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Abstract

:

The damaging effect of ionizing radiation (IR) exposure results in the disturbance of the gut natural barrier, followed by the development of severe gastrointestinal injury. However, the dose and application segment are known to determine the effects of IR. In this study, we demonstrated the dose- and segment-specificity of tight junction (TJ) alteration in IR-induced gastrointestinal injury in rats. Male Wistar rats were subjected to a total-body X-ray irradiation at doses of 2 or 10 Gy. Isolated jejunum and colon segments were tested in an Ussing chamber 72 h after exposure. In the jejunum, 10-Gy IR dramatically altered transepithelial resistance, short-circuit current and permeability for sodium fluorescein. These changes were accompanied by severe disturbance of histological structure and total rearrangement of TJ content (increased content of claudin-1, -2, -3 and -4; multidirectional changes in tricellulin and occludin). In the colon of 10-Gy irradiated rats, lesions of barrier and transport functions were less pronounced, with only claudin-2 and -4 altered among TJ proteins. The 2-Gy IR did not change electrophysiological characteristics or permeability in the colon or jejunum, although slight alterations in jejunum histology were noted, emphasized with claudin-3 increase. Considering that TJ proteins are critical for maintaining epithelial barrier integrity, these findings may have implications for countermeasures in gastrointestinal acute radiation injury.
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1. Introduction


Ionizing radiation (IR) has a powerful damaging effect in living organisms, causing multiple organ failure [1]. Irradiation at high doses (6–15 Gy) causes severe intestinal dysfunction that characterizes gastrointestinal acute radiation syndrome (GIARS) [2,3]. People can develop gastrointestinal radiation injury as a result of whole-body exposure in radiation accidents, as well as during abdominal radiotherapy for certain types of cancer [4,5,6]. The pathophysiological basis for GIARS manifestation is a disturbance of the natural epithelial tissue barrier, reflecting in the disintegration of epithelial cells with subsequent “denudation” of the mucous membrane [3,7,8]. Moreover, an increased caspase-3 activation signal, suggesting apoptosis stimulation in intestinal crypts, is also involved in GIARS pathology [9]. The manifestation of GIARS in mammals is associated with weight loss, decreased nutrient absorption, profuse diarrhea and progressive dehydration, as well as bacterial translocation into the bloodstream [2,10].



Tight junctions (TJs), apical complexes connecting neighboring cells in barrier tissues, are known to provide the mechanical binding of enterocytes into a single layer, as well as paracellular transport control [11,12,13]. The key molecular components of TJs are proteins of the claudin family, which consists of 27 members in mammals, and the TJ-associated MARVEL-domain-containing protein (TAMP) family, primarily including occludin and tricellulin [14,15]. Multiple studies have confirmed tissue-specific heterogeneity in the normal distribution of claudins and TAMP proteins along the segments of the gut, establishing a gradient of barrier and transport functions. “Sealing” claudins-1, -3 and -4 are predominantly detectable in the colon, and the expression of claudins that mediate ion permeability, mainly claudin-2, is pronounced in the jejunum and ileum of rats [16,17].



The mechanical integrity of TJs is altered under different physiological and pathological conditions. Thus, claudin dysregulation that occurs in enterocytes contributes to epithelial permeation disorder and multiple intestinal diseases, including inflammatory bowel diseases [18]. There is also growing evidence that TJ proteins may act as signaling proteins and participate in inflammation, cell proliferation, differentiation and tumorigenesis via various cellular signaling pathways [19]. The content of some TJ proteins was reported to be altered under IR exposure. Thus, multidirectional changes in the levels of claudin-2, -3 and -4 in the ileum of rats were found on the sixth day after abdominal exposure to IR at a dose of 12 Gy [20]. After total body irradiation of mice at a dose of 4 Gy, a redistribution of occludin, claudin-3 and actin cytoskeleton in the tissues of the ileum and colon was observed, indicating a high sensitivity of this system to IR [21]. Given a few reports on the role of particular claudins in the pathogenesis of gastrointestinal radiation injury, data on the dose- and segment-sensitivity of gut TJ complexes remain scarce.



In this study, we address the dose effect and segment-specificity of TJ protein impact in IR-induced gastrointestinal injury in rats.




2. Results


2.1. High Dose IR Exposure Affects Weight Gain and Leukocyte Counts in Rats


Control rats maintained weight during the study period, and 2-Gy irradiation did not affect weight dynamics (Figure 1a). The 10-Gy-irradiated animals continuously lost weight after exposure, losing up to 16% of body weight by the third day (Figure 1a). In this group, the animals responded with profuse diarrhea, temperature decrease, hair loss and nasal hemorrhage, as previously reported [22,23,24].



To verify the absorbed dose, hematological assay was carried out, with the total leukocyte count and lymphocyte and neutrophil counts used as bioindicators (Figure 1b). The total leukocyte count in control animals was 8.3 ± 1.1 × 103/µL 72 h after sham irradiation, which corresponds to normal reference levels for Wistar rats [25]. The exposure to 10-Gy IR significantly (p < 0.01) decreased the level of leukocytes in heart blood 72 h after irradiation (Figure 1b). The decrease in the level of leukocytes in this group was contributed to by lymphocytes and segmented neutrophils. The severe radiation leukopenia observed corresponds to the expected hematological pattern commonly seen in rats when irradiated at such a dose [25,26].




2.2. High-Dose IR Disturbs Transepithelial Resistence (TER) and Short-Circuit Current (Isc) of Jejunum and Colon


Transepithelial resistance (TER) and short-circuit current (Isc) were evaluated in an Ussing chamber as a physiological indicator of the barrier and transport functions of jejunum and colon tissues. The 2-Gy IR did not affect the electrophysiological parameters of the jejunum or colon (Figure 2a–d). Previously, while studying dose- and time-dependence of IR effects on rat intestines, 72 h after 10-Gy IR was shown to be the experimental point at which the disturbance of the barrier and transport functions of the jejunum were obtained [27]. Here, as expected, exposure to 10-Gy IR significantly and dramatically decreased TER (p < 0.001) and increased Isc (p < 0.01) in the jejunum and colon (Figure 2a,c). Paracellular flux of sodium fluorescein, often used as biomarker of epithelium permeability [28,29], was also increased in the jejunum (p < 0.01) in the 10-Gy-irradiated group (Figure 2e).



In the colon, electrophysiological characteristics were also disturbed in 10-Gy-irradiated animals (Figure 2b,d). Paracellular flux of sodium fluorescein in the colon did not change significantly (Figure 2f).



