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Research Highlights 

(1) Endoplasmic reticulum stress plays an important role in the hyperglycemia-induced death of 

ganglion cells and impairment of retinal microvessels. 

(2) Tauroursodeoxycholic acid treatment effectively inhibited the activation of the endoplasmic reti-

culum stress pathway, and provided effective protection against diabetic retinopathy. 

(3) Both caspase-12 protein and phosphorylated c-Jun N-terminal kinase 1 levels significantly in-

creased, and they were associated with retinal ganglion cells in diabetic retinas.  

(4) The C/ERB homologous protein was shown to co-localize with glial fibrillary acidic 

tein-positive glial cells in the retina of diabetic rats, and subsequently provided evidence for the 

tivation of glial cells in diabetic retinopathy. 

 

Abstract  
Endoplasmic reticulum stress is closely involved in the early stage of diabetic retinopathy. In the 

present study, a streptozotocin-induced diabetic animal model was given an intraperitoneal injection 

of tauroursodeoxycholic acid. Results from immunofluorescent co-localization experiments showed 

that both caspase-12 protein and c-Jun N-terminal kinase 1 phosphorylation levels significantly in-

creased, which was associated with retinal ganglion cell death in diabetic retinas. The C/ERB 

mologous protein pathway directly contributed to glial reactivity, and was subsequently responsible 

for neuronal loss and vascular abnormalities in diabetic retinopathy. Our experimental findings 

dicate that endoplasmic reticulum stress plays an important role in diabetes-induced retinal neu-

ronal loss and vascular abnormalities, and that inhibiting the activation of the endoplasmic reticulum 

stress pathway provides effective protection against diabetic retinopathy. 
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INTRODUCTION 

    

Diabetic retinopathy is one of the most 

common complications associated with di-

abetes mellitus and the leading cause of 

blindness in adults
[1]

. Mechanisms underlying 

diabetic retinopathy onset and progression 

are not fully elucidated. Both neuronal and 

vascular abnormalities are associated with 

the pathogenesis of early diabetic retinopa-

thy
[2]

. The death of neurons is irreversible 

and directly affects visual function. The most 

severely affected neurons in diabetic retino-

pathy are retinal ganglion cells
[3]

. Therefore, 

understanding the etiology of neuronal loss 

and vascular abnormalities will lead to better 

treatments for diabetic retinopathy. The en-

doplasmic reticulum (ER) has received much 

attention for its role in signal transduction 

relevant to cell survival and death. A number 

of pathophysiological insults lead to ER 

stress
[4]

. Persistent and intense ER stress 

can trigger apoptosis by induction of the 

caspase-12-dependent pathway
[5]

, c-Jun 

NH2-terminal kinase pathway
[6]

 and C/ERB 

homologous protein pathway
[7]

. ER stress is 

reported to be involved in the pathogenesis 

of various neuronal diseases in the brain and 

retina
[6, 8-10]

. Growing evidence also indicates 

that ER stress is closely involved in the early 

stage of diabetic retinopathy
[11]

. 

Over-stimulation of neurons by glutamate, 

which is elevated in the vitreous of diabetic 

patients
[12]

, may activate ER stress in retinal 

ganglion cells and subsequently lead to 

death of retinal ganglion cells in the mouse
[13]

. 

An in vitro study showed that a low or sudden 

reduction of glucose levels activated ER 

stress and resulted in apoptosis of cultured 

retinal pericytes
[14]

. Afterwards, ER stress 

regulated the over-expression of vascular 

endothelium growth factor, which was re-

sponsible for vascular leakage and neovas-

cularization
[15]

.  

 

Tauroursodeoxycholic acid is a hydrophilic 

bile acid that is normally produced endoge-

nously in humans at very low levels. Tau-

roursodeoxycholic acid is formed in the con-

jugation pathway of ursodeoxycholic acid, 

which is commonly used as a bile acid re-

placement therapy for treatment of certain 

cholestatic syndromes
[16]

. Tauroursodeoxy-

cholic acid also functions as a chemical 

chaperone and alleviates ER stress both in 

vivo and in vitro 
[17-18]

. Although major 

progress has been achieved, there is still no 

clear evidence directly associating ER 

stress with the pathogenesis of diabetic re-

tinopathy. We propose that ER stress plays 

an important role in diabetic retinopathy, and 

this study demonstrated that (1) the expres-

sion of ER stress marker proteins was sig-

nificantly elevated in streptozotocin 

(STZ)-induced diabetic retinas; and (2) tau-

roursodeoxycholic acid treatment effectively 

inhibited diabetes-induced ER stress marker 

protein expression, and appeared to protect 

diabetic retinas from neuronal cell death and 

vascular abnormality.   

 

 

RESULTS 

 

Quantitative analysis of experimental 

animals 

Fifty-four Sprague-Dawley rats aged 8 weeks, 

weighing 180 g, were randomly divided into 

three groups: control group (normal feeding), 

diabetic group (diabetes mellitus models 

were established with intraperitoneal injec-

tion of STZ), and tauroursodeoxycholic acid 

treatment group (diabetes mellitus was es-

tablished and tauroursodeoxycholic acid 

100 mg/kg was administered per day). Each 

group contained 18 rats. Rats were ex-

amined at 2, 4, 6 and 8 weeks after injection 

for measurements of body weight and blood 

glucose levels. All experimental rats were 

involved in the final analysis without any loss.  

