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Thioredoxin-1 Is a Target to Attenuate Alzheimer-Like Pathology in Diabetic Encephalopathy by Alleviating Endoplasmic Reticulum Stress and Oxidative Stress
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Varying degrees of central nervous system neuropathy induced by diabetes mellitus (DM) contribute to a cognitive disorder known as diabetic encephalopathy (DE), which is also one of the independent risk factors for Alzheimer’s disease (AD). Endoplasmic reticulum stress (ERS) plays a critical role in the occurrence and development of DE and AD. However, its molecular mechanism remains largely unknown. This study aims to investigate whether thioredoxin-1 (Trx-1) could alleviate DE and AD through ERS, oxidative stress (OS) and apoptosis signaling pathways. Mice were randomly divided into a wild-type group (WT-NC), a streptozotocin (STZ)-treated DM group (WT-DM), a Trx-1-TG group (TG-NC) and a Trx-1-TG DM group (TG-DM). Diabetic animals showed an increase in the time spent in the target quadrant and the number of platform crossings as well as AD-like behavior in the water maze experiment. The immunocontent of the AD-related protein Tau and the levels of cell apoptosis, β-amyloid (Aβ) plaque formation and neuronal degeneration in the hippocampus of the diabetic group were increased. Some key factors associated with ERS, such as protein disulfide isomerase (PDI), glucose-regulated protein 78 (GRP78), inositol-requiring enzyme 1α (IRE1α), tumor necrosis factor receptor-associated factor 2 (TRAF2), apoptosis signal-regulating kinase-1 (ASK1), c-Jun N-terminal kinase (JNK), protein kinase RNA (PKR)-like ER kinase (PERK), and C/EBP homologous protein (CHOP), were upregulated, and other factors related to anti-oxidant stress, such as nuclear factor erythroid 2-related factor (Nrf2), were downregulated in the DM group. Moreover, DM caused an increase in the immunocontents of caspase-3 and caspase-12. However, these changes were reversed in the Trx-1-tg DM group. Therefore, we conclude that Trx-1 might be a key factor in alleviating DE and AD by regulating ERS and oxidative stress response, thus preventing apoptosis.
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INTRODUCTION

Many studies have shown that both type 1 and type 2 diabetes can cause varying degrees of central nervous system dysfunction and cognitive decline, which is called diabetic encephalopathy (DE) (Stranahan, 2015). The molecular mechanism of the cognitive dysfunction in DE has been widely studied, but it is still not clear. A large number of studies have shown that endoplasmic reticulum stress (ERS) and oxidative stress (OS) are involved in the pathogenesis of DE (Biessels et al., 2002; Díaz-Gerevini et al., 2014; Wang et al., 2016). Lupachyk et al. (2013) found CHOP deficient mice displayed improved sciatic nerve oxidative-nitrative stress and attenuated peripheral neuropathy as compared with their wild-type (WT) littermates in the setting of diabetes, suggesting dysregulated UPR induced by prolonged ER stress is implicated in the development of diabetic peripheral neuropathy. While another research shown that the up-regulation of CHOP in hippocampal neurons of diabetic mice may promote neuronal apoptosis and account for the damaged learning and memory ability of diabetic mice (Zhao et al., 2015). Dabidi et al. found that OS affects brain tissue with the progress of the disease course, the damage of brain tissue gradually accumulation, degeneration and even necrosis of nerve cells, and then central nervous system DE occurs as a result of chronic, irreversible damage to the system (Roshan et al., 2013).

A large number of epidemiological studies have shown that diabetes significantly increases the risk of acquiring Alzheimer’s disease (AD); pathological changes similar to AD, such as Aβ deposits, neurofibrillary tangles, and damaged or lost neuronal synapses, are also found in patients with DE (Selkoe, 2001; Zargar et al., 2014). Other studies have shown that diabetes can promote the abnormal modification of Tau protein and that ERS and OS are also involved in the pathogenesis of AD: an upregulation of PDI during ER stress associated with multiple neurodegenerative diseases including AD represents an adaptive response to protect neuronal cells, their results here indicate that human PDI, a key component of the protein quality control system in the endoplasmic reticulum (ER) (Han et al., 2009; Xu et al., 2013), can directly interact with human Tau on the ER, and could counteract the toxicity caused by abnormal Tau aggregation in the ER by binding to Tau protein and inhibiting Tau fibrillization (Clodfelder-Miller et al., 2006; Asano et al., 2007; Aubert et al., 2015). In addition, most studies indicate that Tau is involved in the neurodegeneration associated with oxidative stress in AD: in a Drosophila model of human tauopathy (Tau R406W), a reduction in the gene dosage of thioredoxin reductase or mitochondrial superoxide dismutase 2 (SOD2) promotes Tau-induced neurodegenerative histological abnormalities and neuronal apoptosis. On the contrary, overexpression of these antioxidant enzymes or treatment with vitamin E decreases the Tau-induced neuronal death (Stamer et al., 2002). These findings suggest that DE and AD may have the same mechanisms.

