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Ambient air temperature is a key factor affecting human health. Long-term exposure to a cold environment can cause various diseases, while the impact on the intestine, the organ which has the largest contact area with the external environment, cannot be ignored. In this study, we investigated the effect of chronic cold exposure on the colon and its preliminary mechanism of action. Mice were exposed to 4°C for 3 hours a day for 10 days. We found that cold exposure damaged the morphology and structure of the colon, destroyed the tight junctions of the colonic epithelial tissue, and promoted inflammation of the colon. At the same time, cold exposure also activated the unfolded protein response (UPR) in the colon and promoted apoptosis in intestinal epithelial cells. Chronic cold exposure induced oxidative stress in vivo, but also significantly enhanced the response of the Nrf2 pathway that promotes an anti-oxidant effect. Furthermore, we demonstrated that chronic cold exposure promoted p65 acetylation to aggravate the inflammatory response by inhibiting SIRT1. Similar results were observed following SIRT1 knock-down by shRNA in Caco-2 cells treated with Thapsigargin (Tg). Knock-down of SIRT1 promoted nuclear localization of Nrf2, and increased the level of Nrf2 acetylation. Taken together, our study indicates that cold exposure may aggravate endoplasmic reticulum stress and damage epithelial tight junctions in the colon by inhibiting SIRT1, which promotes nuclear localization of Nrf2 and induces an anti-oxidant response to maintain intestinal homeostasis. These findings suggest that SIRT1 is a potential target for regulating intestinal health under cold exposure conditions.
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INTRODUCTION
The impact of a low temperature environment on human health is significant. Zhang et al. found that moderate cold temperature contributed to a significant amount of the total health burden (Zhang et al., 2020a). For example, cold exposure can cause reproductive organ dysfunction, abnormal glucose metabolism, neurotransmitter disorders, and promote neuroinflammation (Yao et al., 2018; Xu et al., 2019; Wang et al., 2020). In addition, cold exposure can increase disease sensitivity, such as promoting bone loss, and increasing the risk of cancer by regulating the expression of transcription factors (Bandyopadhayaya et al., 2020; Singh et al., 2020).
Intestinal diseases, such as diarrhea, stress-induced bowel disease and inflammatory bowel disease (IBD), are particularly prevalent in cold environments. The colon is a barrier tissue, which can, to a certain extent, regulate and defend against changes in the external environment (Evans and Corfe, 2021). However, since the colon has the highest abundance of intestinal flora, once this barrier is damaged, toxins and bacteria can leak into the intestinal tissues, increasing the sensitivity of the body to enteritis and causing intestinal inflammation (Öhman et al., 2015; Pellissier and Bonaz, 2017). Thus, the integrity of healthy tight junctions between epithelial cells in the colon is crucial to the stability of the colon barrier function.
Previously, the pathogenesis of enteritis has been shown to be closely related to the unfolded protein response (UPR) of intestinal epithelial cells (IECs) (Hosomi et al., 2015; Ma et al., 2017). IECs from IBD patients have been shown to exhibit an excessive induction of endoplasmic reticulum (ER) stress linked to altered intestinal barrier function and inflammation (Solà Tapias et al., 2021; Wang et al., 2021). Li et al. found that knock-down of inositol-requiring enzyme 1α (IRE1α) can inhibit the growth of heterogeneous tumors in vivo and colon cancer cells in vitro (Li et al., 2017). Furthermore, cold exposure can lead to abnormalities in the neuro-endocrine-immune network, as well as dramatic changes in blood glucose and blood lipid concentrations, which may activate the UPR of cells (Lian et al., 2019). Thus, we speculate that ER stress plays a key role in cold-induced intestinal barrier damage.
Recent studies have shown that sirtuin 1 (SIRT1) plays a key role in the development of various diseases related to ER stress, including IBD (Deuring et al., 2014; Melhem et al., 2016). SIRT1 belongs to the sirtuin family of nicotinamide adenine dinucleotide (NAD+) dependent deacetylases, which can interact with or deacetylate various signaling molecules, transcription factors, histones and non-histone proteins (Chandramowlishwaran et al., 2020). SIRT1 has been shown to improve ER stress-induced cell death by deacetylation of eukaryotic translation initiation factor 2α (eIF2α) and X-box binding protein1 (XBP-1) (Prola et al., 2017; Chou et al., 2019). However, the role of SIRT1 in cold-induced stress has not been examined.
