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Abstract

:

Diabetes can disrupt physiological wound healing, caused by decreased levels or impaired activity of angiogenic factors. This can contribute to chronic inflammation, poor formation of new blood vessels, and delayed re-epithelialization. The present study describes the preclinical application of medical gas plasma to treat a dermal, full-thickness ear wound in streptozotocin (STZ)-induced diabetic mice. Gas plasma-mediated effects occurred in both sexes but with gender-specific differences. Hyperspectral imaging demonstrated gas plasma therapy changing microcirculatory parameters, particularly oxygen saturation levels during wound healing, presumably due to the gas plasma’s tissue delivery of reactive species and other bioactive components. In addition, gas plasma treatment significantly affected cell adhesion by regulating focal adhesion kinase and vinculin, which is important in maintaining skin barrier function by regulating syndecan expression and increasing re-epithelialization. An anticipated stimulation of blood vessel formation was detected via transcriptional and translational increase of angiogenic factors in gas plasma-exposed wound tissue. Moreover, gas plasma treatment significantly affected inflammation by modulating systemic growth factors and cytokine levels. The presented findings may help explain the mode of action of successful clinical plasma therapy of wounds of diabetic patients.






Keywords:


angiogenesis; diabetes mellitus; hyperspectral imaging; plasma medicine; reactive species; ROS; RNS; redox regulation












1. Introduction


The skin represents a multifunctional complex barrier against pathogens and functions as natural defense of the body. Wounds disrupt the integrity and function of the skin. However, physiological wound healing involves a highly organized and coordinated sequence of events involving various cellular and molecular mechanisms [1]. In the initial phase of wound healing, inflammation occurs as a response to tissue injury. It involves recruiting immune cells, releasing inflammatory mediators, and debris clearance. During the proliferation and remodeling phase, new blood vessels are formed (angiogenesis), and fibroblasts produce collagen to rebuild the extracellular matrix. Epithelial cells migrate to close the wound [2]. Patients with diabetes mellitus (DM) are particularly prone to develop chronic wounds, i.e., wounds that fail to heal within 3–6 weeks post-infliction. Etiologically, chronic wounds are primarily diabetic foot ulcers, venous ulcers, and pressure sores [3]. Several host-related factors impair healing, including elevated blood glucose levels, neuropathy, prolonged and exaggerated inflammation, impaired immune responses, and blood circulation [4]. The latter often results in microvascular complications, such as reduced blood flow (peripheral vascular disease) and nerve damage (neuropathy) [5]. These conditions further impede wound healing by reducing oxygen and nutrient supply to the wound region [6]. Moreover, diabetic wounds often have impaired angiogenesis, leading to delayed re-epithelialization [7]. Currently, no chronic wound model in mice resembles all features of chronic wound healing and human diabetes, although several rodent models have been established to study diabetes-delayed wound healing. Streptozotocin (STZ) is a naturally occurring compound toxic to the insulin-producing beta cells in the pancreas and is commonly used to induce experimental diabetes in animal models, particularly rodents [8,9]. When streptozotocin is administered to animals, it causes hyperglycemia with elevated blood sugar level due to the loss of insulin secretion [10].



Using hyperspectral imaging (HSI), the wound bed and surrounding tissue can be analyzed to evaluate factors such as tissue oxygenation, granulation tissue formation, epithelialization, and collagen content by capturing the reflectance spectra of different tissue components such as hemoglobin, water, collagen, and lipids [11]. HSI further aided in identifying and quantifying inflammatory processes within wounds. Inflammatory markers, such as increased blood flow, edema, and specific biochemical signatures associated with inflammation, were detected and monitored using hyperspectral data [12]. Generally, HSI was applied to evaluate the efficacy of different wound treatments and interventions. As such, capturing spectral data before and after gas plasma treatment in different mouse models makes it possible to objectively assess changes in wound parameters, such as tissue oxygenation, inflammation levels, and overall wound healing progression [13,14,15].



Numerous treatment strategies target defective wound healing [16]. To optimize wound healing processes, medical gas plasma increasingly appears as a successful therapeutic approach [17]. Gas plasma is a partially ionized gas and a potent source of several gaseous reactive oxygen and nitrogen species (summarized as ROS), which are transported directly to the region of interest. ROS can stimulate cellular proliferation and migration, immune cell recruitment, and angiogenesis [18]. Based on these data, it was shown that gas plasma therapy not only heals rodent wounds but also patients benefit from gas plasma therapy safely and with antimicrobial efficacy [19]. Consequently, several clinical trials have indicated a promising role of medical gas plasma in treating extensive or non-healing diabetic wounds [20,21,22]. It is known that gas plasma-derived ROS act on skin cells [23] and participate in processes that are redox-regulated [24]. However, there is limited molecular understanding of how the gas plasma-derived reactive species mixtures may trigger adequate angiogenesis to stimulate healing. Therefore, we utilized a murine full-thickness ear incision model in an STZ-induced mouse model to investigate the effects of gas plasma therapy in diabetic wound healing.




2. Material and Methods


2.1. Animals and Wounding


SKH1-hr hairless immunocompetent mice (Charles River Laboratories, Sulzfeld, Germany) aged 8–10 weeks, ~20 g each, were used for the wound healing studies under protocols by the local ethics committee according to the guidelines for care and use of laboratory animals (7221.3-1-044/16) and to the NIH Guide for the Care and Use of Laboratory Animals. They were housed with a 12-h light-dark cycle and free access to food and water. The overall study design describes the treatment regime and time points (Figure 1a). Immediately prior to injection, streptozotocin (STZ) was dissolved in 50 mM sodium citrate buffer to a final concentration of 4 mg/mL. STZ was administered intraperitoneal (i.p., 50 mg/kg) on five consecutive days. Under ketamine sedation (1.9 mg/mouse) and xylazine (0.19 mg/mouse, i.p.) on the experimental day of wounding (d0, after appr. 20 days), blood glucose levels were monitored (criterion for successful diabetes induction was >8.3 nmol/L). Additionally, we used the non-diabetic background strain SKH as a control for plasma treatment (n = 4 males, n = 5 females for d9, and n = 3, n = 4 females for d20). Afterward, under anesthesia, wounding on both ears using a microscissor was performed as previously described by removing the upper epidermal and dermal layers [25]. The area of the full-thickness dermal wound was in the range of 2.5–4.0 mm2. The wound tissue was recovered at specific time points of sacrifice, i.e., 9 and 20 days after injury, to analyze a total of 40 mice.




2.2. Medical Gas Plasma Treatment and Wound Closure Measurements


An atmospheric pressure argon plasma jet (kINPen MED; neoplas, Greifswald, Germany) was used, which ionized a flow (5 standard liters per minute) of argon gas (purity 99.9999; Air Liquide, Bremen, Germany) at 1 MHz. The device has been approved as a medical product (today: class IIb) in Germany and Europe since 2013 [19]. Gas plasma treatment of wounds of both ears was performed under anesthesia using the tip of the gas plasma effluent (i.e., conductive mode [26]) at a constant distance of 8 mm using an autoclavable spacer. Only the wound region and not the surrounding ear was exposed to the plume of the gas plasma jet. Ear wounds were gas plasma-treated for 10 s every third day or, in another group of animals, were left untreated (ctrl) over 9 (four times gas plasma-treated or left untreated) or 20 (six times gas plasma-treated or left untreated) days. Experiments were terminated and animals were sacrificed either on day 9 or day 20. Wound closure was measured on the day of wounding (d0) and every third day after that. Ex vivo, skin cells were indirectly gas plasma-treated, as previously described [23].




2.3. Hyperspectral Imaging (HSI) System


To analyze the tissue microcirculatory characteristics in real-time, the HSI camera system TIVITA Tissue (Diaspective Vision, Am Salzhaff, Germany) was utilized as previously described [13]. Then, the light of the visible and invisible spectrum (500–1000 nm) is analyzed, attributing sub-spectra to distinct parameters, such as oxygen saturation (StO2) in superficial layers and the perfusion into deeper skin regions (near-infrared index, NIR; 4–6 mm). In addition, the software can analyze the hemoglobin distribution using a tissue hemoglobin index (THI) and the water content using a tissue water index (TWI). Hyperspectral images were acquired under standardized conditions with a distance from the camera to the ear of 50 cm. After wounding, HSI parameters were immediately (within 10 min) recorded after gas plasma treatment and compared to that of untreated control wounds (set to 1). This was repeated every third day up to the endpoint (d20) in control or gas plasma-treated wounds (again, within 10 min post-exposure). For data analysis, the camera-specific software TIVITA Suite 1.0 (Diaspective Vision, Am Salzhaff, Germany) was used to calculate all parameters in well-defined circular wound regions (n > 4).




2.4. Skin Cell Isolation and Homogenization of Ear Tissue


Primary skin cells were isolated from diabetic in vivo gas plasma-treated or untreated skin tissue by enzyme-mediated removal and digestion of the epidermal and dermal layers according to the instructions of an epidermis dissociation kit (Miltenyi Biotec, Teterow, Germany). Afterward, using an octaMACS dissociator, the cell suspension was homogenized in gentleMACS C tubes to obtain live cells after being passed through a 7 µm MACS SmartStrainer (Miltenyi Biotec, Teterow, Germany). Skin cells were cultured over ten days in EMEM medium (PromoCell, Heidelberg, Germany) supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and L-glutamine (Sigma-Aldrich, Taufkirchen, Germany) in a humidified incubator at 37 °C with 5% CO2. Ear tissue from right ears was collected on days 9 and 20. Briefly, fresh tissues from ears were removed, snap-frozen in liquid nitrogen, and stored at −80 °C. Homogenization was performed in RNA lysis buffer (Bio&Sell, Feucht, Germany) for transcriptional expression analysis or in RIPA buffer containing protease and phosphatase inhibitors (cOmplete Mini, phosSTOP, PMSF; Sigma-Aldrich, Taufkirchen, Germany) to analyze protein levels and activity using a FastPrep-24 5G homogenizer (MP biomedicals, Eschwege, Germany).