 

Changes of body weight and blood 

glucose levels in diabetic rats  

From 2 to 8 weeks after onset of diabetes, 

the age-matched control rats had a 34% 

gain in body weight, whereas diabetic rats 

had a 12% gain in body weight, and tau-

roursodeoxycholic acid-treated diabetic rats 

had a 14% gain in body weight. Diabetic rats 

treated with or without tauroursodeoxycholic 

acid weighed significantly less than control 

rats (P < 0.001). Blood glucose levels dif-

fered significantly between control and 
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diabetic rats with or without tauroursodeoxycholic acid 

treatment at all ages studied (P < 0.001). However, the 

difference between diabetic rats with or without taurour-

sodeoxycholic acid treatment was not significant in terms 

of blood glucose levels and body weight (Table 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tauroursodeoxycholic acid treatment significantly 

prevented retinal ganglion cell death in diabetic rats  

Retinas of control rats (Figure 1A) and tauroursodeoxy-

cholic acid-treated rats (Figure 1C) had a ganglion cell 

layer, where cells were densely packed with little space 

intervening between cells. In contrast, diabetic retinas 

demonstrated a loss of cells in the ganglion cell layer 

(Figure 1B). The numbers of cells in the ganglion cell 

layer were counted using a double blind method (Figure 

1D). The cell count in the ganglion cell layer in diabetic 

rats was significantly reduced when compared with that 

in control rats (P < 0.001). After treatment with taurour-

sodeoxycholic acid, the cell count increased by 55% 

relative to that in un-treated retinas (P < 0.001), and 

there was no significant difference when compared with 

age-matched control retinas.  

 

Tauroursodeoxycholic acid decreased leukocyte 

adhesion in the retina of diabetic rats  

In the age-matched control retina, very little ConA bind-

ing was shown. At 8 weeks after onset of diabetes, some 

ConA labeling appeared in the branches of large venules, 

postcapillary venules, and arterioles in the ganglion cell 

layer (Figure 2A). Systemic treatment with taurourso-

deoxycholic acid markedly reduced the number of ad-

herent leukocytes in the retinas of diabetic rats (Figure 

2B). The labeled static leukocytes often clustered in lo-

calized areas, rather than being evenly distributed 

throughout the whole retina. Figure 2C shows the total 

number of adherent leukocytes per retina in the experi-

mental model. The number of adherent leukocytes sig-

nificantly increased in diabetic retinas at 8 weeks (P < 

0.001). Systemic treatment with tauroursodeoxycholic 

acid markedly reduced the number of adherent leuko-

cytes in the retinas of diabetic rats (P < 0.001).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tauroursodeoxycholic acid alleviated vascular 

abnormalities in the retina of diabetic rats  

Vascular changes, including breakdown of the 

blood-retinal barrier, thickening of the capillary basement 

membrane, and reduction in the number of pericytes and 

an increment in the number of acellular capillaries, have 

been widely documented in diabetic retinopathy. In the 

present study, retinal vascular abnormalities were 

measured by infusion of FITC-Dextran. Diabetic rats 

(Figure 3A) showed significant lesions in the retinal ca-

pillary network as well as large vessels when compared 

with age-matched controls (data not shown) and taurour-

sodeoxycholic acid-treated rats (Figure 3B). The diabetic 

Table 1  Average weights and blood glucose levels of 
control and diabetic rats 

Duration of 

diabetes 

(week) 

Group Body weight (g) 
Blood glucose 

level (mmol/L) 

2 Control 240.93±17.92 7.43±0.86 

Diabetic 206.80±24.05a 28.85±2.14a 

Diabetic+TUDCA 207.00±19.25a 27.42±3.83a 

4 Control 265.08±19.32 7.36±0.58 

Diabetic 215.20±34.31a 32.33±1.64a 

Diabetic+TUDCA 215.67±33.97a 32.43±1.05a 

6 Control 313.67±25.34 7.25±0.76 

Diabetic 225.11±33.08a 32.12±1.04a 

Diabetic+TUDCA 234.25±29.14a 32.15±1.45a 

8 Control 322.00±25.81 7.33±0.54 

Diabetic 232.88±37.96a 32.46±0.87a 

Diabetic+TUDCA 236.67±15.32a 32.09±1.20a 

 
Data are expressed as mean ± SD, n =18. Statistical comparisons 

were made by one-way analysis of variance followed by least 

significant difference post hoc test for multiple comparisons. aP < 

0.05, vs. age-matched control group. TUDCA: 

Tauroursodeoxycholic acid. Figure 1  Morphology of cells in the ganglion cell layer 
(GCL) of age-matched control and diabetic rats 
(hematoxylin-eosin staining; A–C: light microscopy; scale 

bar: 50 μm). 

(A) In control retinas, the cells in the GCL were densely 
packed. (B) In diabetic retinas (at 8 weeks after onset of 
diabetes), cellular dropout was evident in the GCL (bold 

arrows), (C) After tauroursodeoxycholic acid treatment 
(intraperitoneal injection, 100 mg/kg per day, from 5 days 
after STZ injection) for 8 weeks, morphologic alterations 

induced by diabetes were ameliorated.  

