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ABSTRACT

Diabetes is a chronic metabolic syndrome that results in changes in carbohydrate, 
lipid and protein metabolism. With diabetes for a long time, it increases the risk 
of diabetic retinopathy (DR) and long-term morbidity and mortality. Moreover, 
emerging evidence suggests that neuron damage occurs earlier than microvascular 
complications in DR patients, but the underlying mechanism is unclear. We investigated 
diabetes-induced retinal neuropathy and elucidated key molecular events to identify 
new therapeutic targets for the clinical treatment and prevention of DR. For in vivo 
studies, a high-fat diet and streptozotocin (STZ) injection were used to generate the 
diabetes model. Hematoxylin-eosin staining was used for morphological observations 
and measurements of the outer nuclear layer thickness. Electroretinography (ERG) 
was used to assess retinal function. For in vitro studies, Neuro2a cells were incubated 
in normal (5.5 mM) and high-glucose (30 mM) conditions. Flow cytometry assays were 
performed to analyze apoptosis. Additionally, real-time PCR and Western blotting 
analyses were carried out to determine gene and protein expression in vitro and in 
vivo. Taken together, the results indicated that retinal neuropathy occurred prior 
to endothelial damage induced by diabetes, and thioredoxin (Trx) plays a key role 
in this process. This underlying mechanism may be related to activation of the Trx/
ASK1/p-p38/Trx-interacting protein pathway.

INTRODUCTION

Diabetes mellitus (DM) is a chronic endocrine 
metabolic disorder that involves alterations in 
carbohydrate, fat and protein metabolism. DM is a major 
public health problem worldwide. In 2013, the International 
Diabetes Federation (IDF) estimated that over 8.3% of the 
adult population between ages 20 and 79 had diabetes, 
with 46% of these undiagnosed [1]. Approximately 350 
million people worldwide have diabetes [1, 2], and 90-95% 
have type 2 DM (T2DM) [3]. DM can increase the risk of 
damage to tissues and organs, such as the retina, heart, and 
kidney [4], predominantly due to hyperglycemia.

Hyperglycemia promotes diabetic complications, 
such as diabetic retinopathy (DR). Retina damage 
induced by hyperglycemia is the primary cause of visual 
impairment in individuals worldwide and it occurs more 
frequently in individuals with poor glycemic control and 
with a long history of diabetes [5]. Other major risk factors 
for retinopathy include hypertension, renal disease [6], 
and dyslipoproteinemia [7, 8]. Retina damage is an ocular 
manifestation of DM that affects up to 80% of patients who 
have had DM for 10 years or longer [9, 10]. The pathology 
of retina damage is complex, and a better understanding 
of the underlying mechanisms of retina damage, which are 
currently incompletely understood, is important for the 
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identification of novel treatments. In a previous clinical 
study [11, 12], retina damage was classified as a vascular 
disease characterized by endothelial cell proliferation and 
vascular permeability, which led to edema. A recent report 
found glial reactivity and reduced thickness of all retinal 
layers, suggesting that neuronal degeneration precedes the 
vascular changes in early-stage DR [13–15].

Under chronic hyperglycemic conditions, reducing 
sugars, such as glucose, and various proteins and lipids 
non-enzymatically react with free amino groups of proteins 
to form advanced glycation end products (AGEs) at an 
accelerated rate [16–18]. In several animal models of DM, 
increased concentrations of AGEs have been associated 
with various tissue and organ damage induced by diabetic 
conditions, such as nephropathy, DR, neuropathy, 
impaired dermal healing and age-related disease [19, 
20]. Moreover, several studies have suggested that AGEs 
mediate the apoptosis observed during the pathogenesis 
of biophysical disorders [21]. Oxidative stress, which 
is considered the leading cause of retina damage, can 
be induced by hyperglycemia. Reactive oxygen species 
(ROS) are destructive products generated by oxidative 
stress, and excess ROS production can directly activate a 
downstream apoptotic pathway [22].

The thioredoxin (Trx) system, a redox system that 
includes Trx, thioredoxin reductase (TrxR) and NADPH, 
regulates the cellular redox balance [23]. Trx is a 
ubiquitously expressed small (12 kDa) dithiol protein that 
contains redox-active cysteine residues and plays a crucial 
role in redox regulation related to cell survival and growth 
[24]. As an antioxidant, Trx exerts its ROS-scavenging 
function in conjunction with thioredoxin peroxidase in 
the cytoplasm and nucleus [25]. Intravitreally injected Trx 
can relieve neural retina damage induced by excitatory 
amino acids, suggesting that Trx is neuroprotective in the 
retina [26].

Sulforaphane (SF) is a naturally occurring 
isothiocyanate compound isolated from cruciferous 
vegetables, such as broccoli and cabbage. Several studies 
have indicated that SF prevents diabetes-induced cardiac 
[27] and aortic damage [28], as well as testicular apoptotic 
cell death [29] and that SF is an efficient antioxidant 
against ROS-mediated injury [30]. SF activates nuclear 
factor erythroid 2-like 2 (Nrf2) to up-regulate cellular 
antioxidants, thus protecting against oxidative stress and 
damage [31], and attenuates high-fat diet (HFD)-induced 
visceral adiposity, adipocyte hypertrophy and lipid 
accumulation in the liver [32]. We previously showed that 
SF prevents retinal photoreceptor cell degeneration in the 
homozygous tubby mutant mouse by up-regulating the Trx 
system [33].

Based on previous findings, we used Neuro2a cells 
[34] and an STZ/HFD (high-fat diet)-induced mouse model 
to investigate the protective effects of Trx against retinal 
neuropathy prior to endothelial damage and to identify the 
related mechanisms in vitro and in vivo to provide evidence 
for new clinical therapeutic targets of DR.

RESULTS

Retinal neuropathy prior to endothelial damage 
in diabetic mice

To assess the effects of diabetes on retinal neuronal 
cells, we fed mice a HFD and injected them with STZ 
to generate the DM model. After 10, 20, and 30 d, we 
isolated the mouse retinas and used H&E staining to 
observe the retinal morphology. As shown in Figure 1A, 
retina thickness was gradually reduced in the diabetic mice 
at 10, 20, and 30 d compared with that of the non-diabetic 
mice. The retina thickness was defined as the distance 
from the retinal pigment epithelium layer (RPE) to the 
ganglion cell layer (GCL). Moreover, the thicknesses 
were reduced around 10% in the whole retina, ONL, 
INL and RGC layer in diabetic mice at 10, 20, and 30 d 
(Figure 1B-1E) (P<0.05). Additionally, we measured the 
retina thickness in the non-diabetic mice at 10, 20, and 
30 d. There were no significant differences (data was not 
shown).

Simultaneously, we used ERG to assess the function 
of the retina, including rod cells and cone cells. The results 
indicated that the a- and b-waves of rod cells were decreased 
about 50% in diabetic mice compared with those of non-
diabetic mice (P<0.05). However, the a- and b-waves of 
cone cells were normal (Figure 1F, 1G). Furthermore, we 
labeled whole-mount retinas with lectin-BS, and no vessel 
damage was observed in the diabetic mice compared with 
that of the non-diabetic mice (Figure 1H).