2.5. RNA Extraction and Quantitative PCR Analysis


To quantify mRNAs by quantitative PCR (qPCR), 1 μg of RNA was transcribed into cDNA, and qPCR was conducted in duplicate using SYBR Green I Master (Roche Diagnostics, Mannheim, Germany). Gene-specific primers were used (BioTez, Berlin, Germany) (Table A1). The housekeeping genes GAPDH and RPL13A, whose expression was unaffected by gas plasma treatment, were used as an internal control for normalization. Gene expression was analyzed using the 2−∆∆Ct method.




2.6. Protein Analyses Using WES Quantification System or Immunohistochemical Staining


Protein targets were quantified based on their significance within the main cellular responses to angiogenesis. These included molecules of the adherence junctions (e.g., Fak, pFak, and vinculin) and angiogenesis-related targets (e.g., iNOS, syndecan, and cytokeratin). Western blot analysis was performed using WES according to the manufacturer’s instructions. Band intensities (Figure A1) were quantified using Compass Software 6.0 (ProteinSimple, Wiesbaden, Germany) and expressed as fold change compared to the corresponding control. GAPDH served as a housekeeping protein (all antibodies were from Cell Signaling Technologies, Heidelberg, Germany). On days 9 and 20, wound regions of the left ears were collected and fixed in 4% paraformaldehyde (Sigma-Aldrich, Taufkirchen, Germany) overnight. Paraffin blocks were cut into 5 µm-sections using a microtome to retrieve tissue sections that were stained with hematoxylin and eosin (H&E; Carl-Roth, Karlsruhe, Germany). Tissues were immunohistochemically stained with Fak, pFak, and Sdc primary antibodies using a SignalStain boost IHC detection reagent (all Cell Signaling Technologies, Heidelberg, Germany). Proteins in epidermal and dermal layers were quantified using ImageJ 1.54 software. In addition, tissue samples were incubated with fluorescently labeled (Alexa Fluor 488 or Alexa Fluor 647) primary antibodies targeting iNOS and cytokeratin (all Cell Signaling Technologies, Heidelberg, Germany). Additionally, skin cells were fixed in 4% paraformaldehyde (Sigma-Aldrich, Taufkirchen, Germany) for 20 min, washed, permeabilized with Triton X-100 (0.01% in PBS; Sigma-Aldrich, Taufkirchen, Germany), and stained with antibodies targeting vinculin. All tissue and cell slides prepared for immunofluorescence analysis were stained with DAPI (4′,6-diamidino-2-phenylindole) to counterstain nuclei, followed by mounting samples onto glass microscope slides using a mounting medium (VectaShield; Biozol, Eching, Germany) prior to analysis using an Axio Observer Z.1 microscope (Zeiss, Jena, Germany).




2.7. Bead-Based Cytokine and Chemokine Profiling in Blood Serum and Protein Lysates


Blood was collected retrobulbarly in EDTA tubes at days 0, 9, and 20 and centrifuged, and the serum supernatant was stored at −80 °C until use. The inflammatory secretion profiles in the blood serum of diabetic SKH1 mice were measured using multiplex cytokine detection technology (LegendPLEX; BioLegend, Amsterdam, The Netherlands) according to the manufacturer’s instructions. Briefly, the bead-based sandwich immunoassay was measured using flow cytometry (CytoFLEX LX; Beckman-Coulter, Krefeld, Germany) analyzing fluorescently labeled antibodies targeting granulocyte-macrophage colony-stimulating factor (GM-CSF), tumor necrosis factor (TNF) α, interferons (IFN) α and β as well as γ, four chemokines (monocyte chemotactic protein (MCP1 or CCL2), chemokine ligand 5 (RANTES or CCL5), C-X-C motif chemokine 10 (IP10 or CXCL10), and 1 (KC or CXCL1), and four interleukins (IL1β, IL6, IL10, and IL12p70). Appropriate data analysis software (LegendPLEX 8.0 software; BioLegend, Amsterdam, The Netherlands) was utilized for target quantification.




2.8. Statistical Analysis


All experiments were done with tissue of at least three animals per experimental group. In vitro assays were repeated three times independently. Data show mean + standard deviation if not indicated otherwise, and data were statistically compared with p values indicated by * p < 0.05, ** p < 0.01, or *** p < 0.001. Graphing and statistical analysis were performed with prism 7.04 (GraphPad Software, San Diego, CA, USA) using analyses of variances (ANOVA).





3. Results


3.1. Gas Plasma-Treated Diabetic Wounds Showed Faster Healing Responses


The diabetogenic substance streptozotocin (STZ) was multiply injected at low doses at five consecutive days into immunocompetent nude SKH1 mice to provoke a diabetic type 1 mouse model. The mice developed characteristics of human type 1 diabetes mellitus (DM1) due to the selective destruction of pancreatic islet β-cells [9]. Here, the model was used to study medical gas plasma’s potential to promote healing in a dermal full-thickness ear wound model (Figure 1a). Diabetic mice were either treated with gas plasma (10 s) every third day or were left untreated (ctrl) over 9 (d9) or 20 (d20) days. On the day after injury, the size of the remaining defect areas (as percentage of the original wound size) was examined, demonstrating a similar morphology and size of all wounds. Single quantitative analysis at each healing interval showed significantly accelerated wound closure on days 3 and 6 in females and 6 and 9 in males compared to controls. This demonstrated a quicker wound size reduction and suggested improved re-epithelialization in the gas plasma-treated compared to the untreated wounds. However, the original wound was covered completely with epithelium approximately on day 9. At two weeks after the injury, no difference was found, and near-complete wound closure (>95%) was achieved on day 20 in all experimental groups (Figure 1b). Additionally, we compared healing responses regarding wound closure time with each other in both gender with all possible treatment and control groups including the non-diabetic SKH1 background strain. Gas plasma treatment shortened the time of wound closure (left diagrams) in females (upper panel, pink) and males (lower panel, cyan). Improved wound closure was found in non-diabetic compared to diabetic mice. Additionally, wound closure rates were lower in diabetic compared to non-diabetic mice receiving gas plasma therapy, validating the model (Figure 1c).




3.2. Gas Plasma-Treated Wounds Showed Different Microcirculatory Parameters


Next, we aimed to evaluate HSI for monitoring gas plasma-induced microcirculatory wound parameter changes in diabetic mice. HSI showed oxygen saturation levels throughout all sampling time points, with slight differences between females and males. Superficial StO2 (tissue oxygenation levels) were significantly enhanced with gas plasma therapy on days 3, 9, and 12 in females (Figure 2a), whereas StO2 improved already on the wounding day (d0) and days 3, 9, and 15 in males (Figure 3a). The NIR index was mostly unchanged from untreated controls and before plasma treatment. However, it showed slightly decreased perfusion on d6 in females and on the day of wounding (d0) in males after plasma treatment. This decreased perfusion was significantly increased three days later (d3) in males, suggesting gender-specific differences in oxygenation and deeper perfusion. For the tissue hemoglobin index THI and tissue water index TWI, gas plasma treatment caused an increase in males to a significantly smaller extent than in females (Figure 2 and Figure 3a). HSI parameters were calculated as false-colored images. Representative measurements are shown for time points where HSI parameters significantly differed from untreated controls. HSI parameters were first shown on the wounding day after single gas plasma treatment in females (Figure 2b) and males (Figure 3b) compared to the situation before plasma treatment. Besides the alterations mentioned above of oxygenation in females, THI was strongly decreased on d3 (Figure 2c). In contrast, we found a strong THI increase on d6 and d9 and decreased NIR index on d6 (arrow, Figure 2d). Significantly enhanced StO2was further shown during later time points after wounding in females (Figure 2e,f) and males on d3 (Figure 3c) and d15 (Figure 3d). HSI parameter measurements suggested strong oxygenation and surface perfusion differences that were dependent on wound healing stage and, to a lesser extent, on gender.




3.3. Gene and Protein Expression of Angiogenic Factors in Newly Regenerated Tissue of Healing Wounds Were Significantly Altered with Gas Plasma Therapy


