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Abstract

:

It is urgent to seek new potential targets for the prevention or relief of gastrointestinal syndrome in clinical radiation therapy for cancers. Vitamin D, mediated through the vitamin D receptor (VDR), has been identified as a protective nutrient against ionizing radiation (IR)-induced damage. This study investigated whether VDR could inhibit IR-induced intestinal injury and explored underlying mechanism. We first found that vitamin D induced VDR expression and inhibited IR-induced DNA damage and apoptosis in vitro. VDR was highly expressed in intestinal crypts and was critical for crypt stem/progenitor cell proliferation under physiological conditions. Next, VDR-deficient mice exposed to IR significantly increased DNA damage and crypt stem/progenitor cell apoptosis, leading to impaired intestinal regeneration as well as shorter survival time. Furthermore, VDR deficiency activated the Pmaip1-mediated apoptotic pathway of intestinal crypt stem/progenitor cells in IR-treated mice, whereas inhibition of Pmaip1 expression by siRNA transfection protected against IR-induced cell apoptosis. Therefore, VDR protects against IR-induced intestinal injury through inhibition of crypt stem/progenitor cell apoptosis via the Pmaip1-mediated pathway. Our results reveal the importance of VDR level in clinical radiation therapy, and targeting VDR may be a useful strategy for treatment of gastrointestinal syndrome.
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1. Introduction


Gastrointestinal (GI) syndrome, with 60–80% incidence occurrence in radiation therapy for abdominal or pelvic cancers, is a lethal disorder and an obstacle to cancer cure [1]. Therefore, it is especially crucial to seek new potential targets for the prevention or mitigation of ionizing radiation (IR)-induced intestinal injury. Epidemiological and experimental studies have indicated that vitamin D (VD) acts as a protective nutrient against IR-induced skin and bone marrow damage and also prevents harmful effects for cancer patients receiving radiation therapy [2,3,4]. It is suggested that VD deficiency increases susceptibility to gastrointestinal injury [5]. A prospective observational study reported that VD deficiency could aggravate acute proctitis in cancer patients with radiotherapy [6]. However, the study on VD protection against IR-induced intestinal injury is very limited.



The underlying mechanism of VD on IR-induced intestinal injury is unclear. It may be related to regulating gut microbiota and inhibiting cell death by reducing ROS production via vitamin D receptor (VDR) [4,7]. VDR, a nuclear receptor, mediates the biological functions of vitamin D [8]. VDR exists in a variety of cells and is highly expressed in the intestine. VD acts as a ligand to bind and activate VDR to stimulate gene expression related to intestinal calcium and phosphate absorption, skeletal and calcium homeostasis, hair cycle regulation, immune modulation and cancer prevention [9]. VD/VDR plays a major role in intestinal cell differentiation, barrier function, immunity as well as host–microbe interactions [10]. Clinical trials have shown that VD deficiency and low VDR level are highly prevalent in patients with inflammatory bowel diseases who are vulnerable to GI syndrome, suggesting that GI syndrome may be associated with low VD/VDR level [11,12]. Evidence from animal studies suggested that VDR knockout mice aggravated the symptoms of colitis [13,14,15]. In addition, overexpression of VDR in colorectal epithelium could alleviate colitis [16]. These findings suggest that VDR exerts protective effect against inflammation-induced colonic injury and may inhibit IR-induced intestinal injury.



Intestinal crypt stem/progenitor cells display a remarkable capacity for intestinal renewal and repair [17]. Some researchers believe that crypt stem/progenitor cell apoptosis is the primary factor initiating IR-induced intestinal injury [18,19,20]. Therefore, inhibition of intestinal stem/progenitor cell apoptosis has become a new target for reducing IR-induced intestinal injury. We hypothesize that VDR can inhibit intestinal stem/progenitor cell apoptosis based on the following evidence: First, VD/VDR is necessary for intestinal stem cell functions of renewal activity [21,22]. Second, intestinal epithelial VDR deficiency impairs the function of intestinal crypt Paneth cells, which are important for supporting intestinal stem cells [14,23,24]. Third, VD/VDR can inhibit colorectal epithelial cell apoptosis to protect inflammation-induced colonic injury [15,25]. We hypothesize that VDR can attenuate intestinal stem/progenitor cell apoptosis to further protect against IR-induced intestinal injury.



In our research, we employed VDR knockout (KO) mice to assess the effect of VDR on apoptosis of intestinal crypt stem/progenitor cells under physiological conditions and IR exposure. Then, we investigated the function of VDR on IR-induced intestinal injury. In addition, the mechanism of VDR inhibiting IR-induced intestinal crypt stem/progenitor cell apoptosis was explored.




2. Materials and Methods


2.1. Cell Culture and VD Treatment


Rat small intestinal crypt epithelial cell line (IEC-6) was purchased from iCell Bioscience Inc. (Shanghai, China). The cells were maintained in Dulbecco’s modified Eagle’s medium (Thermo Fisher, Waltham, MA, USA) with 10% (v/v) heat-inactivated FBS (Biological Industries, Beit Hamek, Israel) and 1% penicillin–streptomycin (Beyotime, Shanghai, China) at 37 °C in a 5% CO2 incubator. The IEC-6 cells were treated with 10 nM 1,25(OH)2D3 (Sigma-Aldrich, St. Louis, MO, USA), the bioactive form of VD. The cells were then exposed to 12 Gy 60Co γ-radiation (1 Gy/min). After 24 h, the protein samples were collected.




2.2. Cell Apoptosis Assay


IEC-6 cells were inoculated in triplicate in 6-well plates, incubated for 24 h then treated with 0 or 10 nM 1,25(OH)2D3 for 6 h prior to 12 Gy IR. After 24 h, cell apoptosis was detected using an Annexin V-FITC Apoptosis Detection Kit (Beyotime, Shanghai, China). The measurements were performed based on the manufacturers’ protocols. The pictures were obtained with a fluorescence microscope (Carl Zeiss, Jena, Germany). At least 10 fields of view were captured, and 1500 total cells were assessed in each group. The quantification of fluorescent cells was detected using Image J software.