Alteration in electrophysiological characteristics suggests a lesion of the barrier properties (TER) and transport across the epithelium (Isc) after IR exposure at high doses. At the same time, TER in the jejunum was altered more dramatically compared to the colon (79% decrease compared to control in jejunum, and 36% in colon). The less significant impairment of TER in the colon, as well as unchanged permeability, indicates increased colonic barrier radioresistance compared to the jejunum, as previously confirmed [30,31].




2.3. IR in Low and High Doses Disturbs Histological Structure of Jejunum and Colon Tissue


Hematoxilin and eosin (H&E)-stained sections of the jejunum and colon from sham-irradiated control animals showed normal morphological structure (Figure 3a). The crypt-villus architecture in the jejunum was damaged at 10-Gy IR, with villi being shortened and thickened, and crypt depth and width being decreased (Figure 3a,b). In the colon, 10-Gy IR caused significant crypt depth decrease (p < 0.01) (Figure 3c,d). The 2-Gy irradiation did not alter villus height in the jejunum, although it caused a significant increase in villus width (p < 0.01), crypt depth (p < 0.05) and crypt width (p < 0.05) (Figure 3a,b). IR-induced damage to the gut villus–crypt axis reflects a disturbance in the balance between epithelial cell proliferation and apoptosis. In the jejunum, wall thickness was increased significantly in the 10-Gy-irradiated group (p < 0.001), mainly due to the submucosal layer (p < 0.001), whereas muscular and adventitia layers were not altered. In the colon, wall thickness was increased significantly both in the 2-Gy- and 10-Gy-irradiated groups (p < 0.01 and p < 0.001, respectively), mainly due to muscular and adventitia layers (Figure 3c,d).




2.4. IR Disturbs Tight Junction (TJ) Proteins in Jejunum and Colon in Dose- and Segment-Specific Manners


TJ protein content was measured in homogenates of the jejunum and colon sections after rat exposure to IR. Exposure to 10-Gy IR significantly increased the protein content of claudin-1, -2, -3, -4 and occludin in the jejunum, and decreased the level of tricellulin (p < 0.05 each) (Figure 4a,b). The 2-Gy IR significantly increased the level of claudin-3 in the jejunum only (p < 0.05). The level of 17 kDa cleaved caspase-3, used as an indicator of apoptosis [9,10,32], did not change after 2-Gy exposure, although it was significantly decreased in the jejunum after 10-Gy irradiation (p < 0.05) (Figure 4a,b).



In the colon, the levels of claudin-2 and claudin-4 significantly increased when exposed to 10-Gy IR (Figure 4c,d). When exposed to radiation at a dose of 2 Gy in the colon, none of the studied proteins changed.





3. Discussion


The normal functioning of TJ proteins is vital for the mechanical integrity of barrier tissue, effective separation of the organism from the environment, and maintenance of homeostasis. A defective intestinal TJ barrier is a contributing factor to pathogenic conditions of the gut, including celiac disease, inflammatory bowel disease and necrotizing enterocolitis [33,34]. Increased intestinal permeability caused by variations in TJ proteins was shown to result in bacterial translocation [35]. At the same time, barrier disturbance, bloodstream contamination with bacteria and subsequent endotoxemia are the main drivers of lethal outcome in the development of GIARS after irradiation exposure [36]. Could TJ disturbance be involved in the molecular mechanism of gastrointestinal irradiation injury? Previously, intestinal TJ proteins, particularly claudins, were shown to be altered under IR exposure in mammals [20,21]; however, data on the dose-dependence and segment-sensitivity remain scarce.



Previously, we examined TER, Isc, paracellular permeability of sodium fluorescein and the histological structure of the jejunum under 2-, 5- or 10-Gy exposure, considering 72 h as an optimal interval to assess irradiation effects in Wistar rats [27]. Here, we used a 72 h post-irradiation time point and compared 2-Gy and 10-Gy doses, which are above and below the established LD50/30 in this animal model [37]. In this study, we found that the negative effect of IR on the gastrointestinal tract of rats is dose- and segment-dependent, and this diversity is emphasized by various patterns of TJ alterations.



In general, the segment-specific gradient of the barrier properties of the intestine, both under normal and pathological conditions, coincides with the mosaic of TJ proteins. For instance, in the duodenum of rats, an increased TER was previously recorded compared to the jejunum, reflecting different molecular patterns of TJ proteins detected in these sections (claudin -2, -3, -4, -5, -8 in the duodenum, and claudin -1, -2, -7, -12 in the jejunum) [13]. The epithelium of Peyer’s patches was characterized by higher TER compared to the villous epithelium, and the content of cludins-1, -4, -5, -8 increased [38]. In this study, a dramatic disturbance in the barrier and transport functions was observed in rat jejunum after IR exposure, which is consistent with the idea of the higher radiosensitivity of the small intestine compared to the colon [7]. We also demonstrate different patterns of TJ proteins presented in the jejunum (claudin-1, -2, occludin and tricellulin) and colon (claudin-1, -2, -3, -4, occludin and tricellulin) of rats. In addition, it was found that when exposed to IR, a pronounced alteration in TJ content occurs in the jejunum (increased levels of claudin-1, -2, -3, -4, multidirectional changes in tricellulin and occludin), whereas in the colon, only the levels of claudin-2 and claudin-4 significantly changed. These results demonstrate a segment-specific IR effect and illustrate that a less severe colonic radiation response is accompanied by less dramatic disturbance in the TJ complexes in this section.



Claudins are conventionally divided into those capable of sealing, reducing paracellular permeability and pore-forming, capable of transport stimulation throughout the epithelium [39]. Changes in the content of claudins of both types previously accompanied alterations in the permeability of the intestinal epithelium in various pathological conditions. Thus, an increase in the expression of sealing claudin-1 and pore-forming claudin-2 was observed in mammals during inflammation [40,41,42,43]. In this article, we also demonstrated an increase of claudin-1 and -2 in the jejunum after exposure to IR at a dose of 10 Gy. At the same time, it was claudin-2 which significantly increased both in the jejunum and in the colon after IR exposure. Claudin-2, being a pore-forming TJ protein, could influence the acceleration of water transport and the development of profuse diarrhea in the 10-Gy-irradiated group. In addition, claudin-2 is known to suppress the immune response by inhibiting pro-inflammatory signaling of NF-ƙB and STAT-3 through TGF-β synthesis activation [44]. Here, an increase in claudin-2 72 h after IR exposure might be additionally considered in the context of the anti-inflammatory response.