Quantitative PCR experiments were conducted to elucidate gene expression profiles of repair-related genes in angiogenesis at early (d9) and late stages (d20) of wound healing. Overall, data indicated an apparent difference between gas plasma- and untreated mice. Significantly increased transcriptional levels were found for inducible nitric oxidase (NOS2 or iNOS) and cyclooxygenase (COX2). Growth factors (KGF, HBEGF, CSF2) were mainly upregulated in females in contrast to males. Hypoxia-induced factor 1 alpha (HIF1A) mRNA expression also significantly increased in gas plasma-promoted healing tissue at day 9. The angiomotin family members AMOT and AMOTL1/2 mRNA expression was significantly higher at days 9 and 20 in females and males in gas plasma groups (Figure 4a). The protein expression of iNOS in epidermal and dermal layers was reduced in non-treated compared to gas plasma-treated mice (Figure 4b). Cytokeratins (CK) play a crucial role in maintaining cell structure, integrity, and mechanical stability, and have been detected in keratinized epidermis [27], and certain non-epithelial cells, including endothelial cells involved in angiogenesis [28]. Distribution of cytokeratin (red) was shown by immunofluorescence staining, demonstrating a significantly increased expression in epidermal layers (arrow) and in the endothelial cells surrounding blood vessels (stars) following gas plasma treatment (Figure 4c) on d20 (Figure 4d). During healing, focal adhesion kinase (Fak) and vinculin become activated and play a key role in regulating cellular processes necessary for wound closure [29]. FAK expression was significantly higher on both healing intervals obtained, whereas vinculin (VCL) mRNA levels were overall similar in both genders. Syndecans (Sdc) are cell-surface proteoglycans expressed in differentiating keratinocytes and transiently upregulated in all epidermis layers upon tissue injury [30]. SDC1/4 levels were significantly upregulated in males but unchanged on both time points in females in gas plasma groups (Figure 4e). To address the targets’ cellular distribution and expression, Fak, phosphorylated pY397-Fak, and syndecan expressing epidermal or dermal cells were further investigated using immunohistochemical staining. First, we validated the strong gas plasma-induced effect on Fak expression, whereas pY397-Fak was mainly increased in dermal cells. Syndecan expression was upregulated in epidermal cells but down-regulated in the dermal tissue layer on d9 (Figure 4f,g), as shown in representative images (Figure 4f). On the endpoints (d20), we found no expression level differences with gas plasma treatment. However, pY397-Fak expression was higher overall in the epidermis in both groups (arrows, Figure 4h). Vinculin, a structural adaptor protein of focal adhesions, was quantified and found upregulated with gas plasma treatment (Figure 4i). Interestingly, we obtained a strong enrichment of vinculin in leading-edge lamellipodia and filipodia. Non-treated skin cells (left images in j) displayed diffuse vinculin staining with some vinculin-positive staining of focal adhesions, whereas in vitro gas plasma-treated skin cells showed strong vinculin-positive cellular protrusions staining (images in Figure 4j). In vivo gas plasma-exposed skin cells affirmed this switch in focal adhesion dynamics (Figure 4k) suggesting a gas plasma-supporting effect on the cellular architecture as also previously described in dermal fibroblasts [31].



Collagen type I alpha 1 (COL1A1), collagen type III alpha 1 (COL3A1), and decorin (DCN), a small leucine-rich proteoglycan, are major extracellular matrix (ECM) components of dermal skin tissue. Data from females and males displayed a significant effect on collagen 1 expression compared to collagen 3 levels. COL1A1 expression in females was higher on day 9 but decreased on d20 in contrast to males, where the effect was the opposite. No significant differences were found between all groups regarding COL3A1 gene expression. Decorin functions in collagen fibrillogenesis and was significantly upregulated after gas plasma exposure in males compared to a slight increase in females. Next, we quantified the expression of smooth muscle actin α (αSMA) and fibronectin 1 (FN1), which were strongly upregulated with gas plasma treatment on both time points, except for FN1 in males on d9. Interestingly, females (left diagrams) responded earlier with an upregulation of ECM targets on d9 compared to males (right diagrams) in which these targets were strongly upregulated on d20, affirming gender-specific differences in the expression of ECM-associated targets (Figure 5a). To show the gas plasma effects on collagens in vitro, skin cells of untreated and gas plasma-treated SKH1-STZ mice were isolated, cultivated, and fluorescently stained for collagen I, validating the in vivo results. In vivo pre-treated cells showed stronger staining than non-treated skin cells, which was once again stronger than in untreated controls (Figure 5b). ECM remodeling is essential in forming new blood vessels from pre-existing ones. Fibroblasts produce matrix metalloproteinases (MMPs), a group of enzymes involved in the breakdown of ECM components during wound healing. MMPs (MMP2, 8 (collagenase 2), 9 (gelatinase B), 10 (stromelysin 2), 14) were differentially regulated, including partial differences between genders. MMP2 and MMP8 were mainly upregulated except for males on d9, but their overall relative expression was up to 5 times higher on d9 in gas plasma-treated animals. MMP8 is primarily associated with acute inflammatory processes, underlining its lower expression on d20. MMPs 9, 10, and 14 were partly upregulated in males on d9, suggesting transient degradation regulation and remodeling of the ECM components following gas plasma treatment. Additionally, tissue inhibitors of MMPs, TIMP1 and 2, were upregulated at all time points in both genders (Figure 5c,d).




3.4. Medical Gas Plasma Modified Systemic Cytokine and Growth Factor Levels


To understand whether local gas plasma therapy has a system impact on inflammatory mediators, we mapped cytokine and growth factor levels in blood plasma on days 9 and 20 post-wounding in diabetic and non-diabetic mice. We found differences between both endpoints of measurements as well as the mouse model, respectively (Figure 6). On d9, gas plasma exposure had a more pronounced effect on the secretion profile in diabetic females than in diabetic males. In particular, GM-CSF, IFNα, IL1β, and IL12p70 were significantly upregulated in females but down-regulated in males, whereas IFNγ, IL6, and MCP1 were increased in males in contrast to females. Changes in the cytokine and chemokine release were found for IL6 and IL10 (significantly increased, red) and IL1β (significantly decreased, blue) in males on d20 but not in females (Figure 6a), suggesting that the repeated, gas plasma-induced inflammatory response is differentially regulated on a systemic level in females. In non-diabetic wounded SKH1 mice, the differences between females and males were less prominent for the secretion levels of GM-CSF, MCP1, and TNFα on d9, and IL6 and MCP1 on d20, respectively. The data indicated a modest but visible systemic effect of gas plasma treatment with differences between females and males (e.g., GM-CSF, IL1β, MCP1, and TNFα) along with similar tendencies on d9 and d20 in both mouse models (Figure 6b). Principal component analysis (PCA) calculated from absolute mediator concentrations highlighted differences in blood serum levels of some of these cytokines or chemokines. However, their overall regulation was mostly consistent between gas plasma-treated and untreated mice, as underlined by the PCA analysis (Figure 6c).





4. Discussion


Diabetes can negatively impact multiple wound healing stages, leading to chronic wounds and an increased complication risk [32]. New therapeutic approaches are needed to reduce diabetic wounds’ occurrence rates by 50% in patients [32]. The idea that reactive oxygen species (ROS) or ROS-modulating technologies, including gas plasma [17], improve wound healing was proposed before [33]. ROS are key modulators in the orchestration of physiological wound healing. They regulate immune cell recruitment [34,35], angiogenesis [36,37], and optimal blood perfusion [38]. Although there are many studies on novel techniques for treating diabetic wound healing, efficacies are often modest, and molecular mechanisms mostly remain unclear. Using a murine diabetic wound model, we here investigated medical gas plasma and determined molecular targets of improved healing and advanced wound healing parameter monitoring (Figure 7).



Streptozotocin (STZ) is selectively taken up by β-cells via glucose transporters and causes DNA damage, leading to β-cell death and subsequent impairment of insulin production [9]. This property makes STZ a useful tool for creating animal models that mimic certain aspects of human diabetes, particularly type 1 diabetes mellitus (DM1). STZ has been widely used in preclinical research to investigate the pathogenesis of diabetes to test novel therapeutic approaches and evaluate the efficacy of potential treatments [39,40,41]. However, it is essential to carefully consider the limitations and differences between animal models and human diabetes when interpreting the results obtained from STZ-induced studies. In our preclinical study, we confirmed the poorer healing of diabetic wounds in untreated as well as gas plasma-treated STZ-induced diabetic compared to non-diabetic mice (Figure 1). Nevertheless, gas plasma treatment shortened the diabetic wound closure and suggested improved re-epithelialization in early wound phases (Figure 4). Our data confirmed slightly better healing rates in females, as described in previous studies in mice [26,42]. We could not fully explore the gender dimension of the molecular mechanisms on wound healing to possibly explain different healing responses with gas plasma therapy that was seen in female versus male mice. The gender differences in wound healing rates may be related to mutual cross-talk between redox and hormone signaling [43], as demonstrated before [42,44,45]. The modulatory effects of hormone levels affected the immune response [46] together with a modulated cytokine expression, resulting in pro- and anti-inflammatory characteristics [47]. Intriguingly, our data showed that differential healing rates in both genders are associated with a specific cytokine expression and secretion pattern. In particular, IFNα, IL1β, and IL12p70 were upregulated in animals receiving gas plasma therapy, suggesting a transiently wound healing-related effect of gas plasma on early time points in females. Compared to this, IFNγ, a critical activator of macrophages, IL6, and CCL2 (MCP1) were increased in males at the first endpoint of the measurement but not in females. Additionally, we observed increased systemic IL6 and IL10 levels up to d20 after injury in males, which provides a potential explanation for the gender-specific healing rates. In summary, blood cytokines may predict healing rates, which was also suggested in another study [48].



There is also evidence that gas plasma directly promotes angiogenesis, a process by which new blood vessels are formed from pre-existing ones [31,49,50,51]. To validate the gas plasma-supported vascular network formation finding in our diabetic wound model, we applied hyperspectral imaging (HSI) to provide valuable insights into the biochemical composition and physiological changes occurring in the wound site over time. The validity of this approach is based on previously published evidence in humans [14,15,52,53,54]. The HSI system has been developed for non-invasive integrative wound analysis with the device TIVITA Tissue System for qualitative and quantitative data interpretations [55,56]. It can be used in various applications [57,58]. In wound healing, HSI was used to evaluate the efficacy of different treatments and interventions [11]. By capturing spectral data before and after gas plasma treatment in different rodents [59] and diabetic models [60,61], it is possible to objectively assess changes in wound parameters, such as tissue oxygenation, inflammation level, and overall wound healing progression. This information can guide treatment decisions and optimize patient care. First, by analyzing the spectral characteristics of wounds, it is possible to estimate tissue oxygen saturation (StO2) and assess the oxygen supply to the wound bed. Changes in StO2 over time were shown in assessing wound healing progress and evaluating the effectiveness of gas plasma treatments in both genders, particularly in the first week after injury [13,31]. Our HSI parameter measurements suggested strong oxygenation and surface perfusion differences that were dependent on wound healing stage and, to a lesser extent, on gender. Secondly, HSI can analyze the wound bed and surrounding tissues to evaluate factors such as granulation tissue formation, re-epithelialization, and collagen content. By capturing the reflectance spectra of different tissue components, it is possible to determine the presence and distribution of specific biochemical constituents, such as hemoglobin, water, collagen, and lipids, which can provide information about wound healing progression [62]. The finding of a gas plasma-mediated increase of collagen fibers in re-epithelialized regions leading to an increased formation of granulation tissue underlines this aspect [31]. Moreover, HSI can aid in identifying and quantifying inflammatory processes within wounds. Inflammatory markers, such as increased blood flow, edema, and specific biochemical signatures associated with inflammation, can be detected and monitored using hyperspectral data [12]. As shown in bead-based cytokine and chemokine profiling, the repeated, gas plasma-induced inflammatory response is differentially regulated on a systemic level in both genders. By analyzing the spectral signatures of bacteria or microbial metabolites, HSI can identify the presence of infection and differentiate between infected and non-infected wounds [63]. Overall, hyperspectral imaging offers a non-invasive and objective approach to assess wound healing processes in diabetic wound healing in mouse models.