2.3. Cell Immunofluorescence


For cell immunofluorescence staining, the cells were fixed with 4% paraformaldehyde in PBS for 15 min and incubated with 0.1% Triton X 100 for 20 min. Then the cells were blocked with 5% BSA for 1 h. After incubation with anti-γH2AX antibody (1:400, 9718T, Cell Signaling Technology, Danvers, MA, USA) overnight at 4 °C, the cells were incubated with secondary antibodies for 1 h, and then the cells were stained with DAPI (C1005, Beyotime, Shanghai, China). The images were captured with a fluorescence microscope (Carl Zeiss, Jena, Germany). At least 10 fields of view were captured, and 1500 total cells were assessed in each group. The quantification of fluorescent cells was detected by the Image J software.




2.4. Animals and IR


C57/BL6 VDR heterozygote mice were purchased from Beijing Biocytogen Co., Ltd. (Beijing, China). VDR wild-type (WT) and VDRKO mice were produced through VDR heterozygote breeding. Both VDRKO and WT littermates were fed from weaning on a high-calcium, high-lactose rescue diet (2% Ca, 1.25% P, 20% lactose and 1300 IU/kg vitamin D3) for their survival [26]. The specific composition of the rescue diet was shown in Table S1. Diet and water were provided ad libitum. All mice were exposed to a 12-h light–dark cycle in an SPF barrier facility controlled for temperature (23 °C ± 2 °C) and relative humidity (40–70%). Mice were whole-body irradiated at dose of 12 Gy IR with a 60Co source (Peking University, Beijing, China). All animal experimental procedures were evaluated and authorized by the Regulations of Beijing Laboratory Animal Management and approved by the Institutional Animal Care and Use Committee of China Agricultural University (Permit number: Aw51018102-4-3).




2.5. Histology, Immunohistochemistry and Immunofluorescence


Intestinal tissues were freshly isolated and fixed with 4% paraformaldehyde before paraffin embedding. After deparaffination and rehydration, the sections were stained with hematoxylin and eosin (H&E). For immunohistochemistry, tissues were treated with 0.01 M citrate buffer (pH 6.0) in a microwave and then blocked with blocking buffer (Beyotime, Shanghai, China) for 1 h. After incubation with primary antibodies at 4 °C overnight, sections were then immunostained using the SP method. For immunofluorescence staining, after incubation with the primary antibodies, the sections were incubated with Cy3-labeled Goat Anti-Rabbit IgG (1:1000, A0516, Beyotime, Shanghai, China) and counterstained with DAPI. The slides were cover slipped, and the stainings were observed by using a fluorescence microscope (Leica DM4/6B, Leica, Germany). The following primary antibodies were used: anti-VDR (1:200, 12550S, Cell Signaling Technology, Danvers, MA, USA), anti-Ki67 (1:200, ab16667, Abcam, Cambridge, MA, USA), anti-Sox9 (1:100, ab185230, Abcam, Cambridge, MA, USA), anti-Cleaved Caspase-3 (1:2000, 9664S, Cell Signaling Technology, Danvers, MA, USA) and anti-γH2AX (1:400, 9718T, Cell Signaling Technology, Danvers, MA, USA). At least 10 fields of view were captured, and 100 intact crypts were assessed per mouse. The crypt depth and immunopositive cells were quantified using Image J software.




2.6. RNA Isolation and Real-Time Quantitative PCR


Total RNA was isolated from intestinal tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocols. cDNA was synthesized using a 5× All-In-One MasterMix Kit (Applied Biological Materials, Vancouver, BC, Canada), and real-time quantitative PCR (RT-qPCR) was then performed using SYBR Premix Ex Taq (Takara, Tokyo, Japan). The relative expression levels were normalized to those of Gapdh. The sequences of primers are shown in Table 1.




2.7. Western Blotting (WB)


Total protein was extracted from intestinal tissues or IEC-6 cells using RIPA lysis buffer (Beyotime, Shanghai, China) and 1% PMSF (Beyotime, Shanghai, China). Denatured protein samples were separated with 10% SDS-PAGE and transferred to 0.45 μm polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). The membranes were incubated with primary antibodies overnight at 4 °C. After washing, the membranes were incubated with a 1:5000 dilution of HRP conjugated secondary antibodies. The following primary antibodies were used: anti-VDR (1:2000, 12550S, Cell Signaling Technology, Danvers, MA, USA), anti-Pmaip1 (1:500, ab13654, Abcam, Cambridge, MA, USA), anti-Cleaved Caspase-3 (1:2000, 9664S, Cell Signaling Technology, Danvers, MA, USA) and anti-β-Actin (1:1000, 4970S, Cell Signaling Technology, Danvers, MA, USA). The Western blot bands were quantified using Image J software, and the quantitative results were expressed by integral optical density (IOD).




2.8. TUNEL Assay


TUNEL staining was detected using an One Step TUNEL Apoptosis Assay Kit (Beyotime, Shanghai, China), according to the manufacturer’s protocols. Briefly, after deparaffination and rehydration, paraffin sections were incubated with the TUNEL reaction mixture at 37 °C for 1 h. Then the sections were stained with DAPI and the images were obtained by using a fluorescence microscope (Carl Zeiss, Jena, Germany). TUNEL-positive cells were counted from a minimum of 10 fields and 80 intact crypts per mouse using Image J software.




2.9. Isolation of Crypt Stem/Progenitor Cells


The intestinal crypts were isolated according to previous methods [27]. Briefly, the intestines were opened longitudinally and cut into 2 mm fragments. The tissue pieces were cultured in Gentle cell dissociation reagent (STEMCELL Technologies, Vancouver, BC, Canada) at 40 rpm for 15 min at 4 °C. Then the supernatant was removed, and the sediment was washed with PBS. After mechanical disruption by pipetting, the supernatant was passed through a 70 μm strainer and centrifuged at 1000 rpm for 5 min to collect crypts.




