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Introduction
Sulforaphane (SFN) is recognized for its anti-inflammatory properties; however, the underlying molecular mechanisms remain unclear. In this study, we explored the effect of SFN on subarachnoid hemorrhage (SAH) and the potential mechanisms.
Methods
Sprague–Dawley (SD) rats were divided into three groups (n = 12): Sham + vehicle group (Sham + V), SAH + vehicle group (SAH + V), and SAH + SFN group (SAH + S). SFN (50 mg/kg) dissolved in 250–280 μL corn oil was intraperitoneally injected, and the same volume of corn oil was served as the control. The appetite score, gut wet/dry weight ratio, and histological changes in ileum tissues were examined to determine intestinal mucosal injury. Quantitative real-time PCR (qRT-PCR) and Western blot were performed to examine the expression of genes. LC3 immunofluorescence and Hoechst 33258 staining were used to assess cell autophagy and apoptosis.
Results
Compared to the SAH + V group, the SAH + S group demonstrated a significantly increased appetite score (1.55 ± 0.23 vs. 1.90 ± 0.35); decreased gut wet/dry weight ratio (4.02 ± 0.21 vs. 3.18 ± 0.21) and inflammatory score (2.89 ± 0.33 vs. 1.89 ± 0.60); elevated mRNA expression of Nrf-2 (1.12 ± 0.14 vs. 1.89 ± 0.12), HO-1 (0.46 ± 0.02 vs. 1.02 ± 0.10), and NQO-1 (1.35 ± 0.09 vs. 1.97 ± 0.18); and elevated protein levels of Nrf-2 (0.92 ± 0.18 vs. 1.43 ± 0.23), Keap1 (0.31 ± 0.03 vs. 0.44 ± 0.02), HO-1 (0.65 ± 0.02 vs. 0.88 ± 0.02), NQO-1 (0.58 ± 0.02 vs. 0.78 ± 0.02), LC3-II/I (0.20 ± 0.004 vs. 0.28 ± 0.01), ATG4D (0.45 ± 0.01 vs. 0.72 ± 0.04), and P62 (0.85 ± 0.01 vs. 0.99 ± 0.03). The in vitro experiments further revealed that 3-methyladenine (3-MA) significantly reversed the decreased apoptosis of IEC-6 cells induced by 20 μmol/L SFN (20.60 ± 1.28 vs. 11.50 ± 0.58).
Conclusion
SFN exhibited the protective effect on intestinal mucosa injury after SAH via activating autophagy, which may provide an innovative approach to alleviate the intestinal mucosa injury caused by SAH.
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INTRODUCTION
Subarachnoid hemorrhage (SAH) is a life-threatening disease caused by bleeding in the subarachnoid space. Although cerebral vasospasm and brain damage are significant complications that contribute to high mortality rates among patients with SAH (Sheng et al., 2015), gastrointestinal dysfunction also represents a severe complication of this condition (Gambhir et al., 2009). The relationship between gastrointestinal dysfunction and SAH has been documented in several studies (Zhou et al., 2007; Zhao et al., 2016b). It is plausible that stroke or brain trauma may induce abnormal intestinal responses, such as increased intestinal permeability, the overproduction of intestinal cytokines, and translocation of intestinal bacteria and endotoxins (Akhtar and Choudhry, 2011; Phillips et al., 2015). These abnormal intestinal responses not only affect the intestinal mucosa integrity but also influence other tissues and result in multiple organ dysfunction syndrome (MODS) or systemic inflammatory response syndrome (SIRS) (Davenport et al., 1996). Our previous study has shown that SAH induced remarkable intestinal mucosa injury and the overproduction of intestinal cytokines (Zhao and Zhou, 2011).
Sulforaphane (SFN), a naturally occurring isothiocyanate prevalent in cruciferous vegetables such as broccoli and cabbage, demonstrates protective effects against oxidative stress and inflammation through the activation of nuclear factor erythroid 2-related factor 2 (Nrf-2) (Wagner et al., 2010; Hao et al., 2015). Under oxidative or xenobiotic stimuli, Nrf-2 separates from the cytosolic regulatory protein Keap1 and translocates into the nucleus, where it binds to the antioxidant response element (ARE), and regulates a group of antioxidant enzymes to exert protective functions (Shah et al., 2007; Saw et al., 2013). Several studies have reported that Keap1 mediated the regulation of Nrf-2 by SFN, and the Keap1/Nrf-2/ARE signaling pathway was involved in the early brain injury and secondary cognitive impairment following SAH (Liu et al., 2015; Zhao et al., 2016a; Dinkova-Kostova et al., 2017). The Keap1/Nrf-2/ARE signaling pathway is closely related to autophagy (Bartolini et al., 2018). P62, an autophagy adaptor protein, connects autophagy to the Keap1/Nrf-2/ARE signaling pathway (Jiang et al., 2015). Previous studies mainly focused on the involvement of autophagy in brain injury and neural apoptosis following SAH, and enhanced autophagy was also observed in the early stage (Chen et al., 2014; Ho et al., 2018). However, the role of autophagy in SAH-induced intestinal mucosal injury remains unclear.
SFN has been shown to inhibit inflammation and preserve the intestinal mucosal integrity (Zhao et al., 2010; Ohmori et al., 2013). In this study, we aimed to investigate the potential mechanisms through which SFN exerts its protective effects against intestinal mucosal injury in rats following SAH.
MATERIALS AND METHODS
Animal preparation
All protocols in this study were approved by the Affiliated Wuxi No. 2 People’s Hospital of Nanjing Medical University. Male Sprague–Dawley (SD) rats (250–300 g) were bought from the Animal Center of Chinese Academy of Sciences (Shanghai, China). The rats were maintained on a standard diet and housed in temperature- and humidity-controlled animal quarters under a 12-h light/dark cycle.
Rat models of SAH and experimental protocol
The “two-hemorrhage” SAH model of rat was performed as previously described in our other paper (Zhao et al., 2016a). Rats were anesthetized with pentobarbital intraperitoneal injection (40 mg/kg), and the spontaneous respiration was maintained. A small suboccipital incision was made; the occipital bone and the atlanto-occipital membrane were exposed with the aid of a surgical microscope. A 27-gauge needle was used to puncture the atlanto-occipital membrane carefully into the cisterna magna. Fresh autologous nonheparinized blood (0.2 mL) withdrawn from the femoral artery of the same rat was injected into the cisterna magna within 2 min. The bone wax was used to seal the hole to prevent fistula. Then, the incision was immediately sutured after the blood injection. A 30° head-down prone position was maintained for 30 min to ensure adequate blood distribution around the basal intracranial arteries. After 48 h (day 2), the same procedure was repeated. After the operations, the animals were allowed to recover from the effects of anesthesia and returned to their cages. During the period of unconsciousness, the rats were given 2 mL of water every 3 h using a feeding tube.
Experimental protocol
We divided male SD rats randomly into three groups: Sham + vehicle group (Sham + V, n = 12), SAH + vehicle group (SAH + V, n = 12), and SAH + sulforaphane group (SAH + S, n = 12). Sulforaphane (SFN, Sigma-Aldrich, St. Louis, MO, United States) was dissolved in corn oil (Sigma-Aldrich, St. Louis, MO). A dose of 50 mg/kg in 250–280 μL corn oil was intraperitoneally (IP) injected every 24 h starting from 30 min after the first blood injection. All rats were then followed up with the daily injection of corn oil for 4 days (Zhao et al., 2016a). In the Sham + V group, the same procedures were applied without blood injection, but the same volume of corn oil was injected intraperitoneally. Three days after the second SAH induction (day 5), the animals were euthanized by cervical dislocation.
Appetite evaluation
Two independent observers, who were unaware of the study’s objectives, recorded the appetite scores after the first SAH induction. The modified appetite-scoring table, as previously described (Zhou et al., 2007), was used to record the scores daily (Table 1).
TABLE 1 | Appetite scores.	The amount of the food eaten by the animal	Score
	1.0	3
	>0.5	2
	>0.2	1
	<0.2	0


