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Abstract. 
Stroke is the second leading cause of death worldwide. Patients who have a stroke are susceptible to many gastrointestinal (GI) complications, such as dysphagia, GI bleeding, and fecal incontinence. However, there are few studies focusing on the GI tract after stroke. The current study is to investigate the changes of intestinal structure and function in mice after ischemic stroke. Ischemic stroke was made as a disease model in mice, in which brain and ileal tissues were collected for experiments on the 1st and 7th day after stroke. Intestinal motility of mice was inhibited, and intestinal permeability was increased after stroke. Hematoxylin-eosin (HE) staining showed the accumulation of leucocytes in the intestinal mucosa. Myeloperoxidase (MPO) activity and inflammatory proteins (nuclear factor kappa-B (NF-κB), inducible nitric oxide synthase (iNOS)) in the small intestine were significantly increased in mice after stroke. The expression of tight junction (TJ) proteins (zonula occludens-1 (ZO-1), occludin, and claudin-1) was downregulated, and transmission electron microscopy (TEM) showed broken TJ of the intestinal mucosa after stroke. Glial fibrillary acidic protein (GFAP) and the apoptosis-associated proteins (tumor necrosis factor (TNF-α), caspase-3, and cleaved caspase-3) were notably upregulated as well. Ischemic stroke led to negative changes on intestinal structure and function. Inflammatory mediators and TNF-α-induced death receptor signaling pathways may be involved and disrupt the small intestinal barrier function. These results suggest that stroke patients should pay attention to GI protection.

1. Introduction
Stroke remains the second leading cause of death in the world and results in approximately 5.5 million deaths in the year 2016 [1, 2]. Stroke is divided into ischemic stroke and hemorrhagic stroke. In China, ischemic stroke accounts for 69.6%-77.8% of the total number of strokes [3]. Importantly, stroke may not only cause damage to the brain but also damage other organs such as the heart, lungs, and gastrointestinal (GI) tract [4]. The GI tract plays an important role in metabolic control and nutritional homeostasis [5]. Patients who have a stroke are susceptible to GI complications [4], such as dysphagia, GI bleeding, fecal incontinence, immunosuppression, and infections, which affect the outcome of stroke and increase the length of hospital stay and cost [1, 6]. The gut is a complex organ that is responsible for absorbing nutrients and it has its own immune and nervous system. The intestine lives in various stress events such as infections and trauma, and its damaged mucosa may increase the permeability which creates an environment suitable for spreading bacteria and endotoxins, which play an important role in developing systemic inflammatory response syndrome (SIRS) and multiple organ dysfunction syndrome (MODS) [7, 8]. More and more evidence confirms that there is a close relationship between the central nervous system, enteric nervous system, and GI tract [9]. The barrier function of the intestinal mucosa plays an important role in the brain-gut axis interaction. Hang et al. [10] reported the changes of intestinal mucosal structure in rats after traumatic brain injury, and Hotchkiss et al. [11] suggested that trauma and shock can cause apoptosis of intestinal cells and lead to impaired intestinal barrier function. Clinical or experimental evidences on intestinal function after stroke are limited and contradictory. For example, some researchers reported that stroke causes damage to the intestinal mucosa and increased intestinal permeability, resulting in translocation of the microbiota [12, 13], while others proposed that stroke does not alter the shape and function of the intestine [14]. In this study, we used an animal model to investigate the function and pathophysiology of the small intestine in the acute (1 day) and intermediate stages (7 days) of stroke and to explore its potential molecular mechanisms.
2. Materials and Methods
2.1. Animals
Male C57BL/6 mice of 8 weeks from SLAC (Shanghai, China) were used in this study. A total of 56 male mice were randomly divided into the following four groups: (i) sham 1-day group, (ii) stroke 1-day group, (iii) sham 7-day group, and (iv) stroke 7-day group (Figure 1). Before the experiment, the mice were housed in the experimental animal facility for one week for acclimatization. Mice lived in constant room temperature (), humidity (55%), 12-hour light-dark cycle, and specific pathogen-free (SPF) environment. During the entire experiment, sterilized food and water were made available unless otherwise stated. The experiments were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All experimental procedures were approved by the Zhejiang University Ethics Committee for Animal Research.




			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
		
			
			
			
			
		Figure 1: Animal grouping.