2.10. siRNA Transfection


The siRNA targeting Pmaip1 (si-Pmaip1) was transfected into IEC-6 cells by using lipofectamine 2000 (lipo) kit (Invitrogen, Carlsbad, CA, USA) medium. Briefly, the lipo solution contained 5 μL lipo and 100 μL Opti-MEM (Invitrogen, Carlsbad, CA, USA) medium. The siRNA solution contained 5 μL si-Pmaip1 and 100 μL Opti-MEM. The mixture, containing the lipo solution and siRNA solution, was added to the cells at 70% confluence, and 6 h after transfection, the medium was subsequently replaced with a complete medium. The transfection efficiency was observed immediately by a fluorescence microscope. The cells were transfected for 12 h, followed by 12 Gy IR. After 24 h, protein samples were collected, and cell apoptosis was detected using an Annexin V-FITC Apoptosis Detection Kit. The Rattus norvegicus-si-Pmaip1 sequences are listed in Table S2.




2.11. Statistical Analysis


All the experiments were performed at least in triplicate. Statistical analyses were performed with SPSS version 23.0 (IBM, Armonk, NY, USA). Data was statistically analyzed using Student’s t test. In cases where data were not normally distributed, Mann–Whitney U tests were used. When multiple factors were included, the main effects and interaction of two factors (IR × VD, genotype × time) were analyzed by univariate two-factor ANOVA. Mean comparisons were analyzed using Tukey’s post-hoc test when the main effect was significant. When an interaction was found, mean comparisons were conducted conditionally. The results were presented as mean ± standard deviation (SD). Differences at p < 0.05 were considered as significant.





3. Results


3.1. VD/VDR Attenuates IR-Induced DNA Damage and Apoptosis in IEC-6 Cells


γH2AX is a biomarker of cellular radiosensitivity and DNA damage [28]. Non-IR cells showed a weak positive signal, whereas the γH2AX-positive cells were significantly increased at 1 h after 12 Gy IR (Figure 1A). VD treatment significantly reduced the γH2AX-positive cells after IR (Figure 1A,B). The proportion of Annexin V-positive cells was very small in non-IR IEC-6 cells, and VD treatment did not affect cell apoptosis (Figure 1C,D).



Following IR, the apoptotic cells were markedly increased compared with non-IR cells, while VD treatment effectively reduced IR-induced apoptosis (Figure 1C,D). We examined the VDR expression and found that VD effectively increased the protein level of VDR following IR (Figure 1E). Meanwhile, apoptotic protein Cleaved Caspase-3 (Casp3) expression was significantly decreased with VD treatment (Figure 1E). These results indicated that VD/VDR was crucial for amelioration of IR-induced DNA damage and apoptosis in IEC-6 cells.




3.2. VDR Is Highly Expressed in Intestinal Crypts and Significantly Upregulated in Response to IR


We investigated the expression pattern of VDR in mice intestine by immunohistochemistry (IHC) and immunofluorescence (IF). VDR was highly expressed in intestinal crypts (Figure 2A,B). Next, the changes of VDR levels exposed to IR were examined by RT-qPCR and WB. In an apoptosis phase of 5 h after IR, VDR expression was significantly upregulated at mRNA and protein levels (Figure 2C,D). However, in an intestinal regeneration phase of 3–4 d after IR, we detected a drop in VDR expression (Figure 2C,D). In a homeostasis phase of 5 d after IR, VDR expression did not recover to the physiological level (Figure 2C,D). These results indicated that VDR was responsive to IR and VDR activation might play an important role in the apoptosis phase after IR.




3.3. VDR Deficiency Impairs Intestinal Structure and Crypt Stem/Progenitor Cell Proliferation


Hypothesizing that VDR upregulation may inhibit IR-induced intestinal damage, we generated a loss of function model of VDRKO mouse by breeding of VDR heterozygotes. First, we studied the function of VDR in the intestine under physiological condition. The body weights and intestinal lengths of VDRKO mice were smaller than WT mice (Figure 3A,B). The VDR expression could not be detected in intestines of VDRKO mice by WB (Figure 3C). H&E staining results showed that crypt depth in VDRKO mice was significantly reduced (Figure 3D). Ki67 is a marker of proliferating cells, including intestinal stem cells and progenitor cells [29]. VDR deficiency significantly reduced the Ki67+ cells per crypt (Figure 3E). SOX9 is a marker of intestinal stem/progenitor cells [30]. The SOX9+ cells were markedly decreased in VDRKO mice (Figure 3F). However, VDR knockout had no significant effect on apoptosis as determined by TUNEL staining (Figure 3G). These results indicated that VDR loss impaired intestinal structure and crypt stem/progenitor cell proliferation rather than induced apoptosis under physiological conditions.




3.4. VDR Deficiency Suppressed Intestinal Epithelial Regeneration Following IR


To evaluate the protective role of VDR against IR-induced intestinal injury, we examined the intestinal structural changes. Histological analysis revealed that WT and VDRKO mice displayed comparable intestinal architectures 5 h after IR (Figure 4A). However, there were fewer regenerated crypts in VDRKO mice at 3 d after IR exposure (Figure 4A). After 4 d following IR, the differences had narrowed. However, Ki67-positive cells in each regenerated crypt of VDRKO mice were significantly reduced at 3–5 d after IR (Figure 4B). The survival time of VDRKO mice was significantly shorter compared with WT mice (Figure 4C). These results showed that VDR was important for intestinal epithelial regeneration after IR.




