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Abstract

:

Radiation dermatitis (RD) is one of the most common side effects of radiation therapy. However, to date, there is a lack of both specific treatments for RD and validated experimental animal models with the use of various sources of ionizing radiation (IR) applied in clinical practice. The aim of this study was to develop and validate a model of acute RD induced using proton radiation in mice. Acute RD (Grade 2–4) was obtained with doses of 30, 40, and 50 Gy, either with or without depilation. The developed model of RD was characterized by typical histological changes in the skin after irradiation. Moreover, the depilation contributed to a skin histology alteration of the irradiated mice. The assessment of animal vital signs indicated that there was no effect of proton irradiation on the well-being or general condition of the animals. This model can be used to develop effective therapeutic agents and study the pathogenesis of radiation-induced skin toxicity, including that caused by proton irradiation.
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1. Introduction


Cancer treatment is currently mostly based on surgery, chemotherapy, and radiation therapy [1,2,3]. For more than 60% of the patients with malignant tumors, radiotherapy is an integral component of treatment, either in combination with surgery or chemotherapy or on its own [4]. In particular, proton therapy has significantly developed clinically in the last two decades, although the method itself was discovered more than half a century ago [5,6,7]. Proton therapy has been found to reduce the likelihood of early or late radiation complications in healthy tissues, including secondary radiation-induced tumors [8]. The importance of this issue cannot be overstated in terms of radiotherapy for children and young patients. Despite technological advances, proton therapy, as well as conventional gamma therapy, has a common side effect known as radiation dermatitis (RD) [9,10,11].



During the course of conventional radiotherapy, 95% of patients develop some grade of RD, which is a toxic skin reaction to ionizing radiation (IR) [10,12]. A significant portion of the radiation dose in radiotherapy is absorbed by the skin, especially when using conventional X-ray or gamma-radiation therapy. Measures that reduce the dose absorbed by the skin can include the use of boluses and different methods of dose distribution depending on the type of radiation. Hadron radiotherapy achieves efficient targeting of tumor tissue with low impact on healthy peritumoral tissues [13,14].



Today, there are no specific treatments for RD. Therefore, a crucial task for modern biomedicine is the development of agents to prevent and treat radiation burns [15,16]. To assess the effectiveness of new medications, we need a reproducible model of RD induced using the different types of IR (X-rays, gamma rays, protons, and accelerated ions) applied in radiation therapy and having differences in relative biological effectiveness in relation to the skin. There are number of studies published regarding the radiation dermatitis model in mice induced by single or fractionated X-ray irradiation at doses ranging from 20 to 60 Gy [17,18,19,20]. Most commonly, the target area for simulating RD in such experiments is the leg, back, or flank of the animal, although there are studies on radiation-induced damage to the feet [21]. It is also worth noting the studies on the impact of β-radiation and comparing the effects of γ and β radiation on the skin of miniature pigs [22,23]. Furthermore, this year saw the publication of unique studies describing dosimetric characteristics and the analysis of acute and late effects of normal tissue damage in response to single and fractionated proton irradiation [24,25]. However, the research is currently limited on the effects of proton irradiation on the skin.



The aim of this study was to develop an RD model on the dorsal side of the mouse’s body after a single local exposure to proton radiation using focused delivery at the Bragg peak with an energy of 88 MeV.




2. Results


A series of experiments were performed to select the optimal conditions for a mouse model of proton-radiation-induced RD. When developing the experimental model of RD, the following parameters of the beam and experimental conditions were taken into consideration: absorbed dose, position of the energy release peak of the monoenergetic proton beam, positioning and fixation of animals, method of depilation or its absence, duration of latent period and stages of RD, model reproducibility (% of animals with expected parameters of RD), assessment of vital signs (weight change, hematological blood test, pathomorphological examination of internal organs (thymus, spleen)), and animal survival. Experimental groups of animals were divided into subgroups: nondepilated (CND—control nondepilated animals, ND30—nondepilated animals that were irradiated with a dose of 30 Gy, ND40—nondepilated animals that were irradiated with a dose of 40 Gy); depilated via a physical method (trimmer) (CD—control depilated animals via physical method, D30—depilated animals that were irradiated with a dose of 30 Gy, D40—depilated animals that were irradiated with a dose of 40 Gy), and depilated via a chemical method (cream) (CChD—control animals depilated via chemical method, ChD50—depilated animals that were irradiated with a dose of 50 Gy). As a result of the experiments, a model of proton-induced RD in mice was developed that meets the following requirements:




	
Location of the energy release peak of the proton beam is directly in the skin of the animal in order to reduce radiation damage to the underlying tissues;



	
Model reproducibility of more than 90%;



	
Absence of a long latent period (up to 2 weeks);



	
Pronounced staging of RD formation;



	
100% survival of animals within 30 days of exposure.








We think that the developed model of radiation-induced skin damage will help to expand the knowledge about the pathogenesis of proton-radiation-induced RD and can be used to evaluate the effectiveness of preventive and therapeutic agents.



2.1. Effect of the Depilation Method on the Skin of Mice


When modeling skin wounds in animals, the hair cover is usually removed. To date, there are no detailed unified criteria for choosing the method of animal depilation, particularly in RD modeling. In this regard, we investigated the effects of physical (trimmer) (CD) and chemical (depilatory cream) (CChD) hair removal methods on the skin of animals that had not been exposed to proton radiation (Figure 1). The skin reaction and hair regeneration after different depilation methods were recorded for 10 weeks using a photo camera and visual assessment.



As can be seen in Figure 1A, the animals subjected to physical depilation (CD) did not show any skin reactions one day after hair removal. In the group of animals subjected to chemical depilation (CChD), patches, redness, and abrasions were observed on the skin (Figure 1B). By the third week after depilation, hair regrowth and no visible skin reactions were observed in both groups of animals. It should be noted that the rate of hair regrowth after chemical depilation was slightly higher than that after physical depilation. However, starting from the fourth week, there were no visible difference in skin reactions and hair regrowth between CD and CChD. Thus, in animals after chemical and physical depilation, complete hair regeneration was observed by the fourth week. However, one day after chemical depilation, the animal skin had wounds, which, in turn, can increase the severity of skin toxicity and healing time in RD modeling.



Thus, we think that the physical method of depilation should be preferred in RD modeling, taking into account the absence of initial skin reactions in animals, potential contribution of depilation to the severity of the wound, and the rate of skin recovery in irradiated mice. The effect of depilation method on the severity of the RD grade and healing time of radiation-induced skin damage in experimental animals are considered in Section 2.4.




2.2. Assessment of the Physical Characteristics of a Proton Beam for Producing a Mouse Model of Radiation Dermatitis


At this stage of the work, the optimal proton beam energy was selected to create a mouse model of RD. The minimum energy of the proton beam released from the accelerator in the Prometheus proton therapy complex is 30 MeV. At this energy, the depth of particle penetration into soft tissues is less than 10 mm, while the width of the energy release peak is less than 0.5 mm, which causes significant difficulties both in dose estimation and irradiation. At this energy, a 0.2 mm error in animal positioning or beam approach can result in a dose delivery error of 50–80%, which is unacceptable for this type of experiment. To avoid these inaccuracies, a Plexiglas phantom filled with water was placed in the beam path. The phantom was 60 mm thick, which, accounting for the Plexiglas, corresponded to a water equivalent thickness (WET) of 61.8 mm. The position of the peak was checked using a parallel plate chamber, taking into account the thickness of the outer wall of the chamber placed behind the water phantom, where the animals were subsequently fixed. The peak position was checked in the energy range of 87 MeV to 92 MeV in 0.1 MeV increments. Calculations performed in the planning program (Protom Planner ver. 2.14.32, “Protom” JSC, Protvino, Russia) that is a part of the Prometheus complex showed that the energy required to pass this phantom and stop the maximum energy release on the skin of the animal was about 88 MeV (Figure 2).



Consequently, at energy of 88 MeV, the peak width at 90% of the dose level was 1.2 mm, which allowed us to plan and perform irradiation with a skin dose accuracy of at least 10%. The value of linear energy transfer (LET) for proton radiation was approximately 5–10 keV/μm. Since the transverse size of the beam was about 8 mm when it was released from the accelerator and an irradiation field of 10 × 10 mm was required when working with animals, plans for uniform irradiation via proton beam scanning over a given area were created in Prometheus complex software ("Protom Planner" ver. 2.14.32, “Protom” JSC, Protvino, Russia).




2.3. Effect of Animal Positioning on the Absorbed Proton Dose Distribution


Taking into account the selected optimal values of energy and irradiation field, a dosimetric study involving a biological object (mouse) was carried out. The experimental animal was euthanized via cervical spine dislocation. After that, a skin flap was cut off from the animal’s back, and an EBT3 dosimetry film was placed over and under it (Figure 3). This procedure is necessary for the experimental control of proton beam energy since it is difficult to account for the real thickness of the epidermis and hair of the animal (if there is no preliminary depilation) when calculating. The animal was fixed in an upright position on a medical thermoplastic platform using soft clamps. The objectives of this stage of the work were to assess the effect of positioning the animals at 90° and 45° angles relative to the proton beam hitting the animal skin and to check the position of the energy release peak on the animal skin at an energy of 88 MeV.



