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Abstract
Background/Aims: Diabetic retinopathy (DR) is one of the most serious complications 
of diabetes and is the leading cause of adult blindness in developed countries. Advanced 
glycation end products (AGEs) accumulation in diabetes is associated with its complications. 
Thioredoxin (Trx) is a small molecule (12kDa) antioxidant protein widely distributed in 
mammalian tissues, which has important biological functions including anti-apoptosis and 
transcriptional regulation. In a previous study, we found that Trx plays a key role in retinal 
neurodegeneration prior to the occurrence of endothelial damage in diabetic mice. In this 
study, our aim is to determine the effect of Trx on neurodegeneration induced by AGEs in 
order to identify new therapeutic targets for the clinical treatment and prevention of DR. 
Methods: In vivo, a high-fat diet and Streptozotocin (STZ) injection were used to generate a 
mouse model of diabetes. Histology was utilized to examine tissue morphology and measure 
the outer nuclear layer (ONL) thickness. Electroretinography (ERG) was used to assess retinal 
function and Western blot was used to examine protein expression. In vitro, three methods 
of Trx up-regulation were used, including a stable cell line that overexpresses Trx, treatment 
with Sulforaphane, and shRNA down-regulation Txnip. Cells were treated with AGEs, and 
level of apoptosis was performed to quantify this by flow cytometry and TUNEL. Quantitative 
Reverse Transcription PCR (qRT-PCR), Western blotting and immunofluorescence were used 
to measure gene and protein expression. Transmission electron microscopy (TEM) was 
used to observe autophagosomes. Results: We found that diabetic mice display decreased 
retinal function and reduced ONL thickness with AGEs accumulation and a reduction of 
Trx expression. Up-regulation Trx can prevent the ONL thickness decrease in diabetic mice, 
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as observed by H&E staining. In vitro, up-regulation Trx resulted in decreased intracellular 
ROS generation, reduced apoptosis by inhibited autophagy. Conclusion: Up-regulating Trx 
inhibited neurodegeneration induced by AGEs. The underlying mechanism may be related to 
inhibit Txnip/mTOR pathway-mediated autophagy.

Introduction

Diabetes mellitus (DM) is one of the most common metabolic diseases in the world, and 
the morbidity and mortality from the disease are increasing annually. According to the World 
Health Organization, it is estimated that the total number of people with diabetes will double 
from 171 to 366 million by 2030[1]. At present, DM can be divided into Type 1 and Type 
2. Type 2 diabetes (T2D) is a metabolic disorder characterized by an abnormal regulation 
of nutrients and nutrient metabolites that develops as a consequence of combined insulin resistance and relative insulin deficiency [2, 3]. DM can lead a variety of complications, such 
as nephropathy, angiopathy, retinopathy, and peripheral neuropathy [4].

Diabetic retinopathy (DR) is one of the most serious complications of diabetes and is one of 
the leading causes of adult blindness in developed countries [5]. With the increasing number 
of people with diabetes, the number of cases of DR and vision-threatening DR (VTDR), which 
includes severe non-proliferative DR, proliferative DR (PDR) and diabetic macular edema 
(DME), has been estimated to rise to 191.0 million and 56.3 million, respectively by 2030[6]. However, recent studies have identified that the loss of function and structure of retina in 
db/db mice, a model of Type 2 diabetes mellitus, occurs prior to detectable alternations of 
blood vessels [5]. Thus, it is important to understand the mechanisms and different phases 
of degeneration in order to target diabetic nerve cells in the early stage of DR to prevent and 
reverse degeneration in cells before cell death occurs. Although various factors contribute 
to the pathogenesis of diabetic complications in several DM animal models, increased 
concentrations of advanced glycation end products (AGEs) have been associated with DR[7]. 
AGEs are the result of a chain of chemical reactions after an initial glycation reaction. The 
intermediate products are known as Amadori, Schiff base and Maillard products. AGEs 
have been implicated in the progression of age-related diseases, which are enhanced with 
formation and accumulation of AGEs [8]. The effect of AGEs is mediated by binding to its 
receptor, RAGE, which plays an important role in various processes such as aging, renal insufficiency, hypertension, cancer and diabetes [9]. Activation of RAGE leads to oxidative stress, inflammation, angiogenesis, apoptosis and proliferation [10].Thioredoxin (Trx) is a 12kD small redox protein known to be present in all organisms. It contains a dithiol-disulfide active site: -Cys-Gly-Pro-Cys-[11], and participates in many cell 
progress including cell growth, differentiation, and death [12]. Several studies have shown that the decline of Trx expression was found in the development of many diseases including 
Parkinson’s disease (PD), sepsis [13], age-related cataract [14] and DR. In our previous study, we also found that decreased Trx expression plays a key role in retinal neurodegeneration 
prior to endothelial damage in diabetic mice [15].