2.2. Surgical Procedures
Photochemically induced experimental stroke models were first developed by Watson et al. [15]. Unilateral cortical lesions were induced photochemically. Before the experiment, mice were anesthetized with 3% isoflurane/air (RWD Life Science, China) and maintained at 1.25% isoflurane during the surgery. The hair of the mice was shaved, and the head skin was sterilized with povidone. Then, the head skin was incised, and an optical fiber mounted on a cold light source (, ) was placed over the right hemisphere with a focus at 2 mm behind the bregma and 2 mm left to the midline. Rose Bengal (Sigma, America) was injected via the lateral tail vein, and then, we began focal illumination for 5 min. The wound was then sutured, and mice were returned to their cages. Animals in control groups underwent the same procedures, including light exposure and the surgery, but were administered with saline only. Finally, animals were euthanized 1 or 7 days later for brain and intestine (ileum) tissue collection.
2.3. TTC Staining and Neurological Deficit Scoring
Generally, 2,3,5-triphenyltetrazolium (TTC) reacts with normal brain tissue and is reduced to a red insoluble product. After euthanasia, the mouse brain was removed and sectioned into coronal slices (1 mm) and then immersed into 2% TTC solution at 37°C for 30 min. Stroke outcomes were evaluated with the Neurological Deficit Score (NDS) [12] which was a method of evaluating neurological deficit. The NDS was scored at ischemia, 1 and 7 days after surgery, using a 5-point scale: 0 point = normal; 1 point = when caught by the tail, the torso turns to the same side; 2 points = circle to the affected side; 3 points = difficult to support the weight of the affected side; and 4 points = no spontaneous movement.
2.4. Intestinal Propulsion Assay
Mice were gavaged with 0.2 ml of 10% methylene blue and anesthetized after 30 minutes. Laparotomy after euthanasia was performed, marking the end of the dye, and the impelling ratio (IR) was measured based on the length between the pylori and the end of the small intestine stained in blue () and the entire length of the small intestine (). Intestinal propulsion was calculated according to the formula: .
2.5. Hematoxylin-Eosin (HE) Staining
Ileum segments were collected and put into 4% paraformaldehyde. Specimens were embedded in paraffin and cut into pieces. The 4 μm thick sections were stained with HE staining and examined under a light microscope (Olympus BX61, Japan). Chiu’s scoring system [16] was used to quantify the degree of intestinal damage following ischemic stroke: 0 point = normal mucosal villi; 1 point = development of the subepithelial space, usually at the apex of the villus; 2 points = extension of the subepithelial space with moderate lifting of the epithelial layer from the lamina propria; 3 points = massive epithelial lifting down the sides of villi; 4 points = denuded villi with lamina propria and dilated capillaries exposed; and 5 points = digestion and disintegration of lamina propria, hemorrhage, and ulceration.
2.6. Intestinal Permeability In Vivo
An intestinal permeability assay to assess the barrier function in vivo was performed using fluorescein isothiocyanate-dextran (FITC-D). Food and water were removed from cages for 4 hours, and animals then were gavaged with FITC-D solution (0.5 mg/1 g body weight, MW 4000; Sigma-Aldrich). One hour later, serum was collected. Fluorescence intensity of serum was measured and analyzed (excitation, 485 nm; emission, 525 nm) with a microplate reader (SynergyMx M5, Molecular Devices, America).
2.7. Quantitative Real-Time Reverse Transcription PCR
Total RNA was extracted from the tissue using the TRIzol reagent (Beyotime Biotechnology, China). Reverse transcription and quantitative PCR was carried out using the two-step Bestar qRCR RT Kit and CFX96 real-time PCR system (Bio-Rad, America). The PCR was conducted according to the manufacturer’s protocol. Primer sequences are shown in Table 1. Relative expression level of the target gene was determined by the  method, and β-actin was utilized as an internal control.
Table 1: Primers used for RT-qPCR.
	

	Gene	Primer	Primer sequence (5-3)
	

	ZO-1	Forward	CATCATTCGCCTTCATAC
	Reverse	GTGTCTACTGTCCGTGCT
	Occludin	Forward	CTTTGGCTACGGAGGTGGCTAT
	Reverse	CTTTGGCTGCTCTTGGGTCTG
	Claudin-1	Forward	GCTGGGTTTCATCCTGGCTTCT
	Reverse	CCTGAGCGGTCACGATGTTGTC
	β-Actin	Forward	CGTGCGTGACATCAAAGAGAAG
	Reverse	CAAGAAGGAAGGCTGGAAAAGA
	



