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Abstract

Diabetic retinopathy (DR) is characterized by early loss of retinal capillary pericytes and 

microvascular dysfunction. We recently showed that pro-oxidative stress and pro-apoptotic 

thioredoxin interacting protein (TXNIP) is significantly up-regulated in rat retinas in experimental 

diabetes and mediates inflammation and apoptosis. Therefore, we hypothesize here that TXNIP 

up-regulation in pericyte plays a causative role in oxidative stress and apoptosis under sustained 

high glucose exposure in culture. We maintained a rat retinal capillary pericyte cell line (TR-

rPCT1) for 5 days under low glucose (LG, 5.5 mM) or high glucose (HG, 25 mM) with or without 

anti-oxidant N-acetylcysteine (5 mM, NAC), Azaseine (2 μM, AzaS), an inhibitor of TXNIP, and 

TXNIP siRNA (siTXNIP3, 20 nM). The results show that HG increases TXNIP expression in TR-

rPCT1, which correlates positively with ROS generation, protein S-nitrosylation, and pro-

apoptotic caspase-3 activation. Furthermore, pericyte apoptosis is demonstrated by DNA 

fragmentation (alkaline comet assay) and a reduction in MTT survival assay. Treatment of TR-

rPCT1 with NAC or an inhibition of TXNIP by AzaS or siTXNIP3 each reduces HG-induced 

ROS, caspase-3 activation and DNA damage demonstrating that TXNIP up-regulation under 

chronic hyperglycemia is critically involved in cellular oxidative stress, DNA damage and retinal 

pericyte apoptosis. Thus, TXNIP represents a novel gene and drug target to prevent pericyte loss 

and progression of DR.
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Introduction

Diabetic retinopathy (DR) is the most common disease of diabetes leading to visual 

deficiency and blindness among working adults in the US and around the globe [1]. About 

one-third of adult diabetic patients both with type 1 and type 2 diabetes will develop one 

form of proliferative or non-proliferative DR [1,2]. Hyperglycemia-associated oxidative/

nitrosative stress, chronic low grade inflammation and pre-mature cell death are considered 

to play critical roles in the pathogenesis of diabetic ocular complications [3–5]. Early 

features of DR include capillary basement membrane thickening, pericyte loss, and blood 

retinal barrier (BRB) breakdown, which ultimately progress to proliferative DR manifested 

by capillary neovascularization and blindness [6,7]. Capillary endothelial cells and pericytes 

share a common basal lamina and influence each other for maintaining vascular tone and 

proper functioning of the endothelial cell–cell junction and regulate nutrient transport across 

the BRB for neuro-retinal homeostasis and visual function [8,9]. However, under chronic 

hyperglycemia and diabetes, pericyte apoptosis occurs early, which leads to formation of 

ghost and acellular capillaries and leaky vessels [10]. Nonetheless, the cellular and 

molecular mechanisms of retinal capillary pericyte apoptosis in diabetes are not fully 

understood yet.

We have recently shown that pro-oxidative stress and pro-apoptotic protein, thioredoxin 

interacting protein (TXNIP), which binds to thioredoxin (Trx) and inhibits its oxidant 

scavenging and thiol (cysteine) reducing capacity [11,12], is highly induced in the diabetic 

retina in vivo as well as in vitro in retinal capillary endothelial cells and Muller glia [13–15]. 

Trx is a 12-kDa protein, which scavenges ROS and maintains protein cysteine sulfahydryl 

groups by its thiol redox-active sulfides. Trx1 is present both in the cytosol and nucleus 

while Trx2 is present in the mitochondria. Trx together with Trx reductase 1 (cytosol/

nuclear) and Trx reductase 2 (mitochondria) and NADPH maintain the cellular reducing 

environment. The other redox regulating system is the GSH/glutaredoxin system [16,17]. 

Trx activity is however required for reduction of oxidized glutathione reductase, which 

converts GSSG to GSH. Trx denitrosylates a broad spectrum of S-nitrosylated proteins 

[16,17]. While a reversible physiological level of protein-SNO is important for maintaining 

cellular function and cell viability [18]; a sustained up-regulation of TXNIP in chronic 

hyperglycemia can lead to excessive ROS/RNS accumulation, abnormal protein SNO and 

pre-mature cell death.

Recently, TXNIP has been shown to be involved in NLRP3 inflammasome assembly and 

caspase 1 activation and pro-IL-1β expression and maturation [15,19–23] and endoplasmic 

reticular (ER) stress induced cell death [24,25]. Nonetheless, a critical role of TXNIP in 

oxidative stress and pericyte demise under sustained high glucose exposure has not been 

investigated so far. We hypothesize that high glucose induces TXNIP up-regulation in 

pericyte in culture and causes mitochondrial bioenergetic imbalance, oxidative/nitrosative 

stress, chromatin instability/DNA damage and apoptosis. Indeed, our studies show first 

evidence that high glucose increases TXNIP expression, ROS/RNS stress, chromatin 

breakage, and pericyte apoptosis. Our findings thus implicate a novel role of TXNIP in early 

pericyte loss and BRB dysfunction in DR and suggest that TXNIP is an important 
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therapeutic target for preventing vascular lesions of blinding ocular complications in 

diabetes.

Materials and methods

Materials

Tissue culture media, serum and antibiotics were purchased from Invitrogen (Carlsbad, CA). 

Antibodies for TXNIP were obtained from MBL (cat# K0205-3, Woburn, MA). Anti-S-

nitroso-cysteine (SNO-Cys, cat# N5411) antibody was from Sigma-Aldrich (St. Louis, MO). 

