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Background and Purpose: The risk of skin injuries in space is increasing with longer space missions and a growing astronaut population. This highlights the importance of understanding the adverse effects of weightlessness on wound healing. The objective of this research was to examine the therapeutic potential of Low-Level Light Therapy (LLLT) on skin healing processes under simulated microgravity (SMG) conditions and uncover the underlying molecular mechanisms, thus providing innovative solutions and a sound theoretical basis for space skin injuries.Methods: Hindlimb unloading (HU) mice models were used to simulate weightlessness conditions, with or without a complete management of LLLT for 14 days. A systematic testing consisting of HE, Masson and immunohistochemical staining was performed against the standardized mouse tissue specimens. In vitro assessment of cellular biological functions under SMG conditions was carried out in the rotation system of culture (RSOC) using HaCaT and NIH3T3 cell-lines.Results: Under SMG conditions, LLLT significantly reduced skin wound area in HU mice, especially on Days 10 (p < 0.001), accompanied by increased collagen deposition and elevated levels of Ki67 and CD31. Moreover, LLLT showed impressive anti-inflammatory effects represented by the reduced in pro-inflammatory markers including LY6G, F4/80 and CD86, as well as the decreased levels of IL-1β, IL-6 and TNF-α. Conversely, an elevation in the anti-inflammatory marker CD206 was observed. By employing bioinformatics technology, we further found the PI3K/AKT signaling was prominent in the KEGG pathway analysis and CCR2 acted as a hub gene in the interaction network. Therefore, we demonstrated that LLLT could enhance the phosphorylation of PI3K/AKT and reduce CCR2 expression under SMG conditions, while CCR2 knockdown promoted the phosphorylation of PI3K/AKT, suggesting an important role of CCR2/PI3K/AKT signal axis in LLLT-accelerated wound healing under SMG conditions.Conclusion: LLLT induced activation of the PI3K/AKT signaling pathway through suppression of CCR2 expression, which significantly enhanced skin wound healing under SMG conditions.s.Keywords: low-level laser therapy, microgravity, wound healing, CCR2, PI3K
1 INTRODUCTION
With the increasing frequency of space missions, microgravity has emerged as a significant concern for the health and wellbeing of astronauts. One particular issue of concern is the impairment of cutaneous wound healing under microgravity conditions (Nguyen et al., 2021; Riwaldt et al., 2021). Skin wound healing involves a diverse array of cell types, including epidermal cells, fibroblasts, immune cells and vascular endothelial cells, as well as cytokines such as transforming growth factor β, vascular endothelial growth factor, epidermal growth factor and fibroblast growth factor, which collaborate to coordinate the repair and regeneration of wounds. The absence of gravitational force results in alterations in fluid distribution, immune function and inflammation, affecting the morphology, function and signal transduction of the relevant cells, leading to delayed wound healing and increased susceptibility to infections (Demontis et al., 2017; Adamopoulos et al., 2021).
Research has shown that LLLT can enhance wound healing under normal gravity conditions (Dompe et al., 2020; Leyane et al., 2021). LLLT utilizes specific wavelengths of light to stimulate cellular metabolism, reduce inflammation and enhance collagen synthesis, thereby accelerating the healing process (Avci et al., 2013; Tam et al., 2020). The non-invasive nature and minimal side effects of LLLT make it an attractive therapeutic option for various clinical applications. However, the alterations in cellular biological processes induced by microgravity may impact the interaction between LLLT and cells, subsequently affecting the regulatory effects of LLLT on cellular function and disrupting the wound repair process. Currently, knowledge in this area is relatively limited. Therefore, further research is necessary to investigate the impacts and mechanisms of LLLT on cutaneous wound healing under microgravity conditions.
The phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) signaling pathway plays a critical role in the wound repair mechanism, significantly influencing cell growth, differentiation, migration, blood vessel formation, and metabolisms (Westin, 2014; Liao et al., 2018; Teng et al., 2021). Studies have shown that the activation of C-C chemokine receptor type 2 (CCR2), a chemokine receptor, can result in the activation of the PI3K/AKT signaling pathway, possibly by influencing the recruitment, migration and localization of inflammatory cells, including macrophages and monocytes, thus regulating wound healing (Hao et al., 2020; Xu et al., 2021; He et al., 2023). Additionally, blocking of CCR2 reduced neuroinflammation and neuronal apoptosis through the PI3K/AKT pathway (Rodero et al., 2014; Boniakowski et al., 2018). LLLT was also involved in to endothelial cell proliferation and migration by activating PI3K/AKT signaling pathway, further regulating angiogenesis (Li Y. et al., 2020). However, it is currently unclear whether CCR2/PI3K/AKT contributes to the healing of cutaneous wounds in weightlessness and whether LLLT treatment affects this pathway.
The objective of this research is to investigate the role and underlying mechanism of LLLT in promoting cutaneous wound healing under microgravity conditions. By understanding how LLLT influences wound healing processes in space, we aim to contribute valuable insights to the development of advanced wound management strategies for future space explorers and potentially improve wound healing therapies for patients on Earth with conditions that mimic aspects of microgravity-induced healing impairments.
2 MATERIALS AND METHODS
2.1 HU rodent model
The experiments were conducted using 84 male C57BL/6J mice that were six to 8 weeks old, from Shanghai Animal Center Laboratory of the Chinese Academy of Sciences. The breeding and experimental protocols received authorization from the Experiment Committee and Animal Care at the School of Medicine, Shanghai Jiao Tong University. The Approval ID is SH9H-2023-A915-1.
After 7 days of environmental acclimation, the rodent HU model was established using previously established methods. Briefly, mouse tails were attachedto a pivoting suspension mechanism located at the top of a specially constructed enclosure measuring 20 cm in length, width, and height. The tails, which were disinfected with 75% ethanol, were attached with a special rubber tube designed for tails, positioning the mice’s hind limbs at a 30° downward angle away from the bottom of the cage, thereby unloading the hind limbs. Control micewere fed under normal gravity. They were raised in their cages and provided tap water and chow for feeding. This system is stable and reliable when creating a weightless rodent model in a simulated space condition in this study.
2.2 Creation of wound in HU rodent model
After anesthesia with intraperitoneal injection sodium pentobarbital (0.3%, 0.22 mL/10 g), the dorsal area of the rodent was shaved. A full-thickness excisional skin wound with a diameter of 1 cm was created on the dorsal skin of both hindlimb-unloaded (HU) and control mice using a 1 cm round biopsy punch. The depth of the wounds was full thickness skin defect. Wounds were left undressed and kept open throughout the entire experiment. Figure 1A illustrates the study design.
[image: Figure 1]FIGURE 1 | Effects of LLLT on wound healing in the HU mice model. (A) Schematic illustration of LLLT therapy for treating the HU model in mice. (B) Representative images of the wound healing behavior and dynamic wound healing process on days 0, 3, 7, 10, and 14. (C) The wound healing ratio on days 0, 3, 7, 10, and 14. (n = 6). (D) HE staining of the wound tissue on days 7 and 14. The granulation tissue thickness in wound tissue on days 7 and 14 (n = 6). (E) Masson staining of the wound tissue on days 7 and 14. The collagen deposition ratio of wound tissue on days 7 and 14 (n = 6). Scale bar = 100 μm. The following comparisons revealed significant differences.