2.8. Transmission Electron Microscopy (TEM)
The ileum for electron microscopy was fixed in 2.5% glutaraldehyde and 1% osmic acid. And then, the samples were stained with 2% uranyl acetate. Dehydration of the tissue was accomplished in ethanol at increasing concentrations. At last, specimens were embedded in an epoxy resin and made into specialized electron microscope sections. The ultrastructure of samples was examined under a transmission electron microscope (Tecnai G2 Spirit 120 kV, Thermo FEI).
2.9. Myeloperoxidase (MPO) Activity Assay
Myeloperoxidase activity was detected using the Myeloperoxidase Activity Assay Kit (Nanjing Jiancheng Bioengineering Institute, China). Experiments were performed according to the manufacturer’s instructions. Briefly, ilea (50 mg weight) were isolated from each group and homogenized in 1 mL buffer solution. A reaction mix was prepared and added for each reaction according to the manufacturer’s instructions. The samples were incubated at 37°C for 30 minutes. The reaction was stopped by adding 50 μL stop mix to all samples and incubated at 60°C for 10 minutes. Light absorbance at 460 nm was read. , where  is the absorbance value of the test group,  is the absorbance value of the blank group, and  is the weight of the sample.
2.10. Western Blot Analysis
Total protein of the intestinal tissues was extracted from each group using 0.5 mL ice-cold RIPA buffer, with added protease and phosphatase inhibitors (Rocher, Switzerland). After grinding twice with liquid nitrogen for 5 minutes each time and centrifuging at 12,000 rpm for 30 minutes at 4°C, the supernatant protein was collected and stored in a -80°C refrigerator. The protein concentration was determined using a BCA kit (Auragene Bioscience, China) and unified to 2.5 μg/μL. SDS-PAGE loading buffer was added to the protein sample (protein sample: loading ), and boil the mixture in water at 100°C for 5 minutes. Then, a total of 20 μg protein of each sample was subjected to electrophoresis on a 15% SDS-PAGE gel (Fude Biological Technology, China). After performing electrophoresis at 200 V for 60 min, the protein was electrophoretically transferred into a 0.45 mm polyvinylidene difluoride (PVDF) membrane by using a Bio-Rad TransBlot apparatus for 60 min at 300 mA. Afterwards, the PVDF membranes were blocked with TBST containing 5% skim milk for 3 hours at room temperature. Then, the membranes were incubated with different antibodies at 4°C overnight. The primary antibodies used were as follows: primary rabbit monoclonal against GAPDH (1 : 1,000; CST), ZO-1 (1 : 1,000; CST), occludin (1 : 1,000; CST), claudin-1 (1 : 1,000; CST), NF-κB (1 : 1,000; CST), caspase-3 (1 : 1,000; CST), cleaved caspase-3 (1 : 1,000; CST), GFAP (1 : 1,000; CST), primary mouse polyclonal anti-TNF-α (1 : 400; Boster), and iNOS (1 : 400; Boster). After the incubation, the membrane was washed with TBST four times, each time for 5 minutes. The membrane was then incubated with goat anti-rabbit (1 : 5,000; BIOKER) and goat anti-mouse IgG antibodies (1 : 5,000; BIOKER) at room temperature (25°C) for 2.5 hours and then washed 4 times with TBST. Finally, the membranes incubated with enhanced chemiluminescence (ECL) were exposed in the ChemiDoc Touch Imaging System. The grayscale value of the protein band was analyzed by using Image Lab. All experiments were performed three times.
2.11. Immunofluorescence Staining
Frozen sections of 15 μm thick tissue were dried at 37°C for 1 h. After blocking with 5% normal nonimmune goat serum for 1 h, sections were incubated at 4°C overnight with the following primary antibodies: GFAP (1 : 500, mouse IgG; CST). Then, sections were rinsed four times with PBS for 5 minutes each one and incubated with secondary antibodies (1 : 500, Dylight488 goat anti-rabbit IgG, EarthOx) for 2 h. Sections were then washed 3 times with PBS, and a mounting medium containing 4,6-diamidino-2-phenylindole (DAPI) was added to the sections and then sealed with a coverslip. Fluorescent signals were observed under a fluorescence microscope (Olympus BX61, Japan). Three tissue sections were selected from each slide for analysis, and mean values were calculated. Independent experiments were repeated three times. .
2.12. Statistical Analysis
Statistical analysis was performed by using IBM SPSS 22.0 software. Data are expressed as  (SD). The Kruskal-Wallis ANOVA on ranks followed by Dunn’s post hoc analysis, paired-sample -test, and two-way ANOVA followed by Tukey’s post hoc test were used to determine the statistical significance between multiple groups, when appropriate.  was accepted as statistically significant.
3. Results
3.1. Stroke Model Was Successfully Established, and Intestinal Motor Function of Mice Decreased after Stroke
TTC staining showed an obvious cerebral infarction area in the experimental stroke model, including the stroke 1-day group and stroke 7-day group, while both 1-day and 7-day sham groups were completely normal (Figure 2(a)). The results showed that NDS was 0 point both before and after the surgery. NDS of the stroke group was significantly higher than that of the sham group (, , Figure 2(b)). One day after stroke, the weight of the mice decreased compared to prestroke (, , Figure 2(c)), but there was no difference in the sham group. The intestinal propulsion assay represented intestinal motor function, and the impelling ratio (IR) of the stroke 1-day group was lower than that of the sham 1-day group (, ), while the stroke 7-day group was not statistically different from the sham 7-day group (, ; Figure 2(d)).
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Figure 2: Ischemia model was successfully established. (a) Representative images of the mouse brain and TTC staining: the white part of the brain is the tissue of ischemic infarction. (b) Neurological Deficit Score (NDS) at different time points () (Kruskal-Wallis ANOVA on ranks). (c) Mouse body weight at different time points () (paired-sample -test). (d) The impelling ratio (IR) at different times () (two-way ANOVA with Tukey’s multiple comparison test). Data were expressed as . . ns: not significant.


