hydrogel preparations containing anti-RelA siRNA also has great therapeutic potential for the treatment of rheumatoid arthritis (RA) (Kanazawa et al., 2017). Moreover, sericin-based microspheres loaded with racemic flavanone naringenin (a TNF-α blocker) helped to suppress LPS-induced serum TNF-α levels, which mediate immune disorders in psoriasis, and thus are expected to be a new modality for psoriasis immunotherapy (Chlapanidas et al., 2014).
4.2 Role in anti-inflammatory activity
Sericin has good adhesion and hydrophilicity, which helps to regulate the mechanical properties of biomaterials, enhance their degradation ability, promote cell adhesion and proliferation, and facilitate the sustained release of anti-inflammatory drugs, thereby enhancing their anti-inflammatory effects. From a mechanistic perspective, the drug delivery system and composite biomaterials involved in sericin play an anti-inflammatory role, mainly by promoting the M2 polarization of macrophages, inhibiting the proliferation and infiltration of inflammatory cells, and regulating the secretion of inflammatory mediators.
4.2.1 Inhibition of inflammation by promoting M2 polarization of macrophages
Macrophages are among the first cells to arrive at and interact with implanted materials and involved in regulating the resolution of inflammation, promoting tissue repair and regeneration. Mature macrophages are polarized into M1 or M2 subtypes. Classically activated M1 induced by IFN-γ, exhibit a proinflammatory phenotype. Activated M2 induced by IL-4 or IL-13 exhibit an anti-inflammatory phenotype (Kumar et al., 2016). During tissue repair, excessive and prolonged activation of proinflammatory M1 macrophages in the early stages of inflammation can lead to increased inflammation, thereby impairing tissue repair and regeneration (Martin and García, 2021; Bessa-Gonçalves et al., 2023). Therefore, accelerating the change in the macrophage from M1 to M2 is an important strategy in both biomaterial development and tissue repair/regeneration.
The polarization response of macrophages to biomaterials is currently being explored in three main approaches: (i) immunofluorescence staining using M1 surface markers (such as chemokine receptors 7, CCR7) and M2 surface markers (such as CD206) and observing results (Wang et al., 2020); (ii) determining cytokine secretion profiles of macrophages, which indirectly reflect macrophage phenotype (Wang et al., 2020; Chachlioutaki et al., 2022); (iii) examining the expression of M1 and M2 genes (Wang et al., 2020; Zhang et al., 2017; Jiang et al., 2021a). Sericin composite biomaterials in the form of scaffolds, films, hydrogels, and other treatments combined with drugs such as ketoprofen (an anti-inflammatory agent), nerve growth factor, and exosomes inhibit inflammatory responses by promoting macrophage M2/M1 conversion, which is exploited for tissue and peripheral nerve repair (Chachlioutaki et al., 2022; Zhang et al., 2017; Jiang et al., 2021a). Recently, the bone immune microenvironment, in which macrophages play a key role in reprogramming of the bone regeneration and immune microenvironment, has attracted increasing attention. Sericin released in an injectable alginate/serin/graphene oxide (Alg/Ser/GO) hydrogel promotes M2 polarization and migration through nuclear factor kappa-B (NF-κB) and mitogen-activated protein kinase (MAPK) signaling, inducing osteogenic differentiation and bone regeneration (Jiang et al., 2021a). Se-CuSrHA@ (epigallocatechin -3- gallate) EGCG (Figure 3C), a sericin-based nanoplatform, increases mRNA level of Arg-1 and CD206, increases the secretion of anti-inflammatory cytokines, inhibit M1 while promoting the polarization of M2, balanced immune homeostasis, and accelerating bone regeneration (Ming et al., 2025). In another study, serine incorporated into a gelatin sponge polarizes M1 macrophages and promotes bone morphogenetic protein 2(BMP-2) secretion to enhance osteogenesis (Jo et al., 2021). Therefore, the factors through which sericin materials determine macrophage phenotypes may be complex and require further exploration.
4.2.2 Inhibition of the infiltration and proliferation of inflammatory cells
Sericin-composite biomaterials can also inhibit inflammatory cell proliferation and infiltration in the treatment of inflammatory diseases. Sericin-loaded alginate nanoparticles significantly reduce polymorphonuclear cell (PMN) infiltration and inhibit carrageenan-induced paw edema (Khampieng et al., 2015). The sericin/proanthocyanidin (PAC) composite reverses histological damage, including inflammatory cell infiltration and goblet cell loss, slowing disease progression and is a promising alternative therapeutic strategy for dextran sulfate sodium (DSS) -induced ulcerative colitis (UC) (Wang C. et al., 2022). In addition, the reduction of inflammatory cells in the surrounding tissues was observed at the initial stages of implantation of the alginate/sericin/graphene oxide (Alg/Ser/GO) hydrogel, which is conducive to bone regeneration (Jiang et al., 2021a). Sericin can promote chondrocyte differentiation and growth by activating the Smad2/3/TGF-β pathway and regulate local proinflammatory responses (Fongsodsri et al., 2024).
4.2.3 Regulate the release of inflammatory factors
In terms of wound treatment, carboxymethyl cellulose/sericin-based hydrogel dressing can downregulate the IL-1β, IL-6, and TNF-α to improve the pro-inflammatory response at the diabetic wound site (El-Samad et al., 2022; Bai et al., 2023). Hydrogels made of fibroin and sericin are excellent at promoting wound healing and reducing inflammation (Zhang D. et al., 2024; Ashraaf et al., 2023). Using sericin as a biological template, CuS@Ser NPs stimulate angiogenesis and inhibited inflammation, thereby facilitating rapid wound healing (Guo et al., 2023).
Another bacterial cellulose wound dressing made from sericin/polyhexamethylene biguanide has a strong ability to promote tissue secretion of IL-4 and TGF- β, thereby achieving a more efficient regulatory ability to promote wound treatment (Napavichayanun et al., 2018). In terms of psoriasis treatment, the combination of naringin and sericin in equal proportions significantly reduced the production IL-6, TNF-α and IL-23 in patients (Deenonpoe et al., 2019). Sericin-based poly (vinyl) alcohol (SS/PVA) hydrogel alleviates the development of psoriasis symptoms by up-regulating nuclear factor erythroid 2 related factor 2 (Nrf2), IL-10, and down-regulating TNF-α and IL-20 (Tuentam et al., 2022). In terms of colitis treatment, sericin composite biomaterials can alleviate UC by reducing the levels of proinflammatory cytokines TNF-α, IL2, IL-6, IL-17, and IL-12 and upregulating the levels of the anti-inflammatory cytokine IL-10 (Xu et al., 2022; Fongsodsri et al., 2024; Ma et al., 2019). The mixture of sericin and curcumin can inhibit carrageenan-induced foot edema in mice by suppressing the release of IL-1 β, promoting the secretion of IL-4 and IL-10 (Ashraaf et al., 2023).
The sericin composite biomaterials loaded with drugs can be used to treat inflammatory diseases by reducing the release of proinflammatory mediators, upregulating anti-inflammatory cytokines and macrophage polarization (Jiang et al., 2021a; Chu et al., 2023) (Figures 3D, E). Sericin base biomaterial is a new and gradually emerging therapeutic strategy for wound treatment.
5 APPLICATION OF SF IN MEDICINE
Compared with sericin, SF is more widely used in the field of tissue engineering and regenerative medicine attributed to its better mechanical properties and versatile processing capabilities. SF-based biomaterials have also played an outstanding role in enhancing immunotherapy and anti-inflammatory.
5.1 Improving immunotherapy
5.1.1 Enhanced anti-tumor immune response
SF has biocompatibility, controlled-release characteristics, and excellent mechanical and biological properties, such as immunomodulatory and anti-inflammatory properties, making it an excellent choice for the construction of composite biomaterials for tumor immunotherapy. Surface-engineered SF nanocomposites not only exhibit excellent anti-tumor functions but can also be combined with different types of tumor therapies to enhance tumor immunotherapy. The related mechanisms mainly include: (i) reversal of the immunosuppressive TME, including inducing the transformation of tumor-associated macrophages from M2 to M1 and reducing the number of Tregs (Zhang X. et al., 2022; Yu et al., 2022a; Tan et al., 2020; Yu et al., 2023) (Figures 4A, B); (ii) induction of immunogenic cell death (ICD) to stimulate anti-tumor immunity (Zhang X. et al., 2022; Yu et al., 2022a; Tan et al., 2020; Yu et al., 2023; Tkach et al., 2017); and (iii) promotion of the maturation of DCs, the formation of effector T cells and effector memory T cells to improve immune activation and promote immune memory (Zhang X. et al., 2022; Yu et al., 2022a; Tan et al., 2020; Tkach et al., 2017; Cao et al., 2022) (Figures 4A–C).
[image: Panel A shows flow cytometry plots of immune cell populations. Panel B is a schematic of a virus entering a cell. Panel C contains bar charts with immune responses over different conditions. Panel D consists of a timeline of immunization events and a line graph of antibody responses measured weekly. Panel E is a survival curve showing differences between placebo and treatment groups over days post-virus exposure. Panel F has microscopy images of tissue samples with highlighted regions.]FIGURE 4 | Application of SF-based biomedical composites in anti-tumor immune response and enhancing the immune response to vaccines. (A) Flow cytometry analysis showing the frequency of M1 and M2 macrophages after various treatments: ultrasound (US), bovine serum albumin (BSA)+US, SF + US, Au/SF@Cu2-xS nanoreactor (ASC), and ASC + US. Reprinted with permission from (Yu et al., 2022). Copyright (2023) Elsevier. (B) Schematic illustration of the synthetic route of NST NPs (metal-organic framework nanosystem (NMOF)+SF + tirapazamine (TPZ)) and the mechanism of synergistic induction of strong immune response by deoxygenation driven chemotherapy in the treatment of tumor specific redox imbalance. Reprinted with permission from (Yu et al., 2022a). (C) Impact of different types of oral nanomotors (NMs)-embedded hydrogel plus anti-PD-L1 on DC maturation, the ratio of CD8+/CD4+ T cells and changes, central memory cells (TCM), effector memory T cells in the mouse spleen and variations in cytokine levels (e.g., TNF-α and IFN-γ) in the mice serum. Reprinted with permission from (Cao et al., 2022). Copyright (2022) Wiley-VCH. (D) (a) Schematic of the fabrication and application to skin of SF/poly (acrylic acid) (PAA) composite microneedles. (b) ELISA analyses of anti-trimer-His serum IgG responses over time. Reprinted with permission from (Boopathy et al., 2019). Copyright (2018) PNAS. (E) Kaplan–Meier survival curves showing that MIMIX (SF-based microneedle patch) reduced mortality relative to control, whereas bolus vaccination vaccines did not significantly improve survival rates. Reprinted with permission from (Stinson et al., 2021). Copyright (2022) Elsevier. (F) Immunofluorescence staining in acute or steady-state conditions: Adding SF to vaccines can induce stronger immune responses and increase the distribution of CD4+T cells in the gastric mucosa. Reprinted with permission from (Hu et al., 2020). Copyright (2020) Taylor and Francis.
Transcutaneous immunization (TCI) enhances tumor immunotherapy by delivering antigens to DCs through skin. Compared to traditional oral or injection vaccinations, it has the advantages of excellent immunogenicity, avoidance of the liver first-pass effect, good compliance, safety, high efficiency, non-invasiveness, and ease of use (Karande and Mitragotri, 2010). However, the presence of a cuticular barrier leads to a low transdermal delivery efficiency of TCI, thereby limiting its large-scale clinical application. SF has good biocompatibility, air permeability, and skin affinity, and can mimic the extracellular matrix, making it a good biological material for constructing transdermal drug delivery systems. Composite biomaterials constructed using SF can Stimulate cellular and humoral immune responses and induce systemic anti-tumor response by improving the transdermal properties of transdermal carriers, targeting, and inducing DCs maturation (Yang et al., 2020; Song et al., 2022). According to recent researches, the combination of SF-constructed percutaneous tumor immune materials and immune checkpoint blockers, such as programmed cell death protein 1 monoclonal antibody (aPD-1) which can enhance T-cell responses and mediate preclinical antitumor activity by blocking the binding of PD-1 on T cell with PD-L1 on cancer cells, may be a new strategy for effectively enhancing tumor immunotherapy. The involved mechanisms include: (i) promotion of the infiltration of CD4 and CD8 T cells into the tumor tissue, and (ii) promotion of the expression of IL-12, IFN-γ, and TNF-α (Song et al., 2022; Hong et al., 2021).
It is also of interest that SF has been used as a vaccine carrier for cancer immunotherapy. For example, Lei et al. recently developed an injectable SF microsphere loaded with an antigen and an immune adjuvant. Its macroporous structure is conducive for the recruitment of immune cells and can promote the activation of DCs to forms a favorable immune microenvironment. In turn, strong humoral and cellular immunity is induced. In addition, an enhanced vaccine modified by adsorbing antigens on SF microspheres effectively inhibits tumor growth by improving the cytotoxic T lymphocyte (CTL) response (Lei et al., 2022), properties that encourage a new approach for the future development of tumor immunotherapy vaccines.
5.1.2 Enhanced immune response to vaccines
Antigen delivery dynamics can influence the immune response to vaccines. For example, vaccine antigens can induce sustained humoral immunity after they are delivered to the lymph nodes to trigger naïve B cell response, whereas traditionally injected immunization can rapidly eliminate antigens, which is not conducive to the establishment of humoral and cellular immunity. Improving the immunogenicity of vaccine antigens and maintaining their slow release are new strategies for enhancing vaccine efficacy. The ability of the SF matrix to enclose and release intact and bioactive immunologically active materials has attracted much attention in the construction of slow-release novel vaccines (Reeves et al., 2015; Guziewicz et al., 2011; Kumar M. et al., 2018) (Figure 4D). The microneedle patch combined with the SF matrix can achieve the continuous release of vaccine antigens, enhance the immunogenicity of the vaccine, and thereby significantly enhance the degree, duration, and breadth of the humoral and cellular immune responses caused by the vaccine. Therefore, this represents a promising vaccine delivery strategy at present (Boopathy et al., 2019; Stinson et al., 2021; DeMuth et al., 2014) (Figure 4E).
SFNPs can enhance antigen target delivery, immunogenicity, and stability and can release antigens slowly and continuously, making them a promising new vaccine preparation. SFNPs was used as nanoadjuvants to deliver recombinant hepatitis B surface antigen (HBsAg) and FimH-IutA antigen, with the resulting vaccine significantly increasing the content of specific antibody IgG and promoting humoral and cellular immune responses (Rezaei et al., 2021; Hasanzadeh et al., 2020). Similarly, SF, which presents the advantages of sustained release, absorption, and in situ gelation in various tissues, has been used as a mucosal vaccine carrier. This vaccine carrier not only alleviates gastric injury but also leads to significant infiltration and generation of CD4 tissue-resident memory T (TRM) cellsin gastric epithelial tissues, which are the key mediators of anti-infection immunity in various tissues and have recently been shown to boost local stomach immunity (Schenkel et al., 2014; Xu et al., 2019; Hu et al., 2020) (Figure 4F).
5.1.3 Enhanced efficacy of immunotherapy drugs
CpG oligodeoxynucleotides (CpG ODNs) are short single-stranded synthetic DNA molecules which are designed to mimic bacterial DNA. These molecules are recognized by Toll-like receptor 9 (TLR9), which is expressed in certain immune cells such as myeloid cells, thus possess potent immune-stimulatory properties (Hekmatshoar et al., 2019). SFNPs have been used as effective carriers of CpG ODNs, which can significantly improve the delivery of CpG ODNs, as shown by the significantly enhanced cellular uptake and significantly increased levels of cytokines and nitric oxide produced following CpG ODN stimulation (Zhang et al., 2019).
SF has particularly excellent biocompatibility and can slowly degrade in vivo, has an excellent mechanical strength, and increases cell adhesion. Injectable hydrogels prepared by combining SF with other materials achieve controlled biodegradation and low mass loss and can be loaded with immunosuppressive agents such as methylprednisolone and betamethasone for cartilage regeneration and the treatment of rheumatoid arthritis (Phan et al., 2022; Oliveira et al., 2020).
Human bone marrow mesenchymal stem cells (hBMSC) are widely used in cell therapy because of their powerful proliferative and immune-regulatory abilities. SF films reportedly preserve not only the immunosuppressive effects of hBMSCs on T-cell proliferation and cytokine release, but also IL-6 secretion, and the immunophenotypes of hBMSCs (Luan et al., 2009).
5.2 Anti-inflammatory properties
5.2.1 Inhibition of inflammation via promotion of M2 polarization of macrophages
M2 macrophage polarization is an important immune regulatory event that reduces inflammation during wound repair, bone regeneration and repair, and colitis repair. Many composite biomaterials targeting this key event have been developed based on the excellent mechanical properties, biocompatibility, and bioactivity of SF. For example, Silk-6/ε-PL@Exo (constructed from SF/poly-L-lysine hydrogel) controls inflammation, inhibits glycolysis and lactic acid accumulation by targeting M1 macrophages, and promotes the polarization of macrophages from M1 to M2 (Jin et al., 2024). The inflammatory response induced by SF is not fixed: SF/nano-hydroxyapatite scaffolds trigger a proinflammatory response by M1 macrophages on the first day, whereas SF degradation products induce an anti-inflammatory response by M2 macrophages on the day 24 of treatment (Wong et al., 2024). Lv et al. found that SF treated with reagents such as acetic acid and sodium hydroxide increased the expression of proinflammatory cytokines in rats and accelerated their degradation in vivo. Overall, most studies suggest that SF has good biocompatibility and anti-inflammatory properties.
Owing to the dissolution of the scaffold by protease K in the body, the secondary/tertiary structure of SF is altered, leading to significantly different immune responses. Maintaining the stability of SF in the body is of great clinical value, and bioactive gold cluster sutures (clusters assembled on the SF surface) ensure the structural stability of SF for 15 months without degradation in vivo (Tian et al., 2024).
5.2.1.1 Wound treatment and macrophage polarization
Wound treatment promotes M2 polarization of macrophages to establish anti-inflammatory niche required for tissue healing, which is critical for skin wound treatment. SF hydrogels can significantly increase the expression of the anti-inflammatory marker CD163 in M2 macrophages in the early stage, accelerating the transition from inflammation to the proliferation stage of wound repair (Chouhan et al., 2018). Considering that the SF hydrogel system has a controlled drug delivery capacity, good mechanical properties, skin tissue adhesion, and bioactivity, the combination of other biomaterials and therapeutic drugs will not only be beneficial for promoting angiogenesis in the wound area but will also induce M2 polarization in the wound area to create a pro-healing anti-inflammatory microenvironment. For example, after in situ photocuring, methacrylonyloxylated SF hydrogel showed good adhesion and sealing properties. Currently, two methacryloxylated SF hydrogel systems loaded with borosilicate and metformin have been prepared, both of which can regulate inflammation by inducing macrophage polarization towards the anti-inflammatory phenotype M2 and support diabetic wound treatment (Pang et al., 2021; Mei et al., 2022; Wu et al., 2021; Wang et al., 2023; Li et al., 2023). In addition, novel glycyrrhizic acid and inorganic zinc in the immunoregulatory SF/novel glycyrrhizic acid/inorganic Zn2+ (SF/GA/Zn) hydrogels synergistically reduce the activation of M1-type macrophages, induced an M2 phenotype shift, and accelerate the three stages of diabetic wound repair (Qian Y. et al., 2022) (Figure 5A).
[image: Diagram illustrating a study on a scientific process involving traumatic brain injury (TBI). Panel A shows mice with labeled body parts, indicating TBI impact. Panel B depicts a schematic of stem cells encapsulated in hydrogels for treatment and examination. Panel C presents fluorescence microscopy images showing cellular structures in green and blue under different conditions. Panel D is a bar graph comparing gene expression levels. Panel E shows multiple bar graphs analyzing various metrics pre- and post-treatment across different groups.]FIGURE 5 | Application of SF-based biomedical composites in inhibiting inflammation. (A) Preparation of SF/GA/Zn hybrid hydrogel and its immunomodulatory mechanism in wound treatment of diabetes. Reprinted with permission from (Qian Y. et al., 2022). Copyright (2022) Wiley-VCH. (B) Schematic of the osteo-immunomodulatory effects of three-dimensional-printed biodegradable cellulose nanoparticles-reinforced chitosan/silk fibroin (CS/SF/CNPs) scaffolds. Reprinted with permission from (Patel et al., 2022). Copyright (2022) Elsevier. (C) The CD68 antibody fluorescence staining image confirmed the inhibitory effect of the hybrid poly (glycolide-co-ε-caprolactone) (PGCL)/SF-Tubasatin A (TUBA) multi-channel bioactive filament nanofiber catheters on inflammation after SCI. Reprinted with permission from (Liao et al., 2022). Copyright (2022) Elsevier. (D) RT-PCR displays the expression levels of genes MMP-1, MMP-13, iNOS, and TNF-α2 activated by IL-1β, were dramatically lower in the silk-chondroitin sulfate (CS) scaffolds compared with the silk scaffold. Reprinted with permission from (Zhou et al., 2017). Copyright (2017) Elsevier. (E) The expression of IL-6, TNF-α, and IL-10 showed that the implantation of collagen/SF scaffold combined with human umbilical cord mesenchymal stem cells (hUCMSCs) regulated systemic inflammatory factor levels in the acute and chronic stages of traumatic brain injury. Reprinted with permission from (Jiang J. et al., 2021). Copyright (2021) Theranostics.
SF can co-self-assemble with VEGF-mimicking peptides to construct an immunoregulatory hydrogel, QK-SF, which supports tissue repair and wound healing by regulating macrophage polarization and promoting angiogenesis (Chen Z. et al., 2023). Similarly, gelatin methacrylate/silk fibroin glycidyl methacrylate/mesoporous silica NP-resveratrol/platelet-derived extracellular vesicles (GelMA/SFMA/MSN-RES/PDEVs) hydrogels have appropriate mechanical properties and swelling ratios, which allow sustainable release of MS-RES and PDEVs to regulate macrophage to M2 phenotype conversion, promote angiogenesis, and accelerate the diabetic wound treatment process (Zhu et al., 2022).
5.2.1.2 Bone regeneration and repair
During the process of fracture healing, the first stage is acute inflammation, followed by a transition to repair and regeneration. Therefore, the development of bone immunoregulatory biomaterials that favor polarization of the M2-phenotype macrophages is a novel strategy for bone regeneration and repair (Hu et al., 2018). SFNPs improve the bioavailability of hydrophobic anti-inflammatory drugs. Ti-MAO/Sr/LBLWNP prepared according to this strategy can continuously release wogonin, which can transform M1 macrophages into M2 macrophages, regulate the ratio of M1/M2 macrophages, and promote osteoblast differentiation (Wang D. et al., 2022). SF also has the ability to release cytokines locally and can be used for the local release of sitagliptin to induce macrophages to polarize to the M2 phenotype and effectively recruit M2 macrophages to the titanium implant site to support bone regeneration (Xiang et al., 2021). In addition, the addition of SF/cellulose nanofibrils (CNFs) makes three-dimensional printing of chitosan/SF/cellulose nanoparticle scaffolds, and on activation of the M2 phenotype, macrophage polarization and immune regulation contribute to bone regeneration (Patel et al., 2022) (Figure 5B). A composite hydrogel composed of photoresponsive methacrylate SF, laponite nanocomposite, and tannic acid has the ability to resist oxidation and inflammation and induce bone formation (Wang et al., 2024). SF/black phosphorus/lycrhizic acid nanocomposite hydrogels can weaken the damage caused by oxygen free radicals, promote macrophage polarization towards M2, inhibit proinflammatory effects, and enhance the repair of damaged bone marrow (Zhang B. et al., 2024). Multilayered regenerated SF (RSF) on the surface of PET artificial ligaments regulates the inflammatory response and promotes the maturation of intra-articular grafts (Chen N. et al., 2023).
5.2.1.3 Colitis
Oral nanoparticles have been used to treat ulcerative (UC) as they can deliver drugs directly to the colonic region and are more convenient, achieving high patient compliance and safety (Zu et al., 2021). Therapeutic strategies for the treatment of UC include enhancing inflammation resolution, alleviating oxidative stress, promoting colonic mucosal repair, and regulating the intestinal flora. Macrophage M2 polarization is conducive to resolving inflammation and promoting mucosal healing, and has recently been shown to involved in the treatment of inflammatory bowel disease (IBD) (Koelink et al., 2020; Sun et al., 2020). At present, improving the targeting and co-treatment of UC from multiple aspects is the most recent strategy for preparing UC therapeutic drug delivery systems. Specific ideas include (i) modifying oral nanoparticles with ligands that specifically target colonic epithelial cells or macrophages (Li et al., 2022) and (ii) using drugs with multiple therapeutic functions (Zu et al., 2021). In line with this strategy, SFNPs have been designed as oral nanodrug delivery systems to exert multiple therapeutic effects (such as promoting macrophage M2 polarization) by the targeted delivery of therapeutic agents to the colonic mucosa and to significantly alleviate UC symptoms (Liu et al., 2022; Du et al., 2022; Ma et al., 2022; Gou et al., 2019).
In addition, the prepared SF composite biomaterials with immune regulatory functions can regulate macrophage M2 polarization, which is used to promote tendon repair, prevent tendon adhesion, and promote pelvic floor tissue repair (Cai et al., 2023; Dong et al., 2021; Yin et al., 2022).
5.2.2 Inhibition the infiltration and proliferation of inflammatory immune cells
Composite biomaterial systems in the form of hydrogels, scaffolds, and nanoparticles prepared using SF can be loaded with anti-inflammatory drugs, endowing them with anti-inflammatory activity by inhibiting the infiltration and proliferation of inflammatory immune cells. For example, SF hydrogels loaded with EGCG, rhein, and glycyrrhizic acid can effectively reduce the infiltration and proliferation of inflammatory cells (Qian Y. et al., 2022; Yin et al., 2022; Lee et al., 2022; Zhang F. et al., 2022). For the scaffold system, a gelatin sponge scaffold modified with neurotrophin-3 (NT-3)/SF can achieve a controlled-artificial release system with significant inflammatory inhibitory activity in the rat spinal cord injury (SCI) model, as shown by a significant reduction in the number of IBA-1 positive and CD68 positive macrophages/microglia (Li et al., 2018; Li G. et al., 2016). SF NP drug delivery systems loaded with bromelain and ZnO NPs, EGCG and Tubasatin A is effective in reducing the massive infiltration and proliferation of inflammatory cells (Liu et al., 2022; Hasannasab et al., 2021; Xie et al., 2022; Liao et al., 2022) (Figure 5C).
In particular, it is worth noting that SFNPs have anti-inflammatory properties, which can inhibit the infiltration and proliferation of inflammatory immune cells and can cooperate with anti-inflammatory drugs to exert anti-inflammatory effects. Therefore, SFNPs are a suitable choice for the preparation of anti-inflammatory composite biomaterials.
5.2.3 Repair of immune homeostasis by modulating the release of inflammatory factors
5.2.3.1 Wound treatment and induction of inflammatory factors
SF exhibits excellent biocompatibility, very low immunogenicity, great modification potential, and can regulate wound treatment process through the NF-κB signaling pathway, and thus, it has attracted much attention (Chouhan and Mandal, 2020). However, SF materials are brittle and have rapid enzymatic biodegradability, which limits their application in wound healing. Therefore, they are usually complemented with other polymers to optimize their effects for wound treatment (Shen et al., 2022). SF hydrogels, scaffolds, and nanofibrous membrane systems have been developed to promote wound treatment by loading anti-inflammatory drugs and regulating the release of inflammatory factors to repair immune homeostasis. The SF hydrogel system can reduce the expression of IL-1, IL-6, IL-8 and TNF-α, and can increase the expression of IL-10, TGF-β, and Arg-1 by loading resveratrol, novel glycyrrhiza, CNP-miR146a, and borosilicate (BS). Inhibition of inflammation in the wound microenvironment accelerates the transition from the inflammatory to proliferative phase, thereby accelerating diabetic wound treatment (Niemiec et al., 2020; Pang et al., 2021; Qian Y. et al., 2022; Zhu et al., 2022; Yang et al., 2024). In addition, SF composite biomaterials loaded with rhein and puerarin promote the inflammatory stage of the wound by reducing the levels of IL-6, Inos, COX-2 and TNF-α, and correspondingly increasing the levels of IL-10, thereby promoting wound treatment process (Liu et al., 2022; Yin et al., 2022).
5.2.3.2 Articular cartilage repair
IL-1β is a proinflammatory factor, which induces inflammation and hinders articular cartilage repair (Wojdasiewicz et al., 2014). Therefore, it is an effective therapeutic strategy to use SF composite biomaterials system to deliver anti-inflammatory drugs to inhibit IL-1β and create an anti-inflammatory microenvironment to promote the repair of articular cartilage. At present, ginsenoside Rb1/TGF-β1-loaded biodegradable SF-gelatin scaffolds, SF-chondroitin sulfate scaffolds and injectable SF hydrogels containing articular chondrocytes (ACs) and hypoxic preconditioned exosomes (H-Exos) (SF/ACs/H-Exos) have been developed, all of which can reduce the inflammatory response of chondrocytes induced by IL-1β and support cartilage regeneration (Shen et al., 2022; Zhou et al., 2017; Wu et al., 2020) (Figure 5D).
5.2.3.3 Colitis and delivery of anti-inflammatory drugs
As a non-toxic drug carrier with good biocompatibility, immunogenicity, and low biodegradability, SF can effectively treat colitis by preparing a NP system to deliver anti-inflammatory drugs to the inflamed parts of the colon. It is reported that SFNPs system loaded with pluronic F127 (PF127) -modified resveratrol (RSV), EGCG, patchouli alcohol (PA), and curcumin (CUR) can downregulate proinflammatory cytokines such as IL-1β, IL-6, IL-12, and TNF-α, upregulate anti-inflammatory cytokines such as IL-10, thus effectively alleviating the inflammatory response (Liu et al., 2022; Du et al., 2022; Gou et al., 2019; Xie et al., 2022).
5.2.3.4 Nerve regeneration
Stem cell transplantation and biological scaffold implantation are considered effective methods for nerve regeneration. Safety and biocompatibility are two key factors in material selection for nerve regeneration research. SF is an excellent carrier for cell and growth factor delivery, a natural material with good biocompatibility, good mechanical properties, and biodegradability, and is reportedly a favorable choice for the repair of SCI and traumatic brain injury (Xu et al., 2016; Jiang et al., 2020). The inflammatory response in the injured area of the nervous system will inhibit nerve regeneration; thus, SF scaffolds with anti-inflammatory effects have also been developed, mainly by reducing the proinflammatory cytokines IL-6 and TNF-α, and increasing the anti-inflammatory cytokines IL-10 to inhibit inflammation and promote nerve regeneration (Li G. et al., 2016; Jiang J. et al., 2021) (Figure 5E).
SF hydrogel significantly improves skin penetration and the anti-keratinization ability of curcumin-loaded NPs (CUR-NPs), and can prolong the release of curcumin-loaded NPs; thus, inhibition of inflammatory cytokines (TNF-αand IL-6) is achieved to a greater extent with improvements in the therapeutic efficacy of curcumin on psoriasis mouse model (Mao et al., 2017). In addition, neutrophil membrane-coated SF-NPs can enhance the bioavailability and solubility of ferulic acid (FA), improve its pharmacological characteristics and targeted delivery, thereby significantly reducing proinflammatory cytokines IL-6, IL-1β and TNF-α (Hassanzadeh et al., 2021). Similarly, liquid SF along with the RES-SFN treatment achieved better results than each of these treatments used separately, and showed a more significant reduction in the proinflammatory cytokines IL-1β and TGF-β (Giménez-Siurana et al., 2020).
6 CONCLUSION
SF and sericin have been widely used in wound treatment, tissue engineering, and other fields in the form of hydrogels, scaffolds, films, and nanoparticles in recent decades. These different processing methods enable them to play different roles in the wound treatment process (proinflammatory and antibacterial stage or anti-inflammatory and healing promoting stage).
Our review focused on the anti-inflammatory and immunoregulatory effects of SF and sericin as biomaterials, particularly in the field of wound treatment. SF and sericin have been shown to be safe, biocompatible, and to exhibit low immunogenicity, and can elicit appropriate and acceptable immune responses in vivo, including innate and adaptive immune responses, when used alone or prepared in various forms of biomaterials. The anti-inflammatory and immune regulatory properties of sericin and SF make them widely used in skin wound treatment, UC, articular cartilage repair, and psoriasis. In addition to individual applications, they can also be combined with other materials to make composite materials using their modifiability, controllable biodegradability, and good mechanical properties, which can not only be used to improve the properties of single anti-inflammatory drugs, but also give full play to their own immune regulation and anti-inflammatory ability. These composites can improve existing immunotherapy methods, such as delivery of siRNA, enhancement of cellular immunity, and can be exploited as vaccine carriers to exert immune regulation. SF and sericin composites can also exert anti-inflammatory effects by promoting M2 polarization of macrophages, inhibiting the proliferation and infiltration of inflammatory cells, and regulating the release of inflammatory factors (Figure 6).
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There are still many challenges to be faced regarding the application of sericin-based and SF-based biomaterials in the field of medical biomedicine. For instance, due to the lack of standardized methods for assessing immune responses, it is difficult to make a comprehensive assessment of implant-induced immune responses (Kaprin et al., 2022). Additionally, it has also been well-known that epithelial cells and other types of immune cells (such as mast cells) equally play a significant role in the direct immune responses. However, there are few researches have explored their inflammatory response to sericin-based and SF-based biomaterials. Last but not least, there are some limitations of sericin-based and SF-based biomaterials in wound applications: (i) The extraction and purification process of SF and sericin is complicated, and other substances are easy to remain, which affects the purity and properties of the biomaterials; (ii) Compared to sericin, SF lacks antibacterial and antioxidant properties, so it is not effective in preventing wound infection.
In conclusion, SF and sericin exhibit good biocompatibility, low immunogenicity, controllable biodegradability, good mechanical properties, and excellent anti-inflammatory and immunomodulatory properties. A profound understanding of the different ways in which SF/sericin acts as a biomaterial and induces either proinflammatory or hypoinflammatory responses in the body will greatly improve utilization rate of silk biomaterials, especially in the field of wound treatment.
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Background: Methicillin resistant Staphylococcus aureus (MRSA) is a Gram-positive bacterium that can cause local or systemic infectious diseases, and treatment for MRSA has become a major global health issue. Sodium houttuyfonate (SH) is a natural extract of Houttuynia cordata, which has antibacterial and anti-inflammatory effects. The aim of this study is to evaluate the antibacterial effect of SH combined with penicillin G (PNC) against MRSA and its potential beneficial effects in a rat model of MRSA wound infection, and to investigate its possible mechanism in combination with network pharmacology.Methods: Evaluating the antibacterial effect of drugs through in vitro antibacterial experiments. Construct a MRSA infected wound model in SD rats and determine the optimal drug ratio based on the degree of wound healing. Hematoxylin & Eosin (H&E) staining was used to determine inflammatory cell infiltration, Masson staining was used to observe collagen fiber proliferation in the wound, Elisa method was used to detect inflammatory cytokine content in retrobulbar venous blood, and network pharmacology methods were used to elucidate possible molecular mechanisms.Result: The MIC of SH and PNC are 60–80 μg/mL and 40–70 U/mL, respectively. The FICI of the combined group is 0.375–0.5625, and the optimal drug ratio is SH20 μg/mL + PNC15u/mL. The number of central granulocytes infiltrated in the combined group was less than that in other groups, and the levels of IL-6 and TNF-α were significantly reduced. In addition, the collagen fibers in the wound were significantly increased. Thirteen target genes were predicted through network pharmacology, among which the core targets were IL1B, IL6, MMP9, IFNG, and TNF. SH and PNG have shown good binding potential with various targets in molecular docking. Among the 83 potential pathways of action, IL-17 signaling pathway is considered a key pathway for promoting wound healing.Conclusion: Sodium houttuyfonate combined with penicillin G can inhibit bacterial growth in MRSA infected wounds in rats, reduce neutrophil infiltration, promote collagen fiber generation in wounds, and decrease the expression levels of inflammatory factors IL-6 and TNF-α in the blood of rats after MRSA infection. It promotes wound healing through multiple targets and pathways, and preliminarily reveals the drug’s targets and molecular mechanisms.Keywords: MRSA, sodium houttuyfonate, penicillin G, network pharmacology, wound healing
1 INTRODUCTION
Staphylococcus aureus, which can encode penicillin binding protein 2a (PBP2a) and cannot be inactivated by β-lactam antibiotics, is called methicillin-resistant Staphylococcus aureus (MRSA) (Peacock and Paterson, 2015). Since its first discovery in the United Kingdom in 1961, MRSA has spread to various parts of the world and has become one of the leading pathogens causing community-acquired and healthcare related infections (Gurieva et al., 2012), it has a fast transmission speed, strong pathogenicity, and exhibits multiple drug resistance with high mortality rate (Oliveira et al., 2018). MRSA is resistant to a variety of antibiotics, such as β-lactams, fluoroquinolones, macrolides, aminoglycosides, tetracyclines, rifampicin and fusidic acid. Its drug resistance mechanism is complex, mainly including the production of β-lactamase (Lee and Park, 2016) and PBP2a (Miyachiro et al., 2019), the reduction of the permeability of antibiotics to cell membranes, the change of drug targets, the activation of drug efflux in bacteria, the inhibition of enzyme expression, the transfer of drug-resistant plasmids and the formation of bacterial biofilms (Roberts et al., 2012). Glycopeptide antibiotics are currently the “last line of defense” for the treatment of MRSA infection, but there have been intermediates between vancomycin resistant Staphylococcus aureus (visa) and vancomycin resistant Staphylococcus aureus (VRSA) (Spagnolo et al., 2014), At present, MRSA has become a major problem in clinical anti infection treatment, which requires further research on the resistance mechanism of MRSA and the development of new antibacterial treatment strategies.
The development of new antibacterial drugs faces two major challenges, namely, high costs and lengthy clinical validation time. This means that not only does it require massive financial support, but it also takes a long time to ensure the safety and effectiveness of new drugs, and the combination of multiple antibiotics may also lead to high bacterial resistance. In recent years, the therapeutic effects of traditional Chinese medicine and its active ingredients have been increasingly recognized. Traditional Chinese medicine has minimal toxic side effects, and its combination with antibiotics can reduce drug toxicity and effective dosage, reduce bacterial resistance, and provide a new approach for the clinical treatment of MRSA. Houttuynia cordata, a traditional Chinese medicine, has good anti-inflammatory activity, and is often used in clinical treatment of respiratory infections, urinary tract inflammation, acute and chronic rhinitis, conjunctivitis and other diseases (Liu et al., 2021),Its extract sodium houttuyfonate has antibacterial, antiviral, antiallergic, immune enhancing, tumor proliferation inhibiting and other effects (Zhuang et al., 2022),Numerous studies have shown that SH has a clear therapeutic effect on bacterial infections such as Staphylococcus aureus, Pseudomonas aeruginosa, Haemophilus influenzae, and Streptococcus pneumoniae (Chen et al., 2014; Wang et al., 2019), and studies have proved that a certain concentration of SH can inhibit the formation of biofilm of Staphylococcus aureus (Liu et al., 2011). However, its mechanism of action is not fully understood and further research is needed to elucidate its potential mechanism of action in combating infections.
Network pharmacology is an important method for exploring the potential target and molecular mechanisms of drugs, and is an emerging field of pharmacological research that integrates traditional pharmacology, bioinformatics, cheminformatics, and network biology (Liu et al., 2024; Zhu et al., 2021). By constructing a drug-disease interaction network to evaluate the molecular mechanism of drugs, we can further study the biological effects of various small molecules (Zhou et al., 2022a; Shang et al., 2023). Molecular docking technology can deeply analyze the interaction between molecules, and intuitively explain the mechanism of action between receptors and ligands in 3D graphics. Therefore, combining molecular simulation validation with network pharmacology analysis is an effective method for studying the mechanism of drug action in drug research (Wang et al., 2024).
This study aims to investigate the antibacterial effect of sodium houttuyfonate combined with the clinically common antibiotic penicillin G, and observe its efficacy in a rat MRSA wound model. At the same time, network pharmacology and molecular docking techniques are used to predict the potential targets and action pathways of the drug, providing experimental evidence for SH to become a potential drug or antibacterial sensitizer for anti-MRSA infection in the future. The general workflow is shown in Figure 1A.
[image: Diagram A shows a flowchart divided into Part 1 and Part 2, detailing processes for gene analysis and molecular docking. Diagram B illustrates a laboratory mouse with numbered lines pointing to various lab equipment and samples, suggesting different experimental procedures.]FIGURE 1 | Overall workflow of SH + PNC treatment for methicillin resistant staphylococcus aureus infected wounds ((A), Part 1 is workflow of network pharmacology; Part 2 is workflow of animal experiments). Schematic diagram of the flow of animal experiments ((B), 1. Using a skin picker to create a wound on the back of the rat; 2. The wound is transverse and deep to the fascia layer.; 3. Inoculating the bacterial solution onto the back wound; 4. Wraping with vaseline gauze and sterile gauze in turn; 5. Collecting the blood from the retrobulbar vein of the rat; 6. Using a sterile transparent film to outline the wound surface; 7. Preparing drug gauze by impregnating it with drug solution; 8. Apply drug gauze, vaseline gauze, and sterile gauze to bind up the wound in order).
2 MATERIALS AND METHODS
2.1 Experimental strains and animals
Collect 20 strains of MRSA isolated from the microbiology laboratory of the Affiliated Hospital of North Sichuan Medical College from September 2020 to November 2020, with specimen types of sputum and pus. The strain was identified by VITEK GP identification card and VITEK AST-GP67 drug susceptibility card of French bioMerieux company. The quality control strain is Staphylococcus aureus (ATCC 25923) provided by the Microbiology Laboratory of the Affiliated Hospital of North Sichuan Medical College. The experimental animals were 55 female SD rats weighing 150–200 g each, provided by the Animal Experimental Center of North Sichuan Medical College. The ethics of animal experiments were approved by the Ethics Committee of North Sichuan Medical College (NSMC2023071).
2.2 Experimental drugs
Sodium houttuyfonate (purity≥99%) (Xi’an Kailai Biological Engineering Co., Ltd.); Penicillin G for injection (Shandong Lukang Pharmaceutical Co., Ltd.); Tetrazolium salt (MTT, Guangzhou Saiguo Biotechnology Co., Ltd.); dimethyl sulfoxide (DMSO, Chengdu Kelong Chemicals Co., Ltd.).
2.3 Strain identification
2.3.1 Preparation of strain plate and bacterial solution
Prepare MH broth medium and MH agar medium and store them in a refrigerator at 4°C for future use. Thaw the standard strain of Staphylococcus aureus ATCC 25923 and a MRSA strain. Pipette 2 μL of bacterial solution into 1 mL of MH broth culture medium, place it in a constant temperature shaker at 37°C and 120r/min for 12 h of shaking culture. Use a loop to dip a small amount of bacterial solution and inoculate it onto the MH agar plate using a continuous serpentine curve streaking method. After 24 h of cultivation, freeze it and pick a single colony from the plate with the inoculated strain into 1 mL of MH broth culture medium. Centrifuge the cultured bacterial solution at 8000r/min for 3 min, and then add 1 mL of normal saline to resuspend it. Use physiological saline as a blank control, detect the OD600 nm value of the bacterial solution using a nucleic acid protein analyzer, dilute the OD value of the bacterial solution with physiological saline to 1.0 (1OD600 = 1.5 × 108 cfu/mL), and finally dilute the bacterial solution with MH broth medium to 1 × 105 cfu/mL for use.
2.3.2 MRSA identification
Adjust the concentration of the bacterial solution to 0.5 McFarland concentration using a turbidimeter, dip a sterile cotton swab into the bacterial suspension, then evenly spread it onto the MH agar plate, and finally attach a cefoxitin (FOX) drug susceptibility disk (30 μg/disk). Incubate for 24 h in a 37°C incubator. The results were interpreted in accordance with the Clinical and Laboratory Standards Institute (CLSI) standards. The quality control strain is Staphylococcus aureus ATCC 25923.
2.4 In vitro antibacterial experiment
2.4.1 Drug preparation
Add sodium houttuyfonate powder and penicillin G powder to the MH broth culture solution, shake and mix well, and prepare according to the two-fold dilution method. The concentration gradients are 1,600, 800, 400, 200, 100, 50, 25, 12.5 μg/mL and 1,200, 600, 300, 150, 75, 37.5, 18.75, 9.375 μg/mL. Weigh 250 mg of MTT powder and dissolve it in 50 mL of PBS solution that has been sterilized under high pressure. Prepare a MTT solution with a concentration of 5 mg/mL, filter it through a 0.25 μm bacterial filter, and store it in a refrigerator at 4°C away from light.
2.4.2 Determination of minimum inhibitory concentration (MIC)
Take a sterile 96-well plates, set up 3 replicates for each drug concentration, and do not add samples to the edge wells of the 96-well plates. Add the diluted drugs in the order from high concentration to low concentration, except for the negative control, and add bacterial solution (concentration of 1 × 105 cfu/mL) to each well. Use MH broth culture solution to make up to 100ul, and the final concentrations of SH solution are 640, 320, 160, 80, 40, 20, 10, 5 μg/mL, and PNC is 480, 240, 120, 60, 30, 15, 7.5, 3.75u/mL. The positive control group consists of MRSA bacteria without drug intervention, while the negative control group consists of pure MH broth medium. The remaining unsampled edge holes were filled with physiological saline. Place it in a 37°C incubator for 15 h, then add 10 μL of MTT solution to each well and shake it for 1 h at 37°C on a shaker (120r/min). The minimum drug concentration corresponding to the absence of bacterial growth in the visual inspection is the MIC of the bacteria. Finally, add DMSO to each well, and use a microplate reader to measure the absorbance value at a wavelength of 490 nm, thereby calculating the inhibition rate of each concentration of the two drugs.
2.4.3 Combined antibacterial effect of drugs
According to the above MIC results, the final concentrations of the two drugs after sample addition were 2MIC, 1MIC, 1/2MIC, 1/4MIC, 1/8MIC, 1/16MIC, and 1/32MIC. Using the chessboard dilution method, add 40ul of each drug and 20ul of bacterial solution to each well, and make up to 100ul with MH broth culture medium. Add 100ul of normal saline to the hole without sample on the edge。Use the same method as above and calculate the MIC and fractional inhibitory concentration index (FICI). Standard: FICI ≤ 0.5 indicates synergistic effect; 0.5 < FICI ≤ 1 is additive effect; 1 < FICI ≤ 2 is an unrelated effect; FICI > 2 is antagonistic.
2.5 Animal experiments
2.5.1 Establishment of rat model of MRSA infection wound
SD rats were injected with 3% sodium pentobarbital solution intraperitoneally at a dose of 0.3 mL/100 g. After complete anesthesia, shave the back hair, with an area of 3 × 3 cm2. Create a circular wound with a diameter of 15 mm using a skin punch, reaching the fascia. Then, use a pipette to inject 15 μL of bacterial solution with a concentration of 1.5 × 10^8 cfu/mL into the back wound of an SD rat. Once the bacterial solution is fully absorbed, sequentially apply a single layer of sterile vaseline gauze for moisturizing and cover it with four layers of sterile gauze (Figure 1B). Breding in the animal experimental center of Southwest Medical University, with the ambient temperature of 22°C–24°C and the relative humidity of 60%–80% manually controlled.
2.5.2 Identification of wound secretion
On the third day after surgery, the wound secretion was taken with a cotton swab and transferred to a methicillin-resistant Staphylococcus aureus color medium, which was evenly applied and incubated for 24 h in a 37°C incubator. The results were identified according to the instructions of the colorimetric medium for methicillin-resistant Staphylococcus aureus.
2.5.3 Animal grouping and preparation of drug gauze
Prepare the drug solution according to the results of the in vitro antibacterial test, take a sterile double-layer gauze measuring 2 × 2 cm2, and soak it with the drug solution. SD rats were divided into five groups, with three rats in each group. Four of the groups were treated with different concentrations of SH + PNC, while one group was treated with normal saline as a blank control group.
2.5.4 Measurement of wound healing rate
The rats were subjected to dressing changes on postoperative days 3, 5, and 7, and were sacrificed on day 9. On the 3rd and 9th day, sterile transparent film was placed on the wound surface, and then the wound surface was outlined and scanned using a gel imaging system. The image was analyzed using ImageJ software to calculate the wound area and wound healing rate. The wound healing rate (%) = (area before treatment - area after treatment)/area before treatment X100%.
2.5.5 HE staining and MASSON staining
On the ninth day, SD rats were sacrificed and skin tissue was removed using a 15 mm diameter skin-removing device aligned with the center of the wound, which reached deep into the fascia. Soak the skin tissue in the fixative for 24 h, and embed the tissue in paraffin. Then, the tissue was stained with HE and MASSON, and the number of neutrophils in a random field of view was observed and recorded under a 200x light microscope. The percentage of collagen fibers in the image was determined using ImageJ software.
2.5.6 Inflammatory factor determination
On the 3rd and 9th day, anesthetize rats with 3% sodium pentobarbital intraperitoneally, insert the capillary glass tube from the inner canthus, slide it to the retrobulbar vein, rotate the glass tube until blood drips out, collect 1 mL, then pull out the glass tube, place the whole blood sample at room temperature for 2 h, take the supernatant, freeze it and store it in a −80°C refrigerator for future use. Use the corresponding ELISA kit instructions, and finally measure the optical density (OD450 nm) value and calculate the sample concentration.