Histone H3 lysine 9 trimethyl antibody (cat# 5327) and total H3 (cat# 9717) were purchased 

from Cell Signaling Technologies (cat# 5327, Danvers, MA). The LC3B antibody kit for 

autophagy (cat# L10382), ROS detection reagent CM-H2DCFDA (cat# C6827) and ATP 

(cat# A22066) assay kits were from Molecular Probes (Invitrogen). Electrophoresis Mobility 

Shift Assay (EMSA) kit for Transcription factors – p53 (cat# GS-0033), GADD153 (also 

known as CHOP), and sXBP1 (custom-synthesis) – binding to respective consensus DNA 

sequences was purchased from Signosis Inc. (Sunnyvale, CA). Fluorescent-labeled 

secondary antibodies anti-rabbit and anti-mouse were obtained from Molecular Probes while 

that of the anti-goat antibodies were purchased from Abcam (Cambridge, MA). Active 

Caspase-3 Red SR FLIVOTM in vivo Apoptosis Kit (cat# 982) was obtained from 

Immunochemistry Technologies (Bloomington, MN). Pre-designed primers for rat TXNIP, 

Bim, Puma, Bcl2 and actin were purchased from Qiagen (SABiosciences). Similarly, control 

and TXNIP siRNAs were also obtained from Qiagen (SABiosciences). TRIZOL for RNA 

isolation was from Invitrogen while First strand cDNA synthesis kit and SYBR green 

reagents were purchased from Biorad, CA.

Retinal pericyte culture

A conditionally immortalized rat retinal capillary pericytes (TR-rPCT1) was used in this 

study similar to those described for rat retina capillary endothelial cells (TR-iBRB2) [26]. 

These cells were characterized to express pericyte markers such as rat intercellular adhesion 

molecule-1, platelet-derived growth factor-receptor beta, angiopoietin-1, and osteopontin, 

suggesting a relevant cell type to study pericyte function in vitro [26–29]. As mentioned 

above, we have used TR-iBRB2, a rat retinal endothelial cell line derived from the same 

animal as TR-rPCT1 in our previous studies [13–15] to investigate TXNIP function under 

HG in culture. Therefore, we chose this rat retinal pericyte in the present study as well. TR-

rPCT1 cells are temperature sensitive and they were propagated at 33 °C in medium 

containing low glucose DMEM/F-12 (4:1 ratio), 10% fetal bovine serum (FBS), 100 U/ml 

penicillin and 100 μg/ml streptomycin in collagen 1 coated plates similar to those described 

for TR-iBRB2 [13,14]. After ~70–80 confluence, TR-PCT1 cells were cultured at 37 °C at 

low serum (0.2% FBS) medium for 24 h to slow down cell growth and proliferation. 

Subsequently, TR-rPCT1 cells were maintained at 0.2% serum either at low glucose (5.5 

mM, LG) or high glucose (25 mM, HG) for 5 days. Media were changed every 48 h except 

for the last day of the culture, which is at 24 h [15]. When azaserine (AzaS, 2 μM), N-

acetylcysteine (NAC, 5 mM) or siRNAs (scrRNA or siTXNIP3, 20 nM) were present, they 

were included in the final 2 days of HG treatment before terminating the experiment. 
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Transfection of scrRNA and siTXNIP3, which significantly reduces TXNIP protein, was 

performed as previously described using the HiFect transfection reagent from Qiagen [15].

Real-time quantitative PCR

Total RNAs were isolated by TRIZOL method and first-strand cDNAs [from 1 μg RNA] 

were synthesized in 20 μl volume using the Bio-Rad iScript cDNA synthesis kit [13–15]. 

Messenger RNA expression was analyzed by real-time quantitative PCR using the Bio-Rad 

Chromo 4 detection system and SYBR Green PCR Master Mix from Bio-Rad or Applied 

Biosystems (Foster City, CA). The real time PCR reaction mixture contained 1 × SYBR 

Green PCR Master Mix, 400 nM forward and reverse primers, and 2 μl cDNA in a final 

volume of 25 μl. The PCR cycling was programmed as 95 °C for 15 s, 55 °C for 30 s and 

72 °C for 30 s 40 cycles followed by the construction of a melting curve through increasing 

the temperature from 60 °C to 95 °C at a ramp rate of 2% for 20 min. The real time PCR 

samples were evaluated using a single predominant peak as a quality control. Ct values were 

used to calculate the relative expression level of mRNAs that were normalized to actin.

SDS-PAGE and Western blotting

Proteins were extracted in RIPA buffer containing protease inhibitors and their 

concentrations were determined using a Coomassie Plus (Bradford) Assay Reagent from 

Pierce (Product 23238) with BSA as the standard. Absorbance of blue dye of the 

Coomassie–protein complex was measured at 595 nm using a Gemini Microplate reader 

(Molecular Devices, Sunnyvale, CA). Thirty micrograms of protein extracts were subjected 

to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDA-PAGE) and Western 

blot analysis of proteins were performed as described previously [14,15]. Primary antibodies 

were used at 1:1000 dilutions while secondary antibodies were used at 1:3000 dilutions. 

ECL used to detect the immunoreactive bands using a Cell Bioscience FluorChem E System 

(Santa Clara, CA).