3.2. Stroke Caused Intestinal Inflammation
HE staining showed the accumulation of leucocytes in the intestinal mucosa (Figure 3(a), red arrow), but the intestinal villi were still intact. Chiu’s score is recommended for pathological grading of intestinal mucosal villi. The results showed that the score of the stroke 1-day group was higher than that of the sham group (, , Figure 3(b)), and the scores were mainly on 1 point. The expression of MPO of the stroke 1-day group was higher than that of the sham 1-day group (, ), and the level in the stroke 7-day group was higher than that in the control group while lower than that in the stroke 1-day group (, ; Figure 3(c)). Both iNOS and NF-κB expressions showed stronger bands in the stroke 1-day group than in the sham 1-day group (, ; Figures 3(d) and 3(e)), and the levels in the stroke 7-day group were still higher than those in the sham 7-day group, but lower than those in the stroke 1-day group (, ; Figures 3(d) and 3(e)).
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Figure 3: Stroke caused intestinal inflammation. (a) Representative images of hematoxylin-eosin (HE) staining of the ileum (magnification ×200, red arrow points to the leukocyte infiltration). (b) Chiu’s score for the intestinal mucosa () (Kruskal-Wallis ANOVA on ranks). (c) Myeloperoxidase (MPO) activity was measured () (two-way ANOVA with Tukey’s multiple comparison test). (d, e) Representative western blots and quantification data of iNOS, NF-κB, and GAPDH for each group () (two-way ANOVA with Tukey’s multiple comparison test). Data were expressed as . , , and . ns: not significant. Scale bar: 100 μm.


3.3. Stroke Impairs the Function of the Intestinal Barrier Causing Increased Intestinal Permeability
The intestinal permeability of mice was measured by the FITC-D method. Compared with the sham 1-day group, the intestinal permeability of the stroke 1-day group was increased (, ), while there was no significant difference between the stroke 7-day group and sham 7-day group (, ; Figure 4(a)). The mRNA expressions of TJ proteins (ZO-1, occludin, and claudin-1) in mice decreased significantly in the stroke 1-day group (, , Figure 4(b)), but the difference had not reached significance after 7 days of stroke (, ; Figure 4(b)). Western blot confirmed the qRT-PCR results (Figures 4(c) and 4(d)). Transmission electron microscopy (TEM) showed damage to TJ of the intestinal mucosa after stroke. Compared with the sham 1-day group, the space of TJ between epithelial cells in the stroke 1-day group was significantly enlarged (Figure 4(e), yellow arrow), and the internal structure of the cell was disordered, and its mitochondria appeared to have vacuole-like degeneration (Figure 4(e), green arrow). The space of tight junction in the stroke 7-day group had also expanded, but it was better than that in the stroke 1-day group (Figure 4(e)).
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Figure 4: Ischemic stroke leads to increased intestine permeability. (a) Quantitative analysis of serum FITC-D as a measure of intestinal barrier functions (). (b) mRNA levels of ZO-1, occludin, and claudin-1 were measured with RT-qPCR and normalized to the expression levels of β-actin (). The results were presented as fold changes relative to the sham group. (c, d) Representative western blots and quantification data of ZO-1, occludin, claudin-1, and GAPDH for each group (). Two-way ANOVA with Tukey’s multiple comparison test. Data were expressed as . , , and . ns: not significant. (e) Representative images of transmission electron microscopy (TEM) (magnification ×23000). The ultrastructure of the normal small intestinal mucosa looked like that of sham 1d and sham 7d, including perfect tight junctions (TJ) and normal mitochondria (yellow arrow points to enlarged tight junction, and green arrow points to degenerate mitochondria). Scale bar: 2 μm.


3.4. Stroke Activated Enteric Glia
Glial fibrillary acidic protein (GFAP) is a marker of astrocyte activation in the nervous system, which is also expressed in the intestine. GFAP protein expression in the stroke 1-day group was higher than that in the sham 1-day group (, ; Figures 5(a) and 5(b)). However, there was no significant difference in GFAP expression between stroke 7-day and sham 7-day mice (, ; Figures 5(a) and 5(b)). Immunofluorescence confirmed the western blot results (; Figures 5(c) and 5(d)).
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Figure 5: Ischemic stroke activated enteric glia. (a, b) Representative western blots and quantification data of GFAP and GAPDH for each group (). (c) Representative fluorescence microscopic images of GFAP (green) and DAPI (blue) (magnification ×100). Both images are merged at the top panel. (d) Quantification of GFAP punctae (). Data were expressed as . ,  (two-way ANOVA, Tukey’s posttest). ns: not significant. Scale bar: 200 μm.


3.5. Stroke May Promote Intestinal Apoptosis through the Death Receptor Signaling Pathway
The protein expressions of TNF-α, caspase-3, and cleaved caspase-3 in the stroke 1-day group were stronger than those in the sham 1-day group (, ; Figures 6(a) and 6(b)). The protein expression of the above three proteins in the stroke 7-day group was still stronger than that in the sham 7-day group but weaker than that in the stroke 1-day group (, ; Figures 6(a) and 6(b)).
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Figure 6: Ischemic stroke promotes apoptosis of the small intestine. (a, b) Representative western blots and quantification data of TNF-α, caspase-3, cleaved caspase-3, and GAPDH for each group (). Data were expressed as . ,  (two-way ANOVA with Tukey’s multiple comparison test). ns: not significant; CC-3: cleaved caspase-3.