(D) Number of cells in the GCL of diabetic and 
age-matched control retinas. aP < 0.001, vs. diabetic 

group. Data are expressed as mean ± SD in six rats for 
each group (one-way analysis of variance and least 
significant difference test). STZ: Streptozotocin; TUDCA: 
tauroursodeoxycholic acid. 
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retinas demonstrated focal dilation of retinal capillaries, 

vessel tortuosity, and sac-like bulges in vessel walls.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tauroursodeoxycholic acid reduced caspase-12 

expression in the retina of diabetic rats 

At 8 weeks after diabetic onset, caspase-12 expression 

was determined by immunofluorescence, western blot 

analysis and real-time PCR analysis. Immunofluores-

cence results showed that no positive caspase-12 stain-

ing was shown in the age-matched control retina (Figure 

4A). At 8 weeks, a marked increase of positive cas-

pase-12 staining was observed throughout the whole 

ganglion cell layer, and the inner nuclear layer also pre-

sented scattered staining (Figure 4B). After taurourso-

deoxycholic acid treatment, caspase-12-positive labeling 

was much weaker than that in un-treated retinas (Figure 

4C). Representative western blot analysis of caspase-12 

expression in the different groups is shown in Figure 4D. 

Results showed that the age-matched control retinas 

constitutively expressed moderate quantities of procas-

pase-12 protein, and its expression remained stable in 

diabetic retinas treated with or without tauroursodeoxy-

cholic acid. However, control retinas expressed very low 

levels of cleaved caspase-12. In diabetic rats, cas-

pase-12 expression was significantly up-regulated     

(P < 0.001); however, after tauroursodeoxycholic acid 

treatment, expression was significantly down-regulated 

(P < 0.001; Figure 4D–E).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reverse transcription-PCR analysis indicated that the 

age-matched control retinas expressed low levels of 

caspase-12 mRNA. At 8 weeks after onset of diabetes, 

caspase-12 expression was significantly up-regulated  

(P < 0.001). After tauroursodeoxycholic acid treatment, 

its expression was significantly down-regulated when 

compared with the diabetic group (Figure 4F). The 

co-localization study showed that most caspase-12- 

positive staining was expressed on fluogold (FG)-retro- 

labeled ganglion cells (Figure 4G–I).   

 

Tauroursodeoxycholic acid reduced phosphorylated 

c-Jun N-terminal kinase 1 expression in diabetic rats 

The phosphorylation of c-Jun N-terminal kinase 1 was 

determined by immunofluorescence and western blot 

analysis. The expression of c-Jun N-terminal kinase 1 

mRNA was determined by real-time PCR analysis. In the 

age-matched control retina, only a few positive phos-

phorylated c-Jun N-terminal kinase 1 cells were ob-

served (Figure 5A). At 8 weeks after the onset of di-

abetes, a marked increase in phosphorylated c-Jun 

N-terminal kinase 1-positive staining was observed 

throughout the whole ganglion cell layer (Figure 5B). 

After treatment with tauroursodeoxycholic acid, the 

phosphorylated c-Jun N-terminal kinase 1-positive labe-

ling was much weaker than that in un-treated retinas 

Figure 2  Leukocyte adhesion in the retina of diabetic rats 
with or without tauroursodeoxycholic acid (TUDCA) 
treatment (scale bars: 10 μm). 

(A) Static leukocytes were shown in retinal vasculature 
with diabetes. The labeled static leukocytes often 

clustered in local area, other than evenly distributed 
throughout the whole retina. (B) After 8-week TUDCA 
treatment (intraperitoneal injection, 100 mg/kg per day, 

from 5 days after streptozotocin injection), the number of 
adherent leukocytes in the retina of diabetic rats reduced. 
(C) Quantification of leukostasis. The number of static 

leukocytes was counted. Diabetic rats demonstrated a 
marked increase in the number of static leukocytes in 
retinal vasculature. Systemic administration of TUDCA 

significantly decreased the number of static leukocytes in 
diabetic retinas. Data are represented as the number of 
static leukocytes in retinal vasculature each retina. aP < 

0.001, vs. diabetic group. Data were expressed as mean ± 
SD in six rats for each group (one-way analysis of 
variance and least-significant difference test). 

 

C 

Figure 3  Change in retinal microvessels in diabetic rats 
with or without tauroursodeoxycholic acid treatment 
(fluorescein isothiocyanate-dextran angiograph, light 
microscopy; scale bars: 100 μm).  

(A) At 8 weeks after onset of diabetes, the retina from 
diabetic rats exhibited focal dilation of retinal capillaries, 
with vessels tortuosity and sac-like bulges in the vessel 
wall.  