At energy values of 88 MeV, the maximum energy release was located directly in the epidermis and dermis and did not affect underlying tissues and organs. The dosimetric assessment using the EBT film placed under the skin of the animal showed no significant difference in the dose distribution at two variations in the animal position: 45° and 90°. However, from the technical point of view, the optimal position is the 90° angle, which was used in the RD modeling in this work.




2.4. Clinical Changes in the Skin of Mice after Local Proton Radiation


At this stage of the work, the severity of the RD grade and the time of spontaneous wound healing of radiation-induced skin damage, depending on the absorbed dose and presence/absence of the hair coat as well as the method of depilation, were studied. The groups of animals were irradiated at doses of 30 Gy (ND30, D30), 40 Gy (ND40, D40), or 50 Gy (ChD50). Figure 4 schematically represents the time dependencies of RD grade formation according to the RTOG classification in the experimental groups of animals at 7, 14, and 21 days after exposure to proton radiation at a dose of 30 Gy, 40 Gy, or 50 Gy.



It was shown that on the seventh day after a single exposure to local proton radiation at doses of 30 and 40 Gy, all animals that were not depilated (ND30, ND40) had no skin reaction (Grade 0) to proton radiation. In the D30 experimental group, 63% of mice showed no skin reactions, representing Grade 0, and 37% were Grade 1. In D40, 44% of mice showed no skin reactions to proton irradiation (Grade 0). The other animals in this group had RD Grades 1 to 3 with Grade 1 being predominant, which was noted in 31% of the animals. In the ChD50experimental group, 55% of mice showed no skin reactions to proton irradiation, and 45% of the animals had skin toxicity, represented by Grade 1. By the 14th day after exposure to proton radiation, it was found that 12.5% and 27% of the mice in ND30 and ND40, respectively, had no skin reactions. The other animals in these groups showed RD Grades 1 to 3 with a prevalence of Grade 1. In experimental groups D30 and D40, more than 50% of the mice were Grade 2, and Grade 3 was observed in 9% and 15% of the animals. The most severe skin reactions were seen in ChD50: 67% of the mice showed Grade 4 skin reactions accompanied by ulceration and necrosis, and 33% of the mice showed radiation-induced skin toxicity corresponding to Grade 3. It was found that by the 21st day after proton exposure, the animals in all experimental groups had radiation-induced skin toxicity corresponding to Grades 2–4 according to the RTOG classification. Only in experimental group ND30 did a larger proportion of animals (60%) have RD Grade 2, while in the other groups, the animals showed more severe skin wounds corresponding to Grade 3 and Grade 4. Only in D30 did 100% of the animals show radiation-induced skin toxicity corresponding to Grade 3. In experimental groups ND40 and D40, regardless of whether the hair was removed, the majority of animals (80% in ND40; 75% in D40) were Grade 3, while the other animals in these groups were Grade 4 of RD. In the experimental group ChD50, by the 21st day, the number of animals categorized as Grade 4 RD increased to 89%.



Starting from day 21, the assessment of the animals’ skin condition was performed once a week. At this stage of RD development, visual assessment of the severity degree is difficult due to the ongoing reparative process. The duration of observation was 70 days because this time is enough to monitor the course of acute RD. At this stage of the work, we carried out visual assessment of the development of the reparative stage of RD in mice depending on the absorbed dose and method of depilation.



2.4.1. Study of the Development of Radiation-Induced Skin Damage in Nondepilated Mice


Figure 5 shows the dynamics of spontaneous wound healing of radiation-induced skin damage in nondepilated mice (ND30, ND40) before irradiation and 21 and 70 days after irradiation compared to the control (CND).



As shown in Figure 5, by day 21 following a single local proton irradiation on the dorsal side of the body, the area of damage increased threefold with the increase in dose from 30 Gy to 40 Gy. By day 70, ND30 mice showed completed epithelialization and hair regrowth processes, while ND40 mice showed nonhealing skin lesions that presumably proceeded to chronic RD. It is known that the acute phase of RD transitions to chronic after 90 days.




2.4.2. Study of the Development of Radiation-Induced Skin Damage in Physically Depilated Mice


Figure 6 shows the dynamics of spontaneous wound healing of radiation-induced skin damage in mice depilated via a physical method (D30, D40) before proton irradiation and 21 and 70 days after irradiation compared to the control (CD).



As can be seen in Figure 6, no skin reactions were observed after hair removal using a physical method. By day 21, radiation-induced skin lesions of the same area but of different severity had formed in both groups. As in animals with preserved hair coat, the dose–response relationship was observed: with an increase in the absorbed dose, the number of animals with more severe grades of RD increased. By day 70, there was no complete healing of skin wounds and hair regrowth in experimental groups D30 and D40.




2.4.3. Study of the Development of Radiation-Induced Skin Damage in Chemically Depilated Mice


Figure 7 shows the dynamics of spontaneous wound healing of radiation-induced skin damage in chemically depilated mice (ChD50) before proton irradiation and 21 and 70 days after exposure compared to the control (CChD).



Figure 7 shows that the use of a depilatory cream left cuts and erythematous spots on the skin of the animals, which further contributed to skin damage even before exposure to proton radiation. By day 21, more than 85% of the animals after a single exposure to local proton radiation at a dose of 50 Gy showed severe skin toxicity corresponding to Grade 4. By day 70, the damaged area did not reduce, and there was no hair regrowth, which resulted in the subsequent formation of chronic RD.



The duration of observation of the reparative phase after different methods of depilation or its absence was 70 days. During this period, complete healing of radiation-induced skin damage and hair regrowth were achieved only in ND30 mice, and in other groups, reparative processes continued (D30, ND40, D40, and ChD50). It should be noted that in the reparative phase as well as in the destructive one, there was a pattern: with an increase in the absorbed dose the grade of RD and the time of spontaneous wound healing of the wound increased as well.





2.5. Influence of Proton Irradiation and Depilating Status on Mouse Skin Histology


Skin histology was assessed on the 14th day after proton exposure in the nondepilated irradiated groups (30 and 40 Gy; ND30 and ND40, respectively), in the depilated using a physical method (trimmer) irradiated groups (30 and 40 Gy; D30 and D40, respectively), and in control nonirradiated groups (nondepilated and depilated using a physical method (trimmer, CND and CD, respectively). Figure 8 shows the representative images and results of mouse skin slide examination.



Overall, the proton beam irradiation affected skin histology in a dose-dependent manner, with physical depilation producing additional substantial impairment. The epidermal and dermal thicknesses were significantly larger in depilated and irradiated mice (D30 and D40 groups). Moreover, the skin of the depilated and irradiated mice was characterized by a loss of follicular units, as well as by the presence of epithelial hyperplasia and hyperkeratosis. The epidermal thickness was significantly thicker in depilated and irradiated mice (4.2- and 9.4-fold increases in D30 and D40 groups, respectively, vs. CND group and 3.1- and 6.8-fold increases in D30 and D40 groups, respectively, vs. CD group). Similarly, in the depilated and irradiated groups, the dermal thickness was significantly thicker compared to that in both control groups. The number of follicular units between the CND group and irradiated groups showed approximately two- to three-fold differences. All mice irradiated with either 30 Gy or 40 Gy showed no sign of changes in the number of follicular units compared to the depilated control mice (CD group). The scores of epithelial hyperplasia and parakeratotic hyperkeratosis showed significant differences between of the control (CND and CD) and irradiated groups.




2.6. Assessment of Animal Vital Signs after a Single Exposure to Local Proton Radiation


We assessed the vital signs of the experimental animals relative to intact animals according to the following criteria: 30-day survival, body weight dynamics, morphological composition of peripheral blood, and weight coefficients of internal organs (thymus, spleen).



2.6.1. Study of 30-Day Survival and Body Weight Dynamics of Mice in Modeling Radiation Dermatitis


We conducted a study to investigate the effects of single local proton irradiation at doses ranging from 30 to 50 Gy on the 30-day survival (LD50/30) of mice, as well as changes in body weight and time of survival within 70 days after irradiation. In our work, by the 30th day, the survival in all groups of animals was 100%; moreover, all animals survived up to the end of the experiment (70 days).



Figure 9 demonstrates the changes in body weight of the experimental animals 7, 21, and 70 days after single doses of proton radiation from 30 to 50 Gy compared to the initial body weight before exposure (day 0).



The study of body weight change showed no significant differences between the groups of nondepilated (ND30 and ND40) and chemically depilated (ChD50) animals compared to the control group (CND and CChD) (Figure 9A,C). In the D30 and D40experimental groups, a decrease in body weight of animals was observed at 7 and 21 days after a single local proton radiation exposure compared to the control group (CD), which may be associated with the peak of the destructive phase of RD development (Figure 9B). By the end of the experiment, an increase in animal body weight was observed in all groups, on average by 10%, compared to the initial body weight at the start of the experiment (day 0).