4. Discussion
The photochemically induced stroke model was first reported by Waston et al. in 1985 and continues to evolve [15, 17]. Rose Bengal releases active oxygen under light to damage the endothelium of blood vessels, which in turn causes platelets to aggregate and form thrombi. This model is stable and less invasive and is more in line with the pathophysiology of thrombosis [18, 19]. TTC staining results (Figure 2(a)) showed that the brains of the stroke group mice have large infarcted areas. The NDS is a method of evaluating neurological deficit, in which a score of 0 point is normal. It was shown that the mice developed neurological symptoms after stroke (Figure 2(b)). The weight of the mouse may be related to the damage suffered by the mouse. Intestinal propulsion experiments showed that stroke can significantly affect intestinal motility. Cerebral ischemia may cause an interruption of the axis between the GI system and central nervous system, leading to dysphagia and GI dysmotility [20]. Compared with the stroke 1-day group, the indicators of the stroke 7-day group were closer to those of the sham group (Figure 2(d)), which implies that motor functions of the mice are in a continuous recovery process after stroke. Intestinal motility is very complex and is affected in many ways, including nerves, hormones, inflammation, and bacteria [21–23]. Future studies are required in order to better explore these important issues.
Xu et al. [8] and Liu et al. [24] proposed that ischemic stroke may cause shedding and necrosis of the intestinal villus epithelium, while Oyama et al. [14] believe that the stroke will not cause changes in the small intestine pathophysiology and the appearance of these changes may depend on sectioning and the Swiss roll technique. The results of HE staining experiment in this study showed an accumulation of leucocytes in the intestinal mucosa (Figure 3(a), red arrow). Chiu’s score showed minor damage to the small intestinal villi after stroke, while intestinal villi were still intact. In order to further study the internal mechanism of gut changes after stroke, we evaluated indicators related to mucosal inflammation and apoptosis. The experimental results showed that the protein expressions of inflammation-related proteins iNOS, NF-κB, and MPO in the ileum were increased after 1 day of stroke (Figures 3(c)–3(e)). iNOS activated by bacterial pathogens or immunostimulating cytokines produces large amounts of NO via activation of the NF-κB pathway, which is considered cytotoxic [25]. In the past decade, it has become increasingly agreed that upregulation of iNOS is harmful to the intestinal mucosa and iNOS plays an important role in the pathophysiology of DSS-induced colitis in mice [25–27]. The upregulation of iNOS and MPO reflects the increase in intestinal oxidative stress after stroke. The final effector of the TLR4 signaling pathway, NF-κB, which plays a crucial role in the translation and transcription of inflammatory mediators, promotes the development of inflammatory bowel disease (IBD), and the TLR4/NF-κB signaling pathway may be critical to the intestinal barrier function and mucosal inflammation [28, 29]. Neutrophil-MPO can catalyze the production of ROS. Upregulated ROS production is related to mucosal inflammation and may lead to damage to intestinal barrier function in IBD patients [30, 31]. Overexpressions of inflammatory mediators like iNOS, NF-κB, and MPO suggested that the stroke caused a severe inflammatory response in the intestine, which was also accompanied by the time when the intestinal permeability increased.
The inner layer of the small intestine is composed of intestinal epithelial cells containing brush borders, villi, crypts, and so on. The tight junctions formed by neighboring epithelial cells are the basic structure of the intestinal mucosa, which constitutes a physical barrier and acts as a defense against antigens, bacteria, and xenobiotics [32]. We further examined the permeability of the small intestine and TJ proteins. We found that stroke caused increased permeability of the small intestine and decreased expression of TJ proteins (Figures 4(a)–4(d)). These results implied that the intestinal tight junction damage is caused by stroke. TEM was then performed to observe the ultrastructure of ileal tissue, such as organelle and microvilli. TEM results showed that the space of TJ between cells in the stroke 1-day group was significantly expanded (Figures 4(e), red arrow), and mitochondria appeared to have vacuole-like degeneration (Figure 4(e), green arrow). The space of TJ in the stroke 7-day group was still abnormal compared with that in the sham 7-day group (Figures 4(c) and 4(d)), but it was much better than that in the stroke 1-day group. Intestinal permeability tests also showed similar trends. The GI tract harbours a large number of bacteria, which exceed the number of host