Gas plasma induces the upregulation of a multitude of growth factors and angiogenic transcripts in human keratinocytes, a finding confirmed by our in vivo-derived data (e.g., KGF, CD31, iNOS, HBEGF, CSF2, AMOT, and AMOTL1/2). In support of our findings, gas plasma treatment improved diabetic wound closure in conjunction with KGF receptor activation, a process central during wound healing [64]. The interactions of endothelial cell-cell adhesion molecules (PECAM-1 or CD31) are important in forming new vessels, as shown by augmented CD31 expression [65]. Gas plasma-released nitric oxide (NO) [66,67] may be a driver for the increased inducible NO synthase (iNOS) expression in gas plasma-treated wounds [68]. Lacking iNOS retards macrophage invasion and its expression of fibrogenic components that might further impair the fibrogenic behavior of fibroblasts [69]. The present study further suggests that the granulocyte-macrophage colony-stimulating factor (GM-CSF or CSF2) is required in cutaneous wound healing, particularly at early stages. GM-CSF is a cytokine that promotes angiogenesis during wound healing by stimulating endothelial cell proliferation [70] and migration [71,72], increasing vascular permeability [73], inducing the production of angiogenic factors [74], and recruiting pro-angiogenic cells [75]. These effects collectively contribute to forming a new vascular network, supporting tissue repair and regeneration. Moreover, angiomotin (AMOT and AMOT-like protein 1/2, AMOTL1/2) has been found to play multiple roles in angiogenesis and blood vessel formation, influencing endothelial cell behavior [76], VEGF signaling [77], endothelial junctions [78], and vascular permeability [79], in line with our findings. Cytokeratin was found to be significantly expressed in keratinocytes and around blood vessels in dermal gas plasma-treated skin layers. While cytokeratins are primarily associated with epithelial tissues and epidermal keratinocytes [28], they have also been detected in certain non-epithelial cells, including endothelial cells involved in angiogenesis [80]. The specific roles of cytokeratins during angiogenesis are still being investigated, and their gas plasma-induced upregulation may be linked to specific endothelial cell phenotypes, differentiation, interaction with the extracellular matrix (ECM), and potential regulatory mechanisms [80].



Vinculin expression is upregulated in response to pro-angiogenic factors, such as VEGF, necessary for endothelial cell migration and tube formation [81,82]. Vinculin localizes at the tips of angiogenic sprouts to regulate endothelial cell filopodia formation for sprouting angiogenesis [83]. We could demonstrate a strong switch of focal dynamics by strong vinculin localization on the tips of focal adhesion sites after gas plasma treatment. Vinculin also regulates the activity of other signaling molecules involved in angiogenesis, such as focal adhesion kinase (Fak) [31]. This was supported by increased Fak phosphorylation levels after gas plasma treatment. While syndecans are directly involved in angiogenesis [84], we determined their expression levels in wounds. Syndecans are a family of cell surface heparan sulfate proteoglycans (HSPGs) found in various cell types, including skin cells [30,85]. Syndecans contribute to skin development, homeostasis, and wound healing. In the latter, they are involved in cell adhesion, cell-matrix, and cell-cell interactions [86], signaling regulation (co-receptors for various growth factors and cytokines) [87,88], ECM organization and component interactions [89], and barrier function by regulating tight junction formation [90]. They participate in cell migration and growth factors and cytokine release to the wound site and participate in inflammatory responses during wound healing [91]. Targeting vinculin, Fak, or syndecans may have therapeutic potential in promoting or inhibiting angiogenesis in various physiological and pathological conditions, such as cardiovascular diseases.



Matrix metalloproteinases (MMPs) play a critical role in human diseases by degrading ECM components, such as collagen, fibronectin, and laminin, to allow endothelial cell migration and proliferation [92]. MMPs activate growth factors and cytokines, such as vascular endothelial growth factor (VEGF), which promotes endothelial cell proliferation and angiogenesis [93]. MMPs can be produced by various cells, including endothelial cells, smooth muscle cells, fibroblasts, and inflammatory cells [94]. However, excessive or uncontrolled MMP activity can lead to abnormal ECM degradation, impairing angiogenesis, and pathological conditions, such as impaired wound healing, chronic inflammation, and tumor progression [95]. Therefore, MMPs play a dual role in angiogenesis, promoting or inhibiting the process depending on their activity levels and the specific physiological or pathological context. Understanding the regulation of MMP activity and its role in angiogenesis is important for developing new therapeutic strategies for impaired angiogenesis conditions.




5. Conclusions


In our study, gas plasma exposure improved wound healing in diabetic animals, corroborating clinical evidence in humans. We linked this finding to several changes in these wounds, suggesting potential mechanisms of gas plasma-assisted diabetic wound healing, such as immediate oxygenation and blood flow changes in the tissue, a modulation of local inflammation, and alterations in matrix formation. Future studies in human wound tissue are needed to understand the clinical relevance of these findings.
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	Gene Name
	Gene ID
	Primer Sequences (3′-5′)





	nitric oxide synthase 2 (inducible)
	NOS2 (iNOS)
	CCT GGT ACG GGC ATT GCT

GCT CAT GCG GCC TCC TTT



	cyclooxygenase 2
	COX2
	TGC CTG GTC TGA TGA TGT ATG CCA

AGT AGT CGC ACA CTC TGT TGT GCT



	platelet endothelial cell adhesion molecule 1
	CD31 (PECAM1)
	CTG CCA GTC CGA AAA TGG AAC

CTT CAT CCA CCG GGG CTA TC



	keratinocyte growth factor
	KGF
	ACC TGA GGA TTG ACA AAC GAG G

CCA CGG TCC TGA TTT CCA TGA



	hypoxia-inducible factor 1A
	HIF1A
	GGG GAG GAC GAT GAA CAT CAA

GGG TGG TTT CTT GTA CCC ACA



	angiomotin
	AMOT
	CCG CCA GAA TACC CTT TCA AG

GGT TCA GGC GAT GCT CAC TA



	angiomotin like 1/2
	AMOTL1/2
	CCT TGC GAG CCT GTG CTT A

AAG TCT GGG TAG AAG TAG GCG



	vinculin
	VCL
	GCT TCAGTC AGACCC ATA CTC G

AGG TAA GCA GTA GGT CAG ATG T



	focal adhesion kinase
	FAK/PTK2
	GAG TAC GTC CCT ATG GTG AAG G

CTC GAT CTC TCG ATG AGT GCT



	syndecan 1
	SDC1
	AAC GGG CCT CAA CAG TCA G

CCG TGC GGA TGA GAT GTG A



	syndecan 4
	SDC4
	TTT GCC GTT TTC CTG ATC CTG

TTG CCC AAG TCG TAA CTG CC



	collagen 1A1
	COL1A1
	GCT CCT CTT AGG GGC CAC T

ATT GGG GAC CCT TAG GCC AT



	collagen 3A1
	COL3A1
	CTG TAA CAT GGA AAC TGG GGA AA

CCA TAG CTG AAC TGA AAA CCA CC



	decorin
	DCN
	GTC ATC TTC GAG TGG TGC AGT

CAA GGT TGTGTCGGGTGGAAA



	smooth muscle actin α
	αSMA
	CCC AGA CAT CAG GGA GTA ATG G

TCT ATC GGA TAC TTC AGC GTC A



	fibronectin 1
	FN1
	GCT CAG CAA ATC GTG CAG C

CTA GGT AGG TCC GTT CCC ACT



	matrix metalloproteinase 2
	MNMP2
	GAC ATA CAT CTT TGC AGG AGA CAA G

TCT GCG ATG AGC TTA GGG AAA



	matrix metalloproteinase 8
	MNMP8
	CTT ACC TCG GAT CGT AGT GGA

CCC CAA CTA ACC CTC TTG AAG T



	matrix metalloproteinase 9
	MNMP9
	CCT GGA ACT CAC ACG ACA TCT TC

TGG AAA CTC ACA CGC CAG AA



	matrix metalloproteinase 10
	MNMP10
	GAG CCA CTA GCC ATC CTG G

CTG AGC AAG ATC CAT GCT TGG



	matrix metalloproteinase 14
	MNMP14
	ACC CACACACAACGCTCAC

GCC TGT CAC TTG TAA ACC ATA GA



	inhibitor of matrix metalloproteinase 1
	TIMP1
	GCG TTT TGC AAT GCAGACG

ATT CCC GGA ATC CAC CTCC



	inhibitor of matrix metalloproteinase 2
	TIMP2
	GCC AAA GCA GTG AGC GAG AAG

CAC ACT GCT GAA GAG GGG GC



	glyceraldehyde 3-phosphate dehydrogenase
	GAPDH
	CAT GGC CTC CAA GGA GTA AG

TGT GAG GGA GAT GCT CAG TG



	ribosomal protein 13A
	RLP13A
	AGC CTA CCA GAA AGT TTG CTT AC

GCT TCT TCT TCC GAT AGT GCA TC



	β actin
	ACTB
	TTG CTG ACA GGA TGC AGA AG

ACA TCT GCT GGA AGG TGG AC
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Figure A1. Western blot analysis using WES system of (a) vinculin (Vcl, left image), b actin (middle image, housekeeping protein) and both proteins together (right) in gas plasma-treated vs. untreated mice on d9; (b) vinculin (Vcl, left image), b actin (middle image, housekeeping protein) and both proteins together (right) in gas plasma-treated vs. untreated mice on d20. Band intensities were quantified using Compass 8.0 Software (ProteinSimple, Wiesbaden, Germany). 






