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Abstract. In recent years, diabetes and its associated complications have become a major public health concern. The 
cardiovascular risk increases significantly in diabetes patients. It is a complex disease characterized by multiple metabolic 
derangements and is known to impair cardiac function by disrupting the balance between pro-oxidants and antioxidants at the 
cellular level. The subsequent generation of reactive oxygen species (ROS) and accompanying oxidative stress are hallmarks 
of the molecular mechanisms responsible for cardiovascular disease. Protein thiols act as redox-sensitive switches and are 
believed to be a key element in maintaining the cellular redox balance. The redox state of protein thiols is regulated by 
oxidative stress and redox signaling and is important to cellular functions. The potential of the thiol–disulfide oxidoreductase 
enzymes (thioredoxin and glutaredoxin systems) in defense against oxidative stress has been noted previously. Increasing 
evidence demonstrates that glutaredoxin 1 (Grx1), a cytosolic enzyme responsible for the catalysis of protein 
deglutathionylation, plays distinct roles in inflammation and apoptosis by inducing changes in the cellular redox system. This 
study investigates whether and how Grx1 protects coronary artery vascular endothelial cells against high glucose (HG) 
induced damage. Results indicate that the activation of eNOS/NO system is regulated by Grx 1 and coupled with inhibition of 
JNK and NF-�B signaling pathway which could alleviate the oxidative stress and apoptosis damage in coronary arteries 
endothelial cells induced by HG. 
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1. Introduction 

Vascular complication in diabetes is closely related to the damage of vascular endothelial cell form 
and function in the hyperglycemic state. Proliferation, differentiation and apoptosis of cardiomyocyte 
and vascular endothelial cells are regulated by many factors inside and outside of the cells, and change 
of redox homeostasis is especially important for cell survival and death.  

Glutaredoxin 1 (Grx 1) is the primary enzyme responsible for catalysis of the thiol-disulfide 
oxidoreduction reactions, especially the regulation of glutathionylation, S-nitrosylation and decarbonyl 
ation of proteins [1–8]. The effect of Grx1 is essential for developing novel therapeutic approaches for 
treating diseases involving dysregulated apoptosis, such as cancer, heart disease, diabetes, and 
neurodegenerative diseases, where alterations in redox homeostasis are hallmarks for pathogenesis. 

According to our previous study, after providing exogenous Grx 1, the oxidation protein and 
apoptosis could be antagonized in the human umbilical vein endothelial cells and H9c2 cardiomyocyte 
induced by high glucose (HG). The mRNA expression of Grx 1 was downregulated under HG in 
primary cultured porcine coronary arteries endothelial cells. However, protective effect and 
mechanism of exogenous Grx 1 on vascular endothelial cells damage induced by HG have not yet 
elaborated. This study discovered that Grx 1 can alleviate the oxidative stress and apoptosis damage of 
vascular endothelial cells via regulation of the activation of eNOS/NO system and coupling with the 
inhibition of JNK/NF-�B signaling pathway activation. 

2. Materials and methods  

2.1. Materials  

Grx 1 (ProSpec, Israel), OxyBlotTM protein oxidation detection kit (Millipore, S7150 USA & 
Canada), NO assay kit (Nanjing Jiancheng, China), Annexin V and PI fluorescein staining kit (Bender 
MedSystems, Austria), anti-p-eNOS, p-JNK and p-NF-�B(Cell Signaling Technology and Santa Cruz 
Biotechnology), RIPA Lysis Buffer System (Santa Cruz Biotechnology), Anti-active Caspase 3 and 
Anti-GAPDH antibody (Abcam, Britain). Pierce ECL Western Bloting Substrate (Thermo, USA). 

2.2. Culture of coronary artery endothelial cells  

Fresh porcine coronary arteries were obtained, after collagenase digestion under aseptic conditions, 
primary porcine coronary arteries endothelial cells were obtained and incubated in the Dulbecco's 
Modified Eagle Medium (DMEM) medium supplemented with 10% fetal bovine serum in a 
humidified atmosphere with 5% CO2 at 37°C.  

2.3. Oxidative modification of proteins analysis  

Oxidative modified proteins were measured using the OxyBlot protein oxidation detection kit. 
Follow the instruction of Kit: briefly, prepare protein solution, derivatize the carbonyl groups, separate 
the protein sample by SDS-PAGE, transfer to Polyvinylidene Fluoride (PVDF) membrane (Bio-Rad, 
USA), block non-specific sites by using 1% Bull Serum Albumin (BSA), incubate in primary and 
HRP-conjugated secondary antibody, add Chemiluminescent reagent and then expose to film. 
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2.4. Annexin V and PI binding assay  

Annexin V and PI fluorescein staining kit (Bender MedSystems, Austria) were utilized to measure 
cell apoptosis by following the manufacturer’s instruction. Cells were washed and suspended in 200 �l 
1×binding buffer (10 mmol/L HEPES pH 7.4, 140 mmol/L NaCl, 2.5 mmol/L CaCl2)/1×106/L cells. 
Cells were then incubated with Annexin V (1:20) for 3 min followed by incubation with propidium 
iodide (PI, 1 mg/ml) for 15 min. Apoptosis rate was evaluated by flow cytometry. 