We also found that it can delay retina degeneration occurrence after Sulforaphane (SF), Lycium barbarum polysaccharides and grape seed proanthocyanidin extract treatment through up-regulating the expression of Trx in vitro and in vivo [15-17]. Moreover, Previous studies have shown that SF can up-regulate Trx [18] and that SF treatment inhibits retinal degeneration in Tubby mice [19]. It indicated that Trx might play an important role in fighting against the retina degeneration process. Thioredoxin-interacting protein（Txnip, 
also known as Vitamin D3 Up-regulated Protein 1 (VDUP1), is an endogenous inhibitor of Trx. Studies also suggest that Txnip may play a causal role in cell apoptosis [20]. Previous studies have shown that lack of Txnip expression protects against diabetes and glucotoxicity-induced β-cell apoptosis [21, 22] and that over-expression of Txnip renders different cell types more susceptible to oxidative stress and apoptosis. Moreover, Txnip inhibition of Trx 
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prevents the anti-proliferative effect of Trx in vascular smooth muscle cells, suggesting a pro-apoptotic function of Txnip [23-25].Autophagy, specifically macroautopahy, is an important process to maintain cellular 
homeostasis through lysosomal degradation and recycling of cellular components [26]. 
The mammalian target of rapamycin (mTOR) is an important regulator of stress-induced 
autophagy. The phosphatidylinositol 3-kinase (PI3K)- Akt-mTOR signaling pathway is an 
anti-apoptotic pathway which also plays an essential role in regulating macroautophagy [14]. Interestingly, studies suggest that over-expression of Txnip is associated with reduced mTOR activity [27], whereas knockdown of Txnip using small interfering RNA results in 
recovery of mTOR activity. Recent evidence suggests that AGEs can trigger autophagy [28]. 
Although autophagy is typically recognized as a pro-survival mechanism, the consequences of excessive autophagy can lead to cell dysfunction and autophagic cell death, known as type 
II programmed cell death. Previous studies on the role of autophagy in the pathophysiology of diabetes examined the autophagic process in β cells [29]. Additionally, studies have shown 
that autophagy plays an important role in neurodegenerative disease [30].Although it is known that oxidative stress, autophagy and apoptosis are associated with DR, little is known about the sequence of events leading to these processes and the specific molecular targets that are associated with DR. In the present study, we used the Neuro 2A cell line and diabetic mouse models to investigate the effect of up-regulation of Trx on AGE-
induced apoptosis in vitro and in vivo and to explore the possible mechanisms in order to 
provide evidence for new clinical therapeutic targets of DR.

Materials and Methods

Research design

In vivo, we divided into control and diabetes (DM) groups. In vitro, we used three different methods to up-regulate Trx expression which are SF treatment, stable over-expression Trx, down-regulating TXNIP (an inhibitor of Trx) expression. The experiment groups were divided into control, AGE treatment, AGE- and SF-treatment, scramble, shTxnip and shTxnip+AGE treatment in Neuro2A cell and with/without AGE treatment in Neuro2A-LacZ, Neuro2A-Trx cell.
Animal careAll the experimental procedures were conducted in accordance with institutional guidelines for the care and use of laboratory animals, and protocols were approved by the Institutional Animal Care and Use Committees of Dalian Medical University Laboratory Animal Center. Six-week-old male inbred BALB/c mice weighing 20-25 g (Dalian Medical University Laboratory Animal Center) were housed 5 per cage and subjected to adaptive feed (constant temperature: 22±2°C, 12 hours light / 12 hours dark: average illuminance of 80 lx, tap water and food particles). Two weeks later, the mice were randomly divided into 

non-diabetic group and diabetic group. They were given standard food diets or high glucose and high fat 

diets (10% sugar, 10% lard, 5% egg yolk, 1% cholesterol and 0.2% bile salt) respectively. The diabetic group was injected intraperitonially (IP) with STZ (Sigma) that was dissolved in cold 50 mM citrate buffer (pH 4.5) at a dose of 80 mg/kg between 10:00 and 14:00. After two injections, the tail vein blood glucose was measured every three days. When the blood glucose reached ≥16.7 mmol/L [31], the mice were considered diabetic and were used for the following experiments.
Electroretinography (ERG)