2.6 Network pharmacology
2.6.1 Target acquisition
The chemical structures of SH and PNC were obtained on Pubchem database (https://pubchem.ncbi.nlm.nih.gov/) (Kim, 2016). Upload SH and PNC to the TargetNet database (http://targetnet.scbdd.com/) (Zhi-Jiang et al., 2016) and CTD database (Comparative Toxicogenomics Database, https://ctdbase.org/) (Tumayhi et al., 2023) to obtain the target sites of action, load the obtained targets into the UniProtKB database (https://www.uniprot.org/) (Zaru et al., 2020) to obtain standard target names, and set the search criteria to “Homo Sapiens”. Search for ‘methicillin-resistant Staphylococcus aureus infection’ in the GeneCards database (https://www.genecards.org/) (Stelzer et al., 2016), Drug Bank database (https://go.drugbank.com/) (Svensson et al., 2018), DisGeNET database (https://disgenet.com/) (Piñero et al., 2017), and OMIM database (https://www.omim.org/) (Amberger et al., 2019) to obtain disease-related genes. Integrate data, remove duplicate values, and cross-reference the above targets using R software (Version 4.4.1, The R Project for Statistical Computing) (Sepulveda, 2020; Bota and Fodor, 2019) to obtain potential therapeutic targets.
2.6.2 Network construction
Import the cross targets into the STRING database (Version 12.0, https://cn.string-db.org/) (Szklarczyk et al., 2023) to construct a protein–protein interaction (PPI) network, with the condition set to Homo sapiens, minimum required high confidence (0.700) and hide disconnected nodes in the network. Further analysis of the PPI network was conducted through the Cytoscape software (Version 3.10.2) (Doncheva et al., 2019) to identify core targets.
2.6.3 Functional enrichment analyses and compound-target-pathways (CTP) network
Go analysis and KEGG pathway analysis of SH and PNC targets were performed by using DAVID database (https://david.ncifcrf.gov/home.jsp) (Xie et al., 2022) to predict the biological functions, action pathways and potential relationships of SH and PNC. Based on these core targets and pathways, CTP network were constructed to intuitively clarify the therapeutic mechanism of SH + PNC on methicillin resistant staphylococcus aureus infected wounds.
2.6.4 Molecular docking
Paymol software (Version 3.0) (Hancock et al., 2022) was used to remove water molecules and small molecule ligands from the protein structure, and then imported into AutoDock Vina (Version 1.1.2) (Forli et al., 2016) for hydrotreating. The receptor and ligand were docked in AutoDock Vina software to analyze their binding activities. Paymol was used to visualize the results of molecular docking simulation validation.
2.7 Statistical methods
SPSS27.0 statistical software was used for analysis. Data were expressed as [image: Mathematical formula showing "x-bar plus or minus s," representing the mean (x̄) plus or minus the standard deviation (s).], and data that conformed to normal distribution and homogeneity of variance were analyzed using one-way analysis of variance and independent sample t-test. LSD-t test was used for inter-group comparison Sample data that do not conform to the normal distribution are represented by the median (interquartile range), and Kruskal–Wallis H tests are used for overall comparisons and pairwise comparisons between sample groups. P < 0.05 indicates a statistically significant difference.
3 RESULT
3.1 Identification of MRSA strains
According to CLSI standards, when the diameter of the inhibition zone is ≤ 21 mm, it can be determined as MRSA; When the diameter of the bacteriostatic zone is ≥ 22 mm, it can be diagnosed as methicillin-sensitive Staphylococcus aureus (MSSA). The inhibition zone test was performed on the quality control strain ATCC 25923, and the inhibition zone diameter was 25 mm (Figure 2A), which meets the MSSA standard. The diameter of the inhibition zone for the clinical strains was less than 21 mm (Figure 2B), thus confirming them as MRSA.
[image: Two petri dishes on a blue background. The left dish, labeled "25mm," shows a clear inhibition zone around a white disk. The right dish, labeled "0mm," has no visible inhibition zone around a similar disk.]FIGURE 2 | Drug sensitivity test results. (A) is MSSA (the diameters of bacterial inhibition zone≥22 mm). (B) is MRSA (the diameters of bacterial inhibition zone <21 mm).
3.2 Antibacterial testing in vitro
The MIC values of SH and PNC against the standard strain of Staphylococcus aureus ATCC 25923 were 60 μg/mL and <1u/mL, respectively. The MIC values for clinical isolates of MRSA ranged from 60 to 80 μg/mL and 40 to 70u/mL (Figure 3, Table 1). The FICI of SH + PNC was 0.375–0.5625, and 14 strains showed synergistic antibacterial effects, while 6 strains showed additive antibacterial effects (Figure 4, Table 1). The OD value of the 96-well plates at a wavelength of 490 nm was measured using a microplate reader, and the average inhibition rate was calculated. The results showed that the inhibition rate of sodium houttuyfonate at a drug concentration of 1/2MIC combined with different concentrations of penicillin G was significantly higher than that of penicillin G alone (P < 0.05), indicating that SH can significantly increase the antibacterial effect of PNC(Figure 5, Table 2).
[image: Two series of wells labeled A and B display a colorimetric assay. Wells transition from yellow to dark brown, indicating concentration levels. A ranges from 640 to 5, while B ranges from 480 to 3.75, with respective negative and positive controls.]FIGURE 3 | Microbroth dilution method was used to determine the MIC of drugs. (A) is SH(μg/mL). (B) is PNC(u/mL).
TABLE 1 | MIC and FICI values of various drugs in vitro antibacterial experiments.
[image: Table showing 20 strains with their MIC values in micrograms per milliliter for SH alone, PNC alone, and combined SH/PNC. Each strain lists a fractional inhibitory concentration index (FICI) value.][image: Two panels show well plates with varying concentrations of PNC and SH. Panel B has columns labeled positive and negative, with a gradient from yellow to dark red. Panel C has sections labeled SH ALONE and PNC ALONE, showing a similar color gradient. The color intensity indicates concentration levels.]FIGURE 4 | Drug sensitivity results of Sodium houttuyfonate combined with Penicilin G detected by microbroth dilution method ((B), Combined drug sensitivity results of strain No. 1). The first row of 1-3 holes are the positive control group, and the 4-6 holes are the negative control group. The MIC of SH alone in the figure is 80 μg/mL, and the MIC of PNC alone is 60u/mL. The best bacteriostatic concentration combination (SH 20 μg/mL + PNC15u/mL) is shown in the hole (A) in the figure where no bacterial growth is observed, with FICI = 20/80 + 15/60 = 0.5. Determination of MIC values for SH and PNC of isolated strain No. 1 (C).
[image: Bar graph comparing inhibition rates of different treatments. The x-axis shows "PNC alone" and "PNC+SH 1/2 MIC". The y-axis indicates inhibition rate from 0 to 150. Bars represent concentrations: orange (1/2 MIC), green (1/4 MIC), blue (1/8 MIC), purple (1/16 MIC), and red (1/32 MIC). Error bars indicate variability.]FIGURE 5 | Changes in average inhibition rate of Penicilin G alone and combination with Sodium houttuyfonate (1/2 MIC).
TABLE 2 | Comparison of average inhibition rates of Penicilin G alone and combined with Sodium houttuyfonate (1/2 MIC) ([image: Mathematical expression showing x-bar plus or minus s, representing the sample mean plus or minus the standard deviation.], %).
[image: Table showing inhibition rates of PNC at different concentrations alongside PNC combined with SH. At 1/2 MIC, rates are 65.74 ± 4.58 and 98.23 ± 0.48. At 1/4 MIC, rates are 59.89 ± 5.27 and 96.80 ± 1.26. At 1/8 MIC, rates are 56.18 ± 5.63 and 93.16 ± 1.98. At 1/16 MIC, rates are 49.20 ± 6.40 and 86.19 ± 3.21. At 1/32 MIC, rates are 40.35 ± 6.82 and 73.64 ± 4.33. The time values are 31.55, 30.46, 27.71, 23.10, and 18.42, respectively.]3.3 Identification of wound secretion
According to the instructions for the color medium for methicillin-resistant Staphylococcus aureus (MRSA) from the French company Comag, MRSA colonies are pink to light purple; Other bacterial colonies are blue. The results showed that the colonies of bacteria cultured from the wound secretions in each group were almost pink MRSA, with occasional blue colonies of other bacteria (Figure 6).
[image: Two petri dishes labeled A and B. Dish A contains a light yellow medium, while Dish B holds a darker brown medium. Both dishes are placed side by side for comparison.]FIGURE 6 | Results of MRSA chromoculture plate experiments. The color of the uninoculated MRSA coloration culture plate is light yellow (A). A large number of pink MRSA colonies grow on the plate, scattered among other blue (B) colonies.
3.4 Drug proportioning scheme
The results showed that there was redness and swelling around the wound surface in all groups before intervention, accompanied by a large amount of purulent exudation, and all groups had obvious bacterial mats. After intervention, the wound surface area in experimental group C and experimental group D was smaller than that in the control group, and no secretions or bacterial mats were observed (Figure 7). The healing rate of each group is shown in Table 3. The Dunnett-t test showed that the wound healing rate in experimental groups C and D was significantly higher than that in the control group (P < 0.05) (Table 4). Group C had a concentration of 90.78 ± 8.93 (%), while the group D had a concentration of 91.98 ± 9.77 (%). There was no significant difference between the two groups, and both were significantly higher than the other three groups. At the same time, the drug concentration of penicillin G in group C was lower than that in group D, which allowed group C to reduce the amount of antibiotic usage while achieving similar wound healing rates. Therefore, the drug concentration of experimental group C (SH20 μg/mL + PNC15u/mL) was selected for subsequent experiments.
[image: Five sets of two images show skin lesions labeled A to E, before and after an intervention. The lesions appear darker and more defined after the intervention. A ruler is visible for scale.]FIGURE 7 | The healing status of MRSA wounds under different medication regimens of SH + PNC. (A) SH5 μg/mL + PNC15u/mL, (B) SH5 μg/mL + PNC30u/mL, (C) SH20 μg/mL + PNC15u/mL, (D) SH20 μg/mL + PNC30u/mL, (E) Normal saline (NS) was used as the blank control group.
TABLE 3 | The healing rate of MRSA wounds under different medication regimens of SH + NPC.
[image: Table showing healing rates in percentage for different groups with fifteen participants each. Group A has a healing rate of 28.37 ± 8.63 with F value 46.64 and P value <0.0001. Group B has 29.67 ± 8.57, Group C has 90.78 ± 8.93, Group D has 91.98 ± 9.77, and Group E (non-significant) has 28.64 ± 8.21.]TABLE 4 | Comparison of MRSA wound healing rate within the SH + PNC therapy group.
[image: Table displaying healing rates and P-values for four groups, each with fifteen participants. Group A shows a healing rate of 28.37 percent, B with 29.67 percent, C with 90.78 percent, and D with 91.98 percent. P-values for groups C and D are less than 0.0001, indicating statistical significance, while A and B have P-values of 0.98 and 0.96 respectively.]3.5 Wound healing rate
Compared with other groups, the SH + PNC group showed a significant reduction in wound area on day 5, with less purulent secretion and no bacterial mats observed. The wound area in the SH group significantly decreased on day 9. The wound area in the PNC group decreased on day 7, but there was no significant change in purulent secretion compared with the blank control group. It can be seen that the healing time of MRSA infected wounds in the combined medication group is faster and the healing effect is better (Figure 8A).
[image: A: A series of wound images taken over five time points (1, 3, 5, 7, and 9 days) for four groups: SH+PNC, SH, PNC, and Blank group. Each group shows the healing progression of wounds. B: A bar graph comparing the healing rate of the four groups, with SH+PNC showing the highest rate. Statistical significance is indicated, with asterisks and hash symbols denoting differences between the groups.]FIGURE 8 | Contrast of infected wounds in MRSA ((A), Photography equipment: SONY IMAX799 ISO:500 WB:6,000 Shutter:1/30 *1). Comparison of wound healing rates between the groups ((B), *p < 0.05, **p < 0.01, #p > 0.05, p < 0.05 indicates statistical significance, while a p < 0.01 indicates a significant difference).
ImageJ software was used to process the images, and the wound area of each group was measured, and the wound healing rate of each group was calculated (Figure 8B, Table 5). The LSD-t test showed that the wound healing rate in the SH + PNC group was significantly higher than that in the other groups (P < 0.05), while there was no significant difference in wound healing rate between the SH, PNC, and blank groups (P > 0.05).
TABLE 5 | Comparison of wound healing rates between the groups.
[image: Table showing the healing rates for four groups, each with 20 subjects. The "SH + PNC" group has a healing rate of 90.08% ± 5.64, with F value 46.65 and P value less than 0.001. "SH" group: 55.35% ± 19.39, "PNC" group: 53.19% ± 13.05, and "Blank group": 44.38% ± 13.73.]3.6 Inflammatory factor assay
There were no significant differences in the levels of IL-6, INOS, and TNF-α in the blood of each group before intervention, while there were significant differences in the levels of IL-6 and TNF-α in the blood of each group after intervention (P < 0.05) (Table 6; Figure 9).
TABLE 6 | Comparison of IL-6 and TNF- α in blood between the groups.
[image: Table comparing TNF-alpha and IL-6 levels before and after intervention across four groups: SH + PNC, SH, PNC, and Blank. Measurements are given in ng/L with standard deviations. Significant changes are noted with F and P values, highlighting statistical relevance after intervention.][image: Bar graphs showing TNF-α and IL-6 levels for different groups. Panel A shows SH+PNC, SH, PNC, and Blank group. Panel B includes statistical significance with asterisks, comparing the same groups.]FIGURE 9 | Comparison of IL-6, and TNF- α in blood between the groups before intervention (A). Comparison of IL-6, and TNF- α in blood between the groups after intervention (B) (*p < 0.05, **p < 0.01, p < 0.05 indicates statistical significance, while a p < 0.01 indicates a significant difference).
Using the LSD-t test, it was found that the levels of IL-6 and TNF-α in the blood of the combined medication group were significantly lower than those of the other groups after intervention (P < 0.05). The IL-6 content in the SH group was lower than that in the PNC group and the blank control group (P < 0.05). There was no significant difference in the levels of IL-6 and TNF-α in the blood between the PNC group and the control group.
3.7 HE staining
Under 100x light microscope, neutrophils were clearly identified based on their microscopic characteristics (Figure 10). Record the average value of the number of neutrophils under random vision (Table 7). The LSD-t test was used to compare the groups, showing that the number of neutrophils in the combined medication group was significantly lower (P < 0.05). There was no significant difference in the number of neutrophils between the SH group and the PNC group.
[image: Histological images labeled A, B, C, and D show tissue samples with varying degrees of staining and cellular density. Image E displays a bar graph comparing four groups: SH+PNC, SH, PNC, and a blank group. The graph indicates statistical significance with symbols for certain comparisons.]FIGURE 10 | HE stained wound tissue pathology sections from MRSA. (A) SH + PNC, (B) SH, (C) PNC, (D) Blank group (x100). Comparison of neutrophil numbers in MRSA infected wounds ((E), **p < 0.01, p < 0.05 indicates statistical significance, while a p < 0.01 indicates a significant difference).
TABLE 7 | Comparison of neutrophil numbers in MRSA infected wounds.
[image: Table showing data for four groups of 40 each. "SH + PNC" has a piece value of 82.40 ± 16.59, F value 43.793, and P < 0.001. "SH" shows 143.50 ± 25.97. "PNC" has 165.20 ± 28.70. "Blank group" shows 207.50 ± 26.58.]3.8 Masson staining
As shown in Figure 11, blue represents collagen fibers. Randomly record the image of the field of view, use the ImageJ software to determine the percentage of collagen fibers in the image, and take the average value (Table 8). The Kruskal–Wallis H test was used for intra-group comparison, and the percentage of collagen fibers in the combination group was the highest (P < 0.05). There was no significant difference in the percentage of collagen fibers between the SH group and the PNC group.
[image: Histological slides labeled A through D show different tissue samples with varying staining patterns: A (intense and diverse colors), B (less variation), C (intermediate intensity), and D (lighter and more uniform). Graph E is a bar chart comparing four groups: SH+PNC, SH, PNC, and Blank group. It shows significant differences in measured values, with statistical significance indicated by asterisks and a hash symbol.]FIGURE 11 | Masson-stained wound tissue pathology sections from MRSA. (A) SH + PNC, (B) SH, (C) PNC, (D) Blank group (x100). Comparison of percent collagen fibers of infected wounds in MRSA ((E), **p < 0.01, p < 0.05 indicates statistical significance, while a p < 0.01 indicates a significant difference).
TABLE 8 | Comparison of percent collagen fibers of infected wounds in MRSA.
[image: Table showing percentage of collagen fibers among four groups: SH + PNC (71.2 ± 9.69%), SH (63.4 ± 5.65%), PNC (61.7 ± 9.90%), and Blank group (50.7 ± 16.57%). The H value is 23.57, and the P value is less than 0.001.]3.9 Network pharmacology
3.9.1 The targets information of SH and PNC
Using PubChem database, we obtained the 3D structure and smiles chemical formula of SH and PNC. By searching the database separately for keywords’ sodium houttuyfonate “and” penicillin G ′, we obtained 83 and 325 relevant targets, respectively. Upload the above targets to UniProtKB database to get the target standard target names.
3.9.2 Network construction
2,362 disease-related targets were obtained by using GeneCards database, Drug Bank database, OMIM database and DisGeNET database. This indirectly reflects the complex molecular pathways and related mechanisms involved in nerve injury. Using Cytoscape software, we interacted SH and PNC targets with disease targets and obtained Venn diagram (Figure 12A).
TABLE 9 | Comparison of percent collagen fibers of infected wounds in MRSA.
[image: Table showing percentage of collagen fibers for four groups. SH + PNC: 71.2 ± 9.69%, SH: 63.4 ± 5.65%, PNC: 61.7 ± 9.90%, Blank group: 50.7 ± 16.57%. H value for SH + PNC is 23.57 with P < 0.001.][image: A Venn diagram shows overlap among three datasets: MRSA infection, Sodium butyrate, and Penicillin G, with numbers indicating unique and shared elements. Below, a bar graph compares the sizes of each dataset. Panel B presents a complex network graph depicting interconnections among various elements, marked by circles and lines. Panel C shows a transformation from a dense network of linked orange and yellow nodes on the left to a simplified blue node network on the right. Arrows indicate directionality in the transformation process.]FIGURE 12 | Venn diagram of Sodium houttuyfonate and penicillin G (A). PPI network of potential therapeutic targets (B). Import PPI network data into Cytoscape to obtain protein interaction network, the key target protein interaction network obtained after filtering by CytoNCA analysis (C).
We used STRING database to connect 126 potential therapeutic targets and obtained a PPI network consisting of 86 nodes and 502 edges (Figure 12B) to clarify the potential mechanism of SH combined with PNC on MRSA infected wounds. Then the target protein interaction data were imported into Cytoscape software, and the topological parameters of the network were calculated and analyzed by using the plug-in CytoNCA. The key nodes in the network are screened according to Betweenness (BC), Closeness (CC), Degree (DC), Eigenvector (EC), Local Average Connectivity-based method (LAC), Network (NC) as shown in Figure 12C.
3.9.3 Functional enrichment analyses and compound-target-pathways (CTP) network
DAVID database was used to conduct GO enrichment analysis and KEGG pathway enrichment analysis on the core targets to study the biological mechanism, and the biological process, cellular component and molecular function were elaborated.
As shown in Figure 13, the biological processes of the top five are positive regulation of nitric oxide biosynthetic process, positive regulation of gene expression, positive regulation of smooth muscle cell proliferation, cellular response to lipopolysaccharide and inflammatory response, while cellular components are extracellular space, extracellular region, phagocytic cup, external side of plasma membrane and cell surface. The mechanisms of molecular function are cytokine activity, identical protein binding, protein binding, peptidase activity, protease binding.
[image: Two graphs detail gene enrichment analysis results. Graph A is a scatter plot with purple dots representing the number of gene counts across various biological processes. Graph B is a bar chart categorizing gene ontologies by biological processes, cellular components, and molecular functions with colored bars indicating different categories, including red, orange, and teal.]FIGURE 13 | GO enrichment analysis bar chart of compounds ((A) is GO bubble Chart, (B) is bilateral bar chart).
The target related pathways were obtained by KEGG enrichment analysis. Meanwhile, we selected the top 20 representative pathways for visualization analysis based on gene count, enrichment and P-value (Figure 14A). The analysis results showed that IL-17 signaling pathway play an important role through cell proliferation and differentiation, apoptosis, regulation of immune inflammation, cytokine synthesis/inhibition. At the same time, the targets in the IL-7 pathway are the same as those in other pathways, and can act on multiple molecular pathways through the same target (Figures 14B, C).
[image: Panel A illustrates pathway enrichment analysis with a Sankey diagram and dot plot, highlighting various pathways, their connections, and enrichment scores. Panel B shows a detailed signaling pathway diagram with labeled proteins and interactions. Panel C presents a second signaling pathway, emphasizing specific molecular interactions. Panel D depicts a network analysis with nodes connected by lines, representing molecular interactions, with key nodes highlighted in orange.]FIGURE 14 | KEGG pathway Analysis Sankey + dot plot of SH + PNC (A) (The X-axis is the enrichment, the Y-axis is the pathway name, and the color represents the size of the p value. The smaller the p value, the redder the color, and the more significant the enrichment. The size of the sphere represents the number of targets). Molecular pathways and specific targets of action. (B) is IL-17 signaling pathway. (C) is TNF signaling pathway. (B, C) shows that there are common targets in both pathways. Compound-target-molecular pathways ((D), Orange nodes are SH and PNC, purple nodes are targets, and pink nodes are molecular pathway).
To comprehensively elucidate the mechanism of the therapeutic effect, we constructed compound-target-molecular pathways through Cytoscape software, as shown in the Figure 14D. The CTP network of core targets has 174 nodes and 775 edges, and 155 related molecular pathways. CTP network intuitively shows the possible mechanism of treating nerve injury through the interaction between targets and different targets acting on the same pathway. By analyzing the above targets, we found that some of them are related to regulating mechanisms such as cell apoptosis, differentiation, and immune inflammation.
3.9.4 Molecular docking
By using CytoNCA software to reprocess the targets in the IL-17 signaling pathway, we obtained the targets IL1B, IL6, MMP9, IFNG, and TNF. Retrieve the molecular structure of the corresponding protein from the PDB database (https://www.rcsb.org/) (Konc and Janežič, 2022), and import it into AutoDock Vina to calculate the optimal binding site and binding energy (Figures 15A–E). The lower the binding energy, the higher the affinity. The binding energies of SH with IFNG, IL1B, IL6, MMP9 and TNF are −5.5, −5, −4.4, −5 and −7 kcal/mol, respectively. The PNCs are −6.8, −6.3, −7.5, −7.9 and −7.3 kcal/mol, respectively (Figure 15F).
[image: Molecular docking simulations are presented in panels A to E for sodium houttuyfonate and penicillin-G, showing protein-ligand interactions with different colored protein structures. The bottom chart shows binding energies, measured in kcal/mol, for five proteins: IFNG, IL1B, IL6, MMP9, and TNF. Sodium houttuyfonate exhibits lower binding energies compared to penicillin-G, with energy bars color-coded for each protein, illustrating their relative binding strengths.]FIGURE 15 | Molecular docking models of OA with possible core anti-obesity targets. IFNG (A, B) (IL1B), (C) (IL6), (D) (MMP9) and (E) (TNF). The Binding affinity of SH and PNC with various targets (F).
4 DISCUSSION
Staphylococcus aureus (S.aureus) is one of the most common opportunistic pathogens in humans, which can cause skin and soft tissue infection, intravascular infection, pneumonia, infectious arthritis, endocarditis, osteomyelitis, sepsis and other diseases (Ahmad-Mansour et al., 2021). Due to the emergence of drug-resistant strains, especially the widespread presence of MRSA, S. aureus is one of the main pathogens causing high incidence and mortality rates worldwide (Lee et al., 2018). According to the China Antimicrobial Surveillance Network report (CHINET), the isolation rate of S. aureus in China in 2020–2021 ranked first among Gram-positive bacteria, and the detection rate of MRSA was around 30%. It is one of the main infectious pathogenic microorganisms in Chinese hospitals (Yun et al., 2023).
MRSA is characterized by rapid transmission, strong pathogenicity, high mortality, and resistance to various antibiotics such as β - lactams, tetracyclines, aminoglycosides, macrolides, etc (Lakhundi and Zhang, 2018; Turner et al., 2019). It is widely believed in clinical practice that vancomycin is an effective treatment for MRSA, but it is concerning that intermediate vancomycin resistant Staphylococcus aureus (VISA) and vancomycin resistant Staphylococcus aureus (VRSA) have emerged (Hernández-Aristizábal and Ocampo-Ibáñez, 2021; Appelbaum, 2006). Therefore, it is necessary to further study the mechanism of MRSA resistance and develop new treatment plans.
Traditional Chinese medicine has a wide range of sources and multiple targets, making it difficult for bacteria to develop resistance to it. It can be used as a treatment option for drug-resistant bacteria. At present, there are many herbal extracts that can inhibit the production of bacterial biofilm or inhibit the active efflux system to reverse the antibiotic resistance of MRSA (Liu et al., 2022; Li et al., 2022). Houttuynia cordata, belongs to the family of the genus Houttuynia cordata, has the functions of clearing heat and detoxifying, eliminating carbuncles and discharging pus, diuretic and relieving stranguria, and is used for lung carbuncle, phlegm-heat asthma, hot dysentery, hot stranguria, carbuncle and sore poison. Studies shows that its extract Sodium Houttuyfonate has anti-inflammatory and antibacterial effects. At present, studies have shown that Sodium Houttuyfonate has inhibitory effects on a variety of bacteria, such as Pseudomonas aeruginosa, Candida albicans, Acinetobacter baumannii (Ma et al., 2021; Zhou et al., 2022b).
This article tested the antibacterial efficacy of SH in vitro using the micro-broth dilution method, and the results showed that SH had a certain inhibitory effect on MRSA in vitro. Penicillin G is one of the most commonly used antibiotics in clinical practice, with the characteristics of economy and low toxicity. Experiments have shown that the combination of SH and PNC can increase their bacterial inhibition rate, decrease the MIC of PNC, and significantly enhance the antibacterial effect of PNC.
In the MRSA-infected wound model of SD rats, it was found that the SH + PNC group could significantly reduce the bacterial count in the MRSA wound and promote the healing of the MRSA-infected wound compared with other intervention measures. The combined group can effectively reduce the content of some inflammatory factors in the blood. Pathological examination results showed that the number of neutrophils in the combined group decreased significantly and more collagen fibers were produced, suggesting that SH + PNC can regulate inflammation and promote the secretion of extracellular matrix, thereby generating granulation tissue to accelerate wound healing.
The results of network pharmacology suggest that the mechanism of SH + PNC in treating MRSA-infected wounds is complex, with the IL-17 signaling pathway believed to play an important role. The core targets of this pathway include IL1B, IL6, MMP9, IFNG, and TNF. MMP9 belongs to the matrix metalloprotein family, and its main function is to degrade and reshape the dynamic balance of extracellular matrix. The main components of extracellular matrix and vascular basement membrane are collagen and laminin (Hallmann et al., 2020; Kumar et al., 2022). As an important inflammatory cytokine, TNF-α participates in the inflammatory regulation process, which can indirectly or directly activate the expression of target genes such as NF-κB, IL-6 and IL-1β, aggravate microvascular injury and induce the production of VEGFA, and trigger more severe inflammatory reactions (Tian et al., 2024). IFNG plays a key role in driving innate and acquired defense against infectious pathogens, and Gram-positive bacteria can stimulate the expression of IFNγ, TNF-α, and IL-1β more strongly than Gram-negative bacteria (Leng et al., 2016). IFNG overexpression can also activate macrophages, neutrophils, endothelial cells, platelets, as well as the complement and coagulation systems, thereby inducing the release of bioactive substances such as tumor necrosis factor-α, histamine, serotonin, prostaglandins, and kinins (Higgs et al., 2017). Interleukin 6 (IL-6) is a pleiotropic cytokine that plays a role in immunity, tissue regeneration, and metabolism. The rapid production of IL-6 contributes to host defense during infection and tissue injury, but excessive synthesis of IL-6 and dysregulation of IL-6 receptor signaling are associated with disease pathology. Excessive IL-6 production can induce VEGF to directly or indirectly act on blood vessels, leading to increased angiogenesis activity and vascular permeability. At the same time, an increase in the Th17/Treg ratio can lead to the disruption of immune tolerance (Kang et al., 2019). As a proprotein, IL1B is produced by activated macrophages and participates in signaling pathways mainly including the NF-κB signaling pathway and the MAPK signaling pathway. It binds to its receptor IL-1RI to initiate downstream signaling, leading to the expression of inflammatory factors and acute-phase proteins (Rong et al., 2020). Molecular docking experiments showed that SH and PNC could participate in inflammatory immune regulation, apoptosis, cytokine secretion, and other processes by binding to the above targets, thereby achieving the therapeutic effect of promoting wound healing.
Although it was observed in this experiment that sodium houttuyfonate combined with penicillin G can effectively inhibit the growth of MRSA in rat models and promote the healing of MRSA-infected wounds in rats, the mechanism by which sodium houttuyfonate reverses MRSA resistance to penicillin G is still unclear. At the same time, follow-up experiments need to supplement single-cell experiments to verify the actual molecular expression and support the analysis results.
5 CONCLUSION
This study demonstrates that sodium houttuyfonate has an inhibitory effect on the growth of MRSA in vitro and can increase the antibacterial effect of penicillin G. It inhibits the growth of bacteria in rat MRSA infected wounds, reduces neutrophil infiltration, promotes local collagen fiber production, reduces the expression of inflammatory factors IL-6 and TNF-α, regulates local inflammatory response, and thus promotes wound healing. The IL-17 signaling pathway may play a key role in wound healing, with core targets including IL1B, IL6, MMP9, IFNG, and TNF, involving inflammatory immune regulation, apoptosis, cytokine secretion, and so on. This study provides a theoretical basis for the clinical treatment of MRSA infection with SH and subsequent related research.
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INTRODUCTION
The skin system constitutes the human body’s largest organ, acting as a robust shield against various harmful invaders, including microbes and ultraviolet (UV) rays (Ling et al., 2021; Cheng et al., 2022). When the skin is burned, its barrier function is compromised, making the affected areas susceptible to microbial influence, which can lead to a series of pathological changes in the body. The process of wound recovery from burns can be categorized into three distinct phases: the inflammatory response, tissue proliferation, and the tissue remodeling of the affected area (Qi et al., 2024). A multitude of bacteria multiply rapidly in the compromised area, during the inflammatory phase (1–2 days after burn), which in turn slows down the wound’s recovery due to the formation of ulcers (Iacob et al., 2020). During the tissue proliferation phase, which typically occurs 1–2 weeks post-burn, the wound site is marked by the influx and activation of fibroblasts, as well as the development of new blood vessels, which are crucial for the healing process (Wietecha et al., 2020). The tissue remodeling phase initiates approximately 2 weeks following skin injury and continues for a number of weeks, aimed at restoring the skin’s physiological functionality (Wang et al., 2022). This stage is primarily characterized by the metamorphosis of granulation tissue into a more advanced connective tissue. However, an overproduction of collagen during this phase can readily result in the formation of scars. Therefore, the development of a burn treatment system that possesses antibacterial properties, promotes skin repair, and inhibits scar formation is of great significance.
Over the past few years, there has been a growing interest in the versatile potential of cold atmospheric plasma (CAP) across various fields, such as sterilization and disinfection, dental cleaning, cosmetology, and the treatment of skin diseases, trauma, and cancer, attracting widespread attention in the biomedical field (Chen et al., 2021; Lunov et al., 2016; Qin et al., 2022). This is mainly due to its rich content of physiologically active components, such as reactive free radicals (ROS and RNS, etc.), charged particles (positive and negative), electrons, and ultraviolet light (Chen et al., 2021; Szili et al., 2021). Research has found that CAP not only has antibacterial effects but also can accelerate the healing process of wounds through the stimulation of fibroblast proliferation and angiogenesis, making it a potential ideal method for treating burns (Dijksteel et al., 2020; Boekema et al., 2021; Oliver et al., 2024; Bagheri et al., 2023; Plattfaut et al., 2021; Duchesne et al., 2019; Nastuta et al., 2011; Bhartiya et al., 2021; Frescaline et al., 2020). The applicant’s previous work in combining CAP with nanomedicine for the treatment of third-degree burns has also proven that CAP has the functions of antibacterial activity and skin repair (Wang et al., 2023).
As a new type of treatment, most of the CAP devices currently used are self-built in laboratories, with significant differences in parameters and operations between different devices, resulting in inconsistent dosage and frequency of treatment. In contrast, in our research, we found that CAP has other inherent defects that severely limit its application in burn treatment.
UV RADIATION
Although some research reports indicate that the risks are minimal under specific conditions (Lotfi et al., 2024), there is also literature suggesting that long-term treatment can trigger cytotoxic effects and reduce cell viability (Sremački et al., 2021). In the absence of a protective medium, vacuum ultraviolet/ultraviolet radiation significantly contributes to plasma - induced DNA damage and cytotoxicity (accounting for 70%). While normal skin can mitigate the harm of UV light through the stratum corneum, burned areas lack this protective barrier (Shimizu et al., 2010). The damage caused by UV radiation to the skin is mainly manifested as: (1) UV light can impair the physiological functions of macromolecules within cells (proteins, lipids, and nucleic acids, etc.), inducing cellular damage (Gu et al., 2020); (2) It also destroys collagen and elastic fibers, accelerating skin aging and slowing down wound healing (Xiao et al., 2022); (3) By forming pyrimidine dimers and other DNA damages, it leads to skin cancer (Saha et al., 2020; Douki et al., 2024). These hazards of UV radiation limit the drug dosage and administration frequency of CAP treatment, thereby affecting the speed of wound recovery. Although existing literature has noted the hazards of UV light in CAP and improved CAP devices to suppress the generation of UV light, it has also significantly weakened the intensity of its active free radicals (Shimizu et al., 2010). Therefore, how to effectively filter out UV light while retaining the active free radicals of CAP remains a challenge.
There are two potential approaches to address this issue. The first method involves utilizing an instrument that leverages the linear propagation characteristics of light to filter out the majority of UV light. However, this approach may, to some extent, diminish the quantity of active ions that reach the target site. The second idea is to develop an adjuvant drug capable of absorbing UV light, akin to a sunscreen. It is crucial to ensure that the selected sunscreen does not react with ROS or RNS, as such reactions could compromise the overall activity of CAP.
HIGH FLOW RATE GAS
A high flow rate gas of CAP can make the wound area extremely dry (Dejonckheere et al., 2024; Shaitelman et al., 2015), which contradicts the theory of moist wound healing and hinders wound healing, preventing it from fully exerting its functions of promoting wound healing and inhibiting scarring. A moist wound environment facilitates the natural process of autolytic debridement, alleviates pain, minimizes scarring, stimulates collagen production, and encourages the migration of keratinocytes across the wound bed, thus collectively contributing to an enhanced wound healing process (Nuutila and Eriksson, 2021). On the other hand, a dry wound environment has at least four disadvantages: (1) Excessive dryness of the wound can dehydrate the traumatized tissue, leading to further tissue damage and the formation of unfavorable eschar, making it difficult for new epithelial cells to move, and prolonging the wound healing time (Breuing et al., 1992); (2) The wound is more susceptible to infection (Daly et al., 2016); (3) Larger scars are produced (Junker et al., 2013); (4) It intensifies the patient’s pain (Bechert and Abraham, 2009). Therefore, when using CAP for burn treatment, another issue that needs to be addressed is the dryness brought about by the high flow rate of gas.
Certainly, it is feasible to strike a balance between the efficacy of CAP and the minimization of dryness by fine-tuning the gas flow rate threshold. Nevertheless, this equilibrium merely replicates the wound environment akin to that of exposure therapy and falls considerably short of attaining the optimal state of wet wound healing. In light of this, a question emerges: could we integrate hydrogel, hydrosol, and other relevant materials with CAP to actualize a dual benefit of wet wound healing and combined CAP treatment?
DISCUSSION
In this Opinion, we have summarized the inherent defects that severely limit CAP application in burn treatment. Most of the studies reported self-built in laboratories, with significant differences in parameters and operations between different devices, resulting in inconsistent dosage and frequency of treatment, but ultraviolet light and high-speed gas flow are rarely performed. Therefore, how to effectively address the issues of UV and high-speed gas flow in CAP is a fundamental problem that needs to be solved for the use of CAP in burn treatment.
In view of the challenges associated with UV radiation, innovative instruments could be devised to effectively filter out ultraviolet rays. Additionally, CAP adjuvant drugs might be developed, leveraging the linear propagation traits of light to absorb ultraviolet radiation. When it comes to the drying issue resulting from high-flow-rate gas, the design and application of hydrogels, hydrosols, and other related substances could be explored to facilitate wet wound healing. This Opinion piece offers a novel research vantage point for the utilization of CAP in burn treatments, carrying significant theoretical and practical implications for the exploration of new therapeutic approaches in the field of burns.
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The persistent challenge lies in accelerating wound healing. Bioactive hydrogels with in situ formation properties ensure that the dressing completely adheres to the wound and isolates it from external bacteria and microorganisms in order to meet the needs of damaged skin tissue for rapid hemostasis and wound healing. In this paper, hydrogel dressing that Polyacrylamide/Sodium alginate grafted with dopamine/Gelatin grafted with glycidyl methacrylate doped with Angelica sinensis polysaccharide was prepared (PDGA). Chemical cross-linking of PAAM by adding cross-linking agent to initiate free radical polymerization and photocross-linking by free radical polymerization of GMA-GEL under UV light irradiation are two cross-linking modes to construct dual-cross-linking network of PDGA hydrogel dressing. The hydrogel remains fluid when placed in a sealed syringe and solidify rapidly by photocross-linking when placed on the wound. Furthermore, the hydrogel demonstrated excellent biocompatibility and hematological safety. The interaction between angelica polysaccharides and integrins on the platelet surface facilitated an augmentation in platelet adhesion, activation, and aggregation, ultimately inducing rapid coagulation of the blood within 130 s in a mouse tail vein hemorrhage model. ASP can promote tissue healing by promoting cell proliferation around wounds and accelerating the formation of new blood vessels. In a mouse skin defect model, collagen deposition, blood vessel formation, hair follicle regeneration, and granulation tissue formation were observed due to the presence of angelica polysaccharides, showing significantly superior wound healing properties when compared to Tegaderm™ film. In addition, the expression of CD31 in skin wounds treated with PDGA was significantly upregulated. Consequently, PDGA multifunctional dressings exhibit considerable potential for in vitro hemostasis and skin wound repair applications.
Keywords: hydrogel dressing, wound healing, angelica sinensis polysaccharide, wound management, material sciences

1 INTRODUCTION
As the main barrier between the human body and the external environment, the skin plays a crucial protective role. However, it is also vulnerable to various external factors. These factors may include physical friction, high or low temperature exposure, chemical and corrosive material exposure, and biological microbial infections. These damages can often lead to different types of skin lesions, such as cuts, abrasions, burns, etc. These injuries can not only bring pain and discomfort to the patient, but also may affect their daily life and work ability, and in severe cases, they may even cause infections and other complications (Tottoli et al., 2020; Tavakoli and Klar, 2021; Ding et al., 2023). After the skin was damaged, the natural healing process is frequently constrained by diverse factors. Without taking timely therapeutic measures, the healing of wounds may be hindered or the process may be prolonged (Jones and Hampton, 2021; Li et al., 2022; Kowalski et al., 2024). Recently, numerous researchers have focused on exploring new materials capable of effectively enhancing wound healing, among which hydrogels have garnered significant attention owing to their ability to keep wounds moist and block external contaminants, among other multiple advantages (Zhang et al., 2023). Hydrogels are mainly derived from a variety of natural or synthetic hydrophilic polymeric materials each of which aims to optimize the specific properties of the hydrogel to meet the varying needs of wound healing (Kamoun et al., 2017; Francesko et al., 2018; Tavakoli and Klar, 2020; Ciolacu et al., 2023). Among these, the in situ-forming hydrogel offers distinct advantages, as it rapidly forms a tightly adherent protective layer at the wound site, effectively shielding it from external contaminants and pathogens. It can be used as a drug delivery system, by loading the drug and realizing controlled release and improve the stability of drugs (Agarwal et al., 2022; Feng et al., 2023; Feng et al., 2024; Villa et al., 2024). Current studies have shown that hydrogels formed in situ have weak mechanical properties, which may result in their inability to maintain structural stability for long periods of time, and the gelling time is often long, which may delay treatment in medical emergencies.
Polyacrylamide has been widely used in medical fields such as drug delivery, medical materials and surgical aids (Wang L. et al., 2022; Tirey et al., 2024). These applications mainly utilize the biocompatibility, degradability and a certain degree of stability. However, the application of polyacrylamide in wound dressings been limited. This is mainly because polyacrylamide its swelling properties do not meet the requirements of medical dressings, and the molecular structure of polyacrylamide is relatively simple and lacks the specific functional groups or chemical groups required for cell adhesion (Reinhards-Hervás et al., 2024). Researchers improve polyacrylamide defects by combining different materials. Gelatin has been shown to enhance the biocompatibility of acrylamide and promotes cell growth and differentiation capacity (Wang Y. et al., 2022; Chen et al., 2023). Sodium alginate possesses robust water-absorbing capabilities, enabling it to absorb exudate from the wound surface and maintain wound moisture. After the combination of polyacrylamide and sodium alginate, the water-absorbing and moisturizing performance of hydrogel is further improved, which helps to maintain the moist state of the wound and promote the proliferation and differentiation of cells (Hasani-Sadrabadi et al., 2020).
Angelica sinensis polysaccharide (ASP) is the active compound extracted from Angelica sinensis (Tian et al., 2024), with a content of up to 15% in the plant. Studies have demonstrated that angelica polysaccharides exhibit notable advantages in tissue healing, manifesting primarily in their bioactivities. ASP promotes the proliferation and differentiation of pluripotent hematopoietic stem cells and hematopoietic progenitor cells, leading to an increase in the number of peripheral blood cells, leukocytes, hemoglobin, and bone marrow nucleated cells, which ultimately accelerates the tissue healing process. Moreover, ASP serves as an immunomodulatory agent, capable of modulating the activity of complement receptors on the lymphocyte membrane and augmenting the immune response of lymphocytes, thereby exerting a positive effect on the immune function of the body. This contributes to reducing the risk of infection and facilitates wound healing (Wang et al., 2017; Bi et al., 2021; Brumberg et al., 2021; Nai et al., 2021). Despite the numerous benefits associated with angelica polysaccharides, their direct application is constrained by several factors, namely, stability issues, challenges in controlling release rates, and excessively high local concentrations. Utilizing hydrogel as a carrier for angelica polysaccharides can overcome the limitations associated with direct application and offer the following advantages: hydrogel can provide a stable microenvironment that shields angelica polysaccharides from external factors, thereby enhancing their stability. Furthermore, precise control over the release rate and concentration of angelica polysaccharides can be achieved by adjusting the composition and structure of the hydrogel, thereby enabling stable and predictable therapeutic outcomes. The hydrogel ensures that the concentration of angelica polysaccharides in local tissues remains moderate, neither excessively high to elicit adverse reactions nor too low to compromise the therapeutic efficacy.
The central question of this study is: can hydrogels of specific composition and properties accelerate the wound healing process by modulating the wound microenvironment? To answer this question, we propose the following hypothesis: hydrogels containing specific bioactive components can significantly improve the speed and quality of wound healing by promoting cell proliferation, platelet adhesion and aggregation as well as collagen deposition, and vascularization and hair follicle generation. In this study presents the preparation of possessing in in situ formation properties a hydrogel dressing (PDGA). The hydrogel’s double cross-linked network was induced through the chemical cross-linking of PAAM and the of GMA-GEL. Subsequently, the mechanical properties of the hydrogels were characterized. Furthermore, the biocompatibility of the PDGA hydrogel was assessed through blood compatibility and cytocompatibility tests. Lastly, the PDGA hydrogel was evaluated in a full-thickness skin defect model in mice for its ability to promote vascular and hair follicle regeneration, thereby facilitating wound healing. The results indicated that the PDGA hydrogel exhibited significant hemostatic and wound-healing effects on skin tissue defects (Figure 1). It allows rapid control of bleeding situations, which is particularly important in urgent hemostasis scenarios because of the urgent need for rapid, effective and safe wound treatment strategies in the operating room environment (Chou et al., 2017; Krasilnikova et al., 2022).
[image: Illustration showing a process for skin damage healing using GMA-GEL. The diagram depicts a mouse model, PAAM, and DASA interacting with cell proteins and blood platelets leading to collagen deposition and angiogenesis. ASP induces hematopoietic stem cells and red blood cell migration. The healing process includes skin damage, proliferation, and tissue healing stages, visualized in cross-section skin layers.]FIGURE 1 | Schematic of PDGA hydrogel dressing promotion of wound healing. PDGA remodels tissues by promoting cell proliferation, platelet adhesion and aggregation, collagen deposition, angiogenesis and hair follicle generation.
2 MATERIALS AND METHODS
2.1 Materials
Acrylamide (AAm): Purchased from Sigma-Aldrich, purity≥99%. Ammonium Persulfate (APS): Obtained from Aladin Reagent (Shanghai, China), purity≥98%. N,N,N′,N′-Tetramethylethylenediamine (TEMED): Supplied by Aladin Reagent (Shanghai, China). N,N′-Methylenebis(acrylamide) (BIS): Procured from Sigma-Aldrich, purity≥99%. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC·HCl): Purchased from Aladin Reagent (Shanghai, China). N-Hydroxysuccinimide (NHS): Obtained from Aladin Reagent (Shanghai, China), purity≥98%. Dopamine hydrochloride (DA·HCl): Supplied by Sigma-Aldrich. Ammonium alginate: Purchased from Aladin Reagent (Shanghai, China). Gelatin: Obtained from BD Biosciences (Franklin Lakes, NJ, United States), type A, from bovine skin. Glycidyl methacrylate (GMA): Procured from Tokyo Chemical Industry Co, Ltd. (Tokyo, Japan), purity≥97%. Angelica sinensis polysaccharide (ASP): Supplied by Shanghai Yuanye Bio-Technology Co, Ltd. (Shanghai, China), Biological Reagent 60%. Lithium Phenyl-2,4,6-trimethylbenzoylphosphinate (LAP): Purchased from Sigma-Aldrich, purity≥98%.All solutions were prepared using ultrapure water (Milli-Q system, MilliporeSigma, Burlington, MA, United States) to ensure the highest purity and minimize contamination.
2.2 Methods
2.2.1 Synthesis of GMA-GEL and DA-SA
GMA-GEL was first synthesized by modifying the previously reported method (Sk et al., 2021). The carboxyl and -OH groups were depleted in the condition of pH = 3.5, and the GMA molecule reacted with the carboxyl group in gelatin. The details were described in the Supplementary Material. DA-SA was synthesized by facilitating the reaction between the carboxyl group of sodium alginate and the amino group of DA. The specific process is shown in the Supplementary Material.
2.2.2 Preparation of PAAM/DA-SA/GMA-GEL hydrogel
First, the acrylamide of 14 wt%, the DA-SA of 2.8 wt%, the GMA-GEL of 10 wt%, and the ASP of 5 wt% were dissolved in 10 mL deionized water under light-shielded conditions. Subsequently, 0.09 mg of MBAA and 0.36 μL of Ammonium Persulfate (APS) were added to the AM/DA-SA/GMA-GEL solution. Prior to mixing, the photo-initiator LAP was introduced into the preparatory solution to obtain the precursor solution. Next, 0.4 mL of TEMED was added to the precursor solution, which was then transferred into a glass mold. Lastly, the hydrogel pre-polymer was exposed to ultraviolet light (365 nm) for 20 s. Over a period of 3 days, the PBS solution was replaced every 6 h to eliminate unreacted monomers and initiators.
2.2.3 Characterizations
The preparation of GMA-GEL and DA-SA was confirmed by nuclear magnetic resonance (1H NMR) and Fourier transform infrared spectroscopy (FT-IR) analyses. The swelling behavior, biodegradability and microstructure of PAAM/DA-SA/GMA-GEL hydrogels were characterized through swelling experiments, degradation experiments and scanning electron microscopy (SEM) observations. For a detailed procedure, please refer to the Supplementary Material.
2.2.4 Mechanical properties of hydrogel
The modulus of these hydrogels was measured using a TA rheometer (DHR-2) and documented as a function of time (Del Giudice, 2020). Compressive stress-strain curves of PAAM/DA-SA/GMA-GEL hydrogels were obtained and analyzed (Fang et al., 2019). The ability of hydrogels to slow drug release at different pH was analyzed. For detailed procedures, please refer to the Supplementary Material.
2.2.5 Hemolytic test of hydrogels
A predetermined amount of hydrogel was combined with erythrocytes and incubated for 1 hour at 37 °C. Subsequently, the absorbance at 540 nm was recorded to evaluate hemolysis (Zhao et al., 2023). For a detailed procedure, please refer to the Supplementary Material.