Tissue harvest
The rats were euthanized on day 5 for tissue assays. A 3-cm segment of the mid-ileum was taken and flushed with ice-cold saline. One-half of the segment was stored in liquid nitrogen immediately for enzyme-linked immunosorbent assay (ELISA), RNA reverse transcriptase–polymerase chain reaction (RT-PCR), and Western blot. The other half was immersed in 10% buffered formalin for histopathological studies, including hematoxylin–eosin (HE) staining and ultrastructural observations. Another 3-cm segment of the mid-ileum was taken for the assessment of the intestinal wet/dry weight ratio.
Hematoxylin–eosin staining
Ileum tissues from each group were fixed in 4% formaldehyde and embedded in paraffin. Deparaffinized sections were sectioned in 5–6 slices with a thickness of approximately 5 μm. These slices underwent routine dewaxing and dehydration processes before HE staining (Abcam, United States) was performed according to established protocols.
Intestinal wet/dry weight ratio
The wet/dry weight ratio is a reliable index to assess tissue microvascular permeability, and it represents the percentage of water in tissue. The intestinal wet/dry weight ratio was evaluated as described in a previous study (Zhu et al., 2009). Excess fluid was blotted from specimens after the gut tissue samples were taken, and wet weights were measured. Then, the specimens were dried at 80°C for 72 h and re-weighed to measure the weight of the dry content. The gut wet/dry weight ratio was then calculated.
Inflammatory scores
Inflammatory scores were determined using a scoring system, as follows: epithelium (E): 0, normal morphology; 1, loss of goblet cells; 2, extensive loss of goblet cells in large areas; 3, loss of crypts; and 4, significant loss of crypts in large areas. Infiltration (I): 0, no infiltrate present; 1, infiltration observed around the bases of crypts; 2, infiltration extending to the lamina muscularis mucosa layer; 3, extensive infiltration reaching the muscularis mucosa accompanied by abundant edema; and 4, infiltration into the submucosal layer. The histological score was defined as the sum of these two parameters (total score = E + I).
Detection of IL-1β, TNF-α, and IL-6 levels in ileum tissues
The frozen ileum tissues were homogenized using a glass homogenizer in 1 mL of the buffer. The buffer was composed of 1 mg/L of pepstatin A, 1 mmol/L of PMSF, 1 mg/L of leupeptin, and 1 mg/L of aprotinin in PBS solution (pH 7.2). Then, the tissue lysates were centrifuged at 12,000 g for 20 min at 4°C. The intestinal levels of inflammatory mediators were quantified using specific ELISA kits for rats, according to the manufacturers’ instructions (TNF-α kit Diaclone Research, France; IL-1β and IL-6 kits, Biosource Europe SA, Belgium). The cytokine levels in the ileum tissue were expressed as the content of cytokine per gram of protein.
Western blot
The protein levels were quantified as previously described (Zhao et al., 2016a). In brief, protein lysates were prepared from the ileum tissues of rats and rat intestinal epithelial (IEC-6) cells using the precooled RIPA lysis buffer containing the protease inhibitor PMSF; then, they were separated using 12% SDS-PAGE and transferred to nitrocellulose membranes. The membrane was blocked with 5% skimmed milk for 2 h at room temperature and then incubated with primary antibodies at 4°C; the primary antibodies used were as follows: anti-Keap1 (1:500, Santa Cruz Biotechnology, CA), anti-Nrf-2 (1:500, Santa Cruz Biotechnology, CA), anti-HO-1 (1:1,000; Santa Cruz Biotechnology, CA), anti-NQO-1 (1:1,000; Santa Cruz Biotechnology, CA), anti-LC3 (1:2000; Abcam, United States), anti-P62 (1:5,000; Abcam, United States), anti-ATG4D (1:800; Proteintech Group, United States), anti-β-actin (1:1,000, Santa Cruz Biotechnology), and anti-GAPDH (1:1,000, Santa Cruz Biotechnology). Optical densities were obtained using Glyko BandScan software (Glyko, Novato, CA). All experiments were repeated at least thrice.
RNA reverse transcriptase–polymerase chain reaction
Total RNA was extracted using Trizol (Invitrogen, CA, United States), and cDNA was synthesized from 2 μg of total RNA using the BU-Script RT-Kit (Biouniquer, Jiangsu, China) and stored at −20°C. Reverse transcription was conducted using GoTaq Green Master Mix (Promega, WI, United States). The primers and PCR parameters are shown in Table 2. PCR products were detected through agarose gel electrophoresis. The intensity of the bands was analyzed using the ImageJ program. GAPDH was used as a housekeeping gene.
TABLE 2 | PCR primer sequences.	Target gene	Sense primer (5’to 3′)	Antisense primer (5’to 3′)	Annealing temperature	Number of cycles	Size (bp)
	Nrf2	GGTGATGAATTTTACTCTGC	TTTCCGAGTCACTGATGAACC	55°C	33	278
	HO-1	ATCGTGCTCGCATGAACACT	CCAACACTGCATTTACATGGC	57°C	35	339
	NQO1	ACTCGGAGAACTTTCAGTACC	TTGGAGCAAAGTAGAGTGGT	53°C	35	492
	GAPDH	GTCGGTGTGAACGGATTT	ACTCCACGACGTACTCAGC	56°C	35	276