2.5. Western blot analysis  

Cultured cells were harvested and lysed with RIPA lysis buffer. Protein samples were 
electrophoresed on SDS-polyacrylamide gels. The proteins in the gel were transferred onto PVDF 
membrane. The membranes were blocked in 5% (w/v) nonfat dry milk and then reacted with primary 
antibodies of anti-active Caspase 3, p-eNOS and p-JNK, p-NF-�B, and HRP-labeled antibody. 
Proteins in the membrane were then visualized using the enhanced chemiluminescence detection kit. 
Meanwhile, with the reduced glyceraldehyde-phosphate dehydrogenase (GAPDH) as the loading 
control, western bolt results were photographed and analyzed by using ChemiDoc MP System 
(ChemiDocTMXRS, American Bio-rad Company). 

2.6. Statistical analysis  

Data was presented as means ±S. Comparisons between two groups were analyzed by a two-tailed 
Student t test, A value of p<0.05 was considered to be significant. 

3. Results 

3.1. Grx 1 protects cells against HG induced oxidative modification of proteins  

OxyBlot assay was performed to detect the carbonyl groups introduced into proteins and  regulation 
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Fig. 1. Oxidative modification of proteins detection. The Oxyblot protein oxidation detection kit was used to analyze the 
oxidation protein expression level. The reaction procedures were conducted according to the manufacturer's instructions. 
PCAECs were treated with/without 25 mmol/L D-glucose for 24 h . (A) Detection of oxidatively modified proteins 
(protein carbonyls) (B) Histogram analysis of the Density.  
Note: **P<0.01 compared with NC; ##P<0.01, compared with HG. NC: normal glucose 5.5 mmol/L, HG: high glucose 
25 mmol/L, Grx 1: Glutaredoxin 5�g/mL. 
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effect of Grx 1 in the porcine coronary arteries endothelial cells (PCAECs) induced by HG. The 
results (see Figure 1) showed that oxidative modification of protein was increased by treatment with 
HG in cells, which could be inhibited by pre-treatment with Grx 1. The data indicate that Grx 1 system 
is involved in the redox regulation of certain enzyme activities, and this system protects cells from HG 
induced damage by regulating the redox state. 

3.2. Grx 1 suppresses HG induced cells apoptosis  

To investigate the role of Grx 1 in porcine coronary arteries endothelial cell apoptosis induced by 
HG, cell apoptotic ratio was assayed with flow cytometry and cleaved Caspase 3 express level was 
detected by using western blot. The results (see Figure 2) showed that early apoptosis rate increased 
extremely, 17 kDa subunit of active/cleaved Caspase 3 level was obviously activated in HG group, 
however, which could be significantly reduced after providing Grx 1. 

3.3. Grx 1 reverses HG decreased p-eNOS and NO level   

Activation of eNOS/NO system was reported to be involved in diabetic vascular damage. In the 
study, the effect of Grx l on NO level was observed and p-eNOS expression was detected by western 
blot in porcine coronary arteries endothelial cells induced by HG. The results (see Figure 3) showed 
that secretion of NO was transient, which increased at 12 h, and then decreased at 24 and 48h 
compared with the control group. The expression of p-eNOS in HG (25-50 mmoL/L) group was 
significantly down-regulated during 12-24 h. After Grx 1 treatment, NO level was restored; p-eNOS 
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Fig. 2. Apoptosis rates and cleaved Caspase 3 express level analysis. (A, B) Apoptosis rates were analyzed by flow 
cytometry; (C,D) Western blot and histogram analysis of Caspase 3 proteins expression level after pre-treatment with Grx 
1 in PCAECs induced by HG for 24h. 
Note:  **P<0.01compared with NG; #P<0.05, compared with HG. NC: normal glucose 5.5 mmol/L, HG: high glucose 25 
mmol/L, Grx 1: Glutaredoxin 5�g/mL. 
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level was turned over compared with HG group. The data indicate that Grx 1 can reverse NO 
generation and eNOS phosphorylation level, which are inhibited by 25 mmol/L HG for 24-48 hours in 
porcine coronary arteries endothelial cells. 