2.3 LLLT treatment
Animals were illuminated with prospectively allocated doses of the 632.8 nm laser after being wounded, as depicted in Figure 1A, which outlines the experimental arrangement. The laser utilized was the Laserpulse (LJL40-HA; Shanghai Well Medical Technology Co., Ltd.), with a wavelength range of 640 nm ± 20 nm, adjustable laser power of 0–10 W, adjustable spot diameter of 35–50 mm (5 cm away from the window), and parameters specified in Table 1. Following 24 h of operation, the Control + LLLT group and SMG + LLLT group were subjected to HeNe laser (632.8 nm, 40 mW/cm2) for 3.33 min under light-deprived conditions, achieving fluences of 8 J/cm2. The control group received white light exposure without any thermal or stimulatory effects. Figure 1A provides an overview of the experiment’s timeline.
TABLE 1 | Parameters for LLLT treatment.
[image: Table 1]2.4 Grouping and Administration
84 mice were randomly allocated into four groups (n = 18 per group): Control, Control + LLLT, SMG, and SMG + LLLT. The Control group received standard treatment. After establishing the hindlimb unloading (SMG) model, the Control + LLLT and SMG + LLLT groups underwent alternate-day sessions of 8 J/cm2 LLLT (632.8 nm, 40 mW/cm2) for 2 weeks. Unexpectedly, 12 animals died during anesthesia or operation procedures during the study.
2.5 Analysis of wound closure
Photographs of the wounds were taken at intervals of 0, 3, 7, 10 and 14 days after surgery. All images were captured by a Nikon D7500 in a standardized setting to ensure consistent lighting, a fixed height of 30 cm above the wound and to minimize variability. These photographs were uploaded into the ImageJ software for analysis to evaluate the progression of wound healing. To calculate the wound closure percentage, we used the equation: (wound area at baseline—wound area on day A)/wound area at baseline x 100%. In this context, “wound area at baseline” refers to the size of the wound immediately after surgery, whereas “area on day A” refers to the size of the wound on a later day.
2.6 Histological examination and immunostaining
A total of 72 mice were sacrificed on days 3 (n = 6), 7 (n = 6), and 14 (n = 6), respectively, and the wound tissues were collected for the experiments. For histopathological analysis, wound tissues from mice were collected on day 7 and 14, fixed with 4% paraformaldehyde, embedded in paraffin, and sectioned into 5-μm thick sections. Tissue sections attached to the slides were deparaffinized, rehydrated, and stained with hematoxylin & eosin, and Masson’s trichrome. For immunofluorescence staining, the sections were deparaffinized and rehydrated, followed by antigen retrieval in 10 mM citrate buffer (pH 6.0) at 98°C for 10 min. The sections were permeabilized for 10 min, blocked with 10% goat serum for 1 h, followed by 5% BSA. Primary antibodies were incubated overnight at 4°C, followed by visual detection with secondary antibodies in blocking buffer for 1 h at room temperature. Immunofluorescence double staining targeted markers including F4/80 (28463-1-AP), CD206 (ab300621), CD86 (ab119857), LY6G (ab238132), KI67 (ab15580), and CD31 (ab222783). Imaging was performed using a DMI 6000B microscope (Leica, Germany), and ImageJ (National Institutes of Health, United States) was used for image analysis and quantification.
2.7 Enzyme-linked immunosorbent assay (ELISA)
Tissue samples were dissected on ice, frozen, pulverized, homogenized with extraction buffer, centrifuged, and stored at −80°C before ELISA. Skin tissue samples (0.5 cm in both length and width and extending to a depth beyond the periosteum) from mouse wounds on day 7 were immediately frozen and pulverized (≥5 mg). After addition of extraction buffer with protease inhibitors, samples were homogenized, centrifuged (12,000 g, 10 min, 4°C), and stored at −80°C. Thawed supernatants were mixed prior to ELISA. Concentrations of IL-1β, IL-6, and TNF-α were determined using specific ELISA kits for IL-1β (F10770), IL-6 (F10830), and TNF-α (F11630). These ELISA kits were purchased from Xitang Biological Technology Co., Ltd. in Shanghai, China, and were used according to the manufacturer’s instructions. A microplate reader was used to read the absorbance values at a wavelength of 450 nm.
2.8 Cell culture
HaCaT keratinocytes and NIH3T3 murine fibroblasts were cultured in DMEM supplemented with 10% FBS, together with penicillin at a concentration of 100 units/mL and streptomycin at 100 μg/mL. The cells were kept in a controlled environment at 37°C with 5% CO2. The cell cultures used in our experiments were between passages four to five and were subcultured at 80%–90% confluence.
2.9 Microgravity simulation
The Rotation System of Culture (RSOC), developed by NASA and manufactured by GeninTech (GeninTech Co., Ltd, Suzhou, China), enables uniform rotation of the High Aspect Ratio Vessel (HARV) and cell growth medium through vertical rotation, creating a low-shear stress environment for three-dimensional (3D) cell culture to effectively simulate microgravity. Prior to exposure to microgravity, the cell samples were composed of well-cultured cells at a density of 3 × 10⁵ cells per ml. Cytodex1 microcarriers (GE17-0485-01, Sigma) were prepared to enhance HaCaT and NIH3T3 cell attachment under microgravity conditions by providing a matrix for cell adhesion, nutrients, physical support, and promoting differentiation of adherent growing cells. These microcarriers were also injected into HARV and T-25 flasks for static control under terrestrial gravity (1 g). The optimal rotation speed of 15 rpm, as recommended by the manufacturer (Frith et al., 2010; Kang et al., 2015; Ebnerasuly et al., 2017), was used for various cell types, including NIH3T3 and HaCaT. The experiment was conducted over 48 h in a cell culture incubator set up to simulate microgravity conditions. For comparison, cells were also cultured in identical containers under static conditions for the same period, ensuring that all other culture conditions were consistent except for the gravitational environment.
2.10 Cell wound healing assay and viability
The study investigated how LLLT affected the migration and proliferation of HaCaT and NIH3T3 cells under both standard and simulated microgravity (SMG) conditions. Cells were allocated into 4 experimental setups: (1) Control group: standard gravity; Control + LLLT group: under standard gravity then received LLLT treatment (632.8 nm, 40 mW, 1.2 J/cm2 for 0.5 min); (3) SMG group: under SMG; (4) SMG + LLLT group: under SMG then received LLLT treatment. The irradiation time was 0.5 min, with an energy density of 1.2 J/cm2 and a total energy of 12 J. Laser treatment was performed 24 h after modeling, with cells adhered to Cytodex. The RSOC apparatus was stopped for irradiation and then returned to microgravity. After treatment, cells were cultured on the RSOC for 24 h before harvesting for the experiment. Cytodex-cell complexes were washed, treated with EDTA-trypsin, and detached by beating. Detached cells were filtered, centrifuged and collected for further processing. Standard scratch assay procedures were followed. After 24 h of simulated microgravity, cells were seeded and grown to confluence. LLLT treatment was then administered and the scratch assay was initiated immediately thereafter. Cell migration was observed by evaluating the wounds initially and after 48 h using an Olympus microscope and quantified using ImageJ software. Concurrently, the proliferation of cells cultured on nanofiber matrices was assessed by Cell Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan) assays at specific intervals according to the manufacturer’s guidelines. A mixture of CCK-8 and media was incubated for 2 h at 37°C without exposure to light and the absorbance was measured at 450 nm.
