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Abstract

:

Introduction: Mortality from acute radiation syndrome is frequently caused by hematopoietic or gastrointestinal radiotoxicity, the latter of which currently has no effective treatment. Transforming growth factor-beta 3 (TGF-β3) may decrease the severity of radiation-induced gastrointestinal damage in mice. In addition, treatment with TGF-β3 may alleviate radiation-induced fibrosis. Objectives: The current study aimed to investigate the effect of TGF-β3 treatment on acute and late radiotoxicity in whole body irradiated mice. Methods: C57BL/6J mice were total body irradiated with 8.5 Gy X-rays with or without shielding of one hind leg to alleviate hematopoietic radiotoxicity. The effects of intravenous TGF-β3 treatment were investigated. Body weight and pain expression were monitored. Intestine, lung, and liver tissues were preserved and analyzed. Alpha smooth muscle actin (α-SMA) expression in MRC-5 cells after 3.5 Gy X-irradiation combined with TGF-β3 treatment was analyzed using flow cytometry. Results: All total body irradiated animals died within ten days after irradiation. Ninety-three percent of femur-shielded mice survived until sampling or termination. No effect of TGF-β3 treatment was observed in either group. No increase in collagen content was detected in the lungs or liver from irradiated mice regardless of TGF-β3 treatment. In vitro, α-SMA expression increased synergistically after irradiation and TGF-β3 treatment. Conclusions: Shielding of the femur during total body irradiation decreased acute gastrointestinal radiation toxicity and increased survival. TGF-β3 treatment did not impact symptoms or survival. TGF-β3 treatment and irradiation increased α-SMA expression in MRC-5 cells synergistically.
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1. Introduction


Incidents involving accidental or intentional exposure to ionizing radiation have the potential to affect large populations in a mass-casualty event. Such incidents may result in acute radiation syndrome (ARS) in individuals who have been exposed to large, acute doses to a significant portion of the body. The clinical course and prognosis of ARS strongly depends on radiation dose and distribution. Clinically, ARS is classified into subsyndromes based on symptoms originating from specific tissues or organs. However, several tissues and organs, and thereby several subsyndromes, may be involved simultaneously [1].



In humans, the hematopoietic subsyndrome (H-ARS) is the major contributor to mortality after total body doses between approximately 2 and 6 Gy [1,2]. Doses between 6 and 10 Gy causes severe gastrointestinal injury (GI-ARS) in addition to H-ARS [1,2]. Mortality from GI-ARS occurs within 3–10 days after exposure, compared to H-ARS which causes mortality within 30–60 days in humans and 10–15 days in mice [2]. In humans, doses above 10 Gy are considered supralethal, manifest a combination of subsyndromes including the neurovascular subsyndrome at doses above 20 Gy, and entail 100% mortality [1,3].



There are currently five available medical countermeasures against ARS approved by the US Food and Drug Administration, all of them targeting H-ARS [4,5,6,7,8]. There are currently no available treatment options specific to GI-ARS or for ARS as a whole [9]. The demand for such treatments warrants a better understanding of the interplay between H-ARS and GI-ARS.



In addition to potentially lethal acute effects, large doses of ionizing radiation can lead to severe late effects. Radiation-induced fibrosis (RIF) may develop when healthy tissue is replaced by connective tissue following a prolonged inflammatory process and activation of myofibroblasts after radiation damage [10]. RIF is considered an irreversible condition which may affect any organ within the radiation field including skin and lungs, and may considerably affect the quality of life of patients after thoracic radiation therapy [11].



Transforming growth factor-beta 3 (TGF-β3) is a multifunctional, ubiquitously expressed cytokine belonging to the TGF-β family of proteins. The three TGF-βs (TGF-β1-3) share a high degree of structural similarity [12,13] and signal through the same receptor complexes in similar manners [14,15], but possess distinct functional properties [16,17,18]. TGF-β3 has been shown to play a role in diverse physiological and pathological processes including embryo development, immunoregulation, and growth regulation and carcinogenesis [17,19,20,21].



Previous studies have indicated radioprotective effects of TGF-β3 [18]. In vitro, TGF-β3 was shown to decrease the radiosensitivity of rat intestinal epithelioid cells (IEC-6) and increase the radiosensitivity of human colon adenocarcinoma cells (WiDr), measured through cell survival [22]. The modulation of in vitro radiosensitivity was found to depend on the induction of a transient G1/S cell cycle arrest [23,24,25]. TGF-β3 was also shown to increase the radioresistance of T-47D and T98G cells by removing the default low-dose hyper-radiosensitive response [26,27]. In vivo, treatment with TGF-β3 reduced GI damage and increased survival in BDF1 mice after 12–16 Gy abdominal irradiation [28,29]. In an unpublished pilot study, we found that treatment with TGF-β3 significantly increased survival after a 10.5 Gy total body irradiation (TBI) dose in DBA/2 mice (Supplementary S1: Pilot Study). Furthermore, TGF-β3, in contrast to TGF-β1, is generally considered to be an antifibrotic cytokine, and treatment with TGF-β3 was shown in one study to reduce the severity of radiation-induced pulmonary fibrosis in C57BL/6 mice [30].