The effect of Trx on retina neuronal cell 
degeneration and related mechanism in 
diabetic mice

Trx expression was decreased gradually in diabetic 
mice at 10, 20, and 30 d (decreasing about 70%) (Figure 
2A) (P<0.05). The data indicated that Trx expression 
decreasing could be related to retina neuronal cell 
degeneration in diabetic mice.

Diabetic mice were treated with SF, which up-
regulates Trx expression, and PX12, a Trx inhibitor, 
to confirm the role of Trx in the retina neuronal cell 
degeneration. To determine the role of Trx in this process, 
we divided the mice into four experimental groups: non-
diabetes, diabetes, diabetes+SF, and diabetes+SF+PX12. 
The morphological analysis showed that the total 
thicknesses of the retina, ONL, INL, and RGC layer were 
decreased in diabetic mice compared with those of the 
non-diabetic mice, but retinal thickness decreasing speed 
was reduced after SF treatment (P<0.05). However, these 
parameters were decreased in the diabetes+SF+PX12 
group compared with those in the diabetes+SF group 
(Figure 2C-2G) (P<0.05). The ERG analysis data showed 
the a- and b-waves were lower in the diabetes group 
compared with those in the non-diabetes group, and they 
increased after SF treatment (P<0.05). However, the 
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a- and b-waves were lower in the diabetes+SF+PX12 
group compared with those of the diabetes+SF group 
(Figure 2B) (P<0.05). These results indicated that Trx 
played an important role in delaying retina neuronal cell 
degeneration in diabetic mice.

In vivo, we performed additional studies to further 
elucidate the related mechanisms. In the animal model, Trx 
protein expression decreased, and ASK1, p-p38 and Txnip 
protein expression was up-regulated in the diabetes group 
compared with that in the non-diabetes group. However, SF 
increased Trx expression and decreased ASK1, p-p38 and 

Txnip expression (diabetes+SF group versus diabetes group). 
Compared with the diabetes+SF group, Trx expression was 
decreased, and ASK1, p-p38 and Txnip were up-regulated 
in the diabetes+SF+PX12 group (Figure 3A-3E) (P<0.05).

The effect of Trx on neuropathy prior to 
endothelial damage induced by high glucose 
(HG) in vitro

To confirm the role of Trx in this process, we used 
Neuro2a cells, hRPCs, RF/6A cells, and HUVECs for 

Figure 1: Morphological analysis of neuronal cells and vessels in the retina of diabetic mice. (A) Morphological analysis 
of retina neuronal cells by H&E staining in diabetic mice. The thickness of the whole retina (B), ONL (C), INL (D), and RGC layer (E) in 
diabetic mice. (F)-(G) The functional analysis of the retina by ERG in diabetic mice. (H) Whole-mount retinas labeled with lectin-BS in 
diabetic mice. The data are presented as the mean ± SD. (n=5 in each group) * p<0.05, * * p<0.01.
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in vitro studies. The cells were treated with different HG 
concentrations. The viability of Neuro2a cells and hRPCs 
decreased from 30 mM to 50 mM glucose compared 
with that of the control treatment (normal glucose, NG) 
(P<0.05). However, HUVEC and RF/6A cell viabilities 

were unchanged compared with that of the control 
group (Figure 4A) (P>0.05). Moreover, we detected Trx 
expression in HUVECs, RF/6A cells, Neuro2a cells and 
hRPCs after HG treatment; Trx expression was decreased 
in hRPCs and Neuro2a cells compared with those of the 

Figure 2: The relationship between Trx and retina neuronal cell degeneration in diabetic mice. (A) Trx expression in the 
retinas of diabetic mice. (B)-(C) Functional and morphological analysis of the protective effect of Trx on retina neuronal cell degeneration 
by H&E staining and ERG. The thickness of the whole retina (D), ONL (E), INL (F), and RGC layer (G) in diabetic mice. The data are 
presented as the mean ± SD (n=5 in each group). * p<0.05, * * p<0.01, $ $ $ p<0.001, $ p<0.05.
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Figure 3: The mechanism by which Trx delays retina neuronal cell degeneration in diabetic mice. Expression of (A)-(B) 
Trx, (A)-(C) ASK1, (A)-(D) p-p38, and (A)-(E) Txnip. The data are presented as the mean ± SD (n=5 in each group). * p<0.05, * * p<0.01, 
* * * p<0.001.

control groups (P<0.05). However, Trx expression was 
up-regulated in RF/6A cells (P<0.05) and was unchanged 
in HUVECs (P>0.05) compared with that of the control 
groups (Figure 4B). These data indicated that Trx 
expression could be related to this process that neuropathy 
prior to endothelial damage induced by HG.

Thus, apoptosis was analyzed in Neuro2a, Neuro2a-
lacZ, and Neuro2a-Trx cells by flow cytometry and CCK8 

assays. As shown in Figure 4C-4E, the percentage of 
apoptotic Neuro2a and Neuro2a-lacZ cells increased in 
the HG groups compared with that of the normal control 
groups (P<0.05). However, the percentage of apoptotic 
Neuro2a-Trx cells was not different in the HG group 
compared with the normal control group (P>0.05). 
Moreover, Neuro2a and Neuro2a-lacZ cell viability 
decreased in the HG groups compared with the normal 
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Figure 4: The effect of Trx on neuropathy prior to endothelial damage induced by hyperglycemia in vitro. (A) The viability 
of Neuro2a cells, hRPCs, RF/6A cells, and HUVECs was measured by CCK8 assays after treatment with different HG concentrations for 
24 h. (B) Trx expression was detected by real-time PCR in Neuro2a cells, hRPCs, RF/6A cells, and HUVECs after treatment with/without 
HG (30 mM). (C)-(D) Apoptosis analysis of Neuro2a, Neuro2a-Trx, and Neuro2a-LacZ cells after treatment with/without HG (30 mM). X 
axis is Annexin V-APC staining and Y axis is 7-AAD staining. (E) Neuro2a, Neuro2a-Trx, and Neuro2a-LacZ cell viability after treatment 
with/without HG (30 mM). (F)-(G) The effect of Trx on apoptosis of HUVECs with/without HG treatment (30 mM). X axis is Annexin V 
staining and Y axis is propidium iodide (PI) staining. (H) The effect of Trx on cell viability of HUVECs with/without HG treatment (30 
mM). The data are presented as the mean ± SD (n=3 in each group). * p<0.05, * * p<0.01, * * * p<0.001.
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control groups (P<0.05), but Neuro2a-Trx cell viability 
increased in the HG group compared with the normal 
control group (P<0.05).

Moreover, we used the RNAi method to knock down 
the expression of Trx in HUVECs and then performed 
apoptosis analysis using flow cytometry and CCK8 assays. 
As shown in Figure 4F-4H, the percentage of apoptotic 
HUVECs was unchanged in the HG groups compared 
with that in the normal control groups (P>0.05). However, 
the percentage of apoptotic HUVECs was increased after 
silencing of Trx (P<0.05). Moreover, HUVEC viability 
was unchanged in the HG groups compared with that of 
the normal control groups (P>0.05), but it was decreased 
after silencing Trx (P<0.05).