2.11 RNA extraction by RT-qPCR analysis
RNA was isolated from the skin of mice treated with or without LLLT using Trizol reagent (15596018CN, Invitrogen) following the specified protocol. The cDNA was synthesized from the supplied RNA using the First-Strand Synthesis System (2680A, Takara) according to the manufacturer’s instructions. Quantitative real-time PCR analysis was performed using SYBR Premix Ex Taq II (DRR081A, Takara) on a 7,500 Real-Time PCR System (Applied Biosystems). Expression levels of specific genes were determined relative to GAPDH (for internal reference) using the 2−ΔΔCT approach to calculate. See Table 2 for details of the primer sequences used.
TABLE 2 | Sequences of primers for RT-qPCR validation.
[image: Table 2]2.12 RNA-sequence and data processing
RNA was isolated from mouse skin samples using a homogenizer followed by stabilization in RNA later™ solution. The RNeasy MinElute Cleanup Kit was used for RNA extraction to ensure sample quality. The integrity and quantity of total RNA was assessed using the Agilent 4,200 Bioanalyzer and NanoDrop (Thermo Scientific), respectively. Sequencing libraries were prepared using 500 ng of RNA, ensuring an OD260/280 ratio between 1.9 and 2.0 and a minimum RIN value of 8. The ABclonal mRNA-seq Library Preparation Kit was used for paired-end library preparation, and sequencing was performed on the Illumina Novaseq 6,000, generating paired-end reads of 150 bp in length.
Raw sequencing data were processed using in-house perl scripts, involving adapter removal and filtering out low-quality reads (defined as those with a string quality value less than or equal to 25, accounting for more than 60% of the entire reading) and N (base information undetermined) ratio greater than 5%. The resulting clean reads were used for subsequent analyses. For quantification of gene expression levels, Feature Counts were employed to count reads mapped to each gene, and FPKM values were calculated. Differential expression analysis was conducted using the DESeq2 package, with the identification of Differentially Expressed Genes (DEGs) based on adjusted p-values (Bonferroni correction) and fold change criteria (>|2|). A Venn plot was utilized to visualize common DEGs. Enrichment analysis included Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways using the cluster Profiler R package. Gene set enrichment analysis (GSEA) utilized Molecular Signature Database annotations, with significant terms determined at a threshold of p < 0.05. Protein-protein interaction (PPI) network construction using the STRING database, and Cytoscape with the MCODE plugin was employed to identify core genes. Subnetwork analysis was performed with specific criteria, and the statistical analysis of RNA-seq data was conducted in R (version 4.3.0).
2.13 Establishment of CCR2 KO cell lines by CRISPR-Cas9
Cells with knocked-down CCR2 expression were generated by selecting three highly effective target sequences from the CCR2 gene using a specialized knockout guide design platform (https://design.synthego.com/#/). The selected oligonucleotides were then combined and integrated into the lentiCRISPR v2 vector by Golden Gate cloning to facilitate expression of the guide RNAs. Validation of the lentiCRISPR v2 sgRNA construct was performed by PCR using specific check F/R primers. This validated construct was introduced into HEK293 cells to evaluate the efficiency of the guide RNA by PCR using CCR2-KO F/R primers. The validated plasmid was then introduced into HaCaT cells. Cells showing potential knockout were selected and seeded into 96-well plates at a density of 0.5 cells per well. CCR2 knockout was confirmed by PCR using the same set of primers and further validated by Western blot analysis.
2.14 Western blotting
Skin tissues from rodents were processed in RIPA buffer containing phosphatase and protease inhibitors (Beyotime) and cooled on ice. After centrifugation at 12,000 g for 20 min at 4°C, the clear supernatant was used to determine protein concentration by the BCA method. Subsequently, 50 μg of protein was separated by SDS-PAGE and transferred to PVDF membranes (Millipore). The membranes were blocked with TBST mixed with 5% milk for 1 hour at room temperature and the primary antibodies were incubated overnight at 4°C. The dilution for primary antibodies as following: GADPH (1:50,000; proteintech, cat#60004-1-Ig), AKT(1:1,000; Abclonal, cat#A18675), P-AKT (1:1,000; Abclonal, cat#AP0637), PI3K (1:1,000; Abclonal, cat#A0265), P-PI3K(1:1,000; Abclonal, cat#A22487), CCR2 (1:2000; proteintech, cat#16153-1-AP). The next day, after three TBST washes, the membranes were then incubated with a secondary antibody conjugated to horseradish peroxidase for 1 h at room temperature. Protein bands were detected using ECL reagents (GE Healthcare) and their density was quantified with the ImageJ software (National Institutes of Health, Bethesda, MD). Normalize the intensity of the target protein bands to the intensity of a loading control protein band (GAPDH) to account for variations in sample loading and transfer efficiency.
2.15 Statistical analysis
Data were expressed as mean ± standard error of the mean (SEM). An unpaired two-tailed Student’s t-test was used to compare differences between the different groups. One-way ANOVA was used for analyses involving more than two groups. Statistical significance was determined using GraphPad Prism 7.0, with a p-value of less than 0.05 considered indicative of significant differences.
3 RESULTS
3.1 The impact of LLLT on wound repair in the HU mouse model
We established the HU mouse model, as described in previous studies, to simulate microgravity in vivo. (Globus and Morey-Holton, 1985). To investigate the potential of LLLT to promote wound healing under microgravity conditions, we established a rodent model of cutaneous wounding HU on day 0 and started LLLT treatments from day 1 onwards. Mice were irradiated with LLLT every 2 days (Figure 1A). The status of the wound site was systematically recorded throughout the repair process on days 0, 3, 7, 10 and 14. The findings indicated that wound healing was significantly delayed in SMG group compared to the control group, with larger residual wound areas observed on days 3 (p < 0.001), 7 (p < 0.001), 10 (p < 0.005), and 14 (p < 0.001). Meanwhile, by day 14, the wounds of the SMG mice remained unhealed (Figure 1B). Interestingly, after LLLT treatment, mice showed improved wound healing in SMG conditions, with significant reductions in wound area on days 3 (p < 0.001), 7 (p < 0.001), 10 (p < 0.001), and 14 (p < 0.01), and almost complete healed by day 14 (Figures 1B,C). Collectively, it was suggested that LLLT significantly promotes wound healing in SMG mice.
Neogenesis of granulation tissue is essential for tissue repair (Deng et al., 2023; Hamblin, 2017). HE staining was applied to observe the recently developed granulation tissue at the wound site (Figure 1D). On days 7 and 14, SMG mice showed reduced epithelial structures and impaired re-epithelialization compared to controls, which was significantly improved by LLLT treatment on days 7 (p < 0.01) and 14 (p < 0.01). Assessment of collagen fibers at the wound site using Masson’s trichrome staining demonstrated that SMG mice had reduced collagen fiber content compared to control mice, and LLLT treatment significantly increased collagen deposition at the wound site (Figure 1E) on days 7 (p < 0.05) and 14 (p < 0.01). These results suggested that LLLT can accelerate granulation tissue formation, improve re-epithelialization, increase collagen deposition, and effectively promote wound healing in SMG mice.
3.2 LLLT promoted cell proliferation and angiogenesis under SMG conditions
To investigate the potential mechanisms by which the application of LLLT irradiation affects the generation of granulation tissue cells under SMG conditions, we use immunofluorescence staining to assess the expression of the proliferation marker Ki67 and the endothelial cell marker CD31 at the wound site on both days 7 and 14 after surgery (Yu et al., 2023). As shown in Figures 2A,B, Ki67 expression was lower in SMG group compared with control group, and the application of LLLT treatment markedly increased Ki67 expression. The level of CD31 could be used to assess neovascularization in the renewed tissue (Lee et al., 2015). Consistent with the results of Ki67, application of LLLT treatment significantly increased the expression of CD31 in SMG mice (Figures 2C,D). These results suggested that LLLT may accelerate wound healing in mice under SMG conditions by enhancing cell proliferation, accelerating angiogenesis and promoting granulation tissue formation.