2.6.2. Effect of Proton Radiation on the Subset Composition in the Blood of Animals in Modeling Radiation-Induced Skin Damage


Hematological data (number of white blood cells, lymphocytes, granulocytes, and platelets) of the peripheral blood of the white male SHK mice before irradiation and 7, 21, and 70 days after a single exposure to local proton radiation at doses from 30 to 50 Gy compared to the control (initial value for the four classes of blood formed elements) were studied (Table S1). Despite the significant intragroup variability, likely associated with the use of outbred nonlinear SHK mice as study subjects, the presented results reflect a number of changes. In the CChD group, increases of 41% and 37% in WBC numbers were observed at 21 and 70 days after irradiation, respectively, as well as by 86% in the ChD50 group at day 21; however, these differences were not statistically significant. The analysis of the number of lymphocytes revealed that the ChD50 group showed a 40% increase by day 7, while in the D30 group, the cell count decreased by 51%. By day 21, the number of lymphocytes increased by 33%, 36%, and 43% in the D30, CChD, and ChD50 groups, respectively. Changes in the number of granulocytes were observed only in the ChD50 group 21 days after exposure. As for statistically significant results, they were obtained only for platelets in the overall blood analysis. Thus, in the CChD group, the cell numbers increased by 144% and 120% at 21 and 70 days, respectively, while in the ChD50 group, the number of platelets increased by 160% at day 7, with the trend continuing until the end of the observation period (70 days).




2.6.3. Study of Changes in the Relative Mass of Lymphoid Organs of Experimental Animals in Modeling Radiation-Induced Skin Damage


In the study, we studied the changes in relative masses of spleen and thymus in % of experimental animal weights 7, 21, and 70 days after a single exposure to local proton radiation at doses from 30 to 50 Gy (ND30, ND40, D30, D40 and ChD50) compared to those of intact animals (CND, CD and CCh). The data are graphically presented in Figure 10 and Figure 11.



There were no significant changes in the relative mass of the spleen in either experimental group or intact mice throughout the experiment (70 days). No significant changes were observed in the thymus mass in any experimental group at 7 days after irradiation, while a decrease in organ mass was observed in all groups except ND30 and CD at 21 days compared to the control. In the ChD groups, this decrease remained significant up to 70 days. Thus, the reduction in the relative mass of the thymus was presumably associated with an increase in destructive processes and a decrease in the lymphoid cell population in response to proton irradiation, which was sustained until the end of the experiment in animals subjected to chemical depilation.






3. Discussion


In this study, a protocol was developed and an experiment was conducted to model proton-induced radiation dermatitis on the dorsal side of an animal for the first time. The model of local proton-induced dermatitis on the back of a mouse was obtained through a single exposure of anesthetized animals fixed perpendicular (90°) to a proton beam with an energy of 88 MeV. The absorbed dose ranged from 30 to 50 Gy, and the linear energy transfer (LET) value was approximately 5–10 keV/μm. The recommended irradiation field size is 10 × 10 mm. The developed radiation dermatitis model has several advantages for its in vivo application. Firstly, the single exposure enables the avoidance of subjecting the animal to multiple anesthesia procedures, thus minimizing the stress induced by transportation and repeated immobilization, thereby adhering to the requirements set forth in Directive 2010/63/EU of the European Parliament and Council of the European Union on the protection of animals used for scientific purposes. Secondly, the local administration directly onto the animal’s skin, facilitated by the presence of the Bragg peak, prevents damage to the spinal column and adjacent neural and muscular tissue. Thirdly, localizing the target area of radiation exposure at the center of the animal’s back allows the minimization of further animal interference in the process of applying the therapeutic agent and the wound healing stage.



When studying in vivo model wounds, it is important to minimize the contribution of depilation to skin damage. As previously noted, there are no standardized methods for animal hair depilation when modeling skin damage, specifically RD. Furthermore, there is a lack of data on the necessity of removing or preserving the hair coat of animals before modeling RD.



There are limited data on the suitability of using depilatory products on animals, but some studies have shown that both physical and chemical methods of depilation do not lead to an increase in bacterial load and prolonged wound healing in rat and mouse models of skin damage [26,27]. In a recent study [28], four methods of depilation were compared in a wound model in mice. The authors demonstrated that the sodium sulfide contained in depilatory creams has a significant negative effect on wound healing through the enhancement in local inflammatory reactions, a sharp decrease in the number of hair follicles, and the inhibition of collagen fiber regeneration. In another study [29], the authors suggested that the ingredients in depilatory creams contribute to an increase in the number of dermal CD45+ cells and mast cells in mice and influence changes in skin homeostasis. In addition, chemical depilatory agents can cause chemical burns during prolonged contact with the skin or induce individual intolerance to the components included in the composition. In a study [30], it was shown that a depilatory cream significantly induced the expression of inflammatory factors, although their levels were lower than those caused by a model wound, suggesting that this type of depilation only causes a mild form of skin damage.



Physical methods of hair removal also have their drawbacks, as any hair removal method is associated with potential operator error, leading to injuries, general discomfort, stress, and poor well-being of the animals. However, a study [31] demonstrated that depilation using physical methods did not lead to visible changes in the skin of experimental animals, while chemical methods resulted in abrasions, cuts, and redness.



In this study, we conducted an investigation into the effects of physical and chemical hair depilation methods on the skin of intact and experimental animals exposed to proton radiation. Based on the obtained results, we suggest that the physical method of depilation is preferable compared with the chemical method, as it minimizes skin damage prior to irradiation. We concluded that since the choice of depilation method in RD modeling should aim to minimize the contribution of depilation to the formation of radiation-induced skin damage, it is advisable to avoid hair removal altogether. This is supported by the observation that nondepilated animals exhibited alopecia on day 14, which may serve as an additional criterion for the development of RD.



The impact of local proton irradiation on animal skin has been examined in a limited number of studies, which makes this issue particularly relevant to modern radiation biomedicine. Additionally, no studies have been found on modeling the RD caused by proton irradiation on the back. However, in recent decades, the effects of other types of ionizing radiation on the skin have been fairly well described. For example, it was demonstrated that when BALB/c mice were irradiated with a dose of 36 Gy for three consecutive days (12 Gy/day) using a source of X-ray radiation, the peak of skin damage was observed 7–10 days after irradiation [19]. In another study [20], using the same mice strain and radiation scheme, the duration of the latent period was 7 days, and the peak development of RD occurred on the 15th day. In a study [32], when C57BL/6 mice were irradiated with high-energy electrons at doses of 20 Gy or higher, RD developed 8–12 days after irradiation and progressed to severe grades (3–4) within 3 weeks. In contrast, mice receiving a dose of 15 Gy developed only mild RD. Local irradiation of the flanks of C57BL/6 mice with X-rays at a dose of 45 Gy resulted in severe skin damage, characterized by scab formation and moist desquamation [17]. Subsequently, the authors reduced the irradiation dose to 30 Gy. It is worth noting that the assessment of skin damage in the cited studies was carried out according to international clinical scales. In this study, the RTOG scale was used for the visual assessment of radiation-induced skin damage, in which reactions of different intensities are graded from one to four [33]. In Grade 1, moderate-intensity erythema, alopecia, and dry desquamation are observed. In Grade 2, there is usually pale or bright erythema, which is usually accompanied by moderate edema. In Grade 3, erythema is accompanied by edema and moist scaling. Grade 4 is characterized by ulceration, bleeding, and necrosis.



As a result of the series of experiments, it was demonstrated that a single dose of proton beam irradiation from 30 Gy to 50 Gy led to radiation-induced skin toxicity in 100% of experimental animals. The duration of the latent period varied from 7 to 11 days depending on the absorbed dose. The duration of the destructive stage in all groups was 21 ± 3 days. In the course of development of radiation-induced skin damage, pronounced staging of RD formation (latent period, erythema, dry desquamation, wet desquamation, crusting, and epithelization) was observed in the mice. The severity of the RD grade differed among the groups, and the homogeneity of RD development in each particular group ranged from 60% to 100%. The highest grade of RD in the most animals (Grade 4 in 89% of the animals) was noted in group ChD50, in which the animals were chemically depilated and irradiated at a dose of 50 Gy. In group ND30, radiation-induced skin damage was, on the contrary, the least and corresponded to Grade 2 in 60% of the animals. It should be noted that as the absorbed dose increased, the severity of RD increased from Grade 2 to 4. In addition, the presence of a hair coat in the animals contributed to a reduction in RD grade severity, so the development of alopecia may serve as another criterion for RD evaluation. In turn, depilation increased the severity of RD. Thus, our obtained results are consistent with the literature data [17,19,20,32,33], where local exposure to ionizing radiation (IR) in doses ranging from 20 to 45 Gy resulted in a latent period duration of 7–14 days from the moment of irradiation, and the severity of RD correlated with the absorbed dose regardless of the source of IR.



Skin changes in response to IR have been well studied via histological examination. Several studies have shown that exposure to IR leads to increases in the thicknesses of the epidermis and dermis; decreases in the number of blood vessels, sebaceous glands, and hair follicle density; as well as epidermal hyperplasia and parakeratosis [34,35,36]. In our developed model of RD induced using a single local proton irradiation, an increase in absorbed dose was found to be associated with increases in the thicknesses of the epidermis and dermis, a decrease in the number of hair follicles, as well as higher degrees of epidermal hyperplasia and parakeratosis compared to those in the control group. Furthermore, depilation led to significant changes in the skin after exposure to proton radiation according to histological analysis.