High glucose levels in the body disrupt the internal balance of the ER, resulting in the accumulation of unfolded or misfolded proteins, which leads to ERS (Jin et al., 2016; Wu et al., 2016), and the main response to ERS is the activation of the unfolded protein response (UPR) (Dan et al., 2017). At this point, most of the UPR signaling pathways are activated, including the following: (1) after inositol-requiring enzyme 1α (IRE1α) is activated, tumor necrosis factor receptor-associated factor 2 (TRAF2) forms a complex with apoptosis signal-regulating kinase-1 (ASK1), which activates c-Jun N-terminal kinase (JNK) and subsequently caspase-12 on the ER membrane to induce apoptosis; (2) activating transcription factor 6 (ATF6) is released from the ER membrane, which leads to its nuclear translocation and upregulation of ER stress response genes; (3) glucose-regulated protein 78 (GRP78) activation induces the protein kinase RNA (PKR)-like ER kinase (PERK) eukaryotic initiation factor 2α (Eif2α) pathway to activate the expression of C/EBP homologous protein (CHOP) to initiate apoptosis (Zahraa et al., 2015; Almanza et al., 2018); additionally, the activation of PERK signaling can induce a conformational change in nuclear factor erythroid 2-related factor (Nrf2) that triggers the dissociation of the Kelch-like protein 1 (keap1)-Nrf2 complex and regulates cell oxidation (Zhu et al., 2015). In addition, it has been reported that Nrf2 is involved in increasing endogenous antioxidant levels and inhibiting apoptosis (Lim et al., 2014; Glory and Averill-Bates, 2016). It can be seen that there is a clear interaction between OS and ERS. OS exacerbates ERS, while ERS can also cause and exacerbate OS (Thummayot et al., 2016; Yang et al., 2016).

Thioredoxin-1 (Trx-1) is a small 12 kDa multifunctional protein having a redox-active disulfide/dithiol within its active site sequence, -Cys-Gly-Pro-Cys-, and operates together with NADPH and thioredoxin reductase (Holmgren, 1985). In the regulatory region of the Trx-1 gene, there are several promoter-specific transcription factor 1 binding motifs, an antioxidant-responsive element, and a putative cAMP-responsive element (CRE) (Bai et al., 2003). Trx-1 as a disulfide-reducing system low molecular weight protein with redox properties, and it plays an important role in regulating redox reactions in the human body (Matés and Sánchez-Jiménez, 2000; Bai et al., 2003). Trx-1, a major isoform of Trx that is ubiquitously expressed in many cell types and is found in various subcellular localizations (Nagarajan et al., 2016), has been reported to be a regulator of ERS (Bai et al., 2007). Some studies have also shown that Trx-1 can protect nerves by inhibiting the stress response of the ER (Luo et al., 2012; Zeng et al., 2014). During the pathogenic process of DM, long-term high glucose stimulation promotes the occurrence and development of ERS and OS, inhibits the activity of Trx-1, causes the dissociation of the Trx-1-ASK1 complex, activates the ASK1-mediated apoptotic pathway, and causes cell apoptosis (Zhu et al., 2018). As shown in several studies that: a decrease in neuronal Trx-1 in AD brains, Aβ neurotoxicity might be mediated by oxidation of Trx-1 and subsequent activation of the ASK1 cascade (Akterin et al., 2006). Deregulation of Trx-1 antioxidant systems could be important events in AD pathogenesis. Moreover, Trx-1 is also considered to be one of the antioxidant enzymes regulated by Nrf2 (Nakamura, 2004). Therefore, we reasoned that Trx-1/Nrf2 could play a key protective role in DE.

In this study, we verified the AD-like pathological changes and cognitive dysfunction of DE, including AD-related protein expression, neuronal apoptosis and neuronal degeneration, in the mouse hippocampus. More importantly, the effects of Trx-1 upregulation on the abovementioned factors and ERS, OS were studied. Our results suggest that Trx-1 can alleviate DE and AD by regulating the ERS and OS induced by DM.



MATERIALS AND METHODS


Animal Experiments

Male C57/B6 wild-type (WT) and C57/B6 human-Trx-1 transgenic (TG) mice approximately 6∼8 weeks of age were used in the experiments. Mice were obtained from the SPF Animal Center of Dalian Medical University, housed in plastic cages and maintained on a 12 h light/dark cycle with free access to food and water. Mice were randomly selected from the wild-type and transgenic groups for the diabetic model groups. The mice were randomly divided into a wild-type group (WT-NC), a streptozotocin (STZ)-induced DM group (WT-DM), a Trx-1-tg group (TG-NC) and a Trx-1-tg DM group (TG-DM) (n = 6). The diabetic group was fasted for 12 h and then intraperitoneally injected with streptozotocin (STZ) solution (50 mg/kg) for five consecutive days. Then, they were fed a normal diet; after 72 h, their blood glucose was measured on three consecutive days, and fasting was carried out 8 h before each measurement. When the blood glucose was greater than 11.1 mmol/L, the diabetic model was considered to be successfully established. The normal control group was injected intraperitoneally with the same amount of citric acid-sodium citrate buffer, and all experimental materials were obtained at 12 weeks after the completion of the model. All procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH), and all protocols were approved by the Institutional Animal Care and Use Committee of Dalian Medical University.



Morris Water Maze

The Morris water maze (MWM) test was used to evaluate spatial learning and memory. The MWM consists of a circular pool with a diameter of 120 cm and a depth of 45 cm. The tank was divided into four equal quadrants with the platform (10 cm × 10 cm) located in the center of the northeast quadrant. The platform was hidden 1 cm below the water surface, and a non-toxic white dye was used to make the water opaque. The testing room was illuminated with a constant intensity light source and kept quiet during the experiments, and different figures and objects were hung on the walls (○, □, △ and ×). All swimming trials were recorded with a video camera suspended from the ceiling and analyzed using EthoVision XT 9.0 software (Noldus, Netherlands).