3.5. VDR Deficiency Aggravates IR-Induced Crypt Stem/Progenitor Cell Apoptosis


To understand the intestinal injury resulting from VDR deficiency following IR, we investigated apoptotic cells in VDRKO mice. First, we investigated whether VDR deficiency affected DNA damage. The γH2AX+ cells were markedly increased in the crypt cells of VDRKO mice at 5 h post-IR (Figure 5A). In addition, apoptosis was increased in the entire intestine with higher Cleaved Casp3 expression in VDRKO mice (Figure 5B,C). Then, intestinal crypt cell apoptosis was detected, which is closely related to IR-induced intestinal injury [20]. The Cleaved Casp3+ cells in crypts were increased in VDRKO mice compared with WT mice (Figure 5D). TUNEL staining results showed that VDR deficiency significantly increased apoptosis in the crypts at 5 h post-IR (Figure 5E). Quantification of apoptotic cell position analysis revealed that occurrence of apoptosis was more frequent at the cell positions 2–4. However, the number of TUNEL+ cells was increased by more than 50% in VDRKO mice at the cell positions 3–6 compared with WT mice (Figure 5E). These results demonstrated that VDR was crucial to resist IR-induced crypt stem/progenitor cell apoptosis.




3.6. VDR Suppresses IR-Induced Crypt Stem/Progenitor Cell Apoptosis via Pmaip1-Mediated Pathway


To investigate the potential mechanisms of VDR inhibiting IR-induced intestinal crypt stem/progenitor cell apoptosis, we examined the expression of proteins associated with apoptosis in intestinal crypts of mice after IR. Pmaip1 is a key pro-apoptotic protein that has been shown to be activated by IR [31], so we detected whether VDR knockout has a role in IR-induced Pmaip1 activation in crypt stem/progenitor cells. The protein level of VDR was not detected in VDRKO mice (Figure 6A,B). We found the protein expression of Pmaip1, which is critical for IR-induced apoptosis [32], was significantly induced in crypt stem/progenitor cells of VDRKO mice at 5 h post-IR, as well as the Cleaved Casp3 expression (Figure 6A,C,D). These results indicated that Pmaip1-mediated pathway was activated at 5 h after IR in crypt stem/progenitor cells of VDRKO mice.



To further determine whether VDR was involved in Pmaip1-mediated pathway, the Pmaip1 expression was downregulated by si-Pmaip1 in IEC-6 cells, which exhibited good features of crypt stem/progenitor cells [33]. The transfection efficiency of si-Pmaip1 in IEC-6 cells was determined by fluorescence microscope (Supplementary Figure S1). Among three sequences of si-Pmaip1, si-Pmaip1-3 exhibited high knockdown efficiency with 92% at mRNA expression level (Supplementary Figure S2). The knockdown efficiency of si-Pmaip1-3 at protein level is presented in Figure 6F with 67%. Annexin V-positive cells was significantly reduced in the si-Pmaip1 group compared with control cells after IR (Figure 6E). Moreover, Cleaved Casp3 expression was suppressed by si-Pmaip1 following IR (Figure 6F). These results indicated that Pmaip1 was a crucial apoptotic mediator and might support the claim that VDR inhibited IR-induced intestinal crypt stem/progenitor cell apoptosis through the Pmaip1-mediated pathway.





4. Discussion


IR-induced intestinal injury is a leading limitation of radiation therapy for abdominal and pelvic tumors [1]. Intestinal crypt stem/progenitor cell apoptosis is a major cause and taken as a measure of intestinal injury [34]. Consequently, relief of crypt stem/progenitor cell apoptosis is vital to combat intestinal damage caused by radiation. The present study indicated that VDR could protect against IR-intestinal injury and prolong the survival time of mice via inhibition of crypt stem/progenitor cell apoptosis through modulation of Pmaip1 activity. To our knowledge, this is the first report that VDR can inhibit IR-induced crypt stem/progenitor cell apoptosis to protect against intestinal injury.



Intestinal crypt cell proliferation is critical to intestinal homeostatic responses and recovery from injury [35]. On the contrary, stem/progenitor cell proliferation defects can make the intestine sensitive to IR-induced damage [36,37]. In this study, the high expression of VDR in crypt cells enabled stem/progenitor cells to proliferate and maintain homeostasis. In addition, VDR deficiency led to smaller crypts and fewer proliferating stem/progenitor cells. This might explain why VDRKO mice were more vulnerable to IR-induced intestinal injury. Our results were in agreement with Peregrina et al., who reported that low dietary VD or inactivated VDR compromised the function of intestinal stem cells with fewer stem cell progeny [21]. A recent study using intestinal stem cell-derived organoids showed that VDR-deficient organoids lowered crypt cell proliferation [38]. Our data provided evidence that VDR was critical for modulation of stem/progenitor cell proliferation under physiological conditions.



Following exposure to high-dose IR, apoptosis is dramatically elevated in crypt stem/progenitor cells within a period of 3–6 h post-IR [18]. Regenerating crypts, originating from radio-resistant crypt base columnar cells that survive IR, rapidly form between 3 and 4 d after IR [18,39]. Within about 5 d, the intestine is fully restored [40]. The result that VDR was significantly upregulated in the apoptosis phase indicated that VDR might participate in the regulation of cell apoptosis. During the apoptosis phase, VDR acted as an anti-apoptotic factor to protect crypt stem/progenitor cells against IR-induced apoptosis. This was consistent with our finding that VD/VDR exhibited anti-apoptotic activity following IR in IEC-6 cells. Our results revealed the importance of the VDR level to protect stem/progenitor cells from apoptosis in clinical radiation therapy.