Immunofluorescence staining
IEC-6 cells were fixed with 4% of paraformaldehyde and permeabilized with 0.5% Triton X-100 in ice-cold PBS. The pretreated cells were blocked with 1% bovine serum albumin (BSA) and incubated with primary anti-LC3B (1:200; Abcam, United States). The nuclei were stained with 4′, 6-diamidino-2-phenylindole dihydrochloride (DAPI). Images of the stained cells were acquired using a fluorescence microscope (BX41, Olympus, Japan).
Hoechst 33258 staining
IEC-6 cells were first fixed with fresh 4% paraformaldehyde at 4°C for 45 min and washed using PBS (pH 7.2); then, 0.4% Triton X-100 was used for percolation for 30 min at room temperature. Finally, Hoechst 33258 solution (10 mg/L) was added and placed at room temperature for 5 min in the dark. A fluorescence microscope was used to observe cell morphology. The normal nucleus showed diffused and uniform low-intensity fluorescence, and the nucleus of apoptotic cells showed granular fluorescence.
Statistical analysis
Statistical analysis of the data was performed using SPSS 12.0. All data were presented as mean ± SD. The Mann–Whitney t-test was used to measure the appetite score from day 0 to day 5. Other measurements were analyzed using one-way analysis of variance and Turkey’s post hoc test. We used blinding throughout the data collection and analysis process and corrected for multiple comparisons. The overall significance level was set at 5%.
RESULTS
SFN significantly improves appetite and reduces the intestinal wet/dry weight ratio in rats after SAH
The rats exhibited a marked loss of appetite after SAH treatment, with the appetite score in the SAH + S group showing significant improvement compared to that in the SAH + V group on days 2, 3, 4, and 5, but still lower than that in the Sham + V group (Figure 1A). The wet/dry weight ratio is a hall marker to determine tissue microvascular permeability. SAH significantly increased the intestinal wet/dry weight ratio at day 5 following SAH, which was markedly decreased by SFN (Figure 1B).
[image: Graph A shows appetite scores over six days for three groups: Sham+V, SAH+V, and SAH+S. Graph B depicts the ratio of wet to dry weight for the same groups. Notable differences are marked with asterisks and hash symbols.]FIGURE 1 | SFN significantly improved appetite and reduced intestinal wet/dry weight ratio in rats after SAH. (A) The appetite score of rats in three groups (n = 12, each group) from day 0 to day 5. The modified appetite-scoring table was used to record the scores daily (Table 1). (B) The intestinal wet/dry weight ratio of rats in three groups. Data are presented as the mean ± SD. **P < 0.01 vs. Sham + V group; ##P < 0.01 vs. SAH + V group.SFN significantly alleviates ileum tissue injury in rats after SAH
Then, special indices such as villous height, crypt depth, villous diameter, and villous surface area were used to evaluate intestinal mucosal damages. As shown in Table 3, compared with the Sham + V group, all these indices were significantly decreased in the SAH + V group. Notably, SFN remarkably increased these indices. Furthermore, ultrastructural observation was performed to assess the effect of SFN on ileum tissue injury in rats after SAH. The structure of microvilli was all arranged in the Sham + V group (Figures 2A,B). However, some ultrastructural alterations, such as ruptured, distorted, and sparse microvilli, were detected in the SAH + V group (Figure 2C). Moreover, the mitochondria reduced, and their cristae were disrupted (Figure 2D). Following SFN administration, the ultrastructural alterations were dramatically attenuated in the SAH + S group (Figures 2E,F).
TABLE 3 | Histomorphometric changes.	Group	Villous height (μm)	Villous diameter (μm)	Crypt depth (μm)	Surface area (μm)
	Sham + V	289.36 ± 4.87	59.79 ± 1.21	79.35 ± 1.37	0.0548 ± 0.00134
	SAH + V	176.71 ± 8.73a	48.43 ± 1.46a	49.64 ± 1.47a	0.0321 ± 0.00297a
	SAH + SFN	218.43 ± 8.38b	53.32 ± 1.76b	62.57 ± 1.08b	0.0416 ± 0.00219b