Acquisition tests were performed with the mice for five consecutive days. Each mouse was placed into the water in all four quadrants on each test day. During the experiment, the time for the mice to find the platform in the water was recorded. This time is the escape latency period. The longest swimming time for the mice that could not find the platform was 60 s. If the platform was not found within 60 s, the experimenter guided the mouse to the platform and allowed it to stay on the platform for 10 s. The probe test was performed 24 h after the last acquisition trial. In the probe test, the platform was removed from the tank, and the mice were allowed to swim freely for 60 s. Then, the visual platform experiment was immediately performed to test the swimming speed of the mice.



In situ TdT-Mediated dUTP Nick-End Labeling Assay

The TdT-Mediated dUTP Nick-End Labeling (TUNEL) assay was performed on mice hippocampal tissues following the manufacturer’s instructions (TransGen Biotech, China). First, deparaffinized tissue sections were washed with phosphate-buffered saline (PBS) for 5 min. Then, 100 μl of cell permeation solution (0.1% Triton X-100) was added dropwise to the sample area to be tested, the tissue was incubated at room temperature for 30 min, and the excess liquid was removed. The tissues were incubated with 50 μl of a well-mixed labeling solution and 2 μl of terminal deoxynucleotidyl transferase (TDT) at 37°C for 60 min in the dark to allow the tailing reaction to occur and then washed with PBS three times for 5 min each. Cell permeation buffer was added to the sample area to be tested three times for 5 min each. Finally, the TUNEL-stained slides were observed immediately upon completion of the assay. Fluorescent cells were quantified by ImageJ software.



Immunohistochemistry

The sections were first dewaxed and hydrated, and then the sections were subjected to citrate antigen repair. An appropriate amount of blocking endogenous peroxidase was added dropwise to each section, and the sections were incubated for 15 min at room temperature and then washed with PBS 3 times for 3 min each; the sections were blocked with goat serum solution for 15 min at room temperature and subsequently incubated overnight at 4°C with a rabbit Aβ (Aβ1–40, Aβ1–42, 1:200, novusbio) antibody. The cells were washed with PBS three times for 3 min each and then treated with an appropriate amount of biotin-labeled sheep anti-rabbit/mouse IgG, incubated for 15 min at room temperature, and washed with PBS 3 times for 3 min each. An appropriate amount of streptozotocin-peroxidase was added, incubated for 15 min at room temperature, and washed with PBS three times for 3 min each. Diaminobenzidine (DAB) solution was applied to the sections for 10 s–5 min, and the sections were washed three times with PBS. Hematoxylin was used to stain the cell nuclei. Five random slides were selected from each group, and five randomly selected visual fields in the hippocampal region from each slide were observed. The mean optical density was quantified by ImageJ software.



Western Blot

The samples were thawed, washed in ice-cold PBS and sonicated in KeyGen lysis assay buffer (KeyGen Biotech, China). The samples were then sonicated, incubated on ice for 30 min and centrifuged at 10,000 × g for 20 min at 4°C. The protein concentration in the supernatant was determined by a Pierce BCA Protein Assay Kit (Life Technologies, United States). Equal quantities of protein were separated by 10% [for the ASK-1 (1:1,000, Cell Signaling Technology, United States), p-ASK-1, IRE1α (Wanleibio, China), p-IRE1α, TRAF2 (1:1,000, Wanleibio), JNK (1:1,000, Wanleibio), p-JNK (1:1,000, Wanleibio), GRP78 (1:1,000, Wanleibio), CHOP (1:1,000, Wanleibio), Nrf2 (1:1,000, Wanleibio), p-PERK, PERK (1:1,000, Wanleibio), Tau (1:1,000, Cell Signaling Technology), and p-Tau (1:1,000, Cell Signaling Technology) antibodies] or 12% SDS–PAGE (for the cleaved caspase-12 (1:1,000, Wanleibio), cleaved caspase-3 (1:1,000, Wanleibio) antibodies) and transferred to a polyvinylidene difluoride membrane (Millipore Corp., United States). The membrane was soaked in 5% skim milk (in PBS, pH 7.2) or 5% bovine serum albumin (BSA) (in PBS, pH 7.2) overnight at 4°C and then incubated with primary antibodies (1:1000) followed by peroxidase-conjugated anti-mouse or anti-rabbit IgG antibody (1:10,000, KPL, Gaithersburg, United States). The epitope was visualized by an ECL Western blot detection kit (Millipore, United States) and imaged with a ChemiDocTM XRS and Image LabTM Software (Bio-Rad Laboratories, Inc. Hercules, United States).



Fluoro-JadeC Staining

Slides containing sections of brain tissue were dewaxed in xylene two times, immersed in 100% ethanol two times for 5 min each, immersed in 70% alcohol for 2 min, and then rinsed with fresh ddH2O two times for 1 min each. Nine parts ddH2O was mixed with 1 part Solution B (potassium permanganate); the slides were added to this mixture and incubated for 10 min. Then, eight parts ddH2O was mixed with one part Solution C (Fluoro-Jade) (Merck Millipore, United States) and 1 part Solution D (DAPI) and placed in a Coplin jar in the dark or low light; the slides were incubated in this solution for 10 min. The slides were then rinsed in ddH2O three times for 1 min each and dried on a slide warmer at 50–60°C for at least 5 min. The dry slides were then cleared by brief immersion in xylene. Finally, the FJC slides were observed immediately upon completion of the assay, and the fluorescence intensity was quantified by ImageJ software.