We treated Neuro2a cells with or without SF and/
or PX12 to confirm the role of Trx in hyperglycemia-
induced neuropathy in vitro. In the apoptosis analysis, the 
percentage of apoptotic Neuro2a cells increased after HG 
treatment compared with that of the control treatment; 
furthermore, SF, which up-regulates Trx expression, 
decreased the percentage of apoptotic cells induced 
by HG compared with the HG-only group (P<0.05). 
However, when Trx expression was inhibited by PX12, 
the percentage of apoptotic cells was higher in the SF- and 
PX12-treated group compared with that of the SF-treated 
group under HG conditions (Figure 5A, 5C) (P<0.05). 
Moreover, we treated HUVECs with or without SF and/
or PX12. In the apoptosis analysis, HG treatment affected 
the percentage of apoptotic HUVECs compared with 

that of the control treatment, but the difference was not 
significant (P>0.05); furthermore, SF, which up-regulates 
Trx expression, decreased the percentage of apoptotic 
cells induced by HG compared with that of the HG-only 
group (P<0.05). However, when Trx expression was 
inhibited by PX12 under HG conditions, the percentage 
of apoptotic cells was higher in the SF- and PX12-treated 
group compared with that of the SF-treated group (Figure 
5B, 5D) (P<0.05). The data indicated that Trx played a 
key role in hyperglycemia-induced neuropathy prior to 
endothelial damage.

The mechanism by which Trx affects retina 
neuronal cell degeneration in diabetic mice and 
HG-induced changes

The above studies indicated that Trx played 
an important role in delaying retina neuronal cell 
degeneration in diabetic mice. However, the related 
mechanism was unclear. Thus, we detected certain 
proteins by western blot to ascertain the mechanism and 
to determine why photoreceptor degeneration occurred 
earlier than microvascular changes in a HG environment.

In cell culture, Trx expression decreased at the 
mRNA and protein level in the HG group compared 
with the NG group, and both ASK1 and Txnip were up-
regulated in the HG group compared with the NG group 
(P<0.05). However, in the HG+SF group compared with 
the HG group, Trx expression was increased, and ASK1 

Figure 5: Effect of Trx on the apoptosis of Neuro2a cells and HUVECs. (A)-(C) Apoptosis analysis of Neuro2a cells with/
without SF or PX12 treatment in HG conditions. X axis is Annexin V staining and Y axis is propidium iodide (PI) staining. (B)-(D) 
Apoptosis analysis of HUVECs with/without SF or PX12 treatment in HG conditions. X axis is Annexin V staining and Y axis is propidium 
iodide (PI) staining. The data are presented as the mean ± SD (n=3 in each group). * p<0.05, * * p<0.01, * * * p<0.001.
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and Txnip expression was decreased (P<0.05). We also 
determined that Trx expression was down-regulated 
and that ASK1 and Txnip were up-regulated in the 
HG+SF+PX12 group compared with the HG+SF group 
(Figure 6A, 6C, 6E) (P<0.05). Moreover, Trx, ASK1, 
and Txnip mRNA expression was detected in HUVECs. 
In the HG group compared with the NG group, Trx 
mRNA expression was not changed (P>0.05), whereas 
Txnip was down-regulated. However, in the HG+SF 
group compared with the HG group, Trx expression 
was increased, and Txnip expression was decreased. In 
HUVECs, Trx protein expression was up-regulated by 
HG (HG group versus NG group) and SF (HG+SF group 

versus HG group) and was down-regulated by PX12 
(HG+SF+PX12 group versus HG+SF group). Txnip 
expression was not changed in either the HG group or the 
HG+SF group (P>0.05), but it was up-regulated in the 
HG+SF+PX12 group compared with the HG+SF group 
(P<0.05). Moreover, ASK1 expression was lower in the 
HG group compared with the NG group, higher in the 
HG+SF+PX12 group compared with the HG+SF group, 
and unchanged in the HG+SF group compared with the 
HG group (Figure 6B, 6D, 6F) (P<0.05). These data could 
explain the mechanism underlying why retina neuronal 
cell degeneration occurred earlier than microvascular 
changes in a HG environment.

Figure 6: The mechanism by which Trx delays neuropathy under HG conditions at the mRNA and protein levels 
in vitro. (A) Trx, Txnip, and ASK1 mRNA expression in Neuro2a cells. (C)-(E) Trx, Txnip, and ASK1 protein expression in Neuro2a 
cells. (B) Trx, Txnip, and ASK1 mRNA expression in HUVECs. (D)-(F) Trx, Txnip, and ASK1 protein expression in HUVECs. The data 
are presented as the mean ± SD (n=3 in each group). * p<0.05, * * p<0.01, * * * p<0.001. $ p<0.05, $$ p<0.01, $$$ p<0.001. # p<0.05, 
## p<0.01, ### p<0.001.
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DISCUSSION

Hyperglycemia is one of the main characteristics 
of DM. It can damage many organs, such as the retina, 
kidney, brain, and heart. DR is one of the complications 
of diabetes. In the past, DR was considered a vascular 
disease, suggesting endothelium cell damage in a HG 
environment. However, in our research, we found that 
neuronal damage occurred before vascular damage under 
HG conditions in vitro and in vivo (Figures 1, 4 and 5). 
There are some other research also reported that in db/
db mice the vascular damage will be happening around 
3 months [35]. In our research, Trx expression different 
maybe is the reason of neuronal damage occurred before 
vascular damage in diabetes. Moreover, damage within the 
photoreceptor cells occurred in rod cells, not cone cells. 
The major reason for this phenomenon is rod-derived 
cone viability factor (RdCVF), which increases cone 
cell survival [36, 37]. Based on these findings, it became 
apparent that understanding the related mechanism and 
identifying the key molecules were important.

Previous studies identified oxidative stress, which 
can induce apoptosis associated with diabetes, as the 
primary disruptor of sulfur-based redox systems. Trx is 
an endogenous disulfide reductase and thioreductase 
that is involved in the intracellular redox process. The 
active fragment of Trx, CGPC, changes the redox status 
of disulfide and disulfide compounds, which provides an 
electron-based system to perform a variety of antioxidant 
enzymatic reactions [38]. Trx, which has general 
intracellular antioxidant activity, protects against oxidative 
stress [39]. Some studies have shown that the Trx system 
plays an important role in protecting the function of islet 
cells. STZ-induced diabetes and islet β cell destruction 
can be prevented by high Trx expression [40]. As shown 
in Figures 3 and 5, Trx expression decreased under HG 
conditions in vitro and in vivo, indicating that Trx is likely 
a key molecule in protecting photoreceptor cells from HG-
induced degeneration. However, Trx expression was up-
regulated in HUVECs and RF/6A cells. Other studies [41, 
[42] have reported that RF/6A cell viability increases at 
glucose concentrations of 5 mM to 50 mM and that a HG 
environment increases the proliferation of HUVECs. Trx 
increases the proliferation of many cell types in various 
environments, and our experimental conditions (HG) 
were suitable for cell growth; therefore, Trx expression 
was up-regulated after HG treatment. These findings 
indicated that Trx likely played a key role in photoreceptor 
cell degeneration prior to endothelial damage under HG 
conditions.