Unlike claudin-1, which is spread among the gut segments, claudins-3 and -4, also classified as sealing proteins, are not found in the jejunum of Wistar rats normally [17]. At the same time, both claudin-3 and -4 were found in the jejunum of 10-Gy-irradiated rats. Claudin-3 was previously considered as a potential marker for IR-induced intestinal barrier failure [20]. Surprisingly, we observed a claudin-3 increase in the jejunum of 10-Gy-irradiated rats 72 h after exposure instead of a decrease, reported previously in rats 6 days after exposure [20]. This can be explained by the fact that claudin-3 is not detected in the intact jejunum of Wistar rats, and the mechanisms of its participation in the radiation reaction can be different compared to other gut segments investigated. Furthermore, there are conflicting data on the non-canonical functions of claudin-3. Thus, claudin-3 is known as Clostridium perfringens enterotoxin receptor; their interaction induces pore formation in the plasma membrane of the host mucosa cells and rapid cytolysis [45]. Claudin-3 was also shown to induce cancer stemness via estrogen receptor-α [46], thus acting as a proliferation activator. Notably, claudin-3 was the only protein whose content was triggered by ionizing radiation at a dose of 2 Gy in our study. This may indicate a key role of this protein in the regulation of intestinal IR response, even upon exposure at low dose, although the exact mechanism of claudin-3 interactions remains unclear.



Claudin-4 was also revealed in the jejunum of rats in the 10-Gy-irradiated group, as well as in the colon, where it was increased compared to control. Previously, it was shown that, in addition to the canonical sealing role in TJ complexes, claudin-4 regulates the apoptotic response and proliferation rate through wide signaling networks [47,48]. The loss of claudin-4 expression significantly increased caspase-3 activation and reduced tumor cell migration [49]. Here, overexpressed claudin-4 in the jejunum and colon, coinciding with a caspase-3 decrease 72 h after 10-Gy IR exposure, can reflect the role of claudin-4 in apoptosis inhibition and proliferation stimulation. During GIARS, radiation-induced apoptosis leads to interrupted migration of epithelial cells from the crypts to the tips of the villi, followed by denudation of the intestinal mucosal barrier.



Free radical formation with reactive oxygen species (ROS) generation is also described as a possible mechanism of cell damage under IR exposure, as free radical scavengers have shown success in the mitigation of GI-ARS [10,50]. Occludin, as a protein important for a stable TJ strand network, was shown to be triggered by ROS-induced tyrosine phosphorylation and redox-sensitive dimerization [51,52]. An increase in occludin expression has already been recorded in the bladder epithelium after IR exposure [53], which is consistent with our results. Notably, induced overexpression of small intestine occludin previously suppressed tumor growth by modulating a set of several apoptosis-associated genes [54]. Perhaps, within the framework of IR-induced mitotic catastrophe, an increase in occludin content is a link to the triggering of apoptosis. This is also supported by proteomic data demonstrating a shared protein environment for claudin-4 and occludin, which are involved in apoptotic response and proliferation rate regulation [47].



Tricellulin is mainly localized in the areas of association of three adjacent cells: the so-called tricellular tight junctions (tTJs). Tricellulin is believed to be involved in the organization of the spatial architecture of TJs, providing their cis-interactions with proteins of other TJs [55]. The physiological role of tricellulin in bicellular TJs is to maintain the integrity of the epithelial layer, reducing strand discontinuities and decreasing paracellular permeability [56]. Tricellulin knockdown in mice resulted in the destruction of the TJ structure, both tricellular and bicellular, and was also accompanied by occludin accumulation [14]. In this study, the dramatic decrease in TER and increase in jejunal permeability to sodium fluorescein in the 10-Gy-irradiated group coincides with decrease in tricellulin levels. Multidirectional changes in tricellulin and occludin may indicate the replacement of tricellulin by occludin 72 h after IR exposure.



Various approaches are implicated to reduce damaging effects of IR as countermeasures for GI-ARS. Mitigation of ROS via free radical scavengers, such as N-acetyl-cysteine (NAC), have shown improvement in malondialdehyde and glutathione levels, as well as caspase-3 expression in the small intestine of rats [10]. Some studies highlight the role of TJ proteins in gut protection with drug candidates. Neurotensin, a gut tridecapeptide that stimulates the growth of normal gut mucosa and pancreas, was shown to significantly reduce bacterial translocation and restore the structure of the villi caused by IR exposure, with subsequent influence on claudin-3 level in mice [20]. In our previous study, chronic ouabain administration was proven to modulate the transport and barrier functions of rat colon epithelium damaged by IR exposure [57]. There is growing evidence that ouabain in nanomolar concentrations can affect the expression of claudins and epithelium barrier properties by triggering cSrc/Erk1/2 intracellular signal pathways and Na,K-ATPase [29,58], which makes it a potential candidate to protect the gut from ionizing radiation in the context of TJ proteins.



The results of this study demonstrate that when exposed to IR, the barrier and transport functions of the jejunum and colon of rats change, and the severity of these changes is dose- and segment-specific. Functional damage to the intestine under irradiation is accompanied by multidirectional changes in the level of TJ proteins. Alterations of TJ complexes may underlie not only damage to the intestinal barrier, but also other pathophysiological processes that occur during the development of gastrointestinal radiation injury, participating in inflammation, apoptosis and proliferation rate regulation. Given the wide functional range of TJ proteins, our findings may have wide implications for countermeasures in gastrointestinal acute radiation injury.




4. Materials and Methods


4.1. Animals


Male Wistar rats (Rattus norvegicus) (200–220 g, n = 20) were used in the experiments. Animals were housed in a temperature- and humidity-controlled room with food and water ad libitum. A 12 h light/dark cycle was maintained, with a constant air temperature of 22 ± 2 °C. All procedures involving rats were performed in accordance with the recommendations for the Guide for the Care and Use of Laboratory Animals [59]. The experimental protocol was approved by the Ethical Committee for Animal Research at St. Petersburg State University No. 131-03-5 dated 13 December 2017, and complied with the EU requirements set forth in Directive 2010/63/EU on animal experiments.