2.2.6 In vitro whole blood-clotting performance
The in vitro whole blood-clotting test was conducted following the previously established method (Zhang et al., 2024). For a detailed protocol, please refer to the Supplementary Material.
2.2.7 Hemostasis performance of hydrogels
Based on previous research, the hemostatic efficacy of the PAAM/DA-SA/GMA-GEL hydrogel was assessed using a mouse-tail amputation model (female Kunming mice, weighing 28–32 g). A method of tagging experimental animals with non-invasive ear tags was used by us (Klabukov et al., 2023). For detailed experimental procedures, please refer to the Supplementary Material.
2.2.8 Cytocompatibility test of hydrogels
The cytocompatibility test was performed using the leaching solution method as described in Zangeneh et al. (2019). The detailed procedure is provided in the Supplementary Material.
2.2.9 Evaluation of wound healing sites with a dorsal skin defect model in mice
To further evaluate the therapeutic effect of PDGA hydrogel on wound healing, a mouse back skin defect model was establishedused. A method of tagging experimental animals with non-invasive ear tags was used by us. Hematoxylin-eosin (H&E) staining was used to qualitatively assess the histomorphology of tissue regeneration at various time points, with a particular focus on fibroblasts and epidermal regeneration within the traumatized area. The percentage of collagen deposition was assessed by Masson staining, as described in the Supplementary Material, to gauge the extent of tissue repair. All animal experiments were conducted in accordance with the approval of the Institutional Animal Care and Use Committee of Changchun University of Traditional Chinese Medicine.
2.2.10 Immunofluorescence staining
Immunofluorescence staining was performed to assess vascular regeneration during wound healing, using CD31 as a marker. The detailed procedure is provided in the Supplementary Material.
2.2.11 Statistical analysis
The results were presented as mean values of replicate experiments, and statistical analysis was performed using GraphPad Prism and Origin. Data represent the mean ± SD of at least three replicates. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 were regarded as statistically significant. In addition, “ns” denoted no significant difference.
3 RESULTS
3.1 Preparation of GMA-GEL and DA-SA
Principles of GMA and GEL reactions as shown in Figure 2A. Figure 2B showed the 1H NMR spectra of GEL and GMA-GEL compounds. The 1H NMR spectra of GMA-GEL revealing the GMA grafting onto gelatin. In this spectrum, the signals observed at 5.4 and 5.8 ppm are attributed to the methacrylate vinyl proton C=C bond vibrations. The FT-IR spectra of GMA-GEL and GEL were showed in Figure 2C. Compared with the FT-IR spectrum of unmodified gelatin, the product GMA-GEL showed enhanced characteristic peaks at 1,211 cm−1, indicating that GMA was successfully grafted. The FT-IR spectra indicated that the stretching vibration peak of the -OH group was observed at 3,305 cm−1; the peak at 2,941 cm−1 was attributed to C-H stretching vibration; and the peak at 1,211 cm−1 was attributed to the ester bond formed by GMA grafting. The 1H NMR spectrum and FT-IR spectrum collectively demonstrated that GMA had been successfully grafted into the gelatin molecular chain.
[image: Schematic illustrations and analyses of chemical reactions and characterizations. Panel a: Reaction scheme depicting chemical transformations. Panel b: NMR spectra highlighting chemical shifts for GEL and GMA-GEL. Panel c: FTIR spectra of GEL and GMA-GEL showing absorbance peaks. Panel d: Reaction scheme for a separate chemical modification involving ED/CNHS. Panel e: NMR spectra indicating shifts for DA and DASA. Panel f: FTIR spectra of SA and DASA, displaying notable absorbance peaks. Each panel includes graphical representations of chemical structures and characterization data.]FIGURE 2 | (a) Principles of GMA and GEL reactions; (b) 1H NMR spectra of gelatin before and after grafting of GMA; (c) FT-IR spectra of gelatin before and after grafting of GMA; (d) Principles of DA and SA reactions; (e) 1H NMR spectra of SA before and after grafting of DA; (f) FT-IR spectra of SA before and after grafting of DA.
Principles of DA and SA reactions as shown in Figure 2D. Figure 2E showed the 1H NMR spectra of DA, SA, and DA-SA. The 1H NMR spectra of DA-SA revealed that the peak at 6.6 ppm specifically corresponded to the proton -CH on the catechol ring, and the -NH group near the catechol ring was observed around 2.77 ppm, thus confirming the successful grafting of the catechol motif. Figure 2F showed the FT-IR spectra of DA, SA, and DA-SA. In the FT-IR spectrum of DA-SA, two characteristic peaks were observed at 1,287 and 1,529 cm−1, which were attributed to the amide III band (C-N stretching vibration) and amide II band (N-H bending vibration), respectively. Additionally, the amide I band was observed at 1,736 cm−1. The presence of the amide group (-CONH-) at 3,100 cm−1 indicated the successful grafting of DA. Both 1H NMR spectra and FT-IR spectra were consistent in showing that DA was successfully grafted into the SA molecular chain.
3.2 Preparation and characterization of PDGA hydrogel
In the process of soaking PAAM/DA-SA/GMA-GEL, PAAM, PAAM/DA-SA, PAAM/GMA-GEL, DA-SA, GMA-GEL, and DA-SA/GMA-GEL in deionized water for 3 days to remove unreacted monomers and initiators.
The gelation time of the hydrogels was evaluated by the time of irradiation under 365 nm UV light to turn the gel precursor solution into a gel, and the gelling time of PAAM/DA-SA/GMA-GEL and PDGA hydrogels was about 20 s. As shown in Figure 3A. The UV irradiation time was safe for biological tissues and was favorable for in vitro applications (Xu et al., 2022).
[image: Graphs and images analyze properties of different gels. Graph (a) shows gelation time; (b) presents swelling rates over time; (c) depicts retention ratio over days; (d) and (e) display modulus against frequency and strain. Graph (f) compares stress-strain relationships. Image (g) provides microscopic views of three gels. Graph (h) illustrates cumulative release rates over time.]FIGURE 3 | (a) Gelation times; (b) Swelling performance curves for hydrogels with various compositions; (c) Degradation performance curve of different component gels; (d) Rheological characteristics of hydrogels at angular frequencies ranging from 0 to 10 rad/s; (e) Rheological behavior of hydrogels under varying strains; (f) Compressive properties of hydrogels with diverse compositions; (g) SEM of hydrogels; (h) Rate of drug release at different pH.
During the wound healing process, tissue fluid may persist in exuding. Hydrogel dressings possessing excellent swelling capabilities can efficiently absorb these exudates and create a moist microenvironment for the wound. This moist microenvironment facilitates cell proliferation and differentiation, thereby expediting the wound healing process. Therefore, the swelling properties of these hydrogels were tested. As shown in Figure 3B. The ideal dressing needs to have excellent swelling properties, but PAAM does not have this property. By incorporating DA-SA and GMA-GEL, on one hand, the introduction of additional hydrophilic groups, such as hydroxyl and amino functionalities, facilitates the formation of interactions with water molecules, including hydrogen bonding, thereby enhancing the water absorption capacity and swelling behavior of the hydrogel. On the other hand, the integration of PAAM, DA-SA, and GMA-GEL results in the formation of double cross-linked structure, enabling more efficient retention of water, thereby further enhancing the swelling characteristics of the hydrogel.
The degradation properties of the hydrogels were investigated by simulating a physiological environment at 37°C PBS buffer for evaluating the degradation properties of the hydrogels After 3 days of hydrogel immersion in PBS, the residual weight ratio of the PAAM hydrogel was 62% of the initial weight, whereas that of the PAAM/DA-SA, PAAM/DA-SA/GMA-GEL and PAAM/GMA-GEL hydrogels was about 30% of the initial weight. Residual ratio was about 30% of the initial weight. After the PAAM hydrogels reached the degradation equilibrium at day 9, the weight remaining was maintained at about 20%, while the PAAM/DA-SA, PAAM/DA-SA/GMA-GEL and PAAM/GMA-GEL hydrogels reached the degradation equilibrium at day 6, indicating that the PAAM/DA-SA/GMA-GEL hydrogels had a tunable degradation ratio by the introduction of DA-SA and GMA-GEL. hydrogels with adjustable degradation rates by the introduction of DA-SA and GMA-GEL.
The rheological properties of the hydrogels were assessed, with the temperature set at 37°C to mimic the body temperature of human skin (Fares et al., 2024). The storage modulus (G′) and loss modulus (G'') of different hydrogels were tested at a fixed frequency of 10 rad s−1. It was found that the storage modulus (G′) was higher than the loss modulus (G'') for all hydrogels, implying that they were stable (Figure 3D). As shown in Figure 3E, no significant difference in fracture strain of hydrogels.
The compression properties of the different component hydrogels are shown in Figure 3F. Compared to the PAAM/GMA-GEL group and the PAAM/DA-SA group, the addition of DA-SA and GMA-GEL to the hydrogels resulted in an increase in compressive strength. The high molecular mass of DA-SA and the presence of more polar hydroxyl groups enhanced the entanglement between polymer chains through hydrogen bonding. This resulted in a denser structure of the hydrogel, subsequently increasing its compressive strength. The incorporation of GMA-GEL via photo-crosslinking and chemical crosslinking contributed to a denser gel structure. Collectively, these results suggested that PAAM/DA-SA/GMA-GEL hydrogels exhibited good energy dissipation capacity under external forces, owing to their non-covalent cross-linking network.
During the synthesis process of PAAM/DA-SA/GMA-GEL hydrogels, the polymer chains undergo both chemical and photocross-linking to establish a dual cross-linked network architecture. The resultant uniform morphology and interconnected pore structure empower the hydrogel to preserve its structural robustness and coherence under external stress (Figure 3G).
The PDGA (pH = 7.4) hydrogel had reached drug release equilibrium at 8 h with a drug release rate of 76.68%, whereas the PDGA (pH = 5.4) hydrogel effectively reduced the drug release efficiency and reached drug release equilibrium at 24 h with a release rate of 73.65%. The PDGA hydrogel at pH = 5.4 helped in the slow release of the drug (Figure 3H).
3.3 Evaluation of hydrogel biocompatibility
The cytocompatibility of PAAM/DA-SA/GMA-GEL and PDGA hydrogels was assessed using the cell viability of L929 cells. Cytotoxicity of the aforementioned hydrogels was determined using the leachate method. A significant increase in cell viability was observed within 3 days, suggesting robust cell growth during the experimental period (Figure 4A). On the day 3, the cell viability of PDGA hydrogel was significantly higher than that of PAAM/DA-SA/GMA-GEL and the control group (P < 0.01). In addition, almost all L929 cells showed a pike-shaped morphology and were stained green (live cells), and only a few red (dead cells) cells were observed in live/dead viability staining, suggesting good cytocompatibility of the immersed hydrogel (Figure 4B). The results demonstrate that the hydrogel exhibits good cytocompatibility with no apparent cytotoxicity, indicating its potential as an alternative material for clinical dressings.
[image: Composite image showing various experimental results:  a) Bar graph depicting cell viability percentages on days 1 and 3 with different samples, labeled Blank, PAAM/SA-AGMA-GEL, and PDGA.  b) Fluorescent microscopy images illustrating cell distribution under Blank, PAAM/SA-AGMA-GEL, and PDGA conditions on days 1 and 3.  c) Hemostatic sponge test photographs and bar graph showing different sample efficacy: Control, PAAMSA-GEL, PAAMDA-SA, PAAMDA-SA-AGMA-GEL, PDGA.  d) Bar graph of BCI percentages for the same samples.  e) Hemostasis time bar graph comparing samples.  f) Blood loss data bar graph displayed for different samples.  g) Photograph of bleeding models with treatments labeled Blank, Egaderm Film, PAAM/SA-AGMA-GEL, and PDGA.]FIGURE 4 | (a) Cell compatibility assessment of the PDGA and PAAM/DA-SA/GMA-GEL hydrogel; (b) LIVE/DEAD staining of L929 cells after contacted with the hydrogels for 1 d and 3d; Scale bar: 400 μm; (c) Hemolysis rate (%) of various hydrogels; (d) Whole blood clotting time assay; (e) Blood loss time in the mouse-tail amputation model; (f) Quantitative results of blood loss in the mouse-tail amputation model (n = 3); (g) Schematic diagram of the mouse-tail amputation model. Statistical significance *P < 0.05, **P < 0.01.
Good blood compatibility is crucial for the application of biomaterials. An in vitro hemolysis assessment was conducted to evaluate the blood compatibility of PDGA hydrogels. After a 1-h incubation in a simulated physiological environment in vitro, qualitative observations were made on the visual appearance of the four hydrogel groups, along with the positive control group, as shown in Figure 4C. The hydrogels exhibited a Quantitative analysis revealed that the hemolysis rates for all hydrogels were below 5%. These results indicate good blood compatibility for these hydrogels.
The human skin and tissues are densely populated with blood vessels. Upon injury or trauma caused by external forces, these blood vessels may rupture, resulting in blood loss. Therefore, achieving hemostasis is a crucial initial step in the wound healing process. An in vitro whole-blood coagulation assessment is a widely used method to evaluate the coagulation efficacy of hemostatic hydrogels (Bao et al., 2022). A lower Blood Coagulation Index (BCI) signifies higher coagulation efficiency. Medical gauze was selected as the control material for comparison with the hydrogels. Following incubation of various hydrogels with blood at 37 °C for 10 min, the results revealed that the BCI values for all hydrogel groups were significantly lower than that of the gauze control (P < 0.05) (Figure 4D).
Due to the good blood compatibility and blood-clotting index of PDGA hydrogel, its hemostatic performance was further evaluated using a mouse-tail amputation model (Figures 4E–G). The hemostatic performance of the PDGA hydrogel was tested in the mouse-tail amputation model, resulting in a significant reduction in blood loss (P < 0.01) and bleeding time. Compared to the control group, rat tails treated with PDGA hydrogel exhibited a 91.4% reduction in blood loss and a 78.8% decrease in bleeding time. The in vivo hemostatic effect of the PDGA hydrogel was primarily attributed to the angelica polysaccharides within the hydrogel interacted with integrins on the platelet surface, leading to increased platelet adhesion, activation, and aggregation, thereby enhancing hemostasis.
3.4 In vivo wound healing in full-thickness skin defect model
To assess the efficacy of these hydrogels as wound dressings, a mouse model of dorsal skin defect was established. Two control groups were established using Blank and Tegaderm™ films. The wound area in all four groups exhibited a gradual decrease over the course of 5, 10, and 14 days (Figures 5A–C). Following 5 days of treatment, the wound areas in the PAAM/DA-SA/GMA-GEL and PDGA hydrogel groups were significantly smaller compared to those in the commercial Membrane and Blank groups (Figure 5C). The wound closure ratio of the PDGA hydrogel group was approximately 44% higher than that of the Blank group (P < 0.01), indicating the most effective wound healing. The wound closure ratios of the PAAM/DA-SA/GMA-GEL and PDGA hydrogel groups were comparable and significantly higher than those of the Blank and Tegaderm™ Film groups. After 10 days of treatment, the wound closure ratios of the PAAM/DA-SA/GMA-GEL and PDGA hydrogel groups were 85% and 88%, respectively. These results suggest that the wound healing efficacy of these hydrogels exceeded that of both the Tegaderm™ Film and Blank groups. Furthermore, the wound area recovery of the PAAM/DA-SA/GMA-GEL and PDGA hydrogel groups was significantly greater than that of the Tegaderm™ Film and Blank groups (P < 0.01). On day 14, the wound in the PDGA group achieved near-complete healing, with a wound area recovery exceeding 97%.
[image: a) Images show wound healing over 14 days with different treatments: Blank, Tegaderm, PAAMBA-SAGMA-GEL, and PDGA. b) Histological images of tissue sections on day 14. c) Bar graph of wound closure ratios over 14 days for different treatments, showing significant differences. d) Microscopic images of tissue healing with different treatments. e) Bar graph showing granulation tissue thickness on day 10 for each treatment, highlighting significant variances.]FIGURE 5 | (a) Photographs of the wound healing site captured on the 5th, 10th, and 14th days; (b) Schematic illustration of the wound healing process on days 5, 10, and 14; (c) Statistical analysis of wound closure ratio (n = 3); (d) Micrographs of regenerating granulation tissue on the 10th day (granulation tissue indicated by red arrows), scale bar: 200 μm; (e) Thickness measurements of the regenerated granulation tissue on the 10th day (n = 3). Statistical significance *P < 0.05, **P < 0.01.
Granulation tissue is a newly formed, capillary-rich fibrous connective tissue that plays a key role in the healing process after tissue injury (Clark, 1985). Therefore, the stage of wound healing was assessed by measuring the thickness of the granulation tissue. As shown in Figures 5D, E, after 10 days of healing, the Blank and Tegaderm™ Film groups exhibited a thinner granulation tissue thickness (642.8 μm and 638.5 μm, respectively). The granulation tissue thickness of the PAAM/DA-SA/GMA-GEL and PDGA hydrogels were 804.4 μm and 935 μm, respectively. The latter was significantly thicker than that of the other groups (P < 0.05). These results indicate that the PDGA hydrogel has a more favorable effect on wound repair.
3.5 Histomorphological evaluation
Wound healing is a continuous process that encompasses wound contraction, granulation tissue formation, and regeneration of the epidermis and other tissues (Wang et al., 2023). Hematoxylin and eosin-stained sections (H&E staining) were used to assess the wound healing effect on days 5, 10, and 14 (Shamloo et al., 2018). On the fifth day of wound healing, HE staining revealed no significant inflammatory reaction in any of the groups. However, compared to the two hydrogel groups, more inflammatory cells were observed at the wound site in the blank and Tegaderm™ groups (Figure 6A). Furthermore, the PDGA hydrogel group exhibited relatively fewer inflammatory cells and a higher presence of fibroblasts compared to the PAAM/DA-SA/GMA-GEL hydrogel group. These results indicate that the PDGA hydrogels did not elicit an increased foreign body response. Neovascularization is crucial for repairing the blood microcirculatory system of subcutaneous damaged tissues, thereby providing essential nutrients. As shown in Figure 6B, both the PAAM/DA-SA/GMA-GEL and PDGA hydrogel groups displayed a greater number of blood vessels compared to the blank and Tegaderm™ groups (P < 0.05). Additionally, some hair follicles formed in the PDGA group (Figure 6C). On day 14, although relatively intact skin had grown in the blank and Tegaderm™ Film groups, few hair follicles were observed (Figure 6A). In contrast, the wounds treated with hydrogels were covered with epithelial tissues that more closely resembled normal skin. The increased number of skin follicles and blood vessels in the PAAM/DA-SA/GMA-GEL and PDGA hydrogel groups was also significantly different from that in the blank and Tegaderm™ groups (P < 0.05). Notably, both the PAAM/DA-SA/GMA-GEL group and the PDGA group exhibited nearly intact epidermis recovery (Figure 6D). These results indicate that the hydrogel was beneficial to ECM remodeling and tissue regeneration. In addition, ASP can significantly stimulate the proliferation of hematopoietic stem cells and promote the synthesis of hemoglobin and red blood cells (Bai et al., 2018; Zhang et al., 2019; Chi et al., 2022; Guo et al., 2024).
[image: Panel (a) displays histological images showing tissue regeneration over 7, 14, 21, and 28 days, comparing various treatments. Panels (b) to (e) present bar graphs showing measurements of blood vessels, hair follicles, epithelial thickness, and collagen deposition at different time points. Statistical significance is indicated with asterisks.]FIGURE 6 | (a) Morphological results of the wound healing site after treatment for 5, 10, and 14 days, with Masson’s trichrome staining at the wound site on the 10th and 14th days; (b) Regeneration of blood vessels on the 14th day post-treatment; (c) Newly formed hair follicles on the 14th day post-treatment; (d) Epidermal thickness for different groups on the 14th day post-treatment; (e) Collagen deposition. Statistical significance *P < 0.05, **P < 0.01.
Collagen deposition plays a critical role in tissue remodeling during wound healing. As shown in Figure 6E, the amount of collagen deposition in the PDGA hydrogel group was significantly higher than in the PAAM/DA-SA/GMA-GEL hydrogel group on the 10th day (P < 0.01). On the 14th day, the collagen volume ratio of the PDGA hydrogel group was still significantly higher than that in the Tegaderm™ group and Blank group (P < 0.01). The collagen volume ratio at the wound site continued to increase over the 14 days of treatment. The hydrogel group exhibited a better collagen volume ratio throughout the repair process compared to the Tegaderm™ and blank groups. Masson trichrome staining of tissue sections was performed on days 10 and 14 to qualitatively observe and quantitatively analyze collagen deposition (Figure 6A). Collagen during wound recovery was stained blue. The PDGA group showed the best collagen regeneration compared to the other hydrogel groups, as well as the Tegaderm™ membrane and blank groups. Thus, these results demonstrate that PDGA hydrogel can effectively promote collagen deposition.
3.6 The expression of CD31 during wound healing
CD31 is a member of the vascular endothelial cell markers and is mainly expressed on the surface of endothelial cells, B-lymphocytes, platelets, granulocytes, and certain T cells (Yang et al., 2020; Guo et al., 2022; Liu et al., 2024). Consequently, we selected CD31 as an indicator for evaluating wound dressings to promote angiogenesis during wound healing. The immunofluorescence staining of CD31 and quantitative results were shown in Figures 7A, C. Compared with Blank, Tegaderm™ Film, and PAAM/DA-SA/GMA-GEL, the wound site treated with the PDGA hydrogel showed more CD31 expression (P < 0.01) on the 10th day. In addition, on the 14th day, the expression levels of CD31 in the PDGA group were significantly higher than those of other groups (P < 0.01). In conclusion, the PDGA hydrogel significantly promotes wound healing by enhancing CD31 expression, collagen deposition, angiogenesis, and hair follicle generation. Compared to the blank group and Tegaderm™, the PDGA hydrogel demonstrates superior repair efficacy.
[image: Panel (a) shows fluorescent microscopy images of tissue samples treated with Blank, Tegaderm™, PAAM/GO-ASGMA-GEL, and PDGA on days ten and fourteen, highlighting cellular coverage. Panel (b) features histological comparisons of heart, liver, spleen, lung, and kidney tissues. Panel (c) presents a bar graph detailing the relative area coverage of CD31, comparing the treatments over days ten and fourteen, with statistical significance indicated.]FIGURE 7 | (a) Expression of CD31 on 10 and 14 days; White line indicate the expression of CD31; (b) HE staining results of liver, spleen, lungs, and kidneys in each group 14 days after surgery; (c) With n = 3, the CD31 relative area ratio was calculated. Statistical significance *P < 0.05, **P < 0.01.
Pathological examination was conducted on the hearts, liver, spleen, lungs, and kidneys of mice in the blank group, Tegaderm™ group, PAAM/DA-SA/GMA-GEL group, and PDGA group 14 days postsurgery. No significant abnormalities were found, thus indicating that PDGA hydrogel did not cause damage to any organ tissues.
4 DISCUSSION
PDGA hydrogel benefits from the rapid response of the photocross-linking process, achieving rapid curing, which is particularly important for emergency hemostasis scenarios and bleeding situations can be rapidly control. At the same time, its low initial crosslinking degree gives the material good shape adaptability, enabling PDGA hydrogel to closely fit the surface of various complex wounds, effectively forming a protective barrier, blocking the invasion of bacteria and microorganisms, and reducing the risk of infection. Over time, the chemical cross-linking mechanism is gradually activated and strengthened, enhancing the mechanical strength and adhesion properties of the PDGA hydrogel, ensuring the durable and stable attachment of the hydrogel at the wound site, and providing a more reliable support for the wound healing.
5 CONCLUSION
A hydrogel dressing (PDGA) with in situ formation properties which has been applied for rapid hemostasis, wound healing and repair was developed. The dual-crosslinked structure of PDGA hydrogels was constructed through the combined action of chemical crosslinking initiated by PAAM radical polymerization and photocrosslinking mediated by GMA-GEL radical polymerization. The hydrogel facilitates the sustained release of ASP. PDGA hydrogel can significantly improve the speed and quality of wound healing by promoting cell proliferation, platelet adhesion and aggregation, collagen deposition, vascularization and folliculogenesis. The in situ tissue engineering of the PDGA hydrogel allows the material to have good shape adaptability to closely fit the surface of a variety of complex wounds, effectively forming a protective barrier that stops the invasion of bacteria and microorganisms and reduces the risk of infection while also allowing for rapid control of bleeding situations. This is particularly important in emergency hemostasis scenarios, where there is a strong need for fast, effective and safe wound treatment strategies in the operating room environment. We anticipate that this study will provide a scientific basis for the application of hydrogels in wound healing and provide new ideas for the development of novel wound treatment strategies.
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Perforator flap transplantation is an important technique in flap reconstructive surgery, but flap necrosis limits its clinical effectiveness. Thymoquinone (TQ), a natural bioactive plant quinone found in black seed, exhibits anti-inflammatory, angiogenic, and antimicrobial properties. This study investigates the therapeutic effects of TQ in a perforator flap model through in vivo and in vitro experiments. Human umbilical vein endothelial cells (HUVECs) were treated with Tert-butyl Hydroperoxide (TBHP) to simulate an in vitro flap model and were then treated with TQ. In vivo experiments used a rat perforator flap model, and vascularization was assessed using Doppler ultrasound on days 3 and 7 after flap creation. On day 7 post-surgery, flap samples were collected to evaluate vascularity, reactive oxygen species, apoptosis and pyroptosis. Network pharmacology analysis was conducted to identify relevant signaling pathways, and molecular docking techniques were used to predict potential target binding sites. In vitro results showed that both TQ treatment and NLRP3 inhibitors reduced the expression of pyroptosis-related proteins. In vivo results indicated that the TQ-treated group had increased flap survival area, blood flow intensity, and microvascular density, while oxidative stress, apoptosis, and pyroptosis levels were reduced. Angiogenesis was enhanced, and expression of the SIRT1 protein was increased, while the p-P65/NF-κB/NLRP3 pathway was downregulated. After treatment with a SIRT1 inhibitor, flap survival rate and angiogenesis were reduced. These findings suggest that TQ improves perforator flap survival by inhibiting the NF-κB/NLRP3 pathway and promoting angiogenesis.
Keywords: perforator flap, thymoquinone, pyroptosis, SIRT1, NF-κB/NLRP3 signaling pathway

INTRODUCTION
For a considerable length of time, multi-regional perforator flaps have been widely utilized in clinical settings for the treatment of dermatological conditions, including congenital abnormalities, traumatic injuries, tumor ablations, and skin ulcers resulting from diabetes (Cheng et al., 2017). However, due to the limited blood supply range of skin arteries, insufficient blood perfusion often occurs in the flap area during the early stages, leading to ischemic injury in the distal portion of the flap (Peng et al., 2022). With neovascularization and vasodilation, reperfusion injury may further occur in the distal part of the flap (Liu et al., 2019a). Therefore, ischemia-reperfusion (I/R) injury is one of the primary factors contributing to distal flap necrosis, which limits its clinical application. I/R injury leads to the accumulation of reactive oxygen species (ROS), ultimately resulting in cell death. Both ROS and apoptosis can accumulate due to I/R injury, ultimately leading to cellular demise (Xie et al., 2023). Previous studies have demonstrated that inhibiting oxidative stress, apoptosis can reduce the risk of ischemia-reperfusion injury and distal necrosis in flaps (Jiang et al., 2022; Chen et al., 2022).
Sirtuin 1 (SIRT1), an NAD+-dependent deacetylase, is involved in regulating angiogenesis, inflammation, oxidative stress, and apoptosis, including the inhibition of NLRP3 inflammasomes (Chen et al., 2013). To date, SIRT1 has been found to attenuate damage resulting from cerebral I/R in rats (Mei et al., 2022). Furthermore, under injury conditions, SIRT1 can enhance cardiac and neuroprotective activities (Hu et al., 2022; Xu et al., 2021). Recent studies have also indicated that SIRT1 can aid in the survival of random-pattern flaps (Jiang et al., 2022). However, uncertainties remain regarding the mechanisms controlling SIRT1 in the survival of multi-regional perforator flaps.
Cell pyroptosis, a recently discovered form of programmed cell death accompanied by inflammation, is regulated by numerous signaling pathways, including the most frequently studied NLRP3-Caspase-1-GSDMD pathway (He et al., 2015). The NLRP3 inflammasome detects endogenous and microbial danger signals and initiates innate immune responses. Upon activation, cytosolic NLRP3 oligomerizes with other inflammasome complex proteins, particularly ASC and pro-caspase-1. Pro-caspase-1 is then activated, leading to the cleavage of GSDMD (Man and Kanneganti, 2016). Following activation, the N-terminal portion of GSDMD oligomerizes and generates membrane pores, causing cell swelling, plasma membrane rupture, and release of cytosolic contents (Wang et al., 2019). Previous studies have shown that pyroptosis is a crucial pathological event in various diseases (Wan et al., 2020; Zhaolin et al., 2019), especially in vascular diseases (Zhou et al., 2018). Tissue ischemia-reperfusion injury and the development of microvascular diseases are significant factors contributing to flap necrosis (Odake et al., 2021). Recent research has highlighted the role of pyroptosis in maintaining vascular homeostasis and cardiovascular diseases, with NLRP3 inflammasome-induced pyroptosis playing a key role in vascular endothelial dysfunction (Bergsbaken et al., 2009). As a specific inhibitor of NLRP3, MCC950 has recently been found to effectively inhibit pyroptosis in various diseases, such as inflammatory bowel disease, diabetic cardiomyopathy, kidney injury (Wang et al., 2024; Ba et al., 2025; Luo et al., 2025). Therefore, tailored modulation of pyroptosis may represent a novel approach to improving the survival of multi-regional perforator flaps, as pyroptosis may play a pivotal role in inflammation associated with ischemia-reperfusion injury.
Thymoquinone (TQ), a pharmacologically active plant quinone found in the seeds of black cumin, is used in folk medicine worldwide for the treatment and prevention of various diseases and disorders (Ahmad et al., 2016). Notably, TQ has been reported to possess a wide range of biological activities, including anti-inflammatory (Wang et al., 2015; Chen et al., 2016), antioxidant (Lu et al., 2018), anti-tumor (Darakhshan et al., 2015), and immunomodulatory effects (Salem, 2005). Additionally, TQ can promote burn wound healing by reducing inflammation and oxidative stress (Selçuk et al., 2013). Recently, several studies have demonstrated the protective effects of TQ on cardiac injury, such as reperfusion injury in the context of ischemic damage and acute abdominal aortic ischemia, mediated through the pyroptosis pathway (Liu et al., 2019b). Currently, there are few studies exploring whether TQ has the potential to inhibit pyroptosis and promote angiogenesis in perforator flap models. Therefore, we aim to investigate the effects of TQ on flap survival and explore the biological mechanisms in multi-regional perforator flaps.
MATERIALS AND METHODS
Animal details
Healthy male Sprague Dawley rats (250–300 g), aged 6–8 weeks, were provided by the Experimental Animal Center of Wenzhou Medical University (license no. SCXK [ZJ] 2015-0001). The animal research procedures adhered to the ethical standards established by the National Institutes of Health for animal experiments. The use of these rats in the current investigation was approved by the Animal Research Committee of Wenzhou Medical University (wydw2023-0003). The rats were housed in a sanitary environment with a controlled 12-h light/dark cycle at a temperature of 25°C and had access to food and water ad libitum. The rats were randomly assigned to one of three experimental groups: the control group (n = 25), the TQ (TQ) group (n = 25), and the TQ+EX527 group (n = 15).
Reagents and antibodies
TQ (TQ; purity 99.48%) and MCC950 (purity 99.62%) are provided by MedChemExpress LLC (USA). EX527 is purchased from meilunbio (China). Sodium pentobarbital, hematoxylin and eosin staining kits, lead oxide-gelatin, and diaminobenzidine (DAB) are procured from Solarbio Life Science (China). Anti-cadherin 5 is provided by Wuhan Boster Biological Technology, Ltd. Primary antibodies against GAPDH, HO1, SOD1, Bax, Bcl-2, GSDMD-N, and VEGF are sourced from The Proteintech Group (Chicago, USA). Antibodies against caspase-3, NLRP3, IL-18, IL-1β, SIRT1, p-P65, P65, and IkB-α are obtained from Cell Signaling Technologies (Beverly, Massachusetts). The goat anti-rabbit IgG secondary antibody is provided by Santa Cruz Biotechnology Inc. (Dallas, Texas, USA). The ECL Plus Reagent kits and BCA Kits are obtained from PerkinElmer Life Sciences and Beyotime Biotechnology, respectively.
Flap animal model
Rats are anesthetized using isoflurane. Subsequently, back hair is removed using an electric razor and depilatory cream. The remainder of the surgical procedure is performed in a sterile environment. The anatomical landmarks of the rats influence the size of the skin flaps. The longitudinal axis of the spine serves as the basis for the medial edge (posterior midline) of the skin flap. The lateral boundary is positioned 2.5 cm away from the medial boundary. The lateral and medial edges converge at the anterior iliac spine, forming the caudal edge, which acts as an external barrier. As previously mentioned, the skin flap measures approximately 2.5 × 11 cm. Once the skin flap is fully elevated from the underlying fascia, hemostasis is achieved satisfactorily. The flap model comprises three vascular territories: the anatomic territory, represented by the deep circumflex iliac (DCI) vascular plexus, the dynamic territory, represented by the intercostal (IC) vascular plexus, and the potential territory, represented by the thoracodorsal (TD) vascular plexus. The DCI vascular plexus is preserved, while the other two vascular plexuses are ligated. The skin flap is then sutured in place using 4–0 silk. On postoperative day 7, all rats are euthanized, and the skin flap tissues are collected for further investigation.
Cell culture
As previously reported in studies aiming to simulate apoptosis and oxidative stress injury in vitro experiments involving skin flaps, Human Umbilical Vein Endothelial Cells (HUVECs) were selected (Lu et al., 2024). HUVECs were obtained from the American Type Culture Collection (ATCC; Manassas, VA) and cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Carlsbad, USA), supplemented with 10% Fetal Bovine Serum (FBS; Gibco, Carlsbad, USA) and 1% Penicillin-Streptomycin (Gibco, Carlsbad, USA). The cells were maintained in a humidified incubator at 37°C with 5% CO2. Upon reaching 70%–80% confluence, HUVECs were subjected to the corresponding treatments and utilized for subsequent experimental procedures.
Drug treatment
For in vitro experiments: The Tert-butyl Hydroperoxide (TBHP) group was incubated with 100 μM TBHP for 24 h, the selection of concentrations is referenced to previous literature (Chen et al., 2022). The TBHP + TQ (TQ) group was simultaneously incubated with 100 μM TBHP and 10 μM TQ for 24 h. The TBHP + MCC950 group was pretreated with 10 μM MCC950 for 30 min prior to the addition of 100 μM TBHP and then incubated for 24 h. For in vivo experiments, the TQ group received daily gavage of 2 mg/kg TQ for 7 days post-surgery, while the control group received an equal volume of dimethyl sulfoxide (DMSO). The TQ + EX527 group received an intraperitoneal injection of EX527 (10 mg/kg/day) 30 min prior to TQ administration.
Measurement of perforator flap survival area
Within 7 days after establishing the perforator flap model, the appearance of the flaps was observed. On postoperative days 3 and 7, five rats from each group were randomly selected and anesthetized. High-resolution photographs of the dorsal flaps were taken using a digital camera to measure the percentage of survival area as follows: (survival flap area/total flap area) × 100%.
Doppler blood flow measurement
Doppler blood flow measurement was used to detect blood flow in the flaps of live rats. On postoperative days 3 and 7, five rats from each group were randomly selected and anesthetized. The flaps were scanned using a Doppler instrument in a stable state. To assess blood flow in the flaps, the images were imported into moorLDI Review software for quantitative analysis. Each rat was tested three times, and the average values were calculated for statistical analysis.
Hematoxylin and eosin staining
On the seventh postoperative day (POD), three tissue samples (0.5 cm × 0.5 cm) were collected from the middle of the surgical critical zone in each group for histopathological analysis. After perfusing with phosphate-buffered saline (PBS) solution to remove blood cells, the specimens were fixed in 4% paraformaldehyde for 24 h and subsequently embedded in paraffin. The paraffin-embedded samples were then sectioned transversely into 4-μm-thick slices. These slices were stained with hematoxylin and eosin (H&E) according to standard histological protocols provided by Solarbio Science and Technology (Beijing, China; Catalog No. G1120). Six randomly selected regions in three random sections from each sample were observed under a light microscope (Olympus Corp, Tokyo, Japan). Additionally, to assess the microcirculation level, the number of microvessels per unit area (per square millimeter) in a random visual field was counted as a measure of microvascular density (MVD). This provided a quantitative evaluation of the microvasculature within the tissue samples.
Immunohistochemical
The slides were first deparaffinized and rehydrated through a series of graded alcohols. After blocking endogenous peroxidase activity, the slides were incubated with primary antibodies against CD34 (1:100), cleaved caspase-3 (C-CASP3; 1:200), and superoxide dismutase 1 (SOD1; 1:100) overnight at 4°C. Following three washes, the slides were incubated with a secondary antibody for 1 h at 37°C. Images were then captured under an optical microscope and analyzed using Image Pro-plus software. The next day, the sections were soaked in PBS solution at room temperature for 5 min, with this step repeated three times. The sections were then incubated with horseradish peroxidase-labeled secondary antibody at 37°C for 30 min. In a darkroom, DAB (3,3′-diaminobenzidine) chromogenic solution was added dropwise to the tissues and observed under a microscope for 1–2 min, followed by rinsing with PBS solution. The nuclei were then stained with hematoxylin for 1 min and rinsed under slow running water to restore the blue color. Subsequently, the sections underwent gradient alcohol dehydration, xylene permeabilization, and were mounted with gum. Observations and recordings were made under a 200x optical microscope. In the later stage, specialized software was utilized to automatically analyze the absorbance of CD34, C-CASP3, and SOD1, as well as to count the number of blood vessels with positive expression of CD34. This provided a quantitative assessment of the immunohistochemical staining results.
Immunofluorescence staining
For In Vitro Studies: HUVECs are seeded onto glass dishes and treated with the corresponding designated reagents. After fixation, the cells are permeabilized with Triton X-100 for 10 min at room temperature. Subsequently, the cells are blocked with goat serum for 1 h and incubated with primary antibodies against GSDMD-N (1:200), Caspase-1 (1:200), and NLRP3 (1:200) overnight at 4°C. Secondary antibodies are then added and incubated at 37°C for 1 h. The cell nuclei are stained with DAPI solution. Images are captured using a fluorescence microscope, and the integrated optical density is analyzed using software. For In Vivo Studies: Following immunohistochemical procedures, six samples undergo dewaxing and rehydration. After antigen retrieval and blocking, primary antibodies diluted in 10% goat serum in PBS (GSDMD-N 1:100, SIRT1 1:100, VEGF 1:100) are applied and incubated overnight at 4°C. Subsequently, FITC-labeled goat anti-rabbit IgG secondary antibody (1:200) is incubated at room temperature for 1 h. The sections are soaked in PBS for 5 min, repeated three times. An appropriate amount of DAPI solution is added to the slides for 5 min, and observations are made under a 200x fluorescence microscope. Later, software is used to count the number of GSDMD-N, SIRT1, and VEGF positive cells.
Western blotting
Protein extracts from animal samples and total cellular proteins isolated from HUVECs were obtained using RIPA lysis buffer supplemented with 1 mM PMSF. Subsequently, protein concentrations were determined using a BCA kit sourced from Beyotime Biotechnology in China. The proteins were then subjected to electrophoresis and transferred onto PVDF membranes manufactured by Millipore, located in Bedford, MA, USA. Following blocking with NcmBlot blocking buffer, provided by New Cells and Molecular Biotech in China, the membranes were incubated with their respective antibodies overnight at a temperature of 4°C. Afterward, the membranes were further incubated with secondary antibodies for a duration of 2 h. Finally, the grayscale values of the blots were quantitated and analyzed using Image Lab 3.0 software, developed by Bio-Rad in California, United States.
Collection of targets for ischemia reperfusion injury and prediction of thymoquinone targets
To identify disease targets related to the perforator flap, we conducted a database search using keywords such as ‘ischemia reperfusion injury’ and found relevant targets in GeneCards. Additionally, we obtained targets for TQ using SwissTargetPrediction with a canonical SMILE downloaded from PubChem. These target genes were then intersected for further KEGG analysis.
KEGG enrichment analysis
We utilized Metascape (version 3.5.20230101) to perform KEGG enrichment analysis on the intersection target genes. Metascape employs the hypergeometric test and Benjamini–Hochberg p-value correction algorithm to identify ontology terms with a statistically significant number of genes in common with the input list. KEGG serves as a comprehensive knowledge base for analyzing gene functions and related pathways.
Molecular docking
The SIRT1 protein’s three-dimensional model was constructed using the SWISS-MODEL online tool with a template PDB ID of 5BTR, revealing a 98.44% homology between the target protein and its template. The TQ ligand’s molecular structure was downloaded from PubChem. PyMOL 2.3.0 was used to remove water molecules and original ligands from the downloaded target protein, while Chem3D software (version 2020) optimized the molecular mechanics of the preferred conformation of the small molecule. AutoDock Tools 1.5.6 prepared the pdbqt files for docking simulations, which were conducted using AutoDock Vina v.1.2.0 with the Lamarckian Genetic Algorithm and semi-flexible docking. The exhaustiveness parameter was set to 8, and the maximum number of output conformations was set to 9. PyMOL 2.3.0 was used for 3D visualization, while Discovery Studio was employed for 2D visualization of the docking complex.
Statistical analysis
All experiments were executed in a randomized and double - blinded manner by investigators who were masked to the experimental groups. The results are presented as mean ± SEM, with the group size (n) indicated for each experimental group/condition, representing independent values rather than replicates. To minimize unwanted variability, the entire dataset was normalized. Statistical analysis was performed using SPSS version 19 (Chicago, IL, United States). Independent-sample t tests were employed to determine remarkably significant differences between two groups. Statistical analysis between multiple groups was performed by one-way ANOVA or Tukey’s multiple comparison test. Significance was determined at p < 0.05. Additionally, KEGG pathway analysis results with a p value <0.05 were considered statistically significant.
RESULTS
TQ enhanced the survival rate and angiogenesis in rat perforator flaps following ischemia-reperfusion injury
After establishing the perforator flap model, the survival and necrosis of the flaps in rats were observed and recorded. Over time, the boundary between survival and necrosis progressed from the distal end of the flap towards the pedicle, stabilizing by the seventh postoperative day in rats, with the distal areas of the flaps turning black, dry, and stiff (Figure 1A). Furthermore, we found that compared to the experimental control group, TQ significantly increased the survival area of the rat flaps (Figure 1B). Laser Doppler imaging revealed better blood perfusion in the TQ group, with significantly higher blood flow signal intensity in this group as well (Figures 1C, D). H&E staining showed a greater microvessel density in the TQ group (Figures 1E, F). Immunohistochemical staining data indicated an increase in CD34-positive vessel counts in the TQ group (Figures 1G, H). Based on these findings, we concluded that TQ improved the survival rate of rat perforator flaps following ischemia-reperfusion injury. Adequate blood flow and angiogenesis are among the most critical factors for perforator flap survival. To further determine whether TQ promotes angiogenesis after ischemia-reperfusion injury in perforator flaps, we used immunofluorescence and Western blot analysis to detect the expression of angiogenesis markers. Angiogenesis-related markers, including Cadherin-5, VEGF, and MMP9, were detected. Western blot results demonstrated that TQ treatment increased the levels of Cadherin-5, MMP9, and VEGF (Figures 1I, L). Additionally, immunofluorescence staining data showed a significant increase in VEGF-positive cell rates in the treatment group compared to the control group (Figures 1J, K). These results collectively indicate that TQ effectively promoted angiogenesis in perforator flaps, improving flap survival rates.
[image: Image featuring multiple panels comparing control and TQ treatment effects. Panel A shows wound healing images over time. Panel B displays a bar graph of survival area percentage. Panel C illustrates thermal images. Panel D contains a bar graph of signal intensity. Panel E presents histological sections. Panel F features a bar graph of mean vessel density. Panel G shows CD34 staining images. Panel H contains a bar graph of CD34 number. Panel I shows protein expression bands. Panel J presents immunofluorescence for DAPI and VEGF. Panel K contains a bar graph of VEGF positivity. Panel L displays a graph of protein expression levels. Various statistical markers are present.]FIGURE 1 | TQ enhances the survival rate and angiogenesis of multi-regional perforator flaps. (A) Gross images of dorsal flaps in the control and TQ groups on postoperative days 3 and 7. (scale bar: 1 cm) (B) Histogram showing the percentage of flap survival area in each group on postoperative day 7. (C) Doppler imaging of blood supply in perforator flaps of the control and TQ groups. (D) Quantitative assessment of blood flow intensity in flaps of the control and TQ groups. (E) H&E staining of flap tissues in the control and TQ groups (scale bar, 50 μm). (F) Quantitative assessment of microvascular density (MVD) in the control and TQ groups. (G) Immunohistochemical staining images of CD34 in the control and TQ groups (scale bar, 50 μm). (H) Quantitative assessment of CD34-positive vessel counts in the control and TQ groups. (I) Western blotting to detect the expression of angiogenesis-related proteins: Cadherin-5, MMP9, and VEGF in flap tissues of the control and TQ groups. (J) VEGF protein expression levels in flap tissues of rats in the control and TQ groups measured by immunofluorescence (scale bar: 20 µm). (K) Fluorescence intensity of VEGF expression analyzed using Image J. (L) Quantitative analysis of angiogenesis-related protein blots. Significance: *p < 0.05 and **p < 0.01. Data are presented as mean ± SEM, with five rats per group.
TQ inhibits pyroptosis after ischemia-reperfusion injury in rat perforator flaps
To determine which pathways are involved in the angiogenic effects of TQ, we searched for downstream targets of TQ and ischemia-reperfusion injury-related genes using SwissTargetPrediction and GeneCards. We took the intersection of these results, and a Venn diagram showed that 48 genes might be related to the therapeutic effects of TQ in ischemia-reperfusion injury (Figure 2A). Next, we selected these 48 genes for KEGG analysis, which revealed that the top 20 pathways were involved in the therapeutic effects of TQ, such as regulating inflammatory responses, oxidative stress, and apoptosis (Figure 2B). Inflammasome assembly of inflammatory mediators is an important manifestation of pyroptosis (Newton et al., 2024). It has been reported that pyroptosis is crucial for the development of ischemia-reperfusion injury, and inhibiting pyroptosis can effectively alleviate the progression of ischemia-reperfusion diseases (Qu et al., 2024; Chen et al., 2024). Based on the results of the KEGG enriched pathways, we speculated that the positive effects of TQ partly depend on the inhibition of pyroptosis. Using immunofluorescence staining, we assessed the levels of pyroptosis-related markers GSDMD-N and Caspase-1 to determine whether TQ leads to a reduction in pyroptosis in rat perforator flaps (Figures 2C–F). The analysis results indicated that TQ significantly decreased the percentage of GSDMD-N-positive and Caspase-1-positive cells in the dermis. Furthermore, Western blot analysis of pyroptosis-related proteins NLRP3, GSDMD-N, Caspase-1, IL-1β, IL-18, and ASC showed lower expression levels of these proteins in the TQ group compared to the control group (Figures 2G, H). To further explore the effects of TQ on pyroptosis, we conducted in vitro experiments using HUVECs. According to the immunofluorescence results, the expression levels of pyroptosis-related proteins GSDMD-N and Caspase-1 were significantly increased under TBHP stimulation but decreased under the action of TQ (Supplementary Figures S1A–D). Additionally, Western blot analysis showed that TBHP significantly increased the protein expression levels of NLRP3, GSDMD-N, Caspase-1, IL-1β, IL-18, and ASC, while TQ decreased their expression levels (Supplementary Figures S1E, F). To confirm our hypothesis, we conducted experiments using an NLRP3 inhibitor (Babuta et al., 2024). According to the immunofluorescence results, the expression level of NLRP3 was significantly decreased under the action of MCC950 (Supplementary Figures S1G, H). Moreover, Western blot analysis showed that the levels of pyroptosis-related proteins in the MCC950 group were also significantly inhibited (Supplementary Figures S1I, J). This indicates that MCC950 treatment significantly inhibited TBHP-induced pyroptosis. In summary, our results suggest that TQ inhibits pyroptosis in rat perforator flaps following ischemia-reperfusion injury.