SF can promote retinal photoreceptor cell growth 
and up-regulate Trx expression [33]. In our research, 
we found that SF up-regulated Trx expression to inhibit 
photoreceptor cell damage in vitro and in vivo. We 
concluded that Trx is important for protecting retinal 
photoreceptor cells. Moreover, excessive ROS levels are a 

key factor [43] in islet β cell damage induced by oxidative 
stress. ROS also participate in a series of intracellular 
second messenger-activated signaling pathways, including 
those that regulate glucose metabolism, thereby leading to 
increased gluconeogenesis in fat, skeletal muscle and liver 
tissue; therefore, increased oxidative stress exacerbates 
the pathological consequences of diabetes [44]. In our 
previous study, we found that up-regulating Trx expression 
decreased ROS generation [45], and several reports have 
confirmed that SF prevents the activation of HG-induced 
downstream ROS pathways and eliminates ROS to protect 
islet β cells. Furthermore, SF suppresses the excessive 
secretion of insulin in response to HG stimulation, thereby 
reducing obesity and insulin resistance [46]. Therefore, 
we hypothesized that SF prevented retina photoreceptor 
cell damage by up-regulating Trx expression and thus 
decreasing ROS generation.

The mitogen-activated protein kinase (MAPK) 
signal transduction pathway consists of three subfamilies: 
c-Jun N-terminal kinase (JNK), extracellular signal-
related kinase (ERK) 1/2, and p38. The MAPK pathway is 
known to be activated by oxidative stress. The disruption 
of MAPK signaling pathways by oxidative stress can 
promote the development of human diseases, including 
various neurodegenerative diseases, DM, and cancer [47]. 
ASK1, a member of the MAPK kinase kinase (MKKK) 
family, functions by activating the JNK and p38 signaling 
pathways, which lead to stress-induced apoptosis and 
inflammation [48, 49]. When Trx is in a redox state, it 
binds to ASK1 and inhibits its activation. When Trx is 
oxidized in response to ROS or other stresses, it releases 
ASK1 and activates apoptosis signaling factors, including 
p38. Previous studies have shown that hyperglycemia 
induces the up-regulation of Txnip via the p38 signaling 
pathway and reduces the ROS-scavenging ability of Trx, 
thus increasing ASK1 levels, activating the p38 signaling 
pathway and causing irreversible damage [50]. Trx 
regulates the activity of ASK1, which is a major regulator 
of apoptosis. Trx is oxidized by ROS, which leads to ASK1 
activation and promotes JNK and p38 phosphorylation, 
leading to apoptosis. The serine-threonine kinase p38 
is an important signaling molecule that regulates many 
cellular functions in response to stress. Li and others have 
shown that inhibition of the p38 signaling pathway may be 
diminished by the HG-induced production of ROS, which 
up-regulate Txnip expression and reverse the redox effects 
of Trx [51]. Therefore, reducing Txnip expression may 
be an effective strategy for protecting islet β cells from 
damage under conditions of T1DM or T2DM [52]. The 
study by Saitoh showed that Trx expression inhibits ASK1 
activity and that suppressing Trx increases ASK1 activity. 
These findings indicate that Trx may act as a functional 
inhibitor of ASK1 [53].

Txnip, also referred to as vitamin D3 up-regulating 
protein 1 (VDUP-1), inhibits the function and activity of 
Trx [54], and endogenous Txnip acts as a Trx inhibitor 
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in cells [55]. Txnip is up-regulated by glucose in patients 
with diabetes and in animal models of diabetes, and 
it plays a critical role in glucotoxicity, inflammation, 
and β cell apoptosis. Additionally, we found that Txnip 
deficiency protects against diabetes [56]. Chen [57], 
Shalev [58] and Corbett [59] reported similar results. 
Txnip can induce apoptosis in certain contexts, such as in 
the T2D rat model [60].

After SF and/or PX12 treatment, we detected 
specific molecules in vitro and in vivo to elucidate the 
mechanism of diabetes-induced retina neuronal cell 
damage and to determine why neuropathy occurred 
earlier than microvascular damage. Trx expression 
decreased under HG conditions, increased in response 
to SF treatment and then decreased after PX12 treatment 
in vitro and in vivo. The expression of ASK1, Txnip, 
and p-p38 increased under HG conditions, decreased 
in response to SF treatment and increased after PX12 
treatment. However, in HUVECs, Trx expression 
increased in the HG group, increased in response to SF 
treatment and then decreased after PX12 treatment. ASK1 
and Txnip expression decreased or did not change under 
HG conditions, decreased in response to SF treatment 
and increased after PX12 treatment. The results also 
showed that SF up-regulated Trx, which inhibited ASK1 
and downstream p38 activity, thereby decreasing Txnip 
expression and inhibiting photoreceptor cell apoptosis. 
This phenomenon could explain why diabetes-induced 
photoreceptor cell degeneration occurred prior to 
endothelial damage.

In summary, our data concerning the effects of 
SF and PX12 show that Trx plays an important role in 
protecting against HG-induced neuronal damage in vitro 
and in vivo. Txnip, an endogenous molecule that is up-
regulated by oxidative stress caused by HG, is a key 
factor involved in the induction of photoreceptor cell 
damage. Txnip expression is higher in HG environments; 
Txnip binds to Trx, leading to the activation of ASK1/p38 
and downstream signaling pathways, thereby inducing 
apoptosis. The increase in p38 activity up-regulates the 
expression of Txnip, leading to apoptosis. SF can up-
regulate Trx expression in vivo and in vitro. In turn, Trx 
inhibits the activity of ASK1 and Txnip to inhibit the p38 
pathway, thus preventing HG-induced photoreceptor cell 
damage in vitro and in vivo.

However, the HG environment is complex, and 
many factors, including AGEs, may be key to protecting 
against neuropathy due to hyperglycemia-induced damage.

MATERIALS AND METHODS

Cell culture and reagents

Neuro2a cells, RF/6A cells, and HUVECs obtained 
from the Institute of Biochemistry and Cell Biology, 
Chinese Academy of Sciences (Shanghai, China), 

and hRPCs (human retinal progenitor cells) obtained 
from the He University in Liaoning were cultured in 
MEM(Gibco), RPMI 1640(Gibco), DMEM(Gibco), and 
advanced DMEM(Gibco), respectively. The medium was 
supplemented with 10% fetal bovine serum (FBS, Gibco), 
and the cells were cultured at 37°C in 5% CO2. The 
medium was replaced every 1 or 2 days. The cells were 
washed with PBS before the experiments. PX12 (TOCRIS 
Bioscience) was dissolved in 1 mM dimethyl sulfoxide 
(DMSO, Sigma) and stored at -20°C. The HG medium 
(200 mM) was stored at 4°C.

CCK8 assay

Cells (Neuro2a cells, RF/6A cells, HUVECs and 
hRPCs) in the logarithmic growth phase were collected, 
trypsinized, pipetted into a single-cell suspension at a 
density of 3 × 104 cells/ml, and then seeded in 96-well 
plates. The total volume of each well was 100 μl, and 
the plates were placed at 37°C in a 5% CO2 incubator. 
Cells were treated with or without HG for 24h when 
they reached the logarithmic growth phase. Then, 10 
μl of CCK8 regent (Dojindo, Japan) was added to each 
well, and the cells were incubated at 37°C for 1 h; the 
absorbance at 450 nm was measured using a microplate 
reader.

Flow cytometry analysis

Cells (Neuro2a cells and HUVECs) were washed 
twice with PBS before the experiments. The cells were 
collected via centrifugation at 1000 rpm for 5 min and 
then stained with Annexin V/propidium iodide (PI), 
Annexin V-APC/7-AAD and binding buffer (KeyGEN 
Biotech) at room temperature for 15 min. After mixing, 
the samples were analyzed using a flow cytometer. The 
data was analyzed by soft of BD Accuri C6.