Values are expressed as mean ± SD.
a P <0.05 versus Sham + V group.
b P <0.05 versus SAH + V group.
[image: Electron microscopy images showing cochlear hair cell stereocilia in different conditions. Panels A and B (Sham+V) display intact stereocilia with uniform structure. Panels C and D (SAH+V) show structural disruptions and irregularities in the stereocilia. Panels E and F (SAH+S) demonstrate improved stereocilia structure with noticeable recovery. Black arrows point to stereocilia, while the red arrow indicates structural damage in panel D.]FIGURE 2 | SFN significantly alleviates ileum tissue injury in rats after SAH. Ultrastructural observation of the intestinal mucosa (1 mm3) was performed to assess the effect of SFN on ileum tissue injury in rats after SAH. The rats were euthanized on day 5 for tissue assays. Electron microscopic photographs of intestinal mucosal epithelium of rats in the Sham + V group (A,B), SAH + V group (C,D), and SAH + S group (E,F) (magnification ×15 k). The black arrows point to microvillous structures. The red arrows indicate the disrupted mitochondria.SFN significantly reduces intestinal inflammation in rats after SAH
HE staining was performed to detect histopathological changes in ileum tissues. Compared with the Sham + V group, the SAH + V group showed significant inflammatory cell infiltration, mucosal interstitial edema, and other pathological phenomena, but SFN treatment significantly improved this effect (Figure 3A), which was further confirmed by the inflammatory score (Figure 3B). In addition, the control group (Sham + V) exhibited relatively low levels of IL-1β, TNF-α, and IL-6 (3.582 ± 0.492, 2.947 ± 0.291, and 5.903 ± 0.487 ng/g protein, respectively) in the ileum tissues, and SAH robustly increased the levels of these cytokines (Figure 3C). Interestingly, SFN administration significantly decreased the upregulated inflammatory cytokines induced by SAH in ileum tissues of rats (Figure 3C).
[image: Panel A shows histological images of intestinal tissues stained to illustrate inflammation: Sham+V, SAH+V, and SAH+S, with varying inflammation levels. Panel B is a bar graph displaying inflammatory scores, with SAH+V showing higher scores than Sham+V and SAH+S. Panel C shows bar graphs of inflammatory cytokine concentrations (IL-1β, TNF-α, IL-6) in ng/g protein, highlighting elevated levels in SAH+V compared to Sham+V and SAH+S. Asterisks indicate statistical significance.]FIGURE 3 | SFN significantly reduced intestinal inflammation in rats after SAH (A) Representative histological analysis of ileum tissues in rats via HE staining (scale bar, 100 μm). (B) Inflammatory score of ileum tissues in rats. (C) The concentrations of inflammatory cytokines (IL-1β, TNF-α, and IL-6) in the ileum tissues of rats were determined using ELISA. Data are presented as the mean ± SD. **P < 0.01 vs. Sham + V group; ##P < 0.01 vs. SAH + V group.SFN significantly upregulates the Keap1/Nrf-2/ARE signaling pathway and autophagy in rats after SAH
Considering that SFN exhibits the protective effect on oxidative stress and inflammation via the activation of Nrf-2 (Wagner et al., 2010; Hao et al., 2015), here, we tested the Keap1/Nrf-2/ARE signaling pathway using RT-PCR and Western blot. Compared with the Sham + V group, the expressions of Keap1, Nrf-2, HO-1, and NQO-1 were all significantly upregulated in the SAH + V group, and SFN further enhanced the effect of SAH on the Keap1/Nrf-2/ARE signaling pathway, both in mRNA (Figure 4A) and protein levels (Figures 4B,C). Western blot analysis also showed that autophagy-related proteins (LC3-II, ATG4D, and P62) were significantly upregulated in the SAH + V group, and SFN further upregulated the enhanced autophagy in rats after SAH (Figures 5A–C).
[image: Graphs depicting relative expression levels of mRNA and protein. Chart A shows increased expression of Nrf-2, HO-1, and NQO-1 mRNA across three conditions: Sham+V, SAH+V, and SAH+S. Chart B depicts higher Nrf-2 protein levels in SAH+V and SAH+S compared to Sham+V, with corresponding Western blot images. Chart C displays protein levels for Keap1, HO-1, and NQO-1 under the same conditions, also including Western blot images. Statistical markers indicate significant differences.]FIGURE 4 | SFN significantly activated the Keap1/Nrf-2/ARE signaling pathway in rats after SAH. (A) The mRNA expressions of Nrf-2, HO-1, and NQO1 in the ileum tissues of rats were detected using qRT-PCR. (B,C) The protein levels of Keap1, Nrf-2, HO-1, and NQO1 in the ileum tissues of rats were detected using Western blot. Data are presented as the mean ± SD. **P < 0.01 vs. Sham + V group; ##P < 0.01 vs. SAH + V group.[image: Western blot and bar graphs showing protein expression levels. Panel A displays bands for LC3-I, LC3-II, ATG4D, P62, and GAPDH. Panel B shows the LC3-II/LC3-I ratio for Sham+V, SAH+V, and SAH+S groups, with SAH+S having the highest ratio. Panel C presents the relative protein levels of ATG4D and P62, with SAH+S exhibiting the highest levels. Statistical significance is indicated by asterisks and hashtags.]FIGURE 5 | SFN significantly activated autophagy in rats after SAH. (A–C) The protein levels of LC3-II, ATG4D, and P62 in the ileum tissues of rats were detected using Western blot. Data are presented as the mean ± SD. **P < 0.01 vs. Sham + V group; ##P < 0.01 vs. SAH + V group.SFN significantly reduces intestinal mucosal epithelial cell apoptosis by regulating autophagy
In vitro experiments were conducted to evaluate the role of autophagy in rats after SAH. TNF-α was used in IEC-6 cells to induce cell damage. LC3 immunofluorescence staining showed that TNF-α promoted the formation of autophagosomes, and SFN further upregulated the enhanced autophagosomes in IEC-6 cells after TNF-α treatment (Figure 6A). 3-MA (an inhibitor of autophagy) greatly counteracted the increased autophagosomes induced by SFN (Figure 6A). Moreover, SFN significantly reversed TNF-α-induced apoptosis in IEC-6 cells, and 3-MA dramatically rescued the decreased cell apoptosis induced by SFN (Figure 6B). In addition, SFN further enhanced the upregulated protein levels of Keap1, Nrf-2, HO-1, and NQO-1 induced by SAH in IEC-6 cells, which was similar to the results in vivo, whereas 3-MA had no effect on the Keap1/Nrf-2/ARE signaling pathway (Figure 7).
[image: Fluorescent microscopy images and bar graphs depicting cellular responses to treatments. In panel A, cell images with LC3 puncta are shown under control, TNF-α, and varying concentrations of SFN with arrows indicating LC3 puncta. The bar graph quantifies LC3 puncta per cell. In panel B, cell images show apoptotic changes with arrows under similar conditions, and the bar graph depicts cell apoptosis percentages. Treatments include TNF-α, 10 µmol/L SFN, 20 µmol/L SFN, and 20 µmol/L SFN+3-MA, showing varied effects on autophagy and apoptosis.]FIGURE 6 | SFN significantly reduced intestinal mucosal epithelial cell apoptosis by activating autophagy (A) Punctate distribution of LC3 was examined through immunofluorescence staining. (B) Cell apoptosis was examined through Hoechst 33258 staining. Data are presented as the mean ± SD. **P < 0.01 vs. control group; ##P < 0.01 vs. TNF-α group; $$P < 0.01 vs. 20 μmol/L SFN group. The yellow arrows indicate the autophagosomes. The red arrows indicate the apoptotic cells.[image: Western blot and bar graph showing protein levels of Keap1, Nrf-2, HO-1, and NQO-1 under different treatments: Control, TNF-α, 10 µmol/L SFN, 20 µmol/L SFN, and 20 µmol/L SFN+3-MA. Bars show significant increases in protein levels with SFN treatments compared to control. GAPDH is used as a loading control.]FIGURE 7 | SFN significantly activated the Keap1/Nrf-2/ARE signaling pathway in intestinal mucosal epithelial cells treated with TNF-α. The protein levels of Keap1, Nrf-2, HO-1, and NQO1 in IEC-6 cells were detected using Western blot. Data are presented as the mean ± SD. **P < 0.01 vs. control group; ##P < 0.01 vs. TNF-α group.DISCUSSION