The aim of the current study was to investigate whether treatment with TGF-β3 could alleviate symptoms of ARS and increase survival when administered before or after an 8.5 Gy total body dose. Bone marrow (BM) was spared through limb shielding to alleviate H-ARS and distinguish it from GI-ARS. Surprisingly, no effect was observed from TGF-β3 treatment in any of the groups. BM sparing was found to decrease symptoms of GI-ARS and increase survival. Furthermore, the effects of TGF-β3 treatment on fibrogenesis were studied in surviving animals and in vitro. Whereas no increase in collagen deposition was discovered in the lungs or liver of surviving BM-spared mice regardless of TGF-β3 treatment, expression of the early fibrosis marker α-SMA in MRC-5 cells increased when TGF-β3 treatment was combined with irradiation.




2. Materials and Methods


2.1. Cell Culture and Treatment


Human lung fibroblast cell line MRC-5 cells [31] (ECACC MRC-5 pd30, purchased from Sigma, Saint-Louis, MO, USA, December 2011) were grown as monolayer cultures in 5 mL Eagle’s minimum essential medium (Euroclone, Milan, Italy) supplemented with 10% fetal calf serum (Euroclone, Milan, Italy), 2 mM l-glutamine, and 1% penicillin/streptomycin (both from Gibco, Baltimore, MD, USA) per 25 cm2 flask (Nunc A/S, Roskilde, Denmark) in air containing 5% CO2 at 37 °C. Cells were recultivated twice per week with an additional medium change once per week. TGF-β3 treated cells were incubated with recombinant TGF-β3 (R&D Systems, Minneapolis, MN, USA) in cell medium at concentrations of 0.01 ng/mL, 0.5 ng/mL, or 50 ng/mL for 72 h. Cells were irradiated with 3.5 Gy 220 kV X-rays filtered by 1.52 mm Al and 0.7 mm Cu filters delivered at a dose rate of 35.4 Gy/h in an irradiation chamber heated to 37 °C. Control cells were sham-irradiated according to the same procedure.




2.2. α-SMA Detecting Assay


A detailed protocol can be found in Supplementary S2: a-SMA detection protocol. Briefly, fresh MRC-5 cells were seeded 96 h before analysis, treated with TGF-β3 72 h before analysis, and irradiated 48 h before analysis. TGF-β3 treatment was tested at different concentrations based on previous work from our laboratory to establish a dose–response relationship [26]. Cells were then trypsinated and washed with PBS (both from Lonza, Walkersville, MD, USA), and stained with anti-α-SMA (ab 150301, Abcam, Cambridge, UK) diluted 1:600 in PBS with 1% BSA (Merck, Rahway, NJ, USA). Before staining, samples were split in two, and secondary antibody controls were incubated in PBS with 1% BSA. Cells were then washed and stained with IgG goat anti-rabbit Alexa Fluor™ 647 secondary antibody (A-21244, Invitrogen, Waltham, MA, USA) diluted 1:400 in PBS with 1% BSA. Finally, live/dead staining was performed by staining with 3.2 µg/mL propidium iodide (Sigma Aldrich, Saint-Louis, MO, USA). All centrifuge steps were performed at 200× g for 5 min. Samples were analyzed using an Accuri C6 flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).




2.3. Animals


All procedures involving animals were approved by the Norwegian Food Safety Authority (FOTS ID 25032) according to the EU directive 2010/63. All researchers handling animals held FELASA (Federation of Laboratory Animal Science Associations) C certification. Thirty 10-week-old female C57BL/6J mice weighing 16–22 g were obtained from Janvier (Le Genest-Saint-Isle, France). No exclusion criteria were determined a priori, and no animals were excluded from the experiment. The animals were housed in cages of six and kept in a 12 h light/12 h dark cycle under pathogen-free conditions with standard commercial fodder and water given ad libitum. Cages contained nesting material and refuge. Animals were acclimatized for one week before the initiation of the experiment. One mouse from each cage was randomly assigned to each of the six experimental groups (n = 5 mice per group). A power analysis based on results from an unpublished pilot study was used to determine the appropriate group size.




2.4. Treatment


The groups and treatment protocol are represented in Figure 1. Groups A, B, and C received one total body 225 kV X-ray dose of 8.5 Gy at a dose rate of 59 Gy/h using a Faxitron Multirad225 irradiation system (Faxitron Bioptics, Tucson, AZ, USA). For the animals in groups D, E, and F, the same dose was given with a lead shield placed over the left hind leg, to shield the femur from radiation. The dose was chosen based on previous reports of the dose response of C57BL/6 mice to approximate an LD90/30 value [32,33]. Groups B and E received one i.v. tail vein injection of 0.1 mL saline containing 2.5 µg/mL recombinant TGF-β3 (R&D systems, Minneapolis, MN, USA) 24 h before irradiation, while groups C and F received the same injection 24 h after irradiation. Groups A and D received one 0.1 mL i.v. tail vein injection of vehicle 24 h before irradiation. The TGF-β3 dose was chosen based on the results from the pilot study (Supplementary S1: Pilot study). All animals were gas anesthetized (Sevoflurane 4% in O2) during irradiation and i.v. injection. Mice were treated in the order of the groups, researchers were not blinded, and potential confounders were not controlled.




2.5. Follow-Up


The primary outcome measure for the study was survival and humane endpoints were established to minimize animal suffering. Secondary outcome measures included pain expression, body temperature, body weight, clinical symptoms and necropsy remarks, small intestine pathology, and lung and liver collagen content.