(B) After 8-week tauroursodeoxycholic acid treatment 
(intraperitoneal injection, 100 mg/kg per day), no apparent 
vessel abnormalities were observed. 
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(Figure 5C).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A representative western blot analysis of the expression 

of phosphorylated c-Jun N-terminal kinase 1 in the dif-

ferent groups is shown in Figure 5D. Results showed that 

the age-matched control retinas expressed low levels of 

phosphorylated c-Jun N-terminal kinase 1. At 8 weeks 

after onset of diabetes, its expression was markedly 

up-regulated (P < 0.001). After treatment with taurour-

sodeoxycholic acid, its expression was significantly 

down-regulated when compared with the diabetic group 

(P < 0.001; Figure 5D–F). The co-localization study 

showed that the vast majority of phosphorylated c-Jun 

N-terminal kinase 1-positive staining was expressed on 

FG-retro-labeled ganglion cells (Figure 5G–I).   

 

Tauroursodeoxycholic acid reduced C/ERB 

homologous protein expression in diabetic rats 

The expression of C/ERB homologous protein was de-

termined by immunofluorescence, western blot analysis 

and real-time PCR analysis. In the age-matched control 

retina, only a few positive C/ERB homologous protein cells 

were observed (Figure 6A). At 8 weeks after the onset of 

diabetes, a marked increase in positive C/ERB homolog-

ous protein staining was observed throughout the whole 

nerve fiber layer and ganglion cell layer (Figure 6B). After 

tauroursodeoxycholic acid treatment, C/ERB homologous 

protein-positive labeling was much weaker than that in 

un-treated retinas (Figure 6C). Representative western 

blot analysis of C/ERB homologous protein expression in 

the different groups was shown in Figure 6D. Results 

showed that the age-matched control retinas constitutively 

expressed moderate quantities of C/ERB homologous 

protein. At 8 weeks after the onset of diabetes, its expres-

sion was markedly up-regulated (P < 0.001). After tau-

roursodeoxycholic acid treatment, its expression was 

significantly down-regulated when compared with the 

diabetic group (P < 0.001; Figure 6D–F). To determine 

whether C/ERB homologous protein-positive staining 

was expressed on ganglion cells or glial cells, we labeled 

C/ERB homologous protein on FG-retro-labeled diabetic 

retinas and double labeled C/ERB homologous protein 

with glial fibrillary acidic protein on diabetic retinas. The 

co-localization study showed that most C/ERB homo-

logous protein-positive staining was not expressed on 

ganglion cells (data not shown), but was expressed on 

Figure 4  Changes in caspase-12 expression in the retina of control rats and diabetic rats with or without tauroursodeoxycholic 
acid (TUDCA) treatment (scale bars: 50 μm).  

(A–B) Immunofluorescent labeling of caspase-12 in control and diabetic rats revealed a marked increase of positive 

caspase-12 staining, which was observed throughout the whole ganglion cell layer (Leica DM4000). (C) After 8-week TUDCA 
treatment (intraperitoneal injection, 100 mg/kg per day), immunofluorescent caspase-12-positive labeling significantly 
decreased (Leica DM4000).  

Western blot analysis (D–E) and real-time PCR analysis (F) demonstrated that protein and mRNA expression of cleaved 
caspase-12 expression was significantly up-regulated in diabetic retinas, and TUDCA treatment markedly reduced 
diabetes-induced cleaved caspase-12 expression. Data represent caspase-12 protein or mRNA expression levels (absorbance 
caspase-12/β-actin). aP < 0.001, vs. diabetic group. Data are expressed as mean ± SD of six rats for each group (one-way 

analysis of variance and least-significant difference test). 

(G–I) Double immunofluorescent labeling of caspase-12 and fluogold (FG)-retro-labeled ganglion cells in the diabetic retina. 
FG in blue, and caspase-12 in red. Overlay of labeling for both FG and caspase-12 in orange. (G) Retro-labeled FG-positive 
ganglion cells. (H) Caspase-12-positive staining was demonstrated in the ganglion cell layer. (I) Co-localization of FG and 

caspase-12 showed that caspase-12 was mainly expressed by ganglion cells. ONL: Outer nuclear layer; INL: inner nuclear 
layer; GCL: ganglion cell layer.  
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glial fibrillary acidic protein-positive glial cells (Figure 6G–I). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Glial fibrillary acidic protein expression in the retina of 

diabetic rats 

The expression of glial fibrillary acidic protein in age- 

matched control and diabetic retinas was determined by 

immunofluorescence studies both on frozen sections and 

whole-mount retinas. In the age-matched control retina, 

glial fibrillary acidic protein staining was confined in the 

inner most retinal layer (Figure 7A), where starlike as-

trocytes were located (Figure 7D). Müller cells were not 

labeled. Astrocytes had processes that wrapped around 

retinal blood vessels, forming a glia limitans (Figure 7D). 

In diabetic retinas, both astrocytes and Müller cell end 

feet were stained (Figure 7B). The starlike astrocyte cell 

body, as well as cell processes, which wrapped around 

retinal blood vessels, were irregularly distributed (Figure 

7E). After treatment with tauroursodeoxycholic acid, the 

positive glial fibrillary acidic protein labeling was much 

weaker, mainly restricted to the inner most astrocytes 

(Figure 7C), which were no different when compared with 

the control retina (Figure 7F). Glial fibrillary acidic pro-

tein-positive Müller cells were observed throughout the 

whole retinal layer, and the tortuous Müller cell end feet 

surrounded the vascular layer (Figure 7G–I). 