Animals were randomly subdivided into three groups. The rats of the two experimental groups were subjected to a single total external exposure of X-ray radiation at doses of 2 Gy (n = 4) or 10 Gy (n = 6) using the RUM-17 orthovoltage therapeutic X-ray unit (MosRentgen, Russia). During irradiation, the animals were placed in an aerated plexiglass box, which completely restricted their movement. The focal length of the X-ray tube was 50 cm; dose rate—0.31 Gy/min. To check the absorbed dose, an individual dosimeter was used, followed by result interpretation with a GO-32 measuring device (Spetsoborona, Russia). The control group of rats (n = 10) was subjected to a procedure of sham irradiation, in which the animals were placed in a box under the deactivated X-ray tube for 30 min. Rat body weight was measured at the beginning of protocol and daily during the experiment.



At 72 h after irradiation, the animals were subjected to deep anesthesia by administration of tribromoethanol at a dose of 750 mg/kg of body weight. After the autopsy procedure, freshly isolated jejunum and colon fragments were immediately used for electrophysiological measurements. Blood was taken from the heart to provide hematological analysis, and other fragments of the jejunum and colon were collected and then stored either at −80 °C for later Western blot analysis, or in 10% formalin for histological assessment. Animals were sacrificed by cervical dislocation.




4.2. Hematological Analysis


Heart blood samples were collected in sterile vacuum tubes containing EDTA-K3 (Chengdu Puth Medical Plastics Packaging Co., Chengdu, China) for hematological studies. The total leukocyte count in the blood was determined using an XN-1000 automatic hematology analyzer (Sysmex Corporation, Kobe, Japan). The number of leukocytes was expressed as the number of cells per 1 μL of blood. To count individual leukocyte fractions (lymphocytes and segmented neutrophils), thin blood smears were prepared, stained with azure II-eosin according to Romanovsky–Giemsa (see [60]). The resulting smears were analyzed using a Leica DMI6000 light microscope (Leica, Wetzlar, Germany); the relative content of lymphocytes and segmented neutrophils was calculated per 100 detected leukocytes and expressed as the number of cells per 1 μL of blood.




4.3. Registration of Electrophysiological Parameters in the Ussing Chamber


Samples of jejunum and colon were mounted in the Ussing chamber to register electrophysiological parameters according to the method described previously [27,61]. The solution used in the experiments contained (in mM): NaCl, 119; KCl, 5; CaCl2, 1.2; MgCl2, 1.2; NaHCO3, 25; Na2HPO4, 1.6; NaH2PO4, 0.4; D-glucose, 10 (pH 7.4). During registration (60 min), the temperature of 37 °C was maintained in the chambers. The solution filling the glass tanks of each chamber was continuously gassed with carbogen (95% O2 and 5% CO2) during the recording.



The value of the short-circuit current (Isc) was recorded when the voltage was fixed at the zero level (0 mV). To determine the transepithelial resistance (TER) of the tissue, the voltage was recorded when the current was fixed at a value of 10 μA. Transepithelial resistance was calculated according to Ohm’s law, taking into account the area of the camera aperture (0.126 cm2), and expressed in Ω × cm2.




4.4. Permeability for Sodium Fluorescein


To measure the permeability of the jejunum and colon, sodium fluorescein solution (Sigma Aldrich, Darmstadt, Germany) was placed into the Ussing chamber from the apical side to obtain a final concentration of 0.1 mM. The solution from the basolateral side was collected after 60 min of incubation to determine the concentration of sodium fluorescein permeated through the tissue. The signal intensity was measured in 96-well plates using a Typhoon FLA 9500 laser scanner (GE, Piscataway, NJ, USA), with an excitation wave length of 473 nm and a voltage of 430 V. The obtained image of the plate was analyzed using ImageJ software (NIH, Madison, WI, USA). The permeability value (Papp) was calculated using the formula Papp = (dQ/qt)/(A × C0), where (dQ/qt) is the concentration of sodium fluorescein on the serous side after 60 min of incubation (mol/L); A is the area of the studied tissue area (cm2); and C0 is the concentration of sodium fluorescein in the solution from the mucosal side at the initial time (mol/L).




4.5. Histological Analysis


Segments of the jejunum and large intestine obtained from sham-irradiated animals (n = 3), as well as from animals irradiated at a dose of 2 Gy (n = 3) and 10 Gy (n = 3), were fixed in 10% formalin solution (BioVitrum, Saint-Petersburg, Russia), followed by paraffin embedding. Using a Leica RM2265 rotary microtome (Leica, Wetzlar, Germany), 5 µm tissue sections were obtained, mounted on SuperFrost glass slides (Thermo Fisher Scientific, Waltham, MA, USA) and stained with hematoxylin and eosin (H&E). The obtained histological sections were analyzed using a Leica DMI6000 light microscope (Leica, Wetzlar, Germany). The images were obtained using a color digital CCD camera (Leica, Wetzlar, Germany) at a magnification of ×100 and ×200 using the Leica Application Suite software (Leica, Wetzlar, Germany).



To assess the changes in the histological structure of the tissues of the jejunum and colon after irradiation, quantitative analysis of the obtained images was performed using ImageJ software (NIH, Madison, WI, USA). In each animal, two tissue fragments were obtained, for each of which there were at least two H&E-stained sections; at least five visual fields were examined per each section. Data on every five visual fields, averaged per each H&E-stained section, were taken as an independent event. Independent double-blind analysis was conducted while providing quantitative assessment of tissue histological structure. The following morphometric parameters were evaluated in the jejunum: villus height and width, crypt depth and width, wall thickness, submucosa layer thickness, muscle and adventitia layer thickness; in the colon: crypt depth and width, wall thickness, submucosa layer thickness, muscle and adventitia layer thickness.




4.6. Western Blot


Pre-frozen (at −80 °C) tissue fragments of the jejunum and colon were incubated with RIPA buffer (10 mM Tris-HCl buffer (pH 7.4), 150 mM NaCl, 0.5% Triton X-100, 0.1% SDS), containing protease inhibitors Complete mini-EDTA-free tablets (Roche, Basel, Switzerland). Mechanical homogenization was carried out using a Retsch MM400 homogenizer (Retsch, Haan, Germany) followed by centrifugation for 15 min at 13,000× g at 4 °C (Eppendorf, Hamburg, Germany).



Total protein contents in the supernatants were measured with a Pierce Rapid Gold Bicinchoninic Acid Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s protocol, using a spectrophotometric microplate reader SPECTROstar Nano (BMG Labtech, Ortenberg, Germany). Equal amounts of total protein were heated for 10 min at 95 °C with a 4× Laemmli buffer.