In this study, we demonstrated that SAH-induced tissue edema and inflammatory responses in ileum tissues of rats were significantly attenuated after SFN administration. Both the in vivo and in vitro experiments showed that the Keap1/Nrf-2/ARE signaling pathway and autophagy were activated in ileum tissues of rats treated with SAH and IEC-6 cells treated with TNF-α. The in vitro experiments further showed that SFN significantly upregulated the Keap1/Nrf-2/ARE signaling pathway and autophagy activated by TNF-α. Moreover, SFN also decreased TNF-α-induced cell apoptosis in IEC-6 cells; all of these were dramatically reversed by 3-MA, providing evidence that SFN may protect against SAH-induced intestinal mucosal damages through the activation of autophagy.
Intestinal mucosal injury is a common complication following SAH; however, studies on the structural alterations of intestinal mucosa remain limited. The major changes reported in SAH-induced gastrointestinal abnormity included gut motility dysfunction, stress ulcer, alterations of mucosal absorptive function, and disruption of the gut barrier (Zhou et al., 2007; Davenport et al., 1996). Here, we also observed many damages in the intestinal mucosa, such as the disarrangement of villi, mucosal atrophy, intestinal inflammation, and the fusion of adjacent villi.
Cytokines are pleiotropic and exert different biological activities (Sercombe et al., 2002). Many pro-inflammatory cytokines are cytotoxic, which lead to the destruction of intercellular tight junctions and the increase in the permeability of gut (Faries et al., 1998; Hang et al., 2003). Cytokine-mediated inflammation may be significant in the pathogenesis of structure alterations of intestinal mucosa (Berkes et al., 2003; Chen et al., 2007; Amasheh et al., 2009). In this study, we also noticed the increased inflammatory cytokines (IL-1β, TNF-α, and IL-6), corresponding with our previous findings (Zhao and Zhou, 2011). Our current investigation provides evidence that SAH increases pro-inflammatory cytokines, along with microvascular permeability factors, likely contributing to acute intestinal injuries.
Nrf-2 is a redox-sensitive transcription factor and regulates gene coding for anti-inflammatory, anti-oxidant, and detoxifying proteins (Keum and Choi, 2014; O'Connell and Hayes, 2015). Nrf-2 also activates the expression of several cytoprotective enzymes, such as NQO1 and HO-1, and these products keep the cell away from oxidative, xenobiotic, and inflammatory damages (Wei et al., 2008; Jian et al., 2010). It has been demonstrated that the Keap1/Nrf-2/ARE pathway has a protective effect in various tissues, such as the brain, heart, lung, and intestine (Deng et al., 2013; Kim et al., 2014; Lau et al., 2015). In this study, significantly increased mRNA and protein levels of Keap1, Nrf-2, HO-1, and NQO1 were all found in ileum tissues of rats after SAH, suggesting that the Keap1/Nrf-2/ARE pathway was activated in ileum tissues of rats following SAH. Considering the close relationship between the Keap1/Nrf-2/ARE signaling pathway and autophagy (Bartolini et al., 2018), we examined the protein levels of autophagy-related factors. As expected, there was a significant upregulation in protein levels of LC3-II, ATG4D, and P62 in ileum tissues after SAH. These results indicate a potential involvement of autophagy in tissue injury within the ileum following SAH.
SFN is a potent activator of Nrf-2 and exhibits the protective effect on oxidative stress and inflammation via the activation of the Keap1/Nrf-2/ARE signaling pathway (Wagner et al., 2010; Hao et al., 2015). SFN destroys the cytoplasmic Keap1-Nrf-2 complex by modifying the cysteine residues of Keap1, thus resulting in the release and translocation of Nrf-2 to the nucleus (Itoh et al., 1997; Holland and Fishbein, 2010). In this research, we found that SFN further enhanced the upregulated levels of Keap1, Nrf-2, HO-1, and NQO1 in the ileum tissues of rats after SAH, as well as the upregulated protein levels of LC3-II, ATG4D, and P62. SFN also suppressed inflammation in the ileum tissues of rats after SAH via reducing the release of pro-inflammatory cytokines and ileum tissue injury. More importantly, the in vitro experiments revealed that SFN significantly reversed TNF-α-induced cell apoptosis and enhanced the TNF-α-activated Keap1/Nrf-2/ARE signaling pathway and autophagy in IEC-6 cells, which were all reversed by 3-MA.
Due to time limitations and experimental budget constraints, in this experiment, we merely provided simple evidence that SFN can activate the Keap1/Nrf-2/HO-1 signaling pathway. However, we did not elaborate on the underlying mechanism through relevant causal experiments. We will conduct more in-depth experiments and explore the mechanism in subsequent research projects.
CONCLUSION
In this study, we demonstrated that SFN significantly improved appetite loss, reduced the intestinal wet/dry weight ratio, and alleviated ileum tissue injury and inflammation of SAH rats. The in vivo experiments showed that SFN further enhanced the activated Keap1/Nrf-2/ARE pathway and autophagy in SAH rats. Furthermore, the in vitro experiments revealed that the enhanced Keap1/Nrf-2/ARE signaling pathway and autophagy induced by TNF-α were significantly reversed by 3-MA. Above findings provided an innovative approach to alleviate the intestinal mucosa injury caused by SAH.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
Ethical approval was granted by the Nanjing Medical University Affiliated Wuxi Second People’s Hospital (2022-Y-226). The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
ZL: Visualization, Data curation, Software, Writing – original draft, Methodology, Conceptualization, Resources, Formal Analysis, Writing – review and editing, Project administration, Validation, Funding acquisition, Supervision, Investigation. PL: Supervision, Validation, Formal Analysis, Software, Methodology, Resources, Data curation, Project administration, Writing – original draft. YZ: Software, Funding acquisition, Writing – original draft, Methodology, Formal Analysis, Data curation. SZ: Writing – original draft, Methodology, Formal Analysis, Supervision, Data curation. WG: Conceptualization, Writing – original draft, Supervision, Writing – review and editing, Formal analysis.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by the National Natural Science Foundation of China [Grant No. 82071381].
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
REFERENCES
	Akhtar, S., and Choudhry, M. A. (2011). Gut inflammation in response to injury: potential target for therapeutic intervention. Recent Pat. Antiinfect Drug Discov. 6, 206–215. doi:10.2174/157489111796887837