Welfare checks were performed twice per day for the first 30 days after irradiation, and daily for the remainder of the experiment period of 110 days. Pain was scored according to a scale developed by Nunamaker et al. [34] by observing mice in the cage. Body temperature was measured using an infrared non-contact thermometer (Brannan, Cleator Moor, UK) pointing to the abdomen and involved temporary fixation of the animals. Mice were weighed at least twice per week, and more frequently upon indication. Humane endpoints were defined as meeting one or more of the following criteria: (1) A pain score of 7, (2) a 30% reduction in body temperature relative to baseline, or (3) a 20% and increasing decline in body weight relative to baseline. Due to the severe nature of ARS symptoms and the low likelihood of recovery, euthanasia was considered more humane than analgesic treatment. Two mice were found dead in the cage despite not having met any of the humane endpoints at the previous welfare check. The remainder were euthanized by cervical dislocation within 30 min after meeting one of the humane endpoints, for sampling on day 73, or after termination of the experiment on day 110. A diagnostic necropsy was performed immediately after euthanasia.




2.6. Histological Evaluations


Immediately after euthanasia, the lungs, liver, and small intestine were collected and preserved in formalin (Sigma Aldrich, Saint-Louis, MO, USA). Paraffin embedding, sectioning, and H&E staining were performed at the Department of Pathology, Oslo University Hospital. Staining with Masson’s Trichrome Stain Kit (Abcam, Cambridge, UK) was performed according to the manufacturer’s instructions at the Department of Oral Biology, University of Oslo. H&E sections of the small intestine were examined using a Nikon E90i microscope. Masson’s Trichrome-stained sections of lungs and liver were scanned using a SLIDEVIEW™ VS200 slide scanner (Olympus, Tokyo, Japan). The images were processed in Qupath [35], and collagen was quantified using the Color Threshold function in ImageJ [36]. A detailed image analysis protocol was previously published in [37]. Researchers were blinded during histological data analysis.



For the analysis of small intestine morphology and collagen content in the lungs and liver, two non-irradiated, age- and sex-matched mice from another experiment were included as negative controls. These animals were sham-irradiated under gas anesthesia 105 days before euthanasia by intraperitoneal anesthetic injection (Pentobarbital, Exagon® Vet, Richter Pharma AG, Wels, Austria).




2.7. Statistical Analyses


Statistical analyses were performed using Microsoft Excel and the following online statistics software: Kendall’s τ [38]. The survival data in Figure 4 were analyzed using a log-rank test with a significance level of p = 0.05. The correlations in Figure 6 were analyzed using Kendall’s τ. The correlation data in Figure 9 were analyzed using the point–biserial correlation coefficient. The α-SMA expression data in Figure 13 were analyzed using one-way ANOVA with a post hoc Tukey test. A significance level of p = 0.05 was applied in all cases except for Figure 4B, where the Bonferroni correction for multiple comparisons was used by adjusting the significance level to p = 0.0033 for 15 comparisons between treatment groups.





3. Results


3.1. Acute Effects and Survival after 8.5 Gy Irradiation


In this study, the effect of TGF-β3 treatment on survival after large, acute doses of X-radiation was studied in C57BL/6J mice. To evaluate the effect of TGF-β3 treatment in the hematopoietic versus the gastrointestinal subsyndrome of ARS, three groups were irradiated with a shielded femur to spare BM, while three groups were TBI with the same dose of 8.5 Gy.



The majority of animals in the BM-spared groups D, E, and F displayed a moderate weight loss from day 5 after irradiation, but recovered within day 10 (Figure 2A). No differences in weight loss were observed between the three groups. BM-spared animals scored moderately high in pain with a peak around day 10, before recovering within day 15 (Figure 2B), regardless of TGF-β3 treatment. Instances of moderate pain in individual animals were noted later in the experiment but with no time-dependent pattern within or between groups.



The animals in the TBI groups A, B, and C rapidly lost weight from around day 5 after irradiation (Figure 3A), and simultaneously exhibited indications of increasing pain (Figure 3B). No differences between groups A, B, and C were observed for weight loss or pain score.



Survival differed significantly (p = 0.000038, log-rank test) between BM-spared and TBI animals (Figure 4A). One mouse from group A and one from group B died spontaneously on day 8 and day 9, respectively, without reaching any of the humane endpoints at the previous welfare check. The remaining TBI mice were all euthanized by day 10 after reaching one or more humane endpoints. One mouse in group E experienced severe and progressing weight loss and was euthanized on day 6. The remaining BM-spared mice survived until being sacrificed for sampling on day 73 (one mouse each from groups D, E, and F) or termination of the experiment on day 110 (Figure 4B). TGF-β3 treatment did not impact survival in the BM-spared or the TBI groups.



Body temperature measurements fluctuated with no clear time-dependent patterns throughout the experiment for any of the treatment groups. No differences in body temperature measurements were detected between any of the treatment groups (Figure 5). Weak negative correlations were found for both TBI and BM-spared animals between temperature change and pain score (TBI animals: Kendall’s τ value −0.18, p = 0.00066; BM-spared animals: Kendall’s τ value −0.20, p < 0.0001), and between temperature change and change in body weight (TBI animals: Kendall’s τ value −0.22, p = 0.0087; BM-spared animals: Kendall’s τ value −0.1, p = 0.0036) (Figure 6). No correlation was found between change in body temperature and survival.




3.2. Clinical Symptoms and Necropsy Assessments


A timeline of clinical symptoms observed during daily welfare checks is illustrated in Figure 7. During the first 15 days after irradiation, animals from all treatment groups displayed depilation, mainly on the head, back of the neck, and back. In surviving animals, hair growth recovered after the initial depilation. All surviving animals from groups D, E, and F displayed varying degrees of fur depigmentation in the area covered by the radiation field starting from day 19 after irradiation. Representative images of the distinctive depigmentation pattern are displayed in Figure 8.