In addition, activation of UPR during oxidative stress is an adaptive mechanism for maintaining cell function and survival. In many ER stress-related models, ER stress and oxidative stress accentuate each other in a positive feedforward cycle, which interferes with cell function and activates apoptosis-promoting signal transduction pathways (Malhotra and Kaufman, 2007). ER stress and oxidative stress have also been observed in a variety of enteritis (Almenier et al., 2012; Kaser et al., 2013). Nrf2 is a transcription factor that plays a central role in the intestinal antioxidant stress response, which is activated by ER stress and oxidative stress (Wu et al., 2021). Under conditions of ER stress, Nrf2 is phosphorylated, and once activated, localizes to the nucleus where it induces antioxidant stress response genes for cellular protection (Cullinan and Diehl, 2006).
Previously, we have shown that cold exposure induced oxidative stress and activated the antioxidant pathway in liver. Here, we explored the impact of exposure to external low temperatures on the colon, as well as examine the underlying mechanisms of action of SIRT1.
MATERIALS AND METHODS
Animals and Animal Model
Five-week-old male C57BL/6 mice (body weight 18–20 g) were purchased from Changsheng (Changchun, China) and randomly divided into two groups (n = 6). All mice were placed in a phytotron for 7 days to adapt before grouping. The cold group mice were exposed to 4°C for random 3 h between 8:00–20:00, and placed in the phytotron at 24 ± 2°C at other times. The control group was placed in the phytotron at 24 ± 2°C for the entirety of the experiment. All mice followed a 12 h (8:00–20:00) light-dark cycle with a humidity of 40 ± 5% and ad libitum access to food and water. All mice were anesthetized with ether after treatment and euthanized by cervical dislocation. Colon tissue was collected, and either fixed or frozen at −80°C after the tissue length had been recorded.
Immunofluorescence, TUNEL and Hematoxylin-Eosin Staining
Colon tissue was fixed in 4% paraformaldehyde (BL539A, Biosharp, China), dehydrated and cleared using ethanol and xylene. The transparent tissue block was immersed in melted paraffin, and cut it into 5–8 µm slices after the paraffin had solidified.
After dewaxing and hydration, immunofluorescence staining was carried out on tissue slices by incubating the slices with 0.2% TritonX-100 for 15 min, blocking for 2 h, then incubating with primary antibodies against ZO-1 (#21773-1-AP, Proteintech, 1:200) overnight at 4°C. Samples were incubated with fluorescein-conjugated secondary antibody for 1 h at 37°C, and treated with anti-fluorescence quenching sealing solution (containing DAPI). Finally, tissue slices were photographed using a laser scanning confocal microscope.
After dewaxing and hydration, TUNEL staining was performed by incubating tissue slices with 20 μg/ml DNase-free proteinase K at 20–37°C for 15–30 min. After washing, samples were incubated with 50 μL TUNEL detection solution at 37°C for 1 h, then photographed using a laser scanning confocal microscope.
After dewaxing and hydration, H&E staining was carried out by dying tissue slices with hematoxylin staining solution and eosin staining solution. Samples were then blocked with neutral gum and photographed using a light microscope.
Transmission Electron Microscope
Fresh colon tissue was fixed in 2.5% glutaraldehyde and dehydrated with ethanol. The treated tissue was embedded in epoxy resin, and cut into 70 nm slices using an ultramicrotome. After staining with uranium acetate and lead citrate, morphological changes in the ER were observed and photographed using a JEM SX 100 TEM.
Biochemical Analysis
Levels of superoxide dismutase (SOD) activity, glutathione (GSH) and malondialdehyde (MDA) were measured in the colon tissue using specific kits (#S0101S, #S0053, #S0131S, Beyotime, China) according to the manufacturer’s instructions.
SIRT1 Activity
Total protein was extracted from the colon tissue and the level of SIRT1 activity was tested using a SIRT1 Assay Kit (#CS1040, Sigma-Aldrich, United States) according to the manufacturer’s instructions.
Cell Culture and Treatment
Caco-2 cells were cultured in DMEM medium containing 10% fetal bovine serum at 37°C in an atmosphere of 5% CO2. Cells were passaged 2–3 times a week.
An ER stress model was constructed by stimulating Caco-2 cells with 1 µM Thapsigargin (Tg) for 12 h. The SIRT1-shRNA sequence (5′-GCC​ATG​TTT​GAT​ATT​GAG​TAT-3′) was synthesized by Hesheng SyngenTech (China) and used to knock down SIRT1 expression in Caco-2 cells. The following transfection conditions were used: 2.5 μg shRNA plasmid and 4 μL Lipo8000 transfection reagent were added to six-well plates and samples were collected after 48 h.