Western blot

Whole cell extracts (50 μg of protein/lane) were 
separated via SDS–PAGE, and the proteins were 
transferred to PVDF membranes (Millipore, Billerica, 
MA). The membranes were blocked for 1 h at room 
temperature in 5% non-fat milk and then incubated 
overnight at 4°C. The following rabbit primary antibodies 
were used: anti-p-p38 (Cell Signaling Technology, CST), 
anti-apoptosis signal-regulating kinase 1 (ASK1; CST), 
anti-Trx (CST), and anti-Trx-interacting protein (Txnip; 
Proteintech). A mouse primary antibody against anti-β-
Actin (Santa Cruz Biotechnology, CA) was also used. 
The membranes were washed three times (10 min/wash) 
with Tris-buffered saline containing 0.1% Tween 20 (1X 
TTBS). Subsequently, the membranes were incubated 
in goat anti-rabbit IgG and goat anti-mouse IgG for 1 h 
at room temperature and washed 3 times (15 min/wash) 
with 1X TTBS. The membranes were visualized using an 
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enhanced chemiluminescence system and X-ray film. The 
band intensities were measured using LabWorks 4.5. All 
of the primary and secondary antibodies were diluted in 
1X TTBS and 2.5% non-fat dry milk.

Quantitative real-time PCR

Total RNA was obtained from each cell preparation 
using TRIzol (Invitrogen). Reverse transcription was 
performed using a Perfect for Real-Time PCR Kit 
(Takara). Real-time PCR was conducted to measure 
Txnip expression using a SYBR-Green mixture (Takara) 
and reverse-transcribed cDNA as the template. PCR 
was performed in a final volume of 20 μl using an 
ABI Prism 7000 Sequence Detection System under 
the following conditions: 95°C for 30 s, followed 
by 40 cycles of 95°C for 3 s, 72°C for 30 s, and 55°C 
for 30 s. GAPDH was used as an internal control. The 
following primers were used: Txnip (human), forward: 
5′-GAGTGTGGGTCCACCTTAGC-3′, reverse: 5′-TGTA 
TCACAACATGGGCGCT-3′; Trx (human), forward: 
5′-GGTGAAGCAGATCGAGAGCA-3′, reverse: 5′-CCAC 
GTGGCTGAGAAGTCAA-3′; ASK1 (human), forward: 
5′-TGACCATGAGGAACAGCCTTC-3′, reverse: 5′-GGT 
GAGCACTCTGGGAATCA-3′; and Trx (mouse), 
forward: 5′-CAAATGCATGCCGACCTTCCAGTT-3′, 
reverse: 5′-TGGCAGTTGGGTATAGACTCTCCA-3′. 
The primer sequences for GAPDH (mouse) and Txnip 
(mouse) were previously reported [61].

Animal care

All 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 6 per cage in an animal colony facility for 
2 weeks. The animals were maintained in a room with a 
constant temperature (22±2°C). All the animals were born 
and raised in a 12-h-light/12-h-dark environment with an 
average illumination of 80 lx. Tap water and food pellets 
were provided. Mice were randomly divided into the DM 
group and the non-diabetes group and maintained on a 
high-fat and sugar diet composed of (by mg) 10% sugar, 
10% lard, 5% yolk, 1% cholesterol, and 0.2% bile salt and 
a standard chow diet, respectively. Each mouse remained 
on the assigned diet throughout the whole experiment. 
After eight weeks, the DM group was intraperitoneally 
injected with 80 mg/kg STZ. The tail vein blood glucose 
was measured every three days two times after the 
injection, and those with blood glucose ≥16.7 mmol/L 
were considered DM mice [62–64]. The experiments 

were conducted between 10:00 and 14:00. STZ (Sigma) 
was dissolved in cold 50 mM citric acid buffer (pH 4.5).

SF treatment

The mice were injected i.p. with 1.0 mg/kg SF 
(S8046, LKT Laboratories Inc., St. Paul, MN, USA) and/
or 1.0 mg/kg PX12 for 2 weeks. The control mice were 
injected with PBS. All injections were performed at 
10:00 am.

Preparation of stretched retinal vessels

The retinal vasculature was labeled with lectin-BS 
(Sigma) for morphologic observation. Briefly, the eyeball 
was enucleated, fixed in 4% paraformaldehyde overnight 
at 4°C and then washed with PBS. Then, the entire retina 
was dissected from the eye cup, flat-mounted on a slide, 
and incubated overnight in PBS containing 0.2% Triton-X 
100 and 20 μg/ml isolectin-BS. The slides were washed 
with PBS and incubated in PBS containing Alexa Green 
488-conjugated streptavidin (Vector) concentration of 
1:1000 for 2 h at 37°C. Then, the slides were washed with 
PBS and subsequently observed and photographed using 
a fluorescence microscope.

Morphological analysis via quantitative histology

Quantitative histology was performed as described 
[33]. After sacrificing the mice via CO2 inhalation, 
the mouse eyes were enucleated at the indicated time 
points. The enucleated eyes were immersed in 4% 
paraformaldehyde containing 20% isopropanol, 2% 
trichloroacetic acid, and 2% zinc chloride for 24 h and then 
in 70% ethanol for 24-60 h. After alcohol dehydration, 
the eyes were embedded in paraffin, and 5-μm-thick 
sagittal sections containing the entire retina, including the 
optic disc, were sliced. The retinal sections were stained 
with hematoxylin-eosin (HE). In each of the superior 
and inferior hemispheres, we measured the thickness of 
different layers in the retina by the software (Nikon).

Electroretinography (ERG)

ERG (GOTEC, China) was performed as previously 
described [45]. Briefly, the mice were kept in total darkness 
overnight after different treatments (control group, 
diabetes group, diabetes + SF group, diabetes+SF+PX12 
group) before the ERG recording. After the mice were 
anesthetized and the pupils were dilated, full-field ERG 
at a light intensity of 10 cd·s/m2 and a band pass of 1–300 
Hz was performed using a GUOTE ERG system. For the 
quantitative analysis, the A- and B-wave amplitudes were 
measured. The ERG waveforms of both eyes in the same 
animal were recorded simultaneously.
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Transfection

HUVEC cells were transfected with Trx shRNA 
plasmid or control shRNA plasmid (Dr. Hiroshi Masutani, 
Japan), which was performed with Lipofectamine2000 
according to the manufacturer’s instructions. After 
transfection, the cells were treated with NG/HG to 
preparation for flow cytometry and cell viability.

The data are presented as the mean ± SD. The 
statistical analyses were performed using one-way analysis 
of variance (ANOVA) for continuous variables. SPSS 
version 17.0 was used for all of the statistical analyses. 
Statistical significance was defined as p<0.05.

CONCLUSION

These findings indicate that diabetes can induce 
retina neuronal cell degeneration prior to endothelial 
damage, and Trx plays a key role in this process in cell 
culture and an animal model. This underlying mechanism 
may be related to activation of the Trx/ASK1/p-p38/Trx-
interacting protein pathway.

Abbreviations

Trx: thioredoxin, HG: high glucose, SF: 
sulforaphane, STZ: streptozotocin, DR: diabetic 
retinopathy; Txnip: thioredoxin interacting protein; ERG: 
electroretinography; ONL: outer nuclear layer; INL: 
inner nuclear layer, RGC: retinal ganglion cell; MAPK: 
mitogen-activated protein kinase; MKKK: MAPK kinase 
kinase; ASK1: apoptosis signal-regulating kinase 1; 
HUVECs: human umbilical vein endothelial cells; HE: 
hematoxylin-eosin.