Observations of diarrhea were made between day 4 and day 7, for three mice from group A and one from group C. However, the animals were not continuously monitored for diarrhea, and it is therefore likely that this clinical symptom went unnoticed in several animals.



Several animals in groups D, E, and F displayed cutaneous wounds between day 17 and day 50 after irradiation. All wounds healed within a few days without intervention and did not appear to increase pain in the animals.



Myoclonus was observed in a majority of the animals in groups D, E, and F in the later stages of the follow-up period, with the first observation on day 67 after irradiation. Occurrence of myoclonus correlated positively with pain score (point–biserial correlation coefficient +0.45, p < 0.0001), and weakly with weight gain (point–biserial correlation coefficient +0.16, p = 0.00026), Figure 9.



Diagnostic necropsies were performed immediately after euthanasia. One mouse from group A and one from group B were discovered dead in the cage, and a necropsy could not be performed for these animals. For animals dying in the first 10 days after irradiation (all animals in groups A, B, and C, and one from group E), observations indicated severe GI radiation damage. These observations included dehydration and blood in the abdominal cavity, intestines, or stomach (Figure 10I). Other observations in these animals included ulceration in previously mentioned depilated areas or the oral cavity, fluid in the thoracic cavity, discoloration of the lungs, paleness of the liver, and blood in the urinary bladder.



One animal each from groups D, E, and F were sacrificed on day 73 after irradiation, while the remaining were sacrificed on day 110. Necropsies of these animals led to observations of enlarged lymph nodes and discoloration of the lungs in several animals from each group, with no apparent difference between groups (Figure 10II). Animals sacrificed on day 73 displayed a higher incidence of enlarged lymph nodes (67% compared to 27%) and discoloration of lungs (67% compared to 55%).




3.3. Small Intestine Histology


Small intestine from TBI and BM-spared animals were preserved, paraffin-embedded, sectioned, and stained with H&E. These sections were compared with corresponding sections from control animals that were anesthetized and sham-irradiated 105 days before euthanasia [37,39,40]. Tissue was collected after euthanasia within day 10 after irradiation for all TBI animals, and at day 73 or day 110 after irradiation for BM-spared animals.



Representative images of H&E-stained small intestine tissue sections are displayed in Figure 11. For TBI animals, small intestine tissue sections showed a high level of inflammation and an increased number of red blood cells in addition to shortening of the villi and decreased villus density, compared to controls. No evidence of necrotic tissue was found and a normal number of crypts were present in the small intestine of animals euthanized on days 7–9 after irradiation. Crypts were generally less basophilic than in BM-spared and non-irradiated small intestines. Sections from BM-spared animals showed short villi and low villus density compared to controls. No evidence of inflammation was seen in BM-spared small intestine sections at day 73 or 110 after irradiation. In the non-irradiated control animals, villi were of normal length and density.




3.4. In Vitro α-SMA Expression after Treatment with TGF-β3 and Radiation


To analyze the effect of TGF-β3 treatment in combination with irradiation in vitro, the expression of the early fibrosis marker α-SMA was analyzed in the lung fibroblast cell line MRC-5. TGF-β3 treatment alone did not significantly affect α-SMA expression at any of the tested concentrations (Figure 12). X-irradiation (3.5 Gy ) increased the expression of α-SMA in MRC-5 cells after 72 h. The increase was present in all experiments and reached significance in one set of experiments, (p = 0.001, one-way ANOVA with post hoc Tukey test) (Figure 12C). When combined with 3.5 Gy irradiation, TGF-β3 treatment increased the expression of α-SMA in an apparently dose-dependent manner.




3.5. Collagen Content in Lung and Liver Sections from BM-Spared Mice


Tissue sections from the lungs and liver of BM-spared animals sacrificed on days 73 and 110 were stained with Masson’s Trichrome and images were analyzed to measure collagen content. These sections were compared to sections from sham-irradiated control mice from an earlier study [37,39,40]. The results are displayed in Figure 13. No increase in collagen content was detected for sections of the lungs or liver after 8.5 Gy TBI with shielding of the left hind leg, compared to non-irradiated mice. No effect was seen from TGF-β3 treatment in the irradiated lungs (p = 0.97 for liver sections and p = 0.81 for lung sections, one-way ANOVA).





4. Discussion


4.1. Acute Effects of Total Body and Bone Marrow-Spared Irradiation


In the current study, C57BL/6J mice subjected to a TBI dose of 8.5 Gy all died or reached humane endpoints within nine days. This, together with the display of severe weight loss, the appearance of diarrhea, and the gross GI damage revealed during necropsies, suggests GI-ARS to be the main cause of mortality. Symptoms of GI-ARS are caused by damage to the epithelium in the GI tract and GI-ARS-caused mortality generally occurs 3–10 days after exposure due to the rapid turnover of GI epithelium [1,2,9].



In the current study, no radioprotective or sensitizing effects could be observed from treatment with TGF-β3 24 h before or after TBI in C57BL/6J mice. This is in contrast to our previously unpublished pilot study (Supplementary S1: Pilot Study), in which a 12.5 µg/kg intraperitoneal TGF-β3 injection 24 h after irradiation significantly improved survival after an LD50 TBI dose in DBA/2 mice. In the pilot study, the median survival of control TBI animals was 76.5 days, with only one death in the first 10 days after irradiation. This indicates a lesser degree of GI-ARS involvement compared to the current study. This difference may in part be explained by a difference in animal model-related radiosensitivity. Due to this difference, the TBI dose was lowered from 10.5 Gy in the pilot study to 8.5 Gy in the current study to achieve similar effects. However, the dose–response relationship for TBI around the LD50 is very steep for C57BL/6J mice and 8.5 Gy may have caused effects that were too severe for rescue by TGF-β3 treatment [41]. More importantly, however, the animals in the pilot study were bred and housed in a non-barrier unit which has since been decommissioned. Therefore, the animals in the current experiment were kept in pathogen-free conditions. Considerable gut microbiome variations must therefore be assumed between the animals in the two experiments. It has been well documented that a complete and functional gut microbiome may lower gastrointestinal radiosensitivity, and conversely that ionizing radiation adversely affects the gut microbiome [42,43,44].