Real-Time Quantitative PCR

Total RNA was extracted using TRIzol reagent (Takara, China) and transcribed using a Reverse Transcription Kit (Applied Biosystems, United States) according to the manufacturer’s instructions. mRNA samples were mixed with primers and 2× TransStart Top Green qPCR SuperMix (Transgene) in a total volume of 20 μl. The thermal cycling conditions used in the protocol were 30 s at 94°C followed by 45 cycles at 94°C for 5 s, 60°C for 30 s, and the dissociation stage. Gene expression levels were analyzed relative to the level of the GAPDH gene transcript. The primers used were as follow (see Table 1).


TABLE 1. PCR primer sequences.
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Biochemical Analysis

Determination of hippocampal tissue catalase (CAT), superoxide dismutase (SOD), malondiadehyde (MDA) and glutathione peroxidase (GSH-PX) activities. According to the manufacturer’s instructions, the collected organs were homogenized in 50 mM phosphate buffer cooled to 4°C containing K2HPO4 + KH2PO4 + 0.1 mM ethylenediaminetetraacetic acid (EDTA) (pH, 7.0) + 0.1% BSA and then centrifuged. The obtained brain supernatants were used for further investigations. The absorbance of each well was determined by a microplate reader, and the activity was calculated according to a formula. The SOD, MDA, GSH-PX and CAT activities were measured. The activities of the studied antioxidant enzymes in tissue extracts were calculated in U/mg of protein.



Statistical Analysis

All values are expressed as the mean ± standard deviation (SD). The statistical analyses were completed with one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test by GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, United States). Differences were considered significant at p < 0.05.



RESULTS


Blood Glucose Changes in Each Group of Mice

There were no significant differences in mobility, body weight, or blood glucose levels between the mice in each group prior to STZ modeling. Compared with the WT-NC group, blood glucose in the WT-DM group was significantly higher (p < 0.01), and compared with the TG-NC group, blood glucose in the TG-DM group was significantly higher (p < 0.05) after 3 days of STZ injection, and the blood glucose was persistently high (see Table 2).


TABLE 2. Blood glucose test results for each group of mice (mmol/L).
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High Expression of Trx-1 Gene in Transgenic Mice Improves Spatial Learning and Memory

In the present experiment, we aimed to enhance the anti-ERS and antioxidative stress effects of Trx-1 by transgenically increasing the expression of the Trx-1 gene in mice. Real-time PCR was used to detect Trx-1. The results showed that the Trx-1 gene was upregulated in both the TG-NC group and TG-DM group compared with the WT-NC and WT-DM groups (p < 0.0001 and p < 0.001, respectively), and upregulated in TG-NC group compared with the TG-DM group (p < 0.05) (see Figure 1A).


[image: image]

FIGURE 1. Trx-1 mRNA levels in the hippocampal tissues of the mice and neurobehavioral analysis of Trx-1 transgenic mice. (A) Real-time quantitative PCR of Trx-1 mRNA levels in mouse hippocampal tissue. (B) Latency to platform, ##p < 0.01: WT-NC vs WT-DM; &&p < 0.01: WT-DM vs TG-DM; *p < 0.05, **p < 0.01: TG-NC vs TG-DM. (C) Platform crossing (probe trial), (D) Time spent in the target quadrant (probe trial). (E) Latency to platform (visual trial). (F) Swimming speed. Tukey’s post hoc test for one-way ANOVA was used to determine Trx-1 mRNA levels. For each group, n = 6. The vertical lines represent the standard error of the mean. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


To evaluate whether the DM mice exhibited cognitive impairment and whether Trx-1 overexpression positively affected this impairment, we used the Morris water maze test, a well-established test for spatial learning and memory, to assess spatial learning and memory in each group of mice. We found that there was a downward trend in escape latency on the second day in all groups, and there were no significant differences among the groups. From the third to the fifth day, except for the WT-DM group, the escape latency of the other three groups still showed a downward trend; however, the WT-DM group had a smaller trend than the other two groups. There were significant differences in the escape latency between the WT-DM group and the WT-NC group (p < 0.01, p < 0.01, and p < 0.01, respectively), as well as the TG-DM group (p < 0.01, p < 0.01, and p < 0.001, respectively). In addition, the TG-NC and TG-DM groups also showed differences on the next 3 days (p < 0.01, p < 0.01 and p < 0.05, respectively) (see Figure 1B). In the ascending platform test, which was carried out 24 h later, we found that the platform crossings and the time spent in the target quadrant in the WT-DM group were significantly reduced compared with those of the WT-NC group (p < 0.001, p < 0.0001, respectively) and the TG-DM group (p < 0.05, p < 0.01, respectively) (see Figures 1C,D). Finally, in the swimming speed and visual platform tests, there were no significant differences among the groups (see Figures 1E,F).