[image: Figure 2]FIGURE 2 | LLLT promoted angiogenesis during the wound healing process under SMG. Immunofluorescence detection of the expression of Ki67 (green) and CD31 (red) in mice skin wounds at (A) Day 7 and (C) Day 14 (n = 6). Scale bar = 200 μm. Quantification of Ki67 and CD31 area in the wound area at (B) Day 7 and (D) Day 14.
3.3 LLLT suppressed tissue inflammation under SMG conditions
Inflammation is the initial response during typical wound repair (Koh and DiPietro, 2011). To examine the impact of LLLT treatment on inflammation in skin wounds under SMG conditions, immunofluorescence staining was applied to quantify neutrophils and macrophages. LY6G was used to detect infiltrating neutrophils and F4/80 was used to label macrophages (Rose et al., 2012). The findings indicated that the proportions of LY6G+ neutrophils and F4/80+ macrophages were higher in the wounds of the SMG group than those of the control group on days 3 (Figures 3A,B) and 7 (Figures 3C,D) after injury. LLLT treatment significantly reduced the proportions of neutrophils and macrophages in the SMG mice on days 3 (p < 0.01), and 7 (p < 0.01). M1 macrophages promote early-stage inflammatory response, while M2 macrophages exert an inhibitory effect on inflammation and play a crucial role in promoting tissue repair through the secretion of anti-inflammatory cytokines and facilitation of tissue regeneration. Further study of the expression of CD86 (M1-type macrophages markers) and CD206 (M2-type macrophages markers) (Jaynes et al., 2020; Yu et al., 2022). The results showed that LLLT treatment significantly decreased the expression level of CD86 (p < 0.01) and increased the expression level of CD206 (p < 0.05) in SMG mice (Figures 3E,F). In addition, we also observed the levels of the related pro-inflammatory cytokines IL-1β, IL-6 and TNF-α. The findings indicated that LLLT treatment significantly decreased the expression of pro-inflammatory factors in SMG mice (Figure 3G). These results suggested that LLLT may attenuate inflammation in skin wounds under SMG conditions by inhibiting neutrophil recruitment, suppressing the macrophage polarization towards M1 type, and thus, promoting its polarization towards M2 type Santos et al., 2021).
[image: Figure 3]FIGURE 3 | Effects of LLLT in regulating inflammation in vivo. Immunofluorescence images of LY6G (pink) and F4/80 (green) in mice skin wound at (A) Day 3 and (C) Day 7 (n = 6). Scale bar = 200 μm. Quantification of LY6G and F4/80 area in the wound area at (B) Day 3 and (D) Day 7. (E) Representative confocal microscopy images of CD86 (green) and CD206 (red) staining in mice skin wound tissues at Day 7 (n = 6). Scale bar = 200 μm. (F) Quantification of CD86 and CD206 area in the wound area at Day 7. Data are presented as mean ± SEM. (G) ELISA analysis of IL-1β, IL-6, and TNF-α in mouse skin wound tissues at Day 7 (n = 6). The data were presented as the mean ± standard deviation.
3.4 LLLT promoted the proliferation and migration of HaCaT and NIH3T3 cells
Figure 4A depicted the evaluation of the effect of LLLT treatment on cell proliferation and migration ability under SMG conditions, we conducted in vitro experiments by using HaCaT and NIH3T3 cell lines. Our findings of CCK-8 assay indicated that the cell viabilities of both HaCaT and NIH 3T3 cells were significantly decreased in SMG condition, particularly for HaCaT cells at 24H, 48H, and 72H, where the p-values were all less than 0.0001. The application of LLLT rescued the reduction of cell viability (Figures 4B,C). Consistently, the migration ability of both HaCaT and NIH3T3 cells were also reduced in SMG conditions (Figures 4D,E). And LLLT treatment effectively improved the migration ability in SMG conditions. These results indicated that LLLT protected cell proliferation and migration ability under SMG conditions.
[image: Figure 4]FIGURE 4 | Cell proliferation and migration assay post-microgravity and post-microgravity LLLT. (A) Schematic overview of experimental procedure. HaCaT and NIH 3T3 cells were cultured in HARV-RWVs of RSOC to simulate microgravity conditions or in static dishes under normal gravity (1G) controls. Round arrows indicate rotation. During each experiment and post-experiment processing, all steps were performed under similar conditions, including the distribution of the samples in the well plates. The cell viability of (B) HaCaT and (C) NIH 3T3 cells under SMG treated with LLLT was detected by CCK-8 assay. All experiments were carried out in triplicate. Data are expressed as mean ± standard deviation. Migration of (D) HaCaT and (E) NIH 3T3 cells under SMG in response to LLLT treatment (40×). Quantification of cells migration rate. Measurement data were expressed as mean ± standard error of mean and analyzed by one-way analysis of variance.
3.5 LLLT resulted in decreased transcriptomes for inflammation
To further understand the potential mechanism by which LLLT improves wound healing under microgravity conditions, we conducted a transcriptomic analysis of mice skin wounds using bulk RNA-seq. Seven days after microgravity induced skin damage in mice. The LLLT group was irradiated with LLLT after surgery, once every 2 days (on Day 2, Day 4 and Day 6), and irradiated three times. Wound skin samples were collected on day 1 after the final LLLT treatment for transcriptomic analysis. The NC group (Control group) samples were obtained from normal mice skin tissue at the same wound location as the SMG group. Principal component analysis (Figure 5A) showed significant separation of mRNA transcriptome profiles from the three groups. Following our analysis, we discovered 817 genes exhibiting differential expression (DEGs) between SMG and NC groups, including 546 upregulated genes and 271 downregulated genes (Figure 5B). And 2,952 DEGs was identified between LLLT and SMG, including 381 upregulated genes and 2,571 downregulated genes (Figure 5C). The Venn plot (Figure 5D) shows the overlapping genes between DEGs and further describes the upregulation or downregulation genes of SMG and LLLT. By comparing the DEGs in each analysis between the SMG and LLLT groups, we identified the upregulated genes after SMG treatment and the downregulated genes after LLLT treatment as Common DEGs. Subsequently, we conducted DEGs between the SMG and LLLT groups using GO and KEGG functional enrichment analysis. Our findings revealed enrichment in different functions and pathways among these genes. We found that the primary pathways identified were predominantly associated with inflammatory and immune responses. GO analysis (Figure 5E) showed that common DEGs were most significant in the biological activity of epidermal cells and muscle cells, such as skin development, epidermis development, skin barrier, muscle cell differentiation, skin epidermis development, etc. In terms of immunity, acute phase response, acute inflammatory response, cytokine-mediated signaling pathway, and myeloid leukocyte cell activation. KEGG analysis revealed (Figure 5F) that the common DEGs are primarily associated with immune cell-related signaling pathways. These pathways include PI3K/AKT, MAPK, JAK/STAT, cAMP and Wnt signaling pathways. In the KEGG pathway enrichment network (Figure 5G), the PI3K/AKT pathway occupies a central position. The heat map (Figure 5H) shows the high expression of some common inflammatory factors in the SMG group, such as TNF, CCR2, IL-6. After LLLT treatment, the expression level of these inflammatory genes decreased to varying degrees. LLLT can effectively reduce the inflammatory response after SMG. The GSEA results (Figures 5I,J) showed that after LLLT treatment, Ribosome, Terpenoid backbone biosynthesis, and oxidative physiology were activated, while inflammatory-related pathways such as PI3K/AKT signaling pathway, NOD-like receptor signaling pathway, Toll-like receptor signaling pathway, Chemokine signaling pathway, TNF signaling pathway, NF-κB signaling pathway were inhibited. The above results also indicate that LLLT effectively alleviates the inflammatory response caused by SMG. A protein-protein interaction (PPI) network was constructed for the common DEG using STRING and analyzed using Cytoscape software. Using Cytoscape software based on the CytoHubba MCC algorithm (Figure 5K), identify the ten most significant hub genes: CCR2, PBK, NCAPG2, CHEK1, CXCL9, STAT1, RAD51AP1, ITGAX, CCNE2, and EZH2. CCR2 emerged as the most significantly upregulated gene, achieving the top rank by the MCC technique, and was pinpointed as a central hub gene within the interaction network. Following LLLT treatment after SMG, it was observed that the inflammation induced by SMG was attenuated, suggesting the pivotal involvement of CCR2 as a fundamental hub gene in this process.