In addition to the above-mentioned pilot study, other studies have demonstrated a protective effect of TGF-β3 treatment on acute radiation-induced GI damage in non-barrier housed mice after abdominal or total body irradiation [28,29]. In one of these studies, TGF-β3 had a radioprotective effect when administered before irradiation, but had a radiosensitizing effect when delivered after irradiation [28]. The lack of radioprotection afforded by TGF-β3 may be explained by several factors. First, the TGF-β3 dose in the current study was lower at ~12.5 µg/kg compared to a repeated treatment regime with between four and six injections of 20–100 µg/kg in the above-mentioned studies, and may have been insufficient to prevent acute GI damage. Alternatively, the radiation dose used in the current experiment may have been too high to afford prevention of or rescue from GI-ARS. Nevertheless, the gut microbiome status of the animals seems likely to have influenced the radioprotective effect of TGF-β3 in the GI system, an observation that warrants further investigation. Moreover, animal models with complete and functional gut microbiomes may be considered more relevant for human physiology. In humans, topical treatment with recombinant TGF-β3 underwent clinical trials to assess its effect on chemotherapy-induced oral mucositis [45,46]. Although no adverse effects were observed in any of these studies, the drug failed the phase II trial due to a lack of effect compared to placebo. The TGF-β3 dose in these trials are, however, not directly comparable to that used in the current study, due to the difference in administration methods.



BM-spared animals developed initial symptoms that were similar to those exhibited by TBI animals. However, BM-spared animals were less severely afflicted and the mortality in these groups was 6.7%, compared with 100% in the TBI groups. The association between prevention of H-ARS and recovery of GI-ARS observed in the current study agrees with previous reports of mitigation of GI-ARS after BM transplant [47,48,49,50,51,52] or limb shielding [53].



Saha et al. reported that when transplanted BM was enriched for mesenchymal stem cells, endothelial progenitor cells, and macrophages, the effect on GI-ARS rescue increased, compared to transplantation of whole BM [49]. Interestingly, they also found that the enriched BM could rescue animals subjected to a lethal dose of abdominal irradiation, even when the host BM was not irradiated. These protective effects were reduced when the BM was enriched for either macrophages or BM stromal cells alone, indicating that both cell populations were active contributors to GI rescue. Ch’ang et al. found that BM transplant after TBI triggered migration of host CD11b(+) myelomonocytic cells to the intestinal mucosa, leading to increased proliferation of stroma cells and regeneration of the GI epithelium [50]. Garg et al. observed improved recovery of host intestinal granulocytes, macrophages, and lymphocytes after BM transplant in 8.0 Gy TBI C57BL/6 mice [51]. Furthermore, they found that BM transplant inhibited radiation-induced permeabilization of the intestinal mucosa and increased the expression of tight-junction proteins. Conversely, Leibowitz et al. compared the transplant of wild type and radioresistant BM after TBI of C57BL/6 mice and concluded that BM-derived cells play a very limited role in GI-ARS rescue [54].



In an early study, Terry et al. found that rescue from GI-ARS by BM transplant was dependent on the number of BM cells injected in the animals [48]. For reference, both lower limbs together were estimated to contain around 12% of the total BM in CBAxC57BL hybrid mice [55]. The current results show that shielding a relatively small portion of BM from radiation was enough to increase survival from 0% to 93.3% after 8.5 Gy TBI and that BM shielding is a practically feasible and non-invasive alternative to BM transplant in preclinical studies.



When small intestine sections from TBI animals were examined histologically, the observed damage did not indicate severe depletion of intestinal crypts. However, the optimal time point to assess crypt damage in GI-ARS is days 3–4 after irradiation, compared to necropsies performed on days 7–9 in the current study [28,56]. The study would, therefore, have benefited from a sampling point to assess GI damage on day 3 after irradiation. Currently, the possibility of severe crypt damage cannot be excluded, as the turnover time for GI epithelial cells is between three and five days, and GI damage is restored within a few days after its peak [9,57]. In addition, villus density was lowered compared to non-irradiated controls, suggesting recent crypt damage. In BM-spared animals sacrificed on day 73 or 110 after irradiation, any acute GI damage can be assumed to be restored, and no direct comparison can be made between these and TBI animals that died on days 7–9. However, villus density appeared to be somewhat lowered in BM-spared animals compared to non-irradiated controls, suggesting that crypt damage may have been present at an earlier time in these animals as well.