Immunohistochemistry (IHC)

Cells were grown in four-chambered tissue culture glass slides (NUNC, Naperville, IL) and 

exposed to HG for 5 days as described [15]. Cells were fixed with freshly prepared 

paraformaldehyde (4%) for 2 h in ice or 4 °C overnight, washed 10 min each with PB (three 

times) and blocked with 5% horse serum in PB for 1 h at room temperature. Following a 30 

min wash with PBS, cells were incubated with primary antibodies (1:100 dilutions) 

overnight at 4 °C in a humidified chamber. After washing with PB, cells were further 

incubated with corresponding secondary antibodies conjugated with Alexa Fluor 488 or 

Alexa 594 at 1:500 dilutions for 1 h at 37 °C in a darkened humidified chamber. DAPI 

(Blue) was used to counter stain the nuclei. The images were captured by an OLYMPUS BX 

51 fluorescence microscope, which is fitted with a triple DAPI/FITC/TRITC cube, a DP70 

digital camera and image acquisition software. Similar magnification (40 ×) and exposure 

time were maintained throughout for comparing images unless otherwise mentioned.
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Determination of cell viability

MTT assay for cell viability was performed in 24 or 48 well plates and with 0.5 mg/ml MTT 

(cat# V-13154, Invitrogen) in each well as previously described [12,15]. TR-rPCT1 cells (1 

× 104 cells) were grown to 70% confluence and serum-starved overnight and treated with 

HG for 5 days. MTT was added for 3 h at the end of the experiment, the media was removed 

and cells were kept in 100 μl of DMSO for 10 min. The resulting color was diluted with 500 

μl of distilled H2O and detected at 570 nm using a Gemini Microplate reader (Molecular 

Devices, Sunnyvale, CA).

Intracellular reactive oxygen species (ROS) measurement

The formation of intracellular ROS in TR-rPCT1 cells was detected as previously described 

[13,15] by using the fluorescent probe, 5-(and-6)-chloromethyl-2′,7′-

dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA). This dye can enter 

living cells by passive diffusion and it is non-fluorescent until the acetate group is cleaved 

off by intracellular esterase and oxidation occurs within the cell. Approximately 1 × 105 

cells/ml were cultured in 24 well plates, serum-starved overnight and glucose were added for 

the specified time period. Then, CM-H2DCFDA (10 μM) was incubated for 60 min at 37 °C. 

The medium with the dye was aspirated (to remove the extracellular dye), washed with PBS 

(3 ×), then the PBS is added to cells. The fluorescence was measured in a Gemini 

Fluorescent Microplate Reader (Molecular Devices) with the bottom read scanning mode at 

480 nm excitation and emission at 530 nm.

DNA fragmentation detection

To measure DNA damage under chronic hyperglycemia in TR-rPCT1 cells, we used (i) IHC 

to detect chromatin fragmentation and condensation using DAPI staining of the nucleus as 

described above in IHC section and (ii) single cell gel electrophoresis (SCGE) or the 

alkaline comet assay using the OxiSelectTM Comet Assay kit (cat# STA-350) from Cell 

Biolabs, Inc (San Diago, CA). The SCGE or Comet assay is a useful method to measure 

DNA damage in individual cells under an electrophoretic field. For this, TR-rPCT1 cells 

were cultured in 6 well plates and maintained in LG or HG conditions for 3 or 5 days. Cells 

were scrapped off and resuspended in cold-PBS (without Mg2+ and Ca2+) at 1 × 105 

cells/ml. Cell suspension (10 μl) and 90 μl of Comet Agarose (melted at 90 °C and 

maintained at 37 °C) were mixed and immediately pipette (75 μl) on the OxiSelectTM 

Comet Slide. The slides were kept at 4 °C for 15 min in the dark. The slides were then 

carefully immersed (while maintaining horizontal position to prevent agarose slipping off 

the slide) in the pre-chilled lysis buffer in a small container (~25 ml) for 30 min at 4 °C in 

the dark. The slides were then transferred to an electrophoresis chamber and filled with cold 

Alkaline Electrophoresis Solution (300 mM NaOH, 1 mM EDTA, pH 13). Electrophoresis 

was run at 20 V (1 V/cm for 20 cm apart chamber electrodes) for 25 min. After completing 

the electrophoresis, the agarose slide was carefully transferred to a container and immerged 

in pre-chilled sterile H2O for 2 min, aspirated and repeated two times. Then the slides were 

emerged again in 70% alcohol for 5 min and air dried for 30 min. After the agarose is 

completely dried, 100 μl of a diluted Vista Green DNA Dye was added and kept for 15 min 

at room temperature. The slide is then view under OLYMPUS BX 51 fluorescence 
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microscope for green fluorescence. The DNA fragmentation is determined by the presence 

of a Head and a Comet Tail ((displacement of nuclear DNA (head) to a resulting DNA 

streaking (tail) due to breakage)).

Measurement of mitochondrial membrane potential

We used a MitoPT™-JC1 Assay Kit (cat# 924, Immunohistochemistry Technologies, 

Bloomington, MN) to detect mitochondrial membrane depolarization in TR-rPCT1 5 days 

after HG exposure according to Manufacturer’s instructions. As a member of the 

carbocyanine family of potentiometric dyes, 5,5′, 6,6′-tetrachloro-1,1′,3,3′-

tetraethylbenzimidazolocarbocyanine I-/Cl- salt, commonly known as JC-1, penetrates cell 

and accumulates within mitochondria as a orange-red aggregate when excited at 490 nm. 

However, upon mitochondrial membrane potential collapses in apoptotic or metabolically 

stressed cells, the MitoPT™ JC-1 reagent will no longer concentrate within the 

mitochondria. Instead, it exits mitochondria and disperses throughout the cell in a 

monomeric form, which emits a green fluorescence at 490 nm excitation. Therefore, non-

apoptotic cells exhibit as orange-red stained mitochondria while apoptotic cells with 

mitochondrial membrane potential depolarization stains green. TR-rPCT1 cells (~to 1 × 105 

cells/ml) were cultured in four well slide chambers for 5 days at low serum medium with LG 

or HG. Cell were then incubated with a JC-1 working solution (5 μM) for 30 min at 37 °C in 

the dark and then washed with the wash buffer (provided in the kit). The slides were lightly 

covered with a cover slip and fluorescence was detected in OLYMPUS BX 51 fluorescence 

microscope, fitted with triple DAPI/FITC/TRITC cubes and a DP70 digital camera.