[image: Figure 5]FIGURE 5 | Bioinformatics analysis of DEGs between LLLT and SMG. (A) Principle component analysis plot showed separation of Control (NC), SMG and LLLT data by their top two principal components (n = 5). (B) Volcano plots of up- and downregulated genes between SMG and Control group. (C) Volcano plots of up- and downregulated genes between LLLT and SMG group. (D) Venn diagram showing DEGs in the three groups. (E) Enriched pathway in GO analysis of Common DEG. BP: Biological process, CC: Cellular component. MF: Molecular function. (F) Enriched pathway in KEGG analysis of Common DEG. (G) Common DEG-pathway association network diagram. (H) The heat map of the inflammatory associated genes expresion level in three groups. (I) The Bar plot of GSEA result for LLLT and SMG group. NES >0 represents the activation of this pathway in LLLT group, NES <0 represents the inhibition of this pathway in LLLT group. (J) The main inhibited functions of mice in the LLLT group. (K) The Cytohubba was used to construct the Top10 hub genes. The figure showed the Top10 hub genes constructed by the MCC method.
3.6 CCR2 played a key role in LLLT to accelerate wound healing under SMG conditions
Next, we applied qPCR and immunohistochemical staining to validate the transcriptome sequencing results, which were consistent with the transcriptome results that LLLT treatment significantly decreased the expression level of CCR2, CXCL9 and STAT-1 mRNA under SMG conditions. As shown in Figures 6A,B, the expression levels of CCR2 mRNA (p = 0.0008) and protein (p = 0.0021) were significantly increased in the SMG group compared with the control group. Nonetheless, LLLT reduced CCR2 levels. These results suggest that LLLT may inhibit inflammatory responses and enhance cellular proliferation and migration through upregulating CCR2 expression, thus promoting the process of cutaneous wounds healing in the SMG conditions, and the specific mechanism needs to be further elucidated.
[image: Figure 6]FIGURE 6 | Analyses of potential LLLT-related genes. (A) q-RT-PCR analysis of CCR2, CXCL9 and STAT1 mRNA expression level at Day 7 (n = 3). (B) Immunohistochemistry analysis and data visualization of CCR2 in mice skin wound at Day 7 (n = 3). The data were presented as the mean ± standard deviation.
3.7 The downregulation of CCR2 induced-by LLLT application activates PI3K/AKT pathway
To further verify the correlation between CCR2 and PI3K/AKT pathway, the expression of CCR2, P-PI3K, PI3K, P-AKT and AKT in different groups was analyzed by Western blotting. The findings indicated that the expression of CCR2 was negatively correlated to both P-PI3K and P-AKT (Figure 7A). Based on these results, the overexpression and knockdown of CCR2 were performed to confirm whether CCR2 regulated the function of PI3K/AKT pathway as an up-stream molecule. The overexpression of CCR2 inhibited the expression P-PI3K and P-AKT (Figure 7B). Consistently, the knockdown of CCR2 promoted the phosphorylation of PI3K and AKT (Figure 7C). Therefore, we speculated that LLLT rescued the inhibition of PI3K/AKT pathway in SMG condition via downregulating the expression of CCR2.
[image: Figure 7]FIGURE 7 | LLLT activated PI3K/AKT signaling pathway via downregulating the level of CCR2 in SMG condition. (A) Western blotting of CCR2, p-PI3K, PI3K, p-AKT and AKT in mice skin wound at Day 7 (n = 3). The data were presented as the mean ± standard deviation. (B) Western blotting of CCR2, p-PI3K, PI3K, p-AKT and AKT after CCR2 overexpression and knockdown.
4 DISCUSSION
The process of skin wound healing is intricate and involves multiple cellular and molecular events. In microgravity conditions, the healing process is further complicated due to altered cellular behavior and impaired tissue regeneration (Wilkinson and Hardman, 2020a; Cialdai et al., 2022). LLLT has emerged as a potential therapeutic approach to enhance wound healing. This research examines the role of LLLT in promoting the repair of skin wounds under microgravity conditions and its underlying mechanisms, focusing on the PI3K/AKT signaling pathway. These findings revealed that LLLT significantly enhances wound healing in SMG conditions, as evidenced by improved granulation tissue formation, increased collagen deposition, and decreased inflammatory response.
LLLT has been extensively used in wound treatment, yielding promising results[ (Cialdai et al., 2022; Posten et al., 2005)]. Research by Calin and Parasca has demonstrated that lasers within the 630–700 nm range possess remarkable abilities for tissue repair (Calin and Parasca, 2010). Consequently, in our study, we opted to utilize a 660-nm laser as an adjunctive therapeutic approach. Granulation tissue formation plays a pivotal role in the healing of wounds, providing a scaffold for cellular infiltration, angiogenesis, and subsequent tissue repair. It is characterized as a temporary extracellular matrix composed of fibroblasts, blood vessels, immune cells, and components of extracellular matrix like collagen and proteoglycans (Li X. et al., 2020). Fibroblasts and angiogenesis are essential factors in the production of collagen and the development of granulation tissue (Wilkinson and Hardman, 2020b). Research suggests that LLLT’s photon energy induces photophysical, photochemical, and photobiological effects (Huang et al., 2009). In addition to stimulating the proliferation of epithelial cells, osteoblasts, and fibroblasts, as well as promoting collagen synthesis, LLLT effectively mitigates edema and hyperemia during inflammatory processes (Oliveira Sierra et al., 2013; Huang et al., 2023). Supporting these findings, our investigation on HU mice treated with LLLT also demonstrated enhanced collagen deposition, increased cell proliferation, and augmented angiogenesis. These observations strongly indicate that LLLT may accelerate skin wound healing under SMG conditions by facilitating the development of granulation tissue.