[image: A series of scientific images and diagrams: A) Venn diagram showing overlap between two datasets. B) Dot plot depicting enriched pathways with color-coded p-values. C) Immunofluorescence with GSDMD-N and DAPI, highlighting differences between control and TQ samples. D) Bar graph comparing GSDMD-N positive cells, showing significant difference. E) Immunofluorescence with Caspase-1 and DAPI. F) Bar graph comparing Caspase-1 positive cells, showing significant difference. G) Western blot analysis for proteins NLRP3, GSDMD-N, Caspase-1, IL-1β, IL-18, ASC, and GADPH with bands for control and TQ. H) Bar graph representing protein level expression, demonstrating differences between samples.]FIGURE 2 | TQ inhibits pyroptosis in rat perforator flaps after ischemia-reperfusion injury. (A) Venn diagram showing overlapping targets of ischemia-reperfusion-related genes from GeneCards and predicted targets of TQ. (B) Top 15 enriched KEGG pathways for overlapping genes in (A). (C) GSDMD-N protein expression levels in flap tissues of rats in the control and TQ groups measured by immunofluorescence (scale bar: 20 µm). (D) Fluorescence intensity of GSDMD-N expression analyzed using Image J. (E) Caspase-1 protein expression levels in flap tissues of rats in the control and TQ groups measured by immunofluorescence (scale bar: 20 µm). (F) Fluorescence intensity of Caspase-1 expression analyzed using Image J. (G) Western blotting to detect the expression of pyroptosis-related proteins: NLRP3, GSDMD-N, Caspase-1, IL-1β, IL-18, and ASC in flap tissues of the control and TQ groups. (H) Quantitative analysis of pyroptosis-related protein blots. Significance: *p < 0.05 and **p < 0.01. Data are presented as mean ± SEM, with five rats per group.
TQ ameliorates oxidative stress and apoptosis following ischemia-reperfusion injury in rat perforator flaps
Oxidative stress is also crucial for the survival of perforator flaps. Immunohistochemical staining was employed to detect the expression of SOD1, an essential endogenous antioxidant enzyme (Nam et al., 2024), to further assess whether TQ can reduce oxidative stress following ischemia-reperfusion injury in rat perforator flaps. Immunohistochemical staining revealed that the SOD1 absorbance in the TQ group was higher than that in the control group (Figures 3A, B). Additionally, Western blot analysis was used to detect the expression levels of angiogenesis-related proteins, including eNOS, HO1, and SOD1, in multi-regional perforator flaps (Figures 3C, D). TQ treatment promoted the expression of these angiogenesis-related proteins. Collectively, these results suggest that TQ can ameliorate oxidative stress following ischemia-reperfusion injury in rat perforator flaps, which contributes to flap survival.
[image: Panels A to H illustrate a scientific experiment analyzing the effects of a treatment (TQ) compared to a control. Panel A shows SOD1 staining; Panel B presents a bar graph of SOD1 intensity; Panel C displays a Western blot of proteins eNOS, HO1, SOD1, and GAPDH; Panel D includes a bar graph of protein expression; Panel E depicts C-CASP3 staining; Panel F shows a bar graph of C-CASP3 intensity; Panel G has a Western blot for Bax, C-CASP3, Bcl-2, and GAPDH; Panel H offers a bar graph of protein expression for Bax, C-CASP3, and Bcl-2. Statistical significance is indicated.]FIGURE 3 | TQ Ameliorates Oxidative Stress and Apoptosis in Rat Perforator Flaps After Ischemia-Reperfusion Injury. (A) Immunohistochemical staining images of SOD1 in the control and TQ groups (scale bar, 50 μm). (B) Quantitative analysis of SOD1 absorbance in the control and TQ groups. (C) Western blotting to detect the expression of oxidative stress-related proteins: eNOS, HO1, and SOD1 in flap tissues of the control and TQ groups. (D) Quantitative analysis of oxidative stress-related protein blots. (E) Immunohistochemical staining images of C-CASP3 in the control and TQ groups (scale bar, 50 μm). (F) Quantitative analysis of C-CASP3 absorbance in the control and TQ groups. (G) Western blotting to detect the expression of apoptosis-related proteins: Bax, C-CASP3, and Bcl-2 in flap tissues of the control and TQ groups. (H) Quantitative analysis of apoptosis-related protein blots. Significance: *p < 0.05 and **p < 0.01. Data are presented as mean ± SEM, with five rats per group.
To investigate how TQ prevents necrosis in perforator flaps, the effects of apoptosis-related proteins on perforator flaps were assessed. According to immunohistochemical staining results, the C-CASP3 absorbance in the TQ group was lower compared to the control group (Figures 3E, F). Western blot results were consistent with immunohistochemical findings in terms of the expression of apoptosis-related proteins Bax and C-CASP3. The protein expression levels of Bax and C-CASP3 were significantly reduced, while the Bcl-2 protein expression level was significantly increased (Figures 3G, H). In summary, these findings indicate that a portion of the beneficial effects of TQ on the survival of rat perforator flaps following ischemia-reperfusion injury is attributed to the inhibition of apoptosis.
The regulation of flap survival by TQ is related to the expression of SIRT1
Recent studies have also shown that SIRT1 can aid in the survival of random flaps (Jiang et al., 2022). We hypothesize that TQ may limit pyroptosis in rat perforator flaps through SIRT1 regulation, thereby reducing flap necrosis. We employed molecular docking analysis to explore the protective effects of TQ on flaps via the SIRT1/p65 pathway. As shown in Supplementary Table S1A, the binding affinity between the small molecule TQ and the target protein SIRT1 is −6.3 kcal/mol. Generally, ligands and receptor proteins can bind spontaneously if the binding energy is less than 0 kcal/mol, and they can bind stably if the binding energy is less than −4 kcal/mol36. A binding energy of less than −6 kcal/mol indicates a strong binding interaction. Therefore, a strong binding exists between TQ and SIRT1 protein.
As illustrated in Figure 4C, the small ligand molecule binds to the “aromatic cage” of the target protein, with the interacting amino acids all being aromatic. These amino acids bind to phenylalanine (PHE) amino acids at positions 81, 105, and 22 of the receptor protein through strong hydrophobic interactions at distances of 3.5, 3.6, 3.6, 3.8, and 3.6 Å, respectively. Additionally, the ligand TQ binds to histidine (HIS) amino acid at position 171 of the receptor protein through a hydrogen bond with a distance of 3.4 Å. Simultaneously, HIS-171 also forms a π-cation interaction with the ligand. Furthermore, the two-dimensional interaction diagram (Figures 4A, B) analysis shows that, besides results similar to the three-dimensional interaction diagram (Figure 4C), there are van der Waals forces between the ligand molecule and multiple amino acids of the receptor protein. Due to the existence of these forces, the ligand small molecule can stably bind to the receptor protein. This indicates that the binding site between the ligand and the receptor protein has excellent binding free energy and good affinity. Therefore, the binding of TQ to SIRT1 protein is likely to exert the corresponding pharmacological effect.
[image: Panel A shows two 2D molecular models of Thymoquinone and Sirt1. Panel B presents another 2D model with diverse molecular interactions. Panel C includes a cartoon model and detailed interaction view. Panel D features immunofluorescence images of SIRT1 expression using SIRT1 and DAPI stains with control and treatment groups. Panel E provides a bar graph comparing SIRT1-positive cells percentage across groups. Panel F depicts a Western blot analysis of SIRT1 and GAPDH protein levels. Panel G shows a bar graph for mRNA expression comparison. Panel H illustrates Western blot bands for p-p65, p65, IκB-α, and β-actin proteins with a corresponding bar graph analysis.]FIGURE 4 | TQ Ameliorates Apoptosis in Rat Perforator Flaps After Ischemia-Reperfusion Injury by Targeting SIRT1. (A) Two-dimensional structural diagrams of TQ and SIRT1 protein. (B) Two-dimensional interaction diagram of the target protein with the ligand. (C) Overall view of TQ in the SIRT1 domain based on space-filling and ribbon models. (D) SIRT1 protein expression levels in flap tissues of rats in the control, TQ, and TQ+EX527 groups measured by immunofluorescence (scale bar: 20 µm). (E) Fluorescence intensity of SIRT1 expression in each group analyzed using Image J. (F) Western blotting to detect SIRT1 target protein expression in flap tissues of the control, TQ, and TQ+EX527 groups. (G) Quantitative analysis of SIRT1 protein blots. (H) Western blotting to detect the expression levels of NF-κB signaling pathway-related proteins in flap tissues of the control, TQ, and TQ+EX527 groups. (I) Quantitative analysis of NF-κB signaling pathway-related protein blots. Significance: *p < 0.05 and **p < 0.01. Data are presented as mean ± SEM, with five rats per group.
To further confirm the binding of TQ to SIRT1 protein, we used the SIRT1 inhibitor EX527 (Li et al., 2023) before treating rat flaps with TQ. According to immunofluorescence, the number of SIRT1-positive cell expressions increased in the perforator flaps after TQ treatment (Figures 4D, E), while EX527 reversed the upregulation effect of TQ on SIRT1. Similarly, Western blot analysis revealed that TQ administration restored SIRT1 expression levels (Figures 4F, G), while EX527 attenuated the upregulation effect of TQ on SIRT1. Compared with the control group, the phosphorylated NF-κB p65 subunit decreased and IκB-α increased in the TQ group (Figures 4H, I), while EX527 reversed the dephosphorylation effect of TQ on p65 protein. These results suggest that TQ increases the expression of SIRT1 and decreases the expression level of phosphorylated NF-κB p65 after ischemia-reperfusion injury in rat perforator flaps.
EX527 reverses the inhibitory effects of TQ on pyroptosis, oxidative stress, and apoptosis in rat perforator flaps following ischemia-reperfusion injury
Previous research has shown that the activation of SIRT1 target protein can inhibit NLRP3 inflammasome activation and subsequent caspase-1 cleavage and IL-1β secretion (Li et al., 2017). To investigate the impact of SIRT1 target protein on rat perforator flaps after ischemia-reperfusion injury, we used SIRT1 inhibitor EX527 prior to TQ treatment. Western blot analysis revealed that SIRT1 protein expression increased after TQ treatment, while the use of SIRT1 inhibitor EX527 increased the protein expression levels of NLRP3, GSDMD-N, Caspase-1, IL-1β, IL-18, and ASC (Figures 5A, B). Furthermore, for the pyroptosis marker protein GSDMD-N, its expression was inhibited after TQ treatment but increased after SIRT1 inhibitor treatment (Figures 5C, D). These findings suggest that SIRT1 inhibitor diminishes the ability of TQ to inhibit pyroptosis. We also investigated whether SIRT1 inhibitor could suppress the beneficial effects of TQ on oxidative stress and apoptosis in rat perforator flaps. Compared to the TQ group, SIRT1 inhibitor EX527 treatment significantly decreased the expression of eNOS, HO1, and SOD1 (Figures 5E, F). SIRT1 inhibitor EX527 treatment increased the expression of Bax and C-CASP3 and inhibited the expression of Bcl-2 (Figures 5G, H). Overall, these results indicate that the effects of TQ on pyroptosis, oxidative stress, and apoptosis in perforator flaps after ischemia-reperfusion injury may be associated with SIRT1.
[image: Western blot analysis and bar graphs showing protein expression levels of inflammatory and apoptotic markers. Labels include NLRP3, GSDMD-N, Caspase-1, IL-1β, IL-18, ASC, eNOS, HO-1, SOD1, Bax, C-CASP3, and Bcl-2 across Control, TQ, and TQ+EX527 treatments. Sections A, B, E, F, G, and H present protein bands and relative expression levels; sections C and D show fluorescence microscopy of GSDMD-N with quantification. Data indicate differences in protein expression due to treatments.]FIGURE 5 | EX527 Reverses the Inhibitory Effects of TQ on Pyroptosis, Oxidative Stress, and Apoptosis in Rat Perforator Flaps After Ischemia-Reperfusion Injury. (A) Western blotting to detect the expression of pyroptosis-related proteins: NLRP3, GSDMD-N, Caspase-1, IL-1β, IL-18, and ASC in flap tissues of the control, TQ, and TQ+EX527 groups. (B) Quantitative analysis of pyroptosis-related protein blots. (C) GSDMD-N protein expression levels in flap tissues of rats in the control, TQ, and TQ+EX527 groups measured by immunofluorescence (scale bar: 20 µm). (D) Fluorescence intensity of GSDMD-N expression in each group analyzed using Image J. (E) Western blotting to detect the expression of oxidative stress-related proteins: eNOS, HO1, and SOD1 in flap tissues of the control, TQ, and TQ+EX527 groups. (F) Quantitative analysis of oxidative stress-related protein blots. (G) Western blotting to detect the expression of apoptosis-related proteins: Bax, C-CASP3, and Bcl-2 in flap tissues of the control, TQ, and TQ+EX527 groups. (H) Quantitative analysis of apoptosis-related protein blots. Significance: *p < 0.05 and **p < 0.01. Data are presented as mean ± SEM, with five rats per group.
EX527 reverses the promotional effects of TQ on angiogenesis and survival of rat perforator flaps post ischemia-reperfusion injury
To further confirm whether the promotional effects of TQ on angiogenesis and survival of rat perforator flaps subjected to ischemia-reperfusion injury are SIRT1-mediated, SIRT1 inhibitor EX527 was administered prior to TQ treatment. Compared with the TQ-treated group, the survival area of flaps decreased in the TQ + EX527 group (Figures 6 A, B). Moreover, Doppler imaging revealed a decrease in blood flow intensity in the flaps of the TQ + EX527 group relative to the TQ-treated group (Figures 6 C, D). Histological analysis using HE staining showed a significant reduction in microvasculature in the TQ + EX527 group compared to the TQ-treated group (Figures 6 E, F). Additionally, WB assays demonstrated a significant downregulation of angiogenesis-related markers in the TQ + EX527 group (Figures 6 G, H). In summary, these findings indicate that the protective effects of TQ on flap survival are at least partially mediated through the SIRT1/NF-κB/NLRP3 pathway.
[image: Three panels illustrate the effects of thymoquinone (TQ) treatment on tissue regeneration and cell health in perforator flaps. Panel A shows skin samples from control, TQ, and TQ with EX527 groups. Panels B and D present bar graphs depicting changes in bioactivity and survival rates. Panel C features visual mappings of tissue samples. Panel E provides histological images, while Panel F shows a quantitative analysis of tissue density. Panel G displays Western blot results showing protein levels, and Panel H contains a bar graph comparing protein expressions. Panel I explains the TQ mechanism, highlighting reduced apoptosis and oxidative stress, leading to enhanced angiogenesis.]FIGURE 6 | EX527 Reverses the Promoting Effects of TQ on Angiogenesis and Flap Survival in Rat Perforator Flaps After Ischemia-Reperfusion Injury. (A) Gross images of the dorsal flaps on the seventh postoperative day in the control, TQ, and TQ+EX527 groups. (scale bar, 1 cm) (B) A histogram showing the percentage of flap survival area on the seventh day for each group. (C) Doppler imaging of the blood supply in the perforator flaps of the control, TQ, and TQ+EX527 groups. (D) Quantitative examination of blood flow intensity in the flaps of each group. (E) H&E staining of flap tissues in the control, TQ, and TQ+EX527 groups (scale bar, 50 μm). (F) Quantitative examination of microvascular density (MVD) in each group. (G) Western blotting to detect the expression of angiogenesis-related proteins: Cadherin-5, MMP9, and VEGF in flap tissues of the control, TQ, and TQ+EX527 groups. (H) Quantitative analysis of angiogenesis-related protein blots. (I) Schematic diagram illustrating the protective effects of TQ on rat perforator flaps after ischemia-reperfusion injury. Significance: *p < 0.05 and **p < 0.01. Data are presented as mean ± SEM, with five rats per group.
DISCUSSION
Perforator flaps are increasingly being utilized in clinical settings, yet local necrosis of perforator flaps has emerged as a significant issue caused by multiple factors. Angiogenesis is crucial for flap survival. In our study, we observed that TQ significantly increased microvascular density and CD34-positive endothelial cells in the flaps, thereby enhancing blood supply to rat perforator flaps. Furthermore, our results indicate that TQ upregulated the expression of cadherin-5, VEGF, and MMP9, raising the possibility that TQ promotes angiogenesis in rat perforator flaps and enhances flap survival by elevating these angiogenesis-related proteins. These findings suggest that TQ can improve the survival rate of perforator flaps after ischemia-reperfusion injury by facilitating angiogenesis.
Ischemia-reperfusion injury, characterized by the accumulation of ROS in ischemic tissues upon reperfusion and the subsequent induction of oxidative stress, is another factor contributing to flap necrosis (Kim and Hong, 2007). Superoxide dismutase (SOD) is a vital component of the cellular response to ROS-induced oxidative stres (Miao and St Clair, 2009). Similarly, the antioxidant effects of eNOS and HO1 are also present (Wang et al., 2013). In our study, we found that TQ treatment increased the protein expression levels of SOD1, HO1, and eNOS in rat perforator flap tissues, thereby conferring resistance to oxidative stress. Apoptosis, a normal form of programmed cell death, occurs in flap necrosis. Several studies have shown that TQ exerts anti-apoptotic effects by altering various cellular pathways (Bimonte et al., 2019). Our results demonstrate that TQ can prevent apoptosis in rat perforator flaps after ischemia-reperfusion, as indicated by the apoptosis-related proteins Bax, Bcl-2, and C-CASP3 mentioned above. In summary, our findings indicate that TQ protects perforator flaps from necrosis by reducing oxidative stress and apoptosis.
Pyroptosis, an emerging type of cell death, regulates critical physiological processes such as cell development, tissue homeostasis, stress responses, and inflammatory reactions (Robinson et al., 2019). Pyroptosis is often accompanied by ROS production and organelle damage (Pétrilli et al., 2007). Additionally, ROS upregulate the NF-κB signaling axis, which activates the NLRP3 inflammasome and ultimately triggers pyroptosis (Jia et al., 2019). Previous reports have shown that inhibiting pyroptosis can improve the viability of random flaps (Li et al., 2021a; Li et al., 2021b; Zhu et al., 2021). Prior studies have demonstrated that TQ can alleviate cardiac injury by inhibiting pyroptosis (Wang et al., 2022). To investigate the mechanisms underlying the role of TQ in rat perforator flap survival, we assessed its modulation of pyroptosis in rat perforator flaps after ischemia-reperfusion. In our current experiments, we found that TQ reduced the expression of NLRP3, GSDMD-N, Caspase-1, IL-1β, IL-18, and ASC proteins both in vivo and in vitro. Furthermore, the positive effects of TQ were inhibited when the SIRT1 inhibitor EX527 enhanced pyroptosis. All these findings suggest the potential role of TQ in improving flap survival by inhibiting the activation of pyroptosis.
Considering the pivotal roles SIRT1 plays in numerous diseases, stimulating SIRT1 may emerge as a therapeutic option to enhance the survival rate of skin flaps. Prior studies have demonstrated that SIRT1 is positively regulated in various conditions, including hypoxic-ischemic brain injury (Li et al., 2022), acute kidney injury (Lin et al., 2022), and acute lung injury (Fu et al., 2019). In this investigation, skin flap tissues treated with TQ exhibited a significant increase in SIRT1 protein expression. When SIRT1-specific inhibitor EX527 was utilized, the activating effect of TQ on SIRT1 protein was attenuated, leading to increased levels of pyroptosis, decreased angiogenesis, elevated oxidative stress and apoptosis, and ultimately, increased necrosis area in the skin flaps. Collectively, we hypothesize that TQ may limit pyroptosis in rat perforator flaps through SIRT1 modulation, thereby reducing flap necrosis.
Regarding inflammation, NF-κB serves as a major transcriptional regulator of inflammation-related genes (Leslie et al., 2013). Current research on random skin flap ischemia-reperfusion models confirms the significance of NF-κB in the pathophysiology of flap ischemia-reperfusion injury (Fan et al., 2021). In this study, TQ inhibited the phosphorylation of NF-κB following ischemia-reperfusion injury in rat perforator flaps, indicating its ability to suppress the NF-κB signaling pathway. It has been reported that SIRT1 inhibits the NF-κB pathway by directly deacetylating p65 at lysine 310 (Yeung et al., 2004). Notably, our study also suggests that the beneficial effects of TQ are partially mediated by SIRT1, as demonstrated by the effects of the SIRT1 inhibitor EX-527 mentioned above. With SIRT1 expression suppressed by EX-527, NF-κB phosphorylation and NLRP3-mediated pyroptosis-related proteins were significantly elevated. Typically, NF-κB is bound in the cytoplasm by its inhibitor IκB. Upon stimulation, IκB is degraded, allowing NF-κB to translocate to the nucleus and stimulate the expression of inflammatory genes. In this study, the SIRT1 inhibitor increased NF-κBp65 phosphorylation, indicating that NF-κB p65 acts as a downstream target of SIRT1. The acetylation of p65 represents a potential mechanism for the pro-inflammatory effects of SIRT1 inhibitors (Schug et al., 2010). Ultimately, our research indicates that TQ treatment can inhibit pyroptosis in perforator flaps through the SIRT1/NF-κB/NLRP3 signaling pathway, an effect that was reversed by the SIRT1 inhibitor EX-527.
SUMMARY
Our research demonstrates that TQ positively influences the survival of multi-regional perforator flaps primarily by inhibiting pyroptosis, promoting angiogenesis, and reducing apoptosis and oxidative stress accumulation. Additionally, in vitro experiments have shown that TQ can inhibit pyroptosis. Furthermore, we have discovered that SIRT1 plays a crucial role in mediating these processes within perforator flaps, suggesting it may serve as a potential therapeutic target for enhancing flap survival. By utilizing SIRT1 inhibitor EX527 and NLRP3 inhibitor MCC950, we have validated that the SIRT1/NF-κB/NLRP3 pathway may partially contribute to the beneficial effects of TQ on perforator flaps (Figure 6I).
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Introduction: The self-healing capacity of a damaged annulus fibrosus (AF) leads to intervertebral disk (IVD) degeneration. AF wound treatment is challenging. The combination of biomaterials and stem cell-derived exosomes is a promising wound treatment strategy with significant clinical value.
Methods: We isolate primary nucleus pulposus cells (NPCs) and primary annulus fibrosus cells (AFCs) from rats as the target cells of rat insulin-like growth factor 1(IGF1), and verify the proliferation and migration; constructed cartilage endplate stem cells (CESCs) engineered cells that release exosomes containing high concentrations of IGF1by lentiviral infection, and used the IGF1-CESCs combined with combined silk fibroin (SF) and a collagen-mixed hydrogel for the treatment of AF wounds in rat. 
Results: We found that both IGF1 and IGF1-rich exosomes (IGF1 Exo) promoted the proliferation and migration of AFCs. SF and collagen mixed hydrogels have excellent compressive mechanical properties and are suitable for use in IVD therapy. After the IGF1-CESCs@SF-collagen hydrogel was filled in the damaged area of the AF in rat, the wound healing was accelerated, nucleus pulposus overflow was inhibited, the IVD height was maintained, and degeneration was reduced. 
Discussion: The IGF1-CESCs@SF-collagen hydrogel can efficiently treat AF wounds and inhibit degeneration of IVD, and has potential for clinical treatment.
Keywords: annulus fibrosus, wound treatment, IGF1, exosome, intervertebral disc

1 INTRODUCTION
Lower back pain (LBP) seriously affects the life of patients, leads to a large loss of labor, and increases the medical burden on the society (Freemont, 2009). The annulus fibrosus (AF) and nucleus pulposus (NP) are important tissues that support the height of the intervertebral disk (IVD) and enable the spine to bend. Long-term failure to heal after damage induces IVD degeneration, eventually resulting in LBP. Particularly, rapid AF repair after damage is crucial for maintaining IVD homeostasis (Sloan et al., 2020). The timely supply of trophic factors is essential for the wound treatment of the damaged IVD. Insulin-like growth factor-1 (IGF1) is a cytokine closely related to bone growth (Zhang et al., 2020) and can regulate angiogenesis and bone regeneration. IGF1 inhibits the apoptosis of nucleus pulposus cells (NPCs) and activates the Akt pathway to release the extracellular matrix (ECM) such as aggrecan and collagen II (Xiao et al., 2021; Chen et al., 2020); it is also considered crucial in wound healing of the damaged AF (Elmasry et al., 2016).
Stem cells have been widely studied in regenerative medicine, but their senescence, tumorigenicity, and low efficiency in directed differentiation limit their clinical applications. Exosomes derived from stem cells not only retain the excellent characteristics of stem cells but also avoid the limitations of stem cells, and they have a wider range of clinical application prospects (Tan et al., 2024). Combinations of stem cells and exosomes are widely used for wound treatment (Rani and Ritter, 2016) and have attracted considerable attention for their use in repair after the damage of IVD (Luo et al., 2022). In contrast to exogenous stem cells (mesenchymal stem cells, skeletal stem cells, and adipose-derived stem cells), cartilage endplate stem cells (CESCs) are derived from the cartilage endplate (CEP) tissue of the IVD itself and have considerable potential for bone repair, IVD wound treatment, and other applications. We found that CESCs could release exosomes to induce NPC differentiation, thus repairing the NP (Luo et al., 2021a). We induced CESCs to stably express Sphk2 and release Sphk2 protein-rich exosomes and then combined them with the costal chondrocyte extracellular matrix and collagen hydrogel to form an injectable Sphk2-CESC-exosome hydrogel, which effectively attenuated IVD degeneration (Luo et al., 2022). Although loose collagen hydrogels are beneficial for the growth of CESCs, because of their low mechanical pressure-bearing capacity, they cannot resist pressure from the spine, which limits their potential for clinical application. Silk fibroin (SF) has advantages such as good biocompatibility, adjustable degradability, and low toxicity, and it has been widely used as a dressing and pharmaceutical ingredient in wound treatment research (Farokhi et al., 2018). SF is also considered the best natural biomaterial for treating and reconstructing AF wounds (Wang et al., 2022; Bhattacharjee et al., 2012). In recent years, biomaterials such as collagen I/II, glycosaminoglycans, and pentosan polysulfate combined with stem cells have been widely favored for treating IVD. SF is highly favored in the medical field owing to its low immunogenicity and good biocompatibility. However, relatively few studies have examined the combination of silk fibroin and CESCs as biomaterials for IVD diseases.
In this study, we re-examined the relationship between IGF1 in AF wound treatment and IVD degeneration and verified its effects on the proliferation and migration of NPCs and annulus fibrosus cells. We constructed CESCs that stably transcribed the rat igf1 gene, released exosomes rich in rIGF1 protein, and transformed them into a rIGF1-CESCs@SF-collagen hydrogel. This injectable hydrogel exhibited excellent mechanical properties and a strong ability to repair damaged AF, which can thus be an effective treatment strategy to attenuate IVD degeneration.
2 MATERIALS AND METHODS
2.1 Reagents and antibodies
Antibodies to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (cat. 60004-1-Ig), Cytl1, HSP70, Alix, and cleaved caspase-3 were purchased from Proteintech (Wuhan, China). Antibodies to IGF1 and KRT19 were purchased from BOSTER. DAPI nucleic acid dye (cat. C1006) and crystal violet staining solution (cat. C0121) were purchased from Beyotime Biotechnology (Shanghai China). Anti-TSG101 was obtained from ABclonal (cat. no. A1692, Wuhan, China). Goat anti-rabbit IgG  (cat. ab150080, Alexa Fluor® 594) and Goat anti-rabbit IgG (cat. ab150077, Alexa Fluor® 488) were obtained from Abcam (Cambridge, MA, USA). The EdU Cell Proliferation Kit with Alexa Fluor 594 (cat. C0078S) was obtained from Beyotime Biotechnology (Shanghai, China). Type 2 (cat. A004174-0001) and type 4 collagenase (cat. A004186-0100) were purchased from Sangon Biotech (Shanghai, China).
2.2 Patient tissues and histological analysis
Clinical specimens were obtained from 15 patients undergoing surgery at the Department of Orthopedics of 903 Hospital of Joint Logistic Support Force of The People’s Liberation Army. The severity assessment of IVD degeneration follows the modified Pfirrmann magnetic resonance imaging (MRI) method. Those with grades 1 and 2 were classified as having mild degeneration, whereas those with grades above 2 were considered as having severe degeneration. They were divided into several parts. Some of the tissues were frozen in liquid nitrogen for immunofluorescence and RT-qPCR analysis; others were fixed in 4% formalin buffer, decalcified with 10% ethylenediaminetetraacetic acid, embedded in paraffin after dehydration, and then used to perform tissue sectioning. The tissue slices were soaked in citrate buffer (0.01 M) at 110°C for 15 min, in 3% hydrogen peroxide for 15 min, and in 5% bovine serum albumin (BSA) for 40 min. The tissue sections were incubated with the IGF1 primary antibody (1:200) for 6 h at 4°C, and they were incubated with the secondary antibody (horseradish peroxidase-conjugated) for 1 h at 37°C. They were detected via 3,3′diaminobenzidine tetrahydrochloride (DAB) staining. This study was approved by the Medical Ethics Committee of 903 Hospital of Joint Logistic Support Force of The People’s Liberation Army (NO. 20241229/49/01/003), and all included patients provided informed consent.
2.3 Immunofluorescence
Immunofluorescence detection follows the method we previously used (Luo et al., 2022), which is briefly described as follows: the tissue sections were incubated in 10% hydrogen peroxide/formaldehyde buffer for 35 min at 37°C. They were then treated with 0.2% Triton for 5 min, blocked with 5% (w/v) BSA, and incubated with the primary antibody (IGF1, 1:00; cleaved caspase 3, 1:50) for 6 h. They were then incubated with a fluorescent secondary antibody and stained with 4′,6-diamidino-2-phenylindole. Images were captured using a fluorescence microscope (Olympus, Tokyo, Japan).
2.4 Animal experiments
Twenty-four 1-month-old Sprague–Dawley rats were purchased from the Experimental Animal Center of the Army Military Medical University and divided into four experimental groups: a healthy control group (n = 6), acupuncture group (n = 6), rIGF1-CESCs@SF-collagen hydrogel group (n = 6), and CESCs@SF-collagen hydrogel treatment group (n = 6). The injury was induced, as described by Han et al. (2008). The rats were anesthetized with Delivector™ Avertin (10–20 μL/g). The AFs were damaged using a 21-gage needle. The needle was inserted into the AF, but no damage was caused to the NP tissue. After the induction of the injury was completed, in the rIGF1-CESCs@SF-collagen hydrogel group and the CESCs@SF-collagen hydrogel treatment group, 10 μL of rIGF1-CESCs@SF-collagen hydrogel and CESCs@SF-collagen hydrogel were injected into the damaged sites, respectively. The rats were sacrificed at weeks 1 and 6, respectively. IVD tissues were isolated for immunofluorescence and hematoxylin and eosin (HE) staining. Images were captured and analyzed (Olympus, Tokyo, Japan). The handling of rats complies with the requirements of the Guidelines for the Care and Use of Laboratory Animals of the National Institutes of Health, and the approval number from the Animal Ethics Committee of Army Medical University is AMUWEC20230455.
2.5 Separation of AFCs and NPCs
The cells were derived from the IVD of 2-week-old male rats. First, the isolated rat tail IVD was washed with 0.1 M sterile phosphate-buffered saline (PBS). NP and AF tissues were peeled off from the IVD tissue and cut into fragments by mechanical cutting. The tissues were digested with collagenase II (0.2%) for 3.5 h at 37°C. A filter was used to remove undigested clumps, and the clumps were washed with PBS. They were centrifuged at 1,000 rcf for 10 min. The isolated cells were cultured with the medium containing 10% fetal bovine serum and 1% penicillin–streptomycin in 5% CO2 at 37°C. The medium was changed every 2 days. Cells were passed to the second generation for subsequent experiments. CESCs come from our laboratory’s previous preservation (Luo et al., 2022).
2.6 Gene Ontology enrichment analysis
The analysis data are obtained from our previous research (Luo et al., 2021a). The overview is as follows: exosomes are extracted from CESCs cultured in vitro, and proteins are extracted from exosomes for protein mass spectrometry analysis. The top 200 proteins with the most abundant expression are selected, Gene Ontology (GO) enrichment analysis is performed by WeChat online (https://www.bioinformatics.com.cn/?keywords=pathway), and GO enrichment analysis graphs are created using GraphPad prism 10.3.
2.7 Wound healing and transwell assay
AFCs or NPCs (5 × 105/well) were inoculated into a 6-well plate. When the confluence reached 80%, a pipette tip was used to create a straight scratch. They were washed with PBS containing 10% fetal bovine serum. Scratches were photographed under an optical microscope at 0, 24, and 48 h. For the cell migration analysis, an appropriate amount of complete medium was added to a 24-well plate, the transwell chamber was placed in the 24-well plate, and the cell suspension was added. After 24 h, the chamber was removed and stained with crystal violet to determine the number of cells that passed through the membrane.
2.8 Lentivirus transfection
Lentiviruses to overexpress rIGF1 were obtained from Honglian (Chongqing, China). When the CESCs reached 60% confluence, the rIGF1-lentivirus was added to the culturing cell, referring to the method (Luo et al., 2023) we previously used for screening positive cells. We analyzed the transfection efficiency by RT-qPCR and Western blotting.
2.9 Quantitative reverse transcription polymerase chain reaction (RT-qPCR) analysis
Total RNA was extracted from tissue or cells using TRIzol and was reverse-transcribed into cDNA using an RT kit (Takara, Japan). Three independent qPCR detections were performed using a Bio-Rad CFX96 qPCR machine (Bio-Rad Laboratories, Hercules, CA, USA), with GAPDH as the control to assess the gene expression. The primer sequence is as follows: h(human)Igf1-F: 5′-TGA AGG GAG GTG GTG GGT AT-3′, R:5′-CTC TGA ATC TTG GCT GCT GG-3’; hGapdh-F: 5′-TGG AAG ATG GTG ATG GGA TT-3′, R:5′-CTC TGA TTT GGT CGT ATT GGG-3’; r(rat)Igf1-F: 5′-TAA GAA AGG GCA GGG CTA AT-3′, R:5′-TTT ATA GGT GGT TGA TGA ATG G-3’; rCytl1-F: 5′-TGT GAC AGG GTA CTG CCC AC-3′, R:5′-TCC CAT GAT GCA ATC GTT GA-3’; rCol1α1-F: 5′-GAT TGG GAT GGA GGG AGT TTA-3′, R:5′-TAC AGC ACG CTT GTG GAT GG-3’; rKrt19-F: 5′-AAG TCG CAC TGG TAG CAA GG-3′, R:5′-ATC AAG TCG AGG CTG GAG CA-3’; rSox9-F: 5′-CAA CAG ATG ACC ATA CCC TTT-3′, R:5′-TCA CCT GTA CCT CCC TGA ATA-3’; rGapdh-F: 5′-CGC CAG TAG ACT CCA CGA CAT-3′, R:5′-CGG CAA GTT CAA CGG CAC AG-3’.
2.10 Western blotting
Tissue or collected cells were lysed in RIPA buffer containing phenylmethylsulfonyl fluoride and extracted. The protein concentration of the supernatant was determined using a spectrophotometer (Beckman, Fullerton, CA, USA). Proteins were separated by polyacrylamide gel electrophoresis, and they were transferred to a polyvinylidene fluoride (PVDF) membrane by electroblotting. The PVDF membrane was placed in a closed solution containing 5% (w/v) skim milk for 1 h, incubated with antibodies (1:1000–2000) for 6 h at 4°C, and then washed thrice with PBS and incubated with secondary antibodies (horseradish peroxidase-conjugated) for 1 h at 37°C. The PVDF membrane was soaked in an ECL working solution (Millipore, MO, USA) for color development. Finally, the proteins were detected, and images were captured using the chemiluminescence system (Bio-Rad Laboratories).
2.11 Preparation of the SF–collagen hydrogel
Rats were anesthetized and sacrificed by cervical dislocation. The skin on the tail was incised, and the tail tendons were removed and washed with normal saline. The tail tendons were chopped and placed in 150-mL acetic acid solution (0.5%). They were then placed on a shaker and dissolved at 4°C for 48 h. Next, the mixture was centrifuged at 12,000 rcf for 15 min. The supernatant was aspirated and added to a 10% NaCl solution to precipitate the collagen. An appropriate amount of hydrochloric acid (0.2 mM) was added to dissolve the supernatant, and the collagen concentration was adjusted to 10 mg/mL. The collagen solution was stored at 4°C for later use.
Two grams of silkworm cocoons was weighed, placed into 1 L of a 0.5%–1% Na2CO3 solution, and boiled in water for 60 min to remove the sericin. The silk fibroin fibers were washed three times with 100 mL of double-distilled water, placed in an oven, and baked at 60°C for 30–50 min. A ternary solution was prepared by mixing 30.43 mL dd H2O, 19.57 mL ethanol, and 24 g calcium chloride. The silk fibroin was placed in the ternary solution and dissolved at 60°C for 1–2 h. Centrifugation was performed at 4,000 rcf for 15 min, and the supernatant with the silk fibroin was collected. The silk fibroin solution was then transferred into a dialysis bag with a molecular weight cutoff of 8,000–14,000 D for 48 h. Centrifugation was performed at 4,000 rcf for 10 min, and the supernatant was collected to detect the concentration of the SF solution. The SF solution was concentrated with 15% polyvinyl alcohol 20000 to obtain a protein concentration of 8%–15%. Finally, collagen and SF solution were mixed at a ratio of 4:1 (the higher concentration of SF is not conducive to cell survival) to prepare the hydrogel.
2.12 Transmission electron microscope (TEM)
Extracellular vesicles (Luo et al., 2022) were collected and fixed with glutaraldehyde (3%) for 10 h. Osmium acid (1%) was fixed for 1.5 h. Gradient dehydration, embedding, sectioning (70–90 nm), and staining were performed. The sample was observed by using a TEM (Philips, Amsterdam, Netherlands).
2.13 Scanning electron microscope (SEM)
SF and collagen were mixed into a hydrogel, cooled at 20°C for 30 min, installed on a fixed frame and cooled at −70°C for 2 h, and then placed in a freeze dryer for 12 h; after gold plating and slicing for detection, images were captured using the SU3500 SEM (Hitachi, Tokyo, Japan).
2.14 Statistical analysis
The results were presented as the mean ± standard deviation. GraphPad Prism 7.0 (GraphPad Software, Inc., CA, United States) was used for statistical analyses. One-way analysis of variance or Student's t-test was used to compare the means between groups. A p-value of less than 0.05 was statistically significant.
3 RESULTS
3.1 IGF1 expression in human and rat IVDs
We isolated CESC-derived exosomes from rats in previous research (Luo et al., 2021a). Through proteomic mass spectrometry detection and GO enrichment analysis, we found that the degree of activation of proteins related to the IGF pathway was abnormally high (Figure 1A). IGF is an important regulatory factor for bone growth and the main stimulatory factor for ECM synthesis. We speculate that CESCs release IGF-containing exosomes to maintain IVD homeostasis.
[image: This image contains several panels:   A) A scatter plot showing multiple linear regression results with various protein bindings, highlighting "insulin-like growth factor binding" with large red dots.  B) Two microscopic images comparing Mild and Severe conditions, showing tissue samples with differing densities of staining.  C) IFG3 and DAPI stained images with a merged view showing Mild and Severe conditions, accompanied by a bar graph illustrating relative MFI of IGF1.  D) A scatter plot comparing relative IGF1 mRNA levels in Mild and Severe conditions across AF and NP regions.  E) IFG3 and DAPI stained images of NC versus IVDD regions with a bar graph showing relative MFI of IGF1.   Scales and statistical annotations are included.]FIGURE 1 | Expression of IGF1 in human and rat IVDs. (A) Enrichment analysis of CESCs-Exo carrier proteins in healthy rats using GO enrichment analysis (Luo et al., 2021a). (B) Immunohistochemistry was performed to detect IGF1 (green) expression in degenerated IVD tissues in patients. (C) Expression of IGF1 in patients degenerative IVD tissues was detected by immunofluorescence. (D) RT-qPCR was used to detect the expression of Igf1 in the NP and AF in patients degenerative IVD tissues (mild, n = 8; severe, n = 7). (E) Punctures induced degeneration in the rat tail IVD, and after 6 weeks, the protein expression and tissue localization of IGF1 (green) in the tail IVD of healthy and degenerated rat tissues were detected by tissue immunofluorescence. Data in (C–E) are presented as the mean ± SD,*p < 0.05, **p < 0.01, ns: not significant by two-tailed Student’s t-test.
We collected tissues from patients who underwent IVD removal and performed pathological examinations. Immunohistochemical analysis showed that IGF1 in IVD tissues with mild degeneration was significantly higher than that in tissues severe degeneration (Figure 1B). The immunofluorescence and qRT-PCR results were similar to those of immunohistochemistry (Figures 1C,D), and there are significant differences in the number of IGF1-positive cells between patient tissues with mild and severe degeneration (Figure C). We induced degeneration of the rat tail IVD using a puncture method. At the 6th week, we used tissue immunofluorescence to detect the expression and localization of IGF1 in the rat tail IVD and found that it mainly existed in the CEP and NP regions of healthy IVD. The healthy IVD group had a higher expression of IGF1 protein than the degenerated IVD group (Figure 1E). These results indicate that IGF1 is crucial for maintaining the homeostasis of IVD.
3.2 Isolation and identification of rat AFCs and NPCs
To verify the influence of IGF1 on the physiological activities of these cells within the IVD, we isolated NP and AF tissues from rat tail IVD (Figure 2A). The tissues were digested with collagenase to obtain single NPCs and AFCs and then cultured for in vitro cell experiments (Figure 2B). We identified differences in the expression of AF-specific markers (cytl1 and col1) (Fernandes et al., 2020; van den Akker et al., 2016) in rat AF tissues and AFCs using RT-qPCR and Western blotting (Figures 2C,D). The expression of NP-specific markers (krt19 (Rutges et al., 2010), sox9, and col2a1) in NP tissues and NPCs was determined in a similar manner (Figures 2E,F). These results showed that the characteristics of AFCs and NPCs isolated in vitro were highly similar to those of AF and NP tissues, respectively. The AFCs and NPCs that were separated can represent AF and NP tissues, respectively, for in vitro experiments.
[image: A: Histological section showing nucleus pulposus (NP) and annulus fibrosus (AF) stained in pink. B: Microscopic images of NPC and AFC cells at passages P1 and P3. C: Bar graphs displaying the relative expression levels of Cytl1 and Col1 mRNA in AF and AFC, marked as not significant (ns). D: Western blots of Cytl1 and Col1 with corresponding bar graph; differences are not significant (ns) for Col1. E: Bar graphs of KRT19, SOX9, and COL2A1 mRNA levels in NP and NPC, annotated as not significant (ns). F: Western blot and bar graph for SOX9 and KRT19 proteins; differences are not significant (ns). Scale bars and antibodies used are indicated.]FIGURE 2 | Isolation and identification of rat AFCs and NPCs. (A) Morphological map of rat tail IVD using hematoxylin–eosin staining, AF: annulus fibrosus, NP: nucleus pulposus. (B) Annulus fibrosus cells (AFCs) and nucleus pulposus cells (NPCs) cultured after tissue dissociation and collagenase digestion, P1: the first generation, P3: the third generation. (C) Expressions of cytl1 and col1 genes in AF tissue and AFCs were detected by RT-qPCR. (D) Western blotting was used to detect the differences in the expressions of Cytl1 and Col1 in AF tissues and AFCs. (E) Expression levels of Sox9, krt19, and col2a1 genes in the NP and NPCs were detected by RT-qPCR. (F) Western blotting was used to detect the differences in the expression levels of Sox9 and KRT19 in the NP and NPCs. Data are presented as the mean ± SD in (D, F), *p < 0.05, ns: not significant by two-tailed Student’s t-test.
3.3 Effects of IGF1 on the proliferation and migration of AFCs and NPCs
IGF1 contributes to osteocyte proliferation and is involved in the homeostasis of bone tissues (Xian et al., 2012). IGF1 must bind to the IGF receptor (IGFR) of target cells to activate intracellular signaling pathways and perform its functions.
To determine the influence of IGF1 on the proliferation of AFCs and NPCs, we measured the expression of IGFR in rat AF and NP tissues. Immunohistochemistry was performed to detect IGFR in healthy rat tail IVD tissues and those with degeneration. We found that IGFR was expressed in both AF and NP tissues, and its expression showed no significant differences between healthy and degenerated tissues (Figure 3A). Western blotting showed that IGFR expression in AF tissues remained relatively stable, with no differences in IGFR expression between healthy and degenerated AF tissues (Figures 3B,C), aligning with results from previous studies (Le Maitre et al., 2005). There was also no significant difference in the expression of IGFR between healthy NP and degenerated NP (Figures 3B, C).
[image: Image showing multiple panels related to a scientific study on intervertebral disc degeneration (IVDD). Panel A displays tissue histology for nucleus pulposus (NP) and annulus fibrosus (AF) under normal (NC) and IVDD conditions. Panel B presents a western blot analysis of IGFR and GAPDH levels in NP and AF tissues. Panel C shows a bar chart comparing relative IGFR protein levels between NC and IVDD conditions. Panel D is a line graph depicting cell proliferation over four days with control and IGF1 treatment. Panel E features scratch assays at zero and twenty-four hours for NC and IGF1 treatment. Panel F illustrates migration assays under NC and IGF1 conditions.]FIGURE 3 | Effects of IGF1 on the proliferation and migration of NPCs and AFCs. (A) Immunohistochemical detection of IGFR expression in rat IVD tissue by staining with 3′- diaminobenzidine (NP, healthy; IVDD, degeneration). (B) Western blotting was used to detect the differences in the expression levels of IGFR in the AF/NP tissue between NP and IVDD. (C) Grayscale analysis of relative expression levels of IGFR protein. (D) Recombinant rat IGF1 was added to the AFC and NFC culture medium, and the cells were cultured in vitro for 4 days; the cell proliferation was detected by MTT. (E) Wound healing and transwell assay (F) were used to detect the migration of recombinant rIGF1 on AFCs and NPCs (crystal violet staining solution for cell nuclei). Data are presented as mean ± SD in (C, D), ***p < 0.001, ns: not significant by two-tailed Student’s t-test.
Recombinant rat IGF1 (rIGF1) (100 ng/mL) was added to the culture media of AFCs and NPCs, and the cells were continuously cultured for 4 days. Subsequently, the MTT assay was used to detect cell proliferation. The rIGF1 effectively promoted the proliferation of AFCs and NPCs (Figure 3D). Wound healing and transwell assays confirmed that IGF1 promoted the migration of AFCs and NPCs (Figures 3E, F). These results suggest that IGF1 can regulate physiological IVD homeostasis by exerting an influence on AF and NP.
3.4 Effects of rIGF1-CESC exosomes on NPCs
We aimed to develop a treatment strategy that could allow rapid healing after AF damage. Increasing the concentration of IGF1 in exosomes enhanced their ability to activate AFCs. We transfected the rat IGF1 gene into CESCs to construct CESCs-exosomes with a high expression of rIGF1 (IGF1-CESCs-Exo). The rigf1 gene was transfected into CESCs using a lentivirus. Identification by qRT-PCR and Western blotting showed that lenti-rIGF1-CESCs expressed higher levels of rigf1 mRNA (Figure 4A) and IGF1 protein (Figure 4B) than the controls. The exosomes were isolated, and their particle size was determined using TEM and particle size analyzer (Figure 4C). The expressions of exosome-specific markers and IGF1 (Figure 4D) were detected by Western blotting, and the results showed that rIGF1-CESCs-Exo was rich in rIGF1 protein.
[image: Diagram illustrating various experiments with focus on IGF1-related research in CESC cells. (A) Bar graph showing relative IGF1 levels. (B) Western blot comparing IGF1 expression. (C) Electron microscopy of exosomes. (D) Western blots of proteins in exosomes with histograms showing protein intensity. (E) Line graph of cell viability over time in different treatment groups. (F) Flow cytometry plots indicating apoptosis in AFC cells. (G) and (H) Migration assays with different exosome treatments showing cell movement in response to treatments. Key differences across treatments are highlighted in each subfigure.]FIGURE 4 | Identification of the activity of lent-rIGF1-CESC exosomes on AFCs. (A) RT-qPCR was used to detect the level of rIgf1 mRNA in CESCs transfected with the lentiviral rIgf1 gene or empty vector (NC). (B) Western blotting was used to detect the differences in the expression of IGF1 protein. (C) Morphology of lent-rIGF1-CESCs-Exo was observed by TEM, and particle size was detected through a particle size analyzer. (D) Western blotting was used to detect the expressions of lent-rIGF1-CESCs-Exo-specific markers (HSP70 and TSG101) and rIGF1 protein. (E) Lent-I rIGF1-CESCs-Exo was added to the culture medium of AFCs, which were cultured in vitro for 4 days, and the cell proliferation was detected by MTT. (F) The AnnexinV/7-AAD kit was used to stain the cultured AFCs, and flow cytometry was used to detect apoptosis. (G) The migration of lent-rIGF1-CESCs-Exo to AFC cells was detected by wound healing and (H) transwell assays (crystal violet staining solution for cell nuclei). Data are presented as the mean ± SD in (B, D) by two-tailed Student’s t-test or in (E) by one-way ANOVA. *p < 0.05, ***p < 0.001.
Exosomes were extracted and added to the AFC culture medium. The MTT assay was used to detect cell proliferation, and rIGF1-CESCs-Exo could increase the growth rate of AFCs (Figure 4E). Flow cytometry was used to detect the apoptosis rate, and the results showed that the ability of rIGF1-CESCs-Exo to inhibit the apoptosis of AFCs was slightly improved compared with that of the control group (Figure 4F). Moreover, wound healing and transwell assays confirmed that rIGF1-CESCs-Exo significantly enhanced the migration ability of AFCs (Figures 4G,H).
These results indicate that promoting the activation and proliferation of AFCs by releasing rIGF1-rich exosomes from rIGF1-CESCs is a potential strategy for repairing damaged AF.
3.5 Preparation and identification of SF hydrogel biomaterials
To obtain exosomes of rIGF1-CESC engineered cells, we further prepared materials that could carry cells within the IVD to enable them to proliferate stably and continuously release exosomes containing the IGF1 protein, thereby enhancing the potential for wound treatment.