Figure A1. Western blot analysis using WES system of (a) vinculin (Vcl, left image), b actin (middle image, housekeeping protein) and both proteins together (right) in gas plasma-treated vs. untreated mice on d9; (b) vinculin (Vcl, left image), b actin (middle image, housekeeping protein) and both proteins together (right) in gas plasma-treated vs. untreated mice on d20. Band intensities were quantified using Compass 8.0 Software (ProteinSimple, Wiesbaden, Germany).



[image: Antioxidants 13 00068 g0a1]







References


	



Martin, P. Wound Healing—Aiming for Perfect Skin Regeneration. Science 1997, 276, 75–81. [Google Scholar] [CrossRef] [PubMed]

	



Gonzalez, A.C.; Costa, T.F.; Andrade, Z.A.; Medrado, A.R. Wound Healing—A Literature Review. An. Bras. Dermatol. 2016, 91, 614–620. [Google Scholar] [CrossRef] [PubMed]

	



Richmond, N.A.; Maderal, A.D.; Vivas, A.C. Evidence-Based Management of Common Chronic Lower Extremity Ulcers. Dermatol. Ther. 2013, 26, 187–196. [Google Scholar] [CrossRef] [PubMed]

	



Rohm, T.V.; Meier, D.T.; Olefsky, J.M.; Donath, M.Y. Inflammation in Obesity, Diabetes, and Related Disorders. Immunity 2022, 55, 31–55. [Google Scholar] [CrossRef] [PubMed]

	



Ylitalo, K.R.; Sowers, M.; Heeringa, S. Peripheral Vascular Disease and Peripheral Neuropathy in Individuals with Cardiometabolic Clustering and Obesity: National Health and Nutrition Examination Survey 2001–2004. Diabetes Care 2011, 34, 1642–1647. [Google Scholar] [CrossRef] [PubMed]

	



Eisenbud, D.E. Oxygen in Wound Healing: Nutrient, Antibiotic, Signaling Molecule, and Therapeutic Agent. Clin. Plast. Surg. 2012, 39, 293–310. [Google Scholar] [CrossRef] [PubMed]

	



Koivisto, L.; Häkkinen, L.; Larjava, H. Re-Epithelialization of Wounds. Endod. Top. 2011, 24, 59. [Google Scholar] [CrossRef]

	



Zechner, D.; Knapp, N.; Bobrowski, A.; Radecke, T.; Genz, B.; Vollmar, B. Diabetes Increases Pancreatic Fibrosis During Chronic Inflammation. Exp. Biol. Med. 2014, 239, 670–676. [Google Scholar] [CrossRef]

	



Furman, B.L. Streptozotocin-Induced Diabetic Models in Mice and Rats. Curr. Protoc. 2021, 1, e78. [Google Scholar] [CrossRef]

	



Wu, J.; Yan, L.J. Streptozotocin-Induced Type 1 Diabetes in Rodents as a Model for Studying Mitochondrial Mechanisms of Diabetic Beta Cell Glucotoxicity. Diabetes Metab. Syndr. Obes. 2015, 8, 181–188. [Google Scholar] [CrossRef]

	



Saiko, G.; Lombardi, P.; Au, Y.; Queen, D.; Armstrong, D.; Harding, K. Hyperspectral Imaging in Wound Care: A Systematic Review. Int. Wound J. 2020, 17, 1840–1856. [Google Scholar] [CrossRef] [PubMed]

	



Wahabzada, M.; Besser, M.; Khosravani, M.; Kuska, M.T.; Kersting, K.; Mahlein, A.K.; Sturmer, E. Monitoring Wound Healing in a 3d Wound Model by Hyperspectral Imaging and Efficient Clustering. PLoS ONE 2017, 12, e0186425. [Google Scholar] [CrossRef] [PubMed]

	



Schmidt, A.; Niesner, F.; von Woedtke, T.; Bekeschus, S. Hyperspectral Imaging of Wounds Reveals Augmented Tissue Oxygenation Following Cold Physical Plasma Treatment in Vivo. IEEE Trans. Radiat. Plasma Med. Sci. 2021, 5, 412. [Google Scholar] [CrossRef]

	



Daeschlein, G.; Rutkowski, R.; Lutze, S.; von Podewils, S.; Sicher, C.; Wild, T.; Metelmann, H.R.; von Woedkte, T.; Junger, M. Hyperspectral Imaging: Innovative Diagnostics to Visualize Hemodynamic Effects of Cold Plasma in Wound Therapy. Biomed. Tech. 2018, 63, 603–608. [Google Scholar] [CrossRef] [PubMed]

	



Rutkowski, R.; Schuster, M.; Unger, J.; Seebauer, C.; Metelmann, H.R.; Woedtke, T.V.; Weltmann, K.D.; Daeschlein, G. Hyperspectral Imaging for In Vivo Monitoring of Cold Atmospheric Plasma Effects on Microcirculation in Treatment of Head and Neck Cancer and Wound Healing. Clin. Plasma Med. 2017, 7–8, 52. [Google Scholar] [CrossRef]

	



Kolimi, P.; Narala, S.; Nyavanandi, D.; Youssef, A.A.A.; Dudhipala, N. Innovative Treatment Strategies to Accelerate Wound Healing: Trajectory and Recent Advancements. Cells 2022, 11, 2439. [Google Scholar] [CrossRef] [PubMed]

	



Bekeschus, S.; Kramer, A.; Schmidt, A. Gas Plasma-Augmented Wound Healing in Animal Models and Veterinary Medicine. Molecules 2021, 26, 5682. [Google Scholar] [CrossRef] [PubMed]

	



Weidinger, A.; Kozlov, A.V. Biological Activities of Reactive Oxygen and Nitrogen Species: Oxidative Stress Versus Signal Transduction. Biomolecules 2015, 5, 472–484. [Google Scholar] [CrossRef]

	



Bekeschus, S.; von Woedtke, T.; Emmert, S.; Schmidt, A. Medical Gas Plasma-Stimulated Wound Healing: Evidence and Mechanisms. Redox Biol. 2021, 46, 102116. [Google Scholar] [CrossRef]

	



Stratmann, B.; Costea, T.C.; Nolte, C.; Hiller, J.; Schmidt, J.; Reindel, J.; Masur, K.; Motz, W.; Timm, J.; Kerner, W.; et al. Effect of Cold Atmospheric Plasma Therapy Vs Standard Therapy Placebo on Wound Healing in Patients with Diabetic Foot Ulcers: A Randomized Clinical Trial. JAMA Netw. Open 2020, 3, e2010411. [Google Scholar] [CrossRef]

	



Amini, M.R.; Sheikh Hosseini, M.; Fatollah, S.; Mirpour, S.; Ghoranneviss, M.; Larijani, B.; Mohajeri-Tehrani, M.R.; Khorramizadeh, M.R. Beneficial Effects of Cold Atmospheric Plasma on Inflammatory Phase of Diabetic Foot Ulcers; a Randomized Clinical Trial. J. Diabetes Metab. Disord. 2020, 19, 895–905. [Google Scholar] [CrossRef] [PubMed]

	



Mirpour, S.; Fathollah, S.; Mansouri, P.; Larijani, B.; Ghoranneviss, M.; Mohajeri Tehrani, M.; Amini, M.R. Cold Atmospheric Plasma as an Effective Method to Treat Diabetic Foot Ulcers: A Randomized Clinical Trial. Sci. Rep. 2020, 10, 10440. [Google Scholar] [CrossRef] [PubMed]

	



Schmidt, A.; Bekeschus, S.; Jablonowski, H.; Barton, A.; Weltmann, K.D.; Wende, K. Role of Ambient Gas Composition on Cold Physical Plasma-Elicited Cell Signaling in Keratinocytes. Biophys. J. 2017, 112, 2397–2407. [Google Scholar] [CrossRef] [PubMed]

	



Schmidt, A.; Rödder, K.; Hasse, S.; Masur, K.; Toups, L.; Lillig, C.H.; von Woedtke, T.; Wende, K.; Bekeschus, S. Redox-Regulation of Activator Protein 1 Family Members in Blood Cancer Cell Lines Exposed to Cold Physical Plasma-Treated Medium. Plasma Process. Polym. 2016, 13, 1179. [Google Scholar] [CrossRef]

	



Schmidt, A.; Bekeschus, S.; Wende, K.; Vollmar, B.; von Woedtke, T. A Cold Plasma Jet Accelerates Wound Healing in a Murine Model of Full-Thickness Skin Wounds. Exp. Dermatol. 2017, 26, 156–162. [Google Scholar] [CrossRef] [PubMed]

	



Miebach, L.; Freund, E.; Cecchini, A.L.; Bekeschus, S. Conductive Gas Plasma Treatment Augments Tumor Toxicity of Ringer’s Lactate Solutions in a Model of Peritoneal Carcinomatosis. Antioxidants 2022, 11, 1439. [Google Scholar] [CrossRef] [PubMed]

	



van der Velden, L.A.; Schaafsma, H.E.; Manni, J.J.; Ramaekers, F.C.; Kuijpers, W. Cytokeratin Expression in Normal and (Pre)Malignant Head and Neck Epithelia: An Overview. Head. Neck 1993, 15, 133–146. [Google Scholar] [CrossRef]