Trx-1 Alleviates the Hippocampal Neurodegeneration and Hippocampal Apoptosis Induced by DM

We evaluated the apoptosis of neurons by the TUNEL assay to verify the damage to neurons in the hippocampus induced by DM. We found that the number of TUNEL-positive cells with red fluorescence signals was much higher in the STZ-treated transgenic and non-transgenic DM mice than in the control DM mice without STZ treatment (see Figure 2A). Quantitative analysis showed that the number of TUNEL-positive cells was significantly increased in the WT-DM group compared with the WT-NC group (p < 0.001), but in the TG-DM group, the number of positive cells was significantly decreased compared with the WT-DM group (p < 0.01) (see Figure 2B).
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FIGURE 2. Trx-1 significantly inhibits DM-induced apoptosis and neural degeneration in the hippocampal region. (A) Positive cells with a red fluorescence signal (white arrows) were present in the hippocampal as determined by the TUNEL assay. (B) Quantitative statistical analysis of TUNEL-positive cells. (C) Representative images of FJC-positive staining (white arrows) in the hippocampal regions. (D) Quantitative statistical analysis of FJC-positive cells. Tukey’s post hoc test for one-way ANOVA used for TUNEL test. For each group, n = 6. The vertical lines represent the standard error of the mean. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.


Fluoro-JadeC (FJC) staining was used to label damaged cells to further determine the severity of neuronal degeneration. The number of FJC-positive cells in the hippocampal regions of the WT-DM group was significantly increased compared with that of the WT-NC group (p < 0.0001), and the number of FJC-positive cells in the hippocampal CA1 and CA3 regions of the TG-DM group was significantly decreased compared with that of the WT-DM group (p < 0.01) (see Figures 2C,D).



Trx-1 Reduces Aβ Deposition and the Immunocontent of the AD-Related Protein p-Tau in DM Mice

To examine AD-like pathological changes in DE and the effect of Trx-1 on the pathological changes, the formation of Aβ plaques in the brain and the load of amyloid plaques in mice were quantified by immunohistochemistry (IHC) with antibodies against Aβ. Through observation and calculation of the density of Aβ-positive plaques in the hippocampus, we found that Aβ plaques were present in the WT-DM and TG-DM groups but not in the other two groups (see Figure 3A), and the Aβ plaque density in the TG-DM group was significantly lower than that in the WT-DM group (p < 0.001) (see Figure 3B). Western blot analysis was performed to detect the immunocontent of Tau and p-Tau. The results showed that the p-Tau immunocontent levels were significantly increased in the WT-DM group compared with the WT-NC group (p < 0.001). However, the p-Tau immunocontent was decreased in the TG-DM group compared with the WT-DM group (p < 0.01) (see Figure 3C).
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FIGURE 3. Trx-1 reduced Aβ burden and Tau phosphorylation in DM mice. (A) Representative images of Aβ deposits in the hippocampus. (B) Quantitative statistical analysis of Aβ density value in the hippocampus. (C) Representative Western blot images and analysis of Tau and p-Tau. Tukey’s post hoc test for one-way ANOVA used for Aβ density value and Western blot immunocontent. For each group, n = 6. The vertical lines represent the standard error of the mean. **p < 0.01, ***p < 0.001.




Trx-1 Affects DM-Induced ERS Marker Proteins and Inhibits DM-Induced Activation of PERK Pathway-Associated Proteins

To investigate the mechanism by which the ERS PERK receptor-related pathway is involved in the effects of Trx-1, Western blot analysis was performed to detect the immunocontent of PERK, p-PERK, CHOP and caspase-3. The results showed that the p-PERK, CHOP and caspase-3 immunocontent levels were significantly increased in the WT-DM group compared with the WT-NC group (p < 0.001, p < 0.05, and p < 0.05, respectively) (see Figures 4A–D). However, the p-PERK, CHOP and caspase-3 immunocontent levels were significantly decreased in the TG-DM group compared with the WT-DM group. (p < 0.01, p < 0.01, p < 0.01, respectively) (see Figures 4A–D).
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FIGURE 4. Effects of DM and Trx-1 on the protein immunocontent of GRP78 and PDI and changes in the activation of PERK, CHOP and caspase-3 in the PERK receptor-related signaling pathway in DM mice. (A) Representative protein expression bands of PERK, p-PERK, CHOP and caspase-3. (B) Representative Western blot analysis of p-PERK/PERK. (C) Representative Western blot analysis of caspase-3. (D) Representative Western blot analysis of CHOP. (E) Representative protein expression bands of GRP78 and PDI. (F) Representative Western blot analysis of GRP78. (G) Representative Western blot analysis of PDI. Tukey’s post hoc test for one-way ANOVA was used to analyze the Western blot immunocontent. For each group, n = 6. The vertical lines represent the standard error of the mean. *p < 0.05, **p < 0.01, and ***p < 0.001.


GRP78 and PDI, both ER-resident chaperones, are markers of ERS that play crucial roles in the dynamic regulation of ER homeostasis (Jui-Ching et al., 2008; Li-Rong et al., 2013). We further examined the effect of Trx-1 on DM-induced ERS. The results showed that Trx-1 inhibited the DM-induced decrease in GRP78 levels (see Figures 4E,F). Moreover, the DM-induced activation of PDI expression was inhibited by Trx-1 (see Figures 4E,G). These data suggest that Trx-1 attenuated DM-induced ERS by enhancing the expression of GRP78 and inhibiting the expression of PDI.