Mice were dark adapted overnight and ERG was utilized to assess the function of the retina [15]. Mice were deeply anesthetized with single intraperitoneal injection of ketamine (40 mg/kg) and xylazine (7 mg/
kg). Pupils were dilated with 1% tropicamide (from Akorn) and 2.5% phenylephrine (from Akorn). Mice were placed in the center of the dome. ERG (GUOTE, China) system was utilized with light intensity of 10 
cd·s/m2 and a band pass of 1-300Hz. The a- and b- wave amplitudes were measured in both eyes of the same 

animal simultaneously.
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Morphological analysis

Morphological analysis was performed as described [32, 33]. The mice were euthanized with overdose CO
2
 and the eyes were removed at the indicated time point and marked with a green dye to orient the superior and inferior retina. Then the eyes were immersed in Bouin’s fixative for 24 hours and then in 70% ethanol for 1-3 days. After dehydration in alcohol, 5-μm paraffin sections, containing the entire retina including the optic disc, were made. Sections were then stained with hematoxylin and eosin (H&E). The 

number of photoreceptor nuclei was counted in histological sections (5 slices in each group) at 220 µm intervals from optic nerve head to both superior and inferior retina by quantification software (Nikon).
Cell culture and reagentsThe Neuro2A cell, obtained from the Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China), was cultured in MEM medium (Gibco) containing 10％fetal bovine serum (Biological industries), penicillin (100 units/ml), and streptomycin (100μg/ml) (HyClone) in 5％CO

2
 at 37°C. The medium was replaced every 1 or 2 days. The cells were washed with PBS before the experiments. For treatment with AGEs Bioss (China); catalog number: bs-1158P was utilized. For AGEs: appearance: white powder; source: glycated BSA; purity: 98%. AGEs were dissolved at 20 mg/ml in MEM medium without fetal 

bovine serum and stored at -20°C. Sulforaphane (SF) was dissolved at 5 mg/ml in DMSO (Sigma) and stored at -20°C.
Plasmid construct and transfectionThe cDNA coding for human thioredoxin was amplified from RL-952 cells by reverse transcription polymerase chain reaction using the thioredoxin-specific forward primer: 5’-GGAAGATCTATGGTGAAGCAGATCGAG-3’ and the reverse primer: 5’-ACGCGTCGACTTAGACTAATTCATTAATGG-3’ (The underlined nucleotides are restriction enzyme sites, Bgl Ⅱ followed by SalⅠ). The PCR products (Bgl Ⅱ and Sal Ⅰ restriction) were cloned into the pMD19-T simple cloning vector (Takara) and were confirmed by sequencing. The plasmid was digested by Bgl Ⅱ and 

Sal Ⅰ restriction enzymes (Takara), and then purified by agarose Gel DNA Fragment Recovery Kit Ver.2.0. The thioredoxin gene was produced and inserted into the pIRES2-EGFP expression vector (BD Biosciences, Clontech). In a parallel experiment, LacZ was also inserted into the pIRES2-EGFP expression vector. The resulting recombinant plasmids were named pIRES2-EGFP-Trx and pIRES2-EGFP-LacZ, respectively. These plasmids were stably transfected into Neuro 2A cells. After transient transfection for 24h, the medium was changed to selection medium containing 400μg/ml G418 (Sigma). After 4 weeks of selection, several independent clones were picked and were confirmed by RT-PCR, Western blot and immunochemistry.Sequences of Txnip shRNA and Scramble were pre-designed and synthesized by Takara Bio Incorporated. Txnip shRNA sequences were:5’-gatccGCCAGCCAACTCAAGAGGCAAAGAAATTCAAGAGATTTCTTTGCCTCTTGAGTTGGCTGGTTTTTTg-3’ 
(sense) and 5’-aattcAAAAAACCAGCCAACTCAAGAGGCAAAGAAATCTCTTGAATTTCTTTGCCTCTTGAGTTGGCTGGCg-3’ 
(anti-sense).Scramble shRNA sequences were:5’-gatccGCCACAACAACTGGAGAAACGCGAAATTCAAGAGATTTCGCGTTTCTCCAGTTGTTGTGGTTTTTTg-3’ 
(sense) and 5’-aattcAAAAAACCACAACAACTGGAGAAACGCGAAATCTCTTGAATTTCGCGTTTCTCCAGTTGTTGTGGCg-3’ (anti-sense) (Invitrogen, Thermo Fisher Scientific).
Oligonucleotides were diluted in water and annealed by thermal variation. A double strand sequence was then ligated into the vector from the kit and incubated for 14 h at room temperature with T4 DNA ligase.Both stable and transit transfection were performed according to the manufacturer’s instructions 
using Lipofectamine2000.