The proliferation and migration of epithelial cells and fibroblasts are closely linked to the formation of granulation tissue. During granulation tissue formation, epithelial cells move from the wound margins to envolop the injured area, while fibroblasts proliferate and migrate into the wound site, synthesizing and organizing the extracellular matrix. The coordinated actions of these cell types promote the formation of a functional granulation tissue that supports tissue repair, angiogenesis, and the infiltration of immune cells (Nunan et al., 2015; Cheng et al., 2016; Haensel and Dai, 2018; Koike et al., 2020). In our in vitro experiments, we employed two commonly used cell lines, HaCaT (human keratinocyte) and NIH3T3 (mouse fibroblast), to examine the effects of LLLT on cell proliferation and migration under SMG conditions. Our research demonstrated that LLLT significantly enhances the proliferation and migration rates of both HaCaT and NIH3T3 cells. The increased proliferation and migration of these cells could contribute to faster re-epithelialization, improved extracellular matrix deposition, and ultimately, more effective wound repair under reduced gravity conditions.
It is well-established that inflammation constitutes the early stages in the overlapping stages of tissue repair (Cheng et al., 2016). Prolonged inflammation has been found to hinder tissue repair and cause excessive scar development (Eming et al., 2007). Macrophages are critical in regulating inflammation and facilitating wound healing. They secrete growth factors such as epidermal growth factor, keratinocyte growth factor and transforming growth factor, which induce fibroblast and keratinocyte proliferation, collagen and extracellular matrix protein production, thereby contributing to granulation tissue development and re-epithelialization (Krzyszczyk et al., 2018). In vitro tissue repair studies have categorized macrophages into two distinct phenotypes based on their functions: “classically activated” or M1-type macrophages, which release pro-inflammatory cytokines like IL-12, IL-1β, IL-6, TNF-α and inducible nitric oxide synthase, and are involved in pathogen clearance, inflammatory cytokine release and Th1 response generation; “alternatively activated” or M2-type macrophages, which promote angiogenesis, anti-inflammatory cytokine release and resolution of inflammation (West et al., 2011; Wolf et al., 2021). Our findings revealed that LLLT treatment induces the shift of macrophages towards an M2 phenotype while inhibiting their transition to the M1 phenotype in HU mice. This shift in macrophage polarization is accompanied by reduced skin wound inflammation and accelerated wound healing in HU mice. However, it is crucial to note that the relationship between inflammation and granulation tissue formation is complex and interdependent (Chen et al., 2021). While LLLT appears to mitigate the inflammatory response and enhance wound healing, the precise temporal sequence and interplay between LLLT’s effects on inflammation and granulation tissue formation remain to be elucidated. Further studies are needed to decipher the underlying mechanisms and potential sequential actions of LLLT on inflammation and granulation tissue development, which will provide valuable insights into its therapeutic potential for optimizing wound healing under various conditions.
The PI3K/AKT signaling pathway is a key regulator of a wide variety of cellular processes, including proliferation, differentiation, migration, angiogenesis, and Metabolic processes. Furthermore, it is essential for skin development and homeostasis. In wound healing, this pathway is critically involved, as disrupted AKT signaling can inhibit keratinocyte proliferation and prolong epithelial wound healing. (Xu et al., 2009). The AKT pathway is vital for modulating macrophage survival, migration, and proliferation, as well as coordinating their responses to various metabolic and inflammatory cues (Ding et al., 2012). Studies have shown that during delayed cutaneous wound healing, both tissue remodeling and reduced AKT3 expression are extended. M2 macrophages, which originate from delayed wound tissue, are deficient in AKT3 and fail to promote the proliferation and migration of human skin fibroblasts (Gu et al., 2020). A substantial body of research indicates that imbalances in the PI3K/AKT pathway are frequently linked to various types of skin cancer, including malignant melanoma, basal cell carcinoma, and cutaneous squamous cell carcinoma, and contribute to poor outcomes (Chamcheu et al., 2019). Our findings revealed that LLLT treatment suppresses the activation of the PI3K/AKT signaling pathway in HU mice, which paradoxically promotes wound healing. In addition, numerous findings have concentrated on the significance of CCR2 in cutaneous tissue repair. Rodero and colleagues demonstrated that CCR2-mediated macrophage recruitment occurs in the first 4 hours following tissue injury in a murine scalp excisional wound model. The absence of CCR2 was found to impair wound healing by modulating the inflammatory response. In our research, we observed that LLLT treatment suppresses CCR2 expression in HU mice, thereby promoting wound healing. The inhibition of CCR2 has been shown to alleviate neuroinflammation and neuronal apoptosis following subarachnoid hemorrhage through the PI3K/AKT pathway (Tian et al., 2022). Although our results showed that application of LLLT reduces CCR2 levels and promoted phosphorylation of PI3K and AKT under SMG conditions, the knockdown of CCR2 also promotes phosphorylation of PI3K and AKT. However, it is unclear whether LLLT effects its wound healing effects by acting on CCR2, which subsequently modules the PI3K/AKT pathway, inhibits macrophage recruitment, attenuates inflammation, and ultimately promotes granulation tissue formation, accelerating skin wound healing under SMG conditions. It is necessary to focus on the specific upstream and downstream regulatory mechanisms in future studies. In conclusion, our study demonstrates that LLLT has positive effects on tissue repair processes in SMG conditions by reducing CCR2 expression and activating PI3K/AKT signaling pathway. These findings hold promise for developing novel therapeutic strategies to improve wound healing outcomes in space missions and in terrestrial settings where normal healing is compromised. Nevertheless, A major limitation of our study is the use of the HU mouse model to simulate microgravity, which may not fully replicate the conditions encountered by humans in space. In addition, in vitro experiments with HaCaT and NIH3T3 cell lines, while informative, do not encompass the full complexity of human tissue responses. The differences in wound healing between mice and humans further complicate the direct translation of our findings to the clinical setting. Therefore, the parameters of LLLT that were effective in our animal model may need to be adjusted for optimal use in humans.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, CCR2.
ETHICS STATEMENT
The animal study was approved by Animal Care and Experiment Committee of Shanghai Jiao Tong University School of Medicine. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
RY: Writing–original draft, Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Software, Supervision, Validation, Visualization, Writing–review and editing. YH: Validation, Writing–review and editing. WN: Conceptualization, Writing–original draft. YqZ: Methodology, Writing–review and editing. YgZ: Methodology, Software, Writing–original draft. MC: Data curation, Writing–review and editing. RH: Writing–review and editing. MY: Data curation, Supervision, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Comprehensive Planning Bureau of Logistics Support Department of the Military Commission (CZZ8J010) to MY and Major research and development projects of the Ministry of Science and Technology (2020YFC1512704) to MY.
ACKNOWLEDGMENTS
We express our sincere appreciation to Zaisheng Lin and Ming Li for their exceptional technical assistance.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Adamopoulos, K., Koutsouris, D., Zaravinos, A., and Lambrou, G. I. (2021). Gravitational influence on human living systems and the evolution of species on Earth. Molecules 26 (9), 2784. doi:10.3390/molecules26092784
 Avci, P., Gupta, A., Sadasivam, M., Vecchio, D., Pam, Z., Pam, N., et al. (2013). Low-level laser (light) therapy (LLLT) in skin: stimulating, healing, restoring. Semin. Cutan. Med. Surg. 32 (1), 41–52.