Electrophoresis of protein samples was performed in 10% polyacrylamide TGX Stain-Free™ FastCast™ gel (Bio Rad, Hercules, CA, USA). Proteins were transferred from the gel onto polyvinylidene fluoride (PVDF) membranes (Bio Rad, Hercules, CA, USA) preactivated in methanol (30 s; 24 °C) using the Trans-Blot Turbo Transfer System (Bio Rad, Hercules, CA, USA).



After blocking in 5% milk powder, PVDF membranes were incubated overnight with primary mouse antibodies for claudin-2, and occludin or primary rabbit antibodies for claudin-1, -3, -4, tricellulin (#32-5600, #33-1500, #71-7800, #34-1700, #36-45800, #48-8400, Thermo Fisher Scientific, Waltham, MA, USA) and cleaved caspase-3 (#9661s, Cell Signalling, Danvers, MA, USA). After washing, PVDF membranes were incubated for 45 min in a solution of secondary goat anti-mouse or goat anti-rabbit antibodies conjugated with horseradish peroxidase (#AB205719, #AB205718, Abcam, Cambridge, UK). For chemiluminescent detection of proteins of interest, membranes were incubated in Clarity™ Western ECL solution (Bio-Rad, Hercules, CA, USA). The signal from bound secondary antibodies was detected using the ChemiDoc XRS+ Imaging System (Bio-Rad, Hercules, CA, USA). Band intensities were normalized using Image Lab 6.1 Software (Bio-Rad, Hercules, CA, USA) to the total protein load in the same sample measured in the membrane prior to incubation with antibody.




4.7. Statistics


Statistical analysis was performed using GraphPad Prism 8 software (GraphPad, San Diego, CA, USA). The difference between groups was estimated using two-way or one-way ANOVA followed by Bonferroni multiple comparisons test. When comparing the results of hematological analysis, the nonparametric Mann–Whitney test was used to compare 10-Gy irradiated group with control. All data are presented as mean ± standard error of the mean.









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms24021753/s1.





Author Contributions


Conceptualization, A.G.M. and A.A.L.; methodology, A.A.L., A.A.F., A.V.Z. and I.I.K.; investigation, A.A.L., A.A.F. and A.V.Z.; data curation, A.A.L. and A.A.F.; validation, A.A.L. and A.A.F.; writing—original draft preparation, A.A.L. and A.G.M.; writing—review and editing, A.A.L., A.A.F., A.V.Z., A.G.M. and I.I.K.; funding acquisition, I.I.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Russian Science Foundation, grant #18-15-00043 (for I.K.).




Institutional Review Board Statement


The study was conducted according to the recommendations for the Guide for the Care and Use of Laboratory Animals [56]. The experimental protocol met the requirements of the EU Directive 2010/63/EU for animal experiments and was approved by the Bioethics Committee of St. Petersburg State University no. 131-03-5 (issued 13-12-2017).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are available from the corresponding author upon reasonable request.




Acknowledgments


We are grateful to the St. Petersburg State University Research “Center for Molecular and Cell Technologies”.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kiang, J.G.; Olabisi, A.O. Radiation: A poly-traumatic hit leading to multi-organ injury. Cell. Biosci. 2019, 9, 25. [Google Scholar] [CrossRef]

	



Dubois, A.; Walker, R.I. Prospects for management of gastrointestinal injury associated with the acute radiation syndrome. Gastroenterology 1988, 95, 500–507. [Google Scholar] [CrossRef]

	



Garau, M.M.; Calduch, A.L.; López, E.C. Radiobiology of the acute radiation syndrome. Rep. Pract. Oncol. Radiother. 2011, 16, 123–130. [Google Scholar] [CrossRef]

	



MacVittie, T.J.; Bennett, A.; Booth, C.; Garofalo, M.; Tudor, G.; Ward, A.; Shea-Donohue, T.; Gelfond, D.; McFarland, E.; Jackson, W., 3rd; et al. The prolonged gastrointestinal syndrome in rhesus macaques: The relationship between gastrointestinal, hematopoietic, and delayed multi-organ sequelae following acute, potentially lethal, partial-body irradiation. Health Phys. 2012, 103, 427–453. [Google Scholar] [CrossRef] [PubMed]

	



Bacon, C.G.; Giovanucci, E.; Testa, M.; Kawachi, I. The impact of cancer treatment on quality of life outcomes for patients with localized prostate cancer. J. Urol. 2001, 166, 1804–1810. [Google Scholar] [CrossRef] [PubMed]

	



Sher, D.J. Cost-effectiveness studies in radiation therapy. Expert. Rev. Pharmacoecon. Outcomes 2010, 10, 567–582. [Google Scholar] [CrossRef] [PubMed]

	



Cameron, S.; Schwartz, A.; Sultan, S.; Schaefer, I.M.; Hermann, R.; Rave-Fränk, M.; Hess, C.F.; Christiansen, H.; Ramadori, G. Radiation-induced damage in different segments of the rat intestine after external beam irradiation of the liver. Exp. Mol. Pathol. 2012, 92, 243–258. [Google Scholar] [CrossRef] [PubMed]

	



Driák, D.; Osterreicher, J.; Vávrová, J.; Řeháková, Z.; Vilasová, Z. Morphological changes of rat jejunum after whole body gamma-irradiation and their impact in biodosimetry. Physiol. Res. 2008, 57, 475–479. [Google Scholar] [CrossRef]

	



Marshman, E.; Ottewell, P.D.; Potten, C.S.; Watson, A.J. Caspase activation during spontaneous and radiation-induced apoptosis in the murine intestine. J. Pathol. 2001, 195, 285–292. [Google Scholar] [CrossRef]

	



Mercantepe, F.; Topcu, A.; Rakici, S.; Tumkaya, L.; Yilmaz, A. The effects of N-acetylcysteine on radiotherapy-induced small intestinal damage in rats. Exp. Biol. Med. 2019, 244, 372–379. [Google Scholar] [CrossRef]

	



Turner, J.R. Intestinal mucosal barrier function in health and disease. Nat. Rev. Immunol. 2009, 9, 799–809. [Google Scholar] [CrossRef] [PubMed]

	



Kruglova, N.; Razgovorova, I.; Amasheh, S.; Markov, A. Accumulation of milk increases the width of tight junctions in the epithelium of mouse mammary alveoli. Biol. Commun. 2020, 65, 277–280. [Google Scholar] [CrossRef]

	



Markov, A.G.; Aschenbach, J.R.; Amasheh, S. Claudin clusters as determinants of epithelial barrier function. IUBMB Life 2015, 67, 29–35. [Google Scholar] [CrossRef] [PubMed]

	