CCK-8 (cell counting kit-8) assayThe Neuro 2A-Trx and Neuro 2A-LacZ cells were seeded into 96-well plates at the density of 2 × 106cells/ml. These cells were treated with different concentrations (0~500μg/ml) of AGEs for 6h. After treatment, cells were incubated with 10μl CCK-8 reagent (Dojindo, Japan) for another 2h at 37°C. The absorbance was read at 450nm in a microplate reader (BIO-RAD Model 3550).
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Measurement of intracellular ROSThe formation of intracellular ROS was measured using the DCFH-DA method. Briefly, cells were harvested after being subjected to the various treatments. Cells were washed by PBS for three times, incubated with DCFH-DA probe at a final concentration of 10 μmol/L, and then incubated at 37°C for another 20min. Fluorescence was observed by a fluorescent microscope (200×).

RT-PCR assayTotal RNA was extracted from Neuro 2A and Neuro 2A-Trx/LacZ cells in TRIZOL (Takara) according to the manufacturer’s instructions. The cDNA was synthesized from 500ng of RNA in a 10μl reaction with RNA PCR Kit (AMV) Ver.3.0 (Takara). GAPDH was used as a housekeeping loading control. The primers used were: Trx (human) forward 5’-GGAAGATCTATGGTGAAGCAGATCGAG-3’，reverse 5’- ACGCGTCGACTTA GACTAATTCATTAATGG-3’, LacZ forward 5’-GGAAGATCTGTCGTTTTACAACGTCGT-3’, reverse 5’-ACGCGTCGACTTTTTGACACCAGACCAAC-3’, Txnip forward 5’-ACTCCTCAAGATGGGTGGCAATC-3’, reverse 5’-ACATCCACCCAGCAAACACTCCT-3’, GAPDH forward 5’-TGTGATGGGTGTGAACCACGAGAA-3’ reverse 5’-GAGCCCTTCCACAATGCCAAAGTT-3’. PCR amplification conditions were as follows: 94°C for 2minutes, 30 cycles of: 94°C for 30 seconds, 55°C for 30 seconds, and 68°C for 3 minutes, and a final extension 72°C for 10minutes. The PCR products were run on a 1% agarose gel at 120 V for 30 minutes and stained with ethidium bromide (EB). The data was analyzed with a GDS-8000 Bio imaging system (UVP, Upland, CA) and 
Lab Works 4.5 software (UVP).

Western Blot analysisCells were lysed in a buffer containing 50mM Tris-HCl pH 8.0, 150mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 1mM PMSF and 150 units/ml aprotinin on ice. After centrifugation, cell extracts were resolved on SDS-PAGE and electroblotted onto polyvinylidenedifluoride (PVDF) membranes (Millipore, Billerica, MA). After blocking with 5% non-fat milk in TTBS, the membranes were probed with antibodies. Primary antibody incubations were performed at the following dilutions: AGEs (Abcam, ab23722, 1:1000), Trx (Cell Signaling Technology, 24291:1000), Trx (human) (Abcam, ab133524, 1:5000), Txnip (Cell Signaling Technology, #14715, 1:1000), LC3B (Proteintech, 12135-1-AP, 1:1000), and actin (Santa Cruz, sc-47778, 1:1000). All incubations were carried out overnight at 4°C. The membranes were then washed three times with 1× TTBS for 5 minutes. Subsequently, the membranes were incubated with goat anti-rabbit IgG (Abclonal, AS014, 1:1000) and goat anti-mouse IgG (Abclonal, AS003, 1:1000) for 1 hour at room temperature and washed 3 times with 1× TTBS for 15 minutes. The membranes were then exposed to X-ray film using an enhanced chemiluminescence system. The intensities of the bands were 
measured using LabWorks 4.5.

TUNEL assayNeuro 2A-LacZ and Neuro 2A-Trx cells were plated onto the cover slip and cultured overnight, and then were with different treatments. The cells were washed twice with PBS, resuspended in 50μl/well TUNEL reaction mixture (for the negative control add 50μl Label solution), and incubated for 60 min at 37°C in a humidified atmosphere without light exposure. Samples were then washed twice in PBS and imaged using a fluorescence microscope (200×).
Flow Cytometry AnalysisThe apoptotic incidence was detected by Annexin V/propidium iodide (PI), Annexin V-APC/7-AAD and binding buffer (KeyGEN Biotech). Neuro 2A cells were treated with various treatments. Cells were then collected and re-suspended in 500μl 1xbinding buffer and then incubated for 15 minutes without light exposure. Apoptotic cells, including early apoptotic (Annexin V+/PI−) and late apoptotic/necrotic (Annexin 