To obtain reliable experimental results in animal studies, it is important to consider the animal welfare indicators that can influence the experiment outcomes [37]. One of the main physiological indicators of animal well-being is body weight. A decrease in animal body weight can occur due to stress induced by transportation, injection, and anesthesia, as well as manipulations and radiation consequences, including temporary immobilization during the session and the presence of radiation-induced damage, ultimately leading to a decrease in food intake. Studies [38,39] have noted that changes in body weight depend on several variables, such as radiation dose, experimental animal strain, and time of assessment after exposure. In [40,41], the authors did not observe any effect of total densely ionizing radiation of 56Fe on the body weight of C57BL/6 mice at 3, 40, and 112 days after exposure. However, in other studies [42,43], a decrease in body weight relative to the control group was observed in a rat model for up to 9 months after exposure to 56Fe at doses of 1–4 Gy. Additionally, when rats were irradiated with protons at doses of 7.2, 8.5, 9.2, and 11.2 Gy and X-ray at doses of 5.6, 6.3, 7.3, and 8.6 Gy to the abdominal area, there was no observed change in the body weight of the animals [44]. In our study, in experimental groups D30 and D40, a decrease in the body weight of the animals was observed at 7 and 21 days after a single local proton radiation exposure compared to the control group. By the end of the experiment, an increase in animal body weight was observed in all groups, on average by 10%, compared to the initial body weight at the start of the experiment (day 0). The tendency of increasing body weight in animals may indicate their well-being following the performed manipulations, including anesthesia, transportation, and irradiation.



The study of the effects of radiation on animal survival after exposure for 30 days (LD50/30) is the most widely used and well-characterized criterion for assessing acute and chronic radiation damage [45]. However, most existing studies describe the effects of total body irradiation on animal survival. Depending on the absorbed dose, tissue or organ damage can lead to acute radiation syndrome and ultimately result in death within 30 days [46]. For example, it was demonstrated that the LD50/30 for ICR mice (outbred, like SHK) after X-ray irradiation was 7.55 Gy [47]. In the case of the development of acute gastrointestinal syndrome (total dose of γ- and X-ray radiation 10–12 Gy), ICR and C57BL/6N mice die within 3.5–4 days of irradiation. It is known that body weight loss as a result of radiation exposure and the time required for weight recovery correlates with the dose. It is also known that the total proton irradiation at a dose of 8 Gy leads to 87% mortality after 30 days in ICR mice [48]. In a study [49], the 30-day survival rate after total exposure to 5.9 Gy of 1 GeV/n protons was 60%, 6.8 Gy resulted in a survival rate of 13.3%, and a dose of 7.2 Gy led to LD100/30 (death of all irradiated animals within 30 days). In this study, we demonstrated that local proton irradiation at doses ranging from 30 to 50 Gy had no impact on animal survival. Animal survival was 100% on day 30 and day 70 in all experimental groups, indicating the good state of health of the mice. These results suggest that the characteristics of radiation exposure conditions were chosen in such a way that all the dose was absorbed by the skin, while vital organs and systems were not affected.



It is well known that IR damages hematopoietic stem cells in the bone marrow, alters the ability of stromal elements in the bone marrow to support blood cell formation, and directly leads to the death of formed elements in the bloodstream [50,51]. IR causes a dose-dependent reduction in the number of circulating hematopoietic cells due not only to decreased bone marrow production but also to redistribution and apoptosis of mature hematopoietic elements. A qualitative indicator of the effect of ionizing radiation on the body may be decreases in the numbers of lymphocytes, granulocytes, and erythrocytes [41]. It is known that platelets are primarily involved in hemostasis and perform numerous other functions, including participation in inflammatory processes through complement activation, interaction with leukocytes and monocytes, involvement in the body’s defense against infection, and regulation of vascular tone [52]. In studies investigating the effects of proton irradiation on blood composition, irradiation doses of 0.5–2 Gy have been most commonly used, which are associated with fractionated therapeutic treatment of tumors, as well as cumulative doses of space radiation during prolonged missions. Thus, studies [53,54] have demonstrated dose-dependent decreases in the numbers of both leukocytes and lymphocytes in C57BL/6J mice within 24 h and on the 4th and 30th days after exposure, while the number of platelets and erythrocytes remained unchanged. In a study [54], the total body irradiation of male C57BL/6J mice with protons (150 MeV) at a dose of 0.5 Gy on both the 4th and 30th day led to decreases in the numbers of leukocytes and lymphocytes. Regarding the number of platelets and erythrocytes, no significant differences were found between the groups during either time period. In another study [55], female C57Bl/6 mice were also irradiated with cumulative protons (208 MeV) at a dose of 8.5 Gy, and on the second day after irradiation, a significant decrease in the number of leukocytes was demonstrated, followed by a decrease in the number of platelets 7–10 days later and then a decrease in the number of red blood cells approximately 2 weeks after irradiation. The recovery of all blood components began 3 weeks after irradiation. In contrast, a study [56] showed a significant decrease in the number of all types of blood cells in ICR mice, with the authors noting that the recovery of all blood components was observed after 21 days. Interestingly, in the case of 56Fe irradiation of mice, the number of leukocytes did not change, while the numbers of erythrocytes, hemoglobin, and hematocrit only increased on the 40th day after irradiation. We did not find any literature data on the local impact of protons on the number of peripheral blood cells in the long term after exposure. All the above-mentioned studies investigating the effects of total photon and proton radiation on the blood cell count in mice are highly contradictory, likely due to differences in the type and dose of radiation sources, mouse strains, and observation periods.



In our work, we observed a significant intragroup variability in all studied parameters of blood cell constituents, with reliable results only reflecting changes in platelets: an increase in their quantity in the ChD50 and CChD mouse groups at 7 and 21 days, respectively. Thus, in this study, we did not observe the development of leuko-, lympho-, and granulocytopenia, which indirectly indicates the absence of radiation-induced damage to the bone marrow. We hypothesize that the method of chemical depilation contributed to the changes in the quantity of blood cells, particularly platelets, as it is known that preoperative hair removal using depilatory cream may lead to a higher risk of infection on the first day after surgery [57]. Additionally, chronic inflammation characterized by abundant neutrophil infiltration may develop in the skin [58], which, in turn, can lead to delayed wound healing and increased susceptibility to infections [59].



It is known that the spleen and thymus possess high radiosensitivity and are among the first to respond to the effects of IR [60]. Changes in the mass and morphology of these organs may serve as additional markers for assessing the impact of proton irradiation on the hematopoietic and immune systems. Currently, there is a lack of research on lymphoid organs, and existing literature focuses on the development of immunosuppression in various compartments of the immune system during high-dose total X-ray irradiation in the short-term period after irradiation [61,62,63]. These changes are often associated with a sharp increase in cellular destruction, leading to loss of lymphocytes, and complete inhibition of cellular mitotic activity and differentiation [64]. It was shown that total exposure to IR results in an acute or chronic inflammatory reaction, which morphologically manifests as thymus involution with progressive decrease in its mass and changes in functional activity [65].



This study examined the changes in the relative masses of the thymus and spleen in mice 7, 21, and 70 days after a single local skin irradiation with doses ranging from 30 to 50 Gy. The results obtained demonstrate the absence of significant changes in the relative mass of the spleen both within the experimental groups and compared to intact mice throughout the experiment (70 days). The analysis of the relative mass of the thymus revealed a significant decrease in organ mass at 21 days in all groups, except for ND30 and CD. Moreover, in the groups subjected to chemical depilation, this decrease remained significant until 70 days. We propose that the decrease in relative thymus mass is associated with enhanced destructive processes and a reduction in cellular lymphoid population in response to proton irradiation, which was maintained in animals subjected to chemical depilation until the end of the experiment. From our study, it is evident that the thymus, unlike the spleen, responds to the effects of localized proton radiation; thus, studying the changes in relative thymus mass can serve as a valuable diagnostic marker.




4. Materials and Methods


4.1. Animals


Mice were the object of the study, since it has been shown that skin toxicity in humans and mice is similar in nature and appearance [45]. White outbred male SHK mice (160 animals, 8–9 weeks old, 30–35 g) were used in the experiments. The animals were kept in polycarbonate cages with 5 individuals each with sawdust bedding in the vivarium of the ITEB RAS (Pushchino) at 22 ± 2 °C. Lighting regime of 12 h/12 h was used. The animals had free access to water and complete extruded feed for laboratory animals (OOO Provimi, Moscow, Russia). Immediately following the acclimatization session, the mice were divided into different groups.



The experiments were conducted in compliance with the ethical standards for work with laboratory animals according to the protocol approved by the ITEB RAS Commission on Bioethics and Biological Safety (No. 30/2022, 5 March 2022). All research involving animals in the ITEB RAS was carried out according to Directive 2010/63/EU of the European Parliament and Council of the European Union on the protection of animals used for scientific purposes, according to which the presence of painful procedures, anesthesia methods, the maximum expected severity of procedures, and the fate of the animals after the experiment were determined.