 

 

DISCUSSION 

 

Our studies demonstrated that: (1) the expression of ER 

stress marker proteins including caspase-12, C/ERB 

homologous protein and phosphorylated c-Jun 

N-terminal kinase 1 was significantly elevated in STZ- 

induced diabetic retinas. The expression of caspase-12 

and phosphorylated c-Jun N-terminal kinase 1 protein 

correlated with retinal ganglion cell death, whereas ex-

pression of C/ERB homologous protein correlated di-

rectly with glial reactivity; and (2) tauroursodeoxycholic 

acid treatment effectively inhibited diabetes-induced ER 

stress marker protein expression, and appeared to have 

Figure 5  Phosphorylation of c-Jun N-terminal kinase 1 (p-JNK1) in the retina of control rats and diabetic rats with or without 
tauroursodeoxycholic acid (TUDCA) treatment (scale bars: 50 μm).  

(A–B) Immunofluorescent labeling of the phosphorylated c-Jun N-terminal kinase 1 in control rats and diabetic rats at 8 weeks 
after onset of diabetes revealed a marked increase in phosphorylated c-Jun N-terminal kinase 1 levels throughout the whole 

ganglion cell layer. (C) After 8-week TUDCA treatment (intraperitoneal injection, 100 mg/kg per day), immunofluorescent 
labeling of phosphorylated c-Jun N-terminal kinase 1 significantly decreased.  

Western blot analysis (D–E) and real-time PCR analysis (F) demonstrated that protein or mRNA expression of phosphorylated 
c-Jun N-terminal kinase 1 was significantly up-regulated in diabetic retinas, and TUDCA treatment markedly reduced high 

glucose-induced expression. Data are presented as the phosphorylated c-Jun N-terminal kinase 1 protein or mRNA expression 
level (absorbance of phosphorylated c-Jun N-terminal kinase 1/β-actin). aP < 0.001, vs. diabetic group. Data are expressed as 
mean ± SD of six rats for each group (one-way analysis of variance and least significant difference test).  

(G–I) Double immunofluorescent labeling of phosphorylated c-Jun N-terminal kinase 1 and fluogold (FG)-retro-labeled ganglion 
cells in the diabetic retina. FG in blue, and phosphorylated c-Jun N-terminal kinase 1 in red. Overlay of labeling for both FG and 
phosphorylation of c-Jun N-terminal kinase 1 in orange. (G) Retro-labeled FG-positive ganglion cells (arrows). (H) 
Phosphorylated c-Jun N-terminal kinase 1 staining in the ganglion cell layer (arrows). (I) Co-localization of FG and 

phosphorylation of c-Jun N-terminal kinase 1 showed that phosphorylated c-Jun N-terminal kinase 1 was mainly expressed by 
ganglion cells (arrows). ONL: Outer nuclear layer; INL: inner nuclear layer; GCL: ganglion cell layer. 

E F 

D 

G H I 

a 

a 

a 

a 



Yang LP, et al. / Neural Regeneration Research. 2013;8(33):3148-3158. 

 3154 

protected diabetic retinas from neuronal cell death and vascular abnormalities.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ultrastructural observation demonstrated that the cy-

toplasm of retinal ganglion cells contained abundant ER, 

suggesting active synthesis of secretory proteins and a 

susceptibility to ER stress
[19]

. Glutamate, which is 

known to be elevated in the vitreous of diabetic pa-

tients
[14]

, caused calcium influx from the ER to the cy-

tosol and resulted in ER calcium depletion and ER 

stress
[20]

. However, to date, there has been no investi-

gation concerning the involvement of caspase-12 in the 

pathogenesis of diabetic retinopathy. ER 

stress-induced apoptosis also involves activation of the 

c-Jun N-terminal kinase pathway. In response to ER 

stress, activated IRE-1 recruits tumor necrosis factor 

receptor-associated factor 2 and apoptosis sig-

nal-regulating kinase 1 to form the IRE-1/tumor necro-

sis factor receptor-associated factor 2/apoptosis sig-

nal-regulating kinase 1 complex, which then activates 

c-Jun N-terminal kinase and triggers cell death
[21]

. From 

previous studies, phosphorylated c-Jun N-terminal ki-

nase is pro-apoptotic in NMDA-induced retinal ganglion 

cell death
[22]

. Our present study demonstrated that both 

caspase-12 protein and phosphorylated c-Jun 

N-terminal kinase 1 were significantly increased in di-

abetes stressed retinal ganglion cells. Thus, not only is 

the caspase-12 pathway associated with retinal gan-

glion cell death in diabetic retinas, but also the c-Jun 

N-terminal kinase pathway. Consequently, it seems 

reasonable that ER stress-mediated cell death path-

ways are related to retinal ganglion cell loss in diabetic 

retinopathy.  

 

Glial processes make contact with both blood vessels 

and neurons, and are one of the components in the 

blood-retinal barrier
[23]

. Our current studies demonstrated 

that astrocytes extend processes in the control retina and 

form a glia limitans on the retinal vasculature
[24]

. However, 

astrocytes shrank and were irregularly distributed in di-

abetic retinas. The role of astrocytes in retinal function is 

complicated
[25-28]

. In the present study, diabetes-  in-

duced Müller cells underwent gliosis, indicated by 

Figure 6  Changes in C/ERB homologous protein (CHOP) expression in the retina of control rats and diabetic rats with or 
without tauroursodeoxycholic acid (TUDCA) treatment (scale bars: 50 μm).  