Immunofluorescence and Hoechst Staining
Caco-2 cells were cultured on slides, treated with Tg and transfected with shRNA. Slides were incubated with 0.2% TritonX-100 for 15 min, blocked for 2 h and immunofluorescent staining was carried out as described earlier. The expression and distribution of ZO-1 was observed and photographed using a laser scanning confocal microscope. The Hoechst Staining Kit (#RG027, Beyotime, China) was used to stain the nuclei.
Western Blot Analysis
After treatment, colon tissue or Caco-2 cells were lysed with RIPA lysis buffer containing 1% PMSF. Total protein and nucleoprotein were extracted using the RIPA Lysis Buffer (#P0013C, Beyotime, China) and Nuclear and Cytoplasmic Protein Extraction Kit (#P0028, Beyotime, China), and the protein concentration was determined using a BCA Protein Assay Kit (#P0010, Beyotime, China) according to the manufacturer’s instructions. Protein samples were separated by SDS-PAGE and transferred to a PVDF membrane. After blocking, the membrane was incubated in primary antibodies overnight at 4°C. After washing, samples were incubated with secondary antibodies (#SA00001-2and#SA00001-1, Proteintech, 1:10,000). Protein bands were visualized using an ECL luminescence agent and chemiluminescence detector. The following primary antibodies were used: ZO-1 (21773-1-AP, Proteintech, 1:7,000), Occludin (27260-1-AP, Proteintech, 1:3,000), Claudin-1 (13050-1-AP, Proteintech, 1:5,000), TNFα (#17590-1-AP, Proteintech, 1:1,000), IL-1β(26048-1-AP, Proteintech, 1:800), IL-6 (66,146-1-lg, Proteintech, 1:1,000), GRP78 (11587-1-AP, Proteintech, 1:6,000), XBP-1 (24868-1-AP, Proteintech, 1:1,000), CHOP(15204-1-AP, Proteintech, 1:1,000), eIf2α (#A0764,ABclonal, 1:1,000), p-eIf2α (#AP0341, ABclonal, 1:2000), Bax (#50599-2-lg, Proteintech, 1:10,000), Bcl-2 (#60178-1-lg, Proteintech, 1:3,000), Caspase3 (66,470-2-lg, Proteintech, 1:1,000), Cytochrome C (10993-1-AP, Proteintech, 1:5,000),SIRT1(#13161-1-AP, Proteintech, 1:500) Nrf2(16396-1-AP, Proteintech, 1:1,000), Keap1 (10503-2-AP,Proteintech, 1:3,000), NQO1 (11451-1-AP, Proteintech, 1:1,000), HO-1 (10701-1-AP, Proteintech, 1:3,000), p65 (#10745-1-AP, Proteintech, 1:2000), Actin (66009-1-Ig, Proteintech, 1:10,000), Lamin B (12987-1-AP, Proteintech, 1:5,000).
Co-Immunoprecipitation Assays
Magnetic dynabeads were suspended in 200 µL binding and washing solution containing 2 µg Nrf2 antibodies. The beads were incubated for 10 min at room temperature with shaking and placed on the magnet. The dynabead-antibody complex was washed with 200 µL of antibody binding and washing buffer. Next, 500 µL of the total colon tissue or Caco-2 cell homogenates were added to each of these tubes (containing Nrf2 antibody), mixed and incubated for 10 min at room temperature. All tubes were placed on the magnet and the supernatants were removed. After washing, 100 dynabead-antibody-antigen complexes of each sample were suspended in 100 µL washing buffer and mixed gently. The antigens were eluted using 200 µL eluent buffer and incubated for 2 min at room temperature. The supernatants were removed and placed into clean tubes, and western blotting was carried out to detect the acetylated form of Nrf2.
Dual Luciferase Reporter Gene Assay
The dual luciferase reporter assay was performed in Caco-2 cells that had been transfected with shRNA and treated with Tg treatment. The cell culture medium was replaced by a serum-free medium when the density reached 70%. The pGL4.37 (luc2P/ARE/Hygro) plasmid was transfected for 12 h, and the serum-free medium was converted to a complete medium. After 24 h of transfection, the detection preparation was completed as per the instructions stipulated in the dual-luciferase reporter gene detection kit (#RG027, Beyotime, China). The fluorescence intensity was measured by a multi-functional enzyme labeling instrument, and the activity of the Nrf2 promoter was calculated.
Statistical Analysis
All statistical parameters were calculated using GraphPad Prism 8 (GraphPad) and Excel software. Differences were analyzed using t-tests (for two groups) and one-way ANOVA for multiple comparisons. p < 0.05 was considered statistically significant. Values are expressed as mean ± standard error of the mean (SEM), *p < 0.05, **p < 0.01, ***p < 0.001.