SF exhibits excellent biocompatibility and is used to treat damaged AF [10]. The SF solution was combined with a collagen hydrogel to form an SF–collagen hydrogel (with a silk fibroin concentration of 2.5 mg/mL and a collagen concentration of 10 mg/mL) (Figure 5A). SEM revealed that the pore size of the SF–collagen hydrogel was slightly smaller than that of the pure collagen hydrogel (Figure 5B). Moreover, both the storage modulus (G′) and the loss modulus (G″) of the SF–collagen hydrogel were higher than those of the pure collagen hydrogel, indicating that its mechanical strength was superior to that of the pure collagen hydrogel material (Figure 5C), which gave it an advantage in terms of the compressive capacity in the IVD.
[image: Diagram detailing fibrous and collagen hydrogels (Col and SF-Col) and their analyses. A: Schematic of hydrogels formation. B: Microscopic images showing textures of Col and SF-Col. C: Graph comparing mechanical properties (elastic and viscous moduli) of hydrogels. D: Stained cell culture images comparing two cell types on SF-Col substrate. E: Fluorescent microscopy images assessing cell proliferation with EdU (green) and DAPI (blue) and a bar graph comparing EdU positive cell indices. Scale bars indicate magnification.]FIGURE 5 | SF hydrogel is beneficial for the proliferation of CESCs. (A) SF–collagen and collagen hydrogel preparation diagram. (B) SEM was used to observe the SF–collagen hydrogel (silk fibroin: 2.5 mg/mL, collagen: 10 mg/mL) and collagen hydrogel (collagen: 10 mg/mL). (C) Analysis of storage modulus and loss modulus of SF–collagen hydrogel and collagen hydrogel. (D) Hematoxylin/eosin and EdU staining (E) to detect the growth of CESCs with or without IGF1 expression in the SF–collagen hydrogel. CESCs are encapsulated in SF–collagen hydrogels and cultured in the medium containing 10% fetal bovine serum for 72 h. Data are presented as the mean ± SD in (E), *p < 0.05 by two-tailed Student’s t-test.
To examine the impact of the material on cell activity, we placed composites of CESCs and SF–collagen hydrogels in the culture medium for continuous culture. After 72 h, HE staining was performed, and microscopic observations showed that the number of rIGF1-CESC cells in the SF–collagen hydrogel was significantly greater than the number of CESC cells in SF–collagen hydrogel (Figure 5D). 5-Ethynyl-2′-deoxyuridine (EdU) staining also confirmed that rIGF1-CESC had also gained better proliferation and survival ability (Figure 5E), which enables it to continuously release a large amount of exosomes containing rIGF1, thereby promoting the proliferation of surrounding AFCs and accelerating AF repair.
3.6 rIGF1-CESCs@SF-collagen hydrogel attenuated IVD degeneration in rats
To verify the effects of the rIGF1–CESCs@SF–collagen hydrogel on the treatment of AF wounds, rats were divided into the following groups: the healthy control group, puncture group, the CESCs @SF-collagen hydrogel group, and the rIGF1-CESCs@SF-collagen hydrogel treatment group. A puncture was used to induce damage to the AF of the rat tail IVD. CESCs@ SF-collagen hydrogel or rIGF1-CESCs@SF-collagen hydrogel was then injected into the AF damage site. One week later, IVDs were isolated, and immunofluorescence was used to detect the protein expression and localization of cleaved caspase-3 and IGF1. After puncture, the expression of cleaved caspase-3 in the IVD tissues of each experimental group increased, and the concentration of IGF1 in the rIGF1-CESCs@SF-collagen hydrogel experimental group significantly increased (Figure 6). The elevation of IGF1 to some extent inhibits the expression of cleaved caspase-3. Six weeks later, MRI detection of tail IVD and acquisition of images (Figures 7A,B) and Safranin O-fast green staining of the isolated IVDs (Figure 7C) were carried out. The above results showed that the rIGF1–CESCs@SF–collagen hydrogel effectively repaired the damaged AF, maintained the integrity of the NP by preventing the loss and death of NPCs, maintained the height of the IVD, and significantly attenuated IVD degeneration.
[image: Fluorescence microscopy images showing expression of cleaved caspase-3, IGF-1, and DAPI across different conditions: NC, puncture, CESCs@SF-col, and rIGF1-CESCs@SF-col. The images exhibit varying intensities of red, green, and blue staining. Two bar graphs below the images illustrate the relative mean fluorescence intensity (MFI) of cleaved caspase-3 and IGF-1 for the different treatments, with significance indicators shown. Axes are labeled appropriately, indicating comparison across experimental groups.]FIGURE 6 | rIGF1-CESCs@SF–collagen hydrogel releases IGF1 and inhibits apoptosis of cells within IVD. Design grouping: healthy control group, puncture group, the CESCs@SF-collagen hydrogel treatment group, and rIGF1-CESCs@SF-collagen hydrogel group. A puncture damage in AF tissue and injection of hydrogel for wound treatment; 1 week later, three rats in each group were taken, the tail IVDs of rats were separated, and the cleaved caspase-3 (red) and IGF1 (green) were detected by immunofluorescence. Data are presented as the mean ± SD; *p < 0.05, **p < 0.01, and ***p < 0.001. ns: not significant by one-way ANOVA.
[image: A. Sequence of diagrams showing the process of disc puncture and treatment with hydrogels. NPC and AFC structures are labeled, with diagrams illustrating puncture and subsequent treatments. B. MRI scans indicating changes in disc structure under different conditions: NC, puncture, puncture with CESCs@SF-col, and puncture with rIGF1-CESCs@SF-col. Red arrows highlight changes. C. Histological sections depicting tissue changes across the same conditions, with varying colors showing different tissue responses.]FIGURE 7 | rIGF1-CESCs@SF-collagen hydrogel attenuates the degeneration of IVD in rats. (A) Graphic description of treatment for AF wounds with rIGF1-CESCs@SF-collagen hydrogel. (B) In the sixth week after AF tissues were punctured, the IVD was detected using MRI, and then they were separated. Safranin O-fast green staining (C), microscopic observation, and imaging were performed. n = 3.
4 DISCUSSION
The CEP is a crucial hub connecting the IVD to the vertebrae and is an essential pathway for the nutrition and metabolism of the IVD. CESCs are derived from CEP tissues and play an important role in maintaining normal physiological functions of the entire IVD and CEP. Multiple studies have confirmed that CESCs secrete various factors (Shang et al., 2015) and extracellular vesicles (Luo et al., 2021a; Luo et al., 2021b) to regulate IVD function. In the treatment of IVD diseases using stem cells (such as mesenchymal stem cells and adipose-derived stem cells), the ECM is generated by inducing stem cell differentiation into NPCs or AFCs to induce repair in the IVD. CESCs are derived from the IVD and thus have higher compatibility than mesenchymal stem cells and adipose-derived stem cells. Based on our extensive research experience with CESCs (Luo et al., 2022; Luo et al., 2021a; Luo et al., 2021b) and SF (Luo et al., 2023; Wang et al., 2023), we performed IVD treatment experiments using these two materials.
Through proteomic mass spectrometry, we found that CESC-exosomes (CESC-Exos) were rich in rIGF1. IGF is crucial for the growth and development of bone tissues (McCarthy et al., 1989) and directly inhibits IVD degeneration (Liu et al., 2015). It has been speculated that CESCs could maintain the physiological balance of IVDs by releasing IGF1 via extracellular vesicles. Through mRNA and protein detection, we observed that IGF1 was abundantly present in mildly degenerated human CEP regions of IVD tissues, whereas it was expressed at low levels in severely degenerated tissues. The results of the rat experiments were similar to those in humans, with IGF1 being highly expressed in the CEP and NP regions of healthy rats. We isolated and cultured rat NPCs and AFCs in vitro and determined the effects of IGF1 on these two cell types. Because IGF1 needs to bind to the IGFR of target cells and activate multiple intracellular signaling pathways to perform its functions, we examined the expression of IGFR in these two cell types. Western blotting revealed IGFR expressions in both AF and NP tissues, with no significant differences in IGFR expression between healthy and degenerated tissues. Recombinant rIGF1 was added to AFCs and NPCs cultured in vitro. The MTT assay confirmed that rIGF1 effectively promoted the proliferation of AFCs and NPCs. Wound healing and transwell assays confirmed that IGF1 contributed to the migration of AFCs and NPCs. This indicates that the IGF1/IGFR pathway could activate AFCs within the IVD. Furthermore, rIGF1 was overexpressed in CESCs, and exosomes were extracted. When the latter was added to the culture medium of AFCs in vitro, AFC activity was enhanced. This confirms that CESCs promote the proliferation and migration of cells by activating the IGF1/IGFR signaling network of AFCs through the release of IGF1-exosomes. This provided an engineered cellular exosome that could rapidly repair damaged AF.
Furthermore, we searched for materials that could support the growth of CESCs within the IVD. SF has been widely used in studies on repair and degeneration after IVD damage (Lin et al., 2023). SF–collagen hydrogels were prepared using silk fibroin and collagen. SEM and strength tests confirmed that it had a loose and porous structure and relatively high compressive capacity, making it suitable for treating IVD tissues. EdU staining confirmed that it promotes CESC growth. To further verify the effect of the rIGF1-CESCs@SF-collagen hydrogel on the treatment of AF wounds, puncture was used to induce damage to the AF in rat IVD. Meanwhile, the rIGF1-CESCs@SF-collagen hydrogel was injected at the wound site. Immunofluorescence was used to detect the expressions of cleaved caspase-3 and IGF1. After puncture, the expression of cleaved caspase-3 in the IVD tissues of each experimental group increased, whereas the expression of IGF1 in the rIGF1-CESCs@SF-collagen hydrogel experimental group increased. The concentration of IGF1 is negatively correlated with the expression of cleaved caspase-3, and IGF1 inhibited the expression of cleaved caspase-3, suggesting that IGF1 may promote wound healing in AF tissue by inhibiting AFC cell apoptosis and promoting proliferation. MRI detection and Safranin O-fast green staining of the IVDs at 6 weeks showed that the rIGF1-CESCs@SF-collagen hydrogel significantly inhibited IVD degeneration, and it is effective for wound treatment of AF.
This indicates that the rIGF1-CESCs@SF-collagen hydrogel can accelerate the healing of AF wound tissues and prevent the loss of NP tissues. This is an ideal strategy for the treatment of IVD injury and degeneration and provides meaningful references for basic and clinical research in this field. There is a significant difference between real-world AF injury and induced injury in rat AF, which will bring unpredictable difficulties to wound treatment. However, many drawbacks of stem cells still exist, such as uncontrolled expansion and cell aging. In addition, the function of exosomes released by uncontrolled or aging stem cells is also affected, leading to uncontrollable consequences for treatment. Therefore, further exploration of CESCs to maintain the stability of their stem cells and sustain the release of functional exosomes in vivo is crucial (Meng et al., 2020). In addition, the immunologic responses to the activated SF–collagen hydrogel are still in the shadows. Although SF and hydrogel are generally considered medical materials with low immunogenicity, they can still induce inflammatory reaction to a certain extent, and the difference in the processing technology of SF will also have different effects on the resistance of the mammalian immune system (Majumder et al., 2024). Therefore, a large number of in vivo and in vitro experiments are still needed before the clinical application of the rIGF1-CESCs@SF-collagen hydrogel.
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Purpose: To study the angiogenic capacity of antimicrobial peptide LL37 (cathelicidin antimicrobial peptide), explore its molecular mechanisms, and provide new ideas for treating lower limb ischemic diseases.Methods: LL37 was applied exogenously to human umbilical vein endothelial cells (HUVECs), and its effects on cell proliferation, migration, and angiogenesis were assessed using Cell Counting Kit-8 (CCK-8), plate cloning, scratch, and angiogenesis assays. A mouse lower limb ischemia model was established, with LL37 injected intramuscularly on days 0, 4, and 8. Blood flow recovery was evaluated by laser Doppler flowmetry. Immunofluorescence staining detected cluster of differentiation 31 (CD31) and cluster of differentiation 34 (CD34) expression, while Hematoxylin and Eosin (H&E) staining assessed muscle cell morphology. Quantitative real-time polymerase chain reaction (qRT-PCR) and Western blotting analyzed gene and protein expression changes in HUVECs.Results: LL37 enhanced the proliferative, migratory, and pro-angiogenic abilities of HUVECs. It significantly improved blood flow recovery in ischemic limbs, with higher CD31/CD34 expression and more intact muscle morphology. qRT-PCR analysis demonstrated elevated expression of angiogenesis-related genes in LL37-treated HUVECs. Western blotting revealed increased vascular endothelial growth factor A (VEGFA) expression and enhanced phosphorylation levels of the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/mammalian target of rapamycin (mTOR) pathway in LL37-treated cells.Conclusion: LL37 promotes angiogenesis via the VEGFA-PI3K/AKT/mTOR pathway, showing potential for treating lower limb ischemia by improving perfusion.Keywords: antimicrobial peptide, LL37, VEGFA-PI3K/AKT/mTOR pathway, angiogenesis, lower limb ischemia
1 INTRODUCTION
Chronic limb ischemia (CLTI) is the end stage of peripheral arterial disease (PAD). It is a disease characterized by intermittent claudication, ulceration or gangrene of the limbs due to various reasons such as narrowing or occlusion of the arteries and inadequate blood perfusion (Farber, 2018; Beard, 2000). It is a problem with high morbidity and high healthcare costs worldwide. Of these, lower limb ischemic disease is the most common type (Levin et al., 2020). Currently, there is no standardized treatment for CLTI in most countries, and treatment varies considerably from region to region, resulting in CLTI still being associated with higher rates of amputation. Surgical bypass and endovascular therapy are the main blood supply reconstruction strategies for the treatment of CLTI (Cheng and Farber, 2024; Zeller et al., 2009). However, conservative treatments are more in line with the needs of some patients due to the limitations of operators, patients’ arterial disease patterns, surgical risks, available autologous venous bypass access, and patient preferences, placing new demands on the search for appropriate drugs (Desai et al., 2024).
Cathelicidin, a family of antimicrobial peptides (AMPs), is a critical component of the body’s innate immune system and is widely expressed across species. These small bioactive polypeptides are induced in response to infection and inflammation (Agier et al., 2015; Zhang Q. et al., 2023). In humans, cathelicidins are primarily represented by two major groups: defensins and the sole cathelicidin-derived peptide, LL37 (Fry, 2018; Izadpanah and Gallo, 2005). The name “LL37” reflects its structure—a 37-amino acid peptide originating from the N-terminal cleavage of the cathelicidin precursor protein, with leucine (L) as its first two residues.
LL37 exhibits broad-spectrum antimicrobial activity against Gram-positive and Gram-negative bacteria, fungi, and viruses (Luo et al., 2019; Rashki et al., 2022). I Beyond its direct microbicidal effects, LL37 plays a multifaceted role in immune regulation, including modulation of inflammatory mediators, immune cell chemotaxis, cytokine release, endotoxin neutralization, and even tumor suppression or promotion depending on the context (Chieosilapatham et al., 2018; Frasca and Lande, 2012).
The formation of new blood vessels is a prerequisite for tissue repair and improvement of ischemic symptoms (Veith et al., 2019). Angiogenesis is caused by various factors, from mechanical stress and hypoxia to the presence of soluble inflammatory mediators, and involves the germination of small capillaries (angiogenesis) and the growth of existing blood vessels (arteriogenesis) (Eelen et al., 2020; Kuwano et al., 2001). Emerging evidence highlights LL37 as a potent modulator of vascular growth. Studies have shown that LL37 promotes endothelial cell migration, tube formation, and VEGF-mediated signaling, accelerating wound healing and ischemic tissue recovery (Khung et al., 2015). For instance, LL37 activates formyl peptide receptor 2 (FPR2) and Epidermal Growth Factor Receptor/Extracellular Signal-Regulated Kinase (EGFR/ERK) pathways, mimicking pro-angiogenic factors like Vascular Endothelial Growth Factor (VEGF) (Tjabringa et al., 2003; Zhang H. et al., 2023). Additionally, LL37 synergizes with hypoxia-inducible factors (HIFs) to enhance perfusion in diabetic and ischemic models (Rodríguez-Martínez et al., 2008).
Despite these advances, the precise mechanisms by which LL37 influences functional angiogenesis and arterial growth remain incompletely understood. In this study, we investigate the role of LL37 in driving therapeutically relevant angiogenesis and evaluate its potential for treating ischemic diseases.
2 MATERIALS AND METHODS
2.1 Cell culture
Human umbilical vein endothelial cells (HUVECs) were purchased from the Shanghai Institute of Cell Biology, Chinese Academy of Sciences. HUVECs were cultured in DMEM medium supplemented with 10% FBS, 1% penicillin/streptomycin, and the cell lines were maintained at 37°C in a humidified 5% CO2 atmosphere. Cells were used between passages three and six to ensure consistent cell behavior, prior to treatment with: LL-37 (MCE, Cat# HY-P1222, ddH2O); VEGF165 (MCE, Cat#HEK293, 0.1% BSA); Control: phosphate-buffered saline (PBS) (Gibco, Cat# 10010001).
2.2 Cell Counting Kit-8 (CCK8) cell proliferation experiment
HUVECs were seeded in 96-well plates at 4,000 cells per well. LL37 was added to the experimental group to 5 μg/mL, and an equal volume of PBS was added to the control group. 10 μL CCK8 (Beyotime, Cat# C0038) was added to each well at 0, 12, 24, 36, and 48 h, and OD550 absorbance was measured 1 h later (Thermo Fisher Company, United States). Growth curves were plotted based on OD values to analyze the results. The experiment was repeated three times to ensure data reliability.
2.3 Clonogenic assay
HUVECs were seeded in 6-well plates at a density of 1,000 cells per well. LL37 was added to the experimental group to 5 μg/mL, and an equal volume of PBS was added to the control group. The medium was changed every 3 days, and cells were cultured for 12 days. 4% paraformaldehyde was added to each well to fix the cells for 20 min 700 μL of crystal violet (Beyotime, Beijing, China) was added to each well, left for 30 min at room temperature away from light. The number of clones >10 cells was counted by ImageJ. The experiment was repeated three times.
2.4 Angiogenesis test
Matrigel Basement Membrane Matrix (BD Biosciences) was melted overnight in a 4°C refrigerator. 50 μL/well of Matrigel gel was added to a pre-cooled 96-well plate and left at 37°C for 45 min to solidify. HUVECs were seeded at a density of 3 × 10^4 cells/well onto the Matrigel gel. The experimental group was incubated with complete medium containing LL37 (5 μg/mL) or VEGF165 (20 ng/mL), and the control group was incubated with complete medium only. Photographs were taken at 4, 6, and 10 h, and the number of tubes and branches were quantified using ImageJ software. The experiment was repeated three times.
2.5 Scratching experiment
HUVECs were seeded into six-well plates and cultured until the cell density reached approximately 90%. A ‘cross’ was drawn in the center of each well with a sterile 1 mL pipette tip. The wells were rinsed with PBS to remove cell debris, and fresh serum-free DMEM medium was added. LL37 (5 μg/mL) was added to the experimental group, while the control group received only fresh serum-free DMEM medium. Microscopic photographs were taken at 0, 24, and 48 h after the scratch, and the migration distance was measured. The experiment was repeated three times.
2.6 Transwell assay
Transwell assays were performed using Transwell inserts (8 µm pore size, BD Biosciences, United States) inserted into 24-well plates. For invasion assays, the upper chamber was coated with Matrigel (BD Biosciences, United States of America). The upper chamber was then coated with 200 µL of serum-free medium. In the experimental group, LL37 was added to a final concentration of 5 μg/mL, while no LL37 was added to the control group. The upper chamber contained either 2 × 10^4 cells (for migration assays) or 3 × 10^4 cells (for invasion assays). The lower chamber contained 700 µL of medium supplemented with 10% fetal bovine serum (FBS). After incubation at 37°C for 24 h, the cells were fixed with methanol, stained with 0.5% crystal violet, and observed and quantified under a light microscope.
2.7 Real-time quantitative RT‒PCR (qRT‒PCR)
Experimental HUVECs were treated with 5 μg/mL of LL37 for 24 h or 48 h, while control HUVECs were not treated with LL37. Total Ribonucleic Acid (RNA) was extracted from the HUVECs using a total RNA kit (Omega Biotek, Norcross, GA, United States of America) according to the manufacturer’s instructions. The RNA concentration was determined by measuring the ratio of absorbance at 260 nm to absorbance at 280 nm. The RNA was then reverse transcribed to cDNA using PrimeScript RT Master Mix (Zhongke Bioengineering Co., Ltd.). Quantitative PCR was performed using TB Green Premix Ex Taq II (Zhongke Bioengineering Co., Ltd.) on a Light Cycler 96 (Roche Group). The expression levels of the relevant genes were normalized to GAPDH, and the fold change was calculated using the comparative threshold cycling (ΔΔCt) method.
2.8 Animal culture
Clean-grade mice (C57BL/6) were purchased from Beijing Viton Lihua Laboratory Animal Technology Co. And housed under standard laboratory conditions (temperature 22°C ± 2°C, humidity 50%–60%, 12-h light/dark cycle). We used a non-invasive fluorescent labeling method to label and characterize the animal model. After shaving the dorsal fur of mice, numbering was performed using a 1% fluorescein sodium solution. Marking clarity was verified daily under UV light. The labeled area was maintained at least 1 cm away from the wound site (Klabukov et al., 2023). The study protocol was reviewed and approved by the Animal Ethics Committee of Yantai Yuhuangding Hospital (Approval Number 2025-YHD-036). This study report adheres to the ARRIVE 2.0 guidelines (Animal Research: Reporting of In Vivo Experiments) (Kilkenny et al., 2010).
2.9 Lower limb ischemia model in mice
Twenty-four 8-week-old C57/BL6J mice were randomly divided into three groups: Sham, Model, and LL37. After anesthesia and disinfection, a longitudinal incision was made from the groin to expose the femoral artery. In the Model and LL37 groups, the femoral artery was ligated, while the Sham group remained unligated. Quadriceps muscle injections were given on postoperative days 1, 4, and 8. The LL37 group received 25 μL of 5 μg/mL LL37 at 4 sites, and the Model group received an equal volume of PBS. Laser Doppler flow imaging was performed on days 0, 7, 14, and 21. The images allowed direct comparison of the pseudo-color images of the affected and the healthy side to quickly identify abnormal areas of perfusion. Quantitatively analyzed the perfusion situation by measuring the perfusion values of the injured and healthy limbs and calculating the ratio.
2.10 Hematoxylin-eosin (H&E) staining
Paraffin sections of mouse quadriceps muscle tissue were baked in an oven at 65°C for 45 min. Place in xylene I (15 min), xylene II (15 min), anhydrous ethanol I (10 min), anhydrous ethanol II (10 min), 95% ethanol (10 min), and 85% alcohol (10 min) for gradient dewaxing. Place in hematoxylin for 10 min and rinse with water. Place in 1% aqueous hydrochloric acid solution for a few seconds and rinse with water. Place in 1% ammonia solution for 1 min and rinse with running water. Place in eosin staining solution for a few seconds and rinse with running water. Place in 75% ethanol (2 min), 85% ethanol (2 min), anhydrous ethanol (5 min), anhydrous ethanol (5 min), xylene (5 min) for dehydration. The slices were sealed with neutral gum, dried naturally, and observed under the microscope.
2.11 Immunofluorescence
HUVECs were cultured in 6-well plates. The experimental group was treated with LL37 in complete culture medium for 48 h, while the control group was untreated. Cells were fixed with 4% paraformaldehyde for 20 min at room temperature. Cells were permeabilized with 0.5% Triton X-100 (diluted in PBS) for 20 min at room temperature. Cells were blocked with BSA for 2 h at room temperature. Sufficient primary antibodies were added: Mouse Anti-Human CD31 (Platelet Endothelial Cell Adhesion Molecule-1, PECAM-1) (Abcam, Cat# ab28364) and Rabbit Anti-Human CD34 (Hematopoietic Progenitor Cell Antigen CD34) monoclonal antibody (Abcam, Cat# ab81289). Incubated overnight at 4°C in a humidified chamber. After washing with PBS buffer 3 times, sufficient secondary antibodies were added: HRP-Sheep Anti-Rabbit Secondary Antibody (Abcam, Cat# ab7090) and HRP-Sheep Anti-Mouse Secondary Antibody (Abcam, Cat# ab47827). Incubated for 1 h at 37°C in the dark. After washing with PBS buffer 3 times, DAPI (Affinity Biosciences, United States) was added and incubated for 10 min in the dark. After washing with PBS buffer 3 times, the cells were observed and analyzed under a fluorescence inverted microscope.
2.12 Western blot assay
Cells were collected after trypsin digestion and centrifugation. Lysate was prepared by mixing RIPA lysate, protease inhibitor PMSF and phosphatase inhibitor NaF (NCM Biotech). Ensure that the final concentration of PMSF is 1 mM and the final concentration of NAF is 10 mM. collect the cells and add the lysate, 20–30 min on ice. After centrifuging and sonicating the supernatant, use the BCA technique (Beijing Tiangen Biotechnology Co., Ltd.) to determine the protein content. The protein was transferred to a PVDF membrane (Millipore, Bedford, MA, United States) after SDS-PAGE separation. Use β-actin and β-tublin as the loading control. After leaving it overnight in the primary antibody, let it sit in the secondary antibody for 2 h. Primary antibodies: VEGF-A (Rabbit monoclonal, Proteintech, Cat# 19003-1-AP, 1:6,000); PI3K (Rabbit polyclonal, Proteintech, Cat# 21739-1-AP, 1:5,000); Phospho-PI3K (Tyr458) (Rabbit monoclonal, Abmart, Cat# P42338, 1:1,000); AKT (Rabbit monoclonal, Cell Signaling Technology, Cat# 9272S, 1:1,000); Phospho-AKT (Ser473) (Rabbit polyclonal, Abcam, Cat# ab38449, 1:1,000); mTOR (Rabbit monoclonal, Cell Signaling Technology, Cat# 2972, 1:1,000); Phospho-mTOR (Ser2448)** (Rabbit monoclonal, Cell Signaling Technology, Cat# 2971, 1:1,000); β-Actin (Mouse monoclonal, Proteintech, Cat# 66009-1-Ig, 1:10,000); β-tubulin (Rabbit monoclonal, Cell Signaling Technology, Cat# 2146, 1:1,000); Secondary antibodies: Goat Anti-Mouse IgG-HRP (Abmart, Cat# M21001, 1:5,000); Goat Anti-Rabbit IgG-HRP (Abmart, Cat# M21002, 1:5,000). Using Image Quant LAS4000 (General Electric, Boston, Massachusetts, United States of America), protein bands were found, and ImageJ software was used to quantify them.
2.13 Statistical analysis
GraphPad Prism 8 software was used to analyze and graph the statistical results, and ImageJ software was used to count and calculate the relevant experimental results. All data were expressed as mean ± standard deviation (x ± s). Independent samples t-test was used for comparison of two independent groups (data verified for normality and chi-square); one-way/two-factor ANOVA supplemented by Tukey or Sidak post hoc tests was used for comparison of three and more groups. p < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001.
3 RESULTS
3.1 Exogenous application of LL37 to HUVEC
HUVEC is sensitive to a variety of growth factors and can be used to assess the promotion of angiogenesis by LL37. The proliferative capacity of the cells was detected by the CCK-8 assay and plate cloning assay. The results showed that the OD value (450 nm) of HUVEC treated with LL37 for 48 h was significantly higher than Control group (P < 0.05) (Figure 1a). The number of plate clones of HUVEC treated with LL37 was significantly higher than Control group (P < 0.05) (Figure 1b).
[image: (a) Line graph showing cell growth over time, comparing LL37 and control groups. (b) Two cell colony assays display increased growth in LL37. (c) Time-lapse images with bar graphs show wound healing over 0 to 12 hours for LL37 versus control. (d) Wound healing scratch assay images and a line graph depicting cell migration over 24 hours for LL37 and control. (e) Migration and invasion assays with images and bar graphs comparing LL37 and control, highlighting enhanced migration and invasion in LL37.]FIGURE 1 | (a) The CCK8 assay examined the growth curves of control cells and LL37-treated HUVECs. (b) The plate cloning assay examined the proliferation of control cells and LL37-treated HUVECs. (c) The angiogenesis assay examined the angiogenesis of control cells and LL37-treated HUVECs. (d) The migration ability of control cells and LL37-treated HUVECs was detected by wound healing assay. (e) The capacity for migration and invasion of control cells and LL37-treated HUVECs was detected by transwell assay. Note: All experiments were independently repeated at least three times. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 indicate statistical significance.
After LL37 (5 μg/mL) was added to HUVECs, the angiogenesis results showed that both control and LL37 groups formed tubular structures after 4 h. The number of lumens formed in the LL37 group was higher, and statistical differences were found between the two groups by counting the number of branches and cumulative tube length (P < 0.05). After 6 h, the number of branches and cumulative tube length were significantly higher in the LL37 group compared with the control group (P < 0.01). After 10 h, part of the luminal structures in the control group disappeared, and the wall was defective and ruptured, while the luminal structures in the LL37 group remained intact, similar to the condition at 6 h. The number of branches (P < 0.01) and cumulative tube length (P < 0.05) were statistically significant between the two groups (Figure 1c), which indicated that LL37 could promote the angiogenic ability of HUVECs.
The results of the scratch assay showed that the average distance of cell migration was significantly greater in the HUVECs group with the addition of LL37 at both 24 h and 48 h (P < 0.01) (Figure 1d), suggesting that LL37 promotes the migratory ability of HUVECs. The results of the Transwell migration assay showed that the number of membrane-penetrating cells in the LL37-treated group was significantly higher than that in the control group (P < 0.05). This indicated that LL37 could enhance the migration ability of HUVEC. The Transwell invasion assay better simulated the environment that cells encounter the basement membrane and extracellular matrix during the invasion process in vivo. The results showed that the number of invaded cells in the LL37-treated group was significantly increased compared with that in the control group (P < 0.05), indicating that LL37 could promote the invasion ability of HUVEC (Figure 1e).
3.2 Endogenous application of LL37 to the mouse ischemia model
The laser speckle blood flow imaging results showed that the blood flow in the lower limbs of the Sham surgery group mice remained normal. The blood flow in the lower limbs of the model group and LL37 group mice was normal before surgery, with no signs of hypoperfusion. On the second day after surgery, the blood flow perfusion in the lower limbs of mice in the model group and LL37 group decreased significantly compared to before surgery, and the blood flow in the affected limb accounted for only about 20% of the blood flow in the healthy side, indicating successful experimental modeling. On the seventh day after surgery, the LL37 group mice showed a recovery in lower limb blood flow perfusion, while the model group mice remained in a low blood flow perfusion state, but the difference between the two groups was not statistically significant (P > 0.05). On the 14th day after surgery, compared with the model group, the blood flow perfusion of ischemic limbs in the LL37 group mice was significantly improved, while the ischemic limbs in the model group mice were still in a state of low blood flow perfusion (P < 0.05). On the 21st day after surgery, the difference between the LL37 group mice and the model group was more significant (P < 0.05) (Figure 2a).
[image: a) Imaging results over 0, 6, 7, 14, and 21 days for Model, LL37, and Sham groups. A line graph shows changes over time across groups. b) Immunofluorescence staining of DAPI, CD31, CD34, and merged images at 14 and 21 days in Model and LL37 groups. c) Histological sections at 200x and 400x magnification for Model, LL37, and Sham groups.]FIGURE 2 | (a) Laser Doppler detection of lower limb blood perfusion in mice. Warmer colors (red or yellow) indicate higher perfusion, while cooler colors (blue) indicate lower perfusion. The perfusion values of the affected and healthy limbs were measured, and the ratio of the two was calculated for quantitative analysis. (b) Immunofluorescence detection of the expression of CD31 and CD34 in the lower limb muscles of mice. Blue fluorescence indicates nuclei, red fluorescence represents CD31, and green fluorescence represents CD34 (×200 magnification). (c) Observation of the morphology of mouse lower limb muscle cells using H&E staining. Note: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 indicate statistical significance.
On the 14th and 21st postoperative days, frozen sections of the quadriceps muscle were prepared respectively using mice from the model group and the LL37 group. Immunofluorescence experiments showed that the expression of CD31 and CD34 in the muscle cells of the LL37 group was significantly stronger than that of the model group (Figure 2b).
We performed H&E staining on the quadriceps muscle of the ischemic lower limbs of mice in each group on the 21st postoperative day. The results showed that the muscle cell morphology in the quadriceps muscle of the Sham operation group was plump, and the cell outline was clear, with nearly no atrophic or apoptotic cells observed. The quadriceps muscle in the model group showed extensive atrophy and apoptosis. The diameter and size of muscle fibers were unevenly distributed, and most of the muscle fibers were morphologically atrophied with incomplete cell outlines. In contrast, only part of the muscle cells of the quadriceps in the LL37 group showed atrophy and apoptosis. The muscle morphology was more complete (Figure 2c). The experimental results indicated that LL37 could reduce the adverse effects of ischemia on muscle cells, maintain the basic morphology of the cells, and protect the muscle cells. The protective effect of LL37 on the cells is likely to be relevant for its improvement of blood perfusion, ensuring that muscle cells receive sufficient oxygen and nutrients to maintain normal metabolism and function.
3.3 LL37 might be involved in the VEGFA-pi3K/AKT/mTOR-signaling pathway
After adding LL37 (5 μg/mL) into HUVECs culture medium, the expression levels of angiogenesis related genes in HUVECs were detected by qRT-PCR at 24 and 48 h, respectively. The results showed that after 24 h of LL37 treatment, the expression levels of Vascular Endothelial Growth Factor (VEGF), TGF- β (Transforming Growth Factor-β), bFGF (Basic Fibroblast Growth Factor), PDGF-A (Platelet-Derived Growth Factor Alpha Polypeptide and Platelet-Derived Growth Factor Subunit B (PDGF-B) were higher than those of the control group (P < 0.01); After 48 h, the above genes in the LL37 group were significantly elevated compared to the control group (P < 0.01) (Figures 3a,b), which proves that LL37 can promote the expression of angiogenesis related genes in HUVECs. The role of VEGFA on specific pathways was further explored by Western blotting (WB) (Supplementary Data Sheet 1). WB results showed that the application of LL37 was able to activate the PI3K/AKT/mTOR pathway in cells and significantly increase its phosphorylation level (Figure 3c). The expression of each relevant molecule of this pathway (Figure 3d) and its level of phosphorylation (Figure 3e) were quantitatively analyzed using ImageJ.
[image: Bar graphs and Western blot results show the effect of LL37 on expression levels of various proteins and mRNA. Graphs (a) and (b) display increased mRNA expression levels of VEGF-A, PI3K, and others in the presence of LL37. Panel (c) presents Western blots showing increased phosphorylation of PI3K, AKT, and mTOR with LL37. Graphs (d) and (e) quantify Western blot results, illustrating enhanced protein expression. Statistical significance is indicated by asterisks.]FIGURE 3 | (a) qRT-PCR was used to detect the expression of angiogenesis-related genes in HUVECs treated with LL37 for 24 h (b) qRT-PCR was used to detect the expression of angiogenesis-related genes in HUVECs treated with LL37 for 48 h. (c) The changes in protein levels in HUVECs after treatment with LL37 were detected by Western blot. (d) Quantitative analysis of changes in protein expression levels in HUVECs after LL37 treatment. (e) Quantitative analysis of changes in protein phosphorylation levels in HUVECs after LL37 treatment.
3.4 LL-37 versus VEGF165 in angiogenesis
By counting the number of branches and cumulative tube length, we found that both LL-37 and VEGF165 significantly enhanced endothelial tube formation compared to controls (p < 0.05, Figures 4a–c). Western blot analysis showed that LL-37 and VEGF165 induced comparable levels of phosphorylation of the VEGFA-PI3K/AKT/mTOR pathway after 1 h of treatment (Figure 4d; Supplementary Data Sheet 2).
[image: Nine-panel image showing cell growth over time (4, 6, and 10 hours) for LL37, Ctrl, and VEGF-M65 conditions. Two bar graphs labeled b and c depict quantitative data at 4, 6, and 10 hours for different treatments. A Western blot labeled d displays protein levels for PI3K, p-PI3K, AKT, p-AKT, p-mTOR, VEGF-A, and β-actin under different conditions.]FIGURE 4 | (a–c) The angiogenesis assay examined the angiogenesis of control cells and LL37-treated HUVECs. (d) The changes in protein levels in HUVECs after treatment with LL37 and VEGF165 were detected by Western blot.
4 DISCUSSION
LL37 is a group of 37 amino acids at the N-terminus of the Cathelicidin protein, named after its initial amino acid L-L. As the only antimicrobial peptide present in the human body within the Cathelicidin family, it has been receiving attention for its bactericidal effect. LL-37 may disrupt the arrangement of membrane lipid molecules by interacting with amphiphilic phospholipid molecules at the N-terminus of the polymer, affecting the structure and function of the cell membrane, forming a so-called “carpet like” model that plays a bactericidal role. In addition to having direct antibacterial effects, it has also been found to have functions such as chemotactic immune cells, regulating the secretion of inflammatory promoting/inhibiting factors, coordinating natural and acquired immunity, and exerting immune regulatory effects. Currently, its clinical application is mainly limited to being a new type of antibacterial drug (Rashki et al., 2022; Boge et al., 2017; Geitani et al., 2022; Nagaoka et al., 2020).
Rebert Koczulla et al. first proposed the angiogenic effects of the human peptide antibiotic LL-37/hCAP-18 in 2003, stating that LL-37 may act on vascular endothelial cells and epithelial cells to stimulate angiogenesis (Koczulla et al., 2003). The key to the treatment of lower limb ischemic diseases is to promote angiogenesis to restore blood perfusion to ischemic tissues. Our study focused on the effects of LL37 on vascular endothelial cells to further expand its application in lower limb ischemic diseases (Lukasiewicz, 2016).
Proliferation and migration of vascular endothelial cells is the first step in vascular reconstruction and repair (Yan et al., 2011). CCK8 and plate cloning assay confirmed that LL37 could promote cell proliferation. The scratch assay showed that LL37 could promote the migration of endothelial cells. The HUVEC matrix gel angiogenesis assay more visually demonstrated the promotional effect of LL37 on endothelial cell angiogenesis. Quantify the number of branches and cumulative tube length. Branch number reflects the ability of cells to form complex networks and usually correlates with their ability to migrate and adhere. Cumulative tube length reflects the overall ability of cells to form tubular structures and is an important indicator for assessing angiogenic activity. After treatment with LL37, HUVEC exhibited a higher branching number and longer cumulative tube length, indicating that the cells possessed an enhanced ability to migrate and form tubular structures (Figure 1).
High ligation of the femoral artery with dissection was used to establish a stable lower limb ischemia model. This method was less traumatic to mice, and the ischemic state was obvious, stable, and long-lasting. Laser Doppler flowmetry was performed before and after the operation. The results showed that the mice in the model and experimental groups exhibited a significant decrease in the perfusion of the right lower limb, and a decrease in the intensity of astigmatism without disappearance, indicating that the modeling was successful. This approach was used to simulate the lower limb ischemic disease state. Laser Doppler was used to visualize the lower limb perfusion before, 1 week, 2 weeks and 3 weeks after ischemia, and the comparative results showed that LL37 treatment significantly improved the lower limb perfusion in mice (Figure 2).
CD31 is an adhesion molecule expressed on the surface of a variety of cells including vascular endothelial cells, platelets, and monocytes. It plays an important role in maintaining the normal function of vascular endothelial cells and in angiogenesis (DeLisser et al., 1997; Figueiredo et al., 2019). CD31 is currently the single best marker of endothelial differentiation and is expressed in 90% of hemangiosarcomas, hemangioendotheliomas, hemangiomas, and Kaposi’s sarcomas (Handra-Luca, 2019; Venkataramani et al., 2018). CD34 is a highly glycosylated transmembrane glycoprotein expressed mainly on the surface of hematopoietic stem cells and vascular endothelial cells. It plays a key role in vascular development and hematopoiesis and is involved in cell adhesion and signaling (Díaz-Flores et al., 2022). CD34 has a higher sensitivity to smaller, immature micro vessels and therefore may be more accurate in assessing micro vessel density (Mathiou et al., 2023). We respectively assessed the expression of CD31, CD34 at 14 and 21 days postoperatively and found that the expression of both molecules was significantly increased after LL37 treatment compared to the model group. It suggested that LL37 had a potential role in promoting angiogenesis, enhancing endothelial cell function and reducing endothelial function impairment (Figure 2).
The morphology of muscle cells is one of the most visual results of blood perfusion. Obstruction of blood supply to the muscle leads to clinical manifestations such as ischemia, hypoxia, nutritional deficiencies, and metabolic disorders, which in turn cause muscle atrophy, pain, and limitation of movement. If left untreated, it may lead to localized muscle necrosis or even paralysis (Fales et al., 1962). H&E staining was used to observe the morphology of muscle cells in the lower limbs. After adding LL37 treatment, the diameter and size distribution of muscle fibers were more uniform than control group, and atrophy and necrosis were not obvious. It indicated that the addition of LL37 could promote the recovery of muscle morphology and function. This change may be due to the promoting effect of LL37 on angiogenesis, which further increased the blood perfusion of the muscle tissue and improved the nutrient supply and oxygenation status of the muscle (Figure 2).
Angiogenesis is a complex process involving the interaction of multiple molecules and signaling pathways. VEGF is one of the most important regulators of angiogenesis, and the VEGF-A/VEGFR-2 signaling pathway is the most critical signaling pathway in physiological and pathological angiogenesis, which stimulates endothelial cell mitosis, chemotaxis, and morphogenesis, and induces tissue angiogenesis (Melincovici et al., 2018; Wang et al., 2021). TGFB1, bFGF, and PDGF are also important factors in angiogenesis, and are able to stimulate endothelial cell proliferation, migration, and vascular lumen formation, thus participating in the process of angiogenesis and remodeling (He et al., 2024; Lei et al., 2024; Ren et al., 2019; Xie et al., 2014). PCR results showed that HUVEC was treated with LL37, and the expression of VEGF, TGF-β1, bFGF, PDGF-A and PDGF-B were significantly elevated (Figure 3).
VEGF binds through its receptor VEGFR-2, which is an important upstream of the PI3K/AKT/mTOR pathway (Adamičková et al., 2023; Jia et al., 2023; Manjunathan et al., 2021). HUVEC treated with LL37 showed a significant increase in the expression level of VEGF, and furthermore, the phosphorylation level of the PI3K/AKT/mTOR pathway was found to be significantly elevated in the cells by WB (Figure 3). PI3K/AKT/mTOR pathway plays an important role in cell proliferation, survival, metabolism and angiogenesis. Activation of this pathway promotes endothelial cell proliferation and migration, enhances vascular permeability, and participates in angiogenesis (Ersahin et al., 2015; Karar and Maity, 2011).
Activation of PI3K produces phosphatidylinositol-3,4,5-trisphosphate (PIP3), which in turn activates AKT. activation of AKT promotes cell survival and proliferation, and inhibits apoptosis (Cheng et al., 2022). mTOR is a downstream target of AKT, and is divided into two complexes, mTORC1 and mTORC2. mTORC1 promotes protein synthesis and cell proliferation by phosphorylating S6K1 and 4 E-BP1. mTORC1 is also an active pathway in endothelial cell proliferation, and is involved in angiogenesis. And cell proliferation (Napolitano et al., 2022; Szwed et al., 2021). mTORC2, on the other hand, further enhances AKT activity by phosphorylating the S473 site of AKT (Fu and Hall, 2020; Guri et al., 2017). LL-37 recapitulated the proangiogenic effects and pathway activation characteristics of VEGF165 (Figure 4), suggesting that LL-37 may function as a VEGF mimetic peptide. However, further studies are needed to determine whether LL-37 acts through direct binding to VEGFR2 or through alternative receptors. Notably, the antimicrobial properties of LL-37 may further position it as a dual-function therapeutic candidate for infected wounds requiring concurrent angiogenesis and infection control. Future studies should explore whether LL-37 directly interacts with VEGF receptors or synergizes with endogenous VEGF.
It is noteworthy that LL-37 may indirectly promote angiogenesis through macrophage recruitment/activation (Zhang W. et al., 2023). However, our study has unequivocally demonstrated its direct mechanism of action using purified endothelial models and targeted pathway inhibition experiments. The potential synergistic effects between these direct and indirect mechanisms require further investigation.
5 CONCLUSION
LL37 can exert its pro-angiogenic effect by increasing the expression of VEGF in cells and enhancing the phosphorylation level of PI3K/AKT/mTOR pathway. We hope that it will play a therapeutic role in lower limb ischemic diseases.
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Introduction: The growing threat of bacterial infections poses a critical challenge to public health, underscoring the urgent need for innovative antibacterial agents and therapeutic strategies. In response, we have developed a multifunctional nanoplatform based on palladium-hydride metal–organic frameworks (P(H)ZPAg) for synergistic hydrogen and photothermal antibacterial therapy.Methods: This nanoplatform integrates palladium hydride (PdH) encapsulated within a zeolitic imidazolate framework (ZIF-8), surface modification with polydopamine (PDA), and in situ generation of silver nanoparticles (Ag NPs) to achieve enhanced antibacterial efficacy. Comprehensive characterization was performed to assess hydrogen release kinetics, photothermal performance, and silver-mediated bactericidal activity. The therapeutic potential of P(H)ZPAg was further evaluated in vivo using a Staphylococcus aureus-infected rat wound model.Results: The P(H)ZPAg nanoplatform demonstrated a successful combination of hydrogen release, photothermal conversion, and silver ion-based antibacterial mechanisms. In vitro assays revealed potent synergistic antibacterial effects against both Escherichia coli and Staphylococcus aureus. In vivo studies showed that treatment with P(H)ZPAg nanoparticles significantly enhanced wound healing and bacterial clearance compared to control groups.Discussion: These findings highlight the potential of combining hydrogen therapy, photothermal therapy, and silver ion release within a single nanoplatform to markedly improve antibacterial outcomes. This study presents a promising strategy for the development of multifunctional nanotherapeutics, offering a novel and effective approach for managing topical bacterial infections and promoting wound healing.Keywords: antibacterial therapy, hydrogen therapy, photothermal therapy, wound healing, hydride MOFs
1 INTRODUCTION
Skin damage, encompassing both acute and chronic wounds, represents a widespread and significant concern in clinical practice (Falanga et al., 2022; Siddiqui and Bernstein, 2010). Of particular concern are trauma-induced infections caused by pathogenic bacteria, which continue to pose substantial challenges to global public health (Falcone et al., 2021). It is estimated that approximately 15 million people die annually worldwide as a result of bacterial infections (Fongang et al., 2023). These infections can severely impede the wound healing process by inducing chronic inflammation, a hallmark of non-healing wounds. For decades, antibiotics have served as the cornerstone in the treatment of bacterial infections. However, the overuse and misuse of these drugs have inadvertently contributed to the rise of antibiotic-resistant pathogens. This growing resistance undermines the efficacy of current therapeutic options, thereby exacerbating the challenge of managing bacterial infections (MacNair et al., 2024). As such, it is crucial to develop new strategies for combating bacterial infections and promoting wound healing while minimizing reliance on antibiotics.