(A) Immunofluorescent labeling of C/ERB homologous protein in control rats. (B) Immunofluorescent labeling of C/ERB 
homologous protein in diabetic rats at 8 weeks after onset of diabetes revealed a marked increase in C/ERB homologous 

protein staining throughout the whole nerve fiber layer and ganglion cell layer. (C) After 8-week TUDCA treatment 
(intraperitoneal injection, 100 mg/kg per day), immunofluorescence of C/ERB homologous protein significantly decreased.  

Western blot analysis (D–E) and real-time PCR analysis (F) demonstrated that protein or mRNA expression of C/ERB 
homologous protein was significantly up-regulated in diabetic retinas, and TUDCA treatment markedly reduced 

diabetes-induced C/ERB homologous protein expression. Data are presented as the C/ERB homologous protein or mRNA 
expression level (absorbance of C/ERB homologous protein/β-actin). aP < 0.001, vs. diabetic group. Data are expressed as 
mean ± SD of six rats for each group (one-way analysis of variance and least significant difference test).  

(G–I) Double immunofluorescent labeling of C/ERB homologous protein and GFAP in the diabetic retina. C/ERB homologous 
protein in red, and GFAP in green. Overlay of labeling for both C/ERB homologous protein and GFAP in orange. (G) C/ERB 
homologous protein-positive staining was demonstrated in the nerve fiber layer and ganglion cell layer (arrows). (H) 
GFAP-positive staining of both astrocytes and Müller cells (arrows). (I) Co-localization of C/ERB homologous protein and GFAP 

showed that C/ERB homologous protein was mainly expressed by astrocytes and Müller cells (arrows). GFAP: Glial fibrillary 
acidic protein; ONL: outer nuclear layer; INL: inner nuclear layer; GCL: ganglion cell layer. 
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up-regulation of intermediate filament glial fibrillary acidic 

protein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thus, glial changes are involved and subsequently may 

be related to both neuronal and vascular abnormalities in 

diabetic retinopathy.  

 

C/ERB homologous protein contributed greatly to the 

onset and progression of apoptotic retinal ganglion cell 

death in glaucoma
 
and C/ERB homologous protein ex-

pression was significantly increased in the diabetic retina. 

In the present study, our results demonstrated that 

C/ERB homologous protein was greatly up-regulated in 

diabetic retinas, and it was co-localized with glial fibrillary 

acidic protein-positive glial cells. Thus, it is reasonable to 

assume that C/ERB homologous protein plays an im-

portant role in glial reactivity in diabetic retinopathy. 

Considering the glial function in the diabetic retina, our 

studies indicated that C/ERB homologous protein ex-

pression directly contributes to glial reactivity and may 

also be responsible for neuronal and vascular abnormal-

ities in diabetic retinopathy.  

 

Tauroursodeoxycholic acid has been shown to be pro-

tective in several models of neuronal disease. It also was 

found to preserve rod and cone function and overall 

photoreceptor number during retinal degeneration rd10 

mice, and to prevent lens epithelial cell death and cata-

ract formation in galactosemic rats. In the present study, 

tauroursodeoxycholic acid treatment effectively reduced 

diabetes-induced ER stress marker protein expression, 

and subsequently preserved retinal ganglion cells and 

retinal vasculature from diabetes-induced damage.  

 

In conclusion, our studies demonstrate for the first time 

that both the caspase-12 and JNK pathways were di-

rectly associated with retinal ganglion cell death in di-

abetic retinas. C/ERB homologous protein expression 

directly contributed to glial reactivity and might be se-

condarily responsible for neuronal and vascular abnor-

malities in diabetic retinopathy. The ER stress modulator 

tauroursodeoxycholic acid effectively inhibited ER stress 

marker protein expression and provided protection 

against diabetic retinopathy, further suggesting that tar-

geting ER function may result in therapeutic gain. 

 

 

MATERIALS AND METHODS 

 

Design 

A randomized, controlled animal experiment. 

 

Time and setting 

This research was conducted in the Animal Center of 

Peking University Health Science Center and Peking 

University Third Hospital Eye Institute during October 

2009 to December 2011. 

 

Materials 

Sprague-Dawley female rats, 8 weeks old, weighing  

180 g, were provided by the Animal Center of Peking 

University Health Science Center, China (License No. 

SYXK (Jing) 2011-0039). All experiments were per-

formed in accordance with the Guidance Suggestions for 

the Care and Use of Laboratory Animals, issued by the 

Ministry of Science and Technology of China
[29]

.  

 

Methods 

Figure 7  Immunofluorescent labeling of glial fibrillary 
acidic protein in control rats and diabetic rats with or 
without tauroursodeoxycholic acid (TUDCA) treatment on 

retinal sections (A–C) and whole-mounts (D–I) (scale bar: 
50 μm). 