ATP assay

Cellular ATP concentration was determined in cell supernatants with an ATP biolumescence 

assay kit as described previously [15]. Briefly, ATP was released using the boiling method 

from TR-rPCT1 cells maintained in 24 well plates under LG or HG for 5 days. A volume of 

250 μl TE buffer (50 mM Tris–Cl, pH 7.4, 4 mM EDTA) was added to the wells and 

scrapped off. Cells were immediately transferred to a boiling water bath for 4 min. Samples 

were then put on ice and briefly sonicated and centrifuged. Relative fluorescence units 

(RLUs) were detected in a Luminometer (Promega, Madison, WI).

Autophagy determination

Autophagy is a survival mechanism for long-lived and fully differentiated cells under 

starvation and oxidative stress to remove aggregated proteins and damaged organelles 

including mitochondria via a lysosomal degradation pathway and recycling of cell contents. 

The microtubule light chain LC3B protein is a late marker of autophagy. LC3BI, an inactive 

protein, is converted to its active form LC3BII during autophagic punctae formation 

(vesicular autophagolysosomes usually observed in the peri-nuclear region). Therefore, we 

use the LC3B antibody kit to measure LC3B punctae to determine HG induction of 

autophagy in TR-rPCT1 cells on IHC with a rabbit anti-LC3B antibody (Invitrogen, cat# 

L10382) as previously described [15]. In addition, the conversion of LC3BI to LC3BII 

(LC3B activation) was determined on WB by the presence of a faster moving LC3BII band 

in gels.

Devi et al. Page 6

Exp Cell Res. Author manuscript; available in PMC 2017 October 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gel-shift assay

The gel-shift or electrophoretic mobility-shift assay (EMSA) provides a simple and rapid 

method for detecting DNA-binding activity of proteins. We investigated p53, GADD153 and 

sXBP1 activities of TR-rPCT1 nuclear protein extracts using commercially available (p53) 

and custom-made (GADD153 and sXBP1) gel-shift assay kits from Signosis (Sunnyvale, 

CA) and according to manufacturer’s instructions [15,30]. After incubation at 16 °C for 30 

min with biotin-labeled probes and nuclear extracts (5.0 μg protein) in a PCR machine, the 

protein–DNA complexes were subjected to 6.5% non-denaturing polyacrylamide gels 

prepared with TBE gel formulation. The gel was run at 100 V for 1 h until the Bromophenol 

blue dye front moved three quarters down the gel, using 0.5 × TBE running buffer. For 

competitive assays, excess cold probes were added to the reaction. Streptavin-HRP and ECL 

were used to detect and capture the reactive bands using a Cell Bioscience FluorChem E 

System (Santa Clara, CA).

Statistical analysis

Results have been expressed as means +/−SE. Student’s t-test was used to compare 

differences between the control and treated samples. Multiple mean comparisons were 

performed by one-way ANOVA followed by Bonferroni test [15,30]. A preset p value of 

<0.05 was considered statistically significant.

Results

High glucose increases TXNIP expression, oxidative stress and apoptosis of retinal 
pericytes in culture

A critical role of TXNIP in retinal pericyte apoptosis under chronic hyperglycemia, which is 

a hallmark of early diabetic retinopathy, is currently unknown. Therefore, we investigated 

up-regulation of TXNIP in TR-rPCT1 under sustained HG exposure in culture and whether 

TXNIP expression correlates with cellular oxidative and nitrosative stresses. Initially, we 

performed a time-depended effect of HG on ROS and RNS generation and DNA damage at 

3 and 5 days. We observed that up to 3 days of HG exposure, no DNA damage/cell death 

occurs in retinal pericytes although ROS and RNS levels increase (Fig. 1S). Therefore, we 

maintained retinal pericytes for 5 days by changing the medium for every 48 h and once at 

24 h in the last day, and further experiments were performed at this duration of HG 

exposure.

As shown in Fig. 1A and B, HG (25 mM) exposure of TR-rPCT1 for 5 days increases 

TXNIP mRNA expression and IHC staining of TXNIP protein, respectively, when compared 

with LG (5.5 mM). In agreement, TXNIP protein is also enhanced in HG compared to LG 

(Fig. 1C). Nonetheless, TXNIP protein level is higher than its mRNA. This result might be 

due to TXNIP message stabilization under prolonged HG exposure as recently described 

[24,25] although we need further investigation. TXNIP up-regulation is associated with 

significant increases in ROS generation (p<0.05) as revealed by enhanced CM-H2DCFDA 

fluorescence emission (Fig. 2A). Addition of an equimolar mannitol to HG (osmolar effect) 

does not increase ROS level suggesting that intracellular glucose metabolism is indeed 

linked to the observed ROS production. In addition, we also observed an increase in protein 
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S-nitrosylation (SNO) in retinal pericyte under HG, which is revealed by greater intensity in 

IHC staining of thiol-nitrosylated proteins by an anti-SNO antibody, which is a marker of 

cellular reactive nitrogen species (RNS) stress (Fig. 2B). These results show that HG 

increases TXNIP expression in pericytes and induces ROS/RNS stress.

Next, we determined cell viability using MTT assay, which measures the succinate 

dehydrogenase activity of mitochondrial electron transport chain (etc) complex II is also 

reduced (p<0.0001) vs. LG (Fig. 2C), indicating mitochondrial dysfunction and pericyte cell 

death. In agreement, the IHC staining of activated capspase-3 in pericytes is enhanced by 

HG compared with LG (Fig. 2D). The results suggest that exposure of retinal pericytes to 

chronic high glucose induces mitochondrial dysfunction and apoptosis, and correlates 

positively with TXNIP up-regulation and oxidative stress in these cells (Fig. 1).