RESULTS
Cold Exposure Induces Tight Junction Damage and Promotes Inflammation in Mice Colon
The length of the colon is a key indicator of colon health. We found that after cold exposure, the length of the colon had a tendency to shorten, but no significant differences in length were observed (Figure 1A). However, H&E staining revealed that the colonic folds disappeared after cold exposure (Figure 1B). Significant decreases in the protein expression levels of the tight junction markers claudin-1, occludin and ZO-1 were observed after cold exposure, consistent with the ZO-1 immunofluorescence staining data (Figures 1C,D). Since increased inflammatory cytokine expression is a precursor of inflammation, we examined the effect of cold exposure on the expression of pro-inflammatory cytokines such as TNF-α, IL-6 and IL-1β. We found that cold exposure led to increased protein expression of pro-inflammatory cytokines in vivo (Figure 1E).
[image: Figure 1]FIGURE 1 | Cold exposure induces tight junction damage in the colon and promotes colonic inflammation. Effects of cold exposure on mouse colon length (A) and morphology by H&E staining (×100) (B). Effects of cold exposure on the protein expression levels of claudin-1, occludin and ZO-1 were assessed by western blot analysis (C) and the expression levels of ZO-1 were determined by immunofluorescence staining (D) in the mouse colon. (E) Protein expression levels of TNFα, IL1β, and IL-6 were assessed by western blot analysis in mouse colon tissue. Data are presented as the mean ± SEM (n = 3). Statistically significant differences are indicated; *p < 0.05, **p < 0.01, ***p < 0.001, significantly different from control group.
Cold Exposure Induces Endoplasmic Reticulum Stress and Apoptosis in Mice Colon
Changes in the ultrastructure of the colon tissue were visualized by TEM. The ER was found to be swollen after cold exposure (Figure 2A). Since ER swelling may be caused by ER stress, we next used western blotting to examine protein expression of key proteins associated with ER stress. With the exception of CHOP, we found significant upregulation of GRP78, XBP1, eIF2α, and p-eIF2α protein expression in the cold exposure group (Figure 2B), suggesting that exposure to cold conditions induced ER stress in mice colon. ER stress, when dysregulated, can induce apoptosis. Therefore, we used TUNEL staining to examine apoptosis in the colonic epithelium of the mice. We found a significant increase in the number of apoptotic cells in the colonic tissue of the cold exposure group (Figure 2C). In order to investigate the correlation between the increase in apoptosis and ER stress, we next used western blotting to examine the expression of apoptotic proteins in the ER stress pathway, which are also key components of the endogenous apoptotic pathway. We found that Bax, Bcl-2, cleaved-caspase3 and Cytochrome C were significantly increased after cold exposure (Figure 2D). Thus, cold exposure results in increased ER stress and apoptosis in the colon.
[image: Figure 2]FIGURE 2 | Cold exposure induces ER stress and apoptosis in mouse colon tissue. (A) Representative TEM images of mice colon, the red arrows indicate ER, scale bar: 1 µm. (B) CHOP, GRP78, XBP1, eIF2α, and p-eIF2α protein expression levels were measured by western blot analysis in mouse colon tissue. (C) Apoptosis was measured in mouse colon tissue using TUNEL staining. (D) Bax, Bcl-2, caspase-3, and Cytochrome C protein expression levels were measured by western blot analysis in mouse colon tissue. Data are presented as the mean ± SEM (n = 3). Statistically significant differences are indicated; *p < 0.05, **p < 0.01, ***p < 0.001, significantly different from control group.
Cold Exposure Induces Oxidative Stress, Activates the Nrf2 Pathway, and Increases NF-κB and Nrf2 Acetylation Levels by Inhibiting SIRT1 in Mice Colon
Since ER stress is closely associated with oxidative stress, we examined the expression of oxidative stress markers in the colon. We found that SOD and GSH levels were significantly decreased, while MDA levels were significantly increased (Figures 3A–C), demonstrating that cold exposure induced oxidative stress in the colon. Many studies have shown that SIRT1 can act on antioxidant enzymes and has a role in mediating anti-oxidative stress (Hajializadeh and Khaksari, 2021). Here, we found that cold exposure significantly reduced SIRT1 protein expression and enzyme activity (Figure 3F), consistent with our data demonstrating that cold exposure enhanced oxidative stress in vivo. Cold exposure also activated the key antioxidant Nrf2 pathway, increased nuclear accumulation of Nrf2 and increased p65 protein expression to activate the inflammatory response (Figure 3D). Since SIRT1 was significantly reduced after cold exposure, we next used western blot and co-immunoprecipitation assays to examine acetylation of p65 and Nrf2. We found that cold exposure significantly increased p65 and Nrf2 acetylation (Figures 3D,E).