Trx-1 Inhibits DM-Induced Activation of IRE1α Pathway-Associated Proteins

We next investigated the mechanism by which the ERS IRE1α receptor-related pathway is involved in the effects of Trx-1. Western blot analysis was performed to detect the immunocontent of IRE1α, p-IRE1α, TRAF2, ASK1, p-ASK1, JNK, p-JNK, and caspase-12. The results showed that the p-IRE1α, TRAF2, p-ASK1, p-JNK, and caspase-12 immunocontent levels were significantly increased in the WT-DM group compared with the WT-NC group. (p < 0.05, p < 0.0001, p < 0.001, p < 0.001, and p < 0.001, respectively) (see Figures 5A–F). However, the abovementioned protein immunocontent levels were significantly decreased in the TG-DM group compared with the WT-DM group (p < 0.01, p < 0.0001, p < 0.001, p < 0.001, and p < 0.01, respectively) (see Figures 5A–F).
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FIGURE 5. Changes in the activation of IRE1α, TRAF2, ASK1, JNK, and caspase-12 in the IRE1α receptor-related pathway signaling pathway in DM mice. (A) Representative protein expression bands of IRE1α, TRAF2, ASK1, JNK, and caspase-12. (B) Representative Western blot analysis of p-IRE1α/IRE1α. (C) Representative Western blot analysis of caspase-12. (D) Representative Western blot analysis of TRAF2. (E) Representative Western blot analysis of p-ASK1/ASK1. (F) Representative Western blot analysis of p-JNK/JNK. Tukey’s post hoc test for one-way ANOVA was used to analyze the Western blot immunocontent. For each group, n = 6. The vertical lines represent the standard error of the mean. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.




Trx-1 Upregulates the Gene and Protein Levels of Nrf2, Antioxidant Defense Parameters and Decreases Phosphorylated NFκB Levels in the Hippocampus of DM Mice

Changes in the immunocontent of Nrf2 partly reflected the degree and development of antioxidant stress. Real-time PCR was used to detect Nrf2. The results showed that both the Nrf2 gene and immunocontent were downregulated in the WT-DM group compared with the WT-NC group (p < 0.001 and p < 0.05, respectively) and upregulated in the TG-DM group compared with the WT-DM group (p < 0.01 and p < 0.001, respectively) (see Figures 6A–C).
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FIGURE 6. Effects of Trx-1 on the gene and protein levels of Nrf2, the activation of NFκB and antioxidant defense parameters. (A) Representative protein expression bands of Nrf2. (B) Real-time quantitative PCR of Nrf2 mRNA levels in mice hippocampal tissue. (C) Representative Western blot analysis of Nrf2. (D) Antioxidant defense parameter: SOD activity analysis. (E) Antioxidant defense parameter: CAT activity analysis. (F) Antioxidant defense parameter: GSH-PX activity analysis. (G) Antioxidant defense parameter: MDA activity analysis. (H) Representative bands of the expression of NFκB. (I) Representative Western blot analysis of p-NFκB/NFκB. Tukey’s post hoc test for one-way ANOVA was used to analyze the mRNA levels, Western blot immunocontent, and antioxidant defense parameters. For each group, n = 6. The vertical lines represent the standard error of the mean. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


Statistically significant decreases in the activities of SOD, CAT and GSH-PX were observed in the WT-DM group compared with the WT-NC group (p < 0.001, p < 0.05 and p < 0.0001, respectively), but the MDA activities in the WT-DM group was significantly increased compared with it in the WT-NC group (p < 0.001). Furthermore, the SOD, CAT, and GSH-PX activities in the TG-DM group were significantly increased compared with those in the WT-DM group (p < 0.01, p < 0.05, and p < 0.05, respectively), but statistically significant decreases in the activities of MDA was observed in the TG-DM group compared with the WT-DM group (p < 0.05), and CAT, GSH-PX were also significantly increased in the TG-NC group compared with the WT-NC group (p < 0.01 and p < 0.01, respectively) (see Figures 6D–G).

Finally, we tested the activation of NFκB, and the results showed that the immunocontent of phosphorylated NFκB was significantly increased in the WT-DM group compared with the WT-NC group (p < 0.001) and significantly decreased in the TG-DM group compared with the WT-DM group (p < 0.001) (see Figures 6H,I).



DISCUSSION

DM is one of the most common diseases affecting humans. The pathological changes of DE are similar to those of AD (Sima, 2010). Moreover, epidemiological studies have shown that diabetic patients have a higher risk of developing AD than healthy people, and there are some common mechanisms and interactions between AD and DE (MacKnight et al., 2002; Fukazawa et al., 2013). These mechanisms have not been fully elucidated. In this study, we explored whether DE caused by DM has AD-like pathological changes. We found that Trx-1 overexpression in transgenic mice alleviated the STZ-induced dysfunction in learning and memory and reduced cell degeneration and apoptosis. This process was achieved by the upregulated Trx-1 exerting resistance to ERS and OS.

We also observed Aβ deposition only in the hippocampus of diabetic and transgenic mice, which supported the conclusion that diabetes is a risk factor for AD. The microtubule-associated protein Tau is a cytoskeletal protein mainly expressed by neurons and is primarily located in the axonal chamber (MacKnight et al., 2002). One of the characteristics of AD is the accumulation of misfolded Tau protein in neurons, which results in neurofibrillary tangle production and neuronal cell dysfunction and death (Ittner et al., 2010). As a molecular chaperone induced by ERS, PDI has been found to coexist with neurofibrillary tangles in the brains of patients with AD and is thought to prevent neurotoxicity associated with ERS and protein misfolding (Li-Rong et al., 2013). It has been reported that PDI and Tau can form a 1:1 complex to prevent the abnormal aggregation of Tau under physiological conditions (Li-Rong et al., 2013). In our study, we found that the immunocontent of p-Tau and PDI in the hippocampus of diabetic mice was significantly increased, indicating that diabetes can promote the activation of Tau, and the increase in PDI also indicates that diabetes can exacerbate ERS (see Figures 3, 4).