We further examined whether HG induces mitochondrial membrane depolarization in retinal 

pericytes and causes cell death since damaged mitochondria generates excess ROS. As 

shown in Fig. S2A, there is an increase in green fluorescence accumulation in the cytosol 

(monomeric JC-1) outside mitochondria as detected by IHC, which suggests a mitochondrial 

membrane potential collapse and metabolically stressed pericyte. The mitochondrial damage 

in pericyte is also accompanied by a significant decrease in ATP content after treatment with 

HG (p<0.0002 vs. LG) as shown in Fig. S2B.

High glucose induces nuclear DNA break and chromatin condensation in retinal pericytes

The mechanism(s) of cell death under chronic hyperglycemia and oxidative stress are 

complex but it may involve mitochondria oxidative stress-induced caspase 3 activation (as 

shown above) and nuclear chromatin break [31,32]. Here, we observe, on IHC staining of 

nuclear DNA with DAPI, that there is an increase in chromatin fragmentation and 

condensation under HG thereby indicating cells undergoing apoptosis (Fig. 3A). In addition, 

chromatin breakage in HG treated pericytes is also associated with TXNIP staining in these 

cells (Fig. 3A). Chromatin damage is absent in LG treated pericytes. We further demonstrate 

chromatin break by HG in pericytes using a different method of alkaline single cell gel 

electrophoresis (comet assay). In this assay, the intake nuclear DNA is seen as circular spot 

(unbroken genomic DNA) under LG while treatment with HG causes formation of a comet 

tail indicating chromatin break (Fig. 3B). Furthermore, there is a centrally located and 

condensed nucleoid DNA in HG treated pericytes. As shown in Fig. 3C, Western blot 

analysis indicates that heterochromatin marker, histone H3 lysine 9 trimethylation 

(H3K9Me3), is increased by HG at day 5. It is not enhanced at day 3 of HG. This result is in 

agreement with the observation that although ROS and RNS generation occur at day 3 of 

HG treatment in pericytes, there is no DNA breakage at day 3 in comet assay (Fig. S1).

Anti-oxidant N-acetylcysteine and azaserine reduce high glucose induced ROS generation 
and DNA breakage in retinal pericytes

We have previously shown that several effects of chronic hyperglycemia on TXNIP 

expression and oxidative stress are mediated by excess glucose metabolic flux through the 

hexosamine biosynthesis pathway (HBP) [13,14]. Therefore, in this study, we also examined 

if AzaS, an inhibitor of the HBP and TXNIP, and anti-oxidant NAC prevent HG induced 
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ROS generation and DNA damage. First, we treated pericytes with NAC (5 mM) during the 

final 2 days of 5 days HG exposure in pericytes, and examined if HG induced ROS 

generation in pericytes is decreased. As shown in Fig. 4A, NAC significantly reduces ROS 

levels induced by HG (p<0.001) to the level of LG. Similarly, HG-induced DNA breakage in 

pericytes is prevented by NAC, both in DAPI staining (Fig. 4B) and comet assay (Fig. 4C). 

Second, we treated pericytes with AzaS (2 μM) for 2 days similar to NAC above and show 

that HG induced ROS generation in pericytes is significantly decreased (Fig. 5A). In 

addition, MTT activity is also increased by AzaS under HG (p<0.001; n=8, Fig. 5B), 

suggesting cell viability. The observed actions of AzaS in reducing HG-induced ROS and 

enhanced MTT activity in pericytes correlate well with decreases in chromatin breakage in 

DAPI staining of nuclear DNA by AzaS (Fig. 5C). These results suggest that TXNIP and the 

HBP, which mediates TXNIP expression and cellular oxidative stress, may play a causal role 

in pericyte oxidative stress and apoptosis.

TXNIP knock down by siRNA reduces high glucose-induced ROS and DNA break in retinal 
pericytes

We further determine the extent to which TXNIP critically regulates ROS/RNS generation, 

DNA damage and pericyte apoptosis in retinal pericytes under chronic hyperglycemia. For 

this, we used a transient transfection method to knock down TXNIP by siRNA when 

compared with a scramble RNA. HG induces ROS generation in pericytes transfected with 

the scrRNA while ROS level in siTXNIP3 transfected cells is significantly reduced (p<0.01) 

to levels observed in LG (Fig. 6A). Furthermore, siTXNIP3 reduces TXNIP expression and 

chromatin breakage as shown by TXNIP and DAPI staining (Fig. 6B). In addition, DNA 

tailing by broken chromatins in pericytes under HG is attenuated by siTXNIP3 transfection 

as seen in the alkaline comet assay (Fig. 6C). Finally, caspase-3 activation by HG in scrRNA 

treated pericytes is absent in siTXNIP3 treated cells (Fig. 3S), suggesting that TXNIP may 

play an important role in caspase-3 activation, DNA damage and retinal pericyte loss under 

chronic hyperglycemia and diabetes.

High glucose does not increase autophagic response in retinal pericytes but activates pro-
apoptotic GADD153

We have recently shown that, under chronic hyperglycemia (HG, 5 days), Muller cells 

induce an autophagic/mitophagic response to remove damaged mitochondria and maintain 

cell viability [15]. We therefore reasoned that pericyte apoptosis occurs in HG due to a weak 

cellular defense response against oxidative/nitrosative stress. To test this notion, we measure 

whether autophagy is or is not activated in retinal pericytes under HG exposure. We do not 

observe a significant increase in the number and size of LC3B punctae in IHC nor the 

conversion of LC3BI (inactive form) to LC3BII (active form) on Western blots (Fig. 7A and 

B, respectively), a marker for autophagy induction. Furthermore, we do not find a change in 

the activity of DNA damage repair protein p53 as measured by EMSA (Fig. 7C). 