cells. Under normal physiological conditions, bacteria are the source of nutrients and maintain the dynamic balance of metabolism, which play an important role in the development and control of host immunity [33]. However, many diseases in our body are related to microbial disorders. Translocation or shifts in the makeup of these microbes can have significant pathological consequences for the host [33, 34]. It is reported that in a mouse model of ischemic stroke, poststroke infection was only observed in normal mice but not in mice that were born and raised in germ-free facilities, which implied that translocation of bacteria may be the cause of poststroke infection [13]. Bacterial infection was highly prevalent in stroke patients, which was thought to be related to weakened intestinal barrier function and intestinal flora translocation [35]. The damage to the intestinal mucosal cells after stroke may last for a while, and the process is reversible to some extent. Our study provided more direct evidence of impaired intestinal barrier function after stroke.
Astrocytes are the most abundant glial cell type within the central nervous system (CNS). During the acute phase of an ischemic stroke, astrocytes perform multiple functions both detrimental and beneficial for the survival of neurons [36]. Enteric glial cells (EGCs) are evidenced to be rich in glial fibrillary acidic protein (GFAP), a protein believed to be specific to astrocytes of the CNS. Accumulated data suggest that EGCs represent the morphological and functional equivalent of CNS astrocytes within the enteric nervous system (ENS) and may share with astrocytes the ability to modulate and integrate the neuronal activities [37, 38]. However, most studies focus on the effect of the activation of astrocytes in the brain after a stroke, while ignoring the activation of astrocytes in the intestine. It has been reported that the loss of enteric glia leads to a serious inflammation of the intestine [39]. Necrotizing enterocolitis (NEC) and IBD also show pathological changes in enteric glia [40]. EGCs are not only actors of gut diseases but also important regulators of intestinal barrier homeostasis [41]. We found that the protein expression of GFAP increased one day after the stroke but decreased to normal levels after 7 days (Figure 5). We speculate that it is the activation of enteric glial cells that causes inflammation and damage to the intestine. Stroke injury may firstly induce the activation of enteric glial cells and then cause the intestinal inflammation and apoptosis, further leading to the intestinal dysfunction, such as tight junction damage, increased permeability, and weakened intestinal motility. Enteric glial cells may be involved in the development of inflammation and play an important role in the restoration of intestinal balance. TNF-α plays a crucial role in the pathogenesis of IBD and NEC, and it is also the initiation factor of the death receptor pathway [42, 43]. Caspase-3 is a critical executioner of apoptosis, as it is responsible for proteolytic cleavage of many key proteins. IBD usually triggers inflammation by compromising barrier integrity, accompanied by an increase in TNF-α and cleaved caspase-3 levels [44, 45]. We found that protein expressions of intestinal TNF-α and apoptosis-related proteins caspase-3 and cleaved caspase-3 significantly increased after stroke in mice. TNF-α may activate the apoptosis process of the intestinal mucosa through the death receptor signaling pathway and then destroy the intestinal barrier function. The mechanism of changes in the GI tract after stroke is complicated. Xu et al. [8] believe that higher level of serum ghrelin may cause damage to the intestinal mucosa, while some scholars believe that vagus nerve stimulation may help reduce intestinal inflammation [46]. However, there are relatively few related studies, and its exact mechanism is still unclear and needs to be further explored.
Our study has demonstrated negative changes on intestinal structure and function, including inflammation of the intestinal mucosa, impaired tight junctions, and activation of enteric glial cells. However, the damage was reversible to some extent. Stroke can cause damage to both CNS and ENS, and enteric glial cells are indispensable for intestinal homeostasis. Indeed, the exact mechanism of gastrointestinal changes caused by stroke has not yet been determined and requires further study. Our study may help researchers understand the brain-gut axis regulation and has potential implications for the treatment of GI complications after stroke.
Data Availability
The datasets generated for this study are available on request to the corresponding author.
Ethical Approval
All experimental procedures were approved by the Zhejiang University Ethics Committee for Animal Research.
Conflicts of Interest
All authors declare that they have no competing interests.