A large number of studies have shown that ERS can contribute to neuronal death in AD (Gerakis and Hetz, 2018). GRP78 is a marker of ERS; under non-stress conditions, it binds to three ERS receptors, IRE1α, PERK, and ATF6, and inhibits their activation (Yi et al., 2017). In response to ERS, GRP78 dissociates from these transmembrane proteins, causing them to activate and trigger the UPR (see Figure 7). Moreover, some studies have shown that the upregulation of GRP78 may decrease with time, such as in the hippocampus of STZ-treated diabetic mice and in islets and NIT-1 cells treated with STZ at different stages, in which the expression of GRP78 protein increased at first and then decreased (Wang et al., 2007; Cao et al., 2014; Zhao et al., 2015). The change in GRP78 expression partly reflects the development process of ERS. In this study, the expression of GRP78 in the WT-DM group decreased significantly (see Figure 4), indicating that the development of ERS had reached a later stage, which may also be key to AD-like changes.


[image: image]

FIGURE 7. Schematic illustration of the DM-induced ERS and OS. DM induced apoptosis through activation of the signaling pathway IRE1α, TRAF2, ASK1, JNK, caspase-12, and the pathway PERK, CHOP, caspase-3. Meanwhile, the reduction of Nrf2 induced by activation of PERK and the increase of NFκB induced by activation of TRAF2 contribute to enhance oxidative stress, further lead to a increase of PDI, p-TAU and accumulation of misfolded proteins which in turn increased the activation of the receptor IRE1α and PERK.


Trx-1, an important antioxidant protein, not only protects cell activity by exerting its oxidoreductase activity through conserved Cys32 and Cys35, reducing oxidized proteins through thiol disulfide exchange reactions (Nagarajan et al., 2016), but also plays an important role in cell signal transduction and gene transcription (Bai et al., 2003). Other studies have shown that Trx-1 overexpression in mice can significantly prolong survival during septicemia by inhibiting ERS (Bai et al., 2007; Chen et al., 2016). Our previous studies have shown that sulforaphane (SF) can protect diabetic hippocampal neurons by upregulating Trx-1 expression (Tang et al., 2020). Indeed, in animal model of STZ-induced diabetes in mice, ROS were increased and Trx-1 activity was significantly decreased without a change in expression or protein levels in the diabetic animals in comparison to untreated littermates (Schulze et al., 2004). One may speculate that this glucose-dependent upregulation of Txnip also disturbs the Trx-1/ASK-1 axis, since the enhanced inhibitory binding of Txnip to Trx-1 releases ASK-1, which then induces endothelial cells (EC) apoptosis. Therefore, the regulation of Trx-1 in the pathogenesis of diabetes may also be accomplished by modulating ERS (Zschauer et al., 2013; see Figure 8). It has also been reported that the expression of Trx-1 is reduced in AD, a fact that suggests that the reduced level of Trx-1 may be related to the neurodegenerative mechanisms of AD: its reduction may contribute to the neurodegenerative mechanisms of AD, which may be related to the interaction of Trx-1 with ASK1 (Akterin et al., 2006). And our results also found that the expression level of Trx-1 was reduced in the hippocampus of mice in the TG-DM group compared with the TG-NC group (see Figure 1) and which is consistent with the results reported above, and the extent of ASK1 phosphorylation was also attenuated in TG-DM compared with WT-DM, Trx-1 may play a key role in AD through the regulation of ASK1 (see Figure 5).
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FIGURE 8. Schematic illustration of the role of Trx-1 in regulating DM-induced ERS and OS. On the one hand, the upregulation of Trx-1 increased Nrf2 and inhibited NFκB, leading to the increase of anti-oxidant enzymes and the decrease of oxidases to exert antioxidant stress and anti-endoplasmic reticulum stress, which reduced misfold protein production. On the other hand, the upregulation of Trx-1 inhibited ASK1 phosphorylation, decreased the expression of JNK and caspase-12, further exerted antiapoptotic effects.


In ERS signaling pathways, p-IRE1α is thought to initiate apoptosis and is significantly related to cell death (Kim et al., 2017). Activated IRE1α has been shown to recruit the adaptive molecules TRAF2 and ASK1 to form a complex, activate caspase-12 on the ER and activate JNK to initiate apoptosis (see Figure 7; Szegezdi et al., 2006). Trx-1 has been reported to act as an endogenous inhibitor of ASK1 (Saitoh et al., 1998); when Trx-1 is reduced it binds ASK1. Thus, overexpression of Trx-1 may repress JNK activation by suppressing ASK1 (see Figure 8). An increase in the ERS has been shown to result in the activation of NFκB. The IRE1α-TRAF2 complex recruits I kappa B (IκB) kinase, which phosphorylates IκB and leads to NFκB degradation, leading to the exacerbation of inflammatory reactions and OS (Zha et al., 2015). Recent study demonstrated that CHOP could also modulate NFκB activation by decreasing IκB degradation and p65 translocation (see Figure 7). We further examined the expressions of NFκB in the present study. We demonstrated that Trx-1 overexpression inhibited the NFκB activation in DE and AD induced DM (Figure 6). This data suggested that Trx-1 overexpression was able to inhibit the NFkB signaling pathway (see Figure 8). On the other hand, GRP78 induces the PERK pathway and activates the downstream expression of CHOP and caspase-3 to initiate apoptosis (see Figure 7; Sankrityayan et al., 2019). All of these factors may eventually lead to neuronal apoptosis, and IRE1α, TRAF2, ASK1, JNK, caspase-12, PERK, CHOP, and caspase-3 were activated in this study, indicating that ERS was induced by diabetes (see Figure 4).