Nonetheless, the DNA binding activity of DNA-damage and ER-stress inducible pro-

apoptotic transcription factor GADD153/CHOP is enhanced in EMSA (Fig. 7D), suggesting 

that under HG GADD153 may be involved in pericyte apoptosis. Surprisingly, we do not 

observe an induction of pro-apoptotic genes such as Bim and PUMA, which are considered 
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to be targets of GADD153 and p53, respectively (Fig. S4A) or an increase in ER-stress 

response protein sXBP1 activity (Fig. S4B).

Discussion

In summation, we provide first evidence that high glucose up regulates TXNIP expression in 

retinal pericytes in culture and induces cellular oxidative/nitrosative stress, mitochondrial 

dysfunction, DNA damage and apoptosis. Treatment with anti-oxidant NAC or with 

azaserine, which inhibits TXNIP [14] or TXNIP knock down itself by siRNA prevents 

pericyte oxidative stress, DNA damage and apoptosis. These results provide important 

mechanistic insights into how pericyte loss and vascular dysfunction may occur in early 

stages of DR. We also find that retinal pericyte apoptosis under hyperglycemic exposure 

seen in this study differs from our recent report in Muller cells under similar duration of 

hyperglycemic exposure [15]. In that study, we showed that high glucose causes cellular 

oxidative stress in Muller cells but maintains cell viability via induction of host innate 

defense and survival mechanisms including autophagy/mitophagy and anti-oxidant capacity 

[15]. Furthermore, Busik et al. [33] also demonstrated that retinal endothelial cells are able 

to sustain viability under chronic hyperglycemia in culture and that endothelial cell death is 

mediated by cytokines secreted by neighboring cells in the retina. Therefore, a reason for 

pericyte ROS/RNS stress and apoptosis under HG observed in this study may be due to 

accumulation of damaged mitochondria, which generate ROS and are inefficient in energy 

(ATP) production. We suggest further that this might lead to activation of an intrinsic cell 

death signal and cell-autonomous apoptosis. In support of this, we show that mitochondrial 

damage, oxidative stress, caspase-3 activation and DNA break occur in pericytes under HG, 

however, these effects are prevented by anti-oxidant NAC treatment as well as TXNIP knock 

down by siRNA.

Mitochondria are critical for cellular bioenergetics, metabolism and cell death signals. This 

is supported by our observation that MTT activity, which measures the reductase activity of 

mitochondrial complex II enzyme succinate dehydrogenase, is reduced in pericytes by HG, 

and ATP level is reduced while caspase-3 is activated. In contrast, Muller cells maintain 

MTT succinate dehydrogenase activity and viability under HG exposure [15]. Succinate 

dehydrogenase participates in mitochondrial glucose metabolism both in tricarboxylic acid 

(TCA) cycle and OxPhos at electron transport chain (ETC) complex II, which uses FADH2 

as an electron donor to complex III and converts succinate to fumarate at TCA cycle to 

generate FADH2 [34,35]. Complex II proteins are exclusively synthesized by nuclear genes 

and are imported into mitochondria as unfolded proteins for assembly. Other ETC proteins 

at complexes I, III–V are synthesized by both mitochondrial and nuclear genes [36] and they 

may also be affected in pericytes by HG and oxidative/nitrosative stress. Accumulation of 

oxidatively stressed and depolarized mitochondria in the cell will therefore result in protein 

misfolding and disassembly of ETC protein complexes leading to low ATP synthesis and 

bioenergetic imbalance [37]. It appears that pericytes depend on mitochondrial OxPhos for 

cellular bioenergetics, i.e., ATP generation (this study) while Muller cells maintain both 

cytosolic glycolysis and mitochondrial OxPhos [15,38]. In agreement with this, Trudeau et 

al. [39] also demonstrated that mitochondrial fragmentation occurs in retinal pericytes 

exposed to HG and that fragmentation also causes low oxygen consumption and DNA nick. 
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An injury to the mitochondrion therefore will have a profound effect on pericyte energy level 

and cell functioning [40–42]. Pericytes are like renal mesangial and vascular smooth muscle 

cells that are contractile, and we have previously shown that mesangial cells like pericytes 

also undergo oxidative stress and apoptosis under chronic hyperglycemia and TXNIP up 

regulation [43,44]. Further indepth studies and a comparison of bioenergetic requirement 

between retinal pericyte and Muller cell, as well as with other retinal cells, will be important 

to determine cell type specific hyperglycemic injury in DR pathogenesis.

TXNIP is present in the cytosol, nucleus and mitochondria; therefore, TXNIP up regulation 

by HG in pericytes could increase both the cytosolic/nuclear and mitochondrial ROS and 

RNS levels. ROS (H2O2) and RNS (NO) are signaling molecules at low level however they 

are toxic at higher concentrations. Mitochondrial OxPhos is the major source of ROS in the 

cell while membrane bound and cytosolic NADPH oxidase and xanthine oxidase also 

contribute to ROS generation. In the absence of an efficient autophagy/mitophagy response, 

which exclusively removes depolarized and fragmented mitochondria, and a weak DNA 

damage repair mechanism (Fig. 7), pericytes will accumulate damaged mitochondria that 

can enhance cellular ROS/RNS stress, protein misfolding, and DNA damage. We propose 

that p53, which is activated following DNA damage and plays a critical role in DNA repair, 

is not activated while pro-apoptotic GADD153/CHOP is activated will promote cell death 

processes in pericyte [45–47]. Interestingly, we did not observe activation of GADD153 

down-stream target genes that are involved in apoptosis such as Bim and PUMA (Fig. S4). 