[image: Figure 3]FIGURE 3 | Cold exposure induces oxidative stress in the colon and regulates SIRT1/Nrf2-and SIRT1/NF-κB-mediated pathways in vivo. Effects of cold exposure on SOD (A), GSH (B) and MDA (C) levels in the mouse colon. The protein expression levels (D) and enzyme activity (F) of SIRT1. (D) The protein expression levels of total-Nrf2,Keap1, nuclear-Nrf2, NQO1, HO-1, p65, and acetylated-p65 were measured by western blot analysis in mouse colon tissue. (E) The acetylation level of Nrf2 was determined using co-immunoprecipitation assays in mouse colon tissue. Data are presented as the mean ± SEM (n = 3). Statistically significant differences are indicated; *p < 0.05, **p < 0.01, ***p < 0.001, significantly different from control group.
Knock-Down of SIRT1 by shRNA Aggravates Tg-Induced Endoplasmic Reticulum Stress and Intercellular Tight Junction Damage, and Increases Apoptosis in Caco-2 CellsLife Science Identifiers
We next sought to determine the role of SIRT1 in mediating cold exposure-induced changes. Tg was used to induce ER stress in Caco-2 cells, and the effects of SIRT1 knock-down with shRNA on apoptosis and intercellular tight junctions were examined. We found that the expression of key proteins in the UPR pathway was significantly upregulated (Figure 4), indicating that a successful ER stress model had been established in Caco-2 cells, At the same time, the expression of SIRT1 in the sh-SIRT1 and Tg + sh-SIRT1 groups was significantly decreased (Figure 4), indicating that knock-down of SIRT1 with sh-SIRT1 was efficient. Consistent with previous studies (Alshammari et al., 2021), we demonstrated that SIRT1 has an inhibitory effect on ER stress since knock-down of SIRT1 resulted in a significant increase in GRP78 and CHOP protein expression (Figure 4).
[image: Figure 4]FIGURE 4 | Effects of sh-SIRT1 on the protein levels of CHOP, GRP78, eIF2α and p-eIF2α in Tg-induced Caco-2 cells. Data are presented as the mean ± SEM (n = 3). Statistically significant differences are indicated; *p < 0.05, **p < 0.01, ***p < 0.001, significantly different from control group. #p < 0.05, significantly different from Tg group.
Next, we visualized ZO-1 protein expression in Caco-2 cells by immunofluorescence analysis. ZO-1 distribution in the control group was uniform and complete, while in the Tg and sh-SIRT1 groups the distribution was uniform but the fluorescent intensity was lower than the control group. After treatment with Tg + sh-SIRT1, the expression level of ZO-1 in Caco-2 cells was significantly decreased, with some areas exhibiting no ZO-1 staining (Figure 5).
[image: Figure 5]FIGURE 5 | Effects of sh-SIRT1 on ZO-1 levels based on immunofluorescence staining of Tg-induced Caco-2 and IEC-6 cells. Data are presented as the mean ± SEM (n = 3). Statistically significant differences are indicated; *p < 0.05, **p < 0.01, ***p < 0.001, significantly different from control group. #p < 0.05, significantly different from Tg group.
Hoechst staining was used to examine apoptosis in Caco-2 cells. We found regular nuclear morphology and an even distribution of staining in the control group, while in the Tg and sh-SIRT1 groups slight nuclear deformation and intensive staining was observed. Treatment of Caco-2 cells with Tg + sh-SIRT1 resulted in a large area of concentrated staining, with visible nuclear fusion and deformation (Figure 6A). Changes in the expression levels of apoptotic proteins were also measured, and found to be consistent with the Hoechst staining data. Significant increases in the Bax/Bcl-2 protein expression ratio and cleaved-caspase-3 protein expression were observed in the Tg + sh-SIRT1 group (Figure 6B). Taken together, these data suggest that knock-down of SIRT1 aggravated Tg-induced tight junction damage and induced apoptosis in Caco-2 cells.