4.2. Hair Depilation in Mice


Hair depilation was performed on the dorsal side of the animals one day before irradiation using one of two methods: chemical depilation using a depilatory cream (Belle Jardin, Baniocha, Poland) or physical depilation using a pet hair trimmer (CEIEC, Jiangsu, China). The surface area was 15 × 15 mm.



In the groups of animals subjected to chemical depilation, the hair on the dorsal side was evenly coated with depilatory cream. The duration of exposure to the cream was about 180 s. At the end of the exposure time, the hair was removed with a spatula together with the cream. After that, the skin was washed with warm distilled water (37 °C). In the group of animals that had their hair removed via shearing, the hair was shaved with a pet trimmer the day before irradiation without additional manipulation. The day after hair removal, the skin condition was captured using a camera (Nikon Corporation, Tokyo, Japan).




4.3. Animal Anesthesia


The mice were anesthetized with a combination of Zoletil 100 (Virbac, Carros, France) and Xyla (Interchemie, Venray, The Netherlands), which does not affect animal vital signs and is relatively safe for minor manipulations with animal biomodels [66,67,68]. Intraperitoneal injection of Xyla and Zoletil 100 at a ratio of 1:3 (concentration of 40 mg/kg) resulted in optimal anesthesia conditions, particularly, a rapid effect, the absence of movements during the procedure, and the immobilization for a minimum amount of time (20–40 min) with the preservation of vital signs.




4.4. Experimental Setup


Animals were irradiated at the “Physical-technical center” branch of the P.N. Lebedev Physical Institute of the Russian Academy of Science (PTC LPI RAS) (Protvino, Russia) in the Prometheus proton therapy complex, which is a Russian-made high-technology medical complex for the treatment of tumors using the remote radiotherapy technique. This complex is based on a compact proton synchrotron with a beam energy of 30 to 330 MeV [22].




4.5. Dosimetry


Experimental verification of the actual peak position and absorbed dose estimation were performed using Gafchromic EBT3 film (Ashland, Wilmington, DE, USA) and PTW dosimetry equipment complex (PTW-Freiburg, Freiburg im Breisgau, Germany): a Unidose webline electrometer with PinPoint 3D Chamber TM31022 and BraggPeak Chamber TM34073 ionization chambers. Measurements were carried out with an allowance for the distance to the sensitive volume and the recombination of charged particles outside the chamber, since the measurements were performed in air without a buildup cap. An Epson® 10000XL (Seiko Epson, Suwa, Japan) flatbed photofilm scanner was used to digitize the EBT3 radiochromic film.




4.6. Clinical Evaluation and Assessment of the Course of Radiation Dermatitis in Mice


Clinical evaluation of each animal was performed daily for 70 days after irradiation in order to record clinical manifestations of RD. Two independent, double-blinded researchers graded radiation-induced dermatitis and hyperpigmentation after irradiation according toxicity criteria to the Radiation Therapy Oncology Group (RTOG) [33]:



Grade 0: No change;



Grade 1: Faint erythema, dry desquamation, epilation, decreased sweating;



Grade 2: Tender or bright erythema, moderate edema, patchy moist desquamation;



Grade 3: Moist desquamation in areas other than in skin folds, pitting edema;



Grade 4: Ulceration, hemorrhage, necrosis;



Grade 5: Death.



Animals were photographed from the dorsal side once a week using a camera. The following settings were used: aperture, f 1.8, sensitivity, ISO 320; shutter speed, 1/262 s. The focusing was performed automatically. The shooting scale was 1:2. A tripod with an LED lamp was used for even lighting in a dark room without natural light. Photographs were cataloged, reviewed, and processed using ImageJ software v1.53t (National Institutes of Health, Bethesda, MD, USA).




4.7. Histology


Skin samples were taken on 14th day after exposure to proton radiation from both control (unexposed) and experimental animals. For light microscopy, skin samples were fixed in a 4% paraformaldehyde solution, dehydrated with gradient alcohols, and embedded in paraffin according to the standard histological protocols. The sections were stained with hematoxylin and eosin, and the images were captured with an Axiovert 200 microscope, 40× magnification (Carl Zeiss, Oberkochen, Germany). The skin sections were examined for morphology via quantification of the number of follicular units, and assessment of epidermal and dermal thickening, epithelial hyperplasia, follicular epithelial hyperplasia and parakeratotic hyperkeratosis was performed using ImageJ v1.53t (National Institutes of Health, Bethesda, MD, USA). A minimum of 10 fields for each skin slide were analyzed. The thickness of epidermis and dermis was measured using scale bars. The epithelial hyperplasia and parakeratotic hyperkeratosis were scored as “0” (no/minimal changes), “1” (moderate), “2” (marked), or “3” (strong).




4.8. Vital Signs Monitoring in Animals


Animals were weighed immediately before irradiation and then on the 7th and 21st days and on the day immediately before euthanasia (day 70).



Blood samples were taken from the animals by a tail tip incision above the clear vein before irradiation and then on the 7th and 21st days after irradiation and on the day immediately before euthanasia (day 70). Blood samples were taken for analysis on a DH36 Vet hematology analyzer (Dymind, Shenzhen, China) to measure the following parameters: white blood cell, lymphocyte, granulocyte, and platelet count. In addition, animal mortality within 30 days after a single exposure to local proton radiation was assessed, and pathomorphological examination of internal organs (spleen, thymus) was performed, including isolation, morphological assessment, and weighing.




4.9. Statistical Analysis


The experimental data are presented as the mean ± standard deviation (M ± SD). The statistical significance of differences between the values in experimental groups was determined using the Mann–Whitney U test and Student’s t-test. Differences were considered statistically significant at p ≤ 0.05. The obtained data were processed using GraphPad Prism 8.0.1 (GraphPad Software, Boston, MA, USA), Microsoft Excel 2016 (Microsoft, Redmond, Washington, DC, USA), and ImageJ v1.53t (National Institutes of Health, Bethesda, MD, USA) software.





5. Conclusions


An in vivo model of RD induced using a single local proton beam irradiation with an energy of 88 MeV was developed. Optimal conditions, including proton beam parameters, animal fixation, positioning, and depilation method, were selected during model development. The developed protocol of irradiation in the dose range of 30 to 50 Gy allowed the establishment of an RD model in mice with a short latent period (7–11 days), pronounced stages of formation, characteristic histological skin changes, and no impact on animal well-being (100% survival rate, body weight increase, no changes in the number of formed elements of the blood or relative mass of lymphoid organs). We think that the optimal model for evaluation of pathogenesis and testing of new preventative and therapeutic agents for proton-induced RD is Grade 2 to early Grade 3, obtained at a dose of 30 Gy in nondepilated animals. At this stage, the external manifestations of RD are more pronounced, while the toxicity only affects the epidermis and dermal elements without disrupting the integrity of the basal membrane.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms242216373/s1.





Author Contributions


Conceptualization, N.R.P. and S.S.S.; methodology, V.A.A., P.O.T. and A.E.S.; validation, V.A.A. and A.E.S.; preparation and analysis of histological sections, V.A.A., I.S.T. and P.O.T.; investigation, V.A.A., I.S.T. and E.A.Z.; data curation, V.A.A., A.E.S. and E.A.Z.; writing—original draft preparation, V.A.A. and S.S.S.; writing—review and editing, V.A.A., E.A.Z. and N.R.P.; supervision, N.R.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Russian Science Foundation, grant number 22-63-00082 https://rscf.ru/project/22-63-00082/ (accessed on 2 October 2023).




Institutional Review Board Statement


The animal study protocol was approved by the Commission on Bioethics and Biological Safety of ITEB RAS (No. 30/2022, 5 March 2022).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article or Supplementary Materials.




Acknowledgments


This research was performed using the equipment of the “Physical-technical center” branch of the P.N. Lebedev Physical Institute of the Russian Academy of Science (PTC LPI RAS) (Protvino, Russia): the Prometheus proton therapy complex.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hennequin, C.; Guillerm, S.; Quero, L. Combination of Chemotherapy and Radiotherapy: A Thirty Years Evolution. Cancer/Radiother. 2019, 23, 662–665. [Google Scholar] [CrossRef] [PubMed]

	



van der Valk, M.J.M.; Marijnen, C.A.M.; van Etten, B.; Dijkstra, E.A.; Hilling, D.E.; Kranenbarg, E.M.-K.; Putter, H.; Roodvoets, A.G.H.; Bahadoer, R.R.; Fokstuen, T.; et al. Compliance and Tolerability of Short-Course Radiotherapy Followed by Preoperative Chemotherapy and Surgery for High-Risk Rectal Cancer—Results of the International Randomized RAPIDO-Trial. Radiother. Oncol. 2020, 147, 75–83. [Google Scholar] [CrossRef] [PubMed]

	



Chandra, R.A.; Keane, F.K.; Voncken, F.E.M.; Thomas, C.R. Contemporary Radiotherapy: Present and Future. Lancet 2021, 398, 171–184. [Google Scholar] [CrossRef]

	



Chen, H.H.W.; Kuo, M.T. Improving Radiotherapy in Cancer Treatment: Promises and Challenges. Oncotarget 2017, 8, 62742–62758. [Google Scholar] [CrossRef]

	