Author contributions

Li Kong and Hui Kong were the guarantors. 
Conceived and designed the experiments: Li Kong and 
Hui Kong. Performed the experiments: Xiang Ren, Chen 
Li, Junli Liu, Chenghong Zhang, Yuzhen Fu, Haiying Ma, 
Bo Liu, and Heyuan Lu. Analyzed the data and contributed 
to drafting the manuscript: Xiang Ren.

ACKNOWLEDGMENTS

We thank Dr. Hiroshi Masutani (Japan) for providing 
the Trx-shRNA vectors. This work was supported by Grant 
Nos. 31371218 and 31300812 from the National Natural 
Science Foundation of China, Grant No. 2014023027 from 
the Natural Science Foundation of Liaoning province and 
Grant No. 2014M551101 from the China Postdoctoral 
Science Foundation.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

1. IDF Diabetes Atlas Group. Update of mortality attributable 
to diabetes for the IDF Diabetes Atlas: estimates for the 
year 2013. Diabetes Res Clin Pract. 2015; 109:461-5. doi: 
10.1016/j.diabres.2015.05.037.

2. Nowotny K, Jung T, Hohn A, Weber D, Grune T. Advanced 
glycation end products and oxidative stress in type 2 
diabetes mellitus. Biomolecules. 2015; 5:194-222. doi: 
10.3390/biom5010194.

3. American Diabetes Association. Diagnosis and classification 
of diabetes mellitus. Diabetes Care. 2014; 37:S81-90. doi: 
10.2337/dc14-S081.

4. Ruta LM, Magliano DJ, Lemesurier R, Taylor HR, Zimmet 
PZ, Shaw JE. Prevalence of diabetic retinopathy in Type 
2 diabetes in developing and developed countries. Diabet 
Med. 2013; 30:387-98. doi: 10.1111/dme.12119.

5. Fong DS, Aiello LP, Ferris FL 3rd, Klein R. Diabetic 
retinopathy. Diabetes Care. 2004; 27:2540-53. doi: 10.2337/
diacare.27.10.2540.

6. Chen YH, Chen HS, Tarng DC. More impact of 
microalbuminuria on retinopathy than moderately reduced 
GFR among type 2 diabetic patients. Diabetes Care. 2012; 
35:803-8. doi: 10.2337/dc11-1955.

7. Jenkins AJ, Rowley KG, Lyons TJ, Best JD, Hill MA, 
Klein RL. Lipoproteins and diabetic microvascular 
complications. Curr Pharm Des. 2004; 10:3395-418. doi: 
10.2174/1381612043383188.

8. Lyons TJ, Jenkins AJ, Zheng D, Lackland DT, McGee 
D, Garvey WT, Klein RL. Diabetic retinopathy and 
serum lipoprotein subclasses in the DCCT/EDIC cohort. 
Invest Ophthalmol Vis Sci. 2004; 45:910-8. doi: 10.1167/
iovs.02-0648.

9. Wang H, Shi H, Zhang J, Wang G, Zhang J, Jiang F, 
Xiao Q. Toll-like receptor 4 in bone marrow-derived 
cells contributes to the progression of diabetic 
retinopathy. Mediators Inflamm. 2014; 2014:858763. doi: 
10.1155/2014/858763.

10. Stitt AW, Lois N, Medina RJ, Adamson P, Curtis TM. 
Advances in our understanding of diabetic retinopathy. Clin 
Sci (Lond). 2013; 125:1-17. doi: 10.1042/CS20120588.

11. Nguyen QD, Agarwal A, Soliman MK, Sepah YJ, Do DV. 
Diabetic retinopathy: variations in patient therapeutic 
outcomes and pharmacogenomics. Pharmacogenomics Pers 
Med. 2014; 7:399-409. doi: 10.2147/pgpm.s52821.

12. Shin ES, Sorenson CM, Sheibani N. Diabetes and retinal 
vascular dysfunction. J Ophthalmic Vis Res. 2014; 9:362-73.  
doi: 10.4103/2008-322X.143378.

13. van Dijk HW, Verbraak FD, Kok PH, Stehouwer M, Garvin 
MK, Sonka M, DeVries JH, Schlingemann RO, Abramoff 
MD. Early neurodegeneration in the retina of type 2 diabetic 
patients. Invest Ophthalmol Vis Sci. 2012; 53:2715-9. doi: 
10.1167/iovs.11-8997.

14. Zhang X, Wang N, Barile GR, Bao S, Gillies M. Diabetic 
retinopathy: neuron protection as a therapeutic target. Int 



Oncotarget61362www.impactjournals.com/oncotarget

J Biochem Cell Biol. 2013; 45:1525-9. doi: 10.1016/j.
biocel.2013.03.002.

15. Simo R, Hernandez C, European Consortium for the Early 
Treatment of Diabetic Retinopathy (EUROCONDOR). 
Neurodegeneration in the diabetic eye: new insights and 
therapeutic perspectives. Trends Endocrinol Metab. 2014; 
25:23-33. doi: 10.1016/j.tem.2013.09.005.

16. Chawla D, Bansal S, Banerjee BD, Madhu SV, Kalra OP, 
Tripathi AK. Role of advanced glycation end product 
(AGE)-induced receptor (RAGE) expression in diabetic 
vascular complications. Microvasc Res. 2014; 95:1-6. doi: 
10.1016/j.mvr.2014.06.010.

17. Valcourt U, Merle B, Gineyts E, Viguet-Carrin S, Delmas 
PD, Garnero P. Non-enzymatic glycation of bone collagen 
modifies osteoclastic activity and differentiation. J Biol 
Chem. 2007; 282:5691-703. doi: 10.1074/jbc.M610536200.

18. Xue J, Rai V, Singer D, Chabierski S, Xie J, Reverdatto 
S, Burz DS, Schmidt AM, Hoffmann R, Shekhtman A. 
Advanced glycation end product recognition by the receptor 
for AGEs. Structure. 2011; 19:722-32. doi: 10.1016/j.
str.2011.02.013.

19. Glenn JV, Stitt AW. The role of advanced glycation 
end products in retinal ageing and disease. Biochim 
Biophys Acta. 2009; 1790:1109-16. doi: 10.1016/j.
bbagen.2009.04.016.

20. Weinberg E, Maymon T, Weinreb M. AGEs induce caspase-
mediated apoptosis of rat BMSCs via TNFalpha production 
and oxidative stress. J Mol Endocrinol. 2014; 52:67-76. doi: 
10.1530/JME-13-0229.

21. Alikhani M, Alikhani Z, Boyd C, MacLellan CM, Raptis 
M, Liu R, Pischon N, Trackman PC, Gerstenfeld L, 
Graves DT. Advanced glycation end products stimulate 
osteoblast apoptosis via the MAPkinase and cytosolic 
apoptotic pathways. Bone. 2007; 40:345-53. doi: 10.1016/j.
bone.2006.09.011.

22. Williams M, Hogg RE, Chakravarthy U. Antioxidants and 
diabetic retinopathy. Curr Diab Rep. 2013; 13:481-7. doi: 
10.1007/s11892-013-0384-x.