Neither the pro-survival protein Bcl2 nor ER-stress induced spliced form of XBP1 that are 

important for survival and anti-oxidant gene induction are activated in pericytes. In line with 

this observation, other investigators have reported an induction of ER stress in retinal 

pericytes by glucose deprivation, not by hyperglycemia, [48] and with intermittent 

hyperglycemia [45]. Therefore, signaling mechanisms of pericyte apoptosis under chronic 

hyperglycemia and TXNIP up regulation remains to be resolved. Nonetheless, we could 

consider that TXNIP-mediated oxidative stress and mitochondrial cell death signals are 

involved in pericyte demise since caspase-3 activation and chromatin breakage occur under 

chronic hyperglycemia (this study). Several other studies also have shown a role for TXNIP 

in mitochondrial TXNIP-Trx2-ASK1 axis in pancreatic beta cell death [49] and NMDA 

mediated excitotoxicity in the retina [50,51] and glaucoma [52].

One of the consequences of sustained hyperglycemia and TXNIP up regulation in diabetes 

will be thiol redox imbalance due to Trx inactivation, ROS/RNS stress, and aberrant protein-

S-nitrosylation (SNO). We have recently published that diabetes up regulates both TXNIP 

and iNOS in the retina [15]. NO is a diffusible molecule, which is also constitutively 

produced by endothelial eNOS and neuronal nNOS [52,53]. However, induction of iNOS 

with TXNIP in retinal pericytes as well as in Muller glia/microglia and endothelial cells in 

diabetes [15,54,55] will exacerbate excessive cell redox imbalance and protein-SNO. This 

can occur because iNOS/NO will increase protein SNO as well as tyrosine nitration while 

TXNIP by trapping Trx1 (cytosol/nuclear) and Trx2 (mitochondria) will mitigate against 

denitrosylation of protein-SNO. Pathologically, thiol S-nitrosylation of certain proteins may 

be initially protective, such as the SNO modification of caspase-3, which prevents its release 

from the mitochondrion [16,17,56]; however, thiol modification of pro-inflammatory 

proteins such as Cox-2-SNO [57], HIF-1α-SNO [58] and glycolytic and apoptotic GAPDH-
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SNO [59,60] will have deleterious effects in chronic hyperglycemia and cellular stress. 

These observations are in concert with our hypothesis that TXNIP’s effect on pericyte 

apoptosis in early diabetic retinopathy may involve S-nitrosylation of critical enzymes and 

signaling proteins via a TXNIP-mediated Trx inhibition.

Conclusion

We demonstrate a critical function of TXNIP in pericyte apoptosis under chronic high 

glucose in culture. The molecular events may involve ROS/RNS stress, mitochondrial 

membrane depolarization, bioenergetic imbalance, chromatin damage, and premature 

pericyte demise in the diabetic retina. We summarize results of this study in Fig. 8. Our 

working hypothesis is that anti-oxidant therapies targeting mitochondria and suppression of 

TXNIP up-regulation in diabetic retinopathy may have potentially beneficial effects in 

preventing ocular complications. In support of this hypothesis, we have previously shown 

that TXNIP knock down by intravitreal delivery of siRNA in rats in vivo ameliorates early 

molecular abnormalities of diabetes in the retina, which include aberrant extracellular matrix 

gene expression, inflammation, gliosis, and retinal cell death [14,15]. Furthermore, other 

investigators have recently shown that TXNIP knock out mouse protects the myocardium 

from ischemia-reperfusion injury [61], endotoxemia insult [62], and ER-stress mediated beta 

cell apoptosis [24,25]. Together, our current data showing that TXNIP is critical for retinal 

pericyte oxidative stress, DNA damage and apoptosis under chronic hyperglycemia further 

support the notion that TXNIP is a novel therapeutic target to prevent or treat DR. Further in 

vivo studies using TXNIP knockout mouse and/or TXNIP siRNA knock down approaches in 

animal models of diabetes are warranted to elucidate the role of TXNIP in inflammation, 

pericyte loss and acellular capillary formation in DR.
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Fig. 1. 
HG induces TXNIP expression and ROS/RNS generation in retinal pericytes. (a) 

Quantitative RT-PCR for TXNIP. HG increases TXNIP mRNA level significantly in retinal 

pericytes at day 5 (1.45+/−0.14; n=4; p=0.01) when compared with LG. (b) IHC of TXNIP 

in pericytes cultured under HG for 5 days shows enhanced TXNIP staining than in LG 

(arrows). A representative of n=3 is shown. (c) WB of TXNIP in TR-rPCT1. There is also a 

significant increase (p<0.05) in TXNIP protein in HG at day 5 (2.58+/−0.77; n=4) when 

compared with LG.
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Fig. 2. 
HG induces pericyte ROS/RNS levels and apoptosis in retinal pericytes. (a) Reactive oxygen 

species (ROS) detected by CM-H2DCFDA. ROS level is significantly increased by HG at 

day 5 (p<0.05) compared to LG. On the other hand, a 20 mM mannitol plus 5.5 mM LG, an 

equimolar osmotic effect of HG, does not increase ROS suggesting a specific effect of 

excess glucose metabolism on ROS production in pericytes. (b) IHC of protein thiol (S) 

nitrosylation using an anti-S-nitroso-cysteine (SNO-Cys) antibody shows enhanced S-

nitrosylation of proteins in pericytes under HG (arrows). A representative of n=3 is shown. 

(c) Cell viability assay by MTT. HG significantly decreases MTT activity (p<0.0002) when 

compared with LG. Mannitol has no significant effect on MTT activity in pericytes. (d) IHC 

of active caspase-3: Cells were cultured in 4 well slide chambers with HG or LG for 5 days. 