	



Watanabe, S.; Osumi, M.; Ohnishi, T.; Ichikawa, E.; Takahashi, H. Changes in Cytokeratin Expression in Epidermal Keratinocytes During Wound Healing. Histochem. Cell Biol. 1995, 103, 425–433. [Google Scholar] [CrossRef]

	



Izard, T.; Brown, D.T. Mechanisms and Functions of Vinculin Interactions with Phospholipids at Cell Adhesion Sites. J. Biol. Chem. 2016, 291, 2548–2555. [Google Scholar] [CrossRef]

	



Ojeh, N.; Hiilesvuo, K.; Warri, A.; Salmivirta, M.; Henttinen, T.; Maatta, A. Ectopic Expression of Syndecan-1 in Basal Epidermis Affects Keratinocyte Proliferation and Wound Re-Epithelialization. J. Investig. Dermatol. 2008, 128, 26–34. [Google Scholar] [CrossRef]

	



Schmidt, A.; Liebelt, G.; Niessner, F.; von Woedtke, T.; Bekeschus, S. Gas Plasma-Spurred Wound Healing Is Accompanied by Regulation of Focal Adhesion, Matrix Remodeling, and Tissue Oxygenation. Redox Biol. 2021, 38, 101809. [Google Scholar] [CrossRef] [PubMed]

	



Patel, S.; Srivastava, S.; Singh, M.R.; Singh, D. Mechanistic Insight into Diabetic Wounds: Pathogenesis, Molecular Targets and Treatment Strategies to Pace Wound Healing. Biomed. Pharmacother. 2019, 112, 108615. [Google Scholar] [CrossRef] [PubMed]

	



Dunnill, C.; Patton, T.; Brennan, J.; Barrett, J.; Dryden, M.; Cooke, J.; Leaper, D.; Georgopoulos, N.T. Reactive Oxygen Species (Ros) and Wound Healing: The Functional Role of Ros and Emerging Ros-Modulating Technologies for Augmentation of the Healing Process. Int. Wound J. 2017, 14, 89–96. [Google Scholar] [CrossRef] [PubMed]

	



Niethammer, P.; Grabher, C.; Look, A.T.; Mitchison, T.J. A Tissue-Scale Gradient of Hydrogen Peroxide Mediates Rapid Wound Detection in Zebrafish. Nature 2009, 459, 996–999. [Google Scholar] [CrossRef] [PubMed]

	



Tur, E.; Bolton, L.; Constantine, B.E. Topical Hydrogen Peroxide Treatment of Ischemic Ulcers in the Guinea Pig: Blood Recruitment in Multiple Skin Sites. J. Am. Acad. Dermatol. 1995, 33, 217–221. [Google Scholar] [CrossRef] [PubMed]

	



Brem, H.; Tomic-Canic, M. Cellular and Molecular Basis of Wound Healing in Diabetes. J. Clin. Investig. 2007, 117, 1219–1222. [Google Scholar] [CrossRef] [PubMed]

	



DiPietro, L.A. Angiogenesis and Wound Repair: When Enough Is Enough. J. Leukoc. Biol. 2016, 100, 979–984. [Google Scholar] [CrossRef] [PubMed]

	



Polaka, S.; Katare, P.; Pawar, B.; Vasdev, N.; Gupta, T.; Rajpoot, K.; Sengupta, P.; Tekade, R.K. Emerging Ros-Modulating Technologies for Augmentation of the Wound Healing Process. ACS Omega 2022, 7, 30657–30672. [Google Scholar] [CrossRef]

	



Witte, M.B.; Thornton, F.J.; Tantry, U.; Barbul, A. L-Arginine Supplementation Enhances Diabetic Wound Healing: Involvement of the Nitric Oxide Synthase and Arginase Pathways. Metabolism 2002, 51, 1269–1273. [Google Scholar] [CrossRef]

	



Cheng, K.Y.; Lin, Z.H.; Cheng, Y.P.; Chiu, H.Y.; Yeh, N.L.; Wu, T.K.; Wu, J.S. Wound Healing in Streptozotocin-Induced Diabetic Rats Using Atmospheric-Pressure Argon Plasma Jet. Sci. Rep. 2018, 8, 12214. [Google Scholar] [CrossRef]

	



Okizaki, S.; Ito, Y.; Hosono, K.; Oba, K.; Ohkubo, H.; Amano, H.; Shichiri, M.; Majima, M. Suppressed Recruitment of Alternatively Activated Macrophages Reduces Tgf-Beta1 and Impairs Wound Healing in Streptozotocin-Induced Diabetic Mice. Biomed. Pharmacother. 2015, 70, 317–325. [Google Scholar] [CrossRef] [PubMed]

	



Rono, B.; Engelholm, L.H.; Lund, L.R.; Hald, A. Gender Affects Skin Wound Healing in Plasminogen Deficient Mice. PLoS ONE 2013, 8, e59942. [Google Scholar] [CrossRef] [PubMed]

	



Dietz, K.J. Redox Regulation of Transcription Factors in Plant Stress Acclimation and Development. Antioxid. Redox Signal. 2014, 21, 1356–1372. [Google Scholar] [CrossRef] [PubMed]

	



Mills, S.J.; Ashworth, J.J.; Gilliver, S.C.; Hardman, M.J.; Ashcroft, G.S. The Sex Steroid Precursor Dhea Accelerates Cutaneous Wound Healing Via the Estrogen Receptors. J. Investig. Dermatol. 2005, 125, 1053–1062. [Google Scholar] [CrossRef] [PubMed]

	



Ashcroft, G.S.; Dodsworth, J.; Boxtel, E.V.; Tarnuzzer, R.W.; Horan, M.A.; Schultz, G.S.; Ferguson, M.W.J. Estrogen Accelerates Cutaneous Wound Healing Associated with an Increase in Tgf-Β1 Levels. Nat. Med. 1997, 3, 1209. [Google Scholar] [CrossRef] [PubMed]

	



Ashcroft, G.S.; Mills, S.J. Androgen Receptor-Mediated Inhibition of Cutaneous Wound Healing. J. Clin. Investig. 2002, 110, 615–624. [Google Scholar] [CrossRef] [PubMed]

	



Gilliver, S.C.; Wu, F.; Ashcroft, G.S. Regulatory Roles of Androgens in Cutaneous Wound Healing. Thromb. Haemost. 2003, 90, 978–985. [Google Scholar] [CrossRef]

	



Engeland, C.G.; Sabzehei, B.; Marucha, P.T. Sex Hormones and Mucosal Wound Healing. Brain Behav. Immun. 2009, 23, 629–635. [Google Scholar] [CrossRef]

	



Haertel, B.; von Woedtke, T.; Weltmann, K.D.; Lindequist, U. Non-Thermal Atmospheric-Pressure Plasma Possible Application in Wound Healing. Biomol. Ther. 2014, 22, 477–490. [Google Scholar] [CrossRef]

	



Sorg, H.; Tilkorn, D.J.; Hager, S.; Hauser, J.; Mirastschijski, U. Skin Wound Healing: An Update on the Current Knowledge and Concepts. Eur. Surg. Res. 2017, 58, 81–94. [Google Scholar] [CrossRef]

	



Shekhter, A.B.; Serezhenkov, V.A.; Rudenko, T.G.; Pekshev, A.V.; Vanin, A.F. Beneficial Effect of Gaseous Nitric Oxide on the Healing of Skin Wounds. Nitric Oxide 2005, 12, 210–219. [Google Scholar] [CrossRef] [PubMed]

	



Kulcke, A.; Holmer, A.; Wahl, P.; Siemers, F.; Wild, T.; Daeschlein, G. A Compact Hyperspectral Camera for Measurement of Perfusion Parameters in Medicine. Biomed. Tech. 2018, 63, 519–527. [Google Scholar] [CrossRef] [PubMed]

	



Rutkowski, R.; Daeschlein, G.; von Woedtke, T.; Smeets, R.; Gosau, M.; Metelmann, H.R. Long-Term Risk Assessment for Medical Application of Cold Atmospheric Pressure Plasma. Diagnostics 2020, 10, 210. [Google Scholar] [CrossRef] [PubMed]

	



van Welzen, A.; Hoch, M.; Wahl, P.; Weber, F.; Rode, S.; Tietze, J.K.; Boeckmann, L.; Emmert, S.; Thiem, A. The Response and Tolerability of a Novel Cold Atmospheric Plasma Wound Dressing for the Healing of Split Skin Graft Donor Sites: A Controlled Pilot Study. Skin. Pharmacol. Physiol. 2021, 34, 328–336. [Google Scholar] [CrossRef] [PubMed]

	



Holmer, A.; Tetschke, F.; Marotz, J.; Malberg, H.; Markgraf, W.; Thiele, C.; Kulcke, A. Oxygenation and Perfusion Monitoring with a Hyperspectral Camera System for Chemical Based Tissue Analysis of Skin and Organs. Physiol. Meas. 2016, 37, 2064–2078. [Google Scholar] [CrossRef] [PubMed]

	



Marotz, J.; Siafliakis, A.; Holmer, A.; Kulcke, A.; Siemers, F. First Results of a New Hyperspectral Camera System for Chemical Based Wound Analysis. Wound Med. 2015, 10–11, 17. [Google Scholar] [CrossRef]

	



Grambow, E.; Dau, M.; Holmer, A.; Lipp, V.; Frerich, B.; Klar, E.; Vollmar, B.; Kammerer, P.W. Hyperspectral Imaging for Monitoring of Perfusion Failure Upon Microvascular Anastomosis in the Rat Hind Limb. Microvasc. Res. 2018, 116, 64–70. [Google Scholar] [CrossRef]

	