Acknowledgments
We are grateful to the Zhejiang University Institute of Neuroscience for their technical assistance. This study was sponsored by Key Research and Development Project of Zhejiang Province (2021C03064) and the National Natural Science Foundation of China (81270459).
References
	P. B. Gorelick, “The global burden of stroke: persistent and disabling,” The Lancet Neurology, vol. 18, no. 5, pp. 417-418, 2019.
	 GBD 2016 Lifetime Risk of Stroke Collaborators, V. L. Feigin, G. Nguyen et al., “Global, regional, and country-specific lifetime risks of stroke, 1990 and 2016,” The New England Journal of Medicine, vol. 379, no. 25, pp. 2429–2437, 2018.
	W. Wang, B. Jiang, H. Sun et al., “Prevalence, incidence, and mortality of stroke in china: results from a nationwide population-based survey of 480 687 adults,” Circulation, vol. 135, no. 8, pp. 759–771, 2017.
	S. Kumar, M. H. Selim, and L. R. Caplan, “Medical complications after stroke,” The Lancet Neurology, vol. 9, no. 1, pp. 105–118, 2010.
	A. Vella and M. Camilleri, “The gastrointestinal tract as an integrator of mechanical and hormonal response to nutrient ingestion,” Diabetes, vol. 66, no. 11, pp. 2729–2737, 2017.
	S. Hoffmann, H. Harms, L. Ulm et al., “Stroke-induced immunodepression and dysphagia independently predict stroke-associated pneumonia - the PREDICT study,” Journal of Cerebral Blood Flow and Metabolism: Official Journal of the International Society of Cerebral Blood Flow and Metabolism, vol. 37, no. 12, pp. 3671–3682, 2017.
	Y. Cheng, Y. Wei, W. Yang et al., “Ghrelin attenuates intestinal barrier dysfunction following intracerebral hemorrhage in Mice,” International Journal of Molecular Sciences, vol. 17, no. 12, p. 2032, 2016.
	X. Xu, Y. Zhu, and J. Chuai, “Changes in serum ghrelin and small intestinal motility in rats with ischemic stroke,” The Anatomical Record, vol. 295, no. 2, pp. 307–312, 2012.
	E. A. Mayer, K. Tillisch, and A. Gupta, “Gut/brain axis and the microbiota,” The Journal of Clinical Investigation, vol. 125, no. 3, pp. 926–938, 2015.
	C.-H. Hang, J.-X. Shi, J.-S. Li, W. Wu, and H. X. Yin, “Alterations of intestinal mucosa structure and barrier function following traumatic brain injury in rats,” World Journal of Gastroenterology, vol. 9, no. 12, pp. 2776–2781, 2003.
	R. S. Hotchkiss, R. E. Schmieg, P. E. Swanson et al., “Rapid onset of intestinal epithelial and lymphocyte apoptotic cell death in patients with trauma and shock,” Critical Care Medicine, vol. 28, no. 9, pp. 3207–3217, 2000.
	M. S. Spychala, V. R. Venna, M. Jandzinski et al., “Age-related changes in the gut microbiota influence systemic inflammation and stroke outcome,” Annals of Neurology, vol. 84, no. 1, pp. 23–36, 2018.
	D. Stanley, L. J. Mason, K. E. Mackin et al., “Translocation and dissemination of commensal bacteria in post-stroke infection,” Nature Medicine, vol. 22, no. 11, pp. 1277–1284, 2016.
	N. Oyama, K. Winek, P. Bäcker-Koduah et al., “Exploratory investigation of intestinal function and bacterial translocation after focal cerebral ischemia in the mouse,” Frontiers in Neurology, vol. 9, p. 937, 2018.
	B. D. Watson, W. D. Dietrich, R. Busto, M. S. Wachtel, and M. D. Ginsberg, “Induction of reproducible brain infarction by photochemically initiated thrombosis,” Annals of Neurology, vol. 17, no. 5, pp. 497–504, 1985.
	A. H. M. Chu-Jeng Chiu, R. Brown, H. J. Scott, and F. N. Gurd, “Intestinal mucosal lesion in low-flow states,” Archives of Surgery, vol. 101, no. 4, pp. 484–488, 1970.
	M. Boquillon, J. P. Boquillon, and J. Bralet, “Photochemically induced, graded cerebral infarction in the mouse by laser irradiation evolution of brain edema,” Journal of Pharmacological and Toxicological Methods, vol. 27, no. 1, pp. 1–6, 1992.
	N. Gorlamandala, J. Parmar, A. J. Craig et al., “Focal ischaemic infarcts expand faster in cerebellar cortex than cerebral cortex in a mouse photothrombotic stroke model,” Translational Stroke Research, vol. 9, no. 6, pp. 643–653, 2018.
	M. Liguz-Lecznar, R. Zakrzewska, K. Daniszewska, and M. Kossut, “Functional assessment of sensory functions after photothrombotic stroke in the barrel field of mice,” Behavioural Brain Research, vol. 261, pp. 202–209, 2014.
	B. J. Schaller, R. Graf, and A. H. Jacobs, “Pathophysiological changes of the gastrointestinal tract in ischemic stroke,” The American Journal of Gastroenterology, vol. 101, no. 7, pp. 1655–1665, 2006.
	M. Rao, “An increasingly complex view of intestinal motility,” Nature Reviews. Gastroenterology & Hepatology, vol. 17, no. 2, pp. 72-73, 2020.
	Z.-C. Yu, Y.-X. Cen, B.-H. Wu et al., “Berberine prevents stress-induced gut inflammation and visceral hypersensitivity and reduces intestinal motility in rats,” World Journal of Gastroenterology, vol. 25, no. 29, pp. 3956–3971, 2019.
	C. Leung, L. Rivera, J. B. Furness, and P. W. Angus, “The role of the gut microbiota in NAFLD,” Nature Reviews. Gastroenterology & Hepatology, vol. 13, no. 7, pp. 412–425, 2016.