(A, B) Retinas from control and diabetic rats (at 8 weeks 
after onset of diabetes) exhibited strong glial fibrillary 

acidic protein-positive staining in both astrocytes and 
Müller cells. (C) After 8-week TUDCA treatment, glial 
fibrillary acidic protein-positive labeling was significantly 

decreased. (D) In the control whole-mount retina, starlike 
astrocytes extended processes wrapped around retinal 
blood vessels. (E) In diabetic retinas, both astrocytes and 

Müller cell end feet were stained. The astrocyte cell 
bodies, as well as the processes, were irregularly 
distributed. (F) After 8-week TUDCA treatment, positive 

glial fibrillary acidic protein labeling showed no difference 
when compared with the controls. (G–I) Representative 
glial fibrillary acidic protein-positive Müller cell staining 

from the nerve fiber layer to the inner nuclear layer. Glial 
fibrillary acidic protein-positive Müller cells were observed 
throughout the whole retinal layer, and the tortuous Müller 

cell end feet surrounded the vascular layer. ONL: Outer 
nuclear layer; INL: inner nuclear layer; GCL: ganglion cell 
layer. 
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Establishment of diabetic rat model using STZ injection  

Diabetic models in rats were induced as previously de-

scribed
[30]

. In brief, rats with blood glucose levels >   

16.7 mmol/L for 5 days after receiving STZ (60 mg/kg; 

Sigma-Aldrich, St. Louis, MO, USA; #S0130, dissolved in 

10 mmol/L sodium citrate buffer, pH 4.2) were considered 

to be successful diabetic models. Body weight and blood 

glucose levels (One Touch
®
 brand blood glucose moni-

tors, LifeScan) were checked every 2 weeks. For the in 

vivo tauroursodeoxycholic acid (TCI, Tokyo, Japan) 

treatment, rats were treated by intraperitoneal adminis-

tration (100 mg/kg per day) beginning 5 days after STZ 

injection.  

 

Retinal leukostasis quantified with concanavalin A 

The retinal leukostasis study was performed as de-

scribed previously
[31]

. In brief, rats were deeply anesthe-

tized using a ketamine-xylazine mixture. The chest cavity 

was opened and a 14-gauge perfusion cannula was in-

troduced into the left ventricle. Drainage was achieved 

using a 16-gauge needle placed in the right atrium. The 

animals were perfused with 250 mL PBS per kg body 

weight to remove erythrocytes and nonadherent leuko-

cytes. After PBS perfusion, fixation with 1% (w/v) para-

formaldehyde and 0.5% (w/v) glutaraldehyde was 

achieved using 200 mL/kg body weight of perfusate for  

3 minutes. PBS perfusion was performed at a physio-

logical pressure because the pumping heart provided 

motive force. All subsequent perfusions were given post 

mortem at 100 mmHg pressure (1 mmHg = 0.133 kPa). 

Nonspecific binding was blocked with 1% (w/v) albumin 

in PBS (total volume 100 mL/kg body weight) followed by 

perfusion with FITC-coupled concanavalin A lectin    

(20 μg/mL in PBS, pH 7.4, 5 mg/kg body weight; Vector 

Laboratories, Burlingame, CA, USA). Concanavalin A 

was used to label adherent leukocytes and vascular en-

dothelial cells. Residual unbound lectin was removed 

with a 1% (w/v) albumin in PBS perfusion for 1 minute 

followed by a PBS perfusion for 4 minutes. The retina 

were carefully removed and flat mounts prepared using a 

fluorescence anti-fading medium (Sigma-Aldrich).  

 

The retinae were then imaged under a confocal laser 

scanning microscope at 488 nm (510 META; Carl Zeiss, 

Oberkochen, Germany). The total number of leukocytes 

in the retinal arterioles, venules, and capillaries was then 

determined. 

 

Vessel leakage labeled by FITC-dextran perfusion  

For leakage studies, rats were deeply anesthetized and 

were perfused through the left ventricle using a 

FITC-Dextran stock solution, 10 mg/mL (Sigma-Aldrich) 

at 50 mL/kg body weight concentration. Animals were 

killed 1 minute after perfusion. The eyes were enucleated 

and fixed in 4% (w/v) paraformaldehyde overnight. The 

corneas and lens were then removed, and peripheral 

retinas were dissected and flat-mounted on microscope 

slides for examination under a confocal laser scanning 

microscope (Carl Zeiss). 

 

Retinal ganglion cells retrograde labeled by FG 

Retinal ganglion cells were identified by retrograde labe-

ling with FG (Molecular Probes, Eugene, OR, USA). 

Briefly, rats were anesthetized by intraperitoneal admin-

istration of 5 mg/kg xylazine and 50 mg/kg ketamine 

(Sigma-Aldrich). The skin over the cranium was incised, 

and the skull was exposed. A total of four holes 1 mm in 

diameter were drilled in the skull. These positions cor-

respond to the superior colliculi and lateral geniculate 

bodies as determined from a stereotactic rat brain atlas. 