During the regeneration phase, surviving stem cells, with amazing regenerative capacity, proliferate to repopulate the crypt compartment [18,40]. Although it has been observed that VDR could enhance stem/progenitor cell proliferation under physiological conditions, the inhibitory effect of intestinal epithelial regeneration in VDRKO mice after IR was not caused by the inhibition of stem/progenitor cell proliferation because of the low VDR expression in the regeneration phase. It was possible that VDR deficiency caused more crypt stem/progenitor cell apoptosis in a single crypt following IR; as a result, fewer surviving stem cells proliferate to form regenerative areas and repair the damaged intestinal epithelia. In the homeostasis phase, the expression of VDR was elevated with the recovery of intestinal epithelia. However, the expression of VDR did not recover to the physiological level. This result might be explained by the inflammation occurrence caused by secondary effects in response to the initial radiation injury [1]. VDR expression is always low in intestinal inflammation, which is a chronic injury that is difficult to recover following exposure to IR [1,6]. Our findings support that high VDR expression is important after radiotherapy to protect IR-induced subsequent chronic intestinal injury.



Pmaip1 is a pro-apoptotic Bcl-2 homology domain 3-only protein [31]. It has been demonstrated that the Pmaip1-mediated pathway plays an important part in IR-induced apoptotic response [41,42,43]. Pmaip1 knockout mice showed resistance to IR-induced intestinal crypt cell apoptosis and survived longer than WT mice [32]. Our results indicated that the Pmaip1 pathway was activated in intestinal stem/progenitor cells of VDRKO mice at 5 h after IR, which may explain the higher occurrence of stem/progenitor cell apoptosis and shorter survival times of VDRKO mice. Likewise, the inhibition of Pmaip1 pathway activation in vitro alleviated IR-induced IEC-6 cell apoptosis. Kim et al. reported that suppression of Pmaip1 expression protected human lung epithelial cells from IR-induced apoptosis [42]. Our findings indicated that VDR protected against IR-induced intestinal stem/progenitor cell apoptosis by inhibiting the Pmaip1-mediated pathway. Further work is needed to investigate the functional study of Pmaip1 in vivo and whether VDR can directly regulate Pmaip1. In order to further prove the effect of VDR upregulation on IR-induced intestinal stem/progenitor cell apoptosis, establishing a mouse model with overexpression of VDR, such as generation of transgenic mice with overexpression of VDR in intestinal epithelium or dietary intervention of vitamin D, is worth further investigation in the future.




5. Conclusions


In summary, we demonstrated that VDR could regulate the Pmaip1-mediated pathway and diminish stem/progenitor cell apoptosis and further protect against intestinal injury induced by IR. Therefore, VDR might be a potential target for prevention and management of IR-induced intestinal injury.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/nu13092910/s1, Figure S1. Transfection efficiency in IEC-6 cells determined by fluorescence microscope, Figure S2. RT-qPCR results testing the knockdown efficiency of different pairs of si-Pmaip1 in IEC-6 cells at 24 h after si-Pmaip1 transfection. Table S1 Composition of the rescue diet as specified by manufacturer. Table S2 siRNA sequences.





Author Contributions


Conceptualization, W.L. and H.G.; Methodology, W.L., Y.L. (Yujia Luo), Y.L. (Yixuan Li), Y.W. and Y.L. (Yao Lu); Validation, Y.L. (Yingying Lin); Formal Analysis, W.L. and Y.L. (Yingying Lin); Data curation, W.L.; Writing—original draft preparation, W.L.; Writing—review and editing, W.L. and H.G.; Funding acquisition, H.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Natural Science Foundation of China (Grant No. 31871792) and the Beijing Science and Technology Project (Z181100009318005).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Institutional Animal Care and Use Committee of China Agricultural University (protocol code: Aw51018102-4-3 and date of approval: 15 October 2018).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data presented in this study are available on request from the corresponding author.




Acknowledgments


We thank Fazheng Ren and Zhengquan Yu for technical experimental support. Thanks for the experimental equipment provided by the Beijing Advanced Innovation Center for Food Nutrition and Human Health.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hauer-Jensen, M.; Denham, J.W.; Andreyev, H.J.N. Radiation enteropathy–pathogenesis, treatment and prevention. Nat. Rev. Gastroenterol. Hepatol. 2014, 11, 470–479. [Google Scholar] [CrossRef] [PubMed]

	



Hayes, D.P. The protection afforded by vitamin against low radiation damage. Int. J. Low Radiat. 2008, 5, 368–394. [Google Scholar] [CrossRef]

	



Castro-Eguiluz, D.; Leyva-Islas, J.A.; Luvian-Morales, J.; Martínez-Roque, V.; Sánchez-López, M.; Trejo-Durán, G.; Jiménez-Lima, R.; Leyva-Rendón, F.J. Nutrient Recommendations for Cancer Patients Treated with Pelvic Radiotherapy, with or without Comorbidities. Rev. Investig. Clin. 2018, 70, 130–135. [Google Scholar] [CrossRef]

	



Nuszkiewicz, J.; Woz niak, A.; Szewczyk-Golec, K. Ionizing radiation as a source of oxidative stress-the protective role of melatonin and vitamin D. Int. J. Mol. Sci. 2020, 21, 5804. [Google Scholar] [CrossRef] [PubMed]

	



Cantorna, M.T.; Snyder, L.; Arora, J. Vitamin A and vitamin D regulate the microbial complexity, barrier function, and the mucosal immune responses to ensure intestinal homeostasis. Crit. Rev. Biochem. Mol. Biol. 2019, 54, 184–192. [Google Scholar] [CrossRef] [PubMed]

	



Ghorbanzadeh-Moghaddam, A.; Gholamrezaei, A.; Hemati, S. Vitamin D deficiency is associated with the severity of radiation-induced proctitis in cancer patients. Int. J. Radiat. Oncol. Biol. Phys. 2015, 92, 613–618. [Google Scholar] [CrossRef] [PubMed]

	



Huang, R.; Xiang, J.; Zhou, P. Vitamin D, gut microbiota, and radiation-related resistance: A love-hate triangle. J. Exp. Clin. Cancer Res. 2019, 38, 493. [Google Scholar] [CrossRef]

	



Gil, A.; Plaza-Diaz, J.; Mesa, M.D. Vitamin D: Classic and novel actions. Ann. Nutr. Metab. 2018, 72, 87–95. [Google Scholar] [CrossRef]