V+/PI+) cells, were counted using FACS (ACEA Biosciences, CA, USA).
Transmission electron microscopyNeuro 2A-LacZ and Neuro 2A-Trx cells were treated with or without 100μg/ml AGEs for 6 hours and washed twice with PBS before harvesting and were then fixed in 2% glutaraldehyde. Ultrathin slices were prepared and observed under the JEM-2000EX* transmission electron microscope.
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ImmunofluorescenceCells were seeded on coverslips 24 hours prior to treatment. After treatment with AGEs for 6 hours, the cells were fixed in 4% formaldehyde solution. Next, the cells were permeabilized with 0.5% TritonX-100 (Sigma-Aldrich, USA) and blocked with 5% BSA (Solarbio, USA). Subsequently, the cells were incubated with Txnip (Cell Signaling Technology, #14715, 1:100) and p-mTOR (Cell Signaling Technology, #5536, 1:100) overnight at 4°C. After thorough washing with PBS, cells were incubated with Alexa Fluor 555 Donkey Anti-Rabbit IgG (Heavy + Light chains) (A-31572, Invitrogen, USA) solution for 1.5 hours at room temperature. The nuclei were stained with DAPI. Coverslips were mounted on the slides with a drop of mounting medium (H-1000, Vector, USA). Images were taken using a fluorescence microscope (Nikon Ti-S, Japan) (400×).

SF treatment

In vitro, the Neuro 2A cells were treated with SF for 6 hours and 12 hours at 0.5μM and then were prepared for the various experiments.
Statistical analysisThe data were presented using mean ± SD and analyzed by Student’s t-test (two groups) and one-way analysis of variance (ANOVA) (three or more groups). The data are presented as the mean ± SD from three independent experiments.
All statistical analysis were made using GraphPad Prism (Ver.5.0) and SPSS 17.0 software. A p value of < 0.05 was considered significant.
Results

Up-regulation of thioredoxin inhibited retinal neurodegeneration in diabetic mice
After establishing our mouse model of diabetes, we used ERG to assess the function 

of the retina. The a-wave, corresponding the photoreceptor function, and the b-wave, 
corresponding to inner retinal function, were decreased about 50% in DM group compared with control group (Fig. 1A). We isolated the mouse retinas and used H&E staining to observe the retinal morphology and measure retinal thickness. The retinal thickness was defined as 
Fig. 1. Retina 

neuronal cell 

degeneration and 

related factors in 

diabetic mice. (A) 

The function of the 

retina was detected 

by ERG in diabetic 

mice. The a and b 

waves all decreased 

in diabetes mice. (B) Morphology 
of retina neuronal 

cells were observed by H&E staining 
in diabetic mice. 

The thickness 

was decreased 

in diabetes mice. (C) The nuclear 
counting of outer nuclear layer in diabetic mice. The number of nuclei was decreased in diabetes mice. The protein expression of AGE (D), Trx (E) and Txnip (F) in diabetic mice were analyzed by Western blot. (n=5 in each group) *p<0.05, ** p<0.01, ***p<0.001.
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the distance from the retinal pigment epithelium (RPE) layer to the ganglion cell layer (GCL). As shown in Fig. 1B&C, retinal thickness was reduced in the DM group as compared to the control group. To examine the levels of AGEs, Trx and Txnip in the DM and control group we used Western blot. The expression of AGEs and Txnip was increased in the DM group compared to the control group (Fig. 1D&F) (p<0.01). Interestingly, the expression of Trx was 
decreased in the DM group compared with control group (Fig. 1E) (p<0.05).

The protective effect of up-regulation of Trx by SF on the AGE-induced apoptosis in vitro
In vitro, Neuro 2A cells were treated with 0.5mM SF for 6 or 12 h. The Trx expression was increased after SF treatment as detected by Western bolt (Fig. 2A-B& D-E) (p<0.001, 

p<0.001). AGE-induced apoptosis was analyzed in Neuro 2A cells by flow cytometry with or without SF treatment. As shown in Fig. 2C&F, the percentage of apoptotic Neuro 2A cells 
increased after treatment with AGEs as compared with control group (p<0.001). However, the percentage of apoptotic Neuro 2A cells was reduced in the group treated with AGEs and 
SF compared with the group treated with AGEs alone (p <0.05). ROS production in the AGE-
treated group was increased compared with the control group, however, it can be decreased 
after SF treatment (p < 0.05) (Fig. 3G).