23. Xu J, Li T, Wu H, Xu T. Role of thioredoxin in lung disease. 
Pulm Pharmacol Ther. 2012; 25:154-62. doi: 10.1016/j.
pupt.2012.01.002.

24. Manoharan R, Seong HA, Ha H. Thioredoxin 
inhibits MPK38-induced ASK1, TGF-beta, and p53 
function in a phosphorylation-dependent manner. Free 
Radic Biol Med. 2013; 63:313-24. doi: 10.1016/j.
freeradbiomed.2013.05.020.

25. Nakamura H, Nakamura K, Yodoi J. Redox regulation of 
cellular activation. Annu Rev Immunol. 1997; 15:351-69. 
doi: 10.1146/annurev.immunol.15.1.351.

26. Inomata Y, Nakamura H, Tanito M, Teratani A, Kawaji T, 
Kondo N, Yodoi J, Tanihara H. Thioredoxin inhibits NMDA-
induced neurotoxicity in the rat retina. J Neurochem. 2006; 
98:372-85. doi: 10.1111/j.1471-4159.2006.03871.x.

27. Bai Y, Cui W, Xin Y, Miao X, Barati MT, Zhang C, Chen Q, 
Tan Y, Cui T, Zheng Y, Cai L. Prevention by sulforaphane 
of diabetic cardiomyopathy is associated with up-regulation 
of Nrf2 expression and transcription activation. J Mol Cell 
Cardiol. 2013; 57:82-95. doi: 10.1016/j.yjmcc.2013.01.008.

28. Wang Y, Zhang Z, Sun W, Tan Y, Liu Y, Zheng Y, Liu Q, 
Cai L, Sun J. Sulforaphane attenuation of type 2 diabetes-
induced aortic damage was associated with the upregulation 
of Nrf2 expression and function. Oxid Med Cell Longev. 
2014; 2014:123963. doi: 10.1155/2014/123963.

29. Wang Y, Zhang Z, Guo W, Sun W, Miao X, Wu H, Cong X, 
Wintergerst KA, Kong X, Cai L. Sulforaphane reduction of 
testicular apoptotic cell death in diabetic mice is associated 
with the upregulation of Nrf2 expression and function. Am J 
Physiol Endocrinol Metab. 2014; 307:E14-23. doi: 10.1152/
ajpendo.00702.2013.

30. Fahey JW, Zalcmann AT, Talalay P. The chemical diversity 
and distribution of glucosinolates and isothiocyanates 
among plants. Phytochemistry. 2001; 56:5-51. doi: 10.1016/
S0031-9422(00)00316-2.

31. Bai Y, Cui W, Xin Y, Miao X, Barati MT, Zhang C, Chen Q, 
Tan Y, Cui T, Zheng Y, Cai L. Prevention by sulforaphane 
of diabetic cardiomyopathy is associated with up-regulation 
of Nrf2 expression and transcription activation. J Mol Cell 
Cardiol. 2013; 57:82-95. doi: 10.1016/j.yjmcc.2013.01.008.

32. Choi KM, Lee YS, Kim W, Kim SJ, Shin KO, Yu JY, Lee 
MK, Lee YM, Hong JT, Yun YP, Yoo HS. Sulforaphane 
attenuates obesity by inhibiting adipogenesis and activating 
the AMPK pathway in obese mice. J Nutr Biochem. 2014; 
25:201-7. doi: 10.1016/j.jnutbio.2013.10.007.

33. Kong L, Tanito M, Huang Z, Li F, Zhou X, Zaharia A, Yodoi J,  
McGinnis JF, Cao W. Delay of photoreceptor degeneration 
in tubby mouse by sulforaphane. J Neurochem. 2007; 
101:1041-52. doi: 10.1111/j.1471-4159.2007.04481.x.

34. Negi G, Kumar A, Sharma SS. Nrf2 and NF-kappaB 
modulation by sulforaphane counteracts multiple 
manifestations of diabetic neuropathy in rats and high 
glucose-induced changes. Curr Neurovasc Res. 2011; 
8:294-304. doi: 10.2174/156720211798120972.

35. Liu M, Pan Q, Chen Y, Yang X, Zhao B, Jia L, Zhu Y, 
Han J, Li X, Duan Y. NaoXinTong inhibits the development 
of diabetic retinopathy in db/db mice. Evid Based 
Complement Alternat Med. 2015; 2015:242517. doi: 
10.1155/2015/242517.

36. Yang Y, Mohand-Said S, Danan A, Simonutti M, 
Fontaine V, Clerin E, Picaud S, Leveillard T, Sahel JA. 
Functional cone rescue by RdCVF protein in a dominant 
model of retinitis pigmentosa. Mol Ther. 2009; 17:787-95. 
doi: 10.1038/mt.2009.28.

37. Cronin T, Raffelsberger W, Lee-Rivera I, Jaillard C, 
Niepon ML, Kinzel B, Clerin E, Petrosian A, Picaud S, 
Poch O, Sahel JA, Leveillard T. The disruption of the 
rod-derived cone viability gene leads to photoreceptor 
dysfunction and susceptibility to oxidative stress. Cell 
Death Differ. 2010; 17:1199-210. doi: 10.1038/cdd.2010.2.



Oncotarget61363www.impactjournals.com/oncotarget

38. Eklund H, Gleason FK, Holmgren A. Structural and 
functional relations among thioredoxins of different species. 
Proteins. 1991; 11:13-28. doi: 10.1002/prot.340110103.

39. Arner ES, Holmgren A. Physiological functions of 
thioredoxin and thioredoxin reductase. Eur J Biochem. 
2000; 267:6102-9. doi: 10.1046/j.1432-1327.2000.01701.x.

40. Lappalainen Z, Lappalainen J, Oksala NK, Laaksonen DE, 
Khanna S, Sen CK, Atalay M. Diabetes impairs exercise 
training-associated thioredoxin response and glutathione 
status in rat brain. J Appl Physiol. 2009; 106:461-7. doi: 
10.1152/japplphysiol.91252.2008.

41. Shen J, Shen S, Das UN, Xu G. Effect of essential fatty 
acids on glucose-induced cytotoxicity to retinal vascular 
endothelial cells. Lipids Health Dis. 2012; 11:90. doi: 
10.1186/1476-511X-11-90.

42. Ying C, Sui-Xin L, Kang-Ling X, Wen-Liang Z, Lei D, 
Yuan L, Fan Z, Chen Z. MicroRNA-492 reverses high 
glucose-induced insulin resistance in HUVEC cells through 
targeting resistin. Mol Cell Biochem. 2014; 391:117-25. 
doi: 10.1007/s11010-014-1993-7.

43. Robertson RP, Harmon J, Tran PO, Poitout V. Beta-cell 
glucose toxicity, lipotoxicity, and chronic oxidative stress in 
type 2 diabetes. Diabetes. 2004; 53:S119-24. doi: 10.2337/
diabetes.53.2007.S119.

44. Pi J, Zhang Q, Fu J, Woods CG, Hou Y, Corkey BE, Collins 
S, Andersen ME. ROS signaling, oxidative stress and Nrf2 
in pancreatic beta-cell function. Toxicol Appl Pharmacol. 
2010; 244:77-83. doi: 10.1016/j.taap.2009.05.025.