In recent decades, considerable efforts have been directed toward the development of alternative therapeutic strategies to address antibiotic resistance, including the use of thermal effects (Chen et al., 2020; Huo et al., 2021), reactive oxygen species (ROS) (Lam et al., 2020; Li H. et al., 2021), metal ions (Frei et al., 2023), cationic ions (Cheng et al., 2022) and quaternary ammonium ions (Mohapatra et al., 2023). Among these innovative approaches, gas therapy has emerged as a novel and promising treatment paradigm, garnering significant attention for its potential advantages over traditional therapies (Wang T.-Y. et al., 2023; Wang Z. et al., 2023). Notably, gas therapy offers the ability to circumvent the development of drug resistance, which remains a persistent challenge in infection management. Moreover, gaseous molecules serve as vital endogenous signaling agents, playing crucial roles in various biological processes. Consequently, gas therapy is considered an environmentally friendly (“green”) treatment option, providing targeted therapeutic effects with minimal toxicity to healthy tissues. To date, several gaseous molecules, such as nitric oxide (NO) (Andrabi et al., 2023), carbon monoxide (CO) (Cheng and Hu, 2021), hydrogen sulfide (H2S) (Shi et al., 2024), and hydrogen (H2) (Yang et al., 2020; Ye et al., 2024), have been extensively studied and shown to be effective against a wide range of bacterial strains, including multidrug-resistant (MDR) bacteria. Notably, hydrogen, the smallest gas with strong reducing properties, is regarded as a highly biocompatible and environmentally friendly gas (Yang et al., 2020). It demonstrates exceptional safety, even at high concentrations, without causing damage to normal cells or tissues. Furthermore, active H2 has been shown to significantly enhance antibacterial and wound-healing applications by regulating the expression of genes involved in bacterial metabolism (Benoit Stéphane et al., 2020). For instance, Xue et al. (Yu et al., 2019) synthesized Pd nanocubes and incorporated H2 into their lattice, creating PdH nano-hydrides for antibacterial and wound-healing therapies. More importantly, H2 molecules can disrupt bacterial membrane permeability, thereby facilitating the entry of antibacterial agents into bacterial cells, promoting the leakage of cellular contents, and ultimately leading to bacterial death (Li et al., 2023). However, hydrogen therapy applied alone is often limited by its low tissue permeability, poor solubility, and suboptimal bioavailability (Jiang et al., 2024). Therefore, combining controlled hydrogen release with other therapeutic modalities can create a synergistic antibacterial effect, significantly enhancing the overall antibacterial performance. Near-infrared (NIR) light-assisted bactericidal strategies, such as photothermal therapy (PTT), have emerged as promising alternatives due to their operability, safety, and controllability (Chen et al., 2020; Huo et al., 2021). Photoconversion agents, including metal nanoparticles (Kadkhoda et al., 2022), metal-organic frameworks (MOFs) (Zheng et al., 2021), and carbon dots (Li B. et al., 2021), can effectively convert light into thermal energy, which can be used to eradicate bacteria. This hyperthermic effect disrupts bacterial cell membranes, denatures proteins, enzymes, and DNA, and induces cell death (Chen et al., 2020). Polydopamine (PDA) nanoparticles, in particular, have recently been utilized in antibacterial studies due to their excellent biocompatibility and efficient photothermal conversion properties (Yang et al., 2021). Qi et al. (2025) proposed an inorganic-organic hybrid system composed of a zeolitic imidazolate framework (ZIF-8) and PDA, which leverages 808 nm near-infrared-induced photothermal effects to enhance catalytic activity for the treatment of bacteria-infected pressure ulcers. Additionally, metal or metal oxide nanocomposites (Pachaiappan et al., 2021), have proven to be powerful antimicrobial agents, exhibiting broad-spectrum activity against both Gram-positive and Gram-negative microorganisms. These composites frequently release metal ions that bind to and interact with bacterial proteins and enzymes, generating ROS that cause structural damage to bacterial cell walls and membranes, thereby leading to membrane permeability alterations, cellular disintegration, and bacterial death (Godoy-Gallardo et al., 2021). Therefore, integrating hydrogen release with silver nanoparticles (AgNPs) and PTT capabilities is expected to synergistically enhance the antibacterial efficacy of these therapies.
In this study, a multifunctional PdH-hydride MOFs-based nanoplatform (PdH@ZIF@PDA/Ag nanoparticles, denoted as P(H)ZPAg NPs) was developed to integrate hydrogen release, PTT, and AgNP therapy for the treatment of bacterial infections associated with wound healing (Scheme 1), achieving a synergistic antibacterial effect that surpasses conventional single-modality treatments. Mechanistically, the released hydrogen was found to compromise the permeability of bacterial cell membranes, thereby facilitating the enhanced entry of Ag+ ions (Zhang et al., 2022). In addition, PTT contributed to bacterial eradication by generating localized thermal energy that disrupts microbial structures and induces irreversible cellular damage, collectively leading to significantly improved antibacterial efficacy (Yang et al., 2021). ZIF-8 was initially used to encapsulate PdH through a simple covalent growth strategy, preserving the functionality of PdH as a hydrogen-releasing material. Subsequently, PDA was modified onto the surface of PdH@ZIF via mussel-inspired chemistry. In this system, PDA serves as an efficient NIR-absorbing agent with excellent biocompatibility and photothermal stability, facilitating PTT. Furthermore, AgNPs were deposited onto the surface of PDA through coordination forces and in situ reduction by the catechol groups of PDA. The resulting P(H)ZPAg NPs exhibit three distinct features: (i) high photothermal performance of PDA, leading to effective photothermal antibacterial therapy; (ii) hydrogen-releasing PdH-Hydride MOFs that demonstrate on-demand, controlled hydrogen release under NIR laser irradiation; and (iii) the release of Ag+ ions, which further promote bacterial death. In vitro antibacterial efficacy and in vivo wound disinfection were evaluated using Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) bacteria, as well as bacteria-bearing mouse models. The antibacterial system demonstrated enhanced antibacterial activity, offering a promising strategy in the fight against bacterial infections.
[image: Illustration depicting a process for antibacterial therapy using Pd@ZIF-8@PDA/AgNPs. It shows the synthesis steps: Pd nanocrystal combined with Zn²⁺ and 2-MIm, followed by PDA coating and AgNO₃ addition to produce Pd@ZIF-8@PDA/AgNPs. The therapy includes photothermal (PTT) and hydrogen (H₂) release mechanisms targeting bacterial infection, enhancing permeability, and releasing Ag ions. The treatment’s effectiveness is demonstrated on a mouse model with wound healing and reduction of live bacteria.]SCHEME 1 | Illustration of the P(H)ZPAg NPs synthesis and its multimode synergistic mechanism for antibacterial and promoting healing process for bacterial infected wounds.
2 MATERIALS AND METHODS
2.1 Materials
Poly (vinyl pyrrolidone) (PVP), L-ascorbic acid, 2-methylimidazolate (2-MIm), dopamine hydrochloride (DA) were purchased from Shanghai Aladdin Biochemical Technology Co. KBr, sodium tetrachloropalladate (Na2PdCl4), zinc nitrate hexahydrate (Zn(NO3)2·6H2O), sodium borohydride (NaBH4), and silver nitrate (AgNO3) were purchased from Shanghai McLean Biochemistry and Technology Co. Methylene blue, 2,5-diphenyltetra-zolium bromide (MTT), 4′,6-diamidino-2-phenylindole (DAPI), were purchased from Shanghai Macklin Biochemical Co., Ltd. Phosphate buffered saline (PBS) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay was purchased from Beijing Solaibao Technology Co. LB broth powder and agar powder were purchased from Qingdao Hi-Tech Industrial Park HaiBo Biotechnology Co. Polyformaldehyde tissue fixation solution (4%) was purchased from Biosharp Biological Technology (Anhui, China). Live & Dead Bacterial Staining Kit was provided by Yeasen Biotechnology (Shanghai) Co., Ltd.
2.2 Synthesis of Pd@Zif-8 (PZ) NPs
PZ NPs were obtained referring to reported methods (Zhang et al., 2022). In a typical synthesis of Pd nanocubes, 11 mL of an aqueous solution containing PVP, L-ascorbic acid (60 mg), potassium bromide (KBr, 300 mg), and sodium tetrachloropalladate (Na2PdCl4, 57 mg) was heated to 80°C in air under continuous magnetic stirring for 3 h. After the reaction, the solution was allowed to cool to room temperature. The resulting Pd nanocubes were isolated via centrifugation and subsequently washed three times with a water/acetone mixture. The purified Pd nanoparticles were then dispersed in 10 mL of deionized water and stored at 4°C in the dark to maintain stability. These Pd nanoparticles were subsequently encapsulated within a ZIF-8 using a previously reported method (Zhang et al., 2022). Briefly, 200 mg of zinc nitrate hexahydrate (Zn(NO3)2·6H2O) was completely dissolved in 2.8 mL of deionized water. Next, 2 mL of the synthesized Pd nanocubes solution was added to the zinc nitrate solution, and the mixture was magnetically stirred for 10 min. Next, 2 g of 2-MIm was dissolved in 8 mL of deionized water to form a homogeneous solution, which was then rapidly added to the above Pd nanocubes mixture. The combined solution was stirred continuously for an additional 12 min. The final product was washed three times with a 1:1 ethanol-water solution by centrifugation at 8,000 rpm and subsequently freeze-dried to yield PZ NPs.
2.3 Synthesis Pd@Zif-8@PDA (PZP) and Pd@Zif-8@PDA/Ag (PZPAg) NPs
Firstly, 100 mg of PZ NPs were uniformly redispersed in 20 mL of tris-buffer solution (pH 8.5) using sonication for 10 min to achieve a homogeneous suspension. Subsequently, 50 mg of DA was introduced into the solution, and the mixture was subjected to continuous stirring for 48 h to facilitate the reaction. The resulting product, denoted as PZP NPs, was thoroughly washed three times with ethanol to remove any unreacted species and then redispersed in 20 mL of methanol. Following this, 100 mL of an aqueous silver nitrate (AgNO3) solution (8 mg mL−1) was added dropwise to the suspension at room temperature, and the reaction was allowed to proceed for 1 h. The final product, PZPAg, characterized by its distinct brown coloration, was collected through washing and freeze-drying overnight to yield a stable powder.
2.4 Synthesis P(H)ZPAg NPs
A solution (5 mL) of PZPAg NPs at a concentration of 5 mg/mL, which was subsequently transferred into a 20 mL vial and securely sealed with a rubber stopper. In parallel, 100 mg of sodium borohydride (NaBH4) was measured and placed into a separate vial, which was also sealed with a rubber stopper. The two vials were then interconnected using a capillary tube. To facilitate atmospheric connection, a needle attached to a 1 mL syringe was inserted into the first vial containing the PZPAg NPs. Following this, 2 mL of a sulfuric acid solution with a pH of 5 was injected into the second vial containing NaBH4. The acidic environment induced the generation of hydrogen gas from NaBH4, which subsequently diffused through the capillary into the vial containing the Pd tetrahedrons solution. After a reaction period of 15 min, the needle and capillary were carefully removed. The vial containing the P(H)ZPAg NPs was then sealed and stored in a dark environment to prevent photodegradation, ensuring its stability for subsequent applications.
2.5 Characterization
The morphological characteristics of the samples were examined using a Hitachi HT-7700 transmission electron microscope (Hitachi, Japan). The hydrodynamic diameter and ζ-potential of the nanoparticles were quantitatively assessed using a Zetasizer Nano ZS90 instrument (Malvern Instruments, United Kingdom), providing insights into their colloidal stability and surface charge properties. Chemical composition and elemental analysis were conducted via X-ray photoelectron spectroscopy (XPS) employing an AXIS UltraDLD spectrometer (Kratos Analytical, Japan).
2.6 In vitro photothermal performance of PZPAg NPs
The photothermal characteristics of the PZPAg NPs were systematically investigated using an 808 nm fiber optic coupler. Under NIR light irradiation (808 nm, 0.75 W cm−2) for a duration of 6 min, the temperature changes of PZPAg NP dispersions at varying concentrations (0, 50, 100, 150, 200, and 250 μg mL−1) were meticulously monitored. Real-time temperature data and thermal imaging were captured using an infrared thermal camera, providing a comprehensive visualization of the photothermal response. In NIR light absorption density experiment, PZPAg NPs at a fixed concentration of 200 μg/mL were subjected to NIR light irradiation at different power densities (0.35, 0.5, and 0.75 W cm−2) for 6 min to evaluate the influence of power intensity on photothermal performance. Furthermore, the photothermal stability of the PZPAg NPs (200 μg/mL) was assessed over five consecutive irradiation cycles (808 nm, 0.75 W cm−2), demonstrating their robustness under repeated exposure. The photothermal conversion efficiency (η) was calculated in accordance with established methodologies (Cui et al., 2023):
[image: Equation for efficiency, η, is shown as a fraction. The numerator is hA multiplied by the difference between T (max, sun) and T (max, water). The denominator is I multiplied by the difference between 1 and 10 raised to the power of negative A (abs). Labeled as equation (1).]
2.7 Reductive hydrogen release measurement in solution
Prior to conducting the experiment, a standard calibration curve for methylene blue (MB) was established using a UV–vis spectrophotometer. The characteristic absorption peak of MB at 664 nm was measured for aqueous solutions of varying concentrations, and the resulting data were used to construct the calibration curve (Supplementary Figure S1). This curve served as a reference for quantifying the concentration of reductive hydrogen released during the reaction. Additionally, hydrogen-rich water was prepared as a control by saturating deionized water with hydrogen gas generated in the aforementioned reaction apparatus. To evaluate the catalytic activity of the P(H)ZPAg NPs and assess the release of reductive hydrogen from the nanohydride systems, the reduction of MB was employed as a model reaction. For this purpose, 3.4 mL of MB solution (25 µM) was combined with 50 µL of P(H)ZPAg NPs (1 mg mL−1) and 50 µL of deionized water in a sealed 1 cm quartz cuvette. In a parallel experiment, 50 µL of PZPAg NPs (1 mg mL−1) was mixed with 50 µL of hydrogen-rich water and added to an identical MB solution. The reduction process was monitored in real time by tracking the characteristic absorption of MB at 664 nm using the UV–vis spectrophotometer. Measurements were recorded continuously until the absorbance reached a steady state, indicating the completion of the reaction.
2.8 Intracellular reductive hydrogen release
The intracellular release of hydrogen (H2) from P(H)ZPAg NPs was assessed using a methylene blue-platinum (MB-Pt) probe (Chen et al., 2021). For this analysis, L929 cells were seeded into 6-well plates and incubated for 24 h. Following this, the MB-Pt probe was introduced into the co-culture system and allowed to incubate for 4 h. The culture medium was then replaced with a fresh medium containing P(H)ZPAg NPs nanohydride at a concentration of 50 μg mL−1. Additionally, the mixture was subjected to NIR light irradiation (808 nm, 0.75 W cm−2) for a duration of 6 min, to evaluate the influence of NIR irradiation. The hydrogen release was monitored at specific time intervals (0, 30, and 60 min). Observations of color changes were conducted using an inverted fluorescence microscope (Olympus, Japan).
2.9 DPPH and hydroxyl radicals scavenging activity
The in vitro free radical scavenging efficacy of hydrogels was assessed using two distinct assays: the DPPH radical scavenging assay and the hydroxyl radical scavenging assay. The DPPH radical scavenging activity was evaluated following a modified protocol (Liu et al., 2019). Briefly, 3 mL of a 100 mM DPPH solution prepared in 95% ethanol was introduced into a scintillation vial. Subsequently, NPs samples with concentrations ranging from 0.2 to 1 mg mL−1 were added to the solution. The mixture was kept in the dark for 30 min, after which the decrease in absorbance at 517 nm was measured to determine the scavenging activity. The DPPH radical scavenging activity was quantified using the following equation (Liu et al., 2019):
[image: Formula for Radical Scavenging Activity percentage: \( \left[ 1 - \frac{(\text{Ai} - \text{Aj})}{\text{Ac}} \right] \times 100\% \).]
where Ac is the absorbance of DPPH solution without particle samples, Ai is the absorbance of the sample particles mixed with DPPH solution, and Aj is the absorbance of the sample particles mixed with 95% ethanol.
The hydroxyl radical scavenging activity was evaluated using a commercially available hydroxyl radical assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), which operates on the principle of the Fenton reaction (Fu et al., 2023). According to the procedure, NPs samples of varying concentrations were incubated at 37°C for 1 min. Subsequently, Fenton reagent was introduced into each well, and the mixture was allowed to stand for 20 min. The absorbance at 550 nm was then measured using a microplate reader. A control experiment was conducted by substituting H2O2 with distilled water. The hydroxyl radical scavenging activity was quantified using the following equation:
[image: Formula for Radical Scavenging Activity in percentage equals open parenthesis A subscript zero minus A subscript one close parenthesis divided by A subscript zero, multiplied by one hundred percent.]
where A0 is the absorbance of the control, and A1 is the absorbance of the sample.
2.10 In vitro antibacterial assay
The antibacterial efficacy of the NPs was investigated against S. aureus and E. coli using the spread plate method. Luria Broth (LB) medium served as the culture medium for both bacterial strains. The experimental design comprised six groups: (1) Control, (2) P(H)Z NPs, (3) PZP NPs, (4) P(H)ZP NPs, (5) PZPAg, and (6) P(H)ZPAg. To assess the antibacterial efficacy of the nanoparticles (NPs) under photothermal conditions, a standardized bacterial suspension was prepared at a concentration of 106 colony-forming units per milliliter (CFU mL−1). A 0.1 mL aliquot of this suspension was mixed with an equal volume (0.1 mL) of the respective NP solution at a concentration of 400 μg mL−1, ensuring uniform interaction between the bacterial cells and the NPs. The mixtures were subjected to NIR laser irradiation at a power density of 0.75 W cm−2 for 6 min. Following treatment, all bacterial suspensions were incubated at 37°C for 12 h under optimal growth conditions to allow for potential bacterial recovery or further inhibition. Subsequently, the samples were serially diluted in sterile phosphate-buffered saline (PBS) to achieve appropriate countable colony densities. After an additional 24-h incubation period at 37°C, bacterial colonies were clearly visible, and high-resolution images of the plates were captured for quantitative analysis. Colony enumeration was performed using ImageJ software (National Institutes of Health, United States), employing standardized thresholding and particle-counting algorithms to ensure accuracy. The bacterial inhibition rate (%) was calculated by comparing the colony-forming units (CFUs) of the treated groups against the untreated control, providing a quantitative measure of the NPs’ antibacterial efficiency with or without NIR.
To further elucidate the antibacterial mechanisms, a live/dead staining assay was performed. After treatment, 100 μL of the bacterial suspension was transferred to a 96-well plate, and 1 μL of a dual-fluorescence dye mixture (DMAO/EthD-III) was added to each well. The plate was incubated in the dark at room temperature for 15 min. Bacterial viability was assessed using an inverted fluorescence microscope (Leica DMI4000B). Viable cells were stained green by DMAO, while non-viable or membrane-compromised cells were stained red by EthD-III. Fluorescence images were captured to quantify the proportion of live and dead cells.
2.11 Animal model
Five-week-old BALB/c mice (weighing 14–18 g) were procured from Jinan Pengyue Experimental Animal Co., Ltd. The mice were acclimatized for 7 days in standard plastic rodent cages under controlled environmental conditions prior to experimentation. To establish a wound infection model, the mice were anesthetized using pentobarbital sodium, and a circular wound (5 mm in diameter) was created on the disinfected dorsal skin using a sterile annulus. The wound was inoculated with S. aureus (100 μL, 107 CFU mL−1). The mice were subsequently divided into experimental groups and treated with various formulations, including PBS (control), NIR, PZP, P(H)ZP, P(H)ZPAg, and P(H)ZPAg combined with near-infrared irradiation (0.75 W cm−2 for 6 min), to assess their antibacterial efficacy in promoting wound healing. Wound progression was documented using a digital camera on days 0, 3, 7, and 12 post-treatments. After 12 days, the mice were euthanized, and skin tissue surrounding the wound was excised, fixed in 4% paraformaldehyde, and embedded in paraffin for histological analysis. Hematoxylin and eosin (H&E) staining and Masson’s trichrome staining were performed to evaluate tissue regeneration and collagen deposition, respectively.
To assess the in vivo photothermal performance of the P(H)ZPAg, an 808 nm fiber optic coupler (0.75 W cm−2) was employed in conjunction with a FLIR thermal imaging camera to monitor temperature changes over a 6-min irradiation period. Additionally, to quantify the antibacterial efficacy, wound tissue samples were collected from each treatment group on the third day. The bacterial solutions were serially diluted, plated onto LB agar plates, and incubated at 37°C for 24 h. Colony-forming units were enumerated using ImageJ software, and the bacterial inhibition rate was calculated.
2.12 Biocompatibility, blood compatibility, and biosafety evaluation
The in vitro cytotoxicity of P(H)ZPAg NPs was evaluated using the MTT assay. Initially, L929 cells were seeded into 96-well plates and allowed to adhere for 24 h. Following this, the culture medium was replaced with basal medium containing varying concentrations of P(H)ZPAg NPs (0–400 μg/mL). After incubation, a standard MTT assay was performed to determine cell viability. To further corroborate these findings, a live/dead cell staining assay was conducted under identical treatment conditions. Fluorescence images were acquired using an inverted fluorescence microscope (Leica DMI4000B).
For the hemolysis assay, fresh mouse blood was utilized. Red blood cells (RBCs) were isolated via centrifugation (1,000 rpm, 5 min) and washed six times with phosphate-buffered saline (PBS; 0.01 M, pH 7.4). A 0.5 mL aliquot of RBC suspension in PBS was mixed with 0.5 mL of PZ, PZP, or PZPAg NPs (400 μg/mL). PBS and deionized water served as negative and positive controls, respectively. The mixtures were incubated at 37°C for 4 h, followed by centrifugation to observe the supernatant’s color. Hemolysis was quantified by measuring the absorbance of the supernatant using an ultraviolet-visible spectrophotometer.
Biosafety was further assessed through in vivo antimicrobial experiments in mice. Body weight changes were monitored throughout the treatment period to evaluate systemic toxicity. Upon completion of the wound healing experiments, the mice were euthanized via cervical dislocation. Major organs, including the heart, liver, spleen, lungs, and kidneys, were excised and fixed in 4% paraformaldehyde. The tissues were paraffin-embedded, sectioned at 5 μm thickness, and subjected to H&E staining for histopathological analysis.
2.13 Statistical analysis
All experiments were conducted in triplicate, and the results are presented as mean values ± standard deviation (SD). Statistical comparisons between two groups were performed using the Student’s t-test. The threshold for statistical significance was set at *p < 0.05, **p < 0.01, and ***p < 0.001, with *p < 0.05 considered marginally significant, **p < 0.01 deemed highly significant, and ***p < 0.001 regarded as extremely significant. Conversely, results with *p > 0.05 were considered statistically non-significant (N.S.).
3 RESULTS
3.1 Preparation and characterization of P(H)ZPAg NPs
Palladium (Pd) is widely recognized for its high hydrogen storage capacity and excellent catalytic activity, particularly at the nanoscale (Li et al., 2014). Recent research has highlighted the potential of ZIF-8, a subclass of MOFs, in antibacterial applications due to their ability to combat bacterial infection, favorable biocompatibility, and acid-degradable properties (Yan et al., 2022). The synthesis of the P(H)ZPAg nanoplatform is outlined in Figure 1a. Initially, Pd nanoparticles (Pd NPs) were encapsulated within ZIF-8 through a one-pot reaction, creating a Pd@ZIF-8 (PZ) nanoparticles, which efficiently stores hydrogen. To enhance the functionality, a PDA shell was polymerized around the PZ structure (called Pd@ZIF-8/PDA, PZP NPs) through an in-situ polymerization of dopamine (Yang et al., 2021), providing stability and biocompatibility. Ag NPs were then integrated into the PDA layer via a redox reaction (Tong et al., 2020), forming Pd @ ZIF-8@PDA/Ag (PZPAg NPs). This combination endows the nanoplatform with additional antibacterial properties, as Ag+ ions are known to disrupt bacterial membranes. The finally P(H)ZPAg was synthesized by introducing hydrogen into PZPAg NPs solution using hydrogen-generation device. With the design, hydrogen-releasing from Pd NPs for in situ hydrogen therapy, the PDA shell exhibited photothermal bactericidal ability, and Ag+ and Zn2+ respectively released from AgNPs and ZIF-8 exhibited chemical antibacterial ability.
[image: Illustration showing the synthesis and characterization of Pd/ZIF-8-based materials. Panel (a) displays a schematic of the synthesis process involving Zn²⁺, 2-Mim, PDA coating, AgNO₃, and H₂, resulting in different materials labeled PZ, PZP, PZPAg, and PH/ZPAg. Panel (b) contains transmission electron microscopy images of these materials. Panel (c) shows a bar graph of zeta potentials for each material. Panel (d) presents an X-ray photoelectron spectroscopy graph illustrating intensity versus binding energy. Panel (e) includes an adsorption-desorption isotherm graph showing volume adsorbed versus relative pressure.]FIGURE 1 | Preparation and characterization of PZPAg NPs. (a) Schematic illustration depicting the synthesis of P(H)ZPAg NPs. (b) TEM images and (c) zeta potential of Pd NPs, PZ NPs, PZP NPs and PZPAg NPs. (d) XPS spectra and (e) N2 adsorption–desorption isotherms of PZPAg NPs.
Transmission electron microscopy (TEM) images (Figure 1b) confirmed the cubic shape and smooth surface of Pd NPs, with an average diameter of approximately 10 nm. When incorporated into ZIF-8, the diameter of PZ NPs increased in size to 240 ± 16 nm. The successful loading of Pd NPs (blue circles) into ZIF-8 was further validated by TEM. Next, a PDA shell, approximately 10 nm thick, was polymerized around PZ NPs, forming a yolk-shell structure, as seen in Figure 1b. AgNPs were then added to the surface of PZP NPs via in situ reduction of Ag+ by PDA’s catechol groups, resulting in the formation of PZPAg nanohydride. TEM images confirmed the uniform distribution of AgNPs with an average size of 26 ± 3 nm. There was no difference in morphology for P(H)ZPAg after hydrogen loading.
Dynamic light scattering (DLS) measurements showed an increase in particle size following the PDA coating (Supplementary Figure S2), which was accompanied by a shift in zeta potential from +19.9 mV to −22.8 mV (Figure 1c). This suggests that the PDA layer successfully coated the PZ NPs. Additional characterization through X-ray photoelectron spectroscopy (XPS) showed a uniform distribution of elements including zinc (Zn), silver (Ag), palladium (Pd), nitrogen (N), and oxygen (O) throughout the PZPAg NPs (Figure 1d), confirming the successful synthesis of the hydride nanoparticles.
The porosity of the core-shell catalyst was further assessed by nitrogen sorption-desorption isotherms at 77 K. The isotherm exhibited a type IV pattern, with a sharp increase in nitrogen uptake at low relative pressures, indicating microporosity (Figure 1e). The Brunauer–Emmett–Teller (BET) surface area and pore volume were calculated to be 588.4 m2/g and 0.0.337 cm3/g, respectively (Supplementary Tables S1). The decrease in both surface area and pore volume can be attributed to PDA and AgNPs on the surface, which contributes significantly to the overall mass of the core-shell structure (Kasemset et al., 2017). The promising porous structural characteristics is beneficial for hydrogen loading.
3.2 Photothermal conversion efficiency of PZPAg NPs
PDA is known for its broad light absorption spectrum, which allows it to efficiently convert absorbed energy into heat, making it an ideal candidate for photothermal therapy (Yang et al., 2021). The photothermal conversion efficiency of the PZPAg NPs was evaluated under 808 nm NIR laser irradiation. Initially, the temperature response of the PZPAg NPs solution was measured as a function of nanoparticle concentration, with a fixed power density of 0.75 W cm−2. As shown in Figure 2a, the temperature of the PZPAg NPs solution increased significantly upon exposure to 808 nm NIR light. For instance, a 250 μg/mL solution of PZPAg NPs heated from 26.1°C to 61.4°C within 6 min, demonstrating both the strong NIR light absorption and the concentration-dependent photothermal performance of the nanocomposite. The temperature increase was also tested at a fixed concentration of 200 μg/mL under varying NIR laser power densities. As shown in Figure 2b, the photothermal effect of PZPAg NPs intensified with higher laser power. At a power density of 0.75 W cm−2, the solution temperature increased by approximately 35.2°C in just 6 min, indicating the potential of PZPAg to disrupt bacterial membranes. Further real-time infrared thermal imaging (Figure 2c) confirmed that the heat generated by PZPAg NPs was sufficient to effectively kill bacteria.
[image: Five graphs showing temperature changes over time with varying conditions. (a) Line graph with different concentrations from 50 to 250 micrograms showing gradual temperature increase. (b) Line graph with different power densities showing a faster increase. (c) Image of colored dots corresponding to concentrations from 0 to 50 micrograms, with colors ranging from blue to red. (d) Line graph illustrating repeated temperature cycles at 0.75 watts per square centimeter. (e) Graph showing temperature and time decay with corresponding logarithmic data, indicating laser off point and decay rate.]FIGURE 2 | The photothermal properties of PZPAg NPs. (a) Temperature changes of PZPAg NPs solution with different concentrations (0, 50, 100, 150, 200, and 250 μg mL−1) under 808 nm laser irradiation (0.75 W cm−2) for 6 min. (b) Temperature curves of PZPAg NPs solution (200 μg mL−1) under 808 nm laser irradiation with various laser powers (0.35, 0.50 and 0.75 W cm−2). (c) Thermal images of PZPAg NPs at different concentrations after 6 min of 0.75 W cm−2 NIR irradiation. (d) Photothermal stability of PZPAg NPs at a concentration of 200 μg mL−1 over five irradiation cycles (808 nm, 0.75 W cm−2). (e) Heating−cooling curve and Plot of cooling time versus negative natural logarithm of the temperature driving force.
Additionally, the photostability of PZPAg NPs was assessed by alternating the NIR laser irradiation cycles. As seen in Figure 2d, the temperature of the PZPAg solution increased by around 34.9°C after four irradiation cycles, demonstrating good reversibility and durability for repeated photothermal therapy applications. The photothermal conversion efficiency (η) of PZPAg NPs was calculated (Equation 1) to be 36.9%, based on the heating-cooling curve and the time constant obtained from the cooling period (Figure 2e). These results confirm the effective photothermal properties and stability of PZPAg NPs for potential therapeutic applications.
3.3 Releasing reductive hydrogen and scavenging reactive oxygen species (ROS) capacity of PHZAP NPs
Pd is well-known for its high hydrogen storage capacity, as hydrogen atoms can easily integrate into its crystal lattice, forming PdH nanohydride (Li et al., 2014). This property, coupled with its catalytic activity, makes Pd a valuable material for hydrogenation reactions, especially at the nanoscale. To evaluate the hydrogen release profile of P(H)ZPAg nanohydride, we utilized a methylene blue (MB) probe, a common method for detecting hydrogen release detection and quantification (Li et al., 2023). Typically, MB is combined with platinum (Pt) nanoparticles to enhance its hydrogenation capacity, allowing for rapid detection. The fading of the blue color in the MB solution indicates the reduction of MB, and the amount of hydrogen released can be quantified by measuring the decrease in absorbance at the characteristic MB peak (664 nm).
As shown in Figure 3a, the absorbance of MB at 664 nm gradually decreased when incubated with P(H)ZPAg nanohydride at 25°C, indicating a continuous release of hydrogen over time. The degree of color fading corresponds to the amount of hydrogen released, which was tracked using UV-Vis absorbance measurements. According to the standard curve (Supplementary Figure S1), the hydrogen release profile of P(H)ZPAg nanohydride was established (Figure 3b). The results demonstrated that hydrogen was released rapidly during the first 5 h, followed by a slower release over the next 19 h, totaling about 5 μM of hydrogen at 25°C. Interestingly, the reductive capacity of hydrogen within P(H)ZPAg was significantly higher than that of hydrogen gas itself (Figure 3b). Furthermore, the hydrogen release rate from P(H)ZPAg nanohydride could be enhanced by applying NIR laser irradiation (Figure 3b). This suggests that on-demand hydrogen release can be precisely controlled by adjusting the NIR laser power density and irradiation time, which is crucial for optimizing hydrogen’s therapeutic effects. These findings highlight the potential of P(H)ZPAg nanohydride as a versatile and controllable hydrogen delivery platform for therapeutic applications.
[image: Composite scientific image with multiple panels. (a) Graph showing absorption spectra over time from 400 to 800 nm, with an inset detailing a specific range. (b) Line graph illustrating the release of reductive species in micrograms per liter over 160 hours for three samples: P(HZPAg) with NIR, P(HZPAg) without NIR, and H2O. (c) Comparison of cell images at 0, 30, and 60 minutes without and with NIR exposure. (d) Bar chart displaying DPPH scavenging inhibition rates at various concentrations, with inset images of test tubes. (e) Bar chart showing OH scavenging inhibition rates at different concentrations, also with inset images of test tubes.]FIGURE 3 | H2 release and antioxidant profile of P(H)ZPAg NPs. (a) Changes in UV-Vis spectra of MB incubated with P(H)ZPAg NPs at room temperature. (b) H2 release profile of H2 water, P(H)ZPAg NPs and P(H)ZPAg NPs with NIR irradiation. (c) Hydrogen production experiments of P(H)ZPAg NPs in L929 cells. (d) DPPH and (e) hydroxyl radicals scavenging activity of P(H)ZPAg NPs.
The intracellular hydrogen release from P(H)ZPAg nanohydride was further investigated using methylene blue-platinum (MB-Pt) as a probe (Chen et al., 2021). As illustrated in Figure 3c, following treatment with P(H)ZPAg nanohydride, the blue coloration of the cells progressively diminished over time. This fading indicates a significant increase in hydrogen (H2) release within the cells, attributed to the reduction of MB by the released H2 under the catalytic action of platinum (Pt). These observations provide clear evidence of the time-dependent hydrogen generation capability of P(H)ZPAg nanohydride in a cellular environment.
Excessive oxidative stress contributes significantly to tissue damage during bacterial infections, often leading to necrosis and impaired wound healing (Wang G. et al., 2023). Both molecular hydrogen (Jiang et al., 2024) and PDA (Yang et al., 2021) are recognized for their antioxidant properties. To evaluate the antioxidative potential of P(H)ZPAg NPs, we conducted tests using several representative ROS, including DPPH, and hydroxyl radicals (•OH). As shown in Figure 3d, the purple color of the DPPH solution gradually faded with increasing concentrations of PHZAP NPs, and the DPPH scavenging rate (Equation 2) reached 60.4% at 1 mg/mL. This indicates a significant ROS-neutralizing effect. The •OH-scavenging activity of P(H)ZPAg NPs was also examined, revealing a substantial reduction in •OH levels. At a concentration of 1 mg/mL, the •OH-scavenging rate (Equation 3) reached 94.5%, as evidenced by the visible fading of the solution (Figure 3e). Collectively, these results highlight the broad-spectrum ROS-scavenging capacity of P(H)ZPAg NPs, emphasizing their potential in mitigating oxidative stress-related tissue damage during infection and promoting wound healing.
3.4 Antimicrobial properties of P(H)ZPAg NPs
Chronic wounds are often complicated by bacterial infections, which exacerbate inflammation, promote pus formation, and delay the healing process (Falcone et al., 2021). Given the hydrogen-releasing properties of P(H)ZPAg nanohydride and its ability to convert light into heat, we investigated its antibacterial performance in vitro, targeting both Gram-positive S. aureus and Gram-negative E. coli using a plate counting method. As shown in Figures 4a,b, when tested against S. aureus, P(H)Z alone exhibited limited antibacterial activity, with a bacterial survival rate of 85.3%, likely due to the mild effect of the hydrogen released. However, when PDA was added to the P(H)Z structure, the antibacterial activity improved, particularly when exposed to NIR light. This enhancement suggests a synergistic effect between hydrogen release and photothermal PTT. The addition of AgNPs further decreased bacterial survival, likely due to the combined effects of hydrogen release and the antibacterial action of Ag+ ions. Notably, after 808 nm NIR irradiation, the bacteriostatic effect of P(H)ZPAg reached 99.3% In contrast, P(H)ZPAg without hydrogen release showed a less significant reduction in bacterial survival, indicating that hydrogen release enhanced the antibacterial efficacy by increasing bacterial membrane permeability. A similar trend was observed with E. coli, where P(H)ZPAg + NIR achieved a sterilization rate of 99.8% (Figures 4c,d). The combined effects of hydrogen and heat from PTT likely disrupted bacterial membranes, facilitating the entry of Ag+ ions, which contributed to bacterial death.
[image: A series of images and bar charts comparing bacterial viability under different conditions. Panels (a) and (c) show petri dishes with bacterial cultures under "Without NIR" and "With NIR" conditions for various treatments: Control, P(H)Z, PZP, P(H)ZP, PZPAg, and P(H)ZPAg. Panels (b) and (d) present bar charts displaying the relative bacterial viability for each treatment, with and without NIR. The charts demonstrate a decrease in viability with the addition of NIR, particularly with the P(H)ZPAg treatment.]FIGURE 4 | Evaluation of the antibacterial activity of P(H)ZPAg NPs. Plate counting assays of S. aureus (a) and f E. coli (c) incubation with different treatment. Relative percentages of bacterial remaining on S. aureus (b) and E. coli (d) after treatments.
Further validation through live-dead staining using DMAO/EthD-III demonstrated the effectiveness of P(H)ZPAg + NIR treatment (Figure 5). Bacteria in untreated groups predominantly displayed green fluorescence, indicating live cells, while those treated with P(H)ZPAg + NIR showed mainly red fluorescence, indicative of dead bacteria. These findings confirm that the multimodal approach—combining PTT, hydrogen release, and Ag+ ions—enhances the antibacterial effect, offering a promising strategy for wound healing.
[image: Fluorescence microscopy images showing cell samples in a six-column, two-row grid. Each column represents different treatments: Control, P(H) Z, PZP, P(H)ZP, PZPAg, and P(H)ZPAg. Rows depict effects without and with near-infrared (NIR) exposure. Green and red fluorescence indicates cellular activity, with different intensities across samples. Scale bars indicate two hundred micrometers.]FIGURE 5 | Live/dead co-staining of S. aureus (a) and E. coli (b) after treatments. Scale bars: 200 µm.
3.5 In Vivo wound healing analysis of P(H)ZPAg NPs
Building upon the promising in vitro antibacterial results, the in vivo therapeutic efficacy of P(H)ZPAg was evaluated using a S. aureus -infected rat wound model. The experimental setup for the in vivo studies is depicted in Figure 6a. A 5 mm diameter round wound was created on the back of mice, followed by inoculation of S. aureus (1 × 107 CFU) into the fresh wounds. After 2 days of incubation, an infected wound model was established. The animals were then treated with different formulations, including PBS, NIR, PZP, P(H)ZP, P(H)ZPAg, and P(H)ZPAg combined with NIR irradiation, to evaluate their antibacterial effects on the open wounds. First, the in vivo photothermal effect of P(H)ZPAg was assessed by monitoring the temperature at the wound sites during laser treatment. As shown in Figure 6B, the wound temperature increased sharply from 30.5°C to 48.4°C within 6 min of 808 nm laser irradiation (0.75 W cm−2), whereas the PBS-treated wound temperature only reached 34.3°C. This result supports the hypothesis that P(H)ZPAg, under NIR irradiation, function as a potent photothermal antibacterial agent in vivo. Importantly, no significant damage to the surrounding skin tissue was observed during the treatment.
[image: An experimental study in multiple panels. (a) Timeline for mouse treatment and observation over 12 days. (b) Infrared imaging of mice showing temperature changes with different treatments. (c) Wound healing progression over 12 days with images comparing control, NIR, PZP, and P(H)ZPAg treatments. (d) Photographic representation of wounds. (e) Bar graph showing relative wound area percentage over time for each treatment. (f) Bacterial growth in petri dishes under different treatments. (g) Bar graph of relative bacterial viability for each treatment.]FIGURE 6 | In vivo therapeutic efficacy of P(H)ZPAg was evaluated using a S. aureus-infected rat wound model. (a) Schematic illustration for the establishment of in vivo bacterial infections model and subsequent treatment regime. (b) Infrared thermograms and recordings of mice under laser irradiation (0.75 W cm−2) for 6 min. (c) Digital images and (d) physical analog maps, and (e) area quantification of area on different days underwent different treatment. (f) Photographs of bacterial colonies and (g) colony quantification after various treatments.
Macroscopic examination of wound healing was performed by capturing images at various time points and measuring the wound closure rates (Figure 6c). On day 3, scars were visible in all treatment groups, except for the PBS and NIR group. Over time, the scars darkened and reduced in size, indicating that bacterial infection was effectively controlled and wound healing was underway. The wound closure in the P(H)ZPAg and P(H)ZPAg groups showed significantly better healing compared to the PBS, PZP and P(H)ZP groups. By day 12, the P(H)ZPAg + NIR group showed complete wound closure, with no visible scar, indicating that the synergistic treatment led to rapid and effective sterilization. Quantitative analysis of wound area was also conducted (Figures 6d.e). After 7 days of treatment, the relative wound areas in the PBS, NIR, PZP, P(H)ZP, P(H)ZPAg, and P(H)ZPAg + NIR groups decreased to 87.8%, 80.1%, 77.1%, 58.9%, 42.1%, and 15.5%, respectively. Remarkably, by day 12, the wound area in the P(H)ZPAg + NIR group reduced to just 0.4% of the initial size, demonstrating the outstanding therapeutic potential of P(H)ZPAg NPs in promoting wound healing through the combined effects of PTT, hydrogen release, and AgNPs under NIR irradiation.
In addition, to assess the antibacterial efficacy in vivo, wound tissues were harvested on day 5 and the bacterial load was quantified using the plate counting method. As shown in Figures 6F,G, the lowest bacterial survival (0.1%) was found in the PHZAP + NIR treatment group, significantly lower than in the positive control and PHZAP-only groups. These results suggest that PHZAP NPs, when coupled with NIR irradiation, effectively eradicated S. aureus infection in vivo through synergistic antibacterial effects, leading to enhanced wound healing. Thus, PHZAP NPs represent a promising candidate for the treatment of infected chronic wounds.
3.6 In vivo histopathological analysis
To assess structural changes in the epidermis and collagen deposition during wound healing, histopathological analyses were conducted on wound tissues harvested on day 12 using hematoxylin and eosin (H&E) and Masson’s trichrome staining. As depicted in Figure 7a, the control group (I), NIR group (II), the PZP-treated group (III), and the P(H)ZP(IV) displayed substantial areas of unhealed tissue covered by scabs. Notably, large epithelial gaps (marked by black circles) and necrotic foci were observed, indicative of delayed healing and persistent tissue damage. In stark contrast, the P(H)ZPAg + NIR-treated group (VI) exhibited nearly complete epithelial regeneration, characterized by well-formed granulation tissue and the presence of skin appendages, underscoring its exceptional regenerative capacity.
[image: Cross-sectional images showing histological analysis of skin tissues under various treatments in two rows. Row (a) displays stained sections with H&E, highlighting cellular structures, while row (b) shows Masson's trichrome staining, emphasizing collagen. Both rows compare control, AuNR, PEG, Pt/PEG, Pt/PEG/Alg, and Pt/PEG/Alg+NIR groups, demonstrating structural differences and possible treatment effects.]FIGURE 7 | In Vivo Histopathological Analysis after various treatments. (a) H&E staining and (b) Masson’s trichrome-stained images of various treated abscess tissues. Scale bars: 500 and 50 µm.
Collagen deposition, a critical factor in wound healing, plays a pivotal role in maintaining structural integrity, facilitating cellular migration, and supporting the formation of a new extracellular matrix. As illustrated in Figure 7b, the P(H)ZPAg + NIR group (VI) demonstrated a more organized and dense collagen arrangement compared to other groups. This enhanced collagen organization is essential for effective extracellular matrix remodeling, thereby promoting robust skin tissue regeneration. Collectively, these findings highlight the superior wound-healing efficacy of the P(H)ZPAg + NIR treatment, further validating the remarkable potential of this multimodal synergistic therapeutic approach.
3.7 Evaluation of biocompatibility of P(H)ZPAg NPs
Biocompatibility is crucial for the successful in vivo application of therapeutic materials (Chandy, 2020). To assess the cellular compatibility of P(H)ZPAg, a series of tests were conducted using fibroblast cells (L929), including MTT assays and LIVE/DEAD viability staining. As shown in Figure 8a, cell viability remained above 85% across a concentration range from 12.5 to 400 μg/mL, indicating that P(H)ZPAg NPs did not exhibit significant cytotoxicity. LIVE/DEAD staining further confirmed this, with green fluorescence marking viable cells and red fluorescence indicating dead cells (Figure 8b). Very few red-stained cells were observed, demonstrating the excellent biocompatibility of P(H)ZPAg NPs.
[image: (a) Bar graph showing cell viability percentages across different nanoparticle concentrations. (b) Fluorescent images displaying cell density variations with increasing nanoparticle concentrations, labeled from control to 400 micrograms per milliliter. (c) Bar graph showing hemolysis ratio at various concentrations, with inset images of the respective test tubes. (d) Line graph illustrating body weight changes over 12 days for different treatment groups. (e) Histology images of heart, liver, spleen, lung, and kidney tissues under various treatments, including control, NIR, and different nanoparticle formulations.]FIGURE 8 | Evaluation of biocompatibility of P(H)ZPAg NPs. (a) MTT assays and (b) LIVE/DEAD viability staining of P(H)ZPAg NPs with different concentrations (μg mL−1). Scale bars: 200 µm. (c) Relative Hemolysis ratios of water, PBS, and Noise (d) Body weight change curves of mice in different groups as a function of time. (e) H&E-stained tissue slices from major organs (heart, liver, spleen, lung and kidney) of different treatment groups. Scale bars: 200 µm.
Additionally, hemolysis assays were performed to evaluate potential toxicity to red blood cells. Unlike the positive control group, which showed complete erythrocyte lysis, the erythrocyte suspension in the P(H)ZPAg NPs group remained clear with only minimal hemolysis (3.0%), well below the internationally accepted threshold of 5% for hemolytic toxicity (Figure 8c). These results underscore the low hemolytic potential of PHZAP NPs.
In vivo, the safety of PHZAP NPs was further confirmed through body weight monitoring (Figure 8d) and histological analysis of major organs, including the heart, liver, spleen, lungs, and kidneys, after treatment. Hematoxylin and eosin (H&E) staining (Figure 8e) revealed no adverse effects, and blood biochemistry tests indicated that all key blood markers remained within normal ranges (Supplementary Figure S3). Together, these findings validate the excellent biocompatibility and safety profile of P(H)ZPAg NPs, highlighting their potential for antibacterial and wound-healing applications in clinical settings.
4 DISCUSSION
In this study, a multifunctional antibacterial therapy nanoplatform based on PdH-hydride MOFs was developed in the treatment of bacterial infections associated with skin damage. The multifunctional P(H)ZPAg represents a significant integration of hydrogen release, PTT, and silver AgNP therapy, addressing several limitations of conventional treatments. By leveraging the synergistic effects of these three therapeutic modalities, we observed a marked enhancement in antibacterial efficacy, as evidenced by the substantial reduction in bacterial viability both in vitro and in vivo.
Hydrogen, known for its strong reducing properties and biocompatibility, has been shown to disrupt bacterial membrane permeability, facilitating the entry of antibacterial agents and promoting cellular content leakage (Wang T.-Y. et al., 2023; Wang Z. et al., 2023; Benoit Stéphane et al., 2020; Li et al., 2023). However, the low tissue permeability and poor solubility of hydrogen have historically limited its therapeutic utility (Jiang et al., 2024). By encapsulating PdH within ZIF-8 and utilizing NIR irradiation, we achieved controlled hydrogen release, which significantly enhanced the bactericidal effects of the nanoplatform. PTT is another critical component of the P(H)ZPAg nanoplatform. The use of PDA nanoparticles, which exhibit excellent photothermal conversion properties, allowed for effective heat generation upon NIR irradiation (Yang et al., 2021). This hyperthermia-induced disruption of bacterial cell membranes, protein denaturation, and DNA damage resulted in significant bacterial cell death (Chen et al., 2020). The combination of hydrogen release and PTT further amplified the bactericidal effects, as the elevated temperatures facilitated the diffusion of hydrogen into bacterial cells, thereby enhancing the overall antibacterial performance. AgNPs were also integrated into the P(H)ZPAg nanoplatform to leverage their broad-spectrum antimicrobial activity. AgNPs are known to release metal ions that interact with bacterial proteins and enzymes, generating ROS that cause structural damage to bacterial cell walls and membranes (Tong et al., 2020). The deposition of AgNPs onto the PDA surface through coordination forces and in situ reduction by catechol groups of PDA ensured a stable and controlled release of Ag+ ions, further contributing to the enhanced antibacterial efficacy.
The in vitro results demonstrated that P(H)ZPAg NPs exhibited antibacterial activity against both Gram-positive and Gram-negative bacteria, including E. coli and S. aureus. The synergistic effect of hydrogen release, PTT, and Ag + ions led to a significant reduction in bacterial viability. The in vivo results further corroborated the efficacy of P(H)ZPAg NPs. In the S. aureus-infected rat model, the PHZAP + NIR treatment group showed rapid and effective wound healing, with complete wound closure observed within 12 days. Histological evaluations confirmed minimal bacterial presence and no signs of tissue damage, underscoring the safety and biocompatibility of the nanoplatform. These results are demonstrating the therapeutic potential of combined therapies in wound healing. These findings highlight the potential of P(H)ZPAg NPs as a promising strategy for treating chronic, infection-induced wounds, offering a highly effective and safe platform for future antibacterial therapies. Looking ahead, several future research directions are essential to advance the clinical translation of the P(H)ZPAg nanoplatform. Comparative studies against current clinical standards, such as antibiotic therapies and commercial silver dressings, are necessary to benchmark its therapeutic advantages. Comprehensive biosafety evaluations, including long-term toxicity and immunogenicity assessments, will be conducted to ensure clinical safety. Mechanistic investigations using molecular profiling techniques will elucidate the pathways underlying the observed synergistic antibacterial effects. Overall, the findings suggest that PHZAP NPs represent a promising strategy for treating chronic, infection-induced wounds, offering a highly effective and safe platform for future antibacterial therapies.
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Bacterial infection, excessive inflammation, and delayed re-epithelialization are the biggest obstacles to diabetic wound healing and burn injuries. As a classic prescription, BaDuShengJi San (BDS) has been proven to accelerate chronic wound healing through anti-bacterial and anti-inflammatory mechanisms. However, there are few reports on its role in preventing the malignant progression of deep burns or accelerating deep burn wound healing. Furthermore, the powder formulation of BDS has limited application scenarios, difficult dosage control, potential environmental pollution, and contradiction with the theory of moist wound healing, which has constrained its scope of application and efficacy to some extent. To address these issues, this study developed a novel hydrogel formulation incorporating BDS using carbomer 940 as the gel matrix, glycerol as a humectant, and triethanolamine as a pH adjuster, through orthogonal design. The results demonstrated that the prepared BDS-loaded gel (BDN) exhibited excellent stability and good biocompatibility, preserving the antibacterial and angiogenesis-promoting properties of BDS while enhancing its anti-inflammatory capabilities. Additionally, BDN significantly accelerated re-epithelialization in diabetic chronic wounds and burn wounds compared to BDS, achieving superior healing quality and mitigating renal damage associated with long-term BDS application. This study provides a comprehensive strategy for accelerating wound healing in diabetic chronic wounds and deep burn injuries and offers insights into expanding the clinical application of BDS and enhancing its therapeutic effects.