	Amasheh, M., Grotjohann, I., Amasheh, S., Fromm, A., Söderholm, J. D., Zeitz, M., et al. (2009). Regulation of mucosal structure and barrier function in rat colon exposed to tumor necrosis factor alpha and interferon gamma in vitro: a novel model for studying the pathomechanisms of inflammatory bowel disease cytokines. Scand. J. Gastroenterol. 44, 1226–1235. doi:10.1080/00365520903131973

	Bartolini, D., Dallaglio, K., Torquato, P., Piroddi, M., and Galli, F. (2018). Nrf2-p62 autophagy pathway and its response to oxidative stress in hepatocellular carcinoma. Transl. Res. 193, 54–71. doi:10.1016/j.trsl.2017.11.007

	BerkesViswanathan, V. K., Savkovic, S. D., and Hecht, G. (2003). Intestinal epithelial responses to enteric pathogens: effects on the tight junction barrier, ion transport, and inflammation. Gut 52, 439–451. doi:10.1136/gut.52.3.439

	Chen, G., Shi, J., Ding, Y., Yin, H., and Hang, C. (2007). Progesterone prevents traumatic brain injury-induced intestinal nuclear factor kappa B activation and proinflammatory cytokines expression in male rats. Mediat. Inflamm. 2007, 93431. doi:10.1155/2007/93431

	Chen, J., Wang, L., Wu, C., Hu, Q., Gu, C., Yan, F., et al. (2014). Melatonin-enhanced autophagy protects against neural apoptosis via a mitochondrial pathway in early brain injury following a subarachnoid hemorrhage. J. Pineal Res. 56, 12–19. doi:10.1111/jpi.12086

	Davenport, R. J., Dennis, M. S., and Warlow, C. P. (1996). Gastrointestinal hemorrhage after acute stroke. Stroke 27, 421–424. doi:10.1161/01.str.27.3.421

	Deng, C., Sun, Z., Tong, G., Yi, W., Ma, L., Zhao, B., et al. (2013). α-Lipoic acid reduces infarct size and preserves cardiac function in rat myocardial ischemia/reperfusion injury through activation of PI3K/Akt/Nrf2 pathway. PloS One 8, e58371. doi:10.1371/journal.pone.0058371

	Dinkova-Kostova, A. T., Fahey, J. W., Kostov, R. V., and Kensler, T. W. (2017). KEAP1 and done? Targeting the NRF2 pathway with sulforaphane. Trends Food Sci. Technol. 69, 257–269. doi:10.1016/j.tifs.2017.02.002

	Faries, P. L., Simon, R. J., Martella, A. T., Lee, M. J., and Machiedo, G. W. (1998). Intestinal permeability correlates with severity of injury in trauma patients. J. Trauma 44, 1031–1035. doi:10.1097/00005373-199806000-00016

	Gambhir, S., O’Grady, G., and Koelmeyer, T. (2009). Clinical lessons and risk factors from 403 fatal cases of subarachnoid haemorrhage. J. Clin. Neurosci. 16, 921–924. doi:10.1016/j.jocn.2008.10.009