Furthermore, Nrf2 is considered to be a substrate of PERK. The phosphorylation of PERK can trigger conformational changes in the Nrf2 protein and trigger the dissociation of the Keap1-Nrf2 complex and the translocation of Nrf2 into the nucleus, thus upregulating the expression of antioxidant genes (Zhu et al., 2015), and this activates the transcription of more than 200 stress/antioxidant enzymatic genes such as glutathione, glutathione reductase, thioredoxin, thioredoxin-S-transferase, and catalase (Thimmulappa et al., 2002; Aldana et al., 2003; Datta et al., 2017; Periyasamy and Shinohara, 2017). Therefore, there is a clear correlation between OS and ERS through the PERK/Nrf2 pathway (see Figure 7; Thummayot et al., 2016). Thus, interfering with the Nrf2 response leads to the accumulation of damaged proteins in the ER, which leads to PERK-dependent apoptosis, suggesting that OS can induce ERS, and excessive ERS can also cause or exacerbate OS through PERK/Nrf2 crosstalk (Hayashi et al., 2005). In this study, we also confirmed that at both the protein and gene levels, the expression of Nrf2 in the WT-DM group was lower than that in the WT-NC group, and other oxidative stress-related indicators, such as SOD, CAT and GSH-PX, showed the same trend as Nrf2, but the MDA showed the reverse trend as Nrf2 (see Figure 6). SOD is an important antioxidant enzyme, which can effectively scavenge free radicals and thus resist the damage of oxygen free radicals to cells (Wang et al., 2018). Therefore, SOD plays a very important role in the balance of oxidation and antioxidation, and its activity indirectly reflects the ability of the body to scavenge oxygen free radicals. MDA is the product of lipid peroxidation in brain tissue, especially during brain injury, a large amount of oxygen free radicals can make lipid peroxidation, so the increase of MDA content further indicates that oxidative stress is active in diabetes, thus proving the importance of oxidative stress in the occurrence and development of DE (Wang et al., 2018). These results showed that in the later stages of ERS, ERS and OS induce and promote each other. Therefore, in this study, in Trx-1 transgenic mice (both transgenic control and transgenic diabetic mice), the elevated Nrf2 levels were achieved through the upregulation of Trx-1. In turn, the elevated Nrf2 affected SOD, CAT, MDA and GSH-PX, reversing the decrease in SOD, CAT and GSH-PX activity and increase in MDA, thereby counteracting DM-induced ERS and OS and reducing PDI as well as misfolded protein production, the degree of neuronal apoptosis and degeneration and the production of Aβ plaques, indicating that Trx-1 has antidiabetic effects and opposes AD-like changes (see Figures 4, 6). These could be potential mechanisms by which the decline in learning and memory induced by diabetes was inhibited in transgenic diabetic mice.

In summary, DE causes AD-like pathological changes, and the Trx-1 transgene alleviated these pathological changes and improved learning and memory function in DE. The upregulation of Trx-1 increased Nrf2 and inhibited NFκB and ASK1 phosphorylation, which exerted anti-endoplasmic reticulum stress, antioxidant stress, and antiapoptotic effects (see Figure 8). Therefore, Trx-1 may be a potential target for regulating ERS and OS in DE and AD.
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Gene Primer sequences

Nrf2 F:5’-GCCTTACTCTCCCAGTGAATAC-3'
R:5’-CTCCCAAATGGTGCCTAAGA-3'

Trx-1 F: 5-GGAATGGTGAAGCAGATCGAG-3
R:5’-ACGCTTAGACTAATTCATTAAT-3'

GAPDH F: 5-GAGCCCTTCCACAATGCCAAAGTT-3'

R:5'-TGTGATGGGTGTGAACCACGAGAA-3'

F, forward primer; R, reverse primer.
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WT-NC
1 day 6.83 +1.28
4 days 6.50 £ 0.56

4 weeks 7.38 £0.38
8 weeks 762 +£1.19
12 weeks 7.75+1.56

WT-DM

6.77 £ 0.87
21.56 + 2.35™
26.7 £2.31™
25.68 £+ 0.65™"
25.89 + 3.19"

TG-NC

6.23+1.76
6.38 4+ 1.43
7.85 4+ 0.61
7.95 4+ 0.56
7.62 +2.36

TG-DM

6.80 + 0.32
15.93 + 1.12%
21.44 + 0.12%
17.17 + 0.68**
20.14 + 1.22%

**p < 0.01, comparison between the WT-NC group and the WT-DM group;
#p < 0.05, ##p < 0.01, comparison between the TG-NC group and the TG-

DM group.
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