Stable over-expression Trx inhibit apoptosis AGE -induced in Neuro 2A cellTo investigate the influence of Trx over-expression on apoptosis in Neuro 2A cells, we established stable Neuro 2A cell line that stably over-expresses Trx and a parallel control group that stably over-expresses LacZ (Fig. 3A). RT-PCR, immunocytochemistry and Western blot were used to confirm the stable cell lines (Figures 3B-D).We also used the CCK-8 assay to detect the viability of the Neuro 2A cells after treatment with AGEs. The Neuro 2A cells were treated with AGEs at different concentrations (0, 100, 
200, 300, 400, 500mg/ml) for 6 hours. As shown in Fig. 3E, the cell viability was significantly decreased in the Neuro 2A-LacZ cell line, however, the cell viability remained unchanged in the Neuro 2A-Trx cells after treatment with AGEs (Fig. 3E) (p<0.05).Intracellular reactive oxygen species (ROS) play a critical role in different types of cell survival. ROS generation was detected after treatment with AGEs in the Neuro 2A cell lines. After treatment with AGEs, ROS generation was increased in the Neuro 2A-LacZ cells, however, it was attenuated by over-expression Trx in the Neuro 2A-Trx cells (Fig. 3F). We also evaluated the AGE-induced apoptosis on Neuro 2A-Trx/LacZ cells by TUNEL staining. The 

Fig. 2. The effect of up-regulating Trx expression by SF on the apoptosis induced by advanced glycation end products (AGEs). The expression of Trx was analyzed by Western blot after treatment with different concentration (A&D) and time (B&E) of SF. (C&F) Apoptosis of Neuro 2A cell was analyzed by flow cytometry with SF and AGE treatments. (G) AGE-induced production of ROS in Neuro2a cells after SF treatment, as detected by a DCFH-DA probe. (n=3 in each group) *p<0.05, ***p<0.001.
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results showed that AGEs treatment could significantly increase apoptosis in Neuro 2A-LacZ cells. However, apoptosis due to treatment with AGEs was inhibited in the Neuro 2A-Trx cells (Fig. 3G). Levels of Txnip expression were measured after AGEs treatment in the Neuro 2A cell lines using qRT-PCR. The expression of Txnip was increased in the Neuro 2A-LacZ cells and it was suppressed in Neuro 2A-Trx cells after treatment with AGEs (Fig. 3H) (p< 0.001).

Up-regulation of Trx through inhibition of Txnip prevents AGE-induced apoptosis in Neuro 
2A cellsTxnip is an endogenous inhibitor of Trx. To decrease Txnip expression, we used a gene silencing expression vector (shRNA Txnip). shRNA Txnip was constructed and transfected into Neuro 2A-LacZ. The transfection efficiency was observed at various time points after 

Fig. 3. The effect of stable over-expression of Trx 
on apoptosis induced by AGEs in Neuro 2A cell. (A) Transfection efficiency was observed in Neuro 2A cell at different time. (B) The expression of Trx and LacZ 
was detected in different clone in Neuro 2A cell by RT-PCR. (C) The expression of Trx (human) were detected 
by immunocytochemical 

staining (Green fluorescence) and the 
nuclei was stained by DAPI (blue). (D) The expression of Trx (human) and EGFP 
was detected by Western 

blot. (E) The viability of Neuro 2A-Trx/LacZ 
cells were measured by CCK-8 assay at different concentration (0~500μg/
ml) of AGE. (F) Intracellular ROS was detected by DCFH-DA (Green fluorescence) 
and the nuclei was stained by DAPI (blue) in Neuro 2A-Trx/LacZ after AGEs treatment. Magnification, 200x. (G) Apoptosis was detected by TUNEL staining (Green fluorescence) 
and the nuclei was 

stained by DAPI(blue) in Neuro 2A-Trx/LacZ cells 
after AGEs treatment. Magnification, 200x. (H) The expression of Txnip was detected in Neuro 2A-Trx/LacZ cells after AGEs treatment. (n=3 in each group) *p<0.05, #p<0.05, ***p<0.001. *: compare with NC (AGEs=0μg/ml) group, #: compare with the Neuro 2A-Trx group at the same concentration.
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transfection (24 hours, 36 hours, 48 hours, and 60 hours) by fluorescence microscope. The expression of Txnip was measured by Western blot after transfection (Fig. 4A&B) (p<0.001). ROS generation was measured after down-regulation of Txnip in Neuro 2A-LacZ cell after AGEs treatment. As shown in Fig. 4C, after treatment with AGEs, ROS levels were reduced in Neuro 2A-LacZ cells transfected with shRNA Txnip. Additionally, the percentage of apoptotic cells was quantified in Neuro 2A-LacZ cells using flow cytometry. After treatment with AGEs, the percent apoptotic cells is reduced in the cells treated with shRNA Txnip as compared with those transfected with a scrambled shRNA (Fig. 4D) (p<0.05).