Ikenouchi, J.; Furuse, M.; Furuse, K.; Sasaki, H.; Tsukita, S.; Tsukita, S. Tricellulin constitutes a novel barrier at tricellular contacts of epithelial cells. J. Cell. Biol. 2005, 171, 939–945. [Google Scholar] [CrossRef]

	



Günzel, D.; Fromm, M. Claudins and other tight junction proteins. Compr. Physiol. 2012, 2, 1819–1852. [Google Scholar] [CrossRef]

	



Lu, Z.; Ding, L.; Lu, Q.; Chen, Y.H. Claudins in intestines: Distribution and functional significance in health and diseases. Tissue Barriers 2013, 1, e24978. [Google Scholar] [CrossRef]

	



Markov, A.G.; Veshnyakova, A.; Fromm, M.; Amasheh, M.; Amasheh, S. Segmental expression of claudin proteins correlates with tight junction barrier properties in rat intestine. J. Comp. Physiol. B 2010, 180, 591–598. [Google Scholar] [CrossRef]

	



Zhu, L.; Han, J.; Li, L.; Wang, Y.; Li, Y.; Zhang, S. Claudin family participates in the pathogenesis of inflammatory bowel diseases and colitis-associated colorectal cancer. Front. Immunol. 2019, 10, 1441. [Google Scholar] [CrossRef]

	



Bhat, A.A.; Uppada, S.; Achkar, I.W.; Hashem, S.; Yadav, S.K.; Shanmugakonar, M.; Al-Naemi, H.A.; Haris, M.; Uddin, S. Tight Junction Proteins and Signaling Pathways in Cancer and Inflammation: A Functional Crosstalk. Front. Physiol. 2019, 9, 1942. [Google Scholar] [CrossRef]

	



Shim, S.; Lee, J.G.; Bae, C.H.; Lee, S.B.; Jang, W.S.; Lee, S.J.; Lee, S.S.; Park, S. Claudin-3 expression in radiation-exposed rat models: A potential marker for radiation-induced intestinal barrier failure. Biochem. Biophys. Res. Commun. 2015, 456, 351–354. [Google Scholar] [CrossRef]

	



Shukla, P.K.; Gangwar, R.; Manda, B.; Meena, A.S.; Yadav, N.; Szabo, E.; Balogh, A.; Lee, S.C.; Tigyi, G.; Rao, R. Rapid disruption of intestinal epithelial tight junction and barrier dysfunction by ionizing radiateon in mouse colon in vivo: Protection by N-acetyl-l-cysteine. Am. J. Physiol. Gastrointest. Liver. Physiol. 2016, 310, G705–G715. [Google Scholar] [CrossRef]

	



Huang, W.; Yu, J.; Jones, J.W.; Carter, C.L.; Pierzchalski, K.; Tudor, G.; Booth, C.; MacVittie, T.J.; Kane, M.A. Proteomic Evaluation of the Acute Radiation Syndrome of the Gastrointestinal Tract in a Murine Total-body Irradiation Model. Health Phys. 2019, 116, 516–528. [Google Scholar] [CrossRef]

	



Howarth, G.S.; Fraser, R.; Frisby, C.L.; Schirmer, M.B.; Yeoh, E.K. Effects of insulin-like growth factor-I administration on radiation enteritis in rats. Scand. J. Gastroenterol. 1997, 32, 1118–1124. [Google Scholar] [CrossRef]

	



Gu, J.; Chen, Y.Z.; Zhang, Z.X.; Yang, Z.X.; Duan, G.X.; Qin, L.Q.; Zhao, L.; Xu, J.Y. At What Dose Can Total Body and Whole Abdominal Irradiation Cause Lethal Intestinal Injury Among C57BL/6J Mice? Dose Response. 2020, 18, 1559325820956783. [Google Scholar] [CrossRef] [PubMed]

	



International Atomic Energy Agency. Manual on Radiation Haematology; International Atomic Energy Agency: Vienna, Austria, 1971; pp. 1–450. [Google Scholar]

	



Mihandoost, E.; Shirazi, A.; Mahdavi, S.R.; Aliasgharzadeh, A. Consequences of lethal-whole-body gamma radiation and possible ameliorative role of melatonin. Sci. World J. 2014, 2014, 621570. [Google Scholar] [CrossRef] [PubMed]

	



Livanova, A.A.; Fedorova, A.A.; Zavirsky, A.V.; Bikmurzina, A.E.; Krivoi, I.I.; Markov, A.G. Dose and time dependence of functional impairments in rat jejunum following ionizing radiation exposure. Physiol. Rep. 2021, 9, e14960. [Google Scholar] [CrossRef]

	



Molenda, N.; Urbanova, K.; Weiser, N.; Kusche-Vihrog, K.; Günzel, D.; Schillers, H. Paracellular transport through healthy and cystic fibrosis bronchial epithelial cell lines--do we have a proper model? PLoS ONE 2014, 9, e100621. [Google Scholar] [CrossRef]

	



Markov, A.G.; Fedorova, A.A.; Kravtsova, V.V.; Bikmurzina, A.E.; Okorokova, L.S.; Matchkov, V.V.; Cornelius, V.; Amasheh, S.; Krivoi, I.I. Circulating Ouabain Modulates Expression of Claudins in Rat Intestine and Cerebral Blood Vessels. Int. J. Mol. Sci. 2020, 21, 5067. [Google Scholar] [CrossRef]

	



Freeman, S.L.; Hossain, M.; MacNaughton, W.K. Radiation-induced acute intestinal inflammation differs following total-body versus abdominopelvic irradiation in the ferret. Int. J. Radiat. Biol. 2001, 77, 389–395. [Google Scholar] [CrossRef]

	



Potten, C.S.; Grant, H.K. The relationship between ionizing radiation induced apoptosis and stem cells in the small and large intestine. Br. J. Cancer 1998, 78, 993–1003. [Google Scholar] [CrossRef] [PubMed]

	



Kiang, J.G.; Smith, J.T.; Anderson, M.N.; Elliott, T.B.; Gupta, P.; Balakathiresan, N.S.; Maheshwari, R.K.; Knollmann-Ritschel, B. Hemorrhage enhancescytokine, complement component 3, and caspase-3, and regulates microRNAs associated with intestinal damage after whole-body gamma-irradiation in combined injury. PLoS ONE 2017, 12, e0184393. [Google Scholar] [CrossRef] [PubMed]

	