4.2. Fibrogenesis In Vitro and In Bone Marrow-Spared Animals


RIF is a potentially debilitating late toxicity in survivors of ARS, which may also considerably affect the quality of life for cancer patients after receiving radiotherapy [10]. TGF-β1 is one of the key mediators of RIF [10,58]. In contrast to TGF-β1, TGF-β3 is generally considered an antifibrotic cytokine [59,60,61,62,63,64,65], but several studies have reported pro-fibrotic effects of TGF-β3 [66,67,68]. Recombinant TGF-β3 was developed as a clinical antiscarring agent under the name Avotermin but failed phase III trials [69]. However, no adverse effects of the drug was observed in these trials [70,71,72]. This ambiguity calls for a consideration of the effects of TGF-β3 on late radiotoxicity when evaluating its acute radioprotective or mitigating effects. We therefore investigated the effects of TGF-β3 and radiation on α-SMA expression in vitro in addition to analyzing the collagen content in the lungs and liver of animals surviving BM-spared irradiation.



Pre-treatment of cultured MRC-5 cells with TGF-β3 increased the expression of the early fibrosis marker α-SMA in a synergistic and dose-dependent manner when given before a single 3.5 Gy irradiation. Incubation with TGF-β3 without subsequent irradiation did not affect α-SMA expression. These results indicate that TGF-β3 increased the pro-fibrotic effect of 3.5 Gy irradiation in MRC-5 cells. To the best of our knowledge, the effect of the interaction between TGF-β3 and ionizing radiation on α-SMA expression has not been reported. The effect of TGF-β3 on in vitro α-SMA expression, however, appears to vary depending on the model system. TGF-β3 treatment increased the expression of α-SMA mRNA or protein in cultured human trabecular meshwork cells, urinary tract stroma-derived fibroblasts, human uterine fibroid smooth muscle cells, and 3D cultured human corneal fibroblasts (although to a lesser degree than TGF-β1) [73,74,75,76]. In contrast, TGF-β3 treatment in concentrations of 1–100 ng/mL did not increase α-SMA protein content in bovine keratocyte or wounded corneal organ cultures, although TGF-β1 did [77]. In primary human hypertrophic fibroblasts, TGF-β3 treatment decreased α-SMA expression [78].



The C57BL/6 mouse strain is susceptible to the development of RIF [11], and female mice appear to be more radiosensitive than males [79]. Radiation-induced hepatic fibrosis has been observed as early as one week after single-dose irradiations [79,80] and pulmonary fibrosis after one month [30] in C57BL/6 mice. In the current study, no increase in lung or liver collagen content could be observed in surviving BM-spared mice 73 or 110 days after irradiation, compared to non-irradiated age-matched mice from another experiment. In the lungs, this may be due to the relatively low dose delivered in the current experiment, as thoracic irradiation of 20 Gy is generally considered sufficient to induce pulmonary fibrosis in C57BL/6 models [11]. In the liver, however, a single total body or upper abdominal irradiation of 6 Gy has been shown to induce hepatic fibrosis in C57BL/6 mice [79,81].



In the current study, no effect from a single ~12.5 µg/kg TGF-β3 i.v. injection could be observed on the amount of collagen in the lung or liver from BM-spared animals. Previously, weekly i.p. injections of TGF-β3 at a dose of 1 µg/kg was shown to decrease the severity and delay the onset of radiation-induced pulmonary fibrosis in mice [30]. In contrast, in a recently published study, we found indications of increased salivary gland fibrosis after daily i.p. injections of TGF-β3 at ~12.5 µg/kg in a C57BL/6J mouse model of fractionated head and neck radiotherapy [37]. The differences in outcome regarding fibrogenesis in these studies may have been influenced by the differences in TGF-β3 doses, administration methods, or treatment regimes. While several reports exist of TGF-β3 reducing cutaneous scar formation in mice, rats, and humans, these studies have generally employed local injections, and thus the dose is not directly comparable [60,70,71,82,83,84,85].



Finally, increased levels of TGF-β3 have been observed in C57BL/6 mouse lung and Sprague-Dawley rat liver after irradiation preceding RIF but it is not clear whether TGF-β3 contributes to the pathological development of fibrosis or if it is part of a biological response to tissue injury [86,87,88,89].




4.3. Evaluation of Animal Monitoring Methods


Due to the particularly severe impact of ARS on animal welfare, the use of humane endpoints to minimize suffering is crucial. In the current study, pain scoring according to a system developed by Nunamaker et al. [34] was used initially, and severe and progressing loss of body weight was included on day 5 after reconsideration based on animal monitoring. During the experiment, two animals died without intervention, overnight, and without meeting humane endpoints at the previous welfare check. While these two animals would have benefited from lower thresholds of humane endpoints, this would also entail euthanasia of animals that would otherwise have recovered later, affecting the results of the study. However, in retrospect, it is clear that body weight monitoring was necessary in addition to pain scoring for this animal model.



In addition to pain score and body weight, a 30% decline in body temperature relative to day 0 was used as an independent humane endpoint. This decision was based on reports that a 20–40% drop in body temperature, measured by implanted microchips, could be observed between two and four days before male CD2F1 mice reached body weight-based humane endpoints [90]. In the current study, no clear patterns of changes in body temperature were observed for any of the treatment groups. This discrepancy could be explained by differences in animal models, body temperature detection methods, or both. However, microchip implantation is an invasive procedure that itself impacts animal welfare, and the necessity of this procedure should be carefully considered in future studies, given that less invasive animal welfare assessment methods exist. Weak negative correlations were found between change in body temperature and pain score, and change in body temperature and change in body weight for both TBI and BM-spared animals. However, these correlations were too weak to be of any predictive value, and change in body temperature did not correlate with survival.



The presence of myoclonus from day 67 after irradiation in surviving BM-spared mice correlated positively with pain scores in the same mice. This may be an indication that myoclonus in itself entailed increased pain for the animals, but the possibility of observer bias cannot be excluded, as the same technician recorded clinical symptoms and pain expression in one welfare assessment. The presence of myoclonus also correlated weakly with weight gain in the same animals. However, as myoclonus was observed more frequently as the study progressed, and age-dependent weight gain is well known in C57BL/6 mice [91], there is a strong possibility that correlation was spurious with time as the confounding factor.