Keywords: BaDuShengJi San, wound healing, diabetic wound, deep burn injury, anti-bacteria, anti-inflammation, promote re-epithelialization

1 INTRODUCTION
The prevalence of wounds poses a significant threat to human health, resulting in considerable economic burdens (Freedman et al., 2023). As the population ages and obesity rates rise, the need for effective wound management strategies has become increasingly urgent, particularly for diabetic chronic wounds. Studies have shown that 25% of diabetic patients develop chronic wounds, which are associated with higher rates of amputation and mortality (Sun et al., 2024; Yang et al., 2023; Theodore Hart et al., 2017; Armstrong et al., 2023). This underscores the importance of developing innovative and efficient wound healing treatments.
The standard clinical approach to wound treatment involves surgical debridement followed by hemostasis. The healing process is complex, encompassing inflammation, proliferation, and remodeling phases (Tang et al., 2023). However, delayed re-epithelization, excessive inflammatory reaction, and bacterial infection are the primary factors that hinder wound closure in deep burn injury and diabetic chronic wounds (Zhu S. et al., 2023; Xu et al., 2021; Zhong et al., 2022).
Re-epithelization is crucial for reconstructing the epidermal layer, involving the separation, proliferation, migration, and differentiation of epidermal keratinocytes (Martin and Nunan, 2015; Singer and Clark, 1999). This process is vital for restoring the skin’s barrier function, which is essential for maintaining internal stability and defending against external threats. In diabetic patients, hyperglycemia disrupts this process, leading to impaired angiogenesis, re-epithelialization, and collagen deposition (Armstrong et al., 2017). Due to the hyperglycemic effects associated with diabetes, wound healing in diabetic patients is characterized by lack of coordination and spatial disorganization compared to normal healing (Shao et al., 2023). Manifestations include impaired angiogenesis and re-epithelialization, degraded collagen deposition, and epithelial structural disorders (Armstrong et al., 2017). Deep burn wounds, often with extensive skin loss, face difficulties in achieving complete re-epithelization shortly and thus frequently require autologous/allogeneic skin grafting for wound coverage. However, limited skin donor sites and graft availability pose significant challenges (Wang et al., 2018; Jeschke et al., 2020; Derkenne et al., 2019).
The inflammatory phase is indispensable in wound repair, as it clears harmful substances, initiates immune responses, and provides a clean environment for tissue regeneration and wound healing (Singer and Clark, 1999; Pena and Martin, 2024). It also promotes the proliferation and differentiation of wound healing-related cells, such as fibroblasts, by releasing growth factors, creating conditions for subsequent granulation tissue formation and re-epithelization (Singer and Clark, 1999). However, persistent inflammation hinders the transition to the proliferative and tissue remodeling stages, leading to delayed wound healing and, even after healing, uneven wound surfaces and scarring (Martin and Nunan, 2015). Diabetic wounds experience chronic inflammation due to macrophage polarization dysregulation, imbalanced pro-inflammatory/anti-inflammatory cytokine expression, and increased oxidative stress, which exacerbates ischemia and hypoxia in the wound and leads to necrosis (Martin and Nunan, 2015; Chang and Nguyen, 2021; Sharifiaghdam et al., 2022; Huang et al., 2022). Deep second-degree burns, with damage to the deep dermis, often exhibit progressive worsening and require prompt surgical or medical intervention for healing. Studies have found that the post-burn inflammatory cascade leads to excessive release of inflammatory factors, causing tissue edema, ischemia, and progressive wound deepening or even necrosis (Fang et al., 2017). Therefore, controlling excessive inflammation is essential to prevent wound deterioration and accelerate healing.
Due to the loss of skin’s protective barrier, blood, exudate, and damaged tissues provide a nutrient basis for rapid bacterial growth. Bacterial infection not only enhances local inflammatory response, disrupts normal wound healing processes, but can also severely induce sepsis, threatening patients' lives (Uberoi et al., 2024). While antibiotics such as tetracycline, neomycin, and quinolones are currently used for wound healing, non-antibiotic antibacterial strategies are gaining attention due to antibiotic restrictions (Sun et al., 2024).
In summary, bacterial infection, wound inflammation, and re-epithelization are interconnected and mutually influential. Preventing wound infection, controlling excessive inflammation, and promoting re-epithelization through appropriate means can accelerate wound healing and restore skin function. Existing treatment strategies, including antibiotics (Chang and Nguyen, 2021; Liu et al., 2024), surgical debridement (Wang et al., 2018), skin grafting (Sun et al., 2014), as well as hyperbaric oxygen (Wunderlich et al., 2000), stem cells (Yu et al., 2023), growth factors (Desmet et al., 2018), have shown limited efficacy and are often costly. Therefore, there is an urgent need to develop a novel strategy for comprehensive wound treatment to accelerate the healing of chronic and burn wounds.
“BaDuShengJi San (BDS),” a traditional Chinese medicine preparation which consists of Red Ochre, Huangdan, Calomel, Calcined Calamine, Calcined Os Draconis, Insect-white Wax, Calcined Plaster, Borneol., has been documented for its detoxifying properties and promotion of tissue regeneration and wound healing in the Qing Dynasty’s “Secrets of Injury Treatment” (Cheng et al., 2023). Red Ochre and Huangdan are the monarch drugs, providing both cold and warm properties to aid in toxin expulsion and healing. Calomel acts as minister drug by promoting ulcer healing and removing necrotic tissue. Calcined Calamine absorbs dampness and prevents putrefaction, while Calcined Os Draconis stops bleeding and aids tissue regeneration. Calcined Plaster clears heat and promotes healing. Together, these ingredients act as guide drugs to reduce toxicity, and support the monarch drugs. Borneol has a pungent, bitter, cool, and clear nature. When used externally, it clears heat, alleviates pain, reduces swelling, and promotes tissue regeneration. Ceresin wax has a sweet, warm, and non-toxic nature, and excels at stopping bleeding and promoting tissue regeneration. When these two assistant drugs are combined, they assist the monarch and minister drugs in astringing wounds and promoting tissue regeneration.
BDS has demonstrated clear efficacy in expediting the healing process of chronic wounds, with numerous studies highlighting its application in the treatment of diabetic foot ulcers (Cui and Hu, 2024; Guo et al., 2018), non-lactational mastitis (Zhang et al., 2025; Xie and Dai, 2021; Cao et al., 2018), postoperative wounds associated with anorectal diseases (Wang, 2024; Xiang, 2021), refractory wounds following calcaneal fracture surgery (Yin, 2019). For example, the use of BDS, either alone or in conjunction with debridement techniques such as gradual debridement, can substantially reduce the treatment duration for diabetic foot ulcers (Cui and Hu, 2024; Guo et al., 2018). The Wnt/β-catenin and Keap1/Nrf2 pathways have been identified as being closely linked to its capacity to enhance the healing of diabetic ulcers (Wang and Li, 2023a; Wang and Li, 2023b). In cases with a high risk of postoperative wound infection and delayed wound healing, such as low perianal abscesses and simple anal fistulas, BDS can significantly decrease the length of hospital stay, mitigate postoperative pain, and markedly enhance patient satisfaction (Xiang, 2021; Chen and Zeng, 2024). Recent research has identified that the application of BDS-impregnated thread for ligation in the treatment of fistulas located in the areola region, associated with non-lactational mastitis, can significantly reduce the time required for fistula opening, expedite the healing process, and decrease both infection and recurrence rates (Zhang et al., 2025). In light of the notable efficacy of BDS in managing chronic wounds, an expert consensus on its clinical application was established in 2023, which aims to standardize the rational use of BDS in clinical practice and to provide guidance for the management of wound-related diseases utilizing BDS (Cheng et al., 2023).
The skin’s compromised barrier at the site of a burn or scald significantly elevates the risk of infectious complications. Moreover, the inflammatory cascade activated by such thermal trauma is a principal etiology in the progression of wounds, often culminating in deeper tissue injury and necrosis. Although BDS is currently utilized for various types of chronic refractory wounds, but its applications in preventing and treating acute wounds like deep burns has not been extensively reported. Modern research suggests that BDS can kill bacteria, promote granulation tissue growth, provide a favorable microenvironment for wound healing and epithelial repair, improve local tissue blood circulation, and exhibit anti-inflammatory effects (Cheng et al., 2023). These properties of BDS align with current strategies for preventing early deepening of burn wounds and accelerating their healing (Singh et al., 2007). Therefore, it is speculated that this formulation can alleviate the burn wound progressive deepening and promote the repair of deep second-degree burn wounds.
Despite the evident therapeutic effect of BDS on wounds, its clinical use as a powder formulation encounters several challenges. These include difficulty in reaching deep-seated ulcers, inconvenience in administration, large single-use dosages, the potential for heavy metal poisoning, and environmental pollution due to powder scattering (Liu et al., 2020). Furthermore, the powder formulation does not maintain a moist environment on the wound surface for an extended period, which is essential for wound healing (WINTER, 1962).
In this study, we have successfully reformulated BDS into a hydrogel, denoted as BaiDuShengJi gel (BDN), which introduces an array of advantageous attributes beyond those inherent to BDS. These improvements encompass enhanced mechanical plasticity, heightened adhesiveness, improved moisture retention capabilities, a potent drug depot function, and superior barrier properties. Furthermore, the meticulous preparation of BDN is anticipated to elevate both the safety profile and therapeutic efficacy of BDS in wound healing applications, thereby rendering it an even more viable candidate for clinical adoption (Scheme 1). The research not only broadens the clinical applicability of BDS in managing acute burn wounds and chronic diabetic wounds but also establishes a versatile framework for the modification of powder dosage forms. This approach offers a novel and promising strategy for optimizing therapeutic interventions in the realm of wound healing.
[image: Diagram showing a two-part process: Part A depicts the creation of BaDuShengJi hydrogel (BDN) by combining BaDuShengJi San (BDS) with Carbomer 940 hydrogel. Part B illustrates the effects of BDN on wound healing, highlighting re-epithelialization, anti-bacteria effects, and anti-inflammation through cytokines like IL-6 and TNF-α, and factors such as TGF-β.]SCHEME 1 | Schematic illustration for (A) the preparation of BaDuShengJi hydrogel and (B) the barrier destruction and promoting wound healing mechanisms of BDN. The picture was created by PowerPoint 2019 and Adobe illustrator 2024.
2 MATERIALS AND METHODS
2.1 Preparation and properties of hydrogels
2.1.1 The screening of matrix for preparation of BDN
Various concentrations of carbomer 940, sodium alginate and CMC-Na were prepared using ultrapure water. Centrifugal stability, homogeneity, and fluidity were used to screen the gel matrices. In addition, experiments on the mixing and formation of BDN were conducted in this section. BDS suspensions were prepared using ultrapure water, followed by the preparation of 1% carbomer 940 gel, 10% sodium alginate gel, and 5% CMC-Na gel, each containing 1 mg/mL of the drug. The changes in gel state and the dispersion of the drug within the gel were recorded.
2.1.2 The screening of humectant for preparation of BDN
Moisture retention was used to screen the optimal humectant. Two portions of the preferred BDN were prepared, and the same mass of 5% glycerol and 1,2-propanediol were added to each, respectively. The mixtures were thoroughly stirred and then transferred into Petri dishes with constant weight.
The moisture-retention Rate (%) was calculated as follows:
[image: The image shows a mathematical formula: \( S_I = \frac{(M_0 - M_I)}{M_I} \times 100\% \).]
[image: Formula for moisture-retention rate represented as "Moisture-retention rate (percent) equals open parenthesis one minus S subscript f close parenthesis times one hundred percent."]
Si: Water loss rate at the time I, M0: Total weight before drying, Mi: Total weight at the time i, Ms: Weight of moisturizing agent and water.
2.1.3 The orthogonal experimental design for the preparation of BDN
The content of carbomer 940, the dosage of BDS, pH value, and propylene glycol content in the gel were investigated, and the prescription of the gel was optimized by orthogonal design with the comprehensive sensory score as the evaluation criteria.
2.1.4 Characterization of BDN
Use a Scanning Electron Microscope (SEM) (ZEISS ULTRATM 55) to observe the internal morphology and element mapping of various hydrogel samples. An advanced rotational rheometer (ARES G2, TA Instruments, USA) was used to perform oscillatory frequency scans of hydrogel samples at 24°C to analyze the gelation process.
Swelling ratio (%): Immerse lyophilized hydrogel sample (W0) in 5 mL PBS solution (pH = 7.4). At interval time point, blot excess surface water and weigh the swollen hydrogel (Wt). Three parallel samples are used for each group. The swelling ratio (SR) is calculated by the following formula:
[image: The formula presented is for swelling ratio in percentage, represented as SR (%) = (Wₜ − W₀) / W₀ × 100%, where Wₜ is the final weight and W₀ is the initial weight.]
2.2 In vitro antibacterial test
2.2.1 Turbidity and plate count method
The Gram-positive bacteria Staphylococcus aureus (S. aureus, ATCC 8099) and the Gram-negative bacteria Escherichia coli (E. coli, ATCC 6538) were used. A total of 1 mL of bacteria (106 CFU/mL for S. aureus and E. coli) were treated with different concentrations of BDN. The in vitro antimicrobial activity of BDN against S. aureus and E. coli was assessed using the turbidity and plate count method, live/dead staining for bacteria.
2.2.2 Anti-biofilms effect of BDN
The anti-biofilm effect of BDN was studied using SEM and crystal violet staining. For biofilm culturing, an S. aureus suspension and Mueller-Hinton broth medium were placed in 96-well plates and cultured at 37°C for 24 h. The anti-biofilm effect of different concentrations of BDS and BDN extracts was incubated for 24 h. After treatment, 0.5% crystal violet solution was added to the biofilms, stained for 30 min, and washed 6 times with PBS. Lastly, the crystal violet was dissolved in methanol, and the absorbance at 595 nm was measured using a microplate reader. For SEM observation, glutaraldehyde and osmic acid solutions were used to fix the samples. Dehydrate the samples using an alcohol gradient (30%, 50%, 70%, 90%, 100%) and spray the surface with gold. Examine the anti-biofilm effect using an emission scanning electron microscope (Hitachi SU-8010).
2.3 Evaluation of anti-inflammatory performance of BDN on raw 264.7
RAW 264.7 was incubated in a 6-well plate for 24 h, followed by co-incubation with LPS and various samples for 24 h. Subsequently, RAW 264.7 cells and the supernatant were collected for Elisa experiments.
2.4 Animal models and treatments
All animal experiments were performed according to the guidelines for laboratory animals established by Zhejiang University. During the study, rats were identified solely through labeled cage boxes without any direct markings on the animals themselves. Given the relatively large surgical wounds on the rats, each cage was housed with only one individual to minimize their distress and discomfort, as well as to prevent cross-inflicted wounds from mutual scratching that could exacerbate injuries. This arrangement was implemented to ensure the reliability and stability of experimental data to the greatest extent possible.
2.4.1 Diabetic wound model
To create the type 1 diabetic model, Sprague Dawley rats (male, 6 weeks, 150–200 g) were injected with STZ (40 mg/kg) for 1 week. Rats with a blood glucose concentration of above 16.7 mM were considered as diabetic ones. Subsequently, full-layer skin wounds were established in all diabetic rats (approximately 10 mm in diameter) and grafted with saline, blank carbomer gel (KN), BDS and BDN. The wound dressing was changed every other day, digital images of wounds were acquired at different intervals (day 0, 7, 14, 21) and the wound area was calculated using ImageJ. The pathological status and healing process of wounds were evaluated by H&E staining and Masson’s trichrome staining. Keratin 10 expression was using immunohistochemical staining and CD31, α-SMA levels were determined using immunofluorescence staining. Western blot analysis was used to evaluate the anti-inflammatory activity and collagen synthesis of BDN: TNF-α, IL-10, TGF-β, IL-6, IL-1β, MMP-2/9, TIMP-1, β-actin. Skin tissues of rat wounds at day 21 were collected and used for bacterial culture by the standard plate counting assay to value the anti-bacterial activity of BDN.
2.4.2 “Comb” burn model
The “comb” burn model was established following previous reports. (Fang et al., 2017). The burn wound area occupied approximately 4% of the total body surface area (TBSA). During the operation, the breathing and heart rates of the burned rats were carefully monitored to ensure that all of the rats were under anesthesia and pain-free before being allowed to recover from the anesthesia. Twenty animals were randomly assigned to four groups: Saline, KN, BDS and BDN group. The wounds were administered therapeutic agents at a dosage equivalent to 1 mg/cm2 of BDS. In the KN group, an equivalent volume blank hydrogel of BDN was applied. The wound sites were subsequently dressed with a four-layer petrolatum gauze as the primary (inner) dressing, overlaid with a four-layer cotton gauze as the secondary (outer) dressing. Following this, the wounds were secured using an elastic bandage, which was applied with gentle compression to ensure proper adherence and stabilization. Dressing changes were performed at 2-day intervals to maintain aseptic conditions and promote optimal wound healing dynamics.
The wound area was evaluated and recorded at different intervals (day 0, 4, 8, 14, 21). Skin samples were fixed in 4% paraformaldehyde, embedded in paraffin and sectioned at a thickness of 5 μm using a rotary microtome. The pathological status and healing process of wounds were evaluated followed the detection in the diabetic wound model.
2.5 Safety evaluation
Various concentrations (4, 20, 100 μg/mL) of BDS, and BDN were co-incubated with 2% of rabbit RBC for 1 h at 37°C, water was used as the positive control while saline was used as the negative control. After centrifuging at 3,000 rpm for 10 min, the supernatant was collected and the absolution was measured at 541 nm. The hemolysis ratio (HR) was calculated following the formula:
[image: Formula for HR percentage: HR (%) equals open parenthesis OD subscript sample minus OD subscript negative control close parenthesis times 100 percent over open parenthesis OD subscript positive minus OD subscript negative control close parenthesis.]
The liver and kidney were collected for conducting the histology analysis after the 21 days’ treatment was ended.
2.6 Statistical analysis
Data analysis was performed using GraphPad Prism 8.0.2 software to calculate mean ± standard deviation (SD). Student’s t-test were used to assess significant differences between two groups, while One-way or Two-way ANOVA were used to assess significant differences when compared with more than two groups, while *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 indicating significance, and n s indicating no significance.
3 RESULTS AND DISCUSSION
3.1 Preparation and characterization of BDN hydrogel
As a macromolecular material, hydrogel can load drugs into a three-dimensional cross-linked network through physical or chemical methods. Compared with other commonly used topical dosage forms such as creams or petroleum jelly-based preparations, hydrogels offer the following advantages:
Firstly, the moist environment of hydrogels aligns better with the “moist wound healing theory” for wounds, demonstrating potential in accelerating granulation formation (Huang et al., 2024). In contrast, while petroleum jelly-based preparations can soften keratin, their poor air permeability may hinder the drainage of exudate, leading to wound maceration and anaerobic bacterial proliferation (Butko et al., 2021). The oil-water mixed system of creams is prone to loss with exudate (the water loss rate of cream bases is 3–5 times faster than that of gels), making it difficult to maintain a stable moist environment (Miastkowska et al., 2020). Secondly, Hydrogels possess strong swelling properties and the ability to absorb wound exudate (Tian et al., 2025). Although creams can promote drug penetration, their ability to absorb exudate is relatively poor, which may prolong healing time due to retained exudate. Thirdly, Hydrogels have a soft texture and are easy to remove, reducing mechanical damage and pain during dressing changes. Petroleum jelly gauze, on the other hand, tends to adhere to the wound when dry, and forced dressing changes may exacerbate injury (Wen and Shen, 2021). Fourthly, Hydrogels can optimize drug activity by adjusting pH, whereas creams or petroleum jelly-based preparations may limit drug effects due to the properties of their bases (Chen et al., 2023).
Considering the intrinsic properties of hydrogels, in addition to the bioactive drug substance-BDS, the prescription should also include gel base, humectant, preservative, and pH adjuster. Therefore, this study optimized the gel formulation using an orthogonal design to determine the optimal process for the preparation of BDN (Supplementary Table S1). As the preservative content in the gel is merely 0.1%, it has a negligible impact on the gel properties, hence preservative screening was not conducted.
Carbomer 940, sodium carboxymethyl cellulose (CMC-Na), and sodium alginate, as widely utilized gel bases, are recognized for their superior biocompatibility. Therefore, these three gel bases were given priority in the study. The experimental findings revealed that Carbomer 940 possesses superior gel-forming capabilities, enabling the formation of a uniform and refined gel at a 1% (w/v) concentration. This concentration yields a gel with moderate fluidity and viscosity, suitable as the gel base for this study. In contrast, the other gel bases, as depicted in Supplementary Figure S1, even at 10% sodium alginate and 5% CMC-Na, exhibit excessive fluidity, detrimental to drug adherence on wounds.
Humidity agents possess the capacity to adsorb and retain moisture, thereby preventing the evaporation of water from the skin surface, which in turn provides an extended humid environment for the skin or specific areas. In this study, the moisture retention of glycerol and 1,3-propanediol were evaluated. After the samples were incubated in an oven at 37°C for 48 h, the final moisturizing rate was 7.2% for the glycerol group and 5.5% for the 1,3-propanediol group. Additionally, the glycerol-enriched gel matrix was observed to be smoother, more refined, and less aerated. Hence, glycerol was selected as the preferred humectant in the BDN formulation.
To optimize the recipe of BDN, we carried out an orthogonal optimization experiment in which the concentrations of Carbomer 940, BDS, pH value, and propylene glycol as investigation factors and the comprehensive sensory evaluation as an indicator (Supplementary Table S3). An orthogonal analysis was designed to identify factors that have a significant effect on the comprehensive sensory. The orthogonal design is listed in Supplementary Tables S1, S2, and the results revealed that sample 9 achieved the highest score, whereas samples 1–3 received the lowest scores (Figure 1). The range analysis (R) of the orthogonal test results indicated that the content of carbomer 940 had the greatest impact on the gel, followed by the amount of BDS, pH value, and glycerol content. The optimal formulation for BDN, denoted as A3B3C2D1, consisted of 5% carbomer 940, 2% BDS, pH adjusted to 7.40, and 5% glycerol.
[image: Nine test tubes labeled one to nine containing different levels of orange precipitate. The ninth tube is marked with a red star.]FIGURE 1 | Appearances of the BDN hydrogel prepared with different compositions.
Stability assessments demonstrated that the formulated gel maintained its integrity post-centrifugation, with no observable stratification or liquefaction, thereby confirming its favorable centrifugal stability (Supplementary Figure S2). After a 24-h period at both 60°C (Supplementary Figure S3) and −20°C (Supplementary Figure S4), the absence of precipitation, stratification was noted, thereby attesting to the gel’s exceptional thermostability across a broad temperature spectrum. The particle size distribution of the gel was analyzed in accordance with the methodology outlined in the Chinese Pharmacopoeia (2020 edition) under General Rule 0,982, First Method. Results showed that the prepared gel was both uniform and delicate, with the majority of particles measuring less than 10 μm, significantly below the Pharmacopoeia’s stipulation of less than 180 μm for gels in suspension form (Supplementary Figure S5).
Hydrogels are constituted by hydrophilic polymeric materials soluble in water, which undergo physical or chemical crosslinking to form a three-dimensional network-like structure. Macroscopically, the SEM images of BDN exhibit a more compact and ordered honeycomb-like network compared to the blank gel group. On a microscopic scale, the gel network of the blank gel group appears relatively smooth, whereas the BDN group displays numerous minute particles embedded within or on the surface of the gel network (Figure 2A). Combining the results of elemental mapping (Figure 2A) with prior slide analysis of the BDN gel (Supplementary Figure S5), suggests that these particles are likely to be microscopic granules of the BDS powder encapsulated within the gel. The elemental mapping further reveals a uniform distribution of representative elements from the powder within the hydrogel matrix, indicating a homogeneous dispersion of the powder without significant agglomeration. Further physicochemical characterization reveals that the storage modulus consistently exceeds the loss modulus at low frequencies, confirming the formation of an elastic hydrogel network in the BDN group (Figure 2B). Swelling analysis underscores the remarkable water-absorbing capacity of BDN, capable of absorbing approximately 1200% of its own weight in water (Figure 2C). The thixotropic properties of the hydrogel were analyzed with periodic strain changes (1% or 500% strain), which indicated that the hydrogel could recover its gel phase at 1% strain after gel rupture at 500% strain (Figure 2D). These results indicating that BDN exhibited self-healing property and recover to its original structure after broken. Collectively, these data underscore the exceptional physicochemical properties of the formulated BDN, rendering it a suitable candidate as a hydrogel dressing for wound care.
[image: Panel A shows microscopic images of tissue structures in different conditions: control, BDN, and element mapping with overlays for elements like S, Zn, C, Ca, Pb, and Hg. Panel B is a graph of storage modulus (G') and loss modulus (G'') versus frequency, showing curves for KN and BDN treatments. Panel C illustrates swelling rates over time with a comparison of treatments, featuring images of the samples before and after. Panel D depicts rapid changes in G′ under different strain percentages.]FIGURE 2 | Characterization of BDN. (A) SEM images and element mapping of KN and BDN. (B) Storage modulus (G′) and loss modulus (G″) of BDN against frequency. (C) The swelling ratio (%) of BDN after being immersed in water at various times. (D) Thixotropic characterization of self-healing hydrogel at alternate strain of 1% and 500%, with angular frequency of 10 rad s-1.
3.2 Cell behavior with BDN hydrogel
The wound healing process involves the participation of various cellular activities, such as the proliferation and migration of keratinocytes and fibroblasts, as well as the involvement of endothelial cells in the formation of new blood vessels. In this section, we focused on examining the effects of BDN on several representative cellular activities related to wound healing. The results of the CCK-8 assay (Figures 3A–C) combined with live/dead cell staining (Figure 3D) showed that BDN is highly biocompatible, as over 75% of Hacat and Fb cells remain viable even at concentrations up to 100 μg/mL. Furthermore, it was observed that BDN and BDS exhibit a proliferation-promoting effect on HUVECs, consistent with literature reports that highlight the angiogenic activities of their primary constituents, calcined calamine and calcined plaster (Cheng et al., 2023). Scratch assays indicated that BDS and BDN significantly promoted the migration of the 3 cell lines, suggesting that BDS and BDN may accelerate wound healing by promoting cell migration (Figure 3E, F; Supplementary Figure S6). Tube formation assays showed that BDS and BDN significantly promoted the formation of new blood vessels, with BDN showing a stronger ability to promote angiogenesis than BDS (Figures 3G,H). The phenomenon attributed to the angiogenic potential of the carbomer gel itself, and on the other hand, it may be due to the gel’s certain degree of fibrinolytic effect on the red ochre, calcined calamine, calcined plaster contained in BDS (Cheng et al., 2023).
[image: Graphs, cell images, and wound healing assay results showing the effects of KN, BDS, and BDN treatments. Charts A, B, and C display cell viability percentages for HACAT, Fb, and HUVEC, respectively. Section D presents live/dead staining images for control, KN, BDS, and BDN mediums in three cell types. Panel E illustrates wound healing at zero hours and twenty-four hours with bar graph F quantifying the percent wound closure. Section G shows images of cell migration for treatments, with bar graph H summarizing the migration percentage. Quantitative data highlight differences in treatments with statistical significance noted.]FIGURE 3 | Cytotoxicity of KN, BDS and BDN against (A) Hacat, (B) Human Skin Fibroblasts (Fb) and (C) HUVEC cells (n = 6). The red dashed line represents a 75% survival rate. (D) Live/dead cell assay for cells treated with various samples. (Scale bar = 100 μm, concentration of hydrogel extract = 100 μg/mL). (E) BDN promoted the migration of Fb cells by cell scratch assay and (F) the quantity data of migration rate. Concentration of hydrogel extract was 100 μg/mL, n = 3. (G) Representative images and (H) quantitative analysis of tube formation of HUVECs treated with different groups, scale bar = 100 μm, n = 3. All data are presented as mean ± SD. Data were analyzed using contrast analyses following one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, No significant difference.
3.3 Antibacterial and anti-inflammation activity in vitro
Wound infection is one of the primary causes of delayed wound healing, particularly in diabetic patients where the hyperglycemic microenvironment of chronic wounds favors bacterial growth. Bacterial proliferation releases toxins and damages surrounding tissues, leading to necrosis that deprives nascent tissues of essential nutritional support on one hand, and exacerbating and perpetuating inflammatory responses on the other, thereby disrupting the normal wound healing process and delaying recovery (Yang et al., 2023; Chang and Nguyen, 2021; Uberoi et al., 2024).
The BDS and its components, such as red ochre and calomel, have been proven to possess broad-spectrum antibacterial properties (Cheng et al., 2023). In this section, the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of the prepared BDN were further measured by the microbroth dilution method. The results (Supplementary Figure S7) indicated that BDN significantly inhibited the growth of both S. aureus and E. coli, with an MIC value of 64 μg/mL and an MBC value of 128 μg/mL (Figure 4A). Since the BDS in BDN has poor solubility in water, the extraction of BDN used in this experiment was only co-incubated, diluted, shaken, and centrifuged with the medium. Therefore, considering the solubility factor, the actual MIC and MBC values of BDN should be lower. Live/dead bacterial staining (Figures 4B,C) further confirmed the comparable antibacterial capacity of BDN to BDS, demonstrating significant killing effects against both S. aureus and E. coli.
[image: A series of scientific images and graphs depict experiments and results concerning bacterial and inflammatory responses. Panel A shows petri dishes indicating bacterial growth inhibition at various concentrations. Panel B features a bar graph comparing bacterial viability among treatments. Panel C displays green and red fluorescent microscopy images showing live-dead bacterial assays. Panels D and E present microscopic images and a visual assay evaluating biofilm disruption. Panel F contains a line graph illustrating biofilm mass reduction over concentration. Panels G, H, and I are bar graphs showing levels of inflammatory markers IL-1β, TNF-α, and IL-6 across different treatments.]FIGURE 4 | Evaluation of the antibacterial effect and antiinflammation of hydrogels. (A) Images of survival bacteria clones after the treatment of BDN hydrogels. (B) The quantitation data and (C) the live/dead staining of bacteria after the treatment of hydrogels, n = 3. (×40). (D) The corresponding SEM images of Staphylococcus aureus biofilm treated with different substances. Arrows pointed to the damaged bacterial structure. (E) The crystal violet staining results of the biofilm after being treated with various substances and (F) its OD values at 595 nm (n = 4). Expression levels of (G) IL-1β, (H) TNF-α, (I) IL-6 inflammatory factors in macrophages treated with various substances for 24 h, n = 3. All data are presented as mean ± SD. Data were analyzed using contrast analyses following one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, No significant difference.
Bacterial biofilms are the major contributor to antibiotic resistance and recurrent wound infections. Firstly, biofilms impede the penetration of antibiotics or disinfectants, adsorb and inactivate certain antibiotics, thereby reducing the effective concentration of antibiotics within the biofilm. Simultaneously, the protective barrier of the biofilm allows bacteria time to adapt and develop antibiotic resistance. Furthermore, bacteria deep within biofilms often experience nutrient deprivation, leading to slow growth or even dormancy, enabling them to resist antibiotics targeting metabolic pathways through reduced metabolism. Therefore, disrupting bacterial biofilms is beneficial in reducing bacterial resistance to antimicrobials (Yang et al., 2023).
SEM (Figure 4D) revealed that most of the S. aureus cells in the control group were interconnected through a reticulated extracellular matrix (ECM) and forming large clusters, while the bacteria in BDS or BDN group were detached from the biofilm and exposed the ECM. Notably, more detached bacteria can be seen in the BDN group, indicating a stronger biofilm-disrupting ability than BDS. Additionally, SEM demonstrates that BDN significantly damages bacterial cell structures, with visible ruptures and efflux of cellular contents, suggesting that BDN exerts bactericidal effects by disrupting cell wall structures or causing imbalances in osmotic pressure across bacterial membranes. As the drug concentration in BDS and BDN groups decreases to 64 μg/mL, the interlaced filamentous ECM structures transform into a buried-like structure while the bacterial density within the ECM increases significantly, suggesting reduced disruption of the bacterial biofilm structure occurred. The crystal violet staining results (Figures 4E,F) further confirmed that BDS and BDN can significantly disrupt S. aureus biofilms at a concentration of no lower than 128 μg/mL.
Chronic inflammation is another significant factor contributing to delayed wound healing. In this study, an in vitro inflammatory model was constructed using LPS-induced macrophage polarization, and the anti-inflammatory abilities of BDN and BDS were evaluated by measuring the changes of inflammatory factor levels. The results showed that macrophages pretreated with BDN or BDS significantly alleviated or even reversed the release of various inflammatory factors, such as IL-1β, IL-6, and TNF-α (Figures 4G–I). Furthermore, BDN demonstrated stronger inhibitory effects on IL-6 and TNF-α compared to BDS, which may be partly attributed to the anti-inflammatory properties of carbomer gel itself and the interaction between carbomer and BDS (Cheng et al., 2023).
3.4 Therapeutic effects on the diabetic chronic wound healing
The favorable biocompatibility, remarkable antibacterial, anti-inflammatory, and angiogenesis-promoting properties exhibited by BDN in vitro have prompted us to further validate its ability to facilitate diabetic chronic wound healing in vivo. In this study, a full-thickness diabetic rat wound model was established (Figure 5A). Our findings revealed that both BDN and BDS significantly accelerated the wound healing process, with BDN demonstrating superior wound healing speed and quality compared to BDS. Gross observation revealed that the wound healing rate in the BDN group approached 40% on day 7 post-treatment, whereas it was approximately 20% in the BDS group. In contrast, the wound sizes in the control and KN groups remained virtually unchanged, and even slightly increased due to infection-induced necrotic, indirectly confirming the antibacterial properties of BDS and BDN (Figures 5B–D). On Day 14, significant inflammatory cell recruitment was observed in the Ctrl and KN groups, correlating with visible bacterial infections (Figure 5E). The occasional erythrocytes in the BDS and BDN groups may result from minor scab dislodgment during wound debridement before sample collection, potentially causing slight bleeding (Figure 5E; Supplementary Figure S8). Additionally, combined with K10 staining (Figure 5G), the results showed that the newly formed epidermis was significantly thicker in the BDS and BDN groups compared to the control and KN groups (Figure 5F), with a tighter attachment to the subcutaneous tissue and a more abundant stratum spinosum in the BDN group, indicating higher healing quality. Masson staining (Figure 5G) showed that both BDN and BDS promoted collagen deposition, with BDN exhibiting a more compact and uniform distribution of collagen fibers in a basketweave pattern within the dermis. CD31 and α-SMA were used to label vascular endothelial cells and smooth muscle cells, respectively. The immunofluorescence staining results revealed that the presence of mature vessels in the wounds of the BDS and BDN groups at an earlier stage (day 14), with a higher proportion of mature vessels in the BDN group. Additionally, on day 21, the density of mature vessels in the BDS and BDN groups was significantly higher than that in the control and KN groups, indicating the angiogenesis-promoting ability of BDS and BDN in vivo (Figure 5H; Supplementary Figure S10).
[image: Diagram illustrating an experiment on wound healing in diabetic mice. Panel A shows an experimental timeline. Panel B displays wound images at various stages for different treatments: Ctr, KN, BDS, BDN. Panel C presents wound size graphs over 21 days. Panel D is a bar chart comparing wound closure rates among treatments. Panel E shows histological analysis of tissue samples at different times. Panel F is a bar chart of re-epithelialization thickness. Panel G illustrates keratin 10 expression. Panel H presents fluorescence images showing cell markers. Each panel contributes to understanding the effectiveness of treatments.]FIGURE 5 | The efficiency of the BDN hydrogel on a full-thickness wound healing of diabetic rat. (A) Schematic representation of in vivo wound healing experiment process. (B) Photographs of wounds treated with different samples on day 0, 7, 14, 21. (C) Traces of wound closure over 21 days and (D) the Quantification of the wound healing rate (n = 3). (E) H&E images of wound tissue with varied treatments at different timepoint. (F) Quantitative analysis of epidermal thickness. (G) Immunohistochemical results of keratin 10 and Masson’s trichrome staining of wound tissue with different treatments on day 21, n = 3. (H) α-SMA and CD31 immunofluorescence staining for each group at different time. All data are presented as mean ± SD. Data were analyzed using contrast analyses following one-way or two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, No significant difference.
Inflammation and proteolysis are pivotal in the orchestration of tissue regenerS7ation and wound repair. To elucidate the impact of BDS and BDN on these processes, we quantified inflammatory mediators and factors associated with protein breakdown in regenerative tissues using Western blot. Our findings indicate that both BDS and BDN markedly attenuated the expression of pro-inflammatory cytokines, including IL-1β and TNF-α, while concurrently augmenting the levels of anti-inflammatory mediators, IL-10 and TGF-β. This modulation was sustained over a 14-day period, facilitating a seamless progression of the wound healing cascade from the inflammatory to the proliferative and remodeling phases (Figures 6A,C,D).
[image: Panels A and B show Western blot analyses of IL-1β, IL-10, TGF-β, TNF-α, MMP-2, MMP-9, and TIMP-1 on days 7 and 14. Panels C to F display bar graphs of relative protein levels for corresponding proteins with statistical significance indicated. Panel G presents petri dish images, and panel H provides a bar graph comparing colony-forming units. Various conditions, such as control and treatment groups, are compared, highlighting differential protein expression and colony formation.]FIGURE 6 | The representative protein levels related to inflammation or collagen formation. The Western blot results of (A) inflammation factors and (B) factors related to collagen formation in wounds. The quantitative results of (C,D) inflammation factors and (E,F) factors related to collagen formation, n = 3. (G) Representative photographs and (H) quantitative data of bacterial culture from the skin tissue of rat wounds at day 21 characterized by the standard plate counting assay (n = 3). All data are presented as mean ± SD. Data were analyzed using contrast analyses following one-way or two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, No significant difference.
Matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) play crucial roles in regulating the metabolic balance between ECM synthesis and degradation, which is closely related to wound healing and tissue remodeling. Comparative analysis with control and KN groups revealed that BDS and BDN significantly curtailed the wound tissue expression levels of MMP-2/9 at multiple time points post-treatment, and concurrently elevated TIMP-1 content. These results suggest a superior capacity of BDS and BDN to enhance tissue protein synthesis compared to the control and KN groups (Figures 6B,E,F).
Finally, bacterial cultures were performed on homogenized wound tissues from each group. The results showed that the bacterial growth was observed in both the control and KN groups, whereas BDS and BDN groups exhibited significant antibacterial effects, consistent with the results of in vitro antibacterial experiments (Figures 6B,E). Notably, the KN group exhibited a higher bacterial load and more severe infection in wound tissues compared to the control group, which explained the slowest wound healing rate and higher MMP-2/9 content related to protein degradation in the KN group (Figures 6G,H). These observations underscore the propensity for bacterial proliferation in moist environments and highlight the critical role of effective antibacterial strategies in wound management.
In conclusion, the aforementioned series of results indicate that both BDS and BDN possess the ability to accelerate chronic wound healing. However, BDN exhibits superior healing speed and quality compared to BDS, which may be attributed to the synergistic healing effect between BDS and the moist environment provided by the hydrogel.
3.5 In vivo healing performance of the BDN hydrogel in a “comb” burn model
Burns and scalds, frequent occurrences in everyday life, demand swift primary care guided by the quintessential “rinse, remove, soak, cover, and transport” approach. Concurrently, the judicious and timely use of pharmaceuticals is imperative to prevent the escalation of wound severity, avert infection, and preclude critical sequelae such as shock and sepsis. Given the remarkable antibacterial and anti-inflammatory properties of BDS and BDN previously demonstrated in chronic wounds, this section we have utilized a high-temperature brass comb to induce a deep second-degree burn model in rats and following evaluated the wound-healing effects of BDN on deep second-degree burns. A rigorous 21-day monitoring of dynamic wound progression in rats were conducted (Figures 7A,B). As depicted in Supplementary Figure S9, the successful establishment of the deep second-degree burn model was primarily determined by the histological examination. H&E staining indicated full-thickness epidermal necrosis and superficial dermal coagulation necrosis in rats. While some follicular necrosis with cystic cavitation was present, residual skin appendages remained, distinguishing these burns from third-degree burns and aligning with the characteristics of deep second-degree burns. Necrosis emerged on day 4 within the untreated control and BDS groups, while their onset was deferred to day 8 in the KN and BDN groups, implicating that the moist environment provided by the hydrogel could postpone skin tissue necrosis in the early stages of burns. Notably, the majority of the BDN group remained non-necrotic until day 14, underscoring a synergistic effect between the gel matrix and BDS contained in BDN in preventing tissue necrosis. From day 8 to day 14, the dense eschar formed by skin necrosis and coagulation, conspicuously impeded transdermal drug permeation, particularly pronounced in the BDS and control groups. On day 21, pronounced bleeding was observed upon trimming the eschar at the edges of the BDN group’s wounds, indicating that BDN could improve wound microcirculation and potentially promote angiogenesis, which was further corroborated by immunofluorescence analysis for neovascularization (Figure 7F). Conversely, significant infection and swelling were observed in the untreated control and KN groups, with the former exhibiting subcutaneous infection. Notably, the wound area in the BDN group was significantly smaller than the other three groups, and no infection occurred, demonstrating that BDN significantly accelerated healing in acute deep second-degree burn wounds (Figure 7C).
[image: Scientific study showing multiple panels:  A. Timeline of experimental procedures. B. Wound healing images over days with control, KN, BDS, and BDN treatments. C. Graph displaying percentage wound closure with statistical significance indicated. D. Histological sections showing epithelial thickness with trichrome staining. E. Bar graph of epithelial thickness. F. Microscopic images of wound sections with markers. G. Graph showing cell count per area. H. Petri dish images showing bacterial colonies under different treatments. I. Bar graph indicating the number of bacterial colonies. Statistical significance is marked with asterisks.]FIGURE 7 | In vivo healing performance of the BDN hydrogel in a “comb” burn model. (A) Schematic illustration of the experimental procedure for treating deep burn wounds. (B) Photographs of wounds on day 0, 4, 8, 14, 21 from the different treatments. (C) Wound closure rate measured by ImageJ (n = 3). (D) H&E, keratin 10 and masson staining in different treatment groups. The thickness of epidermal (E) and (G) collagen areas in different treatment groups (n = 3). (F) α-SMA and CD31 immunofluorescence staining for each group at different time. (H) Representative photographs and (I) quantitative data of bacterial culture from the skin tissue of rat wounds at day 21 characterized by the standard plate counting assay (n = 3). All data are presented as mean ± SD. Data were analyzed using contrast analyses following one-way or two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, No significant difference.
H&E staining results showed that the newly formed epidermis in the BDN group was significantly thicker than that in the other groups. Besides, BDS alone also had a certain pro-re-epithelialization effect (Figures 7D,E). Further, K10 immunostaining elucidated that BDN significantly bolstered keratinocyte differentiation and fortified the keratinocyte barrier function, surpassing BDS and KN (Figure 7D). Moreover, BDN prominently facilitated collagen deposition, with BDS also demonstrating a notable contribution in this regard (Figures 7D,G). The results of bacterial culture of wound tissues were consistent with visual observations, with obvious infections in the untreated control and KN groups, while BDS and BDN exhibited significant antibacterial effects (Figures 7H,I).
Collectively, these findings confirmed that BDN accelerates deep second-degree burn wound healing through moisture retention, antibacterial activity, promotion of wound re-epithelialization, angiogenesis, and keratinocyte differentiation.
In clinical practice, it has been observed that deep burn wounds are not usually stable and undergo a dynamic progress that results in the deepening and expansion of the initial burn area, a process defined as burn-wound progression (Fang et al., 2017). This progressive damage can induce the conversion of the burn wound from a superficial partial-thickness burn to a deep partial-thickness or full-thickness burn and the development of initially unburned skin into part of the burn wound, which will affect both the appearance and function of the affected area, imposing significant treatment and psychological burdens on patients. Researches have shown that the inflammatory cascade response following burns results in excessive release of inflammatory factors, triggering tissue edema and ischemia, which may be the primary cause of progressive deepening in burn wounds (Fang et al., 2017). Therefore, controlling the inflammatory cascade response in burn wounds is crucial for preventing their progressive deepening.
Given that progressive wound deepening typically occurs within 72 h and directly correlates with excessive inflammatory cascades at the burn site, hence, we focused on examining the levels of inflammatory factors in various groups after intervention within 72 h post-burn (Figure 8A). Both BDS and BDN exerted rapid anti-inflammatory effects by reducing the levels of TNF-α and IL-6 after 12 h of administration (Figures 8A,B). Notably, BDS, due to its direct contact with the wound, was able to decrease IL-1β levels faster than BDN. Moreover, the use of KN for moisturizing within 48 h post-burn was found to elevate IL-10 levels in the wound, aiding in suppressing the inflammatory storm and preventing wound necrosis and progressive deepening (Figures 8C,D). After 48 h post-burn, compensatory self-regulation occurred in response to the earlier inhibition of TNF-α by BDS, BDN, and KN, leading to an upregulation of TNF-α levels and a significant upregulation of the anti-inflammatory factor IL-10 (Figure 8D). Notably, the IL-10 levels in the BDN group were significantly higher than those in the other three groups. At 72 h, TNF-α, IL-6, IL-1β, and IL-10 levels in the BDN group were the first to decrease and reach a balanced state (Figure 8E). These data indicate that BDN was able to more rapidly and smoothly guide burn wounds through the inflammatory storm, preventing their progressive deepening, which is consistent with the overall wound observations.
[image: Experimental data shows protein expression levels over time. Panel A displays Western blots for TNF-α, IL-10, IL-6, IL-1β, and β-actin at 12, 24, 48, and 72 hours under different conditions (BDN, BDS, KN, Ctrl). Panels B-E are bar graphs showing relative protein levels for each cytokine at corresponding time points with statistical significance indicated by asterisks.]FIGURE 8 | The (A) Western blot results and relative protein levels of inflammation factors measured from the skin tissue of rat wounds at (B) 12 h, (C) 24 h, (D) 48 h and (E) 72 h. All data are presented as mean ± SD. Data were analyzed using contrast analyses following one-way or two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, No significant difference.
During the pathological progression of burns, macrophage polarization status undergoes dynamic evolution, generally manifesting an initial pro-inflammatory M1 phenotype post-burn, which ultimately transitions to an anti-inflammatory M2 phenotype (Zhu Z. et al., 2023). Our results revealed significantly higher M2 macrophage infiltration in the BDN group compared to the other three groups, with the BDS group showing moderate levels, and the KN group marginally higher than control (Supplementary Figure S11). These findings suggest that M2 macrophages in the BDN group exert enhanced anti-inflammatory effects within 72 h, facilitating a rapid transition of the wound environment through the inflammatory storm. This early modulation of inflammation by M2 macrophages in the BDN group also explains the subsequent superior angiogenesis and collagen deposition observed during the wound healing cascade in this cohort.
3.6 Safety evaluation
Safety is one of the most crucial evaluation metrics for drugs used in in vivo therapy. The results demonstrate that neither BDS nor BDN poses a risk of hemolysis (Supplementary Figure S12A; Supplementary Figure S12B). Kidney is one of the primary target organs for the mercury toxicity of BDS (Yanli et al., 2012), and H&E staining revealed significant dilation of renal tubules in the BDS group after 4 weeks of use, whereas this symptom was markedly alleviated in the BDN group (Supplementary Figure S12C). The formulation of BDS comprises heavy metals, including lead and mercury, which are considered essential medicinal components and constitute a distinctive characteristic of this prescription (Yanli et al., 2012; Lu et al., 2012). Existing literature indicates that the toxicity of BDS is predominantly associated with its mercury and lead content, with mercury being the principal contributor and lead serving as a secondary factor (Yanli et al., 2012). The primary organ affected by its toxicity is the kidney. Presently, there is a paucity of clinical reports addressing dermatological toxicity or allergic reactions following the administration of BDS. Consequently, this study concentrated on examining its renal toxicity. Notably, within the formulation of BDS, components such as calcined os draconis, calcined gypsum, and calcined calamine exhibit certain detoxifying properties. Specifically, calcined calamine has been shown to mitigate the mercury-induced toxicity of BDS. Zinc ions, as the main component of calcined calamine, play a role in reducing mercury-induced renal toxicity through various mechanisms, such as competitively inhibiting the binding of mercury to plasma proteins, thereby decreasing renal accumulation (Lu et al., 2011; He et al., 2012). In comparison to BDS, the renal toxicity associated with BDN was further alleviated in this study. It is hypothesized that this effect is primarily due to BDN’s enhanced dissolution of zinc ions present in BDS, which subsequently amplifies the detoxification efficacy of calcined calamine on mercury ions.
Additionally, no organic damage to the liver was detected in any of the groups (Supplementary Figure S12C). Consequently, the BDN prepared in this study not only exhibits excellent wound healing capabilities but also possesses good biosafety, mitigating renal damage associated with the long-term use of BDS.