Kaminsky, L.W.; Al-Sadi, R.; Ma, T.Y. IL-1β and the Intestinal Epithelial Tight Junction Barrier. Front. Immunol. 2021, 12, 767456. [Google Scholar] [CrossRef]

	



Romero, E.S.; Cotoner, C.A.; Camacho, C.P.; Bedmar, M.C.; Vicario, M. The Intestinal Barrier Function and its Involvement in Digestive Disease. Rev. Esp. Enferm. Dig. 2015, 107, 686–696. [Google Scholar] [CrossRef]

	



Jiang, Y.; Guo, C.; Zhang, D.; Zhang, J.; Wang, X.; Geng, C. The altered tight junctions: An important gateway of bacterial translocation in cachexia patients with advanced gastric cancer. J. Interferon Cytokine Res. 2014, 34, 518–525. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, F.; Loucas, B.D.; Ito, I.; Asai, A.; Suzuki, S.; Kobayashi, M. Survival of Mice with Gastrointestinal Acute Radiation Syndrome through Control of Bacterial Translocation. J. Immunol. 2018, 201, 77–86. [Google Scholar] [CrossRef]

	



Challapalli, S.; Kumar, A.; Rai, R.; Kini, J.; Kumarchandra, R. Standardization of mean lethal dose (LD 50/30) of X-rays using linear accelerator (LINAC) in Albino Wistar rat model based on survival analysis studies and hematological parameters. Res. J. Pharm. Biol. Chem. Sci. 2015, 5, 1215–1219. [Google Scholar]

	



Markov, A.G.; Falchuk, E.L.; Kruglova, N.M.; Radloff, J.; Amasheh, S. Claudin expression in follicle-associated epithelium of rat Peyer’s patches defines a major restriction of the paracellular pathway. Acta Physiol. 2016, 216, 112–119. [Google Scholar] [CrossRef]

	



Overgaard, C.E.; Daugherty, B.L.; Mitchell, L.A.; Koval, M. Claudins: Control of barrier function and regulation in response to oxidant stress. Antioxid. Redox. Signal 2011, 15, 1179–1193. [Google Scholar] [CrossRef]

	



Weber, C.R.; Nalle, S.C.; Tretiakova, M.; Rubin, D.T.; Turner, J.R. Claudin-1 and claudin-2 expression is elevated in inflammatory bowel disease and may contribute to early neoplastic transformation. Lab. Investig. 2008, 88, 1110–1120. [Google Scholar] [CrossRef]

	



Oshima, T.; Miwa, H.; Joh, T. Changes in the expression of claudins in active ulcerative colitis. J. Gastroenterol. Hepatol. 2008, 23, S146–S150. [Google Scholar] [CrossRef]

	



Garcia-Hernandez, V.; Quiros, M.; Nusrat, A. Intestinal epithelial claudins: Expression and regulation in homeostasis and inflammation. Ann. N. Y. Acad. Sci. 2017, 1397, 66–79. [Google Scholar] [CrossRef]

	



Saeedi, B.J.; Kao, D.J.; Kitzenberg, D.A.; Dobrinskikh, E.; Schwisow, K.D.; Masterson, J.C.; Kendrick, A.A.; Kelly, C.J.; Bayless, A.J.; Kominsky, D.J.; et al. HIF-dependent regulation of claudin-1 is central to intestinal epithelial tight junction integrity. Mol. Biol. Cell 2015, 26, 2252–2262. [Google Scholar] [CrossRef] [PubMed]

	



Ahmad, R.; Chaturvedi, R.; Olivares-Villagómez, D.; Habib, T.; Asim, M.; Shivesh, P.; Polk, D.B.; Wilson, K.T.; Washington, M.K.; Van Kaer, L.; et al. Targeted colonic claudin-2 expression renders resistance to epithelial injury, induces immune suppression, and protects from colitis. Mucosal Immunol. 2014, 7, 1340–1353. [Google Scholar] [CrossRef] [PubMed]

	



Fujita, K.; Katahira, J.; Horiguchi, Y.; Sonoda, N.; Furuse, M.; Tsukita, S. Clostridium perfringens enterotoxin binds to the second extracellular loop of claudin-3, a tight junction integral membrane protein. FEBS Lett. 2000, 476, 258–261. [Google Scholar] [CrossRef] [PubMed]

	



Ma, L.; Yin, W.; Ma, H.; Elshoura, I.; Wang, L. Targeting claudin-3 suppresses stem cell-like phenotype in nonsquamous non-small-cell lung carcinoma. Lung Cancer Manag. 2019, 8, LMT04. [Google Scholar] [CrossRef] [PubMed]

	



Fredriksson, K.; Van Itallie, C.M.; Aponte, A.; Gucek, M.; Tietgens, A.J.; Anderson, J.M. Proteomic analysis of proteins surrounding occludin and claudin-4 reveals their proximity to signaling and trafficking networks. PLoS ONE 2015, 10, e0117074. [Google Scholar] [CrossRef]

	



Michl, P.; Barth, C.; Buchholz, M.; Lerch, M.M.; Rolke, M.; Holzmann, K.H.; Menke, A.; Fensterer, H.; Giehl, K.; Löhr, M.; et al. Claudin-4 expression decreases invasiveness and metastatic potential of pancreatic cancer. Cancer Res. 2003, 63, 6265–6271. [Google Scholar]

	



Hicks, D.A.; Galimanis, C.E.; Webb, P.G.; Spillman, M.A.; Behbakht, K.; Neville, M.C.; Baumgartner, H.K. Claudin-4 activity in ovarian tumor cell apoptosis resistance and migration. BMC Cancer 2016, 16, 788. [Google Scholar] [CrossRef]

	



Yahyapour, R.; Motevaseli, E.; Rezaeyan, A.; Abdollahi, H.; Farhood, B.; Cheki, M.; Rezapoor, S.; Shabeeb, D.; Musa, A.E.; Najafi, M.; et al. Reduction-oxidation (redox) system in radiation-induced normal tissue injury: Molecular mechanisms and implications in radiation therapeutics. Clin. Transl. Oncol. 2018, 20, 975–988. [Google Scholar] [CrossRef] [PubMed]

	



Elias, B.C.; Suzuki, T.; Seth, A.; Giorgianni, F.; Kale, G.; Shen, L.; Turner, J.R.; Naren, A.; Desiderio, D.M.; Rao, R. Phosphorylation of Tyr-398 and Tyr-402 in occludin prevents its interaction with ZO-1 and destabilizes its assembly at the tight junctions. J. Biol. Chem. 2009, 284, 1559–1569. [Google Scholar] [CrossRef]