Over-expression Trx suppresses AGE-induced autophagy in Neuro 2A cellsTo investigate the influence of over-expression of Trx on autophagy in Neuro 2A cells we used transmission electron microscopy (TEM). Cells were treated with or without 100 
mg/ml AGEs for 6 hours before collection for TEM. Autophagosomes are morphological 
hallmarks of autophagy. The TEM analyses showed a greater number of single and double-membrane vesicles accumulated in control cells, Neuro 2A-LacZ, as compared to Neuro 2A-Trx cells (Fig. 5A). Quantification of these vesicles confirmed these observations (Fig. 5B) (p<0.005). Treatment with AGEs led to accumulation of autophagosomes in the Neuro 2A-LacZ cells (Fig. 5B) (p<0.05). LC3-II is a key marker of autophagy, and Western blot analysis showed that over-expression Trx could attenuate up-regulation of LC3-II induced by treatment with AGEs (Fig. 5C) (p<0.05) (p<0.005). Then, we used immunofluorescence to detect the expression of Txnip and p-mTOR. We found that over-express Trx could reduce 

Fig. 4. The effect of up-regulating Trx expression by down-regulating Txnip on apoptosis induced by AGEs. (A) Transfection efficiency observation in Neuro 2A at different time (24 h, 36 h, 48 h, 60 h). Magnification, 200x. (B) The expression of Txnip were analyzed by Western blot after transfected with Txnip-shRNA at different time. (C) The effect of up-regulating Trx expression by down-regulating Txnip on intracellular ROS (Red fluorescence) in Neuro 2A-LacZ cell. Magnification, 200x. (D) Apoptosis of Neuro 2A-LacZ cell was analyzed by flow cytometry after transfected shRNA-Txnip with/without AGEs treatment. (n=3 in each group) *p<0.05, *** p<0.001.
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the expression of Txnip and activite p-mTOR compare with Neuro 2A-LacZ cells. However, after treatment with AGEs, the expression of Txnip in Neuro 2A-LacZ was increased but it was unchanged in Neuro 2A-Trx cells (Fig. 5D). As shown in Fig. 5E, there are similar results 

Fig. 5. Over-expression of Trx suppressed AGE-induced autophagy in Neuro 2A cell. (A) Autophagosomes of Neuro 2A-Trx/LacZ cells were observed by transmission electron microscopy after treated with/without AGEs, and the number counting of autophagosomes in each cell (B). (C) The expression of LC3B was analyzed by Western blot. The expression of p-mTOR (Red fluorescence) (D), TXNIP (Red fluorescence) (E) and the nuclei was stained by DAPI (blue) was analyzed by immunofluorescence after treated with/without AGEs. Magnification, 400x. (n=3 in each group) *p<0.05, ** p<0.01.
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that the activation of p-mTOR were decreased in Neuro 2A-LacZ cells after treatment with AGEs but unchaged in Neuro 2A-Trx cells.
Discussion

Diabetes retinopathy (DR) is a leading cause of vision loss in middle-aged and elderly 
people globally [1]. Studies have shown that there are many risk factors for DR such as hyperglycemia, hypertension, hyperlipidemia, Body Mass Index (BMI), puberty and 
pregnancy [34].

AGEs refers to a group of stable end products produced by the Maillard reaction series of 
free amino groups of proteins, amino acids, lipids or nucleic acids, as well asaldehyde groups 
of glucose or other reducing sugars, under non-enzymatic conditions [24]. Accumulation of AGEs is found in many neurodegenerative diseases [8]. Our previous study confirmed 
that neurodegeneration in diabetic retinopathy precedes vascular lesions [15] and several 
studies have demonstrated that diabetic retinopathy is a neurodegenerative disorder [5]. 
AGEs are more reactive than sugars because AGEs receptors are widely distributed in 
various tissue cells such as endothelial cells, smooth muscle cells, and immune system cells. AGEs can mediate their effects via specific receptors, such as the receptor for AGE (RAGE) and activate diverse signal transduction cascades and downstream pathways. Binding of 
AGEs to their receptors can trigger several age-related [9] and diabetes-related diseases, as well as cardiovascular diseases [7]. AGE–RAGE interaction activates nuclear factor (NF)-κB transducing a variety of inflammatory and innate immune responses in the cell. In this study, accumulation of AGEs was found in the retinas of diabetic mice, which confirms that 
the accumulation of AGEs plays an important role in neurodegenerative diseases. In the process, we also found that the expression of Trx, an antioxidant small molecule protein, was decreased, demonstrating that Trx may play a key role in diabetic retinopathy pathogenesis.