	Hang, C. H., Shi, J. X., Li, J. S., Wu, W., and Yin, H. X. (2003). Alterations of intestinal mucosa structure and barrier function following traumatic brain injury in rats. World J. Gastroenterol. 9, 2776–2781. doi:10.3748/wjg.v9.i12.2776

	Hao, W., Kong, L., Cheng, Y., Zhang, Z., Lu, C., Luo, M., et al. (2015). Metallothionein plays a prominent role in the prevention of diabetic nephropathy by sulforaphane via up-regulation of Nrf2. Free Radic. Biol. Med. 89, 431–442. doi:10.1016/j.freeradbiomed.2015.08.009

	Ho, W. M., Akyol, O., Reis, H., Reis, C., Mcbride, D., Thome, C., et al. (2018). Autophagy after subarachnoid hemorrhage: can cell death be good?Curr. Neuropharmacol. 16, 1314–1319. doi:10.2174/1570159X15666171123200646

	Holland, R., and Fishbein, J. C. (2010). Chemistry of the cysteine sensors in Kelch-like ECH-associated protein 1. Antioxid. Redox Signal 13, 1749–1761. doi:10.1089/ars.2010.3273

	Itoh, K., Chiba, T., Takahashi, S., Ishii, T., Igarashi, K., Katoh, Y., et al. (1997). An Nrf2/small Maf heterodimer mediates the induction of phase II detoxifying enzyme genes through antioxidant response elements. Biochem. Biophys. Res. Commun. 236, 313–322. doi:10.1006/bbrc.1997.6943

	Jian, Z., Zhu, Y., Zhou, D., Wang, Z., and Gang, C. (2010). Recombinant human erythropoietin (rhEPO) alleviates early brain injury following subarachnoid hemorrhage in rats: possible involvement of Nrf2-ARE pathway. Cytokine 52, 252–257. doi:10.1016/j.cyto.2010.08.011

	Jiang, T., Harder, B., Rojo de la Vega, M., Wong, P. K., Chapman, E., and Zhang, D. D. (2015). p62 links autophagy and Nrf2 signaling. Free Radic. Biol. Med. 88, 199–204. doi:10.1016/j.freeradbiomed.2015.06.014

	Keum, Y. S., and Choi, B. (2014). Molecular and chemical regulation of the Keap1-Nrf2 signaling pathway. Molecules 19, 10074–10089. doi:10.3390/molecules190710074

	Kim, K. H., Kwun, M. J., Han, C. W., Ha, K. T., Choi, J. Y., and Joo, M. (2014). Suppression of lung inflammation in an LPS-induced acute lung injury model by the fruit hull of Gleditsia sinensis. BMC Complement. Altern. Med. 14, 402–408. doi:10.1186/1472-6882-14-402

	Lau, W. L., Liu, S. M., Pahlevan, S., Yuan, J., Khazaeli, M., Ni, Z., et al. (2015). Role of Nrf2 dysfunction in uremia-associated intestinal inflammation and epithelial barrier disruption. Dig. Dis. Sci. 60, 1215–1222. doi:10.1007/s10620-014-3428-4

	Liu, Y., Qiu, J., Zhong, W., You, W., Chen, G., Ji, C., et al. (2015). Dimethylfumarate alleviates early brain injury and secondary cognitive deficits after experimental subarachnoid hemorrhage via activation of Keap1-Nrf2-ARE system. J. Neurosurg. 123, 915–923. doi:10.3171/2014.11.JNS132348

	O'Connell, M. A., and Hayes, J. D. (2015). The Keap1/Nrf2 pathway in health and disease: from the bench to the clinic. Biochem. Soc. Trans. 43, 687–689. doi:10.1042/BST20150069

	Ohmori, S., Sato, J., and Yanaka, A. (2013). Sulforaphane protects small intestinal mucosa from aspirin/NSAID-induced injury by enhancing host defense systems against oxidative stress and by inhibiting mucosal invasion of anaerobic enterobacteria. Curr. Pharm. Des. 19, 157–162. doi:10.2174/13816128130120

	Phillips, N. A., Welc, S. S., Wallet, S. M., King, M. A., and Clanton, T. L. (2015). Protection of intestinal injury during heat stroke in mice by interleukin-6 pretreatment. J. Physiol. 593, 739–752. doi:10.1113/jphysiol.2014.283416

	Saw, C. L. L., Yang, A. Y., Guo, Y., and Kong, A. N. T. (2013). Astaxanthin and omega-3 fatty acids individually and in combination protect against oxidative stress via the Nrf2-ARE pathway. Food Chem. Toxicol. 62, 869–875. doi:10.1016/j.fct.2013.10.023

	Sercombe, R., Dinh, Y., and Gomis, P. (2002). Cerebrovascular inflammation following subarachnoid hemorrhage. Jpn. J. Pharmacol. 88, 227–249. doi:10.1254/jjp.88.227

	Shah, Z. A., Li, R. C., Thimmulappa, R. K., Kensler, T. W., Doré, S., Biswal, S., et al. (2007). Role of reactive oxygen species in modulation of Nrf2 following ischemic reperfusion injury. Neuroscience 147, 53–59. doi:10.1016/j.neuroscience.2007.02.066

	Sheng, C., Wu, H., Tang, J., Zhang, J., and Zhang, J. H. (2015). Neurovascular events after subarachnoid hemorrhage: focusing on subcellular organelles. Acta Neurochir. Suppl. 120, 39–46. doi:10.1007/978-3-319-04981-6_7

	Wagner, A. E., Ernst, I., Iori, R., Desel, C., and Rimbach, G. (2010). Sulforaphane but not ascorbigen, indole-3-carbinole and ascorbic acid activates the transcription factor Nrf2 and induces phase-2 and antioxidant enzymes in human keratinocytes in culture. Exp. Dermatol 19, 137–144. doi:10.1111/j.1600-0625.2009.00928.x