4 CONCLUSION
In this study, we have reformulated and optimized BDS from a powder to BDN. Its efficacy in promoting the healing of diabetic chronic wounds and acute second-degree burn wounds also be investigated. Ultimately, we found that there exists a synergistic effect between carbomer gel and BDS. The prepared BDN not only retains BDS’s abilities in promoting cell migration, stimulating angiogenesis, exerting antibacterial and anti-inflammatory effects but also, due to the moisturizing properties of the hydrogel and its potential solubilizing capacity for BDS, further enhances the wound healing speed, quality, and safety. The study not only expands the clinical application scope of BDS, providing a novel tool for clinical acute and chronic wound care but also offers a general approach for the modification of powder dosage forms.
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Introduction: Diabetic foot ulcer (DFU) is one of the most common complications of diabetes, with substantial morbidity and mortality. Narirutin (Nar), a bioactive phytochemical derived from citrus peel, has been suggested to possess anti-inflammatory abilities. However, the involvement of Nar in DFU development remains poorly understood.Methods: The polarization traits of bone marrow derived macrophages (BMDMs) with indicated treatments were determined by flow cytometry, immunofluorescence staining, western blot and qRT-PCR. Levels of lactate and α-ketoglutarate were measured for investigating the metabolic profiles. The cutaneous wounds of diabetic mice were established for evaluating the promotive roles of Nar in wound healing in vivo.Results: We found that high glucose treatment significant elevated the contents of TNF-α and IL-1β and lactate and reduced the levels of TGF-β1 and IL-4 and α-ketoglutarate in BMDMs. Then, Nar intervention effectively induced BMDMs repolarization from M1 to M2 state and the molecular mechanism was ascribed to drug-elicited activation of AMPK, which in turn increased the expression of downstream Mfn2, thereby enhancing the activity of oxidative phosphorylation and GATA3 cascade activation and disrupting the progress of glycolysis and NF-κB axis activation. Subsequently, we discovered that Nar injection effectively enhanced the healing rate of skin wounds in diabetic mice. Histological analysis showed that Nar dose-dependently induced dermis growth and collagen deposition in the wound area. Via activating AMPK/Mfn2 axis, Nar inhibited the activity of glycolysis and enhanced the extent of oxidative phosphorylation, accompanied by inflammation repression and angiogenesis promotion in the damaged tissueDiscussion: Our study discovered that macrophages repolarization to M2 phenotype was required for Nar-induced promotive effects on diabetic wound repair by regulating reprogramming of glucose metabolism via mediating AMPK/Mfn2 pathway, providing a promising strategy for DFU management. Keywords: diabetic foot ulcer, narirutin, macrophage, metabolic reprogramming, AMPK, inflammation
1 INTRODUCTION
Epidemiological data have established that the global incidence of diabetes is increasing year by year, with nearly 30% of patients developing diabetic foot ulcer (DFU), which is associated with poor prognosis and a high death rate (Armstrong et al., 2023). Approximately one-third of individuals with a DFU will experience a severe infection and even a lower extremity amputation, which puts a huge burden on the social economy and health (Evstratova et al., 2024; Spampina et al., 2020). Due to the limited effects produced by current treatment modalities like surgical debridement, antibacterial dressing, and biomaterial applications, seeking alterative and complementary agents with high efficiency and safety to antagonize DFU is urgent (Li et al., 2023; Petric et al., 2025; Szunerits et al., 2025).
Typically, the healing process of acute skin wounds can be divided into four sequential steps: hemostasis, inflammation, proliferation, and remodeling. It has been shown that macrophages play pivotal roles during the course of wound repair (Mao K. et al., 2025). In the inflammation stage, under the stimulation of pro-inflammatory factors, macrophages are recruited to the damaged area where they phagocytize invaded pathogens and cellular debris and secrete multiple cytokines to augment inflammation responses for accelerating the elimination of exogenous microbes and injured tissues. Then, at the proliferation phase, macrophages are transformed from M1 to the anti-inflammatory M2 phenotype for confining the inflammation extent and releasing diverse growth factors, thereby enhancing the process of tissue repair (Xiong et al., 2023; Li et al., 2021). However, in the diabetic microenvironment, several pathological factors, like hyperglycemia, hypoxia, and pH abnormality, hamper the M2 phenotype repolarization of macrophages, which cause local inflammation exacerbation and pro-proliferative cytokine deficiency, ultimately leading to angiogenesis dysfunction and delayed healing of diabetic wounds (Wu et al., 2022).
It has been shown that metabolites in vivo are closely associated with the processes of immune regulation (Zhu et al., 2021). Lactate, as a main product from the glycolytic pathway, is reported to participate in the pro-inflammatory reactions of M1 macrophages (Feng et al., 2022). α-Ketoglutarate (α-KG) is an intermediate metabolite of oxidative phosphorylation (OXPHOS) and acts as a pivotal anti-inflammatory effector in M2 macrophages (Zhou et al., 2022). There is evidence that activity changes in the metabolic pathways like inhibition of glycolysis and enhancement of oxidative phosphorylation, which are termed as metabolic reprogramming, are indicated to be implicated in the inflammation resolution of macrophages (Faas et al., 2021). Previous studies have shown that AMP-activated protein kinase (AMPK) serves as an important intracellular energy sensor responsible for the anabolism and catabolism of glucose and lipid. Mitofusin 2 (Mfn2) locates in the mitochondrial outer membrane and takes part in the regulation of mitochondria fusion and fission to maintain physiological functions of the organelle (Zhang et al., 2021). Isolated from citrus fruits, narirutin (Nar) is found to be a bioactive phytochemical possessing potent anti-inflammatory and anti-oxidative capacities (Luo et al., 2024; Gao et al., 2025). It was uncovered that Nar restrains NLRP3 inflammasome assembly and IL-1β generation of macrophages via abrogating NF-κB, MAPK, and PI3K/Akt cascades (Ri et al., 2023). To date, whether Nar suppresses the inflammation development in macrophages through regulating metabolic reprogramming remains unclear. In this study, we discovered that Nar effectively strengthened oxidative phosphorylation and encumbered glycolysis by activating the AMPK/Mfn2 signaling axis, thereby increasing α-KG levels and reducing lactate, which were accompanied by the alleviation of inflammation in macrophages and enhanced angiogenesis.
2 MATERIALS AND METHODS
2.1 Reagents
Nar (purity >99.8%) was obtained from MedChemExpress (Monmouth Junction, NJ, United States) and was dissolved in dimethyl sulfoxide (DMSO, St. Louis, MO, United States). Cell Counting Kit-8 was purchased from Boster Biological Technology Co., Ltd. (Wuhan, China). The calcein/PI cell viability/cytotoxicity assay kit and the 5-ethynyl-2′-deoxyuridine (EdU) cell proliferation kit were acquired from Beyotime (Shanghai, China). Flow cytometry anti-CD11b (FITC), anti-F4/80 (APC), anti-CD86 (PE), and anti-CD206 (PerCP) were purchased from BioLegend, Inc. (San Diego, CA, United States). Anhydrous D-glucose was obtained from Solarbio Science & Technology Co., Ltd. (Beijing, China). The AMPK inhibitor Compound C was acquired from Selleck (Houston, Texas, United States). The reagent for blood biochemistry was purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The Lactic Acid Content Assay Kit and the α-KG Content Assay Kit were purchased from Solarbio (Beijing, China). The Lipofectamine 3000 kit was obtained from Life Technologies (Carlsbad, CA, United States). Matrigel Matrix was purchased from Corning, Inc. (NY, United States). Primary antibodies for arginase 1 (Arg-1), inducible nitric oxide synthase (iNOS), TNF-α, TGF-β1, AMPK, p-AMPK, Mfn2, carnitine palmitoyl-transferase 1A (CPT-1A), isocitrate dehydrogenase 3 (IDH3), lactate dehydrogenase (LDH), p65, p-p65, and GATA binding protein 3 (GATA3) were obtained from Cell Signaling Technology (Danvers, MA, United States). Primary antibodies for CD86, CD206, proliferating cell nuclear antigen (PCNA), p21, matrix metalloproteinase-9 (MMP-9), tissue inhibitor of metal protease 1 (TIMP-1), vascular endothelial growth factor receptor 2 (VEGFR2), PI3K, p-PI3K, Akt, p-Akt, hypoxia-inducible factor-1α (HIF-1α), cytochrome c oxidase subunit 4 (COX IV), and GAPDH were purchased from ABclonal (Wuhan, China). The reverse transcription kit and SYBR-Green PCR Master Mix were purchased from Vazyme Biotech Co., Ltd. (Nanjing, China).
2.2 Cell culture
Bone marrow-derived macrophages (BMDMs) were acquired as previously reported (Li et al., 2019). In brief, the femur and tibia were obtained from healthy male C57BL/6 mice aged 6 weeks. Bone marrow cells were collected by rinsing the marrow cavity, and they were resuspended in RPMI-1640 supplemented with 10% fetal bovine serum and 40 ng/mL murine recombinant M-CSF. After being cultured for 7 days in a 37°C incubator with 5% CO2, the cells differentiated into BMDMs, which were then used for the following experiments.
Human umbilical vein endothelial cells (HUVECs) were obtained from the American Type Culture Collection (Rockville, MD, United States) and maintained in RPMI-1640 containing 10% fetal bovine serum. The culture medium was renewed every 2 days, and cells at the logarithmic growth stage were collected for in vitro experiments.
2.3 CCK-8 assay
The Cell Counting Kit-8 was applied to detect the viability of BMDMs in accordance with the manufacturer’s protocols. The BMDMs were seeded into a 96-well plate at a density of approximately 6 × 103 cells per well. Then, they were co-incubated with different concentrations of Nar (0, 50, 100, 200, and 400 μM) for a duration of 24 h. A volume of 10 μL CCK-8 dye solution was added to each well, and the plate was maintained at 37°C for 2–4 h. The absorbance value at a wavelength of 450 nm was measured using a microplate reader.
2.4 Live/dead staining
To further determine the cytotoxicity of Nar on BMDMs, cells were co-cultured with Nar in a 96-well plate for 24 h. Then, the samples were washed with PBS and stained with calcein AM and PI for 30 min at 37°C in the dark. The images were captured using a fluorescence microscope.
2.5 Flow cytometry
BMDMs were distributed into individual wells of a 6-well plate and exposed to varying concentrations of high glucose (HG) (0, 15, 30, and 45 mM) with/without incubation with Nar for 24 h. Subsequently, cells were collected, washed with ice-cold PBS, and treated with an unlabeled anti-CD16/32 antibody to block Fcγ3 peptide. Cells were then stained with CD11b, F4/80, CD86, and CD206 diluted in FACS buffer for 30 min at 4°C. Samples were acquired using the LSRFortessa X-20 cytometer, and data analyses were performed using FlowJo software.
2.6 RNA interference assay
The small interfering RNA (siRNA) sequences targeting Mfn2 were synthesized by GenePharma (Shanghai, China). BMDMs were cultured into a 6-well plate at a concentration of 106 per well. Then, Lipofectamine 3000 and opti-minimum essential medium were used for transfection. The Mfn2 siRNA sequences were shown as follows: Mfn2-siRNA Forward (5′−3′) GCG​GGU​UUA​UUG​UCU​AGA​AAU​TT, Reverse (5′−3′) AUU​UCU​AGA​CAA​UAA​ACC​CGC​TT.
2.7 The 5-ethynyl-2′-deoxyuridine incorporation assay
HUVECs were seeded into a 24-well plate and co-incubated with BMDMs pretreated with varying dosages of HG. Then, EdU working solution was added to each well for 2 h. The HUVECs were washed with PBS and fixed with 4% paraformaldehyde for 30 min. Subsequently, the nuclei were stained with Hoechst33342 for 30 min. After being washed thrice, the cells were examined under a fluorescence microscope.
2.8 Cell scratch test
HUVECs were cultured into the lower chamber of a 6-well plate and scratched with a sterile 1-mL pipette tip. Then, the cells were exposed to the stimulation of BMDMs pretreated with HG in the upper chamber. After 24 h of incubation, HUVECs were photographed, and the remaining wound area was measured using ImageJ software.
2.9 Transwell migration assay
The 24-well culture plates inserted with 8-μm-pore-sized filters were used to evaluate the cell migratory ability. HUVECs (1 × 104) were suspended in low-serum (5% fetal bovine serum) medium and plated into the upper chamber. BMDMs suspended in complete medium (10% fetal bovine serum) were seeded into the lower chamber. After being cultured for 24 h, HUVECs migrated on the bottom side of the filter were fixed and stained with 0.5% crystal violet, and then they were captured using an optical microscope.
2.10 Tube formation assay
For the tube formation detection, 250 μL of cold Matrigel was added to each well of a 24-well plate and maintained at 37°C for 1 h. Subsequently, HUVECs (2 × 104 per well) were plated on the Matrigel-coated plate and co-incubated with BMDMs in the upper chamber for 24 h. The tube length and total branch points were observed using an inverted microscope and assessed using ImageJ software.
2.11 Animal experiment
Male C57BL/6 mice aged 6–8 weeks were obtained from Vital River Laboratory Animal Technology Co. Ltd. (Beijing, China). Animals were maintained under specific pathogen-free conditions with a 12-h light–dark cycle, and food and water were provided ad libitum. The mice were fed with a high-fat diet for 4 weeks, accompanied by intraperitoneal administration of streptozotocin (60 mg/kg/day) for 5 days to establish the diabetes model. After the concentration of the random blood glucose exceeded 16.8 mmol/L in two measurements, the mice were selected for the next experiment. Mice were then anesthetized by intraperitoneal injection of pentobarbital sodium (50 mg/kg), and full-thickness excisional skin wounds were made on the dorsum. The animals were randomly allocated and marked with noninvasive skin dying (Klabukov et al., 2023; Sensini et al., 2020) and then received a total of 100 μL PBS, low-dosage Nar (60 mg/kg in 100 μL PBS) or high-dosage Nar (120 mg/kg in 100 μL PBS) injection subcutaneously in four sites adjacent to the wound. After injection, the wounds were covered with transparent dressings (Tegaderm™; 3M™; United States) and photographed at days 0, 3, 7, 10, and 14 post-wounding. The area of wound closure was assessed using ImageJ software. On day 14, mice were sacrificed, and the skin tissues and internal organs were harvested for further analysis. All animal studies were approved by the Institutional Animal Care and Use Committee of the Tongji Medical College, the Huazhong University of Science and Technology (IACUC number: 3936), and studies were performed in accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals.
2.12 Blood perfusion determination in the wound site
On day 10 post-operation, the laser speckle contrast imaging system was used to measure the local blood flow in the wound region. A near-infrared laser at 785 nm was applied to detect blood perfusion, which was termed as the perfusion unit. The wounds were imaged at a fixed distance, and the mean perfusion unit (MPU) ratio was calculated by comparing the MPU of the wound area with that of the area surrounding the wound.
2.13 Histopathological analysis
On day 14, wound tissue samples were collected, fixed in 4% paraformaldehyde, and then dehydrated and embedded in paraffin. The paraffin samples were cut into 4-μm-thick sections, which were subjected to hematoxylin−eosin (HE)/MASSON staining as previously described. For immunohistochemistry, the skin wound sections were rehydrated and incubated with antibody against CD31. Subsequently, the sections were incubated with secondary antibody and visualized using the DAB substrate under an optical microscope.
2.14 Blood biochemical test
The blood samples of mice were collected on day 14, which were then centrifuged, and the upper serum was obtained. The levels of AST, ALT, and Cr were detected using kits from Nanjing Jiancheng Bioengineering Institute, according to the manufacturer’s protocols.
2.15 Immunofluorescence staining
The fixed BMDMs were permeabilized with 0.3% Triton X-100, blocked in 1% BSA, and then incubated overnight with anti-Arg-1 and anti-iNOS at 4°C. The samples were washed with PBS thrice and stained with fluorescence-conjugated secondary antibodies. The nuclei were incubated with DAPI, and the images were captured using a fluorescence microscope.
2.16 Quantitative real-time PCR
Total RNA was extracted from BMDMs, HUVECs, and skin wound tissues using TRIzol reagent. The HiScript III RT Super-Mix was used to reverse-transcribe the RNA into cDNA, following the manufacturer’s instructions. Real-time PCR was executed using a Light-Cycler 480 II with 2x SYBR Green qPCR Mix. The 2−ΔΔCT method was used to quantify relative mRNA expression, and GAPDH was used to normalize mRNA levels. Primer sequences are listed in Table 1.
TABLE 1 | Primer sequences for qRT-PCR
[image: A table displays genes with corresponding forward and reverse sequences. Genes listed include Arg-1, iNOS, TNF-α, IL-1β, TGF-β1, and others. Each gene is associated with specific nucleotide sequences under the headers "Forward" and "Reverse."]2.17 Measurement of metabolite lactate and α-KG
After treatment, BMDMs and wound tissues were collected and used for detecting the quantity of endogenous lactate and α-KG using the Lactic Acid Content Assay Kit and α-Ketoglutaric Acid Content Assay Kit, according to the manufacturer’s protocols.
2.18 Western blot
The total proteins and mitochondrial proteins from cells and tissues were extracted using kits from Beyotime, according to the protocols. After quantification, protein samples were separated using 10% SDS-PAGE and then transferred onto polyvinylidene difluoride membranes. Then, membranes were blocked with 5% BSA at room temperature for 1 h, followed by incubation with primary antibodies at 4°C overnight. Subsequently, membranes were washed thrice with Tris-buffered saline−Tween 20 and incubated with corresponding secondary antibodies for 1 h at room temperature. The protein bands were visualized using the electrochemiluminescence kit, and the gray values of the bands were quantified and analyzed using ImageJ software.
2.19 Statistical analysis
The data in this study were presented as the mean ± standard deviation (SD) and were analyzed using GraphPad Prism software (version 8.0.1; San Diego, CA, United States). Statistical analyses of multiple groups were accomplished using one-way ANOVA, followed by Tukey’s post hoc test. P-values < 0.05 were considered statistically significant.
3 RESULTS
3.1 HG stimulated inflammatory responses and altered the activities of glycolysis and OXPHOS
To observe the effects of the high-glucose microenvironment on regulating the inflammatory responses in macrophages, we treated the BMDMs with HG for 24 h and found that the percentage of the M1 phenotype was increased and the proportion of the M2 phenotype was reduced, as indicated by elevated levels of CD86 and iNOS and decreased levels of CD206 and Arg-1 (Figures 1A–C). Then, we discovered that the pro-inflammatory cytokines TNF-α and IL-1β showed increased concentrations, whereas the anti-inflammatory cytokines TGF-β and IL-4 showed reduced contents in BMDMs under HG stimulation (Figures 1C,D). In addition, the level of metabolite lactate in the glycolysis pathway was decreased, and the content of metabolite α-KG in the OXPHOS was increased in HG-irritated BMDMs in a dose-dependent manner (Figure 1E). These results showed that HG administration significantly induced macrophages to polarize to the M2 status, accompanied by the inflammation response progression.
[image: Panel A shows flow cytometry data for CD86 and CD206 expression across different glucose concentrations, with significant differences marked. Panel B includes immunofluorescence images of iNOS expression under varying glucose conditions with quantified fluorescence intensity. Panel C presents Western blot data of TNF-α, CD86, CD206, and TGF-β1 expression. Panel D displays bar graphs of TNF-α, IL-1β, TGF-β1, and IL-4 mRNA expression across conditions. Panel E shows graphs of protein levels for TNF-α, CD86, CD206, and TGF-β1, indicating significant changes.]FIGURE 1 | Effects of HG on the inflammation responses in macrophages. (A) Flow cytometry analysis showed the phenotype profiles of macrophages induced by different dosages of HG. (B) The levels of Arg-1 and iNOS in HG-stimulated BMDMs were determined through immunofluorescence staining (scale bar: 200 μm). (C) Western blot analysis showed that there was an increase in the levels of TNF-α and CD86 and a reduction in the contents of CD206 and TGF-β in the macrophages triggered by HG in a dose-dependent manner. (D) Relative mRNA expressions of pro-inflammatory factors and anti-inflammatory biomarkers. (E) HG dose-dependently increased the level of lactate and decreased the level of α-KG in macrophages. The experiments were performed independently thrice. *p < 0.05, **p < 0.01, and ***p < 0.001.
3.2 Narirutin induced phenotype repolarization of macrophages stimulated by HG
The chemical structure of Nar, which included flavanone naringenin bound to the disaccharide rutinose, is shown in Figure 2A. We evaluated the cytotoxicity of Nar and found that the viability of BMDMs was unchanged after the incubation with varying dosages of Nar (0–400 μM) for 24 h, as indicated by the results of the CCK-8 test and calcein AM/PI staining (Figures 2B,C). To investigate the regulatory roles of Nar in the inflammatory status of macrophage, Nar was administered to BMDMs with simultaneous HG incubation for 24 h. Our findings revealed that different concentrations of Nar promoted M1 macrophage repolarization to the M2 phenotype, as evidenced by the reduced expressions of iNOS, CD86, TNF-α, and IL-1β and increased levels of Arg-1, CD206, TGF-β, and IL-4 (Figures 2D–F). Results of Western blot indicated that HG-triggered elevation in TNF-α and CD86 levels and reduction in TGF-β and CD206 contents were reversed by Nar intervention in a dose-dependent way in BMDMs (Figure 2G). Then, we observed that Nar significantly alleviated HG-induced increase in lactate content and decrease in α-KG content (Figure 2H). Moreover, AMPK participating in glucose metabolism was observed to possess increased activity in the presence of Nar treatment. The decreased expression of Mfn2, which was involved in mitochondrial homeostasis in HG-primed macrophages, was enhanced by Nar administration (Figure 2I). Our results suggested that Nar treatment effectively weakened inflammation responses and affected glucose metabolism pathways in macrophages.
[image: A multi-panel scientific figure displays various experimental data. Panel A shows a molecular structure diagram. Panel B presents a bar graph comparing OD values for different concentrations of a substance. Panels C and D feature fluorescence imaging of cells with different treatments, highlighting expression levels of specific markers. Panel E includes flow cytometry plots for CD86 and CD206 markers. Panel F displays bar graphs and blots illustrating relative gene expression levels of inflammatory markers. Panel G shows Western blots and bar graphs for protein expression. Panel H presents additional Western blot analyses for protein markers. Panels are denoted with statistical significance symbols.]FIGURE 2 | Nar treatment effectively attenuated inflammation in HG-stimulated macrophages. (A) Chemical structure of Nar. (B,C) Effects of Nar on viability of BMDMs were detected using the CCK-8 test and calcein/PI staining (scale bar: 200 μm). (D) BMDMs were incubated with HG (45 mM) in the presence of Nar with different doses (0, 80, and 160 μM) for 24 h. The levels of Arg-1 and iNOS in each group were detected through immunofluorescence staining (scale bar: 200 μm). (E) Flow cytometry analysis of macrophages with indicated treatments. (F) The results of qRT-PCR showed that Nar reduced the mRNA expression of pro-inflammatory factors and elevated the mRNA expression of anti-inflammatory molecules. (G) Nar dose-dependently decreased the protein levels of TNF-α and CD86 and elevated the protein contents of CD206 and TGF-β in macrophages. (H) The production of lactate and α-KG in BMDMs was reduced and increased separately after Nar treatment in a dose-dependent fashion. (I) AMPK phosphorylation and Mfn2 expression were evaluated using Western blot; n = 3; *p < 0.05, **p < 0.01, and ***p < 0.001.
3.3 Nar induced metabolic reprogramming to trigger inflammation amelioration
It was illustrated that Mfn2 displayed crucial roles in maintaining the biological functions of mitochondrion, and AMPK was reported to be an upstream regulator of Mfn2, participating in multiple pathophysiological processes (Zhang et al., 2021). Herein, to assess whether Nar altered the glucose metabolism pathway by regulating the AMPK/Mfn2 signal cascade, the BMDMs were co-incubated with Nar and HG simultaneously in the absence/presence of Compound C or si-Mfn2 for 24 h. We discovered that both Compound C and si-Mfn2 administration abolished Nar-induced reduction in lactate levels and elevation of α-KG content in macrophages (Figure 3A). Then, LDH responsible for the glycolysis process was found to be upregulated after the intervention of Compound C or si-Mfn2. Of note, the expressions of mitochondrial CPT-1A, IDH3, and succinate dehydrogenase (SDH) acting as rate-limiting enzymes of the OXPHOS process were observed to be unchanged in Nar-induced macrophages supplemented with Compound C or si-Mfn2 treatment at the transcriptional level but were significantly suppressed at the translational level (Figures 3B,C).
[image: Bar graphs and western blot panels showing the effect of Nar, Compound C, and si-Mfn2 on various proteins and mRNA levels in cells. Panels (A) to (H) display quantitative changes in proteins like LDH,  mCPT-1, mIDH3, and mCOV IV, and mRNA for genes such as TNF-α, iNOS, and TGF-β1. Significant differences are marked with asterisks, indicating statistical relevance between treatments.]FIGURE 3 | Effects of AMPK inhibition and Mfn2 silencing on the glucose metabolism and inflammation response of Nar-treated macrophages. (A) Both HG (45 mM) and Nar (160 μM) were incubated with BMDMs in the presence of PBS, Compound C, or si-Mfn2, respectively, for 24 h. Relative levels of lactate and α-ketoglutaric acid in each group. (B) The mRNA expressions of LDH, CPT-1A, IDH3, and SDH were determined using qRT-PCR. (C) The protein levels of LDH, mitochondrial CPT-1A, and mitochondrial IDH3 were detected using Western blot. (D) Results from qRT-PCR showed that Compound C or si-Mfn2 intervention reversed Nar-induced suppression of TNF-α and IL-1β levels and inhibited Nar-triggered elevation of TGF-β and IL-4 levels in macrophages. (E) Western blot analysis showed that the protein levels of M1-related biomarkers and M2-related molecules were increased and reduced separately in BMDMs after Compound C or si-Mfn2 administration. (F) The activities of NF-κB and GATA3 expressions were measured using Western blot. (G,H) The expressions of AMPK and Mfn2 at the transcriptional and translational levels were detected using qRT-PCR and Western blot, respectively; n = 3; *p < 0.05, **p < 0.01, and ***p < 0.001.
Considering that glycolysis and OXPHOS dominate the glucose metabolic pathway in M1 and M2 phenotypes of macrophages, respectively, strategies targeting metabolic reprogramming had been proven to be efficient in regulating inflammation responses in macrophage (Faas et al., 2021). Then, to probe the effects of the AMPK/Mfn2 axis-related alteration in metabolic pathways on Nar-evoked inflammation relief in macrophages, the key cytokines and inflammatory signaling cascades were detected. As shown in Figures 3D,E, after the administration of Compound C or si-Mfn2, the contents of TNF-α and IL-1β were increased and the levels of TGF-β and IL-4 were decreased, accompanied by the elevated expressions of M1 biomarkers CD86 and iNOS and reduced expressions of M2 biomarkers CD206 and Arg-1. Additionally, our results indicated that the increased activity of the pro-inflammatory signal factor NF-κB and decreased expression of the anti-inflammatory signal molecule GATA3 were observed in Compound C- or si-Mfn2-treated BMDMs (Figure 3F). We further determined the interaction between AMPK and Mfn2 and discovered that Compound C intervention suppressed the expression of Mfn2 at both the transcriptional and translational levels, whereas si-Mfn2 failed to alter the expression and the activity of AMPK, indicating the upstream regulatory roles of AMPK in Mfn2 expression (Figures 3G,H). Considering the abovementioned results, we had reasons to believe that the mechanisms underlying Nar-elicited anti-inflammatory effects were to some extent attributed to the metabolic reprogramming induced by the AMPK/Mfn2 signal cascade.
3.4 Nar-induced anti-inflammatory effects improved the pro-angiogenic abilities of HUVECs
It has been demonstrated that inflammation acts as a pivotal pathogenic factor antagonizing the development of angiogenesis. To verify whether Nar alleviated the inhibitory angiogenic functions of HUVECs induced by HG-triggered macrophages, HUVECs were co-incubated for 24 h with BMDMs pretreated with indicated administrations. Our findings revealed that the proportion of EdU + cells was increased after the addition of Nar to the HG niche, whereas a remarkable decrement under the treatment of Compound C was observed (Figure 4A). Meanwhile, the results from the wound scratch and transwell migration assay indicated that Nar administration markedly accelerated the rate of cell scratch closure and enhanced HUVEC mobilization to the lower chamber when compared to the HG stimulation alone, but these effects were inhibited by Compound C intervention (Figures 4B,C). In addition, there was an enhancement in the tube formation ability of HUVECs in the Nar group, which then was restrained in the Compound C group, as indicated by the number change in tube branch points (Figure 4D). In terms of the bioactive molecules involved in angiogenesis, we found that Compound C dramatically abolished the Nar-evoked expression elevation of PCNA, HIF-1α, MMP-1, and MMP-9, which acted as positive regulators of angiogenesis. The expressions of anti-angiogenic factors p21 and TIMP-1 were prohibited by Nar intervention but were obviously enhanced by Compound C (Figures 4E–G). To further investigate the molecular mechanisms required for angiogenesis in HUVECs, we observed that Nar administration markedly increased the expression of VEGFR2, followed by the activation of the PI3K/Akt axis and then the elevation of the HIF-1α level, yet this pathway was inhibited after Compound C intervention (Figure 4H). Our results suggested that Nar was likely to exhibit pro-angiogenic effects by switching the M1-related inflammatory niche to the M2-related regenerative microenvironment formed by macrophages.
[image: Multiple panels labeled A through H display scientific data from cellular and molecular biology experiments. Panel A shows cell staining images with graphs indicating cell growth comparison. Panel B includes photos of wound healing assays at different times, accompanied by a graph. Panel C features images and graphs of cell invasion assays. Panel D presents migration assay images. Panels E and F contain bar graphs comparing relative mRNA expression levels of different genes. Panel G provides Western blot images with corresponding quantification graphs. Panel H displays Western blot results for various signaling proteins, with associated bar graphs illustrating protein expression levels.]FIGURE 4 | AMPK signaling affected the roles of macrophage-produced micro-niche in regulating angiogenic abilities of HUVECs. (A) BMDMs were incubated with HG, HG + Nar, or HG + Nar + Compound C for 24 h. Afterward, the cells were seeded in the upper chamber, and HUVECs were seeded in the lower chamber for 24 h. Edu staining showed that Compound C reversed Nar-induced proliferation enhancement of HUVECs (scale bar: 200 μm). (B, C) Results of cell scratch and transwell migration assay indicated that the increased migration of HUVECs induced by Nar was repressed by Compound C (scale bar: 500 μm (B) and 200 μm (C)). (D) Nar treatment enhanced the tube formation ability of HUVECs, which were inhibited by Compound C (scale bar: 200 μm). (E, F) The mRNA expression of angiogenesis-related genes was detected using qRT-PCR. (G) The protein levels of PCNA, p21, MMP-9, and TIMP-1 were measured using Western blot. (H) Molecular expression of the VEGFR2/PI3K/Akt/HIF-1α axis was determined using Western blot; n = 3; *p < 0.05, **p < 0.01, and ***p < 0.001.
3.5 Nar abated local inflammation and promoted diabetic wound repair in vivo
A diabetic skin wound model was established to determine the therapeutic roles of Nar in inflammation elimination and damaged tissue healing. In this study, the diabetic mice were divided into three groups: PBS, low dose of Nar (60 mg/kg), and high dose of Nar (120 mg/kg) injection. The regenerative process of skin wound was recorded for 14 days, and we observed that Nar dose-dependently enhanced the rate of wound closure (Figure 5A). The histopathological detection showed that Nar treatment significantly promoted dermis regeneration in the wound area, and the extent of collagen deposition was strengthened after Nar administration in a dose-dependent manner (Figures 5B,C). Local injection of Nar suppressed the mRNA expressions of TNF-α, IL-1β, iNOS, and CD86 and facilitated the mRNA expressions of TGF-β1, IL-4, Arg-1, and CD206 in the HG microenvironment (Figures 5D–F). Meanwhile, the lactate level and NF-κB activity were decreased and the contents of α-KG and GATA3 were increased separately after Nar intervention in the wound tissue (Figures 5F,G). Moreover, the Western blot analysis suggested that Nar administration obviously induced AMPK activation and downstream Mfn2 expression, accompanied by metabolic reprogramming, as evidenced by LDH level reduction and mitochondrial IDH3 and CPT-1 content elevation (Figure 5H).
[image: A series of scientific images and graphs display the effects of Nar treatment at various dosages on a biological model over time. Panel A shows circular wound images and a graph illustrating wound area reduction. Panels B and C include stained tissue samples indicating structural changes. Panel D and E feature bar graphs comparing relative mRNA expression levels of inflammation-related markers. Panel F and H show Western blot images with corresponding quantification graphs, representing protein expression changes. Panel G contains a bar graph indicating reactive oxygen species levels. Data suggests dose-dependent effects of Nar on healing and inflammation.]FIGURE 5 | Nar treatment accelerated the healing processes of diabetic wound. (A) After the diabetic wound model was established, PBS, Nar at 60 mg/kg, or Nar at 120 mg/kg was locally injected for 14 days. The healing curve of each group is displayed (scale bar: 500 mm). (B, C) H&E and MASSON staining of the wound tissue in each group (scale bar: 200 μm (B) and 100 μm (C)). (D, E) The mRNA expression of inflammation-related molecules was measured using qRT-PCR. (F) The protein expression of inflammation-related molecules was measured using Western blot. (G) Nar dose-dependently decreased the level of lactate and increased the level of α-KG in the wound tissue. (H) The AMPK/Mfn2 pathway and expressions of LDH, mitochondrial CPT-1A, and mitochondrial IDH3 were detected using Western blot; n = 4; *p < 0.05, **p < 0.01, and ***p < 0.001.
To further explore the effects of Nar on angiogenesis in the wound area, immunohistochemical detection was performed. As shown in Figure 6A, Nar dose-dependently increased the expression of CD31, which is an important biomarker of vessel tissues. The value of the MPU ratio, reflecting blood flow, was increased with the dose increment of Nar (Figure 6B). We found that Nar treatment enhanced the activity of the pro-angiogenic pathway and facilitated the expression of targeting effector molecules, as indicated by the results from qRT-PCR and Western blot (Figures 6C–E). Then, with the histopathological examination, we discovered that Nar treatment had no toxicity on the main organs in vivo (Figure 6F). Furthermore, findings from the blood biochemical test showed that Nar failed to alter the levels of AST, ALT, and Cr of mice (Figure 6G). Collectively, our results suggested that Nar exerted beneficial roles in promoting diabetic wound healing via attenuating local inflammation responses and subsequently favoring angiogenesis.
[image: Experimental results of a study on Nar administration showing effects on tissues and protein expressions. Images A to F illustrate tissue samples and protein bands, with significant differences marked by asterisks. Graphs depict quantitative data on CD31 expression, protein, and RNA levels, alongside histological changes in different organs. Image G presents bar charts of AST, ALT, and ALP levels, indicating no significant changes across treatment groups.]FIGURE 6 | Effects of Nar on the angiogenesis and toxicity in vivo. (A, B) Immunohistochemical staining of CD31 and MPU ratios reflecting the blood flow in each group (scale bar: 100 μm). (C–E) The mRNA and protein expression of angiogenesis-related molecules were measured using qRT-PCR and Western blot. (F,G) The H&E staining of the heart, liver, spleen, lung, and kidney, along with blood levels of AST, ALT, and CK, in each group (scale bar: 100 μm); n = 4; *p < 0.05, **p < 0.01, and ***p < 0.001.
4 DISCUSSION
There is evidence in the literature indicating that multiple pathogenic factors, particularly inflammation responses, exert detrimental effects on regulating the process of wound healing (Peña and Martin, 2024). Repressing the normal functions of endothelial cells, including proliferation and migration, inflammatory stimuli restrain the development of angiogenesis in the damaged tissue, thereby triggering the supply shortage of nutrients and oxygen, and finally leading to the delayed healing of diabetic wounds (Mao J. et al., 2025). Cumulative studies have depicted that the therapeutic effects of Nar are attributed to anti-inflammation, anti-oxidation, autophagy regulation, lipid metabolism, and more (Ri et al., 2023; Fang et al., 2023; Park et al., 2023; Wong et al., 2021). In this study, we discovered that Nar diminished HG-induced inflammation progression via regulating AMPK/Mfn2 axis-dependent metabolic reprogramming in macrophages, which in turn enhanced the angiogenic abilities of HUVECs and then facilitated the process of diabetic wound repair.
It is known that moderate inflammation response is beneficial for immunocytes to eliminate the invading bacterium and phagocytose cellular debris when exposed to tissue injury. Once the etiological factors persist in the local microenvironment, such as HG in the diabetic niche, the irritated immune cells continuously release pro-inflammatory cytokines and then induce inflammation extension, which result in cell death aggravation and tissue healing retardation, among which macrophages are considered the representative (Li et al., 2021; Sharifiaghdam et al., 2022). In the damaged tissue area, macrophages fail to switch from the M1 state to the M2 phenotype under the stimulation of diverse irritants, thereby inducing the amplification of M1 pro-inflammatory effects and diminution of M2 pro-regenerative effects, which contribute to the slow closure of diabetic wounds (Lu et al., 2024). As expected, our results manifested that HG significantly triggered macrophage polarization to the M1 phenotype, followed by the generation of inflammation cytokines, including TNF-α and IL-1β, which further activate inflammatory signaling cascades, verifying the pivotal pathogenic roles of HG in DFU development.
Traditional herbal medicines have been used for treating diseases and improving health for thousands of years, and the phytochemicals isolated from them are documented to possess therapeutic roles to some extent (Puri et al., 2023). Evidence from basic experiments has clarified that the bioactive agent Nar exhibits potent anti-inflammatory roles in abolishing aliment progression. Ri et al. reported that administration of Nar effectively inhibited NLRP3/IL-1β-related pyroptosis in LPS-primed macrophages through suppressing the inflammation signaling molecules NF-κB, MAPK, and PI3K/Akt (Ri et al., 2023). Likewise, Ha et al. revealed that the inflammatory proteins, including iNOS, COX-2, IL-1β, and TNF-α, in LPS-stimulated macrophages developed reduced expression after Nar intervention, which were partly attributed to drug-induced prohibition of NF-κB and MAPK pathways (Ha et al., 2012). Another study showed that Nar treatment restrained the expression of thioredoxin-interacting protein, followed by activation repression of NLRP3 inflammasome and alleviation of oxygen−glucose deprivation/reperfusion-induced damage (Luo et al., 2024). In this study, we observed that Nar markedly promoted macrophage repolarization from M1 to M2 status and enhanced the production of anti-inflammatory molecules TGF-β and IL-4, confirming the efficient effects of Nar on antagonizing inflammation development.
Considerable documentations have clarified that metabolic reprogramming frequently occur in tissue-resident macrophages, which affect the dynamic balance between local inflammatory effects and anti-inflammatory actions and determine the outcome of several diseases, including cancer, atherosclerosis, cardiomyopathy, and diabetes (Chen et al., 2022; Liu et al., 2023; Xiao et al., 2023; Russo et al., 2021). Glycolysis is defined as a glucose catabolism pathway that occurs in the cytoplasm for energy acquisition under hypoxic conditions, which is the main glucose metabolic mode in M1 macrophages. LDH, the rate-limiting enzyme of glycolysis, is responsible for the generation of lactate, which is the primary end product. It has been affirmed that under an aerobic situation, OXPHOS located in the mitochondria is regarded as the principal glucose degradation way for energy capture, and the key enzymes including CPT-1, IDH3, and SDH are involved in the mechanism. With respect to M2 macrophages, OXPHOS is the dominant intracellular glucose metabolic pathway, and several metabolites comprising α-KG, itaconate, and succinate are required for the pro-regenerative functions of the M2 phenotype (Liu et al., 2023; Wculek et al., 2023). Approaches aimed at inducing OXPHOS enhancement and glycolysis repression are demonstrated to be excellent in promoting anti-inflammation-related macrophage repolarization (Li et al., 2025; Bi et al., 2025). Here, we observed that Nar administration remarkably reduced the level of lactate and increased the content of α-KG in vitro and in vivo. Of note, in the Nar-treated groups, the expression of LDH was decreased, while there was an elevation in the protein content of mitochondrial CPT-1 and IDH3 without altering their transcriptional levels, suggesting that Nar probably affected mitochondrial homeostasis to regulate the location of rate-limiting enzymes and then mediate the progress of OXPHOS.
An ever-growing wealth of evidence illustrates that AMPK is believed to be a hub of metabolic control, which perceive falling cellular energy status by direct interactions with ATP, ADP, and AMP, elucidating the crucial roles of AMPK in the management of metabolic disorders like obesity, dyslipidemia, and diabetes (Herzig and Shaw, 2018; Lin and Hardie, 2018; Trefts and Shaw, 2021). Mfn2m located on the outer membrane of mitochondrionm is necessary to control the fusion and fission of the mitochondrial membrane, which is a prerequisite for proper functioning of the mitochondria. There were studies indicating that Mfn2 was capable of shortening the distance between mitochondria and sarco/endoplasmic reticulum and then enhancing their crosstalk, thereby contributing to optimize CD8+ T cell function and attenuate oxidative stress-induced endothelial cell injury (Yepuri et al., 2023; Yang et al., 2023). Recently, an intracellular signal cascade comprising AMPK and downstream Mfn2 was discovered to exert various pharmacological effects, including inflammation relief, reactive oxygen species elimination, autophagy mediation, and apoptosis inhibition (Zhang et al., 2021; Yu et al., 2021; Ashraf and Kumar, 2022; Hu et al., 2021). Our results revealed that Nar treatment increased the activity of the AMPK/Mfn2 axis, accompanied by OXPHOS enhancement and glycolysis diminution. Given that the AMPK/Mfn2 pathway was deeply implicated in the improvement of mitochondrial health (Trefts and Shaw, 2021), the underlying mechanism of Nar-triggered metabolic reprogramming was possibly that upregulation of Mfn2 maintained membrane homeostasis, reinforcing the stability of the inner mitochondrial microenvironment, which restored the activities of key enzymes in the tricarboxylic acid (TCA) cycle and then indirectly suppressed the initiation of glycolysis. In addition, we observed that Nar-induced inflammatory macrophage repolarization to M2 status was reversed by the inactivation of the AMPK/Mfn2 signal axis. An increase in NF-κB activity and its target gene expression and a decrease in anti-inflammatory GATA3 and cytokine expression were observed after Compound C or si-Mfn2 application. Considering that lactate was reported to be associated with NF-κB activation and metabolic intermediates in the TCA cycle were unveiled to be the upstream regulators for GATA3 expression (Faas et al., 2021; Arora et al., 2022), we inferred that Nar-related activation of the AMPK/Mfn2 cascade triggered the alteration of metabolite profiles, which then resulted in the priority of inhibitory signals in the inflammation regulation network in macrophages.
Evidence from laboratory statistics has established that the angiogenic abilities in the wound area play vital roles in determining the tissue repair speed (Guan et al., 2021; Chen et al., 2023). In the diabetic micro-niche, vascular endothelial cells, as the main executor of angiogenesis, develop diverse behaviors like early apoptosis, poor proliferation, and slow migration, which are detrimental to the angiogenic processes when exposed to harmful stimuli, especially inflammation (Wang et al., 2023). A large number of studies indicate that bioactive molecules like phytochemicals and small non-coding RNAs weakening local inflammation responses are advantageous to facilitate the angiogenic abilities of endothelial cells (Li et al., 2022; Wang G. et al., 2021). Here, our findings manifested that Nar obviously enhanced the proliferation and migration of HUVECs under the microenvironment of HG-evoked macrophages, which was repressed by AMPK inhibition. Moreover, the activity of the VEGFR2/PI3K/Akt/HIF-1α pathway, a growth-promoting signal axis (Wang Z. et al., 2021), was found to be increased after Nar administration but suppressed by AMPK inhibitor incubation. In view of the pro-inflammatory property of M1 and pro-regenerative capacity of M2 macrophages, Nar was likely to exert dual actions in favoring angiogenesis by abolishing M1-related inflammation cascades and enhancing M2-related proliferative pathways.
5 CONCLUSION
Taken together, we, for the first time, discovered that Nar promoted diabetic wound repair by inhibiting inflammation and facilitating angiogenesis. Through activating the AMPK/Mfn2 signal pathway, Nar effectively enhanced the extent of OXPHOS and repressed the activity of glycolysis, thereby contributing to macrophage repolarization from the M1 to M2 phenotype and then inducing the generation of pro-regenerative micro-niche-favoring angiogenesis. This study provided a scientific basis for the potential application of Nar in the management of DFU.
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Phytochemicals Classification Botanical Botanical Bacterial MIC/ References
source Family Strain MBC
(pg/mL)
Resveratrol Polyphenols Smilax china L. Liliaceae Root KCTC 3314 125/125 Joo et al. (2022)
Quercetin Flavonoid Smilax china L. Liliaceae Root KCTC 3314 31253125 Joo et al. (2022)
Kaempferol Flavonoid Impatiens balsamina | Balsaminace- | Whole plant | ATCC 6919 <32/<128 Lim et al. (2007)
ac
Thymol Phenols Origanum vulgare L. | Labiatae  Whole plant | ATCC 6919 700/1,400  Taleb et al. (2018)
Honokiol Biphenols Magnolia sp. Magnoliaceae | Stem bark ATCC 6919 3-4120 Park et al. (2004)
Magnolol Biphenols Magnolia sp. Magnoliaceae | Stem bark ATCC 6919 945 Park et al. (2004)
Rhodomyrtone Phenols Rhodomyrtus Myrtaceae Leaves  Acnelesionsfrom | 0.12-0.5/  Saising et al. (2012)
tomentosa (Aiton) Juss. human volunteers 0.12-1
Hassk
Acidic polysaccharide CS-F2 Polysaccharie Camellia sinensis Theaceae  Whole plant | ATCC 6919 50/- Lee et al. (2006)
Sapindoside A Triterpenes . mukorossi Arboricaceae  Whole plant | ATCC 6919 63/ Wei et al. (2022)
Sapindoside B Triterpenes S. mukorossi Arboricaceae | Whole plant | ATCC 6919 13- Wei et al. (2022)
Punicalagin Tannins Punica granatum | Punicaceae Pericarp BCRC10723 6.25/125 Lee et al. (2017)
Linne
Punicalin Tannins Punica granatum | Punicaceae Pericarp BCRC10723 6.25/125 Lee et al. (2017)
Linne
Strictinin A Tannins Punica granatum | Punicaceae Pericarp BCRC10723 125025 Lee et al. (2017)
Linne
Granatin B ‘Tannins Punica granatum | Punicaceae Pericarp BCRC10723 100/- Lee et al. (2017)
Linne
Lauric acids Saturated fatty acid Coconut Palmae oil ATCC 6919 -~ Darren Yang et al.
(2009)
Myrtucommulone A Phloroglucino-ls | Myrtus communisL. | Myrtaceae Leaves EryR (Ery$) 12 (12)/- Feuillolay et al.
(2016),
Fiorini-Puybaret
et al. (2011)
Myrtucommulone B Phloroglucino-ls | MyrtuscommunisL. | Myrtaceae Leaves EryR (EryS) 0.3 (0.6)- Fiorini-Puybaret
et al. (2011)
Humulones Hop alpha acid Humulus lupulus Moraceae Flowers ATCC 6919 10/30 Yamaguchi et al.
Linn. (2009)
Lupulones Hop beta acid Humulus lupulus Moraceae Flowers ATCC 6919 0.1/03 Yamaguchi et al.
Linn. (2009)
Xanthohumol Flavonoid Humulus lupulus Moraceae Flowers ATCC 6919 303 Yamaguchi et al.
Linn. (2009)
Ieariin Flavonol Epimedium Berberidace-  Whole plant | LMG 16711 25/- Coenye et al. (2012)
brevicornum e
Alpha-kosin Long chain fatty Leucosidea sericea Rosaceae Leaves - 19/- Sharma et al. (2014)
alcohols
Artocarpin Flavonoid Artocarpus integer | Moraceae Root DMST 14916 232 Dej-adisai et al.
(2013)
Cudraflavone C Flavonol Artocarpus integer | Moraceae Root DMST 14916 232 Dej-adisai et al.
(2013)
Artocarpanone Flavonoid Artocarpus integer | Moraceae Root DMST 14916 32/64 Dej-adisai et al.
(2013)
5,7-dimethoxyflavo-ne Flavonoid Kaempferia Zingiberace- | Rhizome DIMST 14916 -~ Sitthichai et al.
parviflora Wall. ex ae (2022)
Baker
Pulsaquinone Quinone-type Pulsatilla koreana | Ranunculac- | Rhizomes KCTC 3314 2- Cho et al. (2009)
compound eae
Farnesol Sesquiterpene alcohol | Magnolia flower, - Flowers, — 014 mMY/-  Wuetal (2021)
loquat leaves and leaves,
other plants stems, etc
Dumoside C22-steroidal lactone | Paris polyphylla var. | Trilili acea  Stems and - 39/ Qin et al. (2013)
glycosides yunnanensis leaves
15-nor-14-oxolabda-8 Diterpene aldehyde | Pinus densiflora Pinaceae Cones - 64/ Sultan et al. (2008)
(17),12E-diene-18-oic acid
Phloretin Flavonoid Apples and other - Branches, ATCC 11827 500/- Kum et al. (2016)
plants leaves, etc

“The MIC of Farnesol was 0.14 mM, and the concentration unit was not pg/mL (Wu et al, 2021).
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