	



Haussler, M.R.; Whitfield, G.K.; Kaneko, I.; Haussler, C.A.; Hsieh, D.J.; Hsieh, C.; Jurutka, P.W. Molecular mechanisms of vitamin D action. Calcif. Tissue Int. 2013, 92, 77–98. [Google Scholar] [CrossRef]

	



Barbáchano, A.; Fernández-Barral, A.; Ferrer-Mayorga, G.; Costales-Carrera, A.; Larriba, M.J.; Muñoz, A. The endocrine vitamin D system in the gut. Mol. Cell. Endocrinol. 2017, 453, 79–87. [Google Scholar] [CrossRef]

	



Lawrie, W.T.; Song, D.S.; Abrams, R.A.; Kafonek, D.R.; Boitnott, J.K.; Deweese, T.L. Acute and late radiotherapy toxicity in patients with inflammatory bowel disease. Int. J. Radiat. Oncol. Biol. Phys. 2001, 51, 455–459. [Google Scholar] [CrossRef]

	



Wada, K.; Tanaka, H.; Maeda, K.; Inoue, T.; Noda, E.; Amano, R.; Kubo, N.; Muguruma, K.; Yamada, N.; Yashiro, M.; et al. Vitamin D receptor expression is associated with colon cancer in ulcerative colitis. Oncol. Rep. 2009, 22, 1021–1025. [Google Scholar] [PubMed]

	



Froicu, M.; Weaver, V.; Wynn, T.A.; McDowell, M.A.; Welsh, J.E.; Cantorna, M.T. A Crucial Role for the Vitamin D Receptor in Experimental Inflammatory Bowel Diseases. Mol. Endocrinol. 2003, 17, 2386–2392. [Google Scholar] [CrossRef] [PubMed]

	



Wu, S.; Zhang, Y.G.; Lu, R.; Xia, Y.; Zhou, D.; Petrof, E.O.; Claud, E.C.; Chen, D.; Chang, E.B.; Carmeliet, G.; et al. Intestinal epithelial vitamin D receptor deletion leads to defective autophagy in colitis. Gut 2015, 64, 1082–1094. [Google Scholar] [CrossRef]

	



He, L.; Liu, T.; Shi, Y.; Tian, F.; Hu, H.; Deb, D.K.; Chen, Y.; Bissonnette, M.; Li, Y.C. Gut Epithelial Vitamin D Receptor Regulates Microbiota-Dependent Mucosal Inflammation by Suppressing Intestinal Epithelial Cell Apoptosis. Endocrinology 2018, 159, 967–979. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.; Chen, Y.; Golan, M.A.; Annunziata, M.L.; Du, J.; Dougherty, U.; Kong, J.; Musch, M.; Huang, Y.; Pekow, J.; et al. Intestinal epithelial vitamin D receptor signaling inhibits experimental colitis. J. Clin. Investig. 2013, 123, 3983–3996. [Google Scholar] [CrossRef]

	



Santos, A.J.M.; Lo, Y.H.; Mah, A.T.; Kuo, C.J. The Intestinal Stem Cell Niche: Homeostasis and Adaptations. Trends Cell Biol. 2018, 28, 1062–1078. [Google Scholar] [CrossRef]

	



Potten, C.S. Radiation, the ideal cytotoxic agent for studying the cell biology of tissues such as the small intestine. Radiat. Res. 2004, 161, 123–136. [Google Scholar] [CrossRef]

	



Hua, G.; Thin, T.H.; Feldman, R.; Haimovitz–Friedman, A.; Clevers, H.; Fuks, Z.; Kolesnick, R. Crypt base columnar stem cells in small intestines of mice are radioresistant. Gastroenterology 2012, 143, 1266–1276. [Google Scholar] [CrossRef]

	



Liu, Z.; Tian, H.; Jiang, J.; Yang, Y.; Tan, S.; Lin, X.; Liu, H.; Wu, B. β-Arrestin-2 modulates radiation-induced intestinal crypt progenitor/stem cell injury. Cell Death Differ. 2016, 23, 1529–1541. [Google Scholar] [CrossRef]

	



Peregrina, K.; Houston, M.; Daroqui, C.; Dhima, E.; Sellers, R.S.; Augenlicht, L.H. Vitamin D is a determinant of mouse intestinal lgr5 stem cell functions. Carcinogenesis 2015, 36, 25–31. [Google Scholar] [CrossRef]

	



Li, W.; Peregrina, K.; Houston, M.; Augenlicht, L.H. Vitamin D and the nutritional environment in functions of intestinal stem cells: Implications for tumorigenesis and prevention. J. Steroid Biochem. 2020, 198, 105556. [Google Scholar] [CrossRef]

	



Li, Y.C.; Chen, Y.; Du, J. Critical roles of intestinal epithelial vitamin D receptor signaling in controlling gut mucosal inflammation. J. Steroid Biochem. 2015, 148, 179–183. [Google Scholar] [CrossRef]

	



Schmitt, M.; Schewe, M.; Sacchetti, A.; Feijtel, D.; van de Geer, W.S.; Teeuwssen, M.; Sleddens, H.F.; Joosten, R.; van Royen, M.E.; van de Werken, H.J.G.; et al. Paneth Cells Respond to Inflammation and Contribute to Tissue Regeneration by Acquiring Stem-like Features through SCF/c-Kit Signaling. Cell Rep. 2018, 24, 2312–2328. [Google Scholar] [CrossRef]

	



Zhu, T.; Liu, T.J.; Shi, Y.Y.; Zhao, Q. Vitamin D/VDR signaling pathway ameliorates 2,4,6-trinitrobenzene sulfonic acid-induced colitis by inhibiting intestinal epithelial apoptosis. Int. J. Mol. Med. 2015, 35, 1213–1218. [Google Scholar] [CrossRef] [PubMed]

	