[image: Figure 6]FIGURE 6 | The knock-down of SIRT1 by shRNA increases the level of apoptosis in Tg-induced Caco-2 cells. (A) Apoptosis was measured in Tg-induced Caco-2 cells using Hoechst staining. (B) Effects of sh-SIRT1 on Bax, Bcl-2 and caspase-3 protein expression levels in Tg-induced Caco-2 cells. Data are presented as the mean ± SEM (n = 3). Statistically significant differences are indicated; *p < 0.05, **p < 0.01, ***p < 0.001, significantly different from control group. #p < 0.05, ##p < 0.01, ###p < 0.001 significantly different from Tg group.
Knock-Down of SIRT1 by shRNA Increases Nrf2 Nuclear Accumulation and Acetylation in Tg-Induced Caco-2 Cells
Next, we examined the role of SIRT1 in the Nrf2 pathway in Caco-2 cells. We found that in the Tg group, the protein expression of total Nrf2, nuclear Nrf2, Keap1and downstream components of the Nrf2/ARE signaling pathway, HO-1 and NQO1 was significantly up-regulated (Figure 7A), indicating that ER stress activated the antioxidant pathway in Caco-2 cells, promoted nuclear accumulation of Nrf2, and increased the transcriptional activity of Nrf2 (Figure 7B). In the Tg + sh-SIRT1 group, although no significant changes in total Nrf2 protein expression were observed, nuclear Nrf2 expression was significantly up-regulated. Furthermore, significant up-regulation of HO-1 and NQO1 was observed (Figure 6A), as well as significantly up-regulated transcriptional activity (Figure 7B). Finally, co-immunoprecipitation assays revealed that knock-down of SIRT1 led to significant up-regulation of Nrf2 acetylation (Figure 7C).
[image: Figure 7]FIGURE 7 | The knock-down of SIRT1 by shRNA increases Nrf2 nuclear accumulation and acetylation in Tg-induced Caco-2 cells. (A) Effects of sh-SIRT1 on total-Nrf2, Keap1,nuclear-Nrf2, NQO1 and HO-1 protein expression levels in Tg-induced Caco-2 cells were assessed by western blot analysis. (B) Effects of sh-SIRT1 on the relative fluorescence intensity of NRF2/ARE in Tg-induced Caco-2 cells were measured using the Dual Luciferase Reporter Gene Assay Kit. (C) Effects of sh-SIRT1 on Nrf2 acetylation levels were determined in Tg-induced Caco-2 cells by co-immunoprecipitation assays. Data are presented as the mean ± SEM (n = 3). Statistically significant differences are indicated; *p < 0.05, **p < 0.01, ***p < 0.001, significantly different from control group. #p < 0.05, ##p < 0.01, ###p < 0.001 significantly different from Tg group.
DISCUSSION
In the current study, we demonstrated that chronic cold exposure activated ER stress, which mediates apoptosis, inflammation and oxidative stress in the colon via the SIRT1/Nrf2 signaling pathway. Cold exposure activates the hypothalamic-pituitary-adrenal (HPA) axis, inducing a state of stress in the body (Schwabe et al., 2008). Since the colon has a large contact area with the external environment, it is a central target organ of environmental stress. Colonic length is an important indicator of colon health. Colonic shortening occurs in various enteritis such as IBD and ulcerative colitis (UC) (Otagiri et al., 2020; Wu et al., 2020). Here, no significant colonic shortening, or pathological damage was observed in response to cold exposure. However, H&E staining did reveal a phenomenon of wrinkle disappearance, suggesting that the effects of cold exposure on the colon were physiological, not pathological.
The colon acts as a multi-layer barrier to maintain colon homeostasis (Hamer et al., 2008). However, due to the abundance of colon flora, damage to the barrier may cause leakage of harmful bacteria and their metabolites, which contribute to the occurrence and development of colonic inflammation. In this process, the mechanical barrier, which is composed of tight junctions between cells, is crucial. The tight junction is composed of several transmembrane proteins and cytoplasmic proteins, including occludins, claudins, and ZOs (Otani and Furuse, 2020). Here, we found that ZO-1 protein expression was significantly down-regulated after cold exposure. ZO-1 is a cytoskeleton protein, which interacts with periplasmic membrane proteins including occludin, claudin and junction adhesion molecule (JAM) to form strong cross-links, as well as interacting with the membrane cytoskeleton composed of F-actin and myosin to maintain the integrity of barrier function (Haas et al., 2020). We found that the expression of occludin and claudin was also sharply down-regulated after cold exposure. Therefore, the breakdown of ZO-1, claudin-1 and occludin in cold-exposed mouse IECs can significantly affect the function of the colonic epithelial barrier.