Habrand, J.L.; Schlienger, P.; Schwartz, L.; Pontvert, D.; Lenir-Cohen-Solal, C.; Helfre, S.; Haie, C.; Mazal, A.; Cosset, J.M. Clinical Applications of Proton Therapy. Experiences and Ongoing Studies. Radiat. Environ. Biophys. 1995, 34, 41–44. [Google Scholar] [CrossRef] [PubMed]

	



Mohan, R.; Grosshans, D. Proton Therapy—Present and Future. Adv. Drug Deliv. Rev. 2017, 109, 26–44. [Google Scholar] [CrossRef] [PubMed]

	



Oh, D. Proton Therapy: The Current Status of the Clinical Evidences. Precis. Future Med. 2019, 3, 91–102. [Google Scholar] [CrossRef]

	



Spiotto, M.T.; McGovern, S.L.; Gunn, G.B.; Grosshans, D.; McAleer, M.F.; Frank, S.J.; Paulino, A.C. Proton Radiotherapy to Reduce Late Complications in Childhood Head and Neck Cancers. Int. J. Part. Ther. 2021, 8, 155–167. [Google Scholar] [CrossRef]

	



Singh, M.; Alavi, A.; Wong, R.; Akita, S. Radiodermatitis: A Review of Our Current Understanding. Am. J. Clin. Dermatol. 2016, 17, 277–292. [Google Scholar] [CrossRef]

	



Hegedus, F.; Mathew, L.M.; Schwartz, R.A. Radiation Dermatitis: An Overview. Int. J. Dermatol. 2017, 56, 909–914. [Google Scholar] [CrossRef]

	



Palma, G.; Monti, S.; Conson, M.; Xu, T.; Hahn, S.; Durante, M.; Mohan, R.; Liao, Z.; Cella, L. NTCP Models for Severe Radiation Induced Dermatitis After IMRT or Proton Therapy for Thoracic Cancer Patients. Front. Oncol. 2020, 10, 344. [Google Scholar] [CrossRef]

	



Bray, F.N.; Simmons, B.J.; Wolfson, A.H.; Nouri, K. Acute and Chronic Cutaneous Reactions to Ionizing Radiation Therapy. Dermatol. Ther. 2016, 6, 185–206. [Google Scholar] [CrossRef] [PubMed]

	



Ledingham, K.W.D.; Bolton, P.R.; Shikazono, N.; Ma, C.-M.C. Towards Laser Driven Hadron Cancer Radiotherapy: A Review of Progress. Appl. Sci. 2014, 4, 402–443. [Google Scholar] [CrossRef]

	



Bilynsky, C.; Millot, N.; Papa, A. Radiation Nanosensitizers in Cancer Therapy—From Preclinical Discoveries to the Outcomes of Early Clinical Trials. Bioeng. Transl. Med. 2021, 7, e10256. [Google Scholar] [CrossRef] [PubMed]

	



Kole, A.J.; Kole, L.; Moran, M.S. Acute Radiation Dermatitis in Breast Cancer Patients: Challenges and Solutions. Breast Cancer Dove Med. Press 2017, 9, 313–323. [Google Scholar] [CrossRef] [PubMed]

	



Kawamura, M.; Yoshimura, M.; Asada, H.; Nakamura, M.; Matsuo, Y.; Mizowaki, T. A Scoring System Predicting Acute Radiation Dermatitis in Patients with Head and Neck Cancer Treated with Intensity-Modulated Radiotherapy. Radiat. Oncol. Lond. Engl. 2019, 14, 14. [Google Scholar] [CrossRef] [PubMed]

	



Flanders, K.C.; Major, C.D.; Arabshahi, A.; Aburime, E.E.; Okada, M.H.; Fujii, M.; Blalock, T.D.; Schultz, G.S.; Sowers, A.; Anzano, M.A.; et al. Interference with Transforming Growth Factor-β/Smad3 Signaling Results in Accelerated Healing of Wounds in Previously Irradiated Skin. Am. J. Pathol. 2003, 163, 2247–2257. [Google Scholar] [CrossRef]

	



Tryapitsyna, G.A.; Pryakhin, E.A.; Atamanyuk, N.I.; Obvintseva, N.A.; Egoreychenkov, E.A.; Novikov, E.V.; Koknaev, G.N.; Vazhenin, A.V.; Akleev, A.V. Method for determination of pathogenesis periods of radiation skin burns according to the photorecording of clinical signs. Radiat. Biology. Radioecol. 2017, 57, 495–504. [Google Scholar] [CrossRef]

	



Park, J.-H.; Byun, H.J.; Kim, H.J.; Oh, S.J.; Choi, C.; Noh, J.M.; Oh, D.; Lee, J.-H.; Lee, D.-Y. Effect of Photobiomodulation Therapy on Radiodermatitis in a Mouse Model: An Experimental Animal Study. Lasers Med. Sci. 2021, 36, 843–853. [Google Scholar] [CrossRef]

	



Yang, K.; Kim, S.-Y.; Park, J.-H.; Ahn, W.-G.; Jung, S.H.; Oh, D.; Park, H.C.; Choi, C. Topical Application of Phlorotannins from Brown Seaweed Mitigates Radiation Dermatitis in a Mouse Model. Mar. Drugs 2020, 18, 377. [Google Scholar] [CrossRef]

	



Xie, G.; Ao, X.; Lin, T.; Zhou, G.; Wang, M.; Wang, H.; Chen, Y.; Li, X.; Xu, B.; He, W.; et al. E-Cadherin–Mediated Cell Contact Controls the Epidermal Damage Response in Radiation Dermatitis. J. Investig. Dermatol. 2017, 137, 1731–1739. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.-S.; Rhim, K.-J.; Jang, W.-S.; Lee, S.-J.; Son, Y.; Lee, S.-S.; Park, S.; Lim, S.M. β-Irradiation (166 Ho Patch)-Induced Skin Injury in Mini-Pigs: Effects on NF-κB and COX-2 Expression in the Skin. J. Vet. Sci. 2015, 16, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.-S.; Jang, H.; Bae, M.-J.; Shim, S.; Jang, W.-S.; Lee, S.-J.; Park, S.; Lee, S.-S. Comparison of Skin Injury Induced by β- and γ-Irradiation in the Minipig Model. J. Radiat. Prot. Res. 2017, 42, 189–196. [Google Scholar] [CrossRef]

	



Overgaard, C.B.; Reaz, F.; Sitarz, M.; Poulsen, P.; Overgaard, J.; Bassler, N.; Grau, C.; Sørensen, B.S. An Experimental Setup for Proton Irradiation of a Murine Leg Model for Radiobiological Studies. Acta Oncol. 2023, 62, 1566–1573. [Google Scholar] [CrossRef] [PubMed]

	



Zlygosteva, O.; Juvkam, I.S.; Arous, D.; Sitarz, M.; Sørensen, B.S.; Ankjærgaard, C.; Andersen, C.E.; Galtung, H.K.; Søland, T.M.; Edin, N.J.; et al. Acute Normal Tissue Responses in a Murine Model Following Fractionated Irradiation of the Head and Neck with Protons or X-Rays. Acta Oncol. 2023, 62, 1574–1580. [Google Scholar] [CrossRef]

	



Kick, B.L.; Gumber, S.; Wang, H.; Moore, R.H.; Taylor, D.K. Evaluation of 4 Presurgical Skin Preparation Methods in Mice. J. Am. Assoc. Lab. Anim. Sci. JAALAS 2019, 58, 71–77. [Google Scholar] [CrossRef]

	



Rowley, N.L.; Ramos-Rivera, E.; Raiciulescu, S.; Lee, S.H.; Christy, A.C. Comparison of Two Hair Removal Methods in Sprague-Dawley Rats (Rattus Norvegicus). J. Am. Assoc. Lab. Anim. Sci. JAALAS 2021, 60, 213–220. [Google Scholar] [CrossRef]

	



He, X.; Jia, L.; Zhang, X. The Effect of Different Preoperative Depilation Ways on the Healing of Wounded Skin in Mice. Animals 2022, 12, 581. [Google Scholar] [CrossRef]

	



Amberg, N.; Holcmann, M.; Stulnig, G.; Glitzner, E.; Sibilia, M. Effects of Depilation Methods on Imiquimod-Induced Skin Inflammation in Mice. J. Investig. Dermatol. 2017, 137, 528–531. [Google Scholar] [CrossRef]

	



Li, H.; Fan, L.; Zhu, S.; Shin, M.K.; Lu, F.; Qu, J.; Hou, L. Epilation Induces Hair and Skin Pigmentation through an EDN3/EDNRB-Dependent Regenerative Response of Melanocyte Stem Cells. Sci. Rep. 2017, 7, 7272. [Google Scholar] [CrossRef]

	



LeFors, J.E.; Anderson, L.M.; Hanson, M.A.; Raiciulescu, S. Assessment of 2 Hair Removal Methods in New Zealand White Rabbits (Oryctolagus Cuniculus). J. Am. Assoc. Lab. Anim. Sci. JAALAS 2022, 61, 296–303. [Google Scholar] [CrossRef]

	