Kühne, H.; Hause, G.; Grundmann, S.M.; Schutkowski, A.; Brandsch, C.; Stangl, G.I. Vitamin D receptor knockout mice exhibit elongated intestinal microvilli and increased ezrin expression. Nutr. Res. 2016, 36, 184–192. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Lin, Y.; Sheng, X.; Xu, J.; Hou, X.; Li, Y.; Zhang, H.; Guo, H.; Yu, Z.; Ren, F. Arachidonic acid promotes intestinal regeneration by activating WNT signaling. Stem Cell Rep. 2020, 15, 374–388. [Google Scholar] [CrossRef]

	



Mah, L.J.; El-Osta, A.; Karagiannis, T.C. γH2AX: A sensitive molecular marker of DNA damage and repair. Leukemia 2010, 24, 679–686. [Google Scholar] [CrossRef] [PubMed]

	



Clevers, H. The intestinal crypt, a prototype stem cell compartment. Cell 2013, 154, 274–284. [Google Scholar] [CrossRef] [PubMed]

	



Gracz, A.D.; Ramalingam, S.; Magness, S.T. Sox9 expression marks a subset of CD24-expressing small intestine epithelial stem cells that form organoids in vitro. AJP-Gastrointest. Liver Physiol. 2010, 298, G590–G600. [Google Scholar] [CrossRef] [PubMed]

	



Oda, E.; Ohki, R.; Murasawa, H.; Nemoto, J.; Shibue, T.; Yamashita, T.; Tokino, T.; Taniguchi, T.; Tanaka, N. Noxa, a BH3-only member of the Bcl-2 family and candidate mediator of p53-induced apoptosis. Science 2000, 288, 1053–1058. [Google Scholar] [CrossRef]

	



Shibue, T.; Takeda, K.; Oda, E.; Tanaka, H.; Murasawa, H.; Takaoka, A.; Morishita, Y.; Akira, S.; Taniguchi, T.; Tanaka, N. Integral role of Noxa in p53-mediated apoptotic response. Genes Dev. 2003, 17, 2233–2238. [Google Scholar] [CrossRef] [PubMed]

	



Quaroni, A.; Wands, J.; Trelstad, R.L.; Isselbacher, K.J. Epithelioid cell cultures from rat small intestine. Characterization by morphologic and immunologic criteria. J. Cell Biol. 1979, 80, 248–265. [Google Scholar] [CrossRef]

	



Kwak, S.Y.; Shim, S.; Park, S.; Kim, H.; Lee, S.J.; Kim, M.J.; Jang, W.S.; Kim, Y.; Jang, H. Ghrelin reverts intestinal stem cell loss associated with radiation-induced enteropathy by activating notch signaling. Phytomedicine 2021, 81, 153424. [Google Scholar] [CrossRef]

	



Peña-Villalobos, I.; Casanova-Maldonado, I.; Lois, P.; Sabat, P.; Palma, V. Adaptive physiological and morphological adjustments mediated by intestinal stem cells in response to food availability in mice. Front. Physiol. 2019, 9, 1821. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, N.; Yantiss, R.K.; Nam, H.; Chin, Y.; Zhou, X.K.; Scherl, E.J.; Bosworth, B.P.; Subbaramaiah, K.; Dannenberg, A.J.; Benezra, R. ID1 is a Functional Marker for Intestinal Stem and Progenitor Cells Required for Normal Response to Injury. Stem Cell Rep. 2014, 3, 716–724. [Google Scholar] [CrossRef]

	



Gilbert, S.; Nivarthi, H.; Mayhew, C.N.; Lo, Y.H.; Noah, T.K.; Vallance, J.; Rülicke, T.; Müller, M.; Jegga, A.G.; Tang, W.; et al. Activated STAT5 Confers Resistance to Intestinal Injury by Increasing Intestinal Stem Cell Proliferation and Regeneration. Stem Cell Rep. 2015, 4, 209–225. [Google Scholar] [CrossRef] [PubMed]

	



Lu, R.; Zhang, Y.G.; Xia, Y.; Sun, J. Imbalance of autophagy and apoptosis in intestinal epithelium lacking the vitamin D receptor. FASEB J. 2019, 33, 11845–11856. [Google Scholar] [CrossRef] [PubMed]

	



Chaves-Pérez, A.; Yilmaz, M.; Perna, C.; de la Rose, S.; Djouder, N. URI is required to maintain intestinal architecture during ionizing radiation. Science 2019, 364, eaaq1165. [Google Scholar] [CrossRef]

	



Yousefi, M.; Li, N.; Nakauka-Ddamba, A.; Wang, S.; Davidow, K.; Schoenberger, J.; Yu, Z.; Jensen, S.T.; Kharas, M.G.; Lengner, C.J. Msi RNA-binding proteins control reserve intestinal stem cell quiescence. J. Cell Biol. 2016, 215, 401–413. [Google Scholar] [CrossRef]

	



Ploner, C.; Kofler, R.; Villunger, A. Noxa: At the tip of the balance between life and death. Oncogene 2008, 27, S84–S92. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.Y.; An, Y.M.; Choi, W.H.; Kim, J.M.; Cho, S.; Yoo, B.R.; Kang, J.W.; Lee, Y.S.; Lee, Y.J.; Cho, J. Pro-apoptotic Noxa is involved in ablative focal irradiation-induced lung injury. J. Cell. Mol. Med. 2017, 21, 711–719. [Google Scholar] [CrossRef] [PubMed]

	



Kobeissy, H.; Hage-Sleiman, R.; Dakdouk, Z.; Kozhaya, L.; Dbaibo, G. Crosstalk between Noxa, Bcl-2, and ceramide in mediating p53-dependent apoptosis in Molt-4 human T-cell leukemia. Mol. Cell. Biochem. 2020, 475, 215–226. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 13 02910 g001 550] 