Dysfunction of the colonic epithelial barrier can also promote the occurrence and development of colonic inflammation, with pro-inflammatory cytokines such as IL-1β, IL-6 and TNF-α playing a key role in the development of inflammation (Marafini et al., 2019). IL-1β and IL-6 are the main pro-inflammatory cytokines secreted by the early inflammatory response, which can initiate the release of other cytokines (Zhao et al., 2021). Zhang et al. found that the concentration of TNFα, IL-6 and IL-1β in lung tissue was significantly increased following acute cold stress (−25°C) (Zhang et al., 2015). Bal et al. found that FGF21, IL6, IL-1α and TNFα were significantly up-regulated in the serum of mice under chronic cold stress, similar to the findings from our acute cold stress model test (Bal et al., 2017). In our study, the pro-inflammatory cytokines IL-1β, IL-6 and TNF-α were significantly upregulated in vivo after cold exposure, consistent with previous studies, indicating that cold exposure could promote the occurrence of colonic inflammation.
Studies have shown that cold stress can significantly increase Hsp70 resulting in their binding to white blood cells followed by a rapid influx of calcium ions, while the maintenance of calcium homeostasis mainly depends on the ER (Tupling et al., 2008). IECs are metabolically active cells, which are sensitive to changes in protein folding homeostasis in the ER (Luo and Cao, 2015). Using TEM, we observed significant swelling of the ER in the cold exposure group, suggesting that cold exposure had induced ER stress.
ER stress is a precise cellular adaptive response to the accumulation of misfolded or unfolded proteins in the ER induced by external factors. Thus, we used western blot analysis to examine the expression levels of key proteins in the ER stress pathway in the mouse colon. We found that the expression levels of GRP78, XBP1, and p-eIF2α/eIF2α were significantly up-regulated after exposure to cold. In the healthy ER, Grp78 is a molecular chaperone that stably binds to PERK, IRE1α and ATF6 and maintains them in an inactive state. When cells encounter environmental challenges, the homeostasis of the ER is threatened. Accumulation of misfolded or unfolded proteins in the ER induces the dissociation of GRP78 from PERK, ATF6 and IRE1α and activates downstream signals, triggering UPR as a cellular adaptive response (Senft and Ronai, 2015). We found that cold exposure can promote GRP78 dissociation, and serine phosphorylation of eIF2α, resulting in inhibition of protein synthesis and promotion of cell survival. However, although PERK mediates cell survival, it is also setting the stage for cellular demise by establishing the temporal onset of CHOP accumulation. We also found significant up-regulation of CHOP protein expression in the cold exposure group. CHOP is a C/EBP homologous protein, also known as proapoptotic factor, which is considered to be the late initiation of UPR-activated PERK-eIF-2α axis (Chen et al., 2020). CHOP can directly regulate apoptosis factors, such as Bcl-2 and Bim, which subsequently make cells more prone to apoptosis (Chitnis et al., 2012). We found that apoptosis levels were significantly up-regulated after cold exposure both by TUNEL staining and by significant up-regulation of the Bcl2/Bax ratio, and Cytochrome C and cleaved-caspase-3 levels. Our findings indicated that the ER stress activated by cold exposure had entered the middle and late stages, and induced apoptosis.
Since many studies have reported a close connection between ER stress and oxidative stress (Feng et al., 2019; Zhao et al., 2020), we next examined MDA levels in the mouse colon. We found that MDA levels were significantly increased in the cold exposure group. MDA is the product of lipid peroxidation of polyunsaturated fatty acids, and is used to evaluate the degree of lipid peroxidation in tissues (Chen et al., 2013). As a marker of oxidative stress, up-regulation of MDA levels indicates that cold exposure leads to oxidative stress. At the same time, we found that expression of GSH and SOD, which play an important role in the antioxidant defense, decreased sharply after cold exposure. Thus, cold exposure induces oxidative stress in vivo.