 Boniakowski, A. E., Kimball, A. S., Joshi, A., Schaller, M., Davis, F. M., denDekker, A., et al. (2018). Murine macrophage chemokine receptor CCR2 plays a crucial role in macrophage recruitment and regulated inflammation in wound healing. Eur. J. Immunol. 48 (9), 1445–1455. doi:10.1002/eji.201747400
 Calin, M. A., and Parasca, S. V. (2010). In vivo study of age-related changes in the optical properties of the skin. Lasers Med. Sci. 25 (2), 269–274. doi:10.1007/s10103-009-0725-9
 Chamcheu, J. C., Roy, T., Uddin, M. B., Banang-Mbeumi, S., Chamcheu, R. C., Walker, A., et al. (2019). Role and therapeutic targeting of the PI3K/AKT/mTOR signaling pathway in skin cancer: a review of current status and future trends on natural and synthetic agents therapy. Cells 8 (8), 803. doi:10.3390/cells8080803
 Chen, Y., Zhang, X., Liu, Z., Yang, J., Chen, C., Wang, J., et al. (2021). Obstruction of the formation of granulation tissue leads to delayed wound healing after scald burn injury in mice. Burns Trauma 9, tkab004. doi:10.1093/burnst/tkab004
 Cheng, F., Shen, Y., Mohanasundaram, P., Lindström, M., Ivaska, J., Ny, T., et al. (2016). Vimentin coordinates fibroblast proliferation and keratinocyte differentiation in wound healing via TGF-β-Slug signaling. Proc. Natl. Acad. Sci. U. S. A. 113 (30), E4320–E4327. doi:10.1073/pnas.1519197113
 Cialdai, F., Risaliti, C., and Monici, M. (2022). Role of fibroblasts in wound healing and tissue remodeling on Earth and in space. Front. Bioeng. Biotechnol. 10, 958381. doi:10.3389/fbioe.2022.958381
 Demontis, G. C., Germani, M. M., Caiani, E. G., Barravecchia, I., Passino, C., and Angeloni, D. (2017). Human pathophysiological adaptations to the space environment. Front. Physiol. 8, 547. doi:10.3389/fphys.2017.00547
 Deng, T., Gao, D., Song, X., Zhou, Z., Zhou, L., Tao, M., et al. (2023). A natural biological adhesive from snail mucus for wound repair. Nat. Commun. 14 (1), 396. doi:10.1038/s41467-023-35907-4
 Ding, L., Biswas, S., Morton, R. E., Smith, J., Hay, N., Byzova, T. V., et al. (2012). AKT3 deficiency in macrophages promotes foam cell formation and atherosclerosis in mice. Cell. Metab. 15 (6), 861–872. doi:10.1016/j.cmet.2012.04.020
 Dompe, C., Moncrieff, L., Matys, J., Grzech-Leśniak, K., Kocherova, I., Bryja, A., et al. (2020). Photobiomodulation-underlying mechanism and clinical applications. J. Clin. Med. 9 (6), 1724. doi:10.3390/jcm9061724
 Ebnerasuly, F., Hajebrahimi, Z., Tabaie, S. M., and Darbouy, M. (2017). Effect of simulated microgravity conditions on differentiation of adipose derived stem cells towards fibroblasts using connective tissue growth factor. Iran. J. Biotechnol. 15 (4), 241–251. doi:10.15171/ijb.1747
 Eming, S. A., Krieg, T., and Davidson, J. M. (2007). Inflammation in wound repair: molecular and cellular mechanisms. J. Investig. Dermatol 127 (3), 514–525. doi:10.1038/sj.jid.5700701
 Frith, J. E., Thomson, B., and Genever, P. G. (2010). Dynamic three-dimensional culture methods enhance mesenchymal stem cell properties and increase therapeutic potential. Tissue Eng. Part C Methods 16 (4), 735–749. doi:10.1089/ten.tec.2009.0432
 Globus, R. K., and Morey-Holton, E. (1985)2016). Hindlimb unloading: rodent analog for microgravity. J. Appl. Physiol. 120 (10), 1196–1206. doi:10.1152/japplphysiol.00997.2015
 Gu, S., Dai, H., Zhao, X., Gui, C., and Gui, J. (2020). AKT3 deficiency in M2 macrophages impairs cutaneous wound healing by disrupting tissue remodeling. Aging (Albany NY) 12 (8), 6928–6946. doi:10.18632/aging.103051
 Hamblin, M. R. (2017). Mechanisms and applications of the anti-inflammatory effects of photobiomodulation. AIMS Biophys. 4 (3), 337–361.
 Haensel, D., and Dai, X. (2018). Epithelial-to-mesenchymal transition in cutaneous wound healing: where we are and where we are heading. Dev. Dyn. 247 (3), 473–480. doi:10.1002/dvdy.24561
 Hao, Q., Vadgama, J. V., and Wang, P. (2020). CCL2/CCR2 signaling in cancer pathogenesis. Cell. Commun. Signal. 18 (1), 82. doi:10.1186/s12964-020-00589-8
 He, S., Yao, L., and Li, J. (2023). Role of MCP-1/CCR2 axis in renal fibrosis: mechanisms and therapeutic targeting. Medicine 102 (42), e35613. doi:10.1097/md.0000000000035613
 Huang, Q., Fang, Y., Lai, Y., and Liao, H. (2023). Low-level laser therapy combined with scleral graft transplantation in the treatment of contracted socket: a clinical study. BMC Ophthalmol. 23 (1), 492. doi:10.1186/s12886-023-03242-3
 Huang, Y. Y., Chen, A. C., Carroll, J. D., and Hamblin, M. R. (2009). Biphasic dose response in low level light therapy. Dose Response 7 (4), 358–383. doi:10.2203/dose-response.09-027.hamblin
 Jaynes, J. M., Sable, R., Ronzetti, M., Bautista, W., Knotts, Z., Abisoye-Ogunniyan, A., et al. (2020). Mannose receptor (CD206) activation in tumor-associated macrophages enhances adaptive and innate antitumor immune responses. Sci. Transl. Med. 12 (530), eaax6337. doi:10.1126/scitranslmed.aax6337
 Kang, H., Lu, S., Peng, J., Yang, Q., Liu, S., Zhang, L., et al. (2015). Chondrogenic differentiation of human adipose-derived stem cells using microcarrier and bioreactor combination technique. Mol. Med. Rep. 11 (2), 1195–1199. doi:10.3892/mmr.2014.2820
 Koh, T. J., and DiPietro, L. A. (2011). Inflammation and wound healing: the role of the macrophage. Expert Rev. Mol. Med. 13, e23. doi:10.1017/s1462399411001943
 Koike, Y., Yozaki, M., Utani, A., and Murota, H. (2020). Fibroblast growth factor 2 accelerates the epithelial-mesenchymal transition in keratinocytes during wound healing process. Sci. Rep. 10 (1), 18545. doi:10.1038/s41598-020-75584-7
 Krzyszczyk, P., Schloss, R., Palmer, A., and Berthiaume, F. (2018). The role of macrophages in acute and chronic wound healing and interventions to promote pro-wound healing phenotypes. Front. Physiol. 9, 419. doi:10.3389/fphys.2018.00419
 Lee, S., Valmikinathan, C. M., Byun, J., Kim, S., Lee, G., Mokarram, N., et al. (2015). Enhanced therapeutic neovascularization by CD31-expressing cells and embryonic stem cell-derived endothelial cells engineered with chitosan hydrogel containing VEGF-releasing microtubes. Biomaterials 63, 158–167. doi:10.1016/j.biomaterials.2015.06.009