	Y. Liu, S. Luo, L. Kou et al., “Ischemic stroke damages the intestinal mucosa and induces alteration of the intestinal lymphocytes and CCL19 mRNA in rats,” Neuroscience Letters, vol. 658, pp. 165–170, 2017.
	M. Lind, A. Hayes, M. Caprnda et al., “Inducible nitric oxide synthase: good or bad?” Biomedicine & Pharmacotherapy, vol. 93, pp. 370–375, 2017.
	N. Keklikoglu, M. Koray, H. Kocaelli, and S. Akinci, “iNOS expression in oral and gastrointestinal tract mucosa,” Digestive Diseases and Sciences, vol. 53, no. 6, pp. 1437–1442, 2008.
	F. Aktan, “iNOS-mediated nitric oxide production and its regulation,” Life Sciences, vol. 75, no. 6, pp. 639–653, 2004.
	H. Luo, P. Guo, and Q. Zhou, “Role of TLR4/NF-κB in damage to intestinal mucosa barrier function and bacterial translocation in rats exposed to hypoxia,” PLoS One, vol. 7, no. 10, article e46291, 2012.
	M. E. Spehlmann and L. Eckmann, “Nuclear factor-kappa B in intestinal protection and destruction,” Current Opinion in Gastroenterology, vol. 25, no. 2, pp. 92–99, 2009.
	B. Chami, N. J. J. Martin, J. M. Dennis, and P. K. Witting, “Myeloperoxidase in the inflamed colon: a novel target for treating inflammatory bowel disease,” Archives of Biochemistry and Biophysics, vol. 645, pp. 61–71, 2018.
	D. Muthas, A. Reznichenko, C. A. Balendran et al., “Neutrophils in ulcerative colitis: a review of selected biomarkers and their potential therapeutic implications,” Scandinavian Journal of Gastroenterology, vol. 52, no. 2, pp. 125–135, 2017.
	B. Lee, K. M. Moon, and C. Y. Kim, “Tight junction in the intestinal epithelium: its association with diseases and regulation by phytochemicals,” Journal of Immunology Research, vol. 2018, Article ID 2645465, 11 pages, 2018.
	D. J. Durgan, J. Lee, L. D. McCullough, and R. M. Bryan Jr., “Examining the role of the microbiota-gut-brain axis in stroke,” Stroke, vol. 50, no. 8, pp. 2270–2277, 2019.
	T. Yang, M. M. Santisteban, V. Rodriguez et al., “Gut dysbiosis is linked to hypertension,” Hypertension, vol. 65, no. 6, pp. 1331–1340, 2015.
	P. Langhorne, D. J. Stott, L. Robertson et al., “Medical complications after stroke: a multicenter study,” Stroke, vol. 31, no. 6, pp. 1223–1229, 2000.
	Z. Liu and M. Chopp, “Astrocytes, therapeutic targets for neuroprotection and neurorestoration in ischemic stroke,” Progress in Neurobiology, vol. 144, pp. 103–120, 2016.
	K. N. Browning and R. A. Travagli, “Central nervous system control of gastrointestinal motility and secretion and modulation of gastrointestinal functions,” Comprehensive Physiology, vol. 4, no. 4, pp. 1339–1368, 2014.
	B. D. Gulbransen and K. A. Sharkey, “Novel functional roles for enteric glia in the gastrointestinal tract,” Nature Reviews. Gastroenterology & Hepatology, vol. 9, no. 11, pp. 625–632, 2012.
	T. G. Bush, T. C. Savidge, T. C. Freeman et al., “Fulminant jejuno-ileitis following ablation of enteric glia in adult transgenic mice,” Cell, vol. 93, no. 2, pp. 189–201, 1998.
	G. B. von Boyen, M. Steinkamp, M. Reinshagen, K. H. Schäfer, G. Adler, and J. Kirsch, “Proinflammatory cytokines increase glial fibrillary acidic protein expression in enteric glia,” Gut, vol. 53, no. 2, pp. 222–228, 2004.
	M. Neunlist, M. Rolli-Derkinderen, R. Latorre et al., “Enteric glial cells: recent developments and future directions,” Gastroenterology, vol. 147, no. 6, pp. 1230–1237, 2014.
	Y. Yuan, D. Ding, N. Zhang et al., “TNF-α induces autophagy through ERK1/2 pathway to regulate apoptosis in neonatal necrotizing enterocolitis model cells IEC-6,” Cell Cycle, vol. 17, no. 11, pp. 1390–1402, 2018.
	M. Roulis, M. Armaka, M. Manoloukos, M. Apostolaki, and G. Kollias, “Intestinal epithelial cells as producers but not targets of chronic TNF suffice to cause murine Crohn-like pathology,” Proceedings of the National Academy of Sciences of the United States of America, vol. 108, no. 13, pp. 5396–5401, 2011.
	R. Garcia-Carbonell, J. Wong, J. Y. Kim et al., “Elevated A20 promotes TNF-induced and RIPK1-dependent intestinal epithelial cell death,” Proceedings of the National Academy of Sciences of the United States of America, vol. 115, no. 39, pp. E9192–E9200, 2018.
	A. M. Marchiando, L. Shen, W. V. Graham et al., “The epithelial barrier is maintained by in vivo tight junction expansion during pathologic intestinal epithelial shedding,” Gastroenterology, vol. 140, no. 4, pp. 1208–1218.e2, 2011.
	X. Chen, X. He, S. Luo et al., “Vagus nerve stimulation attenuates cerebral microinfarct and colitis-induced cerebral microinfarct aggravation in mice,” Frontiers in Neurology, vol. 9, p. 798, 2018.


EPUB/Navigation/nav.xhtml


		

			

		  1. Introduction

		  2. Materials and Methods

		  3. Results

		  4. Discussion

		  References 





EPUB/Content/page-template.xpgt
 

   


     
	 
    

     
	 
    


     
	 
    


     
         
             
             
             
        
    

  