SIRT1 is a NAD + -dependent histone deacetylase, which has been shown to play a major role in biological processes such as inflammation, apoptosis and oxidative stress (Tang, 2016). Therefore, we examined SIRT1 expression in mouse colon tissue, and found significant down-regulation of SIRT1 protein expression and enzyme activity in cold-exposed mice, indicating that cold exposure inhibited the activity and expression of SIRT1 in colon tissue. Recent studies have demonstrated that cold exposure mediates the cold stress response of mice. Therefore, due to the abnormal activation of the HPA axis, numerous GCs are released into the central nervous system upward through the blood-brain barrier in this process. The long-term accumulation of GCs will exert an influence on the expression of SIRT1 in microglia (Xu et al., 2020). However, the mechanism of cold exposure reducing the expression of sirt1 in the intestine is currently unknown and needs further exploration in subsequent studies. Our results showed that the acetylation level of p65 subunit lysine 310 was increased. Studies have shown that sirt1 can participate in regulating inflammatory responses by deacetylating the NFkb, and the NFkb p65 subunit at multiple lysine sites (Yeung et al., 2004). This modification will enhance the transcriptional activity of NF-kB and promote the binding of NFkb to its downstream pro-inflammatory factor promoter region (Yoshizaki et al., 2010). This finding is consistent with the results of high expression of the pro-inflammatory factors. In addition to regulating various biological processes in vivo, SIRT1 is also involved in the activation of transcription factor redox homeostasis, such as Nrf2 (Xu et al., 2021). Nrf2 plays a crucial role in regulating the expression and synergistic induction of a series of antioxidant phase 2 genes, and protecting cells from the cumulative damage of oxidative stress (Duranti et al., 2021). To date, the protective effect of Nrf2 in the colon has been confirmed by a large number of studies (Hybertson et al., 2011; Singh et al., 2019; Zhang et al., 2020b). Therefore, we examined Nrf2 expression in the mouse colon. In the normal mice, Nrf2 and Keap1 form a Keap1-Nrf2 complex. However, in the cold exposure group, We found that Nrf2 is released from the Keap1-Nrf2 complex, making Nrf2 easier to translocate to the nucleus, thereby up-regulating the expression of downstream antioxidant components of the Nrf2/ARE pathway HO-1 and NQO1. We also found that the acetylation level of Nrf2 was significantly increased after cold exposure, which may be related to the downregulation of SIRT1.
In order to confirm the role of SIRT1 in a series of changes induced by cold exposure, we established an ER stress model in Caco-2 cells using Tg to simulate cold exposure, and knocked down SIRT1 using shRNA. By measuring expression of key proteins of the ER stress pathway, we demonstrated that Tg successfully activated ER stress in Caco-2 cells, while SIRT1 knock-down increased the ER stress intensity. Recently, Liu et al. found that spermidine could inhibit ER stress by activating SIRT1, indicating that SIRT1 could inhibit Tg-induced ER stress in vitro (Liu et al., 2021). These findings were consistent with our study. We also found that knock-down of SIRT1 led to a significant decrease in ZO-1 immunofluorescence staining in Caco-2 cells, consistent with our in vivo data. In addition, we demonstrated that knock-down of SIRT1 increased cell death caused by Tg-induced ER stress, indicating that SIRT1 protected IECs from severe ER stress.
Based on our in vivo data, we speculate that cold exposure can increase the acetylation level of Nrf2 by reducing the expression and activity of SIRT1, thereby increasing Nrf2-dependent gene transcription. To verify this hypothesis, we examined the expression of Nrf2 and its downstream factors in Tg-treated Caco-2 cells. We found that Tg-induced ER stress up-regulated the protein expression of Nrf2 and its downstream factors, which might be due to the fact that the PERK pathway of ER stress could induce ATF4 and Nrf2. These two transcription factors could activate antioxidant stress response genes, including NQO1, HO-1 and glutathione transferase. Previous studies have found that the protection provided by SIRT1 occurs by regulating the main endogenous antioxidant system of the Nrf2/HO-1 pathway (Shi et al., 2019). It has been reported that Nrf2 is an important antioxidant sensor in cell defense mechanism, which can be used as an important downstream target for SIRT1 signal transduction to increase the resistance to oxidative damage (Zhou et al., 2015). Our study concluded that the knockdown of SIRT1 led to increased Nrf2 acetylation, and a subsequent increase in Nrf2 nuclear localization and transcriptional activity. Studies have also shown that SIRT1 can induce NRF2 deacetylation, thereby reducing NRF2 - dependent gene transcription (Simic et al., 2013). Therefore, increased nrf2 acetylation induced by sirt1 knockdown increases nrf2-dependent gene transcription to resist the colonic oxidative stress induced by ER stress.
CONCLUSION
In conclusion, our study demonstrated that cold exposure can lead to unfolded or misfolded protein accumulation in colonic ER, and subsequent induction of ER stress in the colon. Excessive activation of ER stress can promote cell apoptosis, activating Nrf2 pathway, as well as activate nuclear accumulation of the antioxidant factor Nrf2, increase its transcriptional activity, and activate the downstream antioxidant factors HO-1 and NQO1. In this process, the decrease in SIRT1 expression and activity has a two-way effect that intensifies ER stress and increases the acetylation level of Nrf2, leading to the nuclear accumulation of Nrf2. Therefore, SIRT1 can be used as a potential target for alleviating colonic injury caused by cold exposure.
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