4.4. Study Limitations


The current study has several limitations that should be considered when assessing its impact. First, the sample size is small with five mice per treatment group, making the results vulnerable to inter-animal variations. The sample size was calculated based on the pilot study described in Supplementary S1. However, the pilot study was performed with mice from a different stain that were bred and stalled in a non-barrier unit, resulting in a different gut microbiome status compared to the animals in the present study. Second, the current study used only one irradiation dose. As mentioned, this dose may have been too high to facilitate protection against GI radiation damage by TGF-β3, and the study would have benefited from several doses to establish a dose–response relationship. An investigation of several dose rates or radiation qualities would also have been relevant to assess the effects of TGF-β3 treatment on the development of ARS. Finally, only female mice were used in this study. Sex is a potential confounder in studies of radiation sensitivity, and the possibility of different results of the current study had male mice been used cannot be excluded [92].





5. Conclusions


The aim of the current study was to examine whether TGF-β3 treatment could provide protection from or mitigation of ARS in C57BL/6J mice subjected to an 8.5 Gy TBI dose with or without shielding of the femur and BM sparing. However, all TBI animals died from GI-ARS within 10 days after irradiation, regardless of TGF-β3 treatment. The lack of GI radioprotection associated with TGF-β3 treatment in the current study may have been influenced by the gut microbiome status of the animals. BM-spared animals displayed milder progress of GI-ARS than TBI animals, in accordance with previous reports. Surprisingly, no indications of fibrosis in the form of increased collagen deposition could be observed in the lungs or livers of BM-spared animals sacrificed on day 73 or 110 after irradiation. TGF-β3 treatment did not affect clinical symptoms, progress of GI-ARS, or fibrogenesis in BM-spared animals. In vitro, TGF-β3 treatment increased α-SMA expression in lung fibroblast MRC5 cells in a dose-dependent and synergistic manner when applied together with 3.5 Gy irradiation, and did not affect α-SMA expression when applied alone.
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Figure 1. Overview of the groups A–F and treatment including intravenous (i.v.) TGF-β3 injections and total body irradiation with or without shielding of the left femur. 
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Figure 2. Weight change and pain score: BM-spared mice. (A) Mean change in body weight relative to day −2 before irradiation for animals in groups D (yellow), E (red), and F (blue) (n = 5 for each group). (B) Mean pain score as defined in [34] for the same groups as A. Error bars represent the standard error of the mean (SEM). 
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Figure 3. Weight change and pain score: TBI mice. (A) Mean change in body weight relative to day −2 before irradiation for animals in groups A (yellow), B (red), and C (blue) (n = 5 for each group). (B) Mean pain score as defined in [34] for the same groups as A. Error bars represent SEM. All TBI animals had died by day 10. 
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Figure 4. Survival after 8.5 Gy irradiation. (A) Pooled survival for TBI animals (groups A, B, and C: Red) and BM-spared animals (groups D, E, and F: Blue), regardless of TGF-β3 treatment (n = 15 for both groups). Censored events: euthanasia at sampling point (day 73) and termination of the experiment (day 110). The difference in survival was significant (p = 0.000038, log-rank test). (B) Survival for animals in groups A (solid yellow), B (solid red), C (solid blue), D (dashed yellow), E (dashed red), and F (dashed blue). n = 5 for each group. Censored events: euthanasia at the sampling point and termination of the experiment. The family-wise comparison was significant (p = 0.0025, log-rank test). However, neither pair-wise comparison reached significance after applying the Bonferroni correction for n = 15 comparisons. 
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Figure 5. Body temperature. (A) Mean change in body temperature relative to day 0 for TBI animals in group A (yellow), B (red), and C (blue) (n = 5 for each group). (B) Mean change in body temperature relative to day 0 for BM-spared animals in group D (yellow), E (red), and F (blue) (n = 5 for each group). Error bars represent SEM. 
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Figure 6. Body temperature: Correlations with other parameters. (A) Pain score vs. change in body temperature relative to day 0, for TBI (red) and BM-spared (blue) animals (n = 15 for each). Each point represents one welfare check for one animal. Weak negative correlations were found for both groups (TBI: Kendall’s τ −0.18, p = 0.00066; BM-spared: Kendall tau −0.20, p < 0.0001). Note that pain scores ≥7 are not included, as animals that reached this humane endpoint were euthanized immediately without body temperature measurement. (B) Change in body weight relative to day -2 vs. change in body temperature relative to day 0, for TBI (red) and BM-spared (blue) animals (n = 15 for each). Weak negative correlations were found for both groups (TBI: Kendall’s τ −0.22, p = 0.0087; BM-spared: Kendall’s τ −0.1, p = 0.0036). Only temperature measuring points corresponding to a body weight measurement are included. (C). Survival time vs. maximum registered change in body temperature relative to day 0 for TBI (red) (n = 10) and BM-spared (blue) (n = 1) animals. Only animals that died spontaneously or reached humane endpoints are included in the analysis. No significant correlation was found. One point represents one (small marker), two (medium marker), or three (large marker) animals. 
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Figure 7. Clinical symptoms. (A) Clinical symptoms observed in TBI animals (group A (yellow), B (red), and C (blue)) (n = 5 for each group). (B) Clinical symptoms observed in BM-spared animals (group D (yellow), E (red), and F (blue)) (n = 5 for each group). Each point symbolizes observance of the symptom in one or more animals from the respective group on the respective day. 
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Figure 8. Depigmentation in BM-spared animals. (A) Representative posterior image of depigmentation in surviving BM-spared mice. (B) Representative anterior image of depigmentation in surviving BM-spared mice. The dashed white lines indicate the area on the left hind leg that was shielded during irradiation and where depigmentation did not occur. 
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Figure 9. Myoclonus in BM-spared mice. (A) Pain score on days where myoclonus was registered versus days where no myoclonus was registered, for all surviving BM-spared mice (group D, E, and F) from day 67 after irradiation (n = 14). The presence of myoclonus was positively correlated with pain score (point–biserial correlation coefficient 0.45, p < 0.0001). (B) Change in body weight relative to day -2 on days where myoclonus was registered versus days where no myoclonus was registered, for all surviving BM-spared mice (group D, E, and F) from day 67 after irradiation (n = 14). For days where body weight was not registered, the previous measuring point was used. Presence of myoclonus was weakly correlated with weight gain (point–biserial correlation coefficient 0.16, p = 0.00026). Group medians in red. 
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Figure 10. Necropsy remarks. (I) Overview of necropsy observations in TBI animals in group A (yellow) (n = 4), B (red) (n = 4), and C (blue) (n = 5). One mouse in group A and one in group B died spontaneously and did not undergo necropsy. All TBI mice died by day 10. (II) Overview of necropsy observations in BM-spared animals in group D (yellow), E (red), and F (blue) (n = 5 for each). One mouse in group E was euthanized on day 6 due to severe weight loss. The remaining BM-spared animals survived until sampling on day 73 (one mouse from each group) or termination of the experiment on day 110. 
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Figure 11. Small intestine tissue sections. (A) Representative image of H&E-stained small intestine from a non-irradiated control animal. (B) Representative image of H&E-stained small intestine from TBI animal, sacrificed on day 8 after irradiation. (C) Representative image of H&E-stained small intestine from BM-spared animal, sacrificed on day 110 after irradiation. 
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Figure 12. In vitro α smooth muscle actin (α-SMA) expression. (A) Normalized error-weighted means of α-SMA expression in MRC-5 cells for untreated and non-irradiated controls (yellow), irradiated cells (red), cells treated with 0.001 ng/mL TGF-β3 (light blue), and irradiated cells treated with 0.001 ng/mL TGF-β3 (striped red and light blue); n = 3 experiments, each with two biological replicates. (B) Normalized error-weighted means of α-SMA expression in cultured MRC-5 cells for non-irradiated controls (yellow), irradiated cells (red), cells treated with 0.05 ng/mL TGF-β3 (medium blue), and irradiated cells treated with 0.05 ng/mL TGF-β3 (striped red and medium blue); n = 3 experiments, each with two biological replicates. (C) Normalized error-weighted means of α-SMA expression in cultured MRC-5 cells for non-irradiated controls (yellow), irradiated cells (red), cells treated with 50 ng/mL TGF-β3 (dark blue), and irradiated cells treated with 50 ng/mL TGF-β3 (striped red and dark blue); n = 5 experiments, each with two biological replicates. TGF-β3 was added to the cell medium 24 h before irradiation. Cells were irradiated 24 h before flow cytometry. All samples were normalized to controls. Error bars represent SEM. Statistical analysis: one-way ANOVA with post hoc Tukey test. 