Two holes were located at 6.8 mm posterior to bregma, 

1.6 mm lateral to the midline, with a depth of 4.0 mm on 

both sides of the midline raphe. The other two holes were 

located at 4.6 mm posterior to bregma, 3.8 mm lateral to 

the midline, with a depth of 5.6 mm on both sides. Five 

microliters of FG at a concentration of 10 mg/mL was 

injected into each hole. The skull opening was then 

sealed. The overlying skin was sutured and antibiotic 

ointment was applied externally. 

 

Immunocytochemical identification of caspase-12, 

phosphorylated c-Jun N-terminal kinase 1, C/ERB 

homologous protein and glial fibrillary acidic protein 

in the retina  

Animals were euthanized with an overdose of pentobar-

bital, and their eyes were immediately enucleated and 

fixed in 4% (w/v) paraformaldehyde in PBS for 1 hour. 

The anterior segments were removed and posterior 

segments were further fixed in the same fixative for an 

additional 5 hours. Tissue samples were transferred to 

20% (w/v) sucrose buffer overnight at 4°C for cryopro-

tection, and then embedded in OCT compound. Frozen 

sections were cut into 8 μm thickness through the optic 

nerve head and ora serrata with a cryostat, and the sec-

tions were kept in a –80°C freezer until ready for use. 

The number of retinal ganglion cells was counted 600 μm 

away from the optic nerve head. Flat-mounted retinas 

were prepared by bisecting the eyes at the ciliary body 

into anterior and posterior sections. The lens and vi-

treous were removed, and the retina was subsequently 

separated from the underling retinal pigment epithelium 

and choroid. Flat-mounted retinas were kept at 4°C until 

ready for use. For immunofluorescence, frozen sections 

were incubated with rabbit polyclonal antibody to cas-
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pase-12 (1:200, AB3612, Chemicon, Temecula, CA, 

USA), mouse monoclonal antibody to C/ERB homolog-

ous protein (1:50, SC-7351, Santa Cruz Biotechnology, 

Santa Cruz, CA, USA), rabbit polyclonal anti-active an-

tibody to c-Jun N-terminal kinase 1 (1:100, V7931, Pro-

mega, Madison, WI, USA), or rabbit polyclonal antibody 

to glial fibrillary acidic protein (1:100, Z0334, DAKO Corp, 

Carpinteria, CA, USA). The secondary antibodies 

(Cy
TM

3-conjugated goat anti-rabbit antibody and Cy
TM

2- 

conjugated goat anti-mouse antibody) were bought from 

Jackson ImmunoResearch Laboratory (West Grove, PA, 

USA).  

 

Results were examined under a confocal laser scanning 

microscope (Carl Zeiss). Control sections were treated in 

the same way with omission of primary antibodies.   

 

Real-time fluorescent quantitative PCR for 

caspase-12, phosphorylated c-Jun N-terminal kinase 

1 and C/ERB homologous protein expression  

Retinal RNA was isolated with TRIzol (Gibco/Invitrogen 

Corporation, Carlsbad, CA, USA). Real-time PCR was 

performed in 96-well plates using standard protocols with 

SYBR
®
 Green as a fluorescent detection dye in a 

Bio-Rad iCycler (Bio-Rad, Hercules, CA, USA). All PCR 

reactions were at a final volume of 30 µL comprising 

SYBR Green PCR mix, 600 µmol/L forward and reverse 

primers, and 1 ng of cDNA. Fluorescence was measured 

at 72°C.  

 

The quantity of mRNA was calculated by normalizing the 

threshold cycle of the target gene to the threshold cycle 

of the β-actin housekeeping gene in the same sample. 

The relative quantification of the target gene was deter-

mined using 2
 –ΔΔCT

.   

 

Western blot assays for caspase-12, phosphorylated 

c-Jun N-terminal kinase 1 and C/ERB homologous 

protein expression 

Retinal protein was extracted with 0.5 mL ice-cold lysis 

buffer (50 mmol/L Tris-Cl, pH 8.0, 0.02% (w/v) sodium 

azide, 1 μg/mL aprotinin, 1% (v/v) NP-40, and 100 μg/mL 

phenylmethylsulfonyl fluoride). A total of 40 μg protein 

was loaded onto each lane. Antibodies specific for cas-

pase-12 (rabbit polyclonal antibody, 1:1 000, Chemicon), 

C/ERB homologous protein (mouse monoclonal antibody, 

1:500, Santa Cruz Biotechnology) and phosphorylated 

c-Jun N-terminal kinase 1 (rabbit polyclonal antibody, 

1:500, Promega) were used for immunodetection. Blots 

were visualized using an enhanced chemiluminescent 

technique (SC-2048; Santa Cruz Biotechnology). As a 

control for equal loading of proteins, a β-actin antibody 

(mouse monoclonal antibody, 1:2 000, A2228; Sigma- 

Aldrich) was used. For quantitative evaluation of western 

blot studies, the films were scanned and optical densities 

were quantified with Quantity One 1-D analysis software 

(Bio-Rad). The western blot experiments were repeated 

four times from separate samples for each time point.  

 

Statistical analysis  

Data were expressed as mean ± SD. Statistical compar-

isons were made by one-way analysis of variance fol-

lowed by least significant difference test for multiple 

comparisons with SPSS 18.0 software (SPSS, Chicago, 

IL, USA). A value of P < 0.05 was considered statistically 

significant. 
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