	



Kale, G.; Naren, A.P.; Sheth, P.; Rao, R.K. Tyrosine phosphorylation of occludin attenuates its interactions with ZO-1, ZO-2, and ZO-3. Biochem. Biophys. Res. Commun. 2003, 302, 324–329. [Google Scholar] [CrossRef]

	



Baradaran-Ghahfarokhi, M.; Amouheidari, A.; Shahbazi-Gahrouei, D.; Baradaran-Ghahfarokhi, H.R.; Tanderup, K.; Dörr, W.; Shokrani, P. Evaluation of the Effects of Prostate Radiation Therapy on Occludin Expression and Ultrasonography Characteristics of the Bladder. Int. J. Radiat. Oncol. Biol. Phys. 2017, 99, 963–971. [Google Scholar] [CrossRef]

	



Osanai, M.; Murata, M.; Nishikiori, N.; Chiba, H.; Kojima, T.; Sawada, N. Epigenetic silencing of occludin promotes tumorigenic and metastatic properties of cancer cells via modulations of unique sets of apoptosis-associated genes. Cancer Res. 2006, 66, 9125–9133. [Google Scholar] [CrossRef] [PubMed]

	



Hou, J. Paracellular Water Channel. In The Paracellular Channel: Biology, Physiology, and Disease; Academic Press: Cambridge, MA, USA, 2019; pp. 83–92. [Google Scholar]

	



Krug, S.M.; Amasheh, S.; Richter, J.F.; Milatz, S.; Günzel, D.; Westphal, J.K.; Huber, O.; Schulzke, J.D.; Fromm, M. Tricellulin forms a barrier to macromolecules in tricellular tight junctions without affecting ion permeability. Mol. Biol. Cell. 2009, 20, 3713–3724. [Google Scholar] [CrossRef] [PubMed]

	



Kravtsova, V.V.; Fedorova, A.A.; Tishkova, M.V.; Livanova, A.A.; Vetrovoy, O.V.; Markov, A.G.; Matchkov, V.V.; Krivoi, I.I. Chronic Ouabain Prevents Radiation-Induced Reduction in the α2 Na, K-ATPase Function in the Rat Diaphragm Muscle. Int. J. Mol. Sci. 2022, 23, 10921. [Google Scholar] [CrossRef] [PubMed]

	



Larre, I.; Lazaro, A.; Contreras, R.G.; Balda, M.S.; Matter, K.; Flores-Maldonado, C.; Ponce, A.; Flores-Benitez, D.; Rincon-Heredia, R.; Padilla-Benavides, T.; et al. Ouabain modulates epithelial cell tight junction. Proc. Natl. Acad. Sci. USA 2010, 107, 11387–11392. [Google Scholar] [CrossRef]

	



National Research Council. Guide for the Care and Use of Laboratory Animals, 8th ed.; National Academies Press: Washington, DC, USA, 2011; pp. 1–246. [Google Scholar]

	



Harvey, J.W.; Stevens, A.; Lowe, J.S.; Scott, I. Veterinary Hematology; WB Saunders: St. Louis, MO, USA, 2012; pp. 234–259. [Google Scholar]

	



Thomson, A.; Smart, K.; Somerville, M.S.; Lauder, S.N.; Appanna, G.; Horwood, J.; Sunder Raj, L.; Srivastava, B.; Durai, D.; Scurr, M.J.; et al. The Ussing chamber system for measuring intestinal permeability in health and disease. BMC Gastroenterol. 2019, 19, 98. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 24 01753 g001 550] 





Figure 1. The effects of ionizing radiation (IR) on weight gain (a) and leukocyte counts (b) of rats. (a) Rats exposed to 10-Gy IR lost weight daily, whereas control and 2-Gy-irradiated groups did not differ significantly. Two-way ANOVA followed by Bonferroni multiple comparisons test, ** p < 0.01, *** p < 0.001—10-Gy-irradiated group vs. control. (b) Total leukocyte count, lymphocyte and neutrophil counts in the heart blood of rats decreased significantly after 10-Gy irradiation. The number of rats studied corresponds to the number of symbols. Mann–Whitney test, ** p < 0.01—10-Gy-irradiated group vs. control. 
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Figure 2. Transepithelial resistance (TER), short-circuit current (Isc) and permeability of jejunum (a,c,e) and colon (b,d,f) of rats after IR exposure. (a,b) TER dynamics during 60 min registration in Ussing chamber (line charts, left) and values, measured at 5 min time point (box plots, right). Two-way and one-way ANOVA followed by Bonferroni multiple comparisons test, ** p < 0.01, *** p < 0.001—10-Gy-irradiated group vs. control. (c,d) Short-circuit current (Isc) dynamics during 60 min registration in Ussing chamber (line charts, left) and values, measured at 5 min time point (box plots, right). Two-way and one-way ANOVA followed by Bonferroni multiple comparisons test, * p < 0.05, ** p < 0.01—10-Gy-irradiated group vs. control. (e,f) Jejunum and colon permeability measured as the paracellular flux of sodium fluorescein. Number of symbols corresponds to tissue segments in Ussing chamber; for each rat, 3–4 segments of tissue were examined. One-way ANOVA followed by Bonferroni multiple comparisons test, ** p < 0.01—10-Gy-irradiated group vs. control. 
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Figure 3. Histopathology of the jejunum (a,b) and colon (c,d) rat tissues after IR exposure. (a,c) H&E-stained sections of jejunum and colon after IR exposure; C—crypt, V—villus. (b,d) Histopathological parameters of rat jejunum and colon after IR exposure. The number of symbols corresponds to the number of H&E sections analyzed (see Section 4). One-way ANOVA followed by Bonferroni multiple comparisons test. * p < 0.05, ** p < 0.01, *** p < 0.001—2-Gy- or 10-Gy-irradiated group vs. control. 
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Figure 4. Content of TJ proteins and cleaved caspase-3 in rat jejunum (a,b) and colon (c,d) after IR exposure. (a,c) Stain-Free™ Western Blot analysis of protein level. Number of symbols corresponds to the number of rats studied. Band intensities were normalized using the total protein load. One-way ANOVA followed by Bonferroni multiple comparisons test. * p < 0.05—2-Gy- or 10-Gy-irradiated group vs. control. (b,d) Representative Western blots for TJ proteins and cleaved caspase-3, used for analysis of their content. For total protein used as loading control in Stain-Free Western blot analysis, see Supplementary Material. 
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