Janko, M.; Ontiveros, F.; Fitzgerald, T.J.; Deng, A.; DeCicco, M.; Rock, K.L. IL-1 Generated Subsequent to Radiation-Induced Tissue Injury Contributes to the Pathogenesis of Radiodermatitis. Radiat. Res. 2012, 178, 166–172. [Google Scholar] [CrossRef] [PubMed]

	



Venkatakrishnan, P.; Kumar, G.; Sampadarao, B. Study of the Various Cutaneous Adverse Reactions to Radiotherapy. Int. J. Res. Dermatol. 2021, 7, 250. [Google Scholar] [CrossRef]

	



Reisman, S.A.; Lee, C.-Y.I.; Meyer, C.J.; Proksch, J.W.; Sonis, S.T.; Ward, K.W. Topical Application of the Synthetic Triterpenoid RTA 408 Protects Mice from Radiation-Induced Dermatitis. Radiat. Res. 2014, 181, 512–520. [Google Scholar] [CrossRef] [PubMed]

	



Jang, W.H.; Shim, S.; Wang, T.; Yoon, Y.; Jang, W.-S.; Myung, J.K.; Park, S.; Kim, K.H. In Vivo Characterization of Early-Stage Radiation Skin Injury in a Mouse Model by Two-Photon Microscopy. Sci. Rep. 2016, 6, 19216. [Google Scholar] [CrossRef] [PubMed]

	



Yao, C.; Zhou, Y.; Wang, H.; Deng, F.; Chen, Y.; Zhu, X.; Kong, Y.; Pan, L.; Xue, L.; Zhou, X.; et al. Adipose-Derived Stem Cells Alleviate Radiation-Induced Dermatitis by Suppressing Apoptosis and Downregulating Cathepsin F Expression. Stem Cell Res. Ther. 2021, 12, 447. [Google Scholar] [CrossRef]

	



Lee, G.-H.; Kim, K.; Jo, W. Stress Evaluation of Mouse Husbandry Environments for Improving Laboratory Animal Welfare. Animals 2023, 13, 249. [Google Scholar] [CrossRef]

	



Kang, Y.-M.; Shin, S.-C.; Jin, Y.-W.; Kim, H.-S. Changes in Body and Organ Weight, Hematological Parameters, and Frequency of Micronuclei in the Peripheral Blood Erythrocytes of ICR Mice Exposed to Low-Dose-Rate γ-Radiation. J. Radiat. Prot. Res. 2009, 34, 102. [Google Scholar]

	



Fernandez-Gonzalo, R.; Baatout, S.; Moreels, M. Impact of Particle Irradiation on the Immune System: From the Clinic to Mars. Front. Immunol. 2017, 8, 177. [Google Scholar] [CrossRef] [PubMed]

	



Gridley, D.S.; Pecaut, M.J.; Nelson, G.A. Total-Body Irradiation with High-LET Particles: Acute and Chronic Effects on the Immune System. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2002, 282, R677–R688. [Google Scholar] [CrossRef]

	



Pecaut, M.J.; Dutta-Roy, R.; Smith, A.L.; Jones, T.A.; Nelson, G.A.; Gridley, D.S. Acute Effects of Iron-Particle Radiation on Immunity. Part I: Population Distributions. Radiat. Res. 2006, 165, 68–77. [Google Scholar] [CrossRef] [PubMed]

	



Gridley, D.S.; Obenaus, A.; Bateman, T.A.; Pecaut, M.J. Long-Term Changes in Rat Hematopoietic and Other Physiological Systems after High-Energy Iron Ion Irradiation. Int. J. Radiat. Biol. 2008, 84, 549–559. [Google Scholar] [CrossRef]

	



Pecaut, M.J.; Gridley, D.S. The Impact of Mouse Strain on Iron Ion Radio-Immune Response of Leukocyte Populations. Int. J. Radiat. Biol. 2010, 86, 409–419. [Google Scholar] [CrossRef]

	



Sténson, S. Weight Change and Mortality of Rats after Abdominal Proton and Roentgen Irradiation. A Comparative Investigation. Acta Radiol. Ther. Phys. Biol. 1969, 8, 423–432. [Google Scholar] [CrossRef]

	



Williams, J.P.; Brown, S.L.; Georges, G.E.; Hauer-Jensen, M.; Hill, R.P.; Huser, A.K.; Kirsch, D.G.; MacVittie, T.J.; Mason, K.A.; Medhora, M.M.; et al. Animal Models for Medical Countermeasures to Radiation Exposure. Radiat. Res. 2010, 173, 557–578. [Google Scholar] [CrossRef] [PubMed]

	



Ryu, S.-H.; Park, J.-H.; Jeong, E.-S.; Choi, S.-Y.; Ham, S.-H.; Park, J.-I.; Jeon, H.-Y.; Kim, J.-Y.; Yoo, R.-J.; Lee, Y.-J.; et al. Establishment of a Mouse Model of 70% Lethal Dose by Total-Body Irradiation. Lab. Anim. Res. 2016, 32, 116–121. [Google Scholar] [CrossRef] [PubMed]

	



Kurishita, A.; Katoh, H.; Uehara, Y.; Uchida, A.; Mizutani, Y.; Ono, T.; Hirose, S.; Okada, S. Post-Irradiation Treatment with OK432 Can Prevent Radiation-Induced Bone Marrow Death. Int. J. Radiat. Biol. 1991, 59, 711–716. [Google Scholar] [CrossRef]

	



Wambi, C.; Sanzari, J.; Wan, X.S.; Nuth, M.; Davis, J.; Ko, Y.-H.; Sayers, C.M.; Baran, M.; Ware, J.H.; Kennedy, A.R. Dietary Antioxidants Protect Hematopoietic Cells and Improve Animal Survival after Total-Body Irradiation. Radiat. Res. 2008, 169, 384–396. [Google Scholar] [CrossRef]

	



Wambi, C.O.; Sanzari, J.K.; Sayers, C.M.; Nuth, M.; Zhou, Z.; Davis, J.; Finnberg, N.; Lewis-Wambi, J.S.; Ware, J.H.; El-Deiry, W.S.; et al. Protective Effects of Dietary Antioxidants on Proton Total-Body Irradiation-Mediated Hematopoietic Cell and Animal Survival. Radiat. Res. 2009, 172, 175–186. [Google Scholar] [CrossRef]

	



Shao, L.; Luo, Y.; Zhou, D. Hematopoietic Stem Cell Injury Induced by Ionizing Radiation. Antioxid. Redox Signal. 2014, 20, 1447–1462. [Google Scholar] [CrossRef]

	



El-Shanshoury, H.; El-Shanshoury, G.; Abaza, A. Evaluation of Low Dose Ionizing Radiation Effect on Some Blood Components in Animal Model. J. Radiat. Res. Appl. Sci. 2016, 9, 282–293. [Google Scholar] [CrossRef]

	



Divakova, Y.V.; Koloskov, A.V. Endothelial-platelet interaction in sepsis. Russ. J. Hematol. Transfusiology 2022, 67, 406–418. [Google Scholar] [CrossRef]

	



Ware, J.H.; Sanzari, J.; Avery, S.; Sayers, C.; Krigsfeld, G.; Nuth, M.; Wan, X.S.; Rusek, A.; Kennedy, A.R. Effects of Proton Radiation Dose, Dose Rate and Dose Fractionation on Hematopoietic Cells in Mice. Radiat. Res. 2010, 174, 325–330. [Google Scholar] [CrossRef] [PubMed]

	



Mao, X.W.; Boerma, M.; Rodriguez, D.; Campbell-Beachler, M.; Jones, T.; Stanbouly, S.; Sridharan, V.; Nishiyama, N.C.; Wroe, A.; Nelson, G.A. Combined Effects of Low-Dose Proton Radiation and Simulated Microgravity on the Mouse Retina and the Hematopoietic System. Radiat. Res. 2019, 192, 241–250. [Google Scholar] [CrossRef]

	



Mendonca, M.; Todd, P.; Orschell, C.; Chin-Sinex, H.; Farr, J.; Klein, S.; Sokol, P. High-Energy Proton Irradiation of C57Bl6 Mice under Hindlimb Unloading. In Proceedings of the 39th COSPAR Scientific Assembly, Mysore, India, 14–22 July 2012; Abstract PPP.1-7-12, 12252012. p. 1225. [Google Scholar]

	



Romero-Weaver, A.L.; Wan, X.S.; Diffenderfer, E.S.; Lin, L.; Kennedy, A.R. Effect of SPE-like Proton or Photon Radiation on the Kinetics of Mouse Peripheral Blood Cells and Radiation Biological Effectiveness Determinations. Astrobiology 2013, 13, 570–577. [Google Scholar] [CrossRef]

	



Kang, C.N.-Y.; Shah, M.; Lynde, C.; Fleming, P. Hair Removal Practices: A Literature Review. Skin Ther. Lett. 2021, 26, 6–11. [Google Scholar]

	



Diegelmann, R.F.; Evans, M.C. Wound Healing: An Overview of Acute, Fibrotic and Delayed Healing. Front. Biosci. J. Virtual Libr. 2004, 9, 283–289. [Google Scholar] [CrossRef]

	