Figure 1. Vitamin D/Vitamin D receptor alleviates IR-induced DNA damage and apoptosis in IEC-6 cells. (A) Representative immunofluorescence (IF) images of γH2AX staining in IEC-6 cells at 1 h post 12 Gy IR pretreated 10 nM 1,25(OH)2D3. (B) Quantification of percentage of γH2AX+ cells was analyzed. (C) Representative IF images of Annexin V/PI staining in IEC-6 cells at 24 h post 12 Gy IR pretreated 10 nM 1,25(OH)2D3. (D) Quantification of apoptotic cells with Annexin V-positive signaling was analyzed. # Compared with the 0 Gy-control group; * compared with the 12Gy-VD group. (E) Vitamin D receptor (VDR) and Cleaved Caspase 3 (Casp3) in IEC-6 cells were determined by WB at 24 h after 12 Gy IR pretreated with 10 nM 1,25(OH)2D3 for 6 h. Quantitative analysis of Western blotting of VDR and Cleaved Casp3 expression. Values are means ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001; ## p < 0.01, ### p < 0.001. Scale bar, 20 μm. 
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Figure 2. Intestinal VDR expression in mice under physiological condition and IR exposure. (A) Representative immunohistochemistry (IHC) image of VDR staining in intestines of mice. Scale bar, 200 μm. (B) Representative IF pictures of VDR expression of mouse intestine. Scale bar, 50 μm. (C) VDR mRNA expression in the intestines of mice at 0, 5 h, 72 h, 96 h and 120 h after 12 Gy IR was evaluated by RT-qPCR. n = 6 per group. (D) VDR protein expression in intestines of mice at different times of 0, 5 h, 3 d (days), 4 d and 5 d after 12 Gy IR was assessed by WB. Quantitative analysis of WB of VDR expression. Values are means ± SD. * p < 0.05. 
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Figure 3. VDR deficiency impairs the intestinal physiological structure and crypt stem/progenitor cell proliferation. (A) Appearance of wild type (WT) and VDR knockout (VDRKO) mice and quantification of body weights at the age of 8 weeks. n = 12 in each group. (B) Appearance of intestines of WT and VDRKO mice and quantification of intestine length. n = 7 in each group. (C) VDR was evaluated in intestine tissues of mice by WB. (D) Representative H&E images of intestine of WT and VDRKO mice and quantification of crypt depth. n = 6 in each group. Scale bar, 200 μm. (E) Representative IHC images of Ki67 staining of WT and VDRKO mice and quantification of number of Ki67+ cells/crypt. Scale bar, 200 μm. n = 6 in each group. (F) Representative IHC images of SOX9 staining of mice and quantification of number of SOX9+ cells/crypt. n = 6 in each group. Scale bar, 200 μm. (G) Representative IF images of TUNEL staining of WT and VDRKO mice and quantification of TUNEL+ cells/crypt. n = 6 in each group. Scale bar, 100 μm. Values are means ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 4. VDR deficiency suppresses intestinal epithelial regeneration and survival time of mice following IR. (A) Representative H&E images of intestine of WT and VDRKO mice at different times of 0, 5 h, 3 d (days), 4 d and 5 d after 12 Gy IR. Quantitative analysis of the number of regenerated crypts/1250 μm at different times after IR. n = 6 in each group. (B) Representative IHC staining of the expression of Ki67 of WT and VDRKO mice and quantification of Ki67+ cells/crypt at different times after IR. n = 6 in each group. Values are means ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001. Scale bar, 200 μm. (C) Kaplan–Meier survival analysis of mice subjected to 12 Gy IR. The statistical analysis was performed by log-rank test. n ≥ 12 in each group. 
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Figure 5. VDR deficiency aggravates IR-induced DNA damage and crypt stem/progenitor cell apoptosis. (A) Representative IF images showing the γH2AX expression at 5 h post 12 Gy IR and quantification of γH2AX+ cells in crypts. n = 6 in each group. Scale bar, 100 μm. (B) Cleaved Casp3 was evaluated in intestine tissues of mice at 5 h after IR by WB. (C) The Cleaved Casp3 expression was quantitatively analyzed. (D) Representative IHC images of Cleaved Casp3 at 5 h after 12 Gy IR and quantification of Cleaved Casp3+ cells in crypts. n = 6 in each group. Scale bar, 50 μm. (E) Representative IF images of TUNEL staining of WT and VDRKO mice at 5 h after 12 Gy IR. Quantification of TUNEL+ cells/crypt and their positions in crypts. Scale bar, 100 μm. n = 6 in each group. Values are means ± SD. * p < 0.05, ** p < 0.01. 
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Figure 6. VDR suppresses IR-induced crypt stem/progenitor cell apoptosis via the Pmaip1-mediated pathway. (A) VDR, Pmaip1 and Cleaved Casp3 were analyzed in crypt stem/progenitor cells from WT and VDRKO mice at 5 h after IR by WB. (B–D) Quantitative analysis of WB of VDR, Pmaip1 and Cleaved Casp3 expression, respectively. (E) Representative IF images of Annexin V/PI staining at 24 h post 12 Gy IR of IEC-6 cells with or without si-Pmaip1. Quantification of apoptotic cells with Annexin V-positive signaling was analyzed. Scale bar, 20 μm. (F) Pmaip1 and Cleaved Casp3 in IEC-6 cells with or without si-Pmaip1 were analyzed at 24 h after IR by WB. Quantitative analysis of WB of Pmaip1 and Cleaved Casp3 expression. Values are means ± SD. * p < 0.05, ** p < 0.01. 
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Table 1. The sequences of the primers for RT-qPCR assays.
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	Gene
	Sense (5′-3′)
	Antisense (5′-3′)





	Vdr
	GAATGTGCCTCGGATCTGTGG
	ATGCGGCAATCTCCATTGAAG



	Gapdh
	AGGTCGGTGTGAACGGATTTG
	TGTAGACCATGTAGTTGAGGTCA
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