Red SR FLIVO, which is cell membrane permeable and binds to active caspase-3, was 

added for 30 min, washed and fixed in 4% paraformaldehyde. DAPI was used to stain 

nuclei. HG activates caspase-3 in retinal pericytes as revealed by enhanced staining of SR 

FLIVO (arrows). A representative of n=3 is shown.
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Fig. 3. 
HG induces DNA breakage and chromatin condensation in retinal pericytes. (a) DAPI 

staining (IHC) of DNA break and chromatin condensation in pericytes by HG maintained for 

5 days (arrows). Note that TXNIP staining (red) colocalizes with broken chromatin. (b) A 

SINGLE CELL ALKALINE COMET Assay for DNA break also shows DNA tailing in HG 

suggesting chromatin breakage. A central chromatin nucleoid is also present in HG 

condition indicating chromatin condensation. The tail portion and chromatin nucleoid are 

absent in LG indicating intact chromatin. A representative of n=3 is shown. (c) Western Blot 

for histone H3 lysine 9 trimethylation (H3K9Me3), a heterochromatin mark for chromatin 

condensation, and total H3. HG treatment of TR-rPCT1 for 5 days leads to increases in 

H3K9Me3 but not at day 3. A representative of n=3 is shown.
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Fig. 4. 
N-acetylcysteine prevents HG-induced ROS generation and DNA damage in retinal 

pericytes. (a) ROS generation. N-acetylcysteine (NAC, 5 mM) was added during the last 2 

days of treatment while HG was present for 5 days. NAC significantly reduces HG-induced 

ROS generation in TR-rPCT1 (p<0.001; HG vs. HG+NAC). (b) IHC of DNA break and 

chromatin condensation (DAPI staining). HG induces TXNIP and chromatin breakage 

(middle panel, arrows). TXNIP up regulation and chromatin breakage by HG are reduced by 

NAC (right panel), which is more of less comparable to LG (left panel). A representative of 

n=3 is shown. (c) NAC also reduces COMET tailing by DNA break in HG treated pericytes 

suggesting a role for ROS in chromatin instability and breakage. A representative of n=3 is 

shown.
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Fig. 5. 
Azaserine prevents HG-induced ROS generation, maintains MTT activity, and reduces DNA 

break in retinal pericytes. (a) ROS generation. Azaserine (AzaS, 2 μM) was added during the 

last 2 days of treatment while HG was present for 5 days. ROS generation was determined 

by CM-H2DCFDA. AzaS has not effect on ROS level in LG but prevents the HG-induced 

ROS generation in TR-rPCT1. (b) MTT activity. In the presence of AzaS, a reduction in the 

MTT activity by HG is reversed in retinal pericytes. In fact there is a significant increase 

(p<0.001) in MTT activity in HG+AzaS. (c) IHC of DNA break and chromatin 

condensation. HG induces chromatin breakage (middle panel, arrows), which is reduced by 

AzaS (right panel), which is more of less comparable to LG (left panel). A representative of 

n=3 is shown.

Devi et al. Page 21

Exp Cell Res. Author manuscript; available in PMC 2017 October 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
TXNIP siRNA prevents HG-induced ROS generation and DNA damage in retinal pericytes. 

Scramble (scr)RNA or siTXNIP3 were transiently transfected in pericytes for the last 2 days 

of 5 days HG treatment. (a) ROS determination by CM-H2DCFDA. HG is able to increase 

ROS level in scrRNA-treated pericytes (p<0.06 vs. LG+scrRNA). However, after siTXNIP3 

transfection, ROS level is significantly reduced (p<0.01; scrRNA+HG vs. siTXNIP3+HG). 

(b) IHC. SrcRNA transfection has no effect on TXNIP and DNA integrity in LG (left panel). 

However, HG increases TXNIP staining and DNA damage/breakage (middle panel, arrows) 

in scrRNA transfected pericytes. On the other hand, siTXNIP3 reduces both TXNIP staining 

and DNA breakage in pericytes by HG, which is more or less comparable to the level of LG

+scrRNA (right panel). (c) Comet assay further shows DNA tailing by HG in scrRNA 

treated TR-rPCT1 suggesting chromatin breakage. However, with siTXNIP3 transfection, 

the DNA tailing are absent indicating that TXNIP is involved in chromatin breakage under 

chronic hyperglycemia (middle panel vs. right panel). A representative of n=3 is shown.
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Fig. 7. 
HG does not increase autophagic response in retinal pericytes but induces GADD153 DNA 

binding activity. (a) IHC of LC3B antibody. The number and size of LC3B punctae (red 

dots) were marginally increased in IHC. (b) However, on Western blots LC3BII levels, the 

cleaved and active form, are not significantly different between HG and LG. β-Actin was 

used for normalization. A representative of n=3 is shown for each experiment. ((c)–(d)) 

EMSA for DNA damage repair protein p53 and pro-apotptotic GADD153. EMSA shows 

that the DNA binding activity of (c) p53 is unaltered by HG while that of (d) GADD153 is 

enhanced. The specificity of the reaction is indicated by a competitive inhibition with excess 

cold probe and a lack of protein–DNA band shift by mannitol. Lane 1. Probe alone; Lane 2. 

LG; Lane 3. HG; Lane 4. Mannitol; and Lane 5. HG+cold probe (n=3–4 for each 

experiment).
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Fig. 8. 
Summary: A potential role of TXNIP in hyperglycemia-induced ROS/RNS stress, DNA 

damage and pericyte demise (Pericytopathy) in DR. Chronic hyperglycemia-induced TXNIP 

up-regulation leads to cellular ROS/RNS stress, mitochondrial membrane depolarization, 

bioenergetic imbalance (low ATP), chromatin (DNA) fragmentation and pericyte apoptosis. 

Retinal pericytes appear to have a weaker anti-oxidant and mitophagic response to cellular 

stress to scavenge ROS and remove depolarized mitochondria, which leak ROS and are 

inefficient in ATP production. In addition, the DNA damage repair mechanism (p53 

activation) is not evoked that may result in chromatin breakage and early demise of pericytes 

in DR. Anti-oxidant treatment such as NAC and a blockade of TXNIP via an inhibition of 

the HBP may represent potential therapeutic approaches to ameliorate DR pathogenesis.
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