Zhang, Y.; Wang, X.; Shan, J.; Zhao, J.; Zhang, W.; Liu, L.; Wu, F. Hyperspectral Imaging Based Method for Rapid Detection of Microplastics in the Intestinal Tracts of Fish. Environ. Sci. Technol. 2019, 53, 5151–5158. [Google Scholar] [CrossRef]

	



Becker, P.; Blatt, S.; Pabst, A.; Heimes, D.; Al-Nawas, B.; Kammerer, P.W.; Thiem, D.G.E. Comparison of Hyperspectral Imaging and Microvascular Doppler for Perfusion Monitoring of Free Flaps in an in Vivo Rodent Model. J. Clin. Med. 2022, 11, 4134. [Google Scholar] [CrossRef]

	



Yudovsky, D.; Nouvong, A.; Pilon, L. Hyperspectral Imaging in Diabetic Foot Wound Care. J. Diabetes Sci. Technol. 2010, 4, 1099–1113. [Google Scholar] [CrossRef]

	



Yang, Q.; Sun, S.; Jeffcoate, W.; Clark, D.; Musgove, A.; Game, F.; Morgan, S. Investigation of the Performance of Hyperspectral Imaging by Principal Component Analysis in the Prediction of Healing of Diabetic Foot Ulcers. J. Imaging 2018, 4, 144. [Google Scholar] [CrossRef]

	



Lu, G.; Fei, B. Medical Hyperspectral Imaging: A Review. J. Biomed. Opt. 2014, 19, 010901. [Google Scholar] [CrossRef]

	



Hornberger, C.; Herrmann, B.H.; Daeschlein, G.; Podewils, S.v.; Sicher, C.; Kuhn, J.; Masur, K.; Meister, M.; Wahl, P. Detecting Bacteria on Wounds with Hyperspectral Imaging in Fluorescence Mode. Curr. Dir. Biomed. Eng. 2020, 6, 264. [Google Scholar] [CrossRef]

	



Beer, H.D.; Gassmann, M.G.; Munz, B.; Steiling, H.; Engelhardt, F.; Bleuel, K.; Werner, S. Expression and Function of Keratinocyte Growth Factor and Activin in Skin Morphogenesis and Cutaneous Wound Repair. J. Investig. Dermatol. Symp. Proc. 2000, 5, 34–39. [Google Scholar] [CrossRef] [PubMed]

	



DeLisser, H.M.; Newman, P.J.; Albelda, S.M. Platelet Endothelial Cell Adhesion Molecule (Cd31). Curr. Top. Microbiol. Immunol. 1993, 184, 37–45. [Google Scholar] [CrossRef] [PubMed]

	



Gaens, W.V.; Iseni, S.; Schmidt-Bleker, A.; Weltmann, K.D.; Reuter, S.; Bogaerts, A. Numerical Analysis of the Effect of Nitrogen and Oxygen Admixtures on the Chemistry of an Argon Plasma Jet Operating at Atmospheric Pressure. New J. Phys. 2015, 17, 033003. [Google Scholar] [CrossRef]

	



Iseni, S.; Reuter, S.; Weltmann, K.D. No2 Dynamics of an Ar/Air Plasma Jet Investigated by in Situ Quantum Cascade Laser Spectroscopy at Atmospheric Pressure. J. Phys. D-Appl. Phys. 2014, 47, 075203. [Google Scholar] [CrossRef]

	



Tsujii, M.; Kawano, S.; Tsuji, S.; Sawaoka, H.; Hori, M.; DuBois, R.N. Cyclooxygenase Regulates Angiogenesis Induced by Colon Cancer Cells. Cell 1998, 93, 705. [Google Scholar] [CrossRef] [PubMed]

	



Kitano, T.; Yamada, H.; Kida, M.; Okada, Y.; Saika, S.; Yoshida, M. Impaired Healing of a Cutaneous Wound in an Inducible Nitric Oxide Synthase-Knockout Mouse. Dermatol. Res. Pract. 2017, 2017, 2184040. [Google Scholar] [CrossRef]

	



Zhao, J.; Chen, L.; Shu, B.; Tang, J.; Zhang, L.; Xie, J.; Qi, S.; Xu, Y. Granulocyte/Macrophage Colony-Stimulating Factor Influences Angiogenesis by Regulating the Coordinated Expression of Vegf and the Ang/Tie System. PLoS ONE 2014, 9, e92691. [Google Scholar] [CrossRef]

	



Liu, X.L.; Hu, X.; Cai, W.X.; Lu, W.W.; Zheng, L.W. Effect of Granulocyte-Colony Stimulating Factor on Endothelial Cells and Osteoblasts. Biomed. Res. Int. 2016, 2016, 8485721. [Google Scholar] [CrossRef] [PubMed]

	



Eubank, T.D.; Galloway, M.; Montague, C.M.; Waldman, W.J.; Marsh, C.B. M-Csf Induces Vascular Endothelial Growth Factor Production and Angiogenic Activity from Human Monocytes. J. Immunol. 2003, 171, 2637–2643. [Google Scholar] [CrossRef] [PubMed]

	



Lotfi, N.; Thome, R.; Rezaei, N.; Zhang, G.X.; Rezaei, A.; Rostami, A.; Esmaeil, N. Roles of Gm-Csf in the Pathogenesis of Autoimmune Diseases: An Update. Front. Immunol. 2019, 10, 1265. [Google Scholar] [CrossRef] [PubMed]

	



Krubasik, D.; Eisenach, P.A.; Kunz-Schughart, L.A.; Murphy, G.; English, W.R. Granulocyte-Macrophage Colony Stimulating Factor Induces Endothelial Capillary Formation through Induction of Membrane-Type 1 Matrix Metalloproteinase Expression in Vitro. Int. J. Cancer 2008, 122, 1261–1272. [Google Scholar] [CrossRef] [PubMed]

	



Lazarus, H.M.; Pitts, K.; Wang, T.; Lee, E.; Buchbinder, E.; Dougan, M.; Armstrong, D.G.; Paine, R., 3rd; Ragsdale, C.E.; Boyd, T.; et al. Recombinant Gm-Csf for Diseases of Gm-Csf Insufficiency: Correcting Dysfunctional Mononuclear Phagocyte Disorders. Front. Immunol. 2022, 13, 1069444. [Google Scholar] [CrossRef] [PubMed]

	



Aase, K.; Ernkvist, M.; Ebarasi, L.; Jakobsson, L.; Majumdar, A.; Yi, C.; Birot, O.; Ming, Y.; Kvanta, A.; Edholm, D.; et al. Angiomotin Regulates Endothelial Cell Migration During Embryonic Angiogenesis. Genes. Dev. 2007, 21, 2055–2068. [Google Scholar] [CrossRef] [PubMed]

	



Shibuya, M. Vascular Endothelial Growth Factor (Vegf) and Its Receptor (Vegfr) Signaling in Angiogenesis: A Crucial Target for Anti- and Pro-Angiogenic Therapies. Genes. Cancer 2011, 2, 1097–1105. [Google Scholar] [CrossRef]

	



Zheng, Y.; Vertuani, S.; Nystrom, S.; Audebert, S.; Meijer, I.; Tegnebratt, T.; Borg, J.P.; Uhlen, P.; Majumdar, A.; Holmgren, L. Angiomotin-Like Protein 1 Controls Endothelial Polarity and Junction Stability During Sprouting Angiogenesis. Circ. Res. 2009, 105, 260–270. [Google Scholar] [CrossRef]

	



Matsumoto, H.; Fukui, E.; Yoshizawa, M.; Sato, E.; Daikoku, T. Differential Expression of the Motin Family in the Peri-Implantation Mouse Uterus and Their Hormonal Regulation. J. Reprod. Dev. 2012, 58, 649–653. [Google Scholar] [CrossRef]

	



Jahn, L.; Fouquet, B.; Rohe, K.; Franke, W.W. Cytokeratins in Certain Endothelial and Smooth Muscle Cells of Two Taxonomically Distant Vertebrate Species, Xenopus Laevis and Man. Differentiation 1987, 36, 234–254. [Google Scholar] [CrossRef]

	



Kotini, M.P.; van der Stoel, M.M.; Yin, J.; Han, M.K.; Kirchmaier, B.; de Rooij, J.; Affolter, M.; Huveneers, S.; Belting, H.G. Vinculin Controls Endothelial Cell Junction Dynamics During Vascular Lumen Formation. Cell Rep. 2022, 39, 110658. [Google Scholar] [CrossRef]

	



Carvalho, J.R.; Fortunato, I.C.; Fonseca, C.G.; Pezzarossa, A.; Barbacena, P.; Dominguez-Cejudo, M.A.; Vasconcelos, F.F.; Santos, N.C.; Carvalho, F.A.; Franco, C.A. Non-Canonical Wnt Signaling Regulates Junctional Mechanocoupling During Angiogenic Collective Cell Migration. Elife 2019, 8, e45853. [Google Scholar] [CrossRef]

	



van der Stoel, M.M.; Kotini, M.P.; Schoon, R.M.; Affolter, M.; Belting, H.G.; Huveneers, S. Vinculin Strengthens the Endothelial Barrier During Vascular Development. Vasc. Biol. 2023, 5, e220012. [Google Scholar] [CrossRef]

	



Lamorte, S.; Ferrero, S.; Aschero, S.; Monitillo, L.; Bussolati, B.; Omede, P.; Ladetto, M.; Camussi, G. Syndecan-1 Promotes the Angiogenic Phenotype of Multiple Myeloma Endothelial Cells. Leukemia 2012, 26, 1081–1090. [Google Scholar] [CrossRef]

	



Elenius, V.; Gotte, M.; Reizes, O.; Elenius, K.; Bernfield, M. Inhibition by the Soluble Syndecan-1 Ectodomains Delays Wound Repair in Mice Overexpressing Syndecan-1. J. Biol. Chem. 2004, 279, 41928–41935. [Google Scholar] [CrossRef]