Mori, R.; Tanaka, K.; Shimokawa, I. Identification and Functional Analysis of Inflammation-Related miRNAs in Skin Wound Repair. Dev. Growth Differ. 2018, 60, 306–315. [Google Scholar] [CrossRef]

	



Calvo-Asensio, I.; Barthlott, T.; von Muenchow, L.; Lowndes, N.F.; Ceredig, R. Differential Response of Mouse Thymic Epithelial Cell Types to Ionizing Radiation-Induced DNA Damage. Front. Immunol. 2017, 8, 418. [Google Scholar] [CrossRef]

	



Le Na, N.T.; Duc Loc, S.; Minh Tri, N.L.; Bich Loan, N.T.; Anh Son, H.; Linh Toan, N.; Phuong Thu, H.; My Nhung, H.T.; Lai Thanh, N.; Van Anh, N.T.; et al. Nanomelanin Potentially Protects the Spleen from Radiotherapy-Associated Damage and Enhances Immunoactivity in Tumor-Bearing Mice. Materials 2019, 12, 1725. [Google Scholar] [CrossRef]

	



Mendelsohn, M.L.; Davison, M.L.; Chasson, R.M. The Spleen-Thymus Weight Response to Total-Body X-Irradiation in the Adrenalectomized Rat and Mouse. Radiat. Res. 1955, 3, 444. [Google Scholar] [CrossRef]

	



de Faria, F.P.; Petroianu, A.; Campos, P.P.; de Lazari, M.G.T.; Geraldo, J.M.; Nascimento, C.B.; Siqueira, S.L. Changes in Splenic Uptake Pattern Associated with X-Ray Irradiation. Heliyon 2020, 6, e04932. [Google Scholar] [CrossRef] [PubMed]

	



Grigorenko, D.E.; Erofeeva, L.M.; Sapin, M.R. Cytologic profile of mouse thymus and spleen after gamma-irradiation. Morfologiia 1997, 112, 53–57.65. [Google Scholar] [PubMed]

	



Postovalova, E.A.; Makarova, O.V.; Kosyreva, A.M.; Michailova, L.P. Morphology of the thymus and the specific features of its cellular composition in experimental acute and chronic ulcerative colitis. Arkh. Patol. 2019, 81, 53–63. [Google Scholar] [CrossRef] [PubMed]

	



Levin-Arama, M.; Abraham, L.; Waner, T.; Harmelin, A.; Steinberg, D.M.; Lahav, T.; Harlev, M. Subcutaneous Compared with Intraperitoneal Ketamine–Xylazine for Anesthesia of Mice. J. Am. Assoc. Lab. Anim. Sci. JAALAS 2016, 55, 794–800. [Google Scholar]

	



Semakova, A.P.; Germanchuk, V.G.; Rogozhin, V.V.; Shavina, N.Y.; Ovchinnikova, M.V.; Kirrilova, T.Y.; Livanova, L.F.; Belyakova, N.I. Anesthesia of laboratory animals in manufacturing of diagnostic and preventive biomedicines. Russ. J. Infect. Immun. 2020, 10, 83–89. [Google Scholar] [CrossRef]

	



Kosenko, P.O.; Smolikov, A.B.; Voynov, V.B.; Shaposhnikov, P.D.; Saevskiy, A.I.; Kiroy, V.N. Effect of Xylazine-Tiletamine-Zolazepam on the Local Field Potential of the Rat Olfactory Bulb. Comp. Med. 2020, 70, 492–498. [Google Scholar] [CrossRef]








[image: Ijms 24 16373 g001] 





Figure 1. Animal skin the next day and 3 weeks after depilation using (A) trimmer; (B) depilatory cream. 






Figure 1. Animal skin the next day and 3 weeks after depilation using (A) trimmer; (B) depilatory cream.



[image: Ijms 24 16373 g001]







[image: Ijms 24 16373 g002] 





Figure 2. Characteristic dose distribution in water in the Bragg peak region at a proton energy of 88 MeV. 
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Figure 3. Animal positioning by (A) 45°; (B) 90°. 
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Figure 4. Time-dependent changes in the skin of mice after treatment with 30 Gy (ND30, D30), 40 Gy (ND40, D40), or 50 Gy (ChD50) of proton irradiation on 7th, 14th, and 21th days. 
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Figure 5. Representative images of spontaneous wound healing of radiation-induced skin damage in nondepilated mice after proton irradiation with a dose of 0 Gy (CND), 30 Gy (ND30) and 40 Gy (ND40). 
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Figure 6. Representative images of spontaneous wound healing of radiation-induced skin damage in physically depilated mice after proton irradiation with a dose of 0 Gy (CD), 30 Gy (D30), and 40 Gy (D40). 
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Figure 7. Representative images of spontaneous wound healing of radiation-induced skin damage in chemically depilated mice after proton irradiation with a dose of 0 Gy (CChD) and 50 Gy (ChD50). 
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Figure 8. Depilation effects on skin histology in a proton-beam-radiation-induced dermatitis model. (A) Representative images of nondepilated (ND) and depilated (D) mice skin samples in control and irradiated groups (30 and 40 Gy), hematoxylin and eosin staining, scale bars 100 µm. The results of (B) assessment of epidermal thickness; (C) assessment of dermal thickness; (D) the number of follicular units; (E) scores for epithelial hyperplasia; (F) scores for parakeratotic hyperkeratosis. Data are shown as M ± SD and were analyzed using the Mann–Whitney U-test (* p < 0.05, ** p < 0.005, *** p < 0.0005 vs. CND group; # p < 0.05, ## p < 0.005, ### p < 0.005 vs. CD group). CND—control nondepilated animals; CD—control animals depilated using physical method; ND30—non-depilated animals that were irradiated with a dose of 30 Gy; D30—depilated animals that were irradiated with a dose of 30 Gy; ND40—nondepilated animals that were irradiated with a dose of 40 Gy; D40—depilated animals that were irradiated with a dose of 40 Gy. 
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Figure 9. Body weight change in white male mice in RD model induced via single exposure to local proton radiation. Data are shown as M ± SD (%) and were analyzed using Mann–Whitney U-test. (A) Relative body weight of mice in % of nondepilated mice (CND—control nondepilated animals, ND30—nondepilated animals that were irradiated with a dose of 30 Gy, ND40—nondepilated animals that were irradiated with a dose of 40 Gy). (B) Relative body weight of mice in % of physical method depilated mice (CD—control animals depilated using physical method, D30—depilated animals that were irradiated with a dose of 30 Gy, D40—depilated animals that were irradiated with a dose of 40 Gy) (* p < 0.05, D30 vs. CD; # p < 0.05, D40 vs. CD). (C) Relative body weight of mice in % of chemical method depilated mice (CChD—control animals depilated using chemical method, ChD50—depilated animals that were irradiated with a dose of 50 Gy). 
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Figure 10. Relative mass of the spleen to the weight change in white male mice in modeling RD induced by single exposure to local proton radiation (CND—control nondepilated animals, ND30—nondepilated animals that were irradiated with a dose of 30 Gy, ND40—nondepilated animals that were irradiated with a dose of 40 Gy, CD—control animals depilated using physical method, D30—animals depilated using physical method that were irradiated with a dose of 30 Gy, D40—animals depilated using physical method that were irradiated with a dose of 40 Gy, CChD—control animals depilated using chemical method, ChD50—animals depilated using chemical method that were irradiated with a dose of 50 Gy). Data are shown as M ± SD (%). (A) Relative mass of the spleen in % of mice on 7th day after irradiation. (B) Relative mass of the spleen in % of mice on 21th day after irradiation. (C) Relative mass of the spleen in % of mice on 70th day after irradiation. 
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Figure 11. Relative mass of the thymus to the weight change in white male mice in modeling RD induced using single exposure to local proton radiation (CND—control no-depilated animals, ND30—nondepilated animals that were irradiated with a dose of 30 Gy, ND40—nondepilated animals that were irradiated with a dose of 40 Gy, CD—control animals depilated using physical method, D30—animals depilated using physical method that were irradiated with a dose of 30 Gy, D40—animals depilated using physical method that were irradiated with a dose of 40 Gy, CChD—control animals depilated using chemical method, ChD50—animals depilated using chemical method that were irradiated with a dose of 50 Gy). Data are shown as M ± SD (%) and were analyzed using Mann–Whitney U-test (* p < 0.05, ** p < 0.01 vs. CND). (A) Relative mass of the thymus in % of mice on 7th day after irradiation. (B) Relative mass of the thymus in % of mice on 21th day after irradiation. (C) Relative mass of the thymus in % of mice on 70th day after irradiation. 






Figure 11. Relative mass of the thymus to the weight change in white male mice in modeling RD induced using single exposure to local proton radiation (CND—control no-depilated animals, ND30—nondepilated animals that were irradiated with a dose of 30 Gy, ND40—nondepilated animals that were irradiated with a dose of 40 Gy, CD—control animals depilated using physical method, D30—animals depilated using physical method that were irradiated with a dose of 30 Gy, D40—animals depilated using physical method that were irradiated with a dose of 40 Gy, CChD—control animals depilated using chemical method, ChD50—animals depilated using chemical method that were irradiated with a dose of 50 Gy). Data are shown as M ± SD (%) and were