Figure 12. In vitro α smooth muscle actin (α-SMA) expression. (A) Normalized error-weighted means of α-SMA expression in MRC-5 cells for untreated and non-irradiated controls (yellow), irradiated cells (red), cells treated with 0.001 ng/mL TGF-β3 (light blue), and irradiated cells treated with 0.001 ng/mL TGF-β3 (striped red and light blue); n = 3 experiments, each with two biological replicates. (B) Normalized error-weighted means of α-SMA expression in cultured MRC-5 cells for non-irradiated controls (yellow), irradiated cells (red), cells treated with 0.05 ng/mL TGF-β3 (medium blue), and irradiated cells treated with 0.05 ng/mL TGF-β3 (striped red and medium blue); n = 3 experiments, each with two biological replicates. (C) Normalized error-weighted means of α-SMA expression in cultured MRC-5 cells for non-irradiated controls (yellow), irradiated cells (red), cells treated with 50 ng/mL TGF-β3 (dark blue), and irradiated cells treated with 50 ng/mL TGF-β3 (striped red and dark blue); n = 5 experiments, each with two biological replicates. TGF-β3 was added to the cell medium 24 h before irradiation. Cells were irradiated 24 h before flow cytometry. All samples were normalized to controls. Error bars represent SEM. Statistical analysis: one-way ANOVA with post hoc Tukey test.



[image: Applbiosci 03 00011 g012]







[image: Applbiosci 03 00011 g013] 





Figure 13. Collagen content in tissue from BM-spared animals. (A) Percentage of area stained as collagen relative to total area in liver tissue sections from non-irradiated controls (green) (n = 2) and BM-spared animals in group D (yellow) (n = 5), group E (red) (n = 4), and group F (blue) (n = 5). (B) Percentage of area stained as collagen relative to total area in lung tissue sections from non-irradiated controls (green) (n = 2) and BM-spared animals in group D (yellow) (n = 5), group E (red) (n = 4), and group F (blue) (n = 5). Each point represents one animal. Circles = sacrificed on day 73, solid = sacrificed on day 110. Black lines represent group medians. 
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