	Wei, Y., Wang, H. D., Hu, Z. G., Wang, Q. F., and Yin, H. X. (2008). Activation of Nrf2-ARE pathway in brain after traumatic brain injury. Neurosci. Lett. 431, 150–154. doi:10.1016/j.neulet.2007.11.060

	Zhao, X. D., and Zhou, Y. T. (2011). Effects of progesterone on intestinal inflammatory response and mucosa structure alterations following SAH in male rats. J. Surg. Res. 171, e47–e53. doi:10.1016/j.jss.2011.07.018

	Zhao, H. D., Zhang, F., Shen, G., Li, Y. B., Li, Y. H., Jing, H. R., et al. (2010). Sulforaphane protects liver injury induced by intestinal ischemia reperfusion through Nrf2-ARE pathway. World J. Gastroenterol. 16, 3002–3010. doi:10.3748/wjg.v16.i24.3002

	Zhao, X., Wen, L., Dong, M., and Lu, X. (2016a). Sulforaphane activates the cerebral vascular Nrf2–ARE pathway and suppresses inflammation to attenuate cerebral vasospasm in rat with subarachnoid hemorrhage. Brain Res. 1653, 1–7. doi:10.1016/j.brainres.2016.09.035

	Zhao, X., Wu, J., Zhang, Y., Zhu, L., and Lu, X. (2016b). Alterations of intestinal labile zinc and cytokine production following subarachnoid hemorrhage in rats. Ann. Clin. Lab. Sci. 46, 622–626. 

	Zhou, M. L., Lin, Z., Jian, W., Hang, C. H., and Shi, J. X. (2007). The inflammation in the gut after experimental subarachnoid hemorrhage. J. Surg. Res. 137, 103–108. doi:10.1016/j.jss.2006.06.023

	Zhu, L., Jin, W., Pan, H., Hu, Z., Zhou, J., Hang, C., et al. (2009). Erythropoietin inhibits the increase of intestinal labile zinc and the expression of inflammatory mediators after traumatic brain injury in rats. J. Trauma 66, 730–736. doi:10.1097/TA.0b013e318184b4db


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Liu, Li, Zhang, Zhao and Gao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fmolb-12-1635795-g005.jpg
SAH+S

SAH+V

2
§
77
B

Sham+V
&3 SAH+V
&3 SAH+S

¥ ®© o = 9o
o o o o o

ones I-€D71/11I-€J71 dAnedYy

(11]

" i)

53983

< 3 m a M |9A9] uisjoud aAne|dYy
< -« o )





OPS/images/fmolb-12-1635795-g006.jpg
A Control TNF-a 10 pmol/L SFN

150

100

50

No. LC3 punctalcell

B Control TNF-a 10 umol/L SFN

Cell apoptosis (%)






OPS/images/fmolb-12-1635795-g003.jpg
TNF-a IL-6

IL-18

(ui19304d 6/6u) saujoyfo
Aiojewiwepyul Jo uonesjuadUOH

SAH+V SAH+S

Sham+V

< ~ ~N - o

m ©409s Kiojewwepu)





OPS/images/fmolb-12-1635795-g004.jpg
Nrf-2

B GAPDH

< 0 < n S
o - - 5 o

19A9] uiajoad Z-HN oAle|eY

&3 SAH+V
B3 SAH+S

## EB Sham+V

w o W o v 9
~N ~N b ] - o o
uoissaldxa YN W aAle|9y

<

SAH+S

SAH+V

H

Nrf-2

E3 Sham+V

e «® <«
- o o

HO-1

Keapt | M W

NQO-1

N
o

T
Q
o
<
(O]

HO-1 NQO-1

Keap1





OPS/images/fmolb-12-1635795-g007.jpg
E3 Control

1.0

<

=

o~

+
zzzZ
[T TR T
)
24
S 0 O
T EEE
Wu.“u.
F2 &R

N
BOBN

ANNNNNNNNNNNNNNNNN

® © <« q 9o
©c ©o © o o

19A8] usjoid aAneRYy

x,
(S
®
ﬁ_...@ %
(XN
%,
(o)
L RN
Qevow
| \\O&
n_ | ) o %,
A\.\\
Ve
:— —.o.oo
N 00
T ¥ T T I
§ £ o0 o 2
eNHQA
X NG





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		The protection of sulforaphane on subarachnoid hemorrhage-induced intestinal mucosa injury in rats		Introduction

		Methods

		Results

		Conclusion

		INTRODUCTION

		MATERIALS AND METHODS		Animal preparation

		Rat models of SAH and experimental protocol

		Experimental protocol

		Appetite evaluation

		Tissue harvest

		Hematoxylin–eosin staining

		Intestinal wet/dry weight ratio

		Inflammatory scores

		Detection of IL-1β, TNF-α, and IL-6 levels in ileum tissues

		Western blot

		RNA reverse transcriptase–polymerase chain reaction

		Immunofluorescence staining

		Hoechst 33258 staining

		Statistical analysis





		RESULTS		SFN significantly improves appetite and reduces the intestinal wet/dry weight ratio in rats after SAH

		SFN significantly alleviates ileum tissue injury in rats after SAH

		SFN significantly reduces intestinal inflammation in rats after SAH

		SFN significantly upregulates the Keap1/Nrf-2/ARE signaling pathway and autophagy in rats after SAH

		SFN significantly reduces intestinal mucosal epithelial cell apoptosis by regulating autophagy





		DISCUSSION

		CONCLUSION

		DATA AVAILABILITY STATEMENT

		ETHICS STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES









OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Biosciences






OPS/images/fmolb-12-1635795-g001.jpg
SAH+V SAH+S

Sham+V

wn < © ] - o

0 JyBram Aipam jo oney
>
129
¥
% v w
BBDO.
*
*

< © o~ - o

<« al109s ayaddy

Days





OPS/images/fmolb-12-1635795-g002.jpg









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