3.4. Grx 1 antagonist HG induced activation of JNK / NF-�B signaling pathway 

To further prove that JNK and NF-�B apoptosis signaling pathway can be regulated by Grx l in 
vascular endothelial cell induced by HG, western bolt analysis was used to detect phosphorylation of 
apoptosis signaling protein JNK and NF-�B in this study. The results (see Figure 4) showed that 
PCAECs were exposed to HG for 1-2h, the phosphorylation level of NF-�B and JNK increased 
significantly, but it decreased significantly in Grx 1 pre-protection group. 

4. Discussion 

The damage caused by diabetes is mainly due to its complications, and the development mechanism 
of chronic complications in diabetes is very complicated and unclear. 

It has been reported that a decrease in NO resulting from decreased eNOS, may partially contribute 
to the predisposition of the female aorta to injury early in diabetes [9]. Our present data suggest that 
the reduction of NO and p-eNOS, the increase of oxidative modification of protein, early apoptosis 
rate and cleaved Caspase 3 expression could be detected in primary cultured porcine coronary arteries 
endothelial cells induced by HG. The above results are consistent with the reported results that HG 
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Fig. 3. Activation of eNOS/NO system analysis. (A, B) Assay of  NO level by using NO assay kit in PCAECs induced by 
HG for 48 h; (C,D) Western blot and Histogram analysis of p-eNOS proteins expression level after pre-treatment with 
Grx 1 in PCAECs induced by HG for 24h. 
Note: *P<0.05 compared with NC; #P<0.05, compared with HG. NC: normal glucose 5.5 mmol/L, HG: high glucose 25 
mmol/L, Grx 1: Glutaredoxin 5 �g/mL. 

S. Li et al. / Protective effect and mechanism of glutaredoxin 1 on coronary arteries endothelial cells damage 3901



could induce reactive oxygen species generation and reduce levels of NO and p-eNOS, which leads to 
diabetic mice endothelium functional imbalance [10,11]. By contrast, after providing Grx l pre-
protection, NO generation and p-eNOS level increase in a concentration dependent manner, and 
oxidative modification of protein, early apoptosis rate and cleaved Caspase 3 expression level decrease 
significantly. The results are in agreement with recent reports that Grx 1/GSH could maintain the 
activity of eNOS to promote the release of NO and restore vascular function via de-glutathionylation 
and de-nitration [1,12]. 

The activation of JNK signaling pathway is the major mechanism of cardiomyocyte damage 
induced by HG [13,14]. In our previous study, the mechanism of antioxidant carnosine antagonizing 
myocardial apoptosis induced by HG was found to be correlated with p-JNK / p-c-Jun expression [15]. 
Recent study suggested that Grx 1-mediated IKK� Cys-179 de-glutathionylation could play an 
important role in diabetic complications via regulating the autocrine and paracrine of proinflammatory 
cytokine [16]. However, the precise mechanisms of redox regulation in the Grx 1-mediated signal 
pathways have not been clarified in vascular endothelial cell induced by HG. In the present study, we 
are interested in the possible involvement of JNK and NF-�B apoptosis signaling pathway in the Grx 
1-mediated anti-apoptotic effect against oxidative stress in vascular endothelial cell. The study found 
that Grx 1 could inhibit vascular endothelial cell apoptosis via modulation of the JNK and NF-kappaB 
signaling cascade in primary cultured porcine coronary arteries endothelial cells exposed to HG. These 
are consistent with the results that Grxl gene therapy could prevent the activation of death signaling 
pathway JNK and p38, and activate survival signaling pathway Akt-FoxO signal network to restore 
the myocardial function of diabetes ischemia reperfusion rats, and  is also consistent with the result 
that Grx l-mediated glutathionylation has protective effect on anti-inflammation mechanism [17–19]. 

In conclusion, our data support that the protective role of Grx l in regulating the progression of 
diabetic vascular diseases in porcine coronary arteries endothelial cells induced by HG and the effect 
is mediated through regulation of oxidative stress, enhancing the activity of eNOS and promoting the 
release of NO, accompanying the suppression of JNK and NF-�B signal pathway. Based on these 
findings, vascular endothelial damage induced by HG could be effectively decreased to protect 
vascular function in diabetic via improving the antioxidant system function of Grx 1/GSH and 
regulating the redox homeostasis. 
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Fig. 4. Analysis of p-JNK and p-NF-�B p65 expression level .(A) Western blot analysis of proteins expression level after 
pre-treatment with Grx 1 in PCAECs induced by HG for 1h; (B) Histogram analysis of the density. 
Note: *P<0.05 compared with NG; #P<0.05, compared with HG. NC: normal glucose 5.5 mmol/L, HG: high glucose 25 
mmol/L, Grx 1: Glutaredoxin 5 �g/mL. 
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