45. Kong L, Cai X, Zhou X, Wong LL, Karakoti AS, Seal S, 
McGinnis JF. Nanoceria extend photoreceptor cell lifespan 
in tubby mice by modulation of apoptosis/survival signaling 
pathways. Neurobiol Dis. 2011; 42:514-23. doi: 10.1016/j.
nbd.2011.03.004.

46. Fu J, Zhang Q, Woods CG, Zheng H, Yang B, Qu W, 
Andersen ME, Pi J. Divergent effects of sulforaphane on 
basal and glucose-stimulated insulin secretion in beta-cells: 
role of reactive oxygen species and induction of endogenous 
antioxidants. Pharm Res. 2013; 30:2248-59. doi: 10.1007/
s11095-013-1013-8.

47. Chen CH, Chen SJ, Su CC, Yen CC, Tseng TJ, Jinn TR, 
Tang FC, Chen KL, Su YC, Lee KI, Hung DZ, Huang CF. 
Chloroacetic acid induced neuronal cells death through 
oxidative stress-mediated p38-MAPK activation 
pathway regulated mitochondria-dependent apoptotic 
signals. Toxicology. 2013; 303:72-82. doi: 10.1016/j.
tox.2012.10.008.

48. Yoo MH, Carlson BA, Gladyshev VN, Hatfield DL. 
Abrogated thioredoxin system causes increased sensitivity 
to TNF-alpha-Induced apoptosis via enrichment of p-ERK 
1/2 in the nucleus. PLoS One. 2013; 8:e71427. doi: 
10.1371/journal.pone.0071427.

49. Lin CY, Chang SL, Fong YC, Hsu CJ, Tang CH. Apoptosis 
signal-regulating kinase 1 is involved in brain-derived 
neurotrophic factor (BDNF)-enhanced cell motility 

and matrix metalloproteinase 1 expression in human 
chondrosarcoma cells. Int J Mol Sci. 2013; 14:15459-78. 
doi: 10.3390/ijms140815459.

50. Arai RJ, Ogata FT, Batista WL, Masutani H, Yodoi J, 
Debbas V, Augusto O, Stern A, Monteiro HP. Thioredoxin-1 
promotes survival in cells exposed to S-nitrosoglutathione: 
correlation with reduction of intracellular levels of 
nitrosothiols and up-regulation of the ERK1/2 MAP 
Kinases. Toxicol Appl Pharmacol. 2008; 233:227-37. doi: 
10.1016/j.taap.2008.07.023.

51. Li X, Rong Y, Zhang M, Wang XL, LeMaire SA, Coselli JS, 
Zhang Y, Shen YH. Up-regulation of thioredoxin interacting 
protein (Txnip) by p38 MAPK and FOXO1 contributes 
to the impaired thioredoxin activity and increased 
ROS in glucose-treated endothelial cells. Biochem 
Biophys Res Commun. 2009; 381:660-5. doi: 10.1016/j.
bbrc.2009.02.132.

52. Hotta M, Tashiro F, Ikegami H, Niwa H, Ogihara T, Yodoi 
J, Miyazaki J. Pancreatic beta cell-specific expression of 
thioredoxin, an antioxidative and antiapoptotic protein, 
prevents autoimmune and streptozotocin-induced diabetes. J 
Exp Med. 1998; 188:1445-51. doi: 10.1084/jem.188.8.1445.

53. Saitoh M, Nishitoh H, Fujii M, Takeda K, Tobiume 
K, Sawada Y, Kawabata M, Miyazono K, Ichijo H. 
Mammalian thioredoxin is a direct inhibitor of apoptosis 
signal-regulating kinase (ASK) 1. Embo J. 1998; 17:2596-
606. doi: 10.1093/emboj/17.9.2596.

54. Spindel ON, World C, Berk BC. Thioredoxin interacting 
protein: redox dependent and independent regulatory 
mechanisms. Antioxid Redox Signal. 2012; 16:587-96. doi: 
10.1089/ars.2011.4137.

55. Wei J, Shi Y, Hou Y, Ren Y, Du C, Zhang L, Li Y, Duan H. 
Knockdown of thioredoxin-interacting protein ameliorates 
high glucose-induced epithelial to mesenchymal transition 
in renal tubular epithelial cells. Cell Signal. 2013; 25:2788-
96. doi: 10.1016/j.cellsig.2013.09.009.

56. Jing G, Westwell-Roper C, Chen J, Xu G, Verchere CB, 
Shalev A. Thioredoxin-interacting protein promotes islet 
amyloid polypeptide expression through miR-124a and 
FoxA2. J Biol Chem. 2014; 289:11807-15. doi: 10.1074/
jbc.M113.525022.

57. Chen J, Hui ST, Couto FM, Mungrue IN, Davis DB, 
Attie AD, Lusis AJ, Davis RA, Shalev A. Thioredoxin-
interacting protein deficiency induces Akt/Bcl-xL signaling 
and pancreatic beta-cell mass and protects against diabetes. 
FASEB J. 2008; 22:3581-94. doi: 10.1096/fj.08-111690.

58. Shalev A. Lack of TXNIP protects beta-cells against 
glucotoxicity. Biochem Soc Trans. 2008; 36:963-5. doi: 
10.1042/BST0360963.

59. Corbett JA. Thioredoxin-interacting protein is killing 
my beta-cells! Diabetes. 2008; 57:797-8. doi: 10.2337/
db08-0055.

60. Zhao X, Zhang Y, Li X, Wang R, Jiao X. Variations of 
thioredoxin system contributes to increased susceptibility 



Oncotarget61364www.impactjournals.com/oncotarget

to apoptosis in cardiomyocytes of type 2 diabetic rats. Acta 
Biochim Biophys Sin. 2014; 46:318-29. doi: 10.1093/abbs/
gmu006.

61. Ren X, Ma H, Qiu Y, Liu B, Qi H, Li Z, Kong H, Kong L. 
The downregulation of thioredoxin accelerated Neuro2a cell 
apoptosis induced by advanced glycation end product via 
activating several pathways. Neurochem Int. 2015; 87:128-
35. doi: 10.1016/j.neuint.2015.06.009.

62. Zhang R, Zhou SJ, Li CJ, Wang XN, Tang YZ, Chen R, 
Lv L, Zhao Q, Xing QL, Yu DM, Yu P. C-reactive protein/
oxidised low-density lipoprotein/beta2-glycoprotein 
I complex promotes atherosclerosis in diabetic 
BALB/c mice via p38mitogen-activated protein kinase 

signal pathway. Lipids Health Dis. 2013; 12:42. doi: 
10.1186/1476-511X-12-42.

63. Xu J, Wang P, Wang T, Wang M, Chen S, Yu P, Yu D. 
Effects of reduced beta2-glycoprotein I on the expression of 
aortic matrix metalloproteinases and tissue inhibitor matrix 
metalloproteinases in diabetic mice. BMC Cardiovasc 
Disord. 2014; 14:114. doi: 10.1186/1471-2261-14-114.

64. Lu J, Zeng Y, Hou W, Zhang S, Li L, Luo X, Xi W, Chen 
Z, Xiang M. The soybean peptide aglycin regulates 
glucose homeostasis in type 2 diabetic mice via IR/IRS1 
pathway. J Nutr Biochem. 2012; 23:1449-57. doi: 10.1016/j.
jnutbio.2011.09.007.