	



Morgan, M.R.; Humphries, M.J.; Bass, M.D. Synergistic Control of Cell Adhesion by Integrins and Syndecans. Nat. Rev. Mol. Cell Biol. 2007, 8, 957–969. [Google Scholar] [CrossRef]

	



Elfenbein, A.; Simons, M. Syndecan-4 Signaling at a Glance. J. Cell Sci. 2013, 126, 3799–3804. [Google Scholar] [CrossRef]

	



Afratis, N.A.; Nikitovic, D.; Multhaupt, H.A.; Theocharis, A.D.; Couchman, J.R.; Karamanos, N.K. Syndecans-Key Regulators of Cell Signaling and Biological Functions. FEBS J. 2017, 284, 27–41. [Google Scholar] [CrossRef]

	



Jang, B.; Kim, A.; Hwang, J.; Song, H.K.; Kim, Y.; Oh, E.S. Emerging Role of Syndecans in Extracellular Matrix Remodeling in Cancer. J. Histochem. Cytochem. 2020, 68, 863–870. [Google Scholar] [CrossRef]

	



Bode, L.; Salvestrini, C.; Park, P.W.; Li, J.P.; Esko, J.D.; Yamaguchi, Y.; Murch, S.; Freeze, H.H. Heparan Sulfate and Syndecan-1 Are Essential in Maintaining Murine and Human Intestinal Epithelial Barrier Function. J. Clin. Investig. 2008, 118, 229–238. [Google Scholar] [CrossRef]

	



Alexopoulou, A.N.; Multhaupt, H.A.; Couchman, J.R. Syndecans in Wound Healing, Inflammation and Vascular Biology. Int. J. Biochem. Cell Biol. 2007, 39, 505–528. [Google Scholar] [CrossRef] [PubMed]

	



Cabral-Pacheco, G.A.; Garza-Veloz, I.; Castruita-De la Rosa, C.; Ramirez-Acuna, J.M.; Perez-Romero, B.A.; Guerrero-Rodriguez, J.F.; Martinez-Avila, N.; Martinez-Fierro, M.L. The Roles of Matrix Metalloproteinases and Their Inhibitors in Human Diseases. Int. J. Mol. Sci. 2020, 21, 9739. [Google Scholar] [CrossRef] [PubMed]

	



Mott, J.D.; Werb, Z. Regulation of Matrix Biology by Matrix Metalloproteinases. Curr. Opin. Cell Biol. 2004, 16, 558–564. [Google Scholar] [CrossRef] [PubMed]

	



Nagase, H.; Visse, R.; Murphy, G. Structure and Function of Matrix Metalloproteinases and Timps. Cardiovasc. Res. 2006, 69, 562–573. [Google Scholar] [CrossRef]

	



Gialeli, C.; Theocharis, A.D.; Karamanos, N.K. Roles of Matrix Metalloproteinases in Cancer Progression and Their Pharmacological Targeting. FEBS J. 2011, 278, 16. [Google Scholar] [CrossRef]








[image: Antioxidants 13 00068 g001] 





Figure 1. Repeated gas plasma treatment shortened wound closure in diabetic mice. (a) Schematic timeline of gas plasma treatment in diabetic mice illustrates wound closure and treatment regimes. STZ was i.p. administered on five consecutive days, and ear wounds were generated after 18 days (corresponding to d0). Afterward, wounds were gas plasma-treated (10 s) every third day (abbreviated as d). Wound tissue and blood were collected on d9 or d20, respectively. (b,c) The wound closure rate is plotted as the percentage reduction of the original wound area over time for gas plasma-treated females (upper panels, pink) and males (lower panels, blue) compared to the untreated controls in diabetic mice (b), in the SKH1 wild-type wound model (c, left), or when comparing untreated (c, middle) or gas plasma-treated (c, right) SKH1-STZ with SKH1 mice. (c) Data are presented as mean + SD; * p < 0.05, ** p < 0.01, and *** p < 0.001 compared to corresponding controls as indicated. 
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Figure 2. Gas plasma treatment altered microcirculatory parameters during wound healing in females. (a) Quantification of hyperspectral imaging parameters of ear wounds exposed to gas plasma, including tissue oxygenation (StO2), tissue hemoglobin index (THI), perfusion in deeper layers (NIR), as well as the tissue water index (TWI). Apparent changes of StO2 (arrowhead), THI (star), and NIR (arrow) are indicated. (b–e) Representative false-colored images of murine ear wounds exposed to gas plasma for 10 s before (upper panels) and after treatment (lower panels) in females on d0 (b), d3 (c), d6 (d), d9 (e), and d12 (f). Results are expressed as boxplots ± SEM of at least six independent measurements, and statistical analysis was performed using one-way analysis of variances with ** p < 0.01 and *** p < 0.001. 
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Figure 3. Gas plasma treatment modulated microcirculatory parameters during wound healing in males. (a) Quantification of hyperspectral imaging parameters of ear wounds exposed to gas plasma, including tissue oxygenation (StO2), the tissue hemoglobin index (THI), perfusion in deeper layers (NIR), as well as the tissue water index (TWI). Apparent changes of StO2 (arrowhead) and NIR (arrow) are indicated. (b–d) Representative false-colored images of murine ear wounds exposed to gas plasma for 10 s before (upper panels) and after treatment (lower panels) in males on d0 (b), d3 (c), and d15 (d). Results are expressed as boxplots ± SEM of at least six independent measurements, and statistical analysis was performed using one-way analysis of variances with * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 4. Gas plasma exposure promoted the expression of angiogenic targets controlling neovascularization and angiogenesis. (a) Mice were treated with gas plasma as described. Gene expression analysis of angiogenetic targets (e.g., NOS2, COX2, CD31, KGF, HBEGF, CSF2, HIF1A, AMOT, and AMOTL1/2) was performed with total RNAs isolated from the wound regions on endpoints (d9/d20). (b,c) Immunofluorescence analysis of iNOS (b) and cytokeratin (CK) (c) on d20 after injury. (d) Quantification of fluorescence signal intensities at d9 and d20. (e) Gene expression analysis of targets of focal adhesions (e.g., FAK, VCL, and SDC1/4). (f) Immunohistochemical DAB-staining of Fak, pY397-Fak, and syndecan in controls (left) and following gas plasma treatment on d9. (g) Quantification of DAB signals in the epidermal and dermal layer of re-epithelialized areas on d9. (h) DAB staining of Y397-Fak in untreated and gas plasma-treated mice on d20. (i) Protein expression levels of vinculin and β-actin were quantified using WES analysis on d9 (upper panel) and d20 (lower panel) compared to untreated mice. The western blot bands are cropped from Figure A1, where also molecular weight labels can be found. (j,k) Immunofluorescence analysis of vinculin in skin cells isolated from untreated (j) and gas plasma-treated SKH1-STZ (k) mice. Cells were isolated, cultivated, and stained for vinculin in gas plasma-treated (right images) and compared to untreated (left images) skin cells in vitro. Males and females were used on d9 and d20. Data are presented as mean + SD with * p < 0.05, ** p < 0.01, and *** p < 0.001, as compared to controls (ctrl). Scale bar is 50 µm, the grey symbol represents the plasma jet. 
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Figure 5. Gas plasma exposure modulated the expression of ECM components and MMP targets controlling ECM degradation. (a) Mice were treated with gas plasma as described. Gene expression analysis of ECM components (e.g., COL1A1, COL3A1, DCN, αSMA, and FN1) was performed with total RNA isolated from wound regions on endpoints (d9/d20). (b) Immunofluorescence analysis of collagen in skin cells isolated from untreated and gas plasma-treated SKH1-STZ mice. Cells were isolated, cultivated, and stained for vinculin in gas plasma-treated (right images) and compared to untreated (left images) skin cells in vitro. (c) qPCR of MMPs (MMP2/8/9/10/14) and their inhibitors (TIMP1/2). Males and females were used on d9 and d20. Data are presented as mean + SD with * p < 0.05, ** p < 0.01, and *** p < 0.001, as compared to controls (ctrl). Scale bar is 50 µm, the grey symbol represents the plasma jet. 
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Figure 6. Gas plasma exposure altered in vivo cytokine patterns. (a,b) Diabetic type 1 (SKH1-STZ; a) and background (SKH1; b) mouse models were treated with gas plasma and compared to their corresponding untreated controls. Heat maps show medians and indicate growth factor (GM-CSF, TNFα), cytokine (IFNα/β/γ, IL1β/6/10/12p70), and chemokine (IP10, KC, MCP1, RANTES) levels in the blood normalized to corresponding untreated control (ctrl) wounds. (c) Principal component analysis (PCA) calculated from cytokine concentrations sowing loads (left) and PC scores (right). Data are based on untreated (grey) and gas plasma-treated (orange) sacrificed on d9 (left) and d20 (right) in SKH1-STZ (small circle) versus SKH1 model (big circle, n ≥ 4). Statistical analyses were conducted using one-way analysis of variance with * p < 0.05, ** p < 0.01, and *** p < 0.001; d = day; f = female; m = male. 
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Figure 7. Schematic overview of gas plasma-induced effects on the microcirculatory system and angiogenic gene expression in diabetic wound healing. Due to a postponed, incomplete, or uncoordinated healing process, diabetic wounds are characterized by a persistent inflammatory phase associated with an impediment in the formation of mature granulation tissue and vascular damage resulting in low oxygen content and obstruction of wound closure. Gas plasma-generated reactive oxygen species (ROS) support diabetic wound closure due to the promotion of pro-angiogenic gene transcription and stimulating microvascular parameters like the oxygenation of superficial skin tissue (StO2) to support angiogenesis in diabetic wound models. THI, tissue hemoglobin index; NIR, near-infrared index; TWI, tissue water index. 
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