 Leyane, T. S., Jere, S. W., and Houreld, N. N. (2021). Cellular signalling and photobiomodulation in chronic wound repair. Int. J. Mol. Sci. 22 (20), 11223. doi:10.3390/ijms222011223
 Li, X., Kim, J., Wu, J., Ahamed, A. I., Wang, Y., and Martins-Green, M. (2020b). N-Acetyl-cysteine and mechanisms involved in resolution of chronic wound biofilm. J. Diabetes Res. 2020, 1–16. doi:10.1155/2020/9589507
 Li, Y., Xu, Q., Shi, M., Gan, P., Huang, Q., Wang, A., et al. (2020a). Low-level laser therapy induces human umbilical vascular endothelial cell proliferation, migration and tube formation through activating the PI3K/Akt signaling pathway. Microvasc. Res. 129, 103959. doi:10.1016/j.mvr.2019.103959
 Liao, Y. X., Zhang, Z. P., Zhao, J., and Liu, J. P. (2018). Effects of fibronectin 1 on cell proliferation, senescence and apoptosis of human glioma cells through the PI3K/AKT signaling pathway. Cell. Physiol. Biochem. 48 (3), 1382–1396. doi:10.1159/000492096
 Nguyen, H. P., Tran, P. H., Kim, K. S., and Yang, S. G. (2021). The effects of real and simulated microgravity on cellular mitochondrial function. NPJ Microgravity 7 (1), 44. doi:10.1038/s41526-021-00171-7
 Nunan, R., Campbell, J., Mori, R., Pitulescu, M. E., Jiang, W. G., Harding, K. G., et al. (2015). Ephrin-bs drive junctional downregulation and actin stress fiber disassembly to enable wound Re-epithelialization. Cell. Rep. 13 (7), 1380–1395. doi:10.1016/j.celrep.2015.09.085
 Oliveira Sierra, S., Melo Deana, A., Mesquita Ferrari, R. A., Maia Albarello, P., Bussadori, S. K., and Santos Fernandes, K. P. (2013). Effect of low-level laser therapy on the post-surgical inflammatory process after third molar removal: study protocol for a double-blind randomized controlled trial. Trials 14, 373. doi:10.1186/1745-6215-14-373
 Posten, W., Wrone, D. A., Dover, J. S., Arndt, K. A., Silapunt, S., and Alam, M. (2005). Low-level laser therapy for wound healing: mechanism and efficacy. Dermatol Surg. 31 (3), 334–340. doi:10.1111/j.1524-4725.2005.31086
 Riwaldt, S., Corydon, T. J., Pantalone, D., Sahana, J., Wise, P., Wehland, M., et al. (2021). Role of apoptosis in wound healing and apoptosis alterations in microgravity. Front. Bioeng. Biotechnol. 9, 679650. doi:10.3389/fbioe.2021.679650
 Rodero, M. P., Licata, F., Poupel, L., Hamon, P., Khosrotehrani, K., Combadiere, C., et al. (2014). In vivo imaging reveals a pioneer wave of monocyte recruitment into mouse skin wounds. PLoS One 9 (10), e108212. doi:10.1371/journal.pone.0108212
 Rose, S., Misharin, A., and Perlman, H. (2012). A novel Ly6C/Ly6G-based strategy to analyze the mouse splenic myeloid compartment. Cytom. A 81 (4), 343–350. doi:10.1002/cyto.a.22012
 Santos, C. M. D., Rocha, R. B. D., Hazime, F. A., Cardoso, V. S., et al. (2021). A systematic review and meta-analysis of the effects of low-level laser Therapy in the treatment of diabetic foot ulcers. Int. J. Low. Extrem Wounds. 20 (3), 198–207.
 Tam, S. Y., Tam, V. C. W., Ramkumar, S., Khaw, M. L., Law, H. K. W., and Lee, S. W. Y. (2020). Review on the cellular mechanisms of low-level laser therapy use in oncology. Front. Oncol. 10, 1255. doi:10.3389/fonc.2020.01255
 Teng, Y., Fan, Y., Ma, J., Lu, W., Liu, N., Chen, Y., et al. (2021). The PI3K/AKT pathway: emerging roles in skin homeostasis and a group of non-malignant skin disorders. Cells 10 (5), 1219. doi:10.3390/cells10051219
 Tian, Q., Guo, Y., Feng, S., Liu, C., Wang, J., et al. (2022). Inhibition of CCR2 attenuates neuroinflammation and neuronal apoptosis after subarachnoid hemorrhage through the PI3K/AKT pathway. J. Neuroinflammation 19 (1), 312. doi:10.1186/s12974-022-02676-8
 West, A. P., Brodsky, I. E., Rahner, C., Woo, D. K., Erdjument-Bromage, H., Tempst, P., et al. (2011). TLR signalling augments macrophage bactericidal activity through mitochondrial ROS. Nature 472 (7344), 476–480. doi:10.1038/nature09973
 Westin, J. R. (2014). Status of PI3K/AKT/mTOR pathway inhibitors in lymphoma. Clin. Lymphoma Myeloma Leuk. 14 (5), 335–342. doi:10.1016/j.clml.2014.01.007
 Wilkinson, H. N., and Hardman, M. J. (2020a). Wound healing: cellular mechanisms and pathological outcomes. Open Biol. 10 (9), 200223. Epub 2020 Sep 30. doi:10.1098/rsob.200223
 Wilkinson, H. N., and Hardman, M. J. (2020b). Wound healing: cellular mechanisms and pathological outcomes. Open Biol. 10 (9), 200223. doi:10.1098/rsob.200223
 Wolf, S. J., Melvin, W. J., and Gallagher, K. (2021). Macrophage-mediated inflammation in diabetic wound repair. Semin. Cell. Dev. Biol. 119, 111–118. doi:10.1016/j.semcdb.2021.06.013
 Xu, K. P., Li, Y., Ljubimov, A. V., and Yu, F. S. (2009). High glucose suppresses epidermal growth factor receptor/phosphatidylinositol 3-kinase/AKT signaling pathway and attenuates corneal epithelial wound healing. Diabetes 58 (5), 1077–1085. doi:10.2337/db08-0997
 Xu, M., Wang, Y., Xia, R., Wei, Y., and Wei, X. (2021). Role of the CCL2-CCR2 signalling axis in cancer: mechanisms and therapeutic targeting. Cell. Prolif. 54 (10), e13115. doi:10.1111/cpr.13115
 Yu, N., Li, T., Qiu, Z., Xu, J., Huang, J., et al. (2023). Wip1 regulates wound healing by affecting activities of keratinocytes and endothelial cells through ATM-p53 and mTOR signaling. Burns 49 (8), 1969–1982. doi:10.1016/j.burns.2023.05.005
 Yu, Y., Yue, Z., Xu, M., Zhang, M., Shen, X., Ma, Z., et al. (2022). Macrophages play a key role in tissue repair and regeneration. PeerJ 10, e14053. doi:10.7717/peerj.14053
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Ye, He, Ni, Zhang, Zhu, Cao, He and Yao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-12-1387474-g005.gif





OPS/images/fbioe-12-1387474-g006.gif
corz






OPS/images/fbioe-12-1387474-g003.gif





OPS/images/fbioe-12-1387474-g004.gif





OPS/images/fbioe-12-1387474-t002.jpg
Gene name Forward and reserve primer

CXCLY CTAGTGATAAGGAATGCACGATG
R: CTAGGCAGGTTTGATCTCCGTTC
CCR2 F: GCTGTGTTTGCCTCTCTACCAG
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Wave length (nm) 6328 6328
Working mode ow ow
Power output (mW) 40 0
Sessions 1 1
Distance to mice/cells (cm) 10 10
Measurement area on target (cm?) 1 10
Irradiance (mW/cm?) 40 4
Exposure time (min) 333 05
Energy density (J/em®) 8 12
Sum of radiant energy (J) 8 12
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