The main mechanism by which AGEs induce apoptosis is through accumulation of ROS which oxidize Trx. The Trx system is responsible for protecting cells from oxidative 
stress, and is composed of several related molecules that form a network of interactions, and use cysteine residues in their active site to combat oxidative species [11, 13, 23]. 
Sulforaphane(SF), which is a naturally occurring isothiocyanate compound isolated from cruciferous vegetables, upregulates Trx [19]. In vivo, we found that the expression of Trx 
increased in a dose-dependent manner with increased SF concentration. This corresponded with increased retinal thickness in diabetic mice. We also used SF to regulate Trx expression 
in vitro and found that the same effect: when the intracellular Trx expression increased, the 
apoptosis decreased.Trx exerts its role through interaction with its binding proteins [21]. One of the most 
important proteins is apoptosis signal-regulating kinase 1 (ASK1), an important regulator of apoptosis. When Trx is oxidized in response to oxidative stress, ASK1 is dissociated from the oxidized Trx and activated to induce an apoptotic signal. Trx also interacts with thioredoxin interacting protein (Txnip)[20]. Txnip is considered a pro-oxidative stress and pro-apoptotic 
protein under conditions of diabetes and cellular stress. Our present studies have shown that AGE exposure induces extensive expression of Txnip in a time-dependent manner. However, when Trx is over-expressed in the Neuro 2A cell line, Txnip expression does not increase after treatment with AGEs. Here we have successfully shown that over-expression of Trx is 
able to inhibit cell apoptosis induced by AGEs. Some studies have shown that ROS can inhibit 
cell viability and proliferation and play an important role in promoting apoptosis [35]. When we up-regulated Trx indirectly, through inhibition of Txnip using shRNA, the generation of intracellular ROS was significantly decreased and the cells were protected from apoptosis.

AGEs, a harmful substance accumulated in the retina of diabetic mice [8], caused 
cellular apoptosis in vitro. It is also known that AGEs can induce autophagy in cells and that excessive autophagy can cause cell death [28, 36]. Several studies have confirmed that 
several signaling pathways, such as the PI3K / AKT / mTOR signaling pathway [37], p38-
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MARK pathway [38] and ERK-
related signaling pathway [39], 
are associated with autophagy. 
Studies have shown that excessive autophagy can cause 
cell dysfunction and autophagic 
cell death [40]. The mammalian 
target of rapamycin (mTOR) 
is an important protein in the 
autophagy signaling pathway 
and is known to drive the onset 
of a range of human diseases. 
In our study, we found that it 
can induce AGE accumulation in 
diabetes in mice which can lead 
to retina degeneration with the Trx down-regulating and up-regulating Txnip. Moreover, we 
have demonstrated that AGEs 
induce ROS generation, activate 
autophagy, and lead to eventual 
apoptosis. Several studies have demonstrated that Trx and its endogenous inhibitor Txnip help sustain the cellular redox 
balance in response to various 
stresses and both play a crucial role in cell proliferation and growth [12]. We used different methods to up-regulate Trx expression and confirmed that over-expression Trx or down-regulation Txnip can decrease intracellular ROS generation and apoptosis. Moreover, we found that over-expression of Trx is able to inhibit AGE-induced autophagy which may be related to inhibition of the Txnip/mTOR pathway. Finally, we have summarized the 
underlying mechanism in the Fig. 6.AGE-induced cell apoptosis is regulated by Trx. We have shown that Trx expression decreases after AGEs treatment in Neuro 2A cells. Up-regulation of Trx reduces ROS generation and protects cells from apoptosis induced by AGEs. During this process Trx may inhibit autophagy though the Txnip and mTOR pathway.

ConclusionUp-regulating thioredoxin expression inhibits neurodegeneration induced by AGEs. The underlying mechanism may be related to inhibition of the Txnip/mTOR pathway mediated 
autophagy.
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Fig. 6. The summary of the protective effect and related 

mechanism on AGEs-induced neurodegenerative diseases by up-regulating Trx. Up-regulation Trx inhibits neurodegeneration 
induced by AGEs. The underlying mechanism may be related to inhibition of the Txnip/mTOR